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Wyss, Markus, and Rima Kaddurah-Daouk. Creatine and Creatinine Metabolism. Physiol Rev 80: 1107-1213,
2000.—The goal of this review is to present a comprehensive survey of the many intriguing facets of creatine (Cr)
and creatinine metabolism, encompassing the pathways and regulation of Cr biosynthesis and degradation, species
and tissue distribution of the enzymes and metabolites involved, and of the inherent implications for physiology and
human pathology. Very recently, a series of new discoveries have been made that are bound to have distinguished
implications for bioenergetics, physiology, human pathology, and clinical diagnosis and that suggest that deregula-
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tion of the creatine kinase (CK) system is associated with a variety of diseases. Disturbances of the CK system have
been observed in muscle, brain, cardiac, and renal diseases as well as in cancer. On the other hand, Cr and Cr analogs
such as cyclocreatine were found to have antitumor, antiviral, and antidiabetic effects and to protect tissues from
hypoxic, ischemic, neurodegenerative, or muscle damage. Oral Cr ingestion is used in sports as an ergogenic aid, and
some data suggest that Cr and creatinine may be precursors of food mutagens and uremic toxins. These findings are
discussed in depth, the interrelationships are outlined, and all is put into a broader context to provide a more
detailed understanding of the biological functions of Cr and of the CK system.

I. INTRODUCTION

Ever since the discovery of phosphorylcreatine (PCr)
in 1927 and of the creatine kinase (CK; EC 2.7.3.2) reac-
tion in 1934 (see Refs. 140, 833), research efforts focused
mainly on biochemical, physiological, and pathological
aspects of the CK reaction itself and on its involvement in
“high-energy phosphate” metabolism of cells and tissues
with high-energy demands. In contrast, Cr (from greek
kreas, flesh) metabolism in general has attracted consid-
erably less attention. In recent years, however, a series of
fascinating new discoveries have been made. For in-
stance, Cr analogs have proven to be potent anticancer
agents that act synergistically with currently used chemo-
therapeutics. Cyclocreatine, one of the Cr analogs, as well
as PCr protect tissues from ischemic damage and may
therefore have an impact on organ transplantation. Cir-
cumstantial evidence suggests a link between distur-
bances in Cr metabolism and muscle diseases as well as
neurological disorders, and beneficial effects of oral Cr
supplementation in such diseases have in fact been re-
ported. Oral Cr ingestion has also been shown to increase
athletic performance, and it therefore comes as no sur-
prise that Cr is currently used by many athletes as a
performance-boosting supplement. Some data suggest
that Cr and creatinine (Crn) may act as precursors of food
mutagens and uremic toxins. Finally, the recent identifi-
cation, purification, and cloning of many of the enzymes
involved in Cr metabolism have just opened the door to a
wide variety of biochemical, physiological, as well as
clinical investigations and applications.

The goal of this article is to provide a comprehensive
overview on the physiology and pathology of Cr and Crn
metabolism. Because some of these aspects have already
been covered by earlier reviews (e.g., Refs. 55, 669, 1056,
1077), preference will be given to more recent develop-
ments in the field. The text is written in a modular fashion,
i.e., despite the obvious fact that complex interrelation-
ships exist between different parts of the text, every
section should, by and large, be self-explanatory. It is our
hope that this review will stimulate future multidisci-
plinary research on the physiological functions of the CK
system, on the pathways and regulation of Cr metabolism,
and on the relationships between disturbances in Cr me-
tabolism and human disease.

II. ABBREVIATIONS

Cr Creatine

Crn Creatinine

PCr Phosphorylcreatine

CK Creatine kinase

Mi-CK Mitochondrial CK isoenzyme

B-CK Cytosolic brain-type CK isoenzyme

M-CK Cytosolic muscle-type CK isoen-
zZyme

AGAT L-Arginine:glycine  amidinotrans-
ferase

GAMT S-adenosyl-L-methionine:N-gua-
nidinoacetate methyltransferase

GPA Guanidinopropionate, if not other-
wise mentioned, the 3-guanidi-
nopropionate or B-guanidinopro-
pionate isomer

GBA Guanidinobutyrate

cCr Cyclocreatine = 1-carboxymethyl-
2-iminoimidazolidine

hcCr Homocyclocreatine = 1-carboxy-
ethyl-2-iminoimidazolidine

Gce Glycocyamine = guanidinoacetate

Tc Taurocyamine

L Lombricine

PCrn, PGPA, PcCr,
PhcCr, PArg, PGc,

PTc, PL N-phosphorylated forms of the re-
spective guanidino compounds

ArgK Arginine kinase

DNFB 2,4-Dinitrofluorobenzene

AdoMet S-adenosyl-L.-methionine

GSH Reduced glutathione

GSSG Oxidized glutathione

OAT L-Ornithine:2-oxoacid aminotrans-

ferase

III. THE PHYSIOLOGICAL RELEVANCE
OF CREATINE: THE CREATINE
KINASE REACTION

To understand why nature has “developed” reaction
pathways for the biosynthesis of PCr and of other
phosphagens, one must briefly explain the main functions
proposed for the CK/PCr/Cr system (for a detailed discus-
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sion and for references, see Refs. 837, 838, 1084, 1124). In
textbooks of biochemistry, the participation of the CK/
PCr/Cr system in energy metabolism is often neglected,
and it is tacitly assumed that high-energy phosphate trans-
port between sites of ATP production (mitochondria, gly-
colysis) and ATP consumption (all sorts of cellular ATP-
ases) relies on diffusion of ATP and ADP alone. This
concept may reflect the situation in tissues devoid of CK
and PCr, like liver, but is clearly inadequate for CK-
containing tissues with high and fluctuating energy de-
mands like skeletal or cardiac muscle, brain, retina, and
spermatozoa. In these latter tissues of mammals and
birds, four distinct types of CK subunits are expressed
species specifically, developmental stage specifically, and
tissue specifically. The cytosolic M-CK (M for muscle) and
B-CK (B for brain) subunits form dimeric molecules and
thus give rise to the MM-, MB-, and BB-CK isoenzymes.
The two mitochondrial CK isoforms, ubiquitous Mi-CK
and sarcomeric Mi-CK, are located in the mitochondrial
intermembrane space and form both homodimeric and
homooctameric molecules that are readily interconvert-
ible. All CK isoenzymes catalyze the reversible transfer of
the y-phosphate group of ATP to the guanidino group of
Cr to yield ADP and PCr (Fig. 1).

In fast-twitch skeletal muscles, a large pool of PCr is
available for immediate regeneration of ATP hydrolyzed
during short periods of intense work. Because of the high
cytosolic CK activity in these muscles, the CK reaction
remains in a near-equilibrium state, keeps [ADP] and
[ATP] almost constant (over several seconds), and thus
“buffers” the cytosolic phosphorylation potential that
seems to be crucial for the proper functioning of a variety
of cellular ATPases.

Heart, slow-twitch skeletal muscles, or spermatozoa,
on the other hand, depend on a more continuous delivery
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of high-energy phosphates to the sites of ATP utilization.
According to the “transport” (“shuttle”) hypothesis for the
CK system, distinct CK isoenzymes are associated with
sites of ATP production (e.g., Mi-CK in the mitochondrial
intermembrane space) and ATP consumption [e.g., cyto-
solic CK bound to the myofibrillar M line, the sarcoplas-
mic reticulum (SR), or the plasma membrane] and fulfill
the function of a “transport device” for high-energy phos-
phates. The +y-phosphate group of ATP, synthesized
within the mitochondrial matrix, is transferred by Mi-CK
in the mitochondrial intermembrane space to Cr to yield
ADP plus PCr. ADP liberated by the Mi-CK reaction may
directly be transported back to the matrix where it is
rephosphorylated to ATP. PCr leaves the mitochondria
and diffuses through the cytosol to the sites of ATP
consumption. There cytosolic CK isoenzymes locally re-
generate ATP and thus warrant a high phosphorylation
potential in the intimate vicinity of the respective ATP-
ases. Cr thus liberated diffuses back to the mitochondria,
thereby closing the cycle. According to this hypothesis,
transport of high-energy phosphates between sites of ATP
production and ATP consumption is achieved mainly (but
not exclusively) by PCr and Cr. Whereas for the buffer
function, no Mi-CK isoenzyme is required, Mi-CK may be
a prerequisite for efficient transport of high-energy phos-
phates, especially if diffusion of adenine nucleotides
across the outer mitochondrial membrane were limited
(see sect. wvB). In accordance with these ideas, the pro-
portion of Mi-CK seems to correlate with the oxidative
capacity of striated muscles. It is by far higher in heart (up
to 35% of total CK activity) than in fast-twitch skeletal
muscles (0.5-2%).

Although the shuttle hypothesis seems logical and
intelligible on first sight, there is an ongoing debate on
whether it accurately describes the function of the CK

(|:00' NH,
(|:H2 ) SN
@) 0]
HyC—N T 1 { ] J
NH, + ~0—P—0—P—0—P—O N7 >Ny
2 (@) o
Cr ATP
OH OH
FiG. 1. The creatine kinase (CK) reaction. PCr,
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system in endurance-type tissues (524, 837, 964). There-
fore, the buffer and transport models for CK function
should be regarded neither as strictly true nor as static
views that can be applied directly to any one tissue;
rather, the CK system displays a high degree of flexibility
and is able to adapt to the peculiar physiological require-
ments of a given tissue. In skeletal muscle, for example,
an adaptation of the CK system from a more buffer to a
more transport type can be induced by endurance training
or by chronic electrical stimulation (26, 861).

PCr and Cr, relative to ATP and ADP, are smaller and
less negatively charged molecules and can build up to
much higher concentrations in most CK-containing cells
and tissues, thereby allowing for a higher intracellular
flux of high-energy phosphates. Furthermore, the change
in free energy (AG°") (pH 7.0) for the hydrolysis of PCr is

P, HP

creatinine #

A

phosphoryl-
creatinine

phosphoryl-
creatine
ATP ADP

/r S-adenosyl-L-homocysteine

\ S-adenosyl-L-methionine

guanidino-
acetate

glycine

ﬂ@\
HO urea

a 2-0xo
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carbamoyl
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@D “urea cycle) P;
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—45.0 kJ/mol compared with —31.8 kJ/mol for ATP, im-
plying that in tissues with an active CK system, the cyto-
solic phosphorylation potential can be buffered at a
higher level than in tissues devoid of the CK system. This
factor may, again, be essential for the proper functioning
of at least some cellular ATPases, e.g., the Ca®>"-ATPase of
the SR (see Ref. 646). Finally, by keeping [ADP] low, the
CK/PCr/Cr system may also protect the cell from a net
loss of adenine nucleotides via adenylate kinase, AMP
deaminase, and 5'-nucleotidase.

IV. CREATINE METABOLISM IN VERTEBRATES

Although the pathways of Cr metabolism in verte-
brates seem simple (Fig. 2), the situation is complicated

FIG. 2. Schematic representation of the reac-
tions and enzymes involved in vertebrate creatine
and creatinine metabolism. The respective enzymes
are denoted by numbers: I) L-arginine:glycine
amidinotransferase (AGAT; EC 2.1.4.1); 2) S-adeno-
syl-L-methionine:N-guanidinoacetate ~methyltrans-
ferase (GAMT; EC 2.1.1.2); 3) creatine kinase (CK;
EC 2.7.3.2); 4) arginase (L-arginine amidinohydro-
lase; EC 3.5.3.1); 5) ornithine carbamoyltransferase
(EC 2.1.3.3); 6) argininosuccinate synthase (EC
6.3.4.5); 7) argininosuccinate lyase (EC 4.3.2.1); 8)
L-ornithine:2-oxo-acid aminotransferase (OAT; EC
2.6.1.13); N) nonenzymatic reaction.

an L-amino
acid

L-glutamate

v-semialdehyde
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by the fact that most tissues lack several of the enzymes
required, thus necessitating transport of intermediates
between the tissues through the blood to allow the whole
cascade of reactions to proceed. In mammals, for in-
stance, a complete urea cycle operates actively only in
liver. The main site of Arg biosynthesis for other bodily
tissues is, however, the kidney. Citrulline, synthesized in
the liver or small intestine and transported through the
blood, is taken up by the kidney and converted into Arg
mainly by the proximal tubule of the nephron (273, 553).
Arg formed within the kidney is then either released into
the blood and consumed by other tissues or used within
the kidney itself for guanidinoacetate synthesis.

A. Biosynthesis and Tissue Uptake of Cr

The transfer of the amidino group of Arg to Gly to
yield r-ornithine and guanidinoacetic acid (GAA) repre-
sents the first of two steps in the biosynthesis of Cr (Fig.
3) and is catalyzed by r-arginine:glycine amidinotrans-
ferase (AGAT; EC 2.1.4.1). GAA, by the action of S-adeno-
syl-L-methionine:N-guanidinoacetate = methyltransferase
(GAMT; EC 2.1.1.2), is then methylated at the amidino
group to give Cr (M, 131.1). In the course of evolution,
both AGAT and GAMT seem to have evolved with the
appearance of the lampreys (1056). These enzyme activi-
ties were not detected in invertebrates, whereas they are
found in most but not all vertebrates examined. Some
invertebrate species (e.g., some annelids, echinoderms,
hemichordates, and urochordates) nevertheless contain
significant amounts of Cr, PCr, and CK, particularly in
spermatozoa (226, 811, 1056, 1092). This implies that
these species either accumulate Cr from the environment
or from the feed, or that the enzymes for Cr biosynthesis
in these animals escaped detection so far.

Many of the lower vertebrates (fish, frogs, and birds)
have both AGAT and GAMT in their livers and often also
in the kidneys (see Refs. 634, 1056, 1077). In mammals,
pancreas contains high levels of both enzymes, whereas

*HgN—éH + *H;N—CH —» +H3N—éH + CH,
(‘“H (LH') % ILH
b, O S
éHz éHz NH,
e ki,
C==NH,"
i,
Arg + Gly — ornithine + guanidino-

acetate

FIG. 3. The AGAT reaction. The asterisk indicates the nitrogen atom
to which a methyl group from S-adenosyl-L-methionine is transferred by
GAMT to yield Cr.
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kidneys express fairly high amounts of AGAT but rela-
tively lower levels of GAMT. On the contrary, livers of all
mammalian species tested so far contain high amounts of
GAMT but display only low levels of Cr and almost com-
pletely lack CK activity. Although livers of cow, pig, mon-
key, and human also have high amounts of AGAT, livers of
common laboratory mammals such as the rat, mouse,
dog, cat, and rabbit were reported to lack AGAT activity.
On the basis mostly of these latter findings and of the fact
that the rate of Cr biosynthesis is considerably reduced in
nephrectomized animals (248, 291, 5564), it was postu-
lated, and is still largely accepted, that the main route of
Cr biosynthesis in mammals involves formation of gua-
nidinoacetate in the kidney, its transport through the
blood, and its methylation to Cr in the liver (Fig. 4). Cr
exported from the liver and transported through the blood
may then be taken up by the Cr-requiring tissues.

Several lines of experimental evidence, however,
demonstrate that this concept of the organization of Cr
metabolism is too simplistic. Pyridoxine-deficient rats,
despite a 65% decrease in kidney AGAT activity relative to
controls, displayed increased liver and skeletal muscle
concentrations of Cr (572). In another study, extrarenal
synthesis was suggested to account for 40-60% of total Cr
(290). Similarly, comparison of the hepatic and renal ve-
nous levels with the arterial levels of Arg, GAA, and Cr
suggested that in humans, the liver is the most important
organ contributing to biosynthesis of both GAA and Cr,
whereas the kidney plays only a secondary role (842). In
accordance with these observations, immunofluores-
cence microscopy revealed significant amounts of AGAT
not only in rat kidney and pancreas, but also in liver (623).
The apparent discrepancy from earlier investigations may
be explained by the high levels of liver arginase interfer-
ing with AGAT activity assays. Furthermore, AGAT activ-
ity was detected in heart, lung, spleen, muscle, brain,
testis, and thymus, and it has been estimated that the total
amount of AGAT in these tissues approaches that found in
kidney and pancreas (769, 1055). Although AGAT is ab-
sent from human placenta, the decidua of pregnant fe-
males displayed the highest specific AGAT activity of all
rat tissues examined (1077), implying a major involve-
ment of this tissue in Cr biosynthesis during early stages
of development. In line with this conclusion, maternofetal
transport of Cr was demonstrated in the rat (157).

On the other hand, GAMT mRNA and protein levels
higher than those observed in male liver were detected in
mouse testis, caput epididymis, and ovary (see Ref. 543).
Likewise, Sertoli cells of rat seminiferous tubules, in con-
trast to germ cells and interstitial cells, were shown to
synthesize guanidinoacetate and Cr from Arg and Gly
(664). It may therefore be hypothesized that the Cr-syn-
thesizing machinery in reproductive organs plays a role in
the development or function of germ cells. GAMT activity
was also detected in rat spleen, heart, and skeletal mus-
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Dietary Cr

4

GAA +
ornithine

Arg + Gly

Urinary excretion
of Crn

FIG. 4. Major routes of Cr metabolism in the mammalian body. The
most part (up to 94%) of Cr is found in muscular tissues. Because muscle
has virtually no Cr-synthesizing capacity, Cr has to be taken up from the
blood against a large concentration gradient by a saturable, Na*- and
Cl™-dependent Cr transporter that spans the plasma membrane ([J). The
daily demand for Cr is met either by intestinal absorption of dietary Cr
or by de novo Cr biosynthesis. The first step of Cr biosynthesis probably
occurs mainly in the kidney, whereas the liver is likely to be the principal
organ accomplishing the subsequent methylation of guanidinoacetic
acid (GAA) to Cr. It must be stressed that the detailed contribution of
different bodily tissues (pancreas, kidney, liver, testis) to total Cr syn-
thesis is still rather unclear and may vary between species (see text).
The muscular Cr and PCr are nonenzymatically converted at an almost
steady rate (~2% of total Cr per day) to creatinine (Crn), which diffuses
out of the cells and is excreted by the kidneys into the urine.

cle, in sheep muscle, as well as in human fetal lung
fibroblasts and mouse neuroblastoma cells (149, 1130,
1135, 1136). Although the specific activities in these tis-
sues are rather low, the GAMT activity in skeletal muscle
was calculated to have the potential to synthesize all Cr
needed in this tissue (149). Finally, feeding of rats and
mice with 3-guanidinopropionic acid (GPA), a competi-
tive inhibitor of Cr entry into cells, progressively de-
creased the concentrations of Cr and PCr in heart and
skeletal muscle but had only little influence on the Cr and
PCr contents of brain (372). One possible explanation is
that the brain contains its own Cr-synthesizing machinery
(171). To conclude, the detailed contribution of the vari-
ous tissues of the body to total Cr biosynthesis as well as
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the relevance of guanidinoacetate and Cr transport be-
tween the tissues are still rather unclear; this is due both
to a lack of thorough investigations and to the pro-
nounced species differences observed so far.

A specific, saturable, Na™- and Cl -dependent Cr
transporter responsible for Cr uptake across the plasma
membrane has been described for skeletal muscle, heart,
smooth muscle, fibroblasts, neuroblastoma and astroglia
cells, as well as for red blood cells and macrophages (149,
150, 250, 570, 659, 711, 876, 965). These findings have
recently been corroborated by cDNA cloning and North-
ern blot analysis of the rabbit, rat, mouse, and human Cr
transporters (295, 319, 415, 543, 691, 697, 840, 860, 927).
Although the quantitative results of these latter studies
differ to some extent, the highest amounts of Cr trans-
porter mRNA seem to be expressed in kidney, heart, and
skeletal muscle; somewhat lower amounts in brain, small
and large intestine, vas deferens, seminal vesicles, epidid-
ymis, testis, ovary, oviduct, uterus, prostate, and adrenal
gland; and only very low amounts or no Cr transporter
mRNA at all in placenta, liver, lung, spleen, pancreas, and
thymus.

An important aspect of Cr biosynthesis to add is that
in humans, the daily utilization of methyl groups in the
GAMT reaction approximately equals the daily intake of
“labile” methyl groups (Met + choline) on a normal, equil-
ibrated diet (671). Even if de novo Met biosynthesis also
is taken into account, Cr biosynthesis still accounts for
~70% of the total utilization of labile methyl groups in the
body. Upon lowering of the Met and choline levels in the
diet, the deficit in labile methyl groups is compensated for
by increased de novo Met biosynthesis, indicating that the
delivery of labile methyl groups, in the form of S-adeno-
syl-L-methionine, should normally not become limiting for
Cr biosynthesis. It may do so, however, in folic acid
and/or vitamin B,, deficiency (231, 945) as well as in other
physiological and pathological conditions that are char-
acterized by an impairment of S-adenosyl-L-methionine
synthesis (e.g., Refs. 118, 122) 188, 243).

B. Tissue Concentrations and Subcellular
Distribution of Cr and PCr

The highest levels of Cr and PCr are found in skeletal
muscle, heart, spermatozoa, and photoreceptor cells of
the retina. Intermediate levels are found in brain, brown
adipose tissue, intestine, seminal vesicles, seminal vesicle
fluid, endothelial cells, and macrophages, and only low
levels are found in lung, spleen, kidney, liver, white adi-
pose tissue, blood cells, and serum (61, 127, 175, 525, 547,
568, 570, 693, 759, 1080, 1082, 1083, 1108, 1136). A fairly
good correlation seems to exist between the Cr trans-
porter mRNA level and total CK activity which, in turn,
also correlates with the tissue concentration of total Cr
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(Cr + PCr; Fig. 5). There may be only two exceptions. 1)
Kidney displays a much higher Cr transporter content
than expected from its CK activity (Fig. 5A, m), which
might be due to an involvement of the Cr transporter in
the resorption of Cr from the primary urine. 2) Liver has
a considerably lower CK activity than expected from its
Cr content (Fig. 5B, A), which may be an expression of a
strict separation between Cr-synthesizing and CK-ex-
pressing tissues in the body. Such a separation may be a
crucial prerequisite for independent regulation of Cr bio-
synthesis on one hand and CK function/energy metabo-
lism on the other hand.

Resting type 2a and 2b skeletal muscle fibers of ro-
dents contain ~32 mM PCr and 7 mM Cr, whereas type 1
fibers comprise ~16 mM PCr and 7 mM Cr (525). The
difference in PCr concentration between type 1 and type
2 muscle fibers is less pronounced in humans (337, 844,
1042); nevertheless, the concentration of total Cr seems to
parallel the muscle glycolytic capacity in both rodents and
humans. In serum and erythrocytes, as opposite ex-
tremes, [Cr] amounts to only 25-100 uM and 270-400 uM,
respectively (175, 776, 1137), implying that Cr has to be
accumulated by most Cr-containing tissues against a large
concentration gradient from the blood. This accumulation

= 10
= A
-
$ 1000 +
o O
2 1004+ o
2
.; .
8 104t +
3 @]
N
o 1 }
| 10 100
Cr transporter content
= 10*
2
S 1000 +
3
é” 100
z 0y
2
N
O 0.1 ; !
0.1 1 10 100

total Cr content [umol/g wet wt.]

FIG. 5. Correlations between Cr transporter level, CK activity, and
total Cr content in different mammalian (rat, human, cat, dog, rabbit,
mouse, and guinea pig) tissues. The respective tissues are, from left to
right, as follows: A: pancreas, spleen, ovary, lung, small intestine, pros-
tate, brain, colon, heart, kidney (m), and skeletal muscle. B: spleen,
kidney, liver (A), smooth muscle (carotid artery), macrophages, brown
adipose tissue, uterus, brain, heart, and skeletal muscle. (Data were
taken from Refs. 56, 61, 129, 137, 172, 227, 529, 569, 570, 691, 1020, 1030.)
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via the Cr transporter is driven by the electrochemical
potential differences of extracellular versus intracellular
[Na™] and [C17].

Because both seminal vesicles and seminal vesicle
fluid of the rat and mouse contain considerable quantities
of Cr and PCr, it was hypothesized “that both compounds
are actively secreted by the seminal vesicle epithelium”
(542). This hypothesis later turned out to be incorrect, in
as far as seminal vesicles were shown to lack AGAT and
GAMT but to contain moderate amounts of Cr transporter
mRNA (543). Therefore, seminal vesicles most likely ac-
cumulate Cr from the blood.

For PCr and Cr, a single cytosolic pool is assumed by
most researchers, especially by those who postulate near-
equilibrium conditions for the CK reaction throughout the
cell. However, tracer studies with [**C]Cr suggested dis-
tinct cytosolic pools of Cr in rat heart (850) and fast-
twitch (white) muscle of the rainbow trout (369). In ad-
dition, quantitative X-ray microanalysis revealed that
phosphorus compounds (presumably represented mostly
by PCr and ATP) are highly compartmentalized in sarco-
meric muscle, with a preferential occupancy of the I band
as well as the H zone (549). Surprisingly, some research-
ers detected Cr and PCr in the matrix of heart mitochon-
dria and provided evidence that PCr uptake into the mi-
tochondrial matrix is mediated by the adenine nucleotide
translocase (see Refs. 391, 796, 921). In the light of I) the
lower phosphorylation potential within the mitochondrial
matrix compared with the cytosol and 2) the lack of
Cr-utilizing processes in the mitochondrial matrix, it is
questionable whether and to what extent Cr accumulation
in the matrix is physiologically relevant or is due to
postmortem or other artifacts. Clearly, further studies are
needed to get a deeper insight into the subcellular com-
partmentation of Cr and PCr.

C. Degradation of Cr and PCr in Vertebrates

The degradation of Cr and PCr in vertebrates is, for
the most part, a spontaneous, nonenzymatic process, as
indicated in the top part of Figure 2. In vitro, the equilib-
rium of the reversible and nonenzymatic cyclization of Cr
to creatinine (Cr <> Crn) is both pH dependent and tem-
perature dependent. Cr is favored at high pH and low
temperature, whereas Crn (M, 113.1) is favored at ele-
vated temperatures and in acidic solutions (see Ref. 551).
In both directions, the reaction is monomolecular. Start-
ing with pure Cr solutions, 1.0-1.3% of the Cr per day is
converted into Crn at pH 7.0-7.2 and 38°C. In vitro studies
on the stability of PCr revealed that this high-energy
phosphate compound is acid labile, yielding P; and either
Cr or Crn upon hydrolysis. Both the rate of PCr hydrolysis
and the ratio of Cr to Crn formed depend on temperature
and pH and can additionally be influenced in a concen-
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tration-dependent manner by molybdate (for reviews, see
Refs. 226, 669).

In contrast to these in vitro studies, experiments with
15N-labeled compounds clearly showed that the conver-
sion of Cr into Crn in vivo is an irreversible process (72).
Upon feeding of rats with [\°N]Cr, the isotopically labeled
Cr distributed homogeneously over the total Cr pool in
the body as well as over the urinary Crn. Even after 5
days, the specific labeling of the urinary Crn and the body
Cr were still the same, suggesting that Cr is the only
precursor of Crn. Upon feeding with [*?N]Crn, however,
most of the label was directly excreted into the urine, and
no significant exchange of the label with the body Cr was
observed. In accordance with in vitro studies, an almost
constant fraction of the body Cr (1.1%/day) and PCr (2.6%/
day) is converted nonenzymatically into Crn in vivo, giv-
ing an overall conversion rate for the total Cr pool (Cr
+ PCr) of ~1.7%/day (for a review, see Ref. 1077). Con-
sequently, in a 70-kg man containing ~120 g of total Cr,
roughly 2 g/day are converted into Crn and have to be
replaced by Cr from the diet or from de novo biosynthesis
(Fig. 4) (1050, 1077, 1085). With the assumption of an
average content in muscle of 30 mM of total Cr (see
above) and a quantitative uptake of the compound by the
digestive tract, this loss could be compensated by inges-
tion of 500 g of raw meat per day. Because Crn is a very
poor substrate of the Cr transporter (318, 319, 691), be-
cause no other specific saturable uptake mechanism ex-
ists for Crn (515), and because Crn, most likely due to its
nonionic nature, is membrane permeable, Crn constantly
diffuses out of the tissues into the blood and is excreted
by the kidneys into the urine (Fig. 4) (759). Because the
rate of nonenzymatic formation of Crn from Cr is nearly
constant, and because >90% of the total bodily Cr is to be
found in muscle tissue, 24-h urinary Crn excretion is
frequently used as a rough measure of total muscle mass
(768, 1067). However, this approach suffers various limi-
tations.

Twenty to twenty-five percent of the in vivo conver-
sion of PCr into Crn may proceed via phosphorylcreati-
nine (PCrn) as an intermediate (414). Accordingly, [PCrn]
in rabbit white skeletal muscle was found to be 0.4% of
[PCr], and commercial preparations of PCr (at least sev-
eral years ago) contained 0.3—0.7% of PCrn.

Crn in mammals, and especially in humans, is still
widely believed to be an inert substance that is excreted
as such into the urine. Several lines of evidence, however,
contradict this view. Using radiolabeled Crn, Boroujerdi
and Mattocks (83) showed that in rabbits, some Crn is
converted into Cr, Arg, guanidinobutyrate, or guanidino-
propionate. Additional routes of Crn degradation become
favored in states of renal insufficiency and seem to be
relevant for human pathology. They are therefore dis-
cussed in detail in section xH.
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V. REGULATION OF CREATINE METABOLISM
IN VERTEBRATES

In keeping with the rather complex organization of
Cr biosynthesis and degradation in vertebrates, a variety
of potential regulatory mechanisms have to be consid-
ered, for instance, allosteric regulation, covalent modifi-
cation, or changes in expression levels of the enzymes
involved in Cr metabolism. In addition, changes in the
transport capacity and/or permeability of biological mem-
branes for the intermediary metabolites, i.e., Cr, Crn, and
guanidinoacetate, are also expected to have an impact on
Cr metabolism as a whole (for an extensive review, see
Ref. 1077).

A. Regulation of L-Arginine:glycine
Amidinotransferase Expression and Activity

The formation of guanidinoacetate is normally the
rate-limiting step of Cr biosynthesis (see Ref. 1077). Con-
sequently, the AGAT reaction is the most likely control
step in the pathway, a hypothesis that is supported by a
great deal of experimental work. Most important in this
respect is the feedback repression of AGAT by Cr, the
end-product of the pathway, which most probably serves
to conserve the dietary essential amino acids Arg and Met.
Circumstantial evidence indicates that in folic acid defi-
ciency, where Cr biosynthesis is curtailed and the serum
concentration of Cr is likely to be decreased, AGAT ex-
pression is upregulated (187). In contrast, an increase in
the serum concentration of Cr, due either to an endoge-
nous source or to dietary Cr supplementation, results in
concomitant decreases in the mRNA content, the enzyme
level, and the enzymatic activity of AGAT, thus suggesting
regulation of AGAT expression at a pretranslational level
(322, 1053; for a review, see Ref. 1077). Feedback repres-
sion of AGAT by Cr is most pronounced in kidney and
pancreas, the main tissues of guanidinoacetate formation,
but is also observed in the decidua of pregnant rats (see
Ref. 1077). Immunological studies suggest the presence of
multiple forms (or isoenzymes) of AGAT in rat kidney, of
which only some are repressible by Cr, whereas others
are not (314). Because the half-life of AGAT in rat kidney
is 2-3 days (624), the changes in the AGAT levels de-
scribed here are rather slow processes, thus only allowing
for long-term adaptations.

Cyclocreatine, N-acetimidoylsarcosine, and N-ethyl-
guanidinoacetate display repressor activity like Cr,
whereas Crn, PCr, N-propylguanidinoacetate, N-methyl-3-
guanidinopropionate, N-acetimidoylglycine, and a variety
of other compounds are ineffective (809, 1077). L-Arg and
guanidinoacetate have only “apparent” repressor activity.
They exert no effect on AGAT expression by themselves
but are readily converted to Cr, which then acts as the
true repressor.
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In addition to Cr, the expression of AGAT may be
modulated by dietary and hormonal factors (for reviews,
see Refs. 634, 1053, 1054, 1077). Thyroidectomy or hy-
pophysectomy of rats decreases AGAT activity in the
kidney. The original AGAT activity can be restored by
injection of thyroxine or growth hormone, respectively. In
contrast, injections of growth hormone into thyroidecto-
mized rats and of thyroxine into hypophysectomized rats
are without effect, indicating that both hormones are
necessary for maintaining proper levels of AGAT in rat
kidney. Because enzyme activity, protein, and mRNA con-
tents are always affected to the same extent, regulation of
AGAT expression by thyroid hormones and growth hor-
mone occurs at a pretranslational level, very similar to the
feedback repression by Cr (322, 625, 1053). Growth hor-
mone and Cr have an antagonistic action on AGAT ex-
pression, as evidenced by identical mRNA levels and en-
zymatic activities of kidney AGAT in hypophysectomized
rats simultaneously fed Cr and injected with growth hor-
mone compared with hypophysectomized rats receiving
neither of these compounds (322, 1053).

AGAT levels in liver, pancreas, and kidney are also
decreased in conditions of dietary deficiency and disease
(fasting, protein-free diets, vitamin E deficiency, or strep-
tozotocin-induced diabetes) (273, 1057). These findings
seem, however, not to rely directly on the dietary or
hormonal imbalance that is imposed. For example, insulin
administration to streptozotocin-diabetic rats does not
restore the original AGAT activity in the kidney (273). On
the contrary, fasting and vitamin E deficiency are charac-
terized by an increased blood level of Cr (248, 480; see
also Ref. 1077) which, in all likelihood, represents the true
signal for the downregulation of AGAT expression.

Finally, AGAT levels in rat kidney, testis, and decidua
may also be under the control of sex hormones, with
estrogens and diethylstilbestrol decreasing and testoster-
one increasing AGAT levels (449; see also Ref. 1077). Oral
administration of methyltestosterone to healthy humans
not only stimulates AGAT expression and, thus, Cr bio-
synthesis, but also results in a 70% increase in the urinary
excretion of guanidinoacetate (367). This finding might be
taken to indicate that at increased levels of AGAT activity,
GAMT becomes progressively rate limiting for Cr biosyn-
thesis, thereby leading to an accumulation of guanidino-
acetate in the blood. In conflict with this interpretation,
dietary Cr supplementation, which is known to decrease
AGAT levels in kidney and pancreas, also results in in-
creased urinary guanidinoacetate excretion. Further-
more, guanidinoacetate excretion is much higher when Cr
and guanidinoacetate are administered simultaneously
than when Cr or guanidinoacetate is given alone (368).
Therefore, it is more likely that in situations of elevated
Cr concentrations in the blood, the increased levels of Cr
in the primary filtrate compete with guanidinoacetate for
reabsorption by the kidney tubules (see Ref. 1077).
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Based on the findings that GAMT expression in the
mouse is highest in testis, caput epididymis, ovary, and
liver, and that GAMT expression is higher in female than
in male liver, it has been hypothesized that GAMT expres-
sion might also be under the control of sex hormones
(545). However, removal of either adrenals, pituitaries,
gonads, or thyroids and parathyroids or administration of
large doses of insulin, estradiol, testosterone, cortisol,
thyroxine, or growth hormone had, if any, only minor
effects on GAMT activity in rat liver (109). There is some
indication that GAMT activity in the liver may be influ-
enced by dietary factors (1019).

In contrast to the described repression by Cr of
AGAT in kidney and pancreas, Cr does not interfere with
the expression of GAMT or arginase in liver. Cr, Crn, and
PCr also do not regulate allosterically the enzymatic ac-
tivities of AGAT or GAMT in vitro (1077). In contrast,
AGAT is potently inhibited by ornithine, which may be
pathologically relevant, for instance, in gyrate atrophy of
the choroid and retina (see sect. xA) (897, 1077). A strik-
ing parallelism between the enzymes involved in verte-
brate Cr metabolism (AGAT, GAMT, CK) is that they all
are sensitive to modification and inactivation by sulfhy-
dryl reagents (for reviews, see Refs. 270, 474, 1077). On
the basis of current knowledge (e.g., Ref. 496), however,
there is no reason to believe that modification by sulfhy-
dryl reagents [e.g., oxidized glutathione (GSSG)] repre-
sents a unifying mechanism for the in vivo regulation of
AGAT, GAMT, and CK.

B. Regulation of Transport of Cr, PCr, ADP, and
ATP Across Biological Membranes

Transport of intermediary metabolites across biological
membranes represents an integral part of Cr metabolism in
vertebrates. Arg has to be taken up into mitochondria for
guanidinoacetate biosynthesis. Guanidinoacetate is released
from pancreas and kidney cells and taken up by the liver.
Likewise, Cr is exported from the liver and accumulated in
CK-containing tissues. Finally, inside the cells, ATP, ADP,
Cr, and PCr have to diffuse or to be transported through
intracellular membranes to be able to contribute to high-
energy phosphate transport between mitochondria and sites
of ATP utilization. Evidently, all these sites of membrane
transport are potential targets for the regulation of Cr me-
tabolism.

In chicken kidney and liver, where AGAT is localized
in the mitochondrial matrix, penetration of 1-Arg through
the inner membrane was found to occur only in respiring
mitochondria and in the presence of anions such as ace-
tate or phosphate (301). Consequently, the rate of Arg
transport across the mitochondrial membranes might in-
fluence Cr biosynthesis.

Cr uptake into CK-containing tissues, e.g., skeletal
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muscle, heart, brain, or kidney, is effected by a specific,
saturable, Na™- and Cl -dependent Cr transporter (see
sect. viiC). Even though the evidence is not as strong as in
the case of AGAT, the expression and/or specific activity
of the Cr transporter seems to be influenced by dietary
and hormonal factors. A 24-h fast slightly increases [Cr] in
the plasma but decreases Cr uptake into tibialis anterior
and cardiac muscle of the mouse by ~50% (480). In rats,
Cr supplementation of the diet decreases Cr transporter
expression (317). Similarly, in rat and human myoblasts
and myotubes in cell culture, extracellular Cr downregu-
lates Cr transport in a concentration- and time-dependent
manner (571). Na*-dependent Cr uptake is decreased by
extracellular [Cr] >1 uM, with 50% inhibition being ob-
served at 20-30 uM, i.e., in the range of the physiological
plasma concentration of Cr. In media containing 5 mM Cr,
transport of Cr is decreased by 50% within 3—-6 h, and
maximal inhibition (70-80%) is observed within 24 h.
Upregulation of Cr transport upon withdrawal of extra-
cellular Cr seems to occur more slowly. Excessive con-
centrations (b mM) of guanidinoacetate and GPA also
reduce Cr transport significantly, whereas p- and r-orni-
thine, Crn, Gly, and PCr are ineffective. Because the
downregulation of the Cr transporter activity by extracel-
lular Cr is slowed by cycloheximide, an inhibitor of pro-
tein synthesis, it has been hypothesized that Cr transport,
like Na*-dependent system A amino acid transport (331),
is controlled by regulatory proteins. However, no conclu-
sive evidence for or against this hypothesis is currently
available. It also remains to be clarified how extracellular
[Cr] is transformed into an intracellular signal. Loike et al.
(571) have presented weak evidence suggesting that Cr
has to be taken up into the cells to exert its effect on Cr
transporter activity. On the other hand, dietary Cr supple-
mentation in humans and animals, despite an at least 3- to
20-fold increase in the serum concentration of Cr, results
in only a 10-20% increase in the muscle levels of Cr (see
sect. x1). Because, in addition, this latter increase in mus-
cle [Cr] is much lower than the ones observed during
physical exercise, it is difficult to envisage that intracel-
lular [Cr] should be a key regulator of Cr uptake.

In a thorough investigation of the Cr transporter
activity in cultured mouse G8 myoblasts, Odoom et al.
(711) showed that Cr uptake is stimulated by isoprotere-
nol, norepinephrine, the cAMP analog N°2'-O-dibutyryl-
adenosine 3',5'-cyclic monophosphate, and the B,-agonist
clenbuterol, but not by the «;-adrenergic receptor agonist
methoxamine. Likewise, the stimulatory action of norepi-
nephrine is not affected by a-adrenergic receptor antag-
onists but is inhibited by B-antagonists, with the B,-antag-
onist butoxamine being more effective than the ;-
antagonist atenolol. Thus the Cr transporter activity may
be controlled predominantly by B,-adrenergic receptors
that have cAMP as their intracellular signal. In fact, anal-
ysis of the Cr transporter cDNA sequence revealed con-

MARKUS WYSS AND RIMA KADDURAH-DAOUK

Volume 80

sensus phosphorylation sites for cAMP-dependent protein
kinase (PKA) and for protein kinase C (PKC) (691, 927).
However, in transiently transfected cells expressing the
human Cr transporter, phorbol 12-myristate 13-acetate, an
activator of PKC, displayed a small inhibitory effect on Cr
uptake, whereas forskolin (an activator of adenylyl cy-
clase), okadaic acid (a phosphatase inhibitor), A23187 (a
calcium ionophore), and insulin were ineffective. The last
finding, in turn, contrasts with experiments on rat skeletal
muscle where insulin significantly increased Cr uptake,
whereas alloxan-induced diabetes had no effect on Cr
accumulation (see Ref. 349). Insulin and insulin-like
growth factor I also stimulated Cr uptake in mouse G8
myoblasts (711), and insulin at physiologically high or
supraphysiological concentrations enhanced muscle Cr
accumulation in humans (943). Insulin increases Na™-K*-
ATPase activity which, indirectly, may stimulate Cr trans-
porter activity (see Ref. 943). In this context, it seems
noteworthy that guanidinoacetate, and to a lower extent
Arg and Cr, were seen to stimulate insulin secretion in the
isolated perfused rat pancreas (15). Despite using G8
myoblasts and myotubes as Odoom et al. (711; see above),
and despite other indications that clenbuterol may exert
some of its anabolic effects on muscle by stimulating Cr
uptake, Thorpe et al. (1003) failed to detect an effect of
clenbuterol on Cr transport.

The contents of Cr, PCr, and total Cr are decreased in
hyperthyroid rat cardiac muscle by 13, 62, and 42%, re-
spectively, with these changes being paralleled by an
increased sensitivity of the heart to ischemic damage
(874). Although this finding might be explained by a direct
action of thyroid hormones on the Cr transporter, exper-
iments with colloidal lanthanum suggest that it is due
instead to an increased (reversible) leakiness of the sar-
colemma. Kurahashi and Kuroshima (519) suggested that
the 3,3',5-triiodothyronine-induced creatinuria and de-
crease in muscle Cr contents is due both to decreased
uptake and increased release of Cr by the muscles. On the
other hand, Cr uptake into mouse G8 myoblasts was
shown to be stimulated by 3,3’,5-triitodothyronine and by
amylin which, in muscle, is known to bind to the calcito-
nin gene-related peptide receptor (711).

As to be expected from the Na™ dependence of the
Cr transporter (see sect. viiC), Cr uptake is diminished in
deenergized cells and is also depressed by the Na™-K*-
ATPase inhibitors ouabain and digoxin (568, 293, 515, 570,
711). When, however, L6 rat myoblasts are preincubated
with ouabain or digoxin, and Cr uptake subsequently is
analyzed in the absence of these inhibitors, it is even
higher than in untreated control cells (58). Finally, in
erythrocytes from uremic patients, the Na*-dependent
component of Cr influx is 3.3 times higher than in normal
human erythrocytes. This finding may be due, by analogy,
to the known occurrence of inhibitors of Na*-K"-ATPase
in uremic plasma (950, 984). Obviously, cells may respond
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to decreased Na™-K"-ATPase activity, which in turn likely
decreases Cr transporter activity, by compensatory up-
regulation of Na™-K*-ATPase (382) and/or Cr transporter
expression.

After incubation of L6 rat myoblasts for 20 h under
control conditions, replacement of the conditioned me-
dium by fresh control medium decreases Cr uptake by
32—-45% (58). This may indicate that conditioned medium
from L6 myoblasts contains a modulator of Cr transport.

Despite all these investigations on the regulation of
Cr uptake, it cannot be decided yet whether regulation of
Cr uptake is effected directly by modulating the expres-
sion and/or activity of the Cr transporter or indirectly via
alterations of the transmembrane electrochemical gradi-
ent of Na™ which depends primarily on the Na*-K*"-ATP-
ase activity. Accordingly, it is still unclear whether Cr
uptake via the Cr transporter is under kinetic or thermo-
dynamic control. The findings that Cr uptake is inhibited
by ouabain and digoxin and that 3,3',5-triiodothyronine,
isoproterenol, and amylin not only stimulate Cr uptake
but also increase the Na*-K"-ATPase activity and, thus,
the membrane potential would favor indirect regulation
of the Cr transporter by the electrochemical gradient of
Na*. However, with the assumption of a Na™ to Cr stoi-
chiometry of the Cr transporter of 1 or 2, the theoretical
concentration ratio of intracellular versus extracellular Cr
should be between 900 and 3,000 (286, 711). If the chlo-
ride dependence of the Cr transporter were also taken
into account, this theoretical ratio would be even higher.
In sharp contrast to these values, the actual concentration
ratio in resting muscle is around 80. Because, in addition,
dietary Cr supplementation over several days or weeks
considerably increases [Cr] in human and animal serum,
but only slightly enhances the Cr levels in muscle (see
sect. x1), and because in rats fed GPA and cyclocreatine,
these Cr analogs compete efficiently with Cr uptake into
muscle and thereby largely deplete the intracellular pools
of Cr and PCr, the hypothesis that the Cr transporter is
kinetically controlled seems at present more plausible.
Clearly, the question of how Cr uptake is regulated in
detail is of importance for a deeper understanding of Cr
metabolism in health and disease. In particular, it will be
crucial to determine the exact Na™ and Cl~ stoichiome-
tries of the Cr transporter.

Because part of the Cr that is accumulated in CK-
containing tissues is converted to PCr, it might be antic-
ipated that Cr uptake and phosphate uptake influence
each other. In fact, in mouse myoblasts that are exposed
to extracellular Cr, P; uptake is transiently stimulated
(773). This finding is probably not due to concerted reg-
ulation of the Cr and P; transporters but may rely on a
local decrease in P; concentration due to phosphorylation
of intracellularly accumulated Cr. In Langendorff-per-
fused rabbit hearts, the intracellular concentrations of Cr
and of Cr plus PCr remain significantly higher when the
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perfusion medium is devoid of phosphate than when it
contains 1 mM P; (286). This effect was attributed to
decreased Cr efflux during phosphate-free perfusion.

Only few and inconclusive data are available on Cr
efflux from cells. Although in L6 rat myoblasts at 37°C, Cr
efflux amounted to 2.8-3.6% of intracellular Cr per hour
(671), the respective value for G8 mouse myoblasts at
37°C was 5%/day (711). The latter value is comparable to
the fractional conversion rate of Cr to Crn and may indi-
cate that the plasma membrane is largely impermeable for
Cr once it is intracellularly trapped. Because the liver is
the main site of Cr biosynthesis in the body, the plasma
membrane of hepatocytes is expected to be more perme-
able for Cr than that of muscle cells. This finding agrees
with the fact that upon administration of Cr, liver, kidney,
and viscera constitute a rapidly expansible pool for Cr,
whereas muscle and nervous tissues constitute a slowly
expansible pool of Cr plus PCr (480; see also Ref. 1077).
On the other hand, when transgenic mice expressing CK
in liver were fed 10% Cr in the diet for 5 days, Cr efflux
from the liver proved to be insignificant (606). Because
high dietary intake of Cr makes de novo biosynthesis of
Cr superfluous, a putative transport protein responsible
for Cr export from the liver may simply have been down-
regulated in this experimental set-up. In any case, this
finding should not be taken as evidence against a signifi-
cant contribution of the liver to de novo biosynthesis of
Cr in vertebrates. Finally, cultured Sertoli cells from the
seminiferous epithelium of rats were shown to secrete Cr
into the medium (665). Cr secretion was stimulated by
physiological and toxicological modulators of Sertoli cell
function like follicle-stimulating hormone, dibutyryl
cAMP, mono-(2-ethylhexyl)phthalate, or cadmium.

The permeability itself as well as changes in perme-
ability of the outer mitochondrial membrane may be crit-
ical for the stimulation of mitochondrial respiration and
high-energy phosphate synthesis, as well as for the trans-
port of these high-energy phosphates between sites of
ATP production and ATP utilization within the cell (for
reviews, see Refs. 94, 280, 838, 1124). Changes in perme-
ability of the outer mitochondrial membrane pore protein
(voltage-dependent anion-selective channel; VDAC) may
be accomplished 1) by “capacitive coupling” to the mem-
brane potential of the inner membrane, leading to a volt-
age-dependent “closure” of the pore, or 2) by a VDAC
modulator protein which increases the rate of voltage-
dependent channel closure by ~10-fold. To what extent
these mechanisms operate in vivo and retard the diffusion
of ADP, ATP, P;, Cr, and PCr remains to be established.

To conclude, the most critical determinant for the
regulation of Cr metabolism seems to be the serum con-
centration of Cr. An elevation of serum [Cr] over an
extended period of time would point to excess de novo
biosynthesis or dietary intake of Cr and, in addition,
would indicate that the tissue pools of Cr and PCr are
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replenished. The observed or suspected effects of an
elevated serum [Cr], namely, to downregulate the expres-
sion and/or activity of AGAT and possibly also the Cr
transporter, would therefore help to spare precursors of
Cr (Arg, Gly, Met) and to maintain normal, steady levels of
Cr and PCr in CK-containing tissues. As a consequence,
the rate of Cr biosynthesis is highest in young, healthy,
fast-growing vertebrates under anabolic conditions on a
balanced, Cr-free diet (1077).

VI. PHOSPHOCREATINE AND CREATINE AS
PURPORTED ALLOSTERIC EFFECTORS

In some recent articles (e.g., Refs. 92, 641, 1068), the
opinion has still been expressed that Cr and PCr may act
as allosteric regulators of cellular processes. As a matter
of fact, a number of studies, mainly performed in the
1970s, seemed to demonstrate that physiological concen-
trations of PCr inhibit glycogen phosphorylase a, phos-
phofructokinase, glyceraldehyde-3-phosphate dehydroge-
nase, pyruvate kinase, lactate dehydrogenase, AMP
deaminase, and 5’-nucleotidase from a variety of species.
Similarly, PCr was claimed to activate fructose-1,6-
diphosphatase from rabbit skeletal muscle, while phos-
phorylarginine was suggested to inhibit phosphofructoki-
nase from oyster adductor muscle (for references see
Refs. 207, 247, 580, 666, 834, 951, 1012, 1099).

Subsequent studies, however, proved that inhibition
of at least phosphofructokinase, pyruvate kinase, lactate
dehydrogenase, AMP deaminase, and 5'-nucleotidase, but
probably also of all other enzymes listed above, is not
afforded by PCr itself; rather, these effects were due to
contaminants present in the commercial preparations of
PCr which, at that time, were no more than 62-75% pure
(1099). The contaminating inhibitors were identified as
inorganic pyrophosphate for AMP deaminase (1099) and
oxalate for lactate dehydrogenase and pyruvate kinase
(1012).

When added to the bathing medium of differentiating
skeletal and heart muscle cells in tissue culture, Cr in-
creased rather specifically the rate of synthesis as well as
the specific activity of myosin heavy chain (406, 1153). In
slices of the rat neostriatum, Cr inhibited the GABA-
synthesizing enzyme glutamate decarboxylase as well as
the veratridine-induced release of GABA, but significant
effects were only observed at an unphysiologically high
Cr concentration of 25 mM (864). In rat basophilic leuke-
mia cells, PCr was seen to stimulate phospholipase C
activity (196). Finally, in cell-free extracts of white gas-
trocnemius, soleus, heart muscle, and liver of the rat, PCr
affected the extent of phosphorylation of various pro-
teins, in particular of phosphoglycerate mutase and of a
18-kDa protein (742). Again, these findings are unlikely to
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be due to direct allosteric effects of Cr and PCr but are
probably mediated indirectly, e.g., via alterations of the
energy status of particular microcompartments or whole
cells (195, 563, 742, 1153).

In the unicellular alga Gonyaulax polyedra, several
functions show circadian rhythmicity, for example, cell
division, photosynthesis, bioluminescence, motility, and
pattern formation. If cultures of Gonyaulax are first
grown under a 12:12-h light-dark cycle, and if the condi-
tions are then changed to constant dim light, the circadian
rhythmicity persists for several weeks. This condition is
called free-running circadian rhythmicity, with its period 7
depending on the color and intensity of the constant dim
light.

Extracts of several eukaryotic organisms, including
bovine and rat brain and muscle, shorten the period of the
free-running circadian rhythms in Gonyaulax. The sub-
stance responsible for this effect was identified as Cr. In
the micromolar range (2-20 uM), Cr accelerates the cir-
cadian clock by as much as 4 h/day (Fig. 6A) (816). The Cr
effect on 7is very pronounced in constant dim blue light,
whereas it is virtually absent in constant dim red light
(Fig. 6B) (817). This finding, together with other lines of
evidence, suggests that Cr interferes with light transduc-
tion pathways and in particular with the pathway(s) cou-
pled to blue-sensitive photoreceptors. In addition to its
effect on 7, Cr also affects light-induced phase changes of
the circadian rhythmicity (817).

A period-shortening substance with properties similar
to Cr is present in extracts of Gonyaulax itself (816) and has
been identified as gonyauline (S-methyl-cis-2-[methylthio]cy-
clopropanecarboxylic acid) (815). Its rather close structural
similarity to Cr (Fig. 6C), the complete lack of Cr in extracts
of Gonyaulax (815), as well as the indication that Cr is not
active as such but has to be metabolized to exert its effects
on the circadian rhythmicity (see Ref. 817) all suggest that,
at least in algae, Cr itself is not a physiological component or
modulator of the circadian clock.

To conclude, the data suggesting that Cr and PCr
act as direct (allosteric) regulators of cellular pro-
cesses (other than the repression by Cr of AGAT and
possibly also of the Cr transporter) must be treated
with skepticism, at least until new, convincing data are
presented. There may be four notable exceptions that
deserve further attention: /) PCr stimulates glutamate
uptake into synaptic vesicles (1127; see also sect. 1xG).
A series of control experiments showed that the effect
of PCr is not mediated indirectly via CK and ATP.
Remarkably, PCr-stimulated glutamate uptake was
even higher than that stimulated maximally by ATP. 2)
PCr at relatively high concentrations of 10—60 mM was
found to promote efficient endonucleolytic cleavage of
mammalian precursor RNA in vitro (364), which is a
prerequisite for subsequent poly(A) addition. Neither
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CK nor ATP was required for this effect, and ATP could
in fact inhibit 3'-end cleavage. PCr was not hydrolyzed,
suggesting that it may act as an allosteric regulator.
Phosphorylarginine (PArg) had a similar effect,
whereas Cr was ineffective. 3) AMP-activated protein
kinase (AMPK) from rabbit skeletal muscle is inhibited
by PCr, whereby it is not yet completely clear whether
this effect is CK independent or not (774). In turn,
AMPK inhibits CK by phosphorylation in vitro and in
differentiated muscle cells, and it also activates fatty
acid oxidation. These findings suggest that CK, AMPK,
and fatty acid oxidation form an intricate regulatory
network for meeting energy supply with energy de-
mands. In transgenic mice lacking both M-CK and sar-
comeric Mi-CK, due to permanently high levels of PCr
even during exercise, AMPK most likely remains inac-
tive and, thus, cannot switch on fatty acid oxidation
(774). In fact, these mice are defective in lipid metab-
olism and show signs of impaired capacity to utilize
fatty acids (938). 4) Cr has been identified as an essen-
tial cofactor of thiamine-diphosphate (TDP) kinase
from pig skeletal muscle, with half-maximal stimulation
of enzymatic activity being observed at a [Cr] of 0.2 mM

(881). In contrast, PCr, Crn, Arg, guanidinoacetic acid,
and GPA had no effect on TDP kinase activity.

VII. MICROBIAL CREATINE AND CREATININE
DEGRADATION PATHWAYS

In contrast to the nonenzymatic conversion of Cr and
PCr to Crn in vertebrates, a growing number of microor-
ganisms are being discovered to express specific enzymes
for the degradation of Cr and Crn. Several lines of evi-
dence suggest an involvement of microbial Cr and Crn
degradation in vertebrate physiology and pathology. Bac-
teria and fungi capable of degrading Cr and Crn have been
identified in chicken and pigeon droppings (278, 772),
human urine (499) and feces (204, 992, 1029), as well as
the bacterial flora of the human colon (204, 439). The
latter bacteria may be particularly relevant to renal dis-
ease (see sect. ixH). In uremic patients in whom [Crn] in
the serum is highly increased (163), Crn was suggested to
diffuse into the intestinal tract where it induces bacterial
creatininase, creatinase, and Crn deaminase activity, re-
sulting ultimately in the breakdown of part of the body’s
Crn pool (439, 438) as well as in partial recycling of Cr
(652).
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In accordance with experiments on a variety of bac-
terial strains, 1-methylhydantoin produced by Crn deami-
nase is not further metabolized by the gut flora (439), but
may, instead, be retaken up into the body and degraded
there to b-hydroxy-1-methylhydantoin, methylparabanic
acid, N°-methyloxaluric acid, and oxalic acid plus methyl-
urea (395). Because 1-methylhydantoin and 5-hydroxy-1-
methylhydantoin were also detected in rabbit skin after
vaccinia virus inoculation, a similar reaction cascade may
proceed in inflamed tissue. Further microbial degradation
products of Crn (e.g., methylguanidine) may act as uremic
toxins (see sect. xH), carcinogens, or carcinogen precur-
sors (see sect. xXF'). Finally, knowledge of the reactions
and enzymes involved in Crn degradation may have an
impact on routine clinical diagnosis where the Crn-de-
grading microbial enzymes may be used for specific en-
zymatic assays of [Crn] and [Cr] in serum and urine (see
sect. X).

At least four alternative microbial Crn degradation
pathways have to be considered (Fig. 7). I) In some
bacteria (Bacillus, Clostridium, Corynebacterium, Fla-
vobacterium, Escherichia, Proteus, and Pseudomonas
strains) and fungi (Cryptococcus neoformans and C. ba-
cillisporus), Crn seems to be degraded solely to 1-meth-
ylhydantoin and ammonia (see Refs. 278, 484, 660, 772,
884, 895, 992). Crn can therefore be used by these micro-
organisms as a nitrogen source, but not as a carbon or
energy source. In all microorganisms of this group that
have been analyzed so far (Flavobacterium filamento-
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sum, E. coli, Proteus mirabilis, and Pseudomonas chlo-
roraphis), a single enzyme displays both cytosine deami-
nase and Crn deaminase activity (229, 484). The wide
distribution of cytosine deaminases in microorganisms
and the close structural similarity between cytosine and
Crn may thus be the actual reasons why Crn deaminase
activity, quasi as a side reaction, is also widely distrib-
uted. Although some of the Crn/cytosine deaminases are
induced when the bacteria or fungi are grown on media
containing Crn or cytosine (484, 772, 992), others are
expressed in a constitutive manner or are even repressed
by cytosine (484).

2) In several Pseudomonas, Brevibacterium, Morax-
ella, Micrococcus, and Arthrobacter strains, as well as in
anaerobic Clostridium and Tissierella strains, 1-methyl-
hydantoin is degraded further to N-carbamoylsarcosine
and sarcosine. The enzymes involved in this degradation
pathway, i.e., Crn deaminase, 1-methylhydantoin
amidohydrolase, and N-carbamoylsarcosine amidohydro-
lase, are all highly induced when the bacteria are grown
on Crn or 1-methylhydantoin as main source of nitrogen
and, in some cases, carbon (see Refs. 170, 335, 357, 484,
714, 883, 884, 892). A comparison of the specific enzy-
matic activities revealed that the 1-methylhydantoin
amidohydrolase reaction is the rate-limiting step of the
pathway. Consequently, N-carbamoylsarcosine is in most
instances either undetectable in these bacteria or is
present in much lower concentration than the other in-
termediates (278, 884). Hydrolysis of 1-methylhydantoin,

acetic acid

FIG. 7. Schematic representation of
the reactions and enzymes involved in mi-
crobial Cr and Crn degradation pathways.
The respective enzymes are denoted by
numbers: 1) creatinine iminohydrolase
(creatinine deaminase; EC 3.5.4.21); 2) cy-
tosine aminohydrolase (cytosine deami-
nase; EC 3.5.4.1); 3) l-methylhydantoin
amidohydrolase [ATP dependent (EC
3.5.2.14) or non-ATP dependent]; 4) N-car-
bamoylsarcosine amidohydrolase (EC
3.5.1.59); 5) creatinine amidohydrolase
(creatininase; EC 3.5.2.10); 6) creatine
amidinohydrolase (creatinase; EC 3.5.3.3);
7) sarcosine reductase (EC 1.4.4.-); 8) not
characterized so far; 9) methylguanidine
amidinohydrolase (EC 3.5.3.16); 10) sar-
cosine oxidase (EC 1.5.3.1); 11) sarcosine
dehydrogenase (EC 1.5.99.1) or dimethyl-
glycine dehydrogenase (EC 1.5.99.2).
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as catalyzed by the 1-methylhydantoin amidohydrolases
of Pseudomonas, Brevibacterium, Moraxella, Micrococ-
cus, and Arthrobacter strains, is stoichiometrically cou-
pled with ATP hydrolysis and is stimulated by Mg?* and
NH; or K. In addition, hydantoin is hydrolyzed by these
enzymes at a much lower rate than 1-methylhydantoin. In
contrast, the 1-methylhydantoin amidohydrolases of an-
aerobic bacteria (357) are not affected by ATP and Mg®",
and hydantoin is hydrolyzed at a similar rate as 1-meth-
ylhydantoin.

3) In various Alcaligenes, Arthrobacter, Flavobacte-
rium, Micrococcus, Pseudomonas, and Tissierella
strains, still another set of enzymes is induced when they
are grown on Cr or Crn as sole source of nitrogen and/or
carbon. Creatininase (Crn amidohydrolase) converts Crn
to Cr which is then further metabolized by creatinase (Cr
amidinohydrolase) to urea and sarcosine (see Refs. 115,
257, 335, 487, 708, 884). Even though creatinase has also
been detected in human skeletal muscle (655), this finding
awaits confirmation and demonstration of its physiologi-
cal relevance.

Sarcosine formed in degradation pathways 2 and 3
may be degraded further to Gly by a sarcosine oxidase or
sarcosine dehydrogenase (487, 708, 884), or possibly to
methylamine by the action of a sarcosine reductase (see
Refs. 334, 335, 439). It also seems worth mentioning that
glycocyamidine and glycocyamine (guanidinoacetate) can
be degraded by microorganisms almost exactly as shown
in pathway 3 for Crn degradation. Glycocyamidinase con-
verts glycocyamidine to glycocyamine, which is then split
by glycocyaminase (guanidinoacetate amidinohydrolase;
EC 3.5.3.2) into Gly and urea (1150, 1151).

4) Finally, Pseudomonas stutzeri seems to convert
Crn quantitatively to methylguanidine and acetic acid
(1049). Methylguanidine was shown to be split in an Al-
caligenes species by a highly specific methylguanidine
amidinohydrolase into methylamine and urea (685).

The distinction between four alternative degradation
pathways for Crn represents an oversimplification. For
example, two of the degradation pathways may occur in
the same organism, with the relative expression levels of
the individual enzymes depending primarily on the nitro-
gen source used (884). When the Pseudomonas sp. 0114 is
grown on Crn as main nitrogen source, Crn is degraded
chiefly via Cr. When the same species is grown on 1-meth-
ylhydantoin, the 1-methylhydantoin amidohydrolase and
N-carbamoylsarcosine amidohydrolase activities are in-
duced so that in this case, Crn degradation via 1-methyl-
hydantoin and N-carbamoylsarcosine prevails. The differ-
ent Crn degradation pathways may also overlap. In the
Pseudomonas sp. H21 grown on l-methylhydantoin as
main nitrogen source, creatinase activity is undetectable.
However, Cr can still be degraded, but only indirectly via
Crn, 1-methylhydantoin, and N-carbamoylsarcosine (884).
When the same species is grown on Crn, creatinase is
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induced, and Cr can be degraded directly to sarcosine.
Finally, the distinction between pathways I and 2 may
seem arbitrary, even more so if it is taken into account
that Clostridium putrefaciens and C. sordellii grown on
basal medium degrade Cr and Crn solely to 1-methylhy-
dantoin, while the same strains grown on a minced meat
medium further degrade 1-methylhydantoin to sarcosine
(278).

Clearly, microbial Crn degradation is at present only
incompletely understood. To get a deeper insight into this
topic, a wide evolutionary screening and detailed charac-
terization of all enzymes involved are essential prerequi-
sites. Relevant questions to be addressed are whether and
how the expression of Cr- and Crn-degrading enzymes is
regulated, and in which microorganisms Crn and cytosine
deamination are catalyzed by a single or by separate
enzymes.

VIII. PROTEINS INVOLVED
IN CREATINE METABOLISM

A. 1L-Arginine:glycine Amidinotransferase

Depending on the species, the highest activities of
AGAT in vertebrates are found in liver, kidney, pancreas,
or decidua (see sect. m). Although the yolk sac of the
hen’s egg was reported to contain significant amounts of
AGAT by Walker (1077), it was suggested not to do so by
Ramirez et al. (793). Mostly in kidney and pancreas, but
also in rat decidua, the levels of AGAT are influenced by
a variety of dietary and hormonal factors. These factors
and the underlying mechanisms of AGAT regulation are
discussed in detail in section 1v. Notably, AGAT expres-
sion was shown to be downregulated in Wilms’ tumor, a
renal malignancy with complex genetic and pathological
features (37).

AGAT is confined to the cortex of human and rat
kidney (623, 634), which is in line with higher concentra-
tions of GAA in the cortex than in the medulla of rat and
rabbit kidney (555). Both immunolocalization and micro-
dissection experiments revealed that AGAT activity and
immunoreactivity are restricted to epithelial cells (in a
basilar position) of the proximal convoluted tubule of the
rat nephron (623, 976, 977). AGAT therefore coincides in
location with the site of Arg biosynthesis in the kidney,
which was shown to be highest in the proximal convo-
luted tubule, somewhat lower in the pars recta of the
proximal tubule, and almost negligible in all other seg-
ments of the nephron (553). In contrast to AGAT, Cr is
present in all nephron segments tested, although in vary-
ing amounts (974, 977), whereas CK was localized to the
distal nephron of the rat kidney in the thick ascending
limb of Henle’s loop and the distal convoluted tubule
(264).
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In rat liver, immunostaining with polyclonal antibod-
ies against AGAT is most prominent in cells near the
central vein and the portal triad (623). The staining ap-
pears to be confined to the cytoplasm of hepatocytes,
leaving a negative image of the nucleus. In rat pancreas,
despite some earlier, conflicting results suggesting that
AGAT is confined to the glucagon-producing «-cells
within the islets of Langerhans (623), more recent enzyme
activity measurements on isolated islets and acinar tissue
as well as immunofluorescence experiments have shown
that AGAT is present only in acinar cells (928). For com-
parison, CK in rat pancreas was suggested to be localized
in acinar cells (6) or insulin-producing B-cells (283, 1100).

As far as the subcellular localization is concerned, it
is now generally accepted that AGAT is localized in the
mitochondria of rat pancreas, rat kidney, and chicken
liver (see Refs. 624, 1077). Although in rat kidney AGAT
seems to be bound to the outer surface of the inner
mitochondrial membrane, it was localized in the mito-
chondrial matrix of chicken liver. The mitochondrial lo-
calization has recently been corroborated by amino acid
and cDNA sequencing of rat, pig, and human AGAT, show-
ing that AGAT is synthesized as a precursor protein con-
taining a presequence that is typical for matrix/inner
membrane proteins (322, 390). However, an additional
cytoplasmic localization of part of the AGAT, due to
alternative splicing of human AGAT mRNA, cannot be
totally excluded at present (388).

Purification of AGAT from rat and human kidney
suggested the presence of two forms each of this enzyme
which, in the case of rat, were designated as «- and
B-forms (313, 625). In isoelectric focusing experiments,
these purified forms were further resolved into multiple
bands (313, 314). At least part of this microheterogeneity
may be explained by the presence of different AGAT
isoenzymes. 1) A monoclonal antibody against rat kidney
AGAT, in contrast to polyclonal antibodies, detected the
enzyme in kidney, but not in liver and pancreas (623). 2)
The a-form of rat kidney AGAT gave a clearly identifiable
NH,-terminal amino acid sequence, while at least five
residues per cycle were recovered for the B-form. 3)
Staphylococcus aureus V8 digestion yielded different pep-
tide patterns for a- and B-AGAT of the rat (314).

Biophysical characterization of purified native AGAT
from hog kidney revealed a M, of ~100,000 (134). Native
rat a-, rat 8-, and human AGAT display similar M, values
(82,600-89,000), are all dimeric molecules (subunit M,
values of 42,000-44,000), and exhibit p/ values between
6.1 and 7.6 (313, 314, 625). In vitro translation experi-
ments (624) as well as amino acid and cDNA sequencing
(322, 388, 390) demonstrated that AGAT protomers from
rat and human kidney are synthesized as 423 amino acid-
precursor proteins with a calculated M, of ~46,500. The
size of the leader sequence, which is cleaved off upon
import into the mitochondria, is still under debate and
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may range from 35 to 55 amino acids. The amino acid
sequences of rat, pig, and human AGAT are highly homol-
ogous (94-95% sequence identity). Interestingly, the
cDNA sequences of mammalian AGAT also display signif-
icant homology (36-37%) to those of L-Arg:inosamine
phosphate amidinotransferases from Streptomyces bacte-
ria which participate in streptomycin biosynthesis (see
Ref. 388).

Extensive kinetic analysis revealed that the AGAT
reaction proceeds via a double-displacement (Ping-Pong,
bi-bi) mechanism, with a formamidine group covalently
attached to a sulfhydryl group of the enzyme as an oblig-
atory intermediate of the reaction (for reviews, see Refs.
389, 634, 1077). The essential sulfhydryl group has re-
cently been assigned by radioactive labeling, X-ray crys-
tallography, and site-directed mutagenesis to Cys-407 of
human AGAT (388, 389). The three-dimensional structure
of the AGAT protomer displays fivefold pseudosymmetry,
resembles a basket with handles, and undergoes a con-
formational change upon substrate binding (266, 389). It
shows no similarity to the three-dimensional structures of
CK, creatinase, and N-carbamoylsarcosine amidohydro-
lase (see below). Aromatic residues play an important
role in stabilizing the dimer, but dissociation into mono-
mers has also been observed.

The AGAT reaction is readily reversible, as evidenced
by an apparent equilibrium constant (K') of ~1 at pH 7.5
and 37°C. The pH optima in the direction of guanidinoac-
etate formation and Arg formation are 7.2-7.5 and 8.5,
respectively. The Michaelis constant (K,,,) values for Arg,
Gly, guanidinoacetate, and ornithine were determined to
be 1.3-2.8, 1.8-3.1, 3.9, and 0.1 mM for hog, rat, and
human kidney AGAT (313, 625; see also Refs. 634, 1077).
Purified human, rat «-, and rat B-AGAT display maximum
velocity (V. Values at 37°C of 0.5, 0.39, and 0.37 pumol
ornithine formed:min ' (mg protein) !, respectively
(313, 625), whereas the specific activity at 37°C of purified
AGAT from hog kidney was reported to be ~1.2
wmol - min~ ' - (mg protein) ' (134).

AGAT is absolutely specific for the natural L-amino
acids. In addition to the physiological substrates (Arg,
Gly, ornithine, and guanidinoacetate), canavanine, hy-
droxyguanidine, 4-guanidinobutyrate, 3-guanidinopropi-
onate (GPA), and homoarginine act as amidine donors,
and canaline, hydroxylamine, glycylglycine, 1,4-diami-
nobutylphosphonate, 4-aminobutyrate (GABA), 3-amin-
opropionate, and B-alanine as amidine acceptors (769; for
reviews, see Refs. 226, 634, 1077). Notably, canavanine,
which may be formed and regenerated physiologically in
a “guanidine cycle” similar to the urea cycle (692), is at
least as effective as Arg in acting as an amidine donor for
hog and rat kidney AGAT (see Refs. 975, 976, 1056). All
transamidinations catalyzed by AGAT are strongly inhib-
ited by ornithine, even those for which it is the amidine
acceptor (see Ref. 1077). In cortex extracts of rat kidney,
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the inhibitory constant (K;) of AGAT for ornithine is ~250
uM (897). Interestingly, such inhibition of AGAT by 10- to
20-fold increased concentrations of ornithine most prob-
ably is the underlying basis for the decreased levels of
tissue Cr in patients with gyrate atrophy of the choroid
and retina (see sect. 1xA) (897, 899). In isolated tubules of
the rat kidney, guanidinoacetate synthesis was shown to
be suppressed, besides ornithine, by pL-norvaline and Met
(975).

In accordance with the postulate that a sulfhydryl
group of AGAT is involved in catalysis, sulthydryl re-
agents like p-chloromercuribenzoate, DTNB, 2 4-dini-
trofluorobenzene (DNFB), and Cu®" inactivate the en-
zyme (for reviews, see Refs. 634, 1077). Purified human
AGAT is also inhibited by Hg?*, Zn®*, and Ni** (388).
Finally, even purified preparations of hog kidney AGAT
display hydrolytic activity amounting to ~1% of the
transamidinase activity (134). In contrast to the trans-
amidinase activity, the hydrolytic activity of AGAT is not
affected by sulfhydryl reagents.

B. S-Adenosyl-L-methionine:N-guanidinoacetate
Methyltransferase

In vertebrates, the highest levels of GAMT are found
in liver, and it has been estimated that the amount of Cr
synthesized in this organ is sufficient to meet the require-
ments for Cr of the entire animal (1130; for reviews see
Refs. 1056, 1077). Intermediate levels of GAMT were de-
tected in mammalian pancreas, testis, and kidney,
whereas the specific GAMT activity in spleen, skeletal and
cardiac muscle, mouse neuroblastoma cells, and human
fetal lung fibroblasts was reported to be rather low (149,
664, 1056, 1077, 1129, 1130, 1135, 1136). It is not yet
known to what extent all these tissues contribute to total
in vivo Cr biosynthesis. However, because the specific
GAMT activity is on the order of 0.2-0.3
nmol - min ! - (mg protein) ! in liver, but only <0.005 up
to maximally 0.014 nmol - min ! - (mg protein) ' in heart,
skeletal muscle, fibroblasts, and neuroblastoma -cells
(87°C, pH 7.4-8.0) (149, 713, 1135, 1136), the estimation
of Daly (149) that these latter tissues contain 5-20% of the
specific GAMT activity of liver seems high. The overesti-
mation may be explained by the facts that 1) in the study
of Daly, hepatoma cells instead of authentic liver tissue
were chosen as reference and 2) GAMT activity had pre-
viously been shown to decrease gradually with the pro-
gression of hepatocarcinoma (1019, 1136). Nevertheless,
at physiological extracellular concentrations of guanidi-
noacetate and Cr (25 uM each), cultured mouse neuro-
blastoma cells synthesized as much Cr as they accumu-
lated from the medium (149). In the liver and pancreas of
alloxan-diabetic rats and sheep, respectively, GAMT ac-
tivity was shown to be decreased by 50-70% (354, 1128).
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In thorough studies on the tissue distribution of
GAMT expression in the mouse and rat by Northern and
Western blotting (543, 545), high levels of GAMT mRNA
were observed in the rat in kidney, caput epididymis,
testis, brain, and liver; moderate levels in the cauda epi-
didymis; but low or undetectable levels in the lung, pan-
creas, spleen, vas deferens, prostate, seminal vesicles,
coagulating gland, heart, skeletal muscle, and small intes-
tine. In the mouse, highest amounts of GAMT mRNA and
protein were detected in testis, caput epididymis, and
female liver, followed by ovary and male liver. While
barely detectable signals were observed for kidney, skel-
etal muscle, heart, uterus, and oviduct, no GAMT mRNA
or protein at all was found in brain, small intestine, sem-
inal vesicles, lung, vas deferens, cauda epididymis, coag-
ulating gland, or spleen. Most striking is the difference in
GAMT expression between female and male liver, which
might indicate that liver is the principal site of Cr biosyn-
thesis in the female mouse, whereas testis and caput
epididymis take over at least part of this function in the
male. It must, however, be kept in mind that this finding
might be due instead to the different age of the male and
female mice studied. Immunohistochemistry demon-
strated that in mouse testis, GAMT is localized primarily
in the seminiferous tubules and, in particular, in the Ser-
toli cells (see also Ref. 664). In the caput epididymis,
microvilli of epithelial cells lining the initial segment of
the epididymal tubule were most intensely stained. In
contrast, spermatocytes, spermatids, cauda epididymis,
the stroma of the epididymis, and seminal vesicles dis-
played no specific signals (545; see also Ref. 693). The fact
that seminal vesicles of the mouse and rat nevertheless
contain considerable quantities of Cr and PCr seems to be
due to Cr uptake from the blood via the Cr transporter
(543).

Purified GAMT from rat and pig liver is a monomeric
protein with a M, of 26,000-31,000 (397, 713). This has
been corroborated by cDNA and gene sequencing, show-
ing that rat, mouse, and human GAMT are 236-amino acid
polypeptides with a calculated M, of ~26,000 (409, 427,
712). The human GAMT gene has a size of ~5 kb, con-
tains, like the rat and mouse GAMT genes, six exons, and
was mapped to chromosome 19p13.3 that is homologous
to a region on mouse chromosome 10 containing the
jittery locus (114, 427). Although jittery mice share some
of the neurological symptoms of children suffering from
GAMT deficiency (see sect. 1xG), sequencing of the GAMT
gene of jittery mice revealed no mutations in the coding
regions (427). Cayman-type cerebellar ataxia, a human
genetic disorder exhibiting some overlapping symptoms
with GAMT deficiency, has also been mapped to human
chromosome 19p13.3 (see Ref. 114).

In contrast to the recombinant protein expressed in
E. colz, native rat liver GAMT is NH,-terminally blocked,
with no influence of this modification on the kinetic prop-
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erties of the enzyme. The GAMT reaction is essentially
irreversible and displays a pH optimum of 7.5 (see Ref.
1077). GAMT binds substrates in an ordered fashion, with
binding of AdoMet being an obligatory prerequisite for the
subsequent binding of guanidinoacetate (269, 973). For all
preparations investigated, the K (AdoMet), K,,(AdoMet),
and K, (guanidinoacetate) values were found to be 10-12
uM,; 1.2-6.8 uM (49 uM for pig liver GAMT), and 12-98
uM, respectively (149, 269, 270, 397, 712, 713, 917, 970,
973). Purified recombinant rat liver GAMT displays a V..
of 187 nmol product - min ! - (mg protein) ! at 30°C and
pH 8.0 (270, 970). As far as the substrate specificity is
concerned, S-adenosyl-ethionine can also serve as a sub-
strate, but as a poor one (see Ref. 1077). Adenosylhomo-
cysteine, 3-deaza-adenosylhomocysteine, and sinefungin,
a naturally occurring analog of adenosylhomocysteine,
inhibit rat and pig liver GAMT competitively with respect
to AdoMet, with K; values between 0.6 and 39 uM (397,
917, 973). In contrast, even 5 mM concentrations of Cr,
GPA, guanidinosuccinate, Gly, B-alanine, and 4-aminobu-
tyrate display no inhibitory effects (268).

GAMT structure-activity relationships have been in-
vestigated extensively by means of site-directed mutagen-
esis, site-specific labeling reagents, and limited proteoly-
sis. A variety of studies, mostly performed with
recombinant rat liver GAMT, focused on the question of
how Cys residues are involved in the catalytic mechanism
of the enzyme (for a review see Ref. 270). Purified GAMT
preparations are stimulated by thiol compounds like
2-mercaptoethanol, Cys, reduced glutathione (GSH), or
dithiothreitol. Vice versa, GAMT is inactivated by thiol-
specific reagents like DTNB, GSSG, N-ethylmaleimide,
iodoacetate, or 2-nitro-6-thiocyanobenzoate (496, 713,
970). Although single substrates have no effect on the rate
of inactivation, almost complete protection is achieved by
sinefungin plus guanidinoacetate.

Four of the five Cys residues of rat liver GAMT,
namely, Cys-15, Cys-90, Cys-207, and Cys-219, are amena-
ble to modification by thiol reagents (268, 970; see also
Ref. 270). Incubation of the wild-type enzyme with one
equivalent of DTNB results in the formation of a disulfide
bond between Cys-15 and Cys-90 (268). Site-directed mu-
tagenesis of Cys-90 to Ala has only minor effects on the
kinetic properties of the enzyme. However, upon incuba-
tion of this mutant enzyme with one equivalent of DTNB,
a disulfide bond is now formed between Cys-15 and Cys-
219 (970). Both cross-linked species still display 10-16%
of the enzymatic activities of the unmodified enzymes
(270, 970). In addition, for both wild-type and C90A-
GAMT, residual activity is even observed when all Cys
residues except Cys-168 are modified by 2-nitro-5-thiocya-
nobenzoate (970).

GSSG-inactivated GAMT, in which Cys-15 forms a
mixed disulfide with GSH, displays a slightly decreased
affinity for AdoMet (K4 = 17 uM) but does not bind
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guanidinoacetate, neither in the absence nor presence of
sinefungin (496, 713). Even though the activity of GAMT
depends in a hyperbolic manner on [GSH]/[GSSG] (496),
in vivo regulation of GAMT by the redox status of the
glutathione system seems unlikely due to the low equilib-
rium constant of the reaction E-SH + GSSG <> E-SSG
+ GSH (E = enzyme). In conclusion, these results suggest
that 1) Cys-15, Cys-90, and Cys-219 are structurally close
to each other; 2) Cys-15, Cys-90, Cys-207, and Cys-219 may
be important but are not essential for catalysis; and 3) Cys
residues are not involved in AdoMet binding. Rather, they
may be involved in guanidinoacetate binding or in
AdoMet-induced conformational changes which, in turn,
may be crucial for the subsequent binding of guanidino-
acetate.

Comparison of the amino acid sequences of mamma-
lian AdoMet-dependent, non-nucleic acid methyltrans-
ferases revealed the presence of three short homologous
regions (residues 63-71, 133-136, and 159-165 in rat
GAMT) which, therefore, might be involved in AdoMet
binding. Inspection of the three-dimensional structure of
catechol O-methyltransferase (1064) suggests that some
of these residues may, in fact, be in or near the active site.
Site-directed mutagenesis of rat GAMT in the region of
Lys-160 to Leu-165 had only minor effects on the catalytic
properties of the enzyme but strongly influenced tryptic
susceptibility of Arg-20 (292). Likewise, rather small ef-
fects on the kinetic properties of the enzyme were ob-
served for mutations in nonhomologous regions (E89Q,
D92N, W143F, and W143L) (326). On the other hand, the
G67A and G69A mutants were completely inactive (326).
This does not necessarily mean that these residues are
involved in substrate binding, since effects of the muta-
tions on the overall conformation of the enzyme were not
excluded.

In the presence of radioactive AdoMet, exposure of
GAMT to ultraviolet light results in cross-linking of the
enzyme with its ligand. Tyr-136 was identified as the
labeled residue, implying that it is involved in AdoMet
binding (971). This conclusion is corroborated by the
fact that the Y136F and Y136V mutants display slightly
or even drastically increased K, values for both
AdoMet and guanidinoacetate (326). The Y133V mutant
had a 25-fold increased K, for guanidinoacetate (326).
The two Asp residues that are located next to Tyr-136,
Asp-129 and Asp-134, are both preceded by a hydropho-
bic amino acid and followed successively by a small
neutral and a hydrophobic residue. This sequence motif
is shared by most AdoMet-dependent methyltrans-
ferases (399), thus raising the possibility that either
Asp-129 or Asp-134 is critical for catalysis. As a matter
of fact, site-directed mutagenesis of Asp-134 to Glu or
Asn decreased V., 3- and 120-fold, respectively, and
increased the K, values for AdoMet and guanidinoac-
etate 50- to 800-fold (973). In contrast, only minor
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changes in kinetic properties were observed for the
D129N, D129A, Y133F, and T135A mutant enzymes.

Scrutiny of the reactivity of the amino groups of
recombinant rat GAMT toward radioactive acetic anhy-
dride revealed that Lys residues 38, 83, 104, 108, 152, and
180 are moderately reactive, that lysines 113 and 160 are
weakly reactive, and that lysines 178 and 234 are nonre-
active (972). The amino group of the NH,-terminal Ser
residue, on the other hand, displays high reactivity, indi-
cating that it is exposed to the solvent. Although AdoMet
has no influence on the reactivity of the Lys residues, a
substantial reduction in radioactive labeling of Lys-38 is
brought about when both AdoMet and guanidinoacetate
are present. Because, however, even excess concentra-
tions of these substrates do not suppress the reactivity of
Lys-38 completely, this residue was suggested not to be
involved directly in substrate binding.

Finally, trypsin, chymotrypsin, and elastase all cleave
native and recombinant rat liver GAMT preferentially be-
tween amino acids 19 and 25 (269, 713). Cleavage is
paralleled by inactivation of the enzyme and by a large
decrease in the affinities for both AdoMet and guanidino-
acetate. The presence of either substrate has no effect on
the rate of inactivation by trypsin, but a substantial pro-
tection from inactivation is observed when both sub-
strates are present, or when Cys-15 is cross-linked with
Cys-90 via a disulfide bond (269). These results suggest
that residues 19-25 of GAMT are flexible and exposed to
the solvent and that the NHy-terminal region is not in-
volved directly in substrate binding, but plays a role in
catalysis.

C. Cr Transporter

Investigation of Cr transport across the plasma mem-
brane has been hampered for many years by the problems
inherent in the study of integral membrane proteins. How-
ever, recent cDNA and gene sequencing of the Cr trans-
porters from rabbit (319), rat (295, 619, 840, 860), mouse
(697), human (52, 214, 415, 691, 843, 927), and electric ray
(Torpedo) (318) has given a fresh impetus in this partic-
ular field. These DNA sequencing approaches have shown
that Cr transporters are composed of 611-636 amino acid
residues and have a calculated M, of ~70,000. The Cr
transporters are members of the Na*-dependent “neuro-
transmitter” transporter family. They are most closely
related to the GABA/taurine/betaine transporter subfam-
ily (46-53% amino acid sequence identity), while the ho-
mology to Gly, Pro, catecholamine, and serotonin trans-
porters is somewhat less pronounced (38-44%). All Cr
transporters lack a hydrophobic NH,-terminal signal se-
quence and display 12 putative transmembrane domains
like other members of the Na™-dependent neurotransmit-
ter transporter family. Consequently, the NH, and COOH
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termini of the polypeptide chain are probably both di-
rected toward the cytosol.

By classical biochemical means, a saturable uptake
mechanism for Cr was identified in rat and mouse skeletal
muscle (150, 250, 711), human fibroblasts, human uterine
and calf aortic smooth muscle cells (150), human red
blood cells (965), human monocytes and monocyte-de-
rived macrophages (570), as well as in rat astroglia cells
(659). In addition to the saturable component of Cr up-
take, kinetic analysis often revealed a second component,
displaying a K, for Cr of =1.3 mM or being not saturable
(see Refs. 150, 570, 965). In the light of a Cr concentration
in the serum of 25-50 uM (175), this latter component
seems to be irrelevant for Cr uptake in vivo and may
represent passive diffusion of Cr across the plasma mem-
brane.

Investigation of the tissue distribution of the Cr trans-
porter by Northern blotting and in situ hybridization tech-
niques gave somewhat contradictory results. It remains to
be established whether the quantitative differences ob-
served are due to methodological artifacts or to pro-
nounced species differences. So far, expression of Cr
transporter mRNA seems to be highest in kidney, heart,
and skeletal muscle and somewhat lower in brain, small
and large intestine, epididymis, testis, vas deferens, sem-
inal vesicles, prostate, and adrenal. Only very low
amounts or no Cr transporter mRNA at all are found in
ovary, uterus, placenta, liver, lung, spleen, pancreas, and
thymus (295, 319, 415, 543, 619, 691, 840, 860, 927). In
brain, the regional distribution of Cr transporter tran-
scripts is heterogeneous, but again, the quantitative mea-
sures published on this issue differ to some extent (295,
332, 359, 619, 840, 860). Nevertheless, in situ hybridization
experiments suggested that Cr transporter expression in
rat brain closely correlates with the localization of CK
(332). In the digestive tract of the rat, moderate levels of
Cr transporter transcripts were observed in the small and
large intestine, but only low levels were seen in the stom-
ach (295). In contrast, Cr transporter mRNA was unde-
tectable in human gut. In rat and human kidney, expres-
sion of the Cr transporter seems to be slightly higher in
the cortex than in the medulla (295, 691). Finally, the level
of Cr transporter expression in transformed cells is likely
to depend on the tumor type. In human colonic tumor cell
lines, only very low levels of Cr transporter mRNA were
detected (295). On the other hand, 1 h after intravenous
injection of radioactive Cr into tumor-bearing mice, Ehr-
lich ascites tumor cells and intestine displayed the highest
specific radioactivities, suggesting that they have consid-
erable Cr transporter activities (1135).

Experiments in the late 1960s on Cr uptake into rat
skeletal muscle yielded an unusually high K,,(Cr) of 0.5
mM (250, 251). More recent studies, with improved tech-
niques, have shown that the cloned and overexpressed Cr
transporters from rabbit, rat, human, and Torpedo as well
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as the saturable component of Cr uptake into the mam-
malian tissues examined display K, values for Cr of
15-128 uM (150, 318, 319, 515, 570, 659, 691, 711, 860, 874,
927, 965). The published V., values are somewhat diffi-
cult to compare, since they were given relative to differ-
ent measures of tissue mass (intracellular water volume
or tissue dry weight or mass of protein) (250, 515, 570,
659, 711, 874).

The Cr transporter is Na™ dependent (150, 319, 570,
619, 659, 691, 711, 840, 927), with a K,,(Na™) of 55 mM and
a suggested transport stoichiometry of 2 Na* for 1 Cr
(659). Substitution of Na™ by Li*, guanidinium, or choline
strongly depresses Cr transporter activity (319, 659, 927).
Expression of the Cr transporter in COS-7 (derived from
monkey kidney) or HeLa cells further revealed that Cr
uptake is CI~ dependent (319, 840). Cr transporter activity
is slightly reduced when Cl™ is replaced by Br—, but
activity is almost completely abolished when succinate is
chosen as anion. Finally, Cr uptake was shown not to
depend on subsequent phosphorylation to PCr (570, 850).

Uptake of Cr by the Cr transporter is inhibited most
efficiently and in a competitive manner by GPA (K; = 8.8—
120 uM) and 3-guanidinobutyrate. 1-Carboxymethyl-2-imi-
nohexahydropyrimidine, N-methyl-amidino-N-methylgly-
cine, 4- and 2-guanidinobutyrate, N-ethylguanidino-
acetate, guanidinoacetate, Ala, p-guanidinobenzoate, and
succinamic acid are somewhat less inhibitory. In contrast,
Arg, sarcosine, choline, GABA, citrulline, carnitine, p- and
L-ornithine, PCr, epoxycreatine, taurine, B-alanine, guani-
dine, and succinamide have negligible effects on Cr trans-
port (150, 246, 251, 318, 319, 515, 570, 659, 691, 840, 860,
927). Although Crn is a weak inhibitor of the human Cr
transporter, it seems to have no effect on the rabbit or rat
orthologs. Likewise, 2-amino-3-guanidinobutyrate was
found to be a weak inhibitor of the rabbit and human Cr
transporters as well as of Cr transport in COS-7 cells (319,
927), whereas in other studies, it had no influence on both
the human and Torpedo Cr transporters (318, 691).

In addition to simply inhibiting Cr uptake, GPA and
other Cr analogs are likely to be transported themselves
by the Cr transporter. In rat skeletal muscle, GPA is
accumulated by a saturable process displaying kinetic
properties almost indistinguishable from Cr transport.
GPA uptake is competitively inhibited by Cr and, to a
lesser extent, guanidinoacetate (251). Furthermore, in an-
imals fed GPA, cyclocreatine, or homocyclocreatine, the
accumulation of these Cr analogs within the tissues is
paralleled by a decline in intracellular [Cr] and [PCr] (249,
637, 810). Administration of GPA and of other Cr analogs
has therefore been used widely as an experimental means
of depleting tissue Cr and PCr in vivo, with the final goal
to unravel the physiological functions of the CK system
(see sect. vin). In contrast to Cr and its analogs, no specific
uptake via the Cr transporter was observed for taurine,
choline, serotonin, dopamine, norepinephrine, Glu, Gly,
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Ala, Ser, carnitine, 3-hydroxybutyrate, putrescine, GABA,
pyruvate, ornithine, and urea (318, 319, 619, 691).

Some further points seem worth mentioning. DNA
sequencing and gene localization revealed two Cr trans-
porter genes on human chromosomes Xq28 (CT1) and
16p11.1-11.2 (CT2) (52, 214, 309, 415, 691, 843) that may
have arisen from a transposition of a gene cluster from
Xq28 to near the 16p11.1/16p11.2 boundary (see Refs. 214,
415). The Xq28 locus has been linked to the genes for
several hereditary neuromuscular disorders, which raises
the possibility of causal links between muscle diseases
and disturbances of Cr transporter expression and/or ac-
tivity (see sect. 1xA). While CT1 is likely to be expressed in
all tissues mentioned above including testis, CT2 seems to
be restricted solely to the testis. It has been postulated
that the existence of autosomal homologs of X-linked
genes is a compensatory response to the inactivation of
the X chromosomal genes in spermatozoa before meiosis
(621). The finding of CT2 and its expression in testis
therefore stress the importance of the CK system for
normal sperm function. On the amino acid level, the two
Cr transporter isoproteins share 98% identity. Whether
CT2 in fact has 50 additional COOH-terminal amino acids
as suggested by Iyer et al. (415) or whether the Cr trans-
porter gene on human 16pl1.1-11.2 only represents a
nonfunctional pseudogene as suggested by Eichler et al.
(214) remains to be established.

In perfused liver of transgenic mice expressing rat
B-CK in this organ, the intracellular [Cr] and [PCr] are 25
and 8 mM, respectively, at a [Cr] of 2 mM in the perfusion
medium (97). This suggests either that a mechanism for
the accumulation of Cr also exists in normal liver (415) or
that expression of CK and/or accumulation of PCr in
transgenic liver are regulatory signals that stimulate ex-
pression of the Cr transporter. In human red blood cells,
Cr concentration decreases with cell age from 11 to 0.15
mM. Mathematical modeling has shown that this decrease
may be due to progressive degradation of the Cr trans-
porter (378). Finally, in tissue cultures derived from em-
bryonic or newborn rats, Cr transporter activity is high in
astroglial cells, but almost undetectable in neuron-rich
primary cultures. Thus Cr transport might be an astroglial
rather than a neuronal function (659). This notion is in
agreement with the presence of higher amounts of CK
(both in terms of protein concentration and mRNA level)
and PCr in glial cells compared with neurons (see Refs.
3563, 372). On the other hand, in situ hybridization exper-
iments demonstrated expression of Cr transporter mRNA
in glial, neuronal, as well as nonneuronal cells of the rat
brain (332), and primary rat astroglial cells in culture are
able to synthesize guanidinoacetate and Cr from radioac-
tively labeled Gly (197), suggesting that astrocytes may
actually provide Cr to other cell types, e.g., neurons.
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D. CK

Physiological and biochemical aspects of the CK
isoenzyme system have been briefly introduced at the
beginning of this article and were the subject of recent
reviews (837, 838, 1084, 1124). Instead of repeating the
relevant arguments, some major achievements made in
the last few years are summarized here.

Transgenic animals lacking single isoenzymes of CK
or combinations thereof have recently been analyzed
carefully (for reviews, see Refs. 502, 838; see also Refs. 73,
527, 818, 848, 942, 1026, 1047, 1091). Mutant mice lacking
the muscle form of cytosolic CK, M-CK, are viable and
fertile and display neither overt abnormalities nor alter-
ations in absolute muscle force (1043). However, the gas-
trocnemius-plantaris-soleus muscle complex of these M-
CK knockout mice lacks the ability to perform burst
activity, i.e., at 1- and 5-Hz stimulation, the isometric
twitch force is considerably lower for the first 70 and 25 s,
respectively, than in controls. After these periods, the
ratios invert and mutants develop even greater force than
controls.

Graded mutants displaying a two-, three-, or sixfold
depression of MM-CK activity relative to controls showed
intermediary properties in as far as force generation is
concerned (1045). Interestingly, no flux through the CK
reaction could be detected by the *'P-NMR inversion
transfer technique in muscles having 0, 16, and 34% of
wild-type MM-CK activity, whereas significant fluxes of
similar size were measured in muscles having 50 and 100%
of wild-type activity. These findings clearly indicate that a
considerable portion of the CK flux in muscle must be
NMR invisible, and therefore question the usefulness of
NMR experiments for measuring total CK flux.

Single mutants lacking the sarcomeric mitochondrial
CK (Mi,-CK) gene showed no abnormalities in skeletal
muscle morphology and short-term performance (939).
Oxidative phosphorylation capacity also was normal in
both skeletal muscle and heart, except for an impaired
stimulation of mitochondrial respiration by Cr (73, 939).
These findings might raise questions about the physiolog-
ical functions of Mi-CK. It has to be kept in mind, how-
ever, that the proportion of Mi-CK to total CK activity in
skeletal muscle is generally rather low. Because this pro-
portion is considerably higher in rodent heart, it will be
more interesting to study the effects of the Mi,-CK knock-
out mutation on heart function.

Double mutants deficient in both M-CK and Mi,-CK,
despite being apparently normal, displayed even more
pronounced disturbances in gastrocnemius and dia-
phragm muscle performance than M-CK-deficient single
mutants (527, 938, 1091). Tetanic force, power, work, and
the rates of tension development and relaxation were
considerably decreased. The enhanced endurance perfor-
mance seen in M-CK-deficient gastrocnemius muscle was
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not observed in double mutants. Cultured myotubes of
CK-deficient double mutants showed abnormal Ca>* hand-
ling in response to depolarization by ACh or KCl, as
evidenced by a 30% decrease in the [Ca®"] amplitude, a
60% increase in the plateau level of Ca®" after stimulation,
and decreased rates of Ca®" release and sequestration.
Furthermore, double mutants displayed ultrastructural
abnormalities, most notably conspicuous tubular aggre-
gates of SR membranes in fast skeletal muscle fibers.
Such tubular aggregates are also seen in various myopa-
thies with electrolyte disturbances and may represent a
metabolic adaptation to abnormal Ca®>* handling.

Isolated perfused hearts from wild-type, M-CK-defi-
cient, and both M- and sarcomeric Mi-CK-deficient mice
displayed comparable isovolumic left ventricular contrac-
tile performance at baseline and responded to increased
heart rate and perfusate [Ca?"] with similar increases in
rate-pressure product (848). During baseline perfusion,
[ADP] was significantly higher in M- plus Mi-CK-deficient
hearts (214 uM) than in either wild-type or M-CK-deficient
hearts (150 uM). In contrast, the AG for ATP hydrolysis
was not significantly different between the three groups.
Increasing heart rate and perfusate [Ca’'] increased
[ADP] in M- plus Mi-CK-deficient hearts to 407 uM and
decreased IAG zpl by 3.6 kJ/mol. On the other hand, in
either wild-type or M-CK-deficient hearts, it had no signif-
icant effect on [ADP] and decreased IAG ,pl by only 1.7
kJ/mol. Consequently, increases in cardiac work in M-
plus sarcomeric Mi-CK-deficient mice become more “en-
ergetically costly” in terms of high-energy phosphate use,
accumulation of ADP, and decreases in the free energy of
ATP hydrolysis (848).

Because the importance of the CK/PCr/Cr system for
high-energy phosphate transport had been demonstrated
most elegantly in sea urchin spermatozoa (1011), it was
straightforward to test the effects of a disruption of the
proposed PCr shuttle in mouse spermatozoa which con-
tain ubiquitous mitochondrial CK (Mi,-CK) and the brain
isoenzyme of cytosolic CK (B-CK) (942). Surprisingly,
transgenic mice deficient in ubiquitous Mi-CK displayed
normal viability and fertility as well as normal motility
patterns of isolated spermatozoa. In summary, the mild
phenotype of some of the CK knockout mutants was
rather unexpected. Upon closer examination, however,
the CK-knockout mice stress the importance of the CK
system for high-energy phosphate metabolism and trans-
port, proper Ca®>" handling and, thus, muscle perfor-
mance.

In contrast to these CK-knockout mice, gain of func-
tion effects were studied in transgenic mice expressing
B-CK or ubiquitous Mi-CK in liver, a tissue that is normally
devoid of CK (32, 96, 347, 454, 502, 642, 643, 717, 846).
These livers, in the presence of Cr and PCr, revealed a
protection of [ATP] and decreased adenine nucleotide
degradation during a fructose load (96), delayed ATP
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depletion and onset of cellular damage in low-oxygen
stress situations (642), accelerated regeneration of liver
mass following major hepatectomy (32, 846), and in-
creased endotoxin tolerance which was reflected in de-
pressed necrosis and apoptosis in liver tissue and in
higher survival rates of transgenic mice relative to con-
trols after intraperitoneal injection of either lipopolysac-
charide (LPS) alone or LPS combined with p-galac-
tosamine (347, 454). Furthermore, ubiquitous Mi-CK
together with Cr or cCr was suggested to inhibit mito-
chondrial permeability transition induced in liver mito-
chondria from transgenic mice by Ca®* plus atractyloside,
a finding that may have significant implications for isch-
emia and reperfusion injury (717). Even though the de-
tailed mechanisms of action of CK in these experimental
settings are not yet clear, and although appropriate con-
trols have not always been included, the results under-
score the critical importance of the CK/PCr/Cr system for
proper tissue function.

With regard to mitochondrial permeability transition,
complexes between hexokinase, porin of the mitochon-
drial outer membrane, and adenine nucleotide translo-
case (ANT) of the mitochondrial inner membrane, when
isolated from rat brain and reconstituted into liposomes
or black lipid membranes, displayed permeability and
conductance properties similar to those of the mitochon-
drial permeability transition pore which may play a criti-
cal role in cellular apoptosis (see Ref. 64). On the other
hand, complexes between Mi-CK, porin, and ANT showed
properties of the mitochondrial permeability transition
pore only after dissociation of Mi-CK octamers into
dimers, suggesting that the Mi-CK octamer is able to
suppress the structural transition of the ANT into a chan-
nel that leads to permeability transition. It will be a chal-
lenging task for the future to establish how Mi-CK is
involved in mitochondrial permeability transition and ap-
optosis in vivo, and how potential modulators of the
Mi-CK dimer-to-octamer ratio (e.g., CK substrates, cCr, or
reactive oxygen species; Refs. 717, 935) may influence
these processes.

In studies on the intact, isolated rat diaphragm,
Zeleznikar, Goldberg, Dzeja, and co-workers, by using
endogenously generated [y-'®*0]ATP, measured net rates
of ADP and PCr production catalyzed by adenylate kinase
and CK, respectively, as opposed to total phosphate ex-
change between ATP, ADP, and PCr which can be deter-
mined by *'P-NMR saturation or inversion transfer exper-
iments (for a review, see Ref. 206). With the former
technique, they obtained evidence for a peculiar organi-
zation of high-energy phosphate metabolism in muscle,
with CK activity being associated primarily with oxidative
phosphorylation and adenylate kinase activity with glyco-
lysis. When oxidative phosphorylation was inhibited with
cyanide or carbonyl cyanide p-triffluoromethoxyphenylhy-
drazone (FCCP) or by incubating the tissue in Ny-equili-
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brated medium, or when CK activity was gradually inhib-
ited with 24-dinitrofluorobenzene, net synthesis of
[*®0]PCr progressively decreased. The changes in net CK
rates were compensated by corresponding increases in
net adenylate kinase (AdK)-catalyzed phosphorylation of
AMP, thus demonstrating a shift in phosphotransferase
catalysis from the CK to the AdK system. These results
have the following implications: 1) there is a rather com-
plex structural organization of high-energy phosphate me-
tabolism in muscle, allowing for a preferential functional
coupling between AdK and glycolysis on one hand and
between CK and oxidative phosphorylation on the other
hand. 2) When the capacity of the CK/PCr/Cr system is
compromised, the AdK system is able, at least in part, to
take over its function, as evidenced by the compensatory
increase in net AdK rate. 3) The conception that the CK
and AdK reactions are near equilibrium in muscle may be
invalid. 4) The results question the usefulness of *'P-NMR
data for evaluating functional properties of the CK sys-
tem. 5) These experiments provide a plausible explana-
tion for the rather mild phenotype of some CK knockout
mice. Only by disrupting both the AdK and PCr shuttles
may it be possible to estimate their real relevance for
intracellular high-energy phosphate transport.

Roughly 70 years after the discovery of PCr (213, 244)
and after several unsuccessful attempts, the first three-
dimensional structure of a CK isoenzyme, namely, of oc-
tameric Mi-CK from chicken heart, has recently been
reported (267, 445). X-ray crystallography confirmed pre-
vious conclusions drawn from electron micrographs of
single Mi-CK molecules, showing that they are cubelike
structures with fourfold symmetry, a side length of ~90 A,
and a Mi-CK protomer in every edge of the cube. The
protomers surround a central channel with a diameter of
20 A that runs through the entire molecule. This channel
may be a structural prerequisite for the proposed function
of Mi-CK to allow for efficient metabolic channelling of
high-energy phosphates out of the mitochondria (see Ref.
1124). In the meantime, two new three-dimensional struc-
tures for dimeric rabbit MM-CK (795) and for a transition
state-analog complex of monomeric ArgK from the horse-
shoe crab Limulus polyphemus (1162) have been deter-
mined. The individual CK and ArgK protomers share the
same subunit topology and consist of two domains each,
a small a-helical domain (residues 1-112; numbering ac-
cording to chicken Mi-CK) and a large domain containing
an eight-stranded antiparallel B-sheet flanked by seven
a-helices (residues 113-380). The active site is located
between the two domains and is covered by residues that
are conserved within the CK (guanidino kinase) family.
These three-dimensional structures should help to further
establish the catalytic mechanism as well as structure-
function relationships of guanidino kinases.

For a long time, CK isoenzymes were known to con-
tain a single highly reactive sulfhydryl group per protomer
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(Cys-278 in Mi-CK, Cys-283 in cytosolic CK). There has
been a long-lasting debate on whether this sulfhydryl
group is essential for catalysis or not. Conclusive evi-
dence was not available until recently when site-directed
mutagenesis of Mi-CK clearly demonstrated that Cys-278,
even though it has a critical impact on specific CK activ-
ity, is nonessential (275). X-ray crystallography has now
located Cys-278 of chicken Mi-CK near the y-phosphate
group of bound ATP (267); in horseshoe crab ArgK, the
equivalent residue, Cys-271, interacts with the nonreac-
tive guanidinyl nitrogen of the substrate, Arg (1162).

Nothing was known so far on whether CK activity
can be reversibly regulated posttranslationally. In case of
excess CK activity and the reaction being near equilib-
rium, reversible regulation would seem useless. If, how-
ever, the CK reaction were rate limiting for high-energy
phosphate transport under certain conditions in vivo, reg-
ulation of CK activity might have an impact on energy
metabolism. Recently, MM-CK was shown in vitro and in
differentiated muscle cells to be phosphorylated and
thereby inhibited by AMP-activated protein kinase, which
may be part of an intricate regulatory network of energy
metabolism in muscle (774; see also sect. v). Furthermore,
nitric oxide (NO) was shown to reversibly inhibit CK and
to decrease the contractile reserve of the rat heart, most
probably by modifying the reactive sulthydryl group men-
tioned above (see Refs. 29, 444). Similarly, reversible
S-thiolation of the reactive sulfhydryl group may be a way
for both inhibiting CK activity and for protecting CK
against irreversible damage during periods of oxidative
stress in the heart (133, 3561). As a matter of fact, CK
isoenzymes were identified as (prime) targets of irrevers-
ible modification and inactivation by reactive oxygen spe-
cies (see sect. xO).

All these achievements represent major steps for-
ward in understanding CK structure and function and are
expected to be strong stimuli for further progress in this
field.

E. Guanidinoacetate Kinase, Arginine Kinase, and
Other Guanidino Kinases

In vertebrates, considerable amounts of Cr, PCr, and
CK activity are found in almost all tissues with high and
fluctuating energy demands (1081). Most tissues of inver-
tebrates, however, lack the CK system. In these tissues,
other guanidines (Fig. 8) together with the corresponding
phosphagens and guanidino kinases may play a role very
similar to Cr, PCr, and CK in vertebrates (for a review, see
Ref. 668). PArg is the only phosphagen in arthropods, and
it is also found in almost all echinoderms investigated so
far, sometimes in combination with PCr. The most pro-
nounced phosphagen diversity is observed in the annelid
phylum where all guanidines shown in Figure 8 and the
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corresponding guanidino kinases have been identified and
where up to three different phosphagens and guanidino
kinases may be present in the same organism (668, 996).
The fact that echiuroid worms dispose of L-lombricine and
L-thalassemine (with the serine moiety of these molecules
being in the L-configuration), whereas only p-lombricine
has been detected in annelids, further adds to the com-
plexity of phosphagen metabolism in invertebrates.

Only limited information is available on the biosyn-
thesis and degradation pathways for invertebrate guani-
dines (for a review, see Ref. 995). Contrary to expectation,
taurocyamine (2-guanidinoethanesulfonic acid) does not
seem to be synthesized in annelids by transamidination
from taurine (2-aminoethanesulfonic acid). Instead, hypo-
taurocyamine (2-guanidinoethanesulfinic acid), formed by
transamidination from hypotaurine (2-aminoethane-
sulfinic acid) and Arg, serves as an intermediate that is
then converted to taurocyamine in an enzymatic or non-
enzymatic oxidation reaction. The backbone structure of
lombricine and thalassemine is provided by (p- or L-)
serine and ethanolamine which are incorporated into (p-
or L-) serine ethanolamine phosphodiester. Subsequent
transamidination, with Arg as amidine donor, yields (p- or
L-) lombricine which, in the echiuroid worm Thalassema
neptuni, is further methylated to (1-) thalassemine (996).
Degradation of lombricine in the oligochaete Lumbricus
terrestris is most likely initiated by a phosphodiesterase
that cleaves the molecule into serine and guanidinoethyl
phosphate (see Ref. 995). Finally, methylation of guanidi-
noethyl phosphate is the last step in the biosynthesis of
opheline.

Although interest in evolutionary aspects of the
structure and function of guanidino kinases and phospha-
gens diminished in the mid 1970s, the field has recently
been revived by cDNA or amino acid sequencing of argi-
nine kinase from the fruit fly Drosophila melanogaster,
the honey bee Apis mellifera, the grasshopper Schisto-
cerca americana, the lobster Homarus vulgaris, the
horseshoe crab Limulus polyphemus, the chiton Liolo-
phura japonica, the turbanshell Battilus cornutus, the
sea anemone Anthopleura japonicus, the abalone Nordo-
tis madaka, and the shrimp Penaeus japonicus; of glyco-
cyamine (guanidinoacetate) kinase from the polychaete
Neanthes diversicolor; of lombricine kinase from the
earthworm Fisenia foetida; as well as of guanidino ki-
nases with unknown substrate specificity from the para-
sitic trematode Schistosoma mansoni and the nematode
Caenorhabditis elegans (see DDBJ/EMBL/GenBank data-
banks). All invertebrate guanidino kinases display pro-
nounced biochemical and biophysical similarity as well as
considerable sequence homology to the CK isoenzymes
(668, 672, 961). cDNA sequencing as well as biochemical
and biophysical characterization of additional members
of this enzyme family are expected to further our under-
standing of guanidino kinase evolution and to provide
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FiG. 8. The natural “phosphagen precursors” are as follows: creatine (Cr), guanidinoacetate = glycocyamine (Gc),
arginine (Arg), taurocyamine (Tc), hypotaurocyamine, opheline, lombricine (L), bonellidine, and thalassemine. Note that
they all share a guanidino group (drawn on the left of the chemical formulas). Cr is unique in having a disubstituted
guanidino group (the additional methyl group is shown in bold), with this feature explaining some of the distinctive
chemical properties of PCr. In the corresponding phosphagens, a phosphate group is covalently attached to the

guanidino moiety of the molecule.

plausible answers to several intriguing questions (see also
sect. xmA). Is there a common ancestor of all guanidino
kinases, and what was its substrate specificity? Why is
PCr the sole phosphagen in vertebrates, whereas a series
of different phosphagens are present in invertebrates?
Why do many invertebrates express CK exclusively in
spermatozoa, but other guanidino kinases in their bodily
tissues? Does the CK/PCr/Cr system represent a “func-
tional improvement” over the invertebrate guanidino ki-
nase systems? And do the invertebrate guanidino kinases
play a protective role in hypoxia?

F. Creatinine Amidohydrolase (Creatininase) and
Creatine Amidinohydrolase (Creatinase)

Both creatininase (EC 3.5.2.10) and creatinase (EC
3.5.3.3) are inducible enzymes, being expressed in bacte-
ria only when Crn or Cr is provided as main source of
carbon or nitrogen (7, 27, 459, 813, 884, 1022). Creatini-
nase activity has been detected in Alcaligenes, Pseudo-
monas, Arthrobacter, and Flavobacterium species (see
Refs. 7, 407, 459, 1022), and creatinase activity has been

detected in Alcaligenes, Arthrobacter, Bacillus, Flavobac-
terium, Micrococcus, and Pseudomonas species (for ref-
erences, see Refs. 115, 960). Whereas creatininase and
creatinase are found intracellularly in Pseudomonas (806,
1022), the same enzymes from Alcaligenes seem to be
located extracellularly (407).

Creatininase has been purified partially or to homo-
geneity from Arthrobacter species (460, 708), Pseudomo-
nas species (191, 806), and Alcaligenes (407). The creati-
ninases from Arthrobacter and Pseudomonas are most
likely octameric molecules with a subunit M, of ~30,000,
whereas Alcaligenes creatininase is a dimer composed of
two identical 80-kDa subunits. Gene sequencing revealed
that Pseudomonas and Arthrobacter creatininase are 258-
to 259-amino acid proteins sharing 36% sequence identity
(708, 1131).

Creatininases are stable over quite a broad pH and
temperature range and display pH optima between 7 and
9 in both directions of the reaction (7, 191, 407, 460, 806,
1022). As evidenced by an equilibrium constant, K = [Cr]/
[Crn], of ~1.2 at 30°C and pH 6-9, the creatininase reac-
tion is readily reversible. The K, values for Cr and Crn are
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80-162 and 26-66 mM, respectively. The V. values of
Pseudomonas creatininase were determined to be 390—
1,400 and 1,510 wmol-min '-(mg protein) !, respec-
tively, in the direction of Cr and Crn formation (at pH 7 or
8 and 30°C). Alcaligenes creatininase also catalyzes the
cyclization of N-ethylguanidinoacetate, N-propylguanidi-
noacetate, and guanidinoacetate, with V,,./K,, values (in
% relative to Cr) of 228, 103, and 0.09, respectively (809).
In the opposite direction of the reaction, N-ethylglycocya-
midine serves as a substrate with a V,,./K,,, value almost
identical to Crn, whereas glycocyamidine may be a poor
substrate.

Atomic absorption spectrophotometry revealed that
Pseudomonas creatininase contains one zinc atom per
subunit (806), and it is highly probable that the creatini-
nases of Alcaligenes and Arthrobacter are metal-contain-
ing enzymes as well (407, 460). Accordingly, creatininases
are inactivated by EDTA, with the metal-free enzyme
being completely inactive. In addition, the native (metal-
containing) creatininases are inactivated to different de-
grees by Co®", Zn®>", Fe?** Fe®* Cu®', and Hg®>". Reac-
tivation of metal-free Pseudomonas creatininase, on the
other hand, is reached, in order of decreasing effective-
ness, with Mn®>*, Co®*, Mg®", Fe?" Ni**, and Zn®". Sulf-
hydryl reagents decrease the enzymatic activity by no
more than 40%, while N-bromosuccinimide, o-phenanth-
roline, ethoxyformic anhydride, and photooxidation
cause strong or even complete inactivation.

Creatinase has been purified partially from Ar-
throbacter ureafaciens (460) and to apparent homogene-
ity from Pseudomonas putida (1152; see also Refs. 370,
869, 871), Bacillus (960), Arthrobacter sp. TE1826 (708),
and Alcaligenes (608). The M, of native Arthrobacter ur-
eafaciens creatinase was estimated to be 100,000, while
the subunit M, of creatinase from Arthrobacter sp.
TE1826 determined by SDS-PAGE is 48,000. Pseudomo-
nas and Bacillus creatinase are composed of two identi-
cal 43- to 47-kDa subunits each, while Alcaligenes creati-
nase is a monomer with a M, of 51,000. The creatinases of
Alcaligenes and Pseudomonas both display a pl of 4.7—
4.8, a pH optimum of 7.5-8.0 (in the direction of Cr
breakdown), and are inactivated by sulfhydryl reagents
like p-chloromercuribenzoate. Complete inactivation of
Pseudomonas creatinase is achieved upon modification
of a single sulfhydryl group per protomer. Alcaligenes
creatinase has a 65 times higher specific activity than its
Pseudomonas counterpart, whereas the K, values for Cr
are in a similar range (17.2 vs. 1.3-25 mM). Cr is the
preferred substrate of Pseudomonas creatinase, but N-
acetimidoylsarcosine is also hydrolyzed readily (809). In
contrast, guanidinoacetate, GPA, N-ethylguanidinoac-
etate, N-propylguanidinoacetate, N-methyl-3-guanidino-
propionate, and cyclocreatine do not or only poorly serve
as substrates. Pseudomonas creatinase also catalyzes the
degradation of pseudothiohydantoic acid to urea and thio-
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glycolic acid, with this reaction being inhibited by car-
bamoyl sarcosine, succinic acid, sarcosine, succinamic
acid, Cr, and some other compounds (132).

DNA sequencing revealed that the amino acid se-
quences of creatinase from Pseudomonas putida (370),
Bacillus, Flavobacterium (960), Arthrobacter (708), and
Alcaligenes faecalis (Geneseq accession no. W11861)
share a high degree of homology and all have a length of
403-411 residues. Crystal structure determination of cre-
atinase from Pseudomonas putida further corroborated
the biochemically determined size of the molecule and
showed that the two identical subunits are linked in the
dimer by more than 20 hydrogen bonds and four salt
bridges (132, 370). Each subunit is composed of two
domains: a smaller NH,-terminal domain (residues 1-160)
and a larger COOH-terminal domain (161-402). Residues
155-160 form a hinge region connecting the two domains
and possibly allow for movements of the two domains
relative to each other. Cocrystallization of creatinase with
Cr, carbamoylsarcosine, succinamic acid, or sarcosine
revealed that the active site is buried in the interior of the
large domain and is partly covered by the small domain of
the neighboring subunit. The entrance to the cavity is
blocked by two Arg residues. Pocket opening and closure
is most likely brought about by a rotation and/or transla-
tion of the two domains relative to each other.

When bound to the enzyme, the guanidinium and
carbamoyl groups of Cr and carbamoylsarcosine, respec-
tively, are not planar but display a distorted geometry that
is characterized by disrupted electron delocalization. This
distortion therefore facilitates nucleophilic attack by a
water molecule (Fig. 9). His-B232 is close to the guani-
dinium group of Cr and probably plays a central role in
catalysis by serving as a proton donor and acceptor.

All residues of Pseudomonas creatinase interacting
with the substrate Cr, the product sarcosine, and the
competitive inhibitor carbamoylsarcosine are fully con-
served in the Bacillus, Flavobacterium, Arthrobacter,
and Alcaligenes creatinase sequences. Alkylation of Cys-
298 causes inactivation of the enzyme. Because this resi-
due is far from the active site, it is tempting to speculate
that inhibition is due to an impairment of domain (or
subunit) motion, with the enzyme being locked in either
an open or closed conformation (132).

Comparison of the amino acid sequences and three-
dimensional structures revealed that the COOH-terminal
domain of Pseudomonas putida creatinase is related to
methionine aminopeptidase (AMPM; EC 3.4.11.18) and
proline-specific aminopeptidase (AMPP; EC 3.4.11.9)
from E. coli (see Refs. 681, 1104). Within an ~260-residue
chain segment, 218 C* atoms of the creatinase and AMPM
structures superimpose within 2.5 A, but only 41 of these
overlapping positions (19%) feature identical amino acids.
AMPM (AMPP) is activated by Co?" (Mn®") which is
coordinated by Asp-97, Asp-108, His-171, Glu-204, and
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FIG. 9. Schematic representation of the active site of creatinase
from Pseudomonas putida. The active site of subunit B of the dimeric
molecule is shown in the Cr complex at pH 7.4. Amino acids of subunits
A and B are marked with the respective letter. The letter W stands for
water molecules. Hydrogen bonds are represented by broken lines. A
van der Waals contact between C, of Cr and PheA62 is also shown.
[From Coll et al. (132), with permission from Academic Press.]

Glu-235 (Asp-260, Asp-271, His-354, Glu-383, and Glu-406).
The structurally equivalent residues of creatinase, Asn-
249, Ala-260, His-324, Glu-358, and His-376, are substan-
tially different. Accordingly, creatinase is not a metal-
dependent enzyme. Searches of protein data banks using
sequence and structure-based profiles revealed other en-
zymes, including aminopeptidase P (EC 3.4.11.9), proli-
dase (proline dipeptidase, EC 3.4.13.9), elF-2-associated
p67 factors, and agropine synthase, that likely share the
same “pita-bread” fold common to creatinase and AMPM.

In very preliminary studies, Miyoshi et al. (654, 655)
reported on the detection and partial characterization of
creatinase from human skeletal muscle. The enzyme dis-
played a native M, of ~50,000 and a pH optimum of 6.2.
Whereas creatinase from nonmyopathic patients revealed
normal Michaelis-Menten behavior with a K,,(Cr) of 80
nM, the enzymatic activity of creatinase from patients
with Duchenne muscular dystrophy depended in a sigmoi-
dal manner on Cr concentration, with half-maximal veloc-
ity at 360 uM. In the light of the widespread belief that
nonenzymatic conversion to Crn represents the only path-
way for Cr degradation in vertebrates, these findings
clearly await confirmation.

G. Creatinine Iminohydrolase (Creatinine
Deaminase) and Cytosine Aminohydrolase
(Cytosine Deaminase)

In microorganisms, cytosine deaminase (EC 3.5.4.1)
and Crn deaminase (EC 3.5.4.21) activities overlap con-
siderably. Both reactions are catalyzed by one and the
same enzyme in Pseudomonas putida, Pseudomonas
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chlororaphis, Escherichia coli, Proteus mirabilis (484,
883), Flavobacterium filamentosum (229), and baker’s
yeast (469). Crn inhibits competitively cytosine deami-
nase activity, and vice versa, implying that both activities
result from catalysis at the same active site (229). Inter-
estingly, the ratio of the enzymatic activities with the two
substrates, Crn and cytosine, depends on the metal con-
tent of the Flavobacterium enzyme and can thus be varied
(see below). In contrast to the enzymes mentioned so far,
the Crn deaminases of Corynebacterium lilium (1033),
an anaerobic Clostridium sp. (357), and of Tissierella
creatinini (278, 298; see Ref. 335) displayed no cytosine
deaminase activity, while the cytosine deaminases of
Pseudomonas ovalis (484), Alcaligenes denitrificans, and
of Arthrobacter species were unable to utilize Crn as a
substrate (485).

Enzymes displaying Crn deaminase and/or cytosine
deaminase activity have been purified from a variety of
bacteria and fungi (e.g., Refs. 229, 278, 298, 357, 408, 468,
469, 781, 883, 968, 1033). Most of the bacterial enzymes
are oligomeric proteins composed of 4-16 identical sub-
units with a M, of 35,000-72,000 each. More specifically,
the M, values of the native Crn deaminases from Fla-
vobacterium filamentosum, Pseudomonas putida, and
Tissierella creatinini were shown by different tech-
niques to be 245,000-288,000, while SDS-PAGE revealed
subunit M, values of 44,300-53,000. Therefore, these Crn
deaminases are most likely hexameric molecules. On the
other hand, the fungal enzymes from Aspergillus fumiga-
tus and baker’s yeast as well as the cytosine deaminases
from Alcaligenes denitrificans and from an Arthrobacter
species are likely to be active (also) as monomers with M,
values of 32,000-41,000, while Crn deaminase from
Corynebacterium lilium seems to be a monomeric pro-
tein with a M, of ~200,000. The cloned Crn deaminase
from a Bacillus sp. (Geneseq accession no. R79013) codes
for a 394-amino acid protein that shares considerable
sequence homology with a cytosine deaminase from FE.
colt (see below) (36), but distinctly lower homologies
with the cytosine deaminases from S. cerevisiae and Can-
dida albicans (DDBJ/EMBL/GenBank accession nos.
Ub5193 and Ub5194, respectively).

The Cm deaminases investigated so far are relatively
thermostable, pH resistant, and have pH optima between 7
and 10 (229, 278, 298, 408, 468, 469, 772, 883, 968, 1033). Cr,
Arg, urea, Gln, guanidine, cytidine, CMP, and other nucleo-
tides do not serve as substrates. On the other hand, 5-fluo-
rocytosine, b5-methylcytosine, and 3-methylcytosine are
deaminated by the enzymes from Flavobacterium filamen-
tosum and baker’s yeast which display both Crn deaminase
and cytosine deaminase activity. The K, values for Crn of
the Crn deaminases investigated so far range between (.15
and 18 mM, whereas those for cytosine, 5-fluorocytosine,
and 5-methylcytosine are between 0.17 and 5 mM.

Purified Crn deaminase from Flavobacterium fila-
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mentosum was shown by atomic absorption analysis to
contain variable amounts of metal ions (229). Zinc (0.87—
2.6 g atom/mol enzyme) and iron (0.1-1.2 g atom/mol
enzyme) are consistently present in all preparations,
whereas nickel is found in some but not in others. Treat-
ment of the enzyme with 1,10-phenanthroline decreases
the specific Crn deaminase and cytosine deaminase activ-
ities by 98%. Reactivation of the metal-free apoenzyme is
achieved by incubation with FeCl,, ZnCl,, CoCl,, CdCl,,
or NiCL, Several other salts (BaCl,, CaCl,, CuCl,, MgCl,,
SnCl,, SrCl,, FeCl;, PbAc,, and HgCL,) are ineffective at
reactivating the apoenzyme. Remarkably, the ratio of the
specific Crn deaminase and cytosine deaminase activities
strongly depends on the nature and the proportion of the
metal ions present. For example, the activity ratio is 1:3.75
in the presence of FeCl,, 1:0.9 in the presence of ZnCl,,
and 1:0.06 in the presence of NiCl,. For different prepa-
rations of the purified holoenzyme, this ratio ranged from
1:0.45 to 1:1.10, suggesting that alterations in the metal
content may even be a physiologically relevant mecha-
nism for the regulation of this enzyme. Although the effect
of metal ions on the specific activity has been investigated
thoroughly, no information is yet available about their
influence on the K, values for Crn and cytosine.

In contrast to the Flavobacterium enzyme, Crn
deaminase from Clostridium paraputrificum [the iden-
tity of this strain must be considered with caution, since
in a later investigation (660), two strains of Clostridium
paraputrificum were found to lack Crn deaminase activ-
ity] is inhibited by divalent cations and stimulated by
trivalent cations (Fe®"*, AlI**) as well as by di- and poly-
valent anions (e.g., P;, PP;) (968). The enzymatic activity
of the Crn deaminases from Corynebacterium lilium and
Cryptococcus is not affected by metal ions, EDTA, 1,10-
phenanthroline, and 2,2’-bipyridine, suggesting that these
two proteins are not metal dependent (772, 1033).

Crn deaminase activity is strongly inhibited by sulf-
hydryl reagents like p-chloromercuribenzoate, Hg®", Ag™,
and Cu®", with these inhibitions being reversed by Cys or
reduced glutathione (468, 469, 883, 968, 1033). The lack of
an effect of Crn on the inactivation by p-chloromercu-
ribenzoate implies that the reactive sulfhydryl groups are
not involved directly in substrate binding and catalysis.

Somewhat contradictory results have been obtained
for E. coli cytosine deaminase which, based on gel filtra-
tion, SDS-PAGE, and DNA sequencing results, seems to
be a tetramer or hexamer composed of 427-amino acid
subunits with a calculated M, of 47,561 each (36, 151, 468,
484, 781). Although the purified enzyme was suggested by
some authors to have Crn deaminase activity (469), it was
shown by others not to do so (D. Porter, unpublished
results). Two alternative interpretations have to be con-
sidered. 1) E. coli contains two different cytosine deami-
nases, with only one of them displaying Crn deaminase
activity. 2) More likely, E. coli cytosine deaminase is a
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metal-dependent enzyme like the one from Flavobacte-
rium filamentosum, with the cytosine deaminase-to-Crn
deaminase activity ratio depending on the metal content
of the enzyme. In fact, E. coli cytosine deaminase was
shown to contain a catalytically essential divalent metal
ion and to be inactivated by >95% upon treatment with
1,10-phenanthroline (781). Reactivation of the metal-free
apoenzyme was achieved by incubation with Fe?", Mn?*,
Co?", and Zn>".

To more clearly define the evolutionary and func-
tional relationships between the various microbial cyto-
sine deaminases and Crn deaminases, more detailed stud-
ies will be required in the future on the substrate
specificity, the metal ion dependence, as well as on the
DNA and amino acid sequences of these enzymes.

H. 1-Methylhydantoin Amidohydrolase
and N-carbamoylsarcosine Amidohydrolase

1-Methylhydantoin amidohydrolase (EC 3.5.2.14) and
N-carbamoylsarcosine amidohydrolase (EC 3.5.1.59) ac-
tivities have been detected in bacteria from the genera
Brevibacterium, Moraxella, Micrococcus, Arthrobacter,
Pseudomonas, and Clostridium (see Refs. 170, 357, 714,
883, 884, 892). Both enzymes are expressed only when
Crn or 1-methylhydantoin are provided as sole sources of
nitrogen and/or carbon.

1-Methylhydantoin amidohydrolase has been purified
from Brevibacterium, Moraxella, Micrococcus, and Ar-
throbacter species (892) as well as from Pseudomonas
putida 77 (482, 714, 883). The native Pseudomonas en-
zyme displays a M,. of 300,000, a pI of 4.15, and seems to
be a heterotetramer composed of two a-subunits (M,
80,000) and two p-subunits (M, 70,000). The cloned
1-methylhydantoin amidohydrolase from an Arthrobacter
sp. codes for 1,288 amino acid residues with a calculated
M, of ~140,000 (870) and displays significant homology to
other hydantoinases. Hydrolysis of 1-methylhydantoin to
N-carbamoylsarcosine, as catalyzed by these 1-methylhy-
dantoin amidohydrolases, is stoichiometrically coupled
with ATP hydrolysis, with K, values for 1-methylhydan-
toin and ATP of 20-32 and 7.5-800 uM, respectively, and
with a pH optimum of 7.5-9.0. Hydantoin, L-5-methylhy-
dantoin (but not p-5-methylhydantoin), glutarimide, and
succimide are also hydrolyzed, although with distinctly
higher K, and lower V., values than 1-methylhydantoin.
In addition, glutarimide and succimide hydrolysis rates
are ~50% lower than the respective ATP hydrolysis rates,
thus showing that the stoichiometric coupling between
the two enzymatic activities is lost. Dihydrouracil, dihy-
drothymine, uracil, thymine, and a variety of other com-
pounds even stimulate ATP hydrolysis without being hy-
drolyzed themselves.

In addition to ATP, a series of other nucleoside
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triphosphates and even ADP are hydrolyzed by the en-
zyme. In the presence of 1-methylhydantoin or dihydro-
uracil, ATP and dATP display the lowest K, and highest
Vinax values. In the absence of an amide substrate, how-
ever, ATP and dATP are not hydrolyzed at all, whereas
considerable hydrolytic activity was observed with the
other nucleoside triphosphates tested. These findings
point to a pronounced change in the specificity for nucle-
oside triphosphates upon binding of an amide substrate
like 1-methylhydantoin or dihydrouracil.

The enzymatic activity of the 1l-methylhydantoin
amidohydrolases critically depends on both divalent and
monovalent cations. EDTA almost completely abolishes
enzymatic activity. The potencies for reactivation of the
metal-free enzyme decrease in the order NH, >
Rb" > K" > Cs* and Mg®>" > Mn?" > Co?". 1-Methyl-
hydantoin amidohydrolases are also inhibited by sulfhy-
dryl and carbonyl group reagents, several metal ions, and
some other compounds.

In its catalytic properties, 1-methylhydantoin
amidohydrolase closely resembles two other amide-
hydrolyzing enzymes, 5-oxoprolinase (EC 3.5.2.9) and
urea amidolyase (EC 3.5.1.45) (see Refs. 482, 714). All
three enzymes depend on ATP, Mg®" or Mn®", and a
monovalent cation (NH; or K") for catalysis. In anal-
ogy to 1-methylhydantoin amidohydrolase, ATP hydro-
lysis by 5-oxoprolinase is stimulated by L-2-imidazoli-
done-4-carboxylate and dihydroorotate, which are not
hydrolyzed themselves by the enzyme. Therefore, it is
tempting to speculate that the three enzymes are evo-
lutionarily close.

In the case of anaerobic bacteria, evidence has been
provided for ATP-independent 1-methylhydantoin
amidohydrolases displaying K, values for 1-methylhydan-
toin of 4.0-18.7 mM (278, 357). The enzyme from T%s-
sierella creatinini (see Ref. 335) had a pH optimum of
8.9. Its enzymatic activity critically depended on dithio-
erythritol and was inhibited rather than stimulated by
NH; and Mg®*. In addition, a 20% higher rate of hydroly-
sis was observed with hydantoin compared with 1-meth-
ylhydantoin. If confirmed, these findings raise the ques-
tion whether ATP-dependent and ATP-independent
1-methylhydantoin amidohydrolases are characteristic of
aerobic and anaerobic bacteria, respectively, or whether
they represent adaptations to other physiological con-
straints.

N-carbamoylsarcosine amidohydrolase has been pu-
rified from Arthrobacter, Micrococcus, and Moraxella
species (170) as well as from Pseudomonas putida 77
(486, 883). Moreover, the kinetic properties of the enzyme
have been characterized preliminarily in a cell-free ex-
tract of Tisstierella creatinini (278; see Ref. 335). For the
Pseudomonas enzyme, gel permeation chromatography
and ultracentrifugation experiments yielded a M, of
75,000-102,000, but an unusually high s5,, of 13.9 S.
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Because the subunit M, was determined to be 27,000 by
SDS-PAGE, the native molecules might be trimers, tetra-
mers, or even larger aggregates. The Arthrobacter enzyme
was shown by biochemical analysis, DNA sequencing, and
crystal structure determination to be a tetrameric mole-
cule composed of identical 264-amino acid subunits (819,
1156). Two subunits each form compact dimers which, in
turn, are held together in the tetramer by just a few
contacts. The four active sites are located at the intersub-
unit interfaces of the compact dimers. Experiments with
reversible and irreversible inhibitors strongly suggest that
catalysis involves nucleophilic attack of N-carbamoylsar-
cosine by the reactive thiol group of Cys-177, thereby
forming a covalent enzyme-thiohemiacetal intermediate.
Arg-202 is also likely to play a critical role, since it does
not only interact with the ligands but also blocks the entry
to the catalytic cleft. Arg-202 must move to allow ex-
change of ligands.

Attempts to demonstrate the reversibility of the re-
action failed so far. The enzyme displays remarkable sub-
strate specificity: N-methyl-N-carbamoyl-pL-alanine, N-
carbamoylglycine, N-carbamoyl-pr-alanine, and a variety
of other N-carbamoyl compounds were reported to be
hydrolyzed either slowly (<13% of the activity with N-
carbamoylsarcosine) (486) or not at all (1156). Likewise,
these substances are, if at all, only weak inhibitors of
N-carbamoylsarcosine hydrolysis. Crn, Cr, sarcosine,
1-methylhydantoin, and hydantoin also do not serve as
substrates. N-carbamoylsarcosine amidohydrolase dis-
plays stereospecificity, with the p- but not the L-isomers of
the N-carbamoyl compounds being hydrolyzed.

The K,, for N-carbamoylsarcosine as well as the pH
optimum of the enzyme seem to depend on buffer com-
position, with respective values of 0.125-7.1 mM and 7.0—
8.5. The V. of the purified enzyme at pH 7.5-8.0 and
25-37°C is on the order of 2 umol N-carbamoylsarcosine
hydrolyzed - min~' - (mg protein)'. N-carbamoylsar-
cosine amidohydrolase is potently inhibited by thimerosal
(= merthiolate), p-chloromercuribenzoate, DTNB, Ag™,
Hg?*, Cu®*, Zn®", and sodium arsenite, thus supporting
the reaction mechanism proposed above. Other metal
ions as well as 1,10-phenanthroline and 2,2'-bipyridine
had no significant effects on enzyme activity.

I. Sarcosine Oxidase, Sarcosine Dehydrogenase,
and Dimethylglycine Dehydrogenase

In various microorganisms, sarcosine is metabolized
further to glycine (8; for a review, see Ref. 958). In most
bacteria belonging to the genera Alcaligenes, Ar-
throbacter, Bacillus, Corynebacterium, and Pseudomo-
nas as well as in fungi from the genera Cylindrocarpon
and Streptomyces, this degradation is achieved by a sar-
cosine oxidase (EC 1.5.3.1; see Refs. 27, 500, 707, 803, 883,
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958, 959). On the contrary, sarcosine degradation is cata-
lyzed in some Pseudomonas strains by a sarcosine dehy-
drogenase (EC 1.5.99.1; see Refs. 729, 884, 1022). Sar-
cosine oxidase and sarcosine dehydrogenase activities
are induced in these microorganisms only when grown on
a medium containing Crn, Cr, 1-methylhydantoin, sar-
cosine, dimethylglycine, choline, or betaine as main
source of carbon and/or nitrogen.

The sarcosine dehydrogenase of Pseudomonas
putida is a homotetrameric flavoprotein composed of
~45,000 M, subunits (729). The purified enzyme dis-
plays a pI of 5.9, a pH optimum of 8.0-9.0, and a K, for
sarcosine of 29 mM. At least two classes of microbial
sarcosine oxidases have to be discriminated, all of
which are flavoproteins with a K, for sarcosine of
0.9-12.2 mM (125, 633, 706, for reviews see Refs. 883,
958). Arthrobacter, Bacillus, Cylindrocarpon, and
Streptomyces species express monomeric sarcosine
oxidases with ~390 amino acid residues and a M, of
42,000-45,000. On the other hand, heterotetrameric
sarcosine oxidases with a M, of 160,000-185,000 have
been identified in Corynebacterium, Pseudomonas,
and Arthrobacter denitrificans. The corynebacterial
enzyme is composed of an oa-subunit (M, 103,000),
B-subunit (44,000), y-subunit (21,000), and &-subunit
(11,000), with the covalent flavin being attached to the
B-subunit (124). In addition to the covalent flavin, a
noncovalent flavin and an NAD* molecule have been
identified as coenzymes of corynebacterial sarcosine
oxidase (for references, see Ref. 124). While the flavins
are involved in catalysis, NAD" is not reduced by sar-
socine and seems not to be in redox equilibrium with
the flavins. Finally, the sarcosine oxidase of Alcali-
genes denitrificans was suggested to be a 190,000-M,
heterodimer or heterotrimer composed of an a-subunit
(M, 100,000) and one or two B-subunits (M, 55,000)
(483). However, it cannot be ruled out at present that
this protein also is a heterotetrameric enzyme, with the
v- and &-subunits having escaped detection so far.

All bacterial sarcosine oxidases catalyze the oxida-
tive demethylation of sarcosine to yield glycine, H,O,, and
formaldehyde. The heterotetrameric sarcosine oxidases,
in contrast to the monomeric ones, also use tetrahydro-
folates as substrates, giving rise to 5,10-methylenetetra-
hydrofolates instead of formaldehyde as reaction prod-
ucts (1070). In this regard, heterotetrameric sarcosine
oxidases resemble mammalian sarcosine and dimethyl-
glycine dehydrogenases (EC 1.5.99.2) that catalyze the
last two steps in the consecutive degradation of choline to
betaine, dimethylglycine, sarcosine (=methylglycine),
and glycine.

Dimethylglycine dehydrogenase and sarcosine dehy-
drogenase have been purified from rat liver and are mo-
nomeric flavoproteins with M, values of ~90,000 and
105,000, respectively (5630, 780, 1111). The former displays
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both dimethylglycine and sarcosine dehydrogenase activ-
ity in a ratio of 4:1, whereas the latter is specific for
sarcosine. Cr was shown not to be decomposed by both of
these dehydrogenases (1112). In contrast to the mitochon-
drial localization of both mammalian dehydrogenases, a
peroxisomal sarcosine oxidase with 390 amino acids and
a calculated M, of ~44,000 has recently been purified
and/or cloned from rabbit kidney and liver (803) as well as
from mouse liver (356). Sarcosine, L-pipecolic acid, and
L-proline are oxidized with similar catalytic efficiencies,
whereas dimethylglycine, p-pipecolic acid, p-proline, and
other amino acids are rather poor substrates of this en-
zZyme.

Interestingly, sequence comparisons revealed pro-
nounced homology between the B-subunit of heterotet-
rameric corynebacterial sarcosine oxidase, monomeric
bacterial sarcosine oxidases, rabbit peroxisomal sar-
cosine oxidase, pipecolic acid oxidase from mammalian
liver, amino acid deaminase from Proteus mirabilis, a
(duplicated) protein with unknown function from Caeno-
rhabditis elegans, and the NH,-terminal half of mamma-
lian dimethylglycine dehydrogenase (125, 356, 803). Like-
wise, the a-subunit of heterotetrameric corynebacterial
sarcosine oxidase displays sequence homology to the A
subunits of octopine and nopaline oxidases from
Agrobacterium tumefaciens, to T proteins from E. coli
and several eukaryotes (components of the multienzyme
glycine cleavage system), and to the COOH-terminal half
of dimethylglycine dehydrogenase. These results there-
fore point to common evolutionary ancestors for all of
these (flavo)proteins.

J. Methylguanidine Amidinohydrolase

Under aerobic conditions, methylguanidine was
shown to be used by an Alcaligenes species as sole
source of carbon and nitrogen (685). Purification
yielded a homogeneous methylguanidine amidinohy-
drolase (EC 3.5.3.16) preparation with a specific activ-
ity of 102 umol - min ! - (mg protein) ! (30°C, pH 10.0).
The purified enzyme displayed marked substrate spec-
ificity. Ethylguanidine, n-propylguanidine, n-butylgua-
nidine, agmatine, and guanidine were hydrolyzed with
75- to 500-fold lower rates than methylguanidine,
whereas no enzymatic activity was observed with gua-
nidinoacetic acid, 3-guanidinopropionic acid, 4-guanidi-
nobutyric acid, or guanidinosuccinic acid. Unfortu-
nately, Cr and methylguanidine have never been tried
as substrates of methylguanidine amidinohydrolase and
creatinase, respectively, so that at present, nothing is
known about the evolutionary and functional relation-
ships between these two enzymes.
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IX. USE OF CREATINE ANALOGS AND
INVERTEBRATE PHOSPHAGENS AS TOOLS
FOR THE STUDY OF THE PHYSIOLOGICAL
FUNCTIONS OF THE CREATINE KINASE
SYSTEM

A. PCr in Comparison With Invertebrate
Phosphagens and Synthetic Analogs:
Thermodynamic and Kinetic Considerations

In the first account on PCr, Eggleton and Eggleton
(213) mentioned that “the supposed inorganic phosphate
of muscle is in certain conditions mainly organic phos-
phate of a very labile nature [= PCr], which is so unstable
in acid solution.” This statement explains 1) why this
substance escaped detection before and 2) why it was
termed “phosphagen”. Whereas PCr was found predomi-
nantly in vertebrates, a variety of other phosphorylated
guanidino compounds were subsequently identified in in-
vertebrates and were shown to play a physiological role
similar or identical to PCr in vertebrates (Fig. 8) (for
reviews, see Refs. 221, 226, 668, 669, 995, 1092, 1093).
Consequently, the term phosphagen nowadays is used
generally for all phosphorylated guanidino compounds
that may serve to regenerate ATP. PCr is unique in this
family, in so far as it is the only natural phosphagen with
a methyl group attached to the guanidino moiety of the
molecule (bold in Fig. 8). This feature may explain some
of the distinctive chemical properties of PCr.

All of the phosphagens are rather stable in alkaline
solution but are susceptible to acid hydrolysis, with the
acid lability decreasing in the order PCr > PArg > PTc >
PGe (see Refs. 226, 669). Although the rate of PCr hydro-
lysis increases with increasing acidity, the rate of hydro-
lysis of PArg, PGc, and PTc displays a maximum at pH
1.0-3.5. Acid molybdate accelerates the hydrolysis of PCr
but retards that of PArg, PGc, and PTc. Depending on
temperature, molybdate concentration, and pH, acid hy-
drolysis of PCr results in the formation of Cr plus P;
and/or Crn plus P;. In contrast, no cyclic products are
formed upon acid hydrolysis of other phosphagens.

The N-methyl group of PCr eliminates almost all
resonance states in the guanidino group (221, 226). In
consequence, PCr is thermodynamically less stable (AG®’
for PCr hydrolysis = —44.6 kJ/mol at 35°C, pH 7.25 and 4
mM Mg®*) than PArg, PGc, PTc, and PL (AG®' = —39.4,
—41.4, —41.5, and —41.7 kJ/mol, respectively) (221). The
differences in thermodynamic stability between the vari-
ous phosphagens are also reflected in the different elec-
tronic environments of the phosphorus nuclei as visual-
ized by *'P-NMR. While the phosphorus nucleus of PCr
displays a chemical shift of —2.57 ppm relative to an
external standard of o-phosphoric acid, the respective
values for PArg, PGc, PTc, and PL are —3.00, —3.03,
—3.03, and —3.01 ppm, respectively (221).
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The AG®’ for PCr hydrolysis is also more negative
than that for ATP hydrolysis (—45.1 vs. —35.7 kJ/mol in
the absence of Mg>*, —45.0 vs. —31.8 kJ/mol at 1 mM
Mg?"; pH 7.0, 38°C, I = 0.25 M) (538; see also Refs. 451,
474). This implies, under the assumption of near-equilib-
rium conditions for the CK reaction in the cytosol, that
the free energy change (= affinity) of ATP hydrolysis
{defined as A = -dG/d{ = —AG° + RT In([ATPJ)/
[ADP][P;]), where d{ stands for the advancement of the
reaction} and thus the phosphorylation potential in a cell
can be buffered efficiently at much higher values by PCr
and Cr than by ATP and ADP alone. Buffering of the
phosphorylation potential, in turn, seems to be crucial for
some cellular processes, especially for the Ca?*-ATPase
of the SR which depends on a free energy change for ATP
hydrolysis of at least 52 kJ/mol to allow proper muscle
relaxation (310, 451). The notion that CK may help in
maintaining high phosphorylation potentials in the inti-
mate vicinity of crucial ATPases is indeed supported by
the close functional coupling and the colocalization ob-
served for CK and Ca®*-ATPase of the SR (see Ref. 646).

Based on the AG®’ values for ATP and PCr hydroly-
sis, the equilibrium constant for the reaction ATP + Cr <
ADP + PCr, K’ = ([SATP][2Cr])/([ZADP][ZPCr]), where
> represents the sum of all ionized and Mg®"-complexed
forms in solution and where pH is taken to be constant at
7.0, was calculated to be 37.8 in the absence of Mg?* and
166 at a free Mg®" concentration of 1 mM (38°C, I = 0.25
M) (538). Because K’ critically depends on pH, tempera-
ture, [Mg®"], and probably also on the concentrations of
other monovalent and divalent cations (see Refs. 287,
538), reported values for K’ (e.g., Refs. 421, 518, 574)
should be taken as rough estimates and should not be
compared directly without considering differences in ex-
perimental conditions.

It may be asked at this stage why evolution has
“chosen” PCr for the vertebrates and a variety of more
stable phosphagens for the invertebrates. Over many
years, the hypothesis that PArg is simply the evolutionary
precursor of PCr has attracted much attention (see, for
example, Refs. 1092, 1093). Evidently, this hypothesis im-
plies that PCr in some respect represents a functional
improvement over PArg. Even though the common ances-
tral gene of all guanidino kinases may in fact have been an
arginine kinase (ArgK), only unsatisfactory arguments are
available for explaining the current distribution of the
various phosphagens in the animal kingdom.

PCr is the only phosphagen in vertebrates, but it is
also found in spermatozoa of a wide variety of inverte-
brates (for reviews, see Refs. 221, 811, 1092). In these
invertebrate species, PCr in spermatozoa may coexist
with one or even two other phosphagens in other tissues
(pluriphosphagen phenomenon) (221, 668, 811, 1092). In
sea urchins of the class Echinoidea, for example, PCr is
the sole phosphagen in spermatozoa, whereas the differ-
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ent lantern muscles contain both PArg/ArgK and PCr/CK
in varying proportions (220, 1092). CK and ArgK in these
lantern muscles were suggested to be associated more
with tonic and phasic contractions, respectively (1092).
Clearly, if PCr simply represented a functional improve-
ment over PArg, it would be inconceivable why PArg in
these invertebrates was replaced by PCr only in some
tissues, but not in others. The following excursus shall
provide an alternative explanation (see also Ref. 221).

To test the effects of Cr analogs on energy metabo-
lism during ischemia, Walker and co-workers (reviewed
in Ref. 1076) fed chickens either with a control diet or
with the same diet supplemented with cyclocreatine (cCr;
1-carboxymethyl-2-iminoimidazolidine; see Fig. 10), ho-
mocyclocreatine (hcCr; 1-carboxyethyl-2-iminoimidazoli-
dine), or Cr. cCr and hcCr compete with Cr for uptake
into the tissues, are accumulated instead of Cr inside the
cells, and are finally phosphorylated by intracellular CK.
PhcCr is ~200,000-fold less potent than PCr and 1,500-
fold less potent than PcCr in acting as a substrate for CK|
and both PhcCr and PcCr display a AG°’ of hydrolysis
~7.3-8.4 kJ/mol less negative than that of PCr (37°C; see
Table 1) (810, 1076).

Hearts of chickens fed cCr for at least 6 days accu-
mulate 15 umol - (g wet wt) ' of cCr plus PcCr. This
accumulation is paralleled by a triplication of the glyco-
gen levels and by a decrease in the Cr + PCr levels from

+
*H,N CH; HN _CHyCOO"
C—N—CH,—CO00" N
H,N  creatine HN\)
THN cyclocreatine
2
A i
C—NH-CH,-CH,—C00
/ *H,N
HN 3-guanidinopropionic acid 2 /CHZ-CHZ-COO_
N
+H2N CH; HN\)
A\ X
€ —NH-CH-CH,—C00 )
N . o homocyclocreatine
2% 3-guanidinobutyric acid
-CHs +H,N ﬁ
*H,N CH, 2 CHy—P—0’
C—N—CH,;—C00" N |
H;N  ethyl creatine HN\)
. CH o phosphinic cyclocreatine
H,N 3
\\C I!I CH |rl o)
/ 2
H N u

phosphinic creatine

FIG. 10. Chemical formulas of synthetic creatine analogs. Phos-
phinic creatine, N-methyl-N-amidino-aminomethylphosphinic acid;
phosphinic cyclocreatine, 2-iminoimidazolidine-1-methylphosphinic
acid; ethyl creatine, N-ethyl-N-amidinoglycine.
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the normal 6 pumol/g to 1.8 umol/g (1028). During total
ischemia in vitro, these hearts utilize PcCr for the regen-
eration of ATP, display greatly prolonged glycolysis, and
exhibit a two- to fivefold delay in ATP depletion relative to
controls. Accumulation by chicken hearts of a compara-
ble amount of PhcCr is also paralleled by a triplication of
the glycogen levels, but by a decrease in Cr + PCr levels
to only 4.2 umol/g. During ischemia, these hearts exhibit
prolonged glycolysis but do not utilize PhcCr and mani-
fest no delay in ATP depletion relative to controls. There-
fore, the cCr effects on energy metabolism during isch-
emia are most probably not due to the increased glycogen
levels. Similar to hcCr, no delay in ATP depletion was
observed during ischemia in hearts of Cr-fed chickens
having accumulated 14.8 umol/g of Cr plus PCr.

In further investigations, long-term feeding of cCr
was found 1) to increase the total high-energy phosphate
levels in mouse brain and skeletal muscle (24, 1119); 2) to
delay ATP depletion during ischemia in mouse brain,
mouse skeletal muscle, rat heart, rat skin, and chicken
breast muscle (24, 147, 419, 808, 1027, 1119); 3) to delay
onset of rigor contraction in ischemic rat heart and mouse
skeletal muscle (24, 419, 808); and 4) to enhance survival
of experimental skin flaps in the rat (147). On the basis of
these results, it may be hypothesized that at the lower
phosphorylation potentials and at the more acidic pH
values characteristic of later stages of ischemia, substan-
tial levels of a kinetically competent and thermodynami-
cally rather stable phosphagen are advantagous to assist
glycolysis in buffering decreases and oscillations in the
ATP/ADP and ATP/(ADP - P,) ratios (1028). In contrast,
PCr and PhcCr are not suited for this purpose for ther-
modynamic reasons and because of kinetic limitations,
respectively. Very similar to the synthetic phosphagen
PcCr, the phosphagens characteristic of invertebrates
(i.e., PArg, PGc, PTc, PL) display AG°’ values of hydroly-
sis that are 2.9-5.2 kJ/mol less negative than that of PCr
(221). Provided that the corresponding guanidino kinases
are also present, these phosphagens may thus be advan-
tagous in invertebrate phyla under conditions of hypoxia
or intracellular acidosis (221, 1124).

In vertebrates, which almost perfectly maintain intra-
cellular homeostasis and where pronounced acidification
is only observed in extreme situations, PCr may in fact
represent a functional improvement over PArg, since it
can efficiently buffer the cytosolic phosphorylation poten-
tial at a higher value. In many invertebrates, on the other
hand, changes in the extracellular environment may cause
pronounced fluctuations in intracellular composition
(e.g., pH, temperature, oxygen and substrate concentra-
tions). Intracellular acidosis, for example, is a common
occurrence, especially in mollusks (see Ref. 221). Under
these conditions, PCr may be quite susceptible to hydro-
lysis, resulting in net energy dissipation. PArg and the
other invertebrate phosphagens, on the other hand, are
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TABLE 1. Capacity of Cr analogs to act as substrates of CK and to compete with Cr for uptake into rat skeletal

muscle and heart

Vinax/Ky of the
Phosphorylated Form

Equilibrium

Inhibition of Cr Constant K of

Vinax/Km @s (PX) as Substrate of  Uptake Into Skeletal Inhibition of Cr the Reaction
Substrate of CK, in CK, in % relative to Muscle, in % relative Uptake Into Heart, in PCr + X <

Cr Analog (X) % relative to Cr PCr to Cr % relative to Cr Cr + PX
Creatine 100 100 100 100 (H
Creatinine 0.039
Guanidinoacetate 0.30-0.69 47 11
3-Guanidinopropionate 0.091 0.043-0.067 80 98 3.06
DL-2-Guanidinopropionate 0.021 26 35
DL-3-Guanidinobutyrate ND ND 84 89
DL-2-Guanidinobutyrate 50 65
N-ethyl-N-amidinoglycine 1.9-5.1 0.5-3.3 35 22
N-propyl-N-amidinoglycine 0.094
N-methylamidino-N-methylglycine ND ND 70 68
N-methyl-N-amidino-B-alanine 0.007-0.066 ~0.2 16 8.4
(R,S)- or (R)-N-methyl-N-amidinoalanine 1.0-1.7
1-Carboxymethyl-2-iminohexahydropyrimidine ND ND 69 75
(R)-N-amidinoazetidine-2-carboxylic acid 6.4
(S)-N-amidinoazetidine-2-carboxylic acid ND
(R)-N-amidinoproline 0.18
(S)-N-amidinoproline ND
1-Carboxymethyl-2-iminoimidazolidine (c¢Cr) 16-38 0.40-0.67 26-34.3
1-Carboxyethyl-2-iminoimidazolidine (hcCr) ~0.01 ~0.0005 17
N-methyl-N-amidino-aminomethylphosphinic 2.7-12.6 2.1

acid

2-Iminoimidazolidine-1-methylphosphinic acid 2.0 0.020

To determine the potencies of various analogs to competitively inhibit creatine (Cr) uptake into rat skeletal muscle and heart, rats were given
50 wmol of the respective test compound and 0.21 umol of [**C]Cr intraperitoneally. One hour later, the rats were killed, and radioactivity was
measured in tibialis anterior muscle and heart. [Data from Fitch and Chevli (246).] The inhibition of [**C]Cr uptake exerted by 50 umol of “cold”
Cr was taken as 100%. ND, not detectable; CK, creatine kinase; K, Michaelis constant; V.., maximum velocity. Other data listed in the table are

from Refs. 23, 60, 120, 246, 414, 474, 809, 810, 1109.

less susceptible to acid hydrolysis than PCr and still effi-
ciently buffer [ATP]/[ADP] at the lower phosphorylation
potentials characteristic of hypoxia. In invertebrates, the
CK/PCr/Cr system may thus be expressed specifically in
those tissues that critically depend on a high phosphory-
lation potential, with spermatozoa obviously fulfilling this
criterion. Clearly, these arguments may only explain why
thermodynamically more stable phosphagens are advan-
tagous for invertebrates. They provide no answer, how-
ever, for the question why highly complex phosphagens
like PL and phosphoryl-thalassemine are formed in cer-
tain echiuroid and annelid worms when, on a thermody-
namic and kinetic basis, the much simpler phosphagens
PGc and PTc might do the same job. This aspect of
comparative physiology awaits investigation and elucida-
tion.

In addition to cCr and hcCr mentioned above, a
variety of other synthetic Cr analogs have been synthe-
sized (some of them listed in Table 1; for references, see
Refs. 59, 644, 645) and have been used to investigate the
physiological role of the CK/PCr/Cr system, to study the
regulation of Cr biosynthesis, and to evaluate the relation-
ships between abnormalities of Cr metabolism and mus-
cle disease (see sect. xA). For instance, Cr analogs have
been used very elegantly to prove that Cr is the physio-

logical feedback repressor of liver and kidney AGAT (for
a review see Ref. 1077). For allowing clear-cut conclu-
sions, an “ideal” Cr analog for in vivo investigations
should either 1) completely inhibit Cr biosynthesis, 2)
completely prevent Cr uptake by muscle and nerve cells
in vivo, 3) completely and specifically inhibit CK activity
in vivo, or 4) completely replace Cr and PCr, with the
synthetic phosphagen possessing markedly different ther-
modynamic and Kinetic properties relative to PCr (1077).
None of the currently used Cr analogs fulfills any of these
criteria, and undesired side effects therefore have to be
taken into account (see sect. viuB).

The extent to which a synthetic phosphagen is accu-
mulated within a given tissue and the degree to which PCr
and Cr are replaced depend on a variety of factors (810):
the maximal concentration of the Cr analog that can be
tolerated in the diet, the average concentration of this
analog in the serum maintained by the rates of uptake
(intestine) and excretion (kidney), the V,,../K,, values for
uptake and release of the Cr analog into and from a given
tissue, the fraction of the Cr analog that is phosphorylated
by CK (to yield the synthetic phosphagen), the V, ../K,,
values for the synthetic phosphagen and for the Cr analog
as substrates of the CK isoenzymes, the rate of metabolic
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side reactions (biodegradation), and the extent of feed-
back repression of AGAT exerted by the Cr analog,.

To get a feeling for the potencies of the Cr analogs
that have been used so far, the available knowledge will
shortly be summarized (Table 1). The Cr analogs and
corresponding synthetic phosphagens cover a wide range
of potencies to act as substrates for CK. cCr and PcCr are
rather good substrates, both in vitro and in vivo (810). On
the other hand, GPA and PGPA, with 1,000- to 1,500-fold
decreased V,,../K,, values, are expected to be poor CK
substrates. Nevertheless, upon changes in workload in
the perfused myocardium of control and GPA-treated
rats, [PCr] and [PGPA], respectively, displayed very sim-
ilar changes, both as far as the absolute concentration
changes and the kinetics of the alterations are concerned
(135). This finding points to an “overcapacity” of the CK
system and suggests that under normal in vivo conditions
as well as under most experimental regimens, PGPA is a
satisfactory substitute of PCr. Therefore, conclusions as
to the function of PCr in organs of animals fed these
analogs may be misleading. hcCr and especially PhcCr are
extremely poor substrates of CK. As a matter of fact,
PhcCr is very slowly consumed under in vivo conditions
(810). 3-Guanidinobutyrate is not phosphorylated at all in
vivo (1163). Even though, on first sight, hcCr and 3-gua-
nidinobutyrate seem to be perfectly suited for investiga-
tions of the physiological functions of the CK/PCr/Cr sys-
tem, they both suffer the limitations to be accumulated
rather inefficiently by the tissues and to replace PCr and
Cr only incompletely (810, 1163). These may be the rea-
sons for GPA being the most widely used Cr analog in
physiological experiments.

When porcine carotid arteries, containing almost no
Mi-CK, were superfused with either GPA, methyl-GPA
(mGPA), guanidinoacetic acid (GAA), or cCr, all of these
Cr analogs entered the tissue and became phosphorylated
(74). When, subsequently, oxidative metabolism was in-
hibited by cyanide, PCr, PGPA, PGAA, and PmGPA were
consumed over a similar time course, despite different
kinetic properties of these analogs in vitro. PcCr, on the
other hand, was utilized at a significantly lower rate.
Nevertheless, the results show that these Cr analogs may
all serve as substrates for cytosolic CK. In contrast, only
Cr and cCr stimulated respiration in isolated rat heart
mitochondria, whereas GAA, mGPA, and GPA were inef-
fective (74, 130, 1163; see also Ref. 1044). These findings
may indicate that Mi-CK displays narrower substrate
specificity than the cytosolic CK isoenzymes or, more
unlikely, that the outer mitochondrial membrane is imper-
meable to GAA, mGPA, and GPA.

Compared with CK, the Cr transporter seems to be
considerably less specific toward Cr analogs (Table 1).
This conclusion has recently been corroborated by exper-
iments on the cloned Cr transporters from Torpedo, rab-
bit, and human (see also sect. viiC) (318, 319, 691, 840,
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927). In cells transiently transfected with Cr transporter
cDNA, nonlabeled Cr and GPA inhibit the uptake of ra-
dioactive Cr very efficiently and to approximately the
same extent. 4-Guanidinobutyrate, guanidinoacetate, and
2-amino-3-guanidinopropionate are somewhat less inhibi-
tory, while Crn has only little effect. In experiments on the
repression of AGAT activity in embryonic and developing
chicken liver, Cr, cCr, N-ethylguanidinoacetate, and N-
acetimidoylsarcosine proved to be powerful repressors,
whereas N-acetimidoylglycine, l-carboxymethyl-2-
iminohexahydropyrimidine, N-propylguanidinoacetate,
and N-methyl-3-guanidinopropionate caused either no or
just a small reduction in AGAT activity (809, 1078).

To conclude, an ideal Cr analog unfortunately does
not exist. Therefore, experiments with Cr analogs have to
be analyzed and interpreted with caution. Definite con-
clusions should only be based on a detailed comparison of
several analogs with different kinetic and thermodynamic
properties and/or on a variety of experimental approaches:
ultrastructural, physiological, and biochemical.

B. Cr Analog Administration as a Means
of Studying CK Function: Facts and
Potential Pitfalls

Cr analogs have been used frequently for studying the
relevance of the CK system for cellular energetics in
various tissues. Most of these studies have been per-
formed on skeletal muscle where Cr analog (in particular,
GPA) administration caused a series of functional
changes (for a review see Ref. 1125). For example, GPA or
3-guanidinobutyrate (GBA) administration decreases de-
veloped muscle tension as well as the rates of tension
development and relaxation (556, 636, 637, 656, 890, 1044,
1073, 1074), suppresses posttetanic twitch potentiation
and the staircase phenomenon (see Refs. 636, 637), im-
proves endurance performance (5656, 637, 983, 1044, 1073,
1074), and causes ultrastructural abnormalities (5635) (see
also below). Even though these results have been taken to
indicate that the CK system is important for proper mus-
cle function, some authors arrived at opposite conclu-
sions by finding either no or only minor changes in muscle
mechanics upon GPA feeding (889). Either way, results
and conclusions on CK function based on Cr analog-
feeding experiments must be interpreted with caution,
since these compounds may have a series of confounding
side effects.

GPA is a physiological constituent of mammalian
blood plasma, erythrocytes, brain, liver, kidney, aorta,
and urine, and its concentration is considerably increased
in uremic patients (see, e.g., Refs. 163, 181, 321, 554, 555,
597, 628, 998, 1132). GPA may be formed by AGAT
through transamidination between Arg and p-alanine
(1089) (see also sects. viiA and 1xH). It may thus be
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envisaged that administration of massive amounts of GPA
interferes with the physiological metabolic pathways in
which Arg, B-alanine, and GPA are implicated.

GPA- and 3-GBA-treated animals commonly display a
significantly lower body weight and growth retardation
relative to normal controls (e.g., Refs. 3, 5, 246, 371, 556,
584, 629, 656, 724, 727, 741, 754, 983, 1072-1074). The
toxicity seems to be most pronounced in frogs, where a
mortality of 50% was observed (180), and in young ani-
mals. Young chickens fed 1% GPA stopped eating and
often died within 1 wk (809, 810). Similarly, cCr was
found to be toxic to weanling mice and rats and to devel-
oping chicken embryos in the early stages of their devel-
opment (30, 311, 1078). On the other hand, GPA has been
tolerated by adult mice at a level of 1% of the diet for
several weeks up to 19 mo (584).

Cr analogs may also be toxic to red blood cells. GPA
and GBA cause hemolysis when incubated with human
blood samples at concentrations of 100 uM to 3 mM (285).
In red blood cells, GPA may decrease the activity of the
hexose monophosphate shunt (453) and inhibits glucose-
6-phosphate dehydrogenase activity (877). In addition, a
negative correlation was observed between the level of
reduced glutathione in red blood cells and the plasma
concentration of GPA.

GPA is a potent inhibitor of GAT3 and GAT4 GABA
transporters (564, 565). At a concentration of 100 uM,
transport is inhibited by 82-91%. The K, of GPA for GABA
uptake into mouse brain microsomes is 19 uM. GPA also
is a potent taurine analog that inhibits sodium-dependent
transport of taurine into rat brain synaptosomes with a K;
of 46 uM (384). At a considerably higher concentration
(10 mM), GPA and GBA inhibit the phytohemagglutinin-
induced stimulation of proliferation of normal human
Ilymphocytes (878) which may cause immunological dis-
turbances. In rat pituitary tumor cells, GPA greatly in-
creases prolactin secretion stimulated by thyrotropin-re-
leasing hormone (TRH) (787). This effect of GPA was
suggested to be due to activation of TRH-dependent and
phospholipase C-mediated hydrolysis of phosphoinositi-
des. Finally, administration of GPA to rats in vivo and to
cultured chicken chondrocytes in vitro revealed that this
agent inhibits normal development of cartilage (274).

In addition to these potential side effects, feeding of
Cr analogs over extended periods of time—at least a few
weeks are needed to cause a considerable decrease in the
tissue levels of Cr and PCr—was shown to induce meta-
bolic adaptation. These adaptive alterations include a
decrease in the diameter of fast-twitch skeletal muscle
fibers, giving rise to a decreased size of fast-twitch mus-
cles, whereas the size of slow-twitch muscles is unaf-
fected (528, 556, 887, 1044); an increase in the content and
activity of mitochondrial proteins (cytochrome ¢, cyto-
chrome oxidase, citrate synthase, succinate dehydroge-
nase, 3-hydroxyacyl-CoA dehydrogenase, Mi-CK, adenine
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nucleotide translocase) as well as in the rate of oxidative
phosphorylation, preferentially in fast-twitch skeletal
muscles (e.g., Refs. 5, 262, 263, 528, 556, 656, 718, 719, 725,
802, 889, 983, 1044, 1073); an increase in GLUT-4 glucose
transporter activity (802); an increase (or decrease?) in
hexokinase activity (183, 184, 262, 718, 802); a decrease in
glycolytic enzymes and lactate content as well as an in-
crease in glycogen content (184, 724, 802, 887, 983, 1044);
a decrease in AMP deaminase protein content and activity
which, however, was unrelated to actual IMP production
(800, 827); a shift in myosin isoenzyme expression from
fast-type myosins to slow-type myosins, coupled with a
decreased energy cost of maintaining tension (= higher
contractile economy) (3-5, 556, 656, 657, 801); a decrease
in CK activity (183, 656, 718, 719, 887); an increase in
B-adrenoceptor density in soleus and extensor digitorum
longus muscle (726); a decrease in parvalbumin content
(657); as well as an up to 50% decrease in ATP content in
fast-twitch muscles (e.g., Refs. 656, 724, 801, 889, 983). In
addition, GPA feeding increases resting oxygen consump-
tion of rats but has no effect on maximum oxygen con-
sumption or on the oxygen transport capacity of blood
(983).

Notably, many of the effects of GPA feeding, both as
far as muscle performance and biochemical changes are
concerned, are very similar to those observed in CK-
deficient mice (see, e.g., Refs. 527, 941, 1026) and to those
elicited by endurance training, chronic electrical stimula-
tion, cross-reinnervation with nerves that normally inner-
vate slow muscle, or hypoxia (4, 82, 6567, 726, 762, 802,
861, 887). Some further points seem worth mentioning.
The effects of GPA feeding depend on the duration of
GPA administration (5628) as well as on the age of the
animals at which GPA feeding is initiated (3, 5). Signifi-
cant changes in myosin isoenzyme expression were ob-
served when GPA feeding was started in weaning animals,
whereas virtually no changes were induced in adult rats.
Furthermore, the effects of GPA feeding are tissue spe-
cific. They differ not only between fast- and slow-twitch
skeletal muscles but also between skeletal muscles, heart,
and brain. GPA feeding of rats decreased total CK activity
in heart and soleus muscle by ~40%, whereas CK activity
was increased in brain by a factor of 1.4-2 (371, 374, 718).
The specific activities of adenylate kinase and succinate
dehydrogenase were increased 100-165% in brain and
soleus muscle of GPA-fed animals, whereas they were
unchanged or even slightly decreased in the heart. In
general, the heart seems to be much less affected by GPA
feeding than fast- and slow-twitch skeletal muscles (887).
The considerable increase of adenylate kinase activity in
both soleus muscle and brain of GPA-fed rats may indi-
cate that the adenylate kinase system takes over part of
the function of the CK system, a conclusion that is in line
with experimental findings of Dzeja et al. (206) (see sect.
viD).
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GPA feeding of rats caused an increase in the mass of
brown adipose tissue (BAT) as well as in BAT DNA,
glycogen, and total protein content, suggesting a tendency
to hyperplasia of the BAT (727, 1072, 1133). On the other
hand, the contents of mitochondrial protein and uncou-
pling protein showed a tendency to be decreased, which
correlated with decreases in thermogenic activity and
both colonic and skin temperature. It was suggested that
the impairment of BAT thermogenic activity reflects a
sparing of ATP in compensation for a reduction in high-
energy phosphate levels, with resultant hypothermia.

The results published on the effects of GPA on mito-
chondrial composition and function require further com-
ment. As mentioned above, the contents and activities of
several mitochondrial proteins were considerably in-
creased in skeletal muscle by GPA feeding. In isolated
mitochondria, however, the specific activities of pyruvate
dehydrogenase, 2-oxoglutarate dehydrogenase, NAD"-
isocitrate dehydrogenase, hydroxyacyl-CoA dehydroge-
nase, and citrate synthase were virtually unchanged (887),
suggesting a general increase in mitochondrial mass. On
top of that, there seems to be an additional specific in-
crease in the protein contents of Mi-CK and adenine nu-
cleotide translocase (718-720) that is thought to be a
metabolic adaptation to compensate for the decreased
tissue levels of Cr and PCr. The increased amounts of
Mi-CK tend to aggregate and form large paracrystalline
intramitochondrial inclusions (see Refs. 718-720, 1125).
Mi-CK-rich intramitochondrial inclusions were seen in
skeletal muscle, to a lesser extent in heart, and not at all
in brain, liver, and kidney of GPA-treated rats (718, 719).
Because similar intramitochondrial inclusions were also
seen in adult rat cardiomyocytes cultured in medium
devoid of Cr (228), their formation is unlikely to be due to
a toxic side effect of GPA, but rather to Cr deficiency. In
line with the expectation that the aggregated Mi-CK may
be nonfunctional, Cr-stimulated mitochondrial respiration
was severely impaired in skinned cardiac and soleus mus-
cle fibers as well as in isolated heart mitochondria of
GPA-treated rats (130, 718-720).

Although not strictly related to the findings discussed
so far, one additional effect of GPA administration is
worth mentioning. In KKAY mice, an animal model of
non-insulin-dependent diabetes, GPA and GAA decreased
the plasma glucose level, whereas 4-GBA, Arg, B-alanine,
Cr, or guanidino-undecanoic acid were ineffective (629).
GPA was more potent than even metformin, a clinically
effective antidiabetes agent. Glucose incorporation into
glycogen was increased by GPA in hindlimb muscle, but
not in cardiac muscle. GPA’s antihyperglycemic effect
was corroborated in two other models of non-insulin-
dependent diabetes, namely, in 0b/0b mice and in insulin-
resistant rhesus monkeys, but was absent in normoglyce-
mic animals, insulinopenic Chinese hamsters, and
streptozotocin-diabetic rats. Together, these studies sug-
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gest that the antihyperglycemic action of GPA requires
the presence of at least some circulating insulin as well as
hyperglycemia, and that improved insulin sensitivity is the
mode of action for GPA. Not fully in line with these
results, GPA-fed normal mice and rats displayed a de-
creased plasma concentration of insulin, a tendency to
decreased blood glucose levels, and significantly in-
creased glycogen contents in both tibialis anterior muscle
and liver (724). In addition, glucose tolerance was con-
siderably enhanced, i.e., after intraperitoneal infusion of
glucose, its blood concentration increased less in GPA-fed
animals than in controls. In a phase I study in terminal
cancer patients as well as upon intravenous infusion in
rabbits (O’Keefe et al. and Schimmel et al., unpublished
data), cCr decreased blood glucose levels significantly.
This effect was reversible upon addition of a dextrose
solution. It therefore seems attractive to speculate that Cr
analogs may become a new class of antidiabetes com-
pounds. Interestingly, in diabetic db/db mice, administra-
tion of Cr reduced the concentrations of both N-car-
boxymethyllysine and hydroxyproline and, thereby, most
probably inhibited the accumulation of collagen type IV in
the kidney (578). Thus Cr supplementation may reduce
diabetic long-term complications in this mouse model of
type II diabetes. Hypoglycemic effects of guanidino com-
pounds, including Cr (see Refs. 208, 820), as well as
hypotheses on how high-energy phosphate and glucose
metabolism may influence each other in both pancreatic
B-cells and peripheral tissues (281), have also been re-
ported in other studies.

To conclude, all these results demonstrate that the
effects of Cr analogs, and of GPA in particular, are not
strictly muscle specific and that clear-cut discrimination
between (beneficial or toxic) side effects and effects re-
lated entirely to energy depletion may often be difficult, if
not impossible. Nevertheless, the functional and biochem-
ical alterations elicited by this Cr analog are strikingly
similar to those observed in transgenic CK knock-out
mice, thus suggesting that the changes are due to a con-
siderable extent to the functional deficit in the CK/PCr/Cr
system.

X. CREATINE METABOLISM
AND (HUMAN) PATHOLOGY

A. Cr Metabolism and Muscle Disease

In mammals, the highest concentrations of Cr and
PCr and the highest specific CK activities are found in
skeletal muscle. Consequently, it is thought that the CK/
PCr/Cr system plays an important role in the energy me-
tabolism of this tissue. In accordance with this concept, a
multitude of experimental findings suggest a close rela-
tionship between disturbances of Cr metabolism and var-
ious muscle diseases.
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On one hand, manipulations of the CK/PCr/Cr system
were shown to induce myopathic changes. 1) Skeletal
muscle of transgenic mice lacking MM-CK and/or sarco-
meric Mi-CK displayed structural and functional alter-
ations such as impaired burst activity, decreased rate
constants for changes in muscle tension, and abnormal
Ca®" handling (see sect. viiD). The facts that these mice
survive and reproduce, and that the phenotype is milder
than previously suspected, may indicate that other sys-
tems (e.g., adenylate kinase) take over in part the function
of CK (see sect. viiD). 2) With the caveat that the reagent
may not be sufficiently specific, injection of the CK inhib-
itor 2,4-dinitrofluorobenzene (DNFB) into the aorta of
rats caused a metabolic myopathy characterized by spon-
taneous muscle contractures in the hindlimbs and by
selective destruction of type I fibers in both soleus and
gastrocnemius muscles (233). 3) When fed to experimen-
tal animals, the Cr analog GPA competes with Cr for
uptake into muscle and therefore results in considerable
depletion of the muscle stores of Cr and PCr. In line with
the fact that GPA and its phosphorylated counterpart
PGPA represent poor CK substrates, a variety of patho-
logical changes have been observed in skeletal muscles of
these animals (see sect. vinB) (741, 1125).

On the other hand, many (neuro)muscular diseases
with different underlying defects are accompanied by a
variety of disturbances in Cr metabolism. Examples are
Duchenne muscular dystrophy (DMD) and Becker mus-
cular dystrophy (BMD), facioscapulohumeral dystrophy,
limb-girdle muscular dystrophy, myotonic dystrophy, spi-
nal muscle atrophy, amyotrophic lateral sclerosis, myas-
thenia gravis, poliomyelitis anterior, myositis, or diabetic
myopathy, to name just a few (for references, see Refs.
639, 826, 955, 1002, 1123). Common findings are increased
Cr concentrations in serum and urine; stimulation of cre-
atinuria by oral supplementation with Gly or Cr; de-
creased urinary Crn excretion; depressed muscle levels of
Cr, PCr, P, glycogen, and ATP; increased serum CK ac-
tivities; as well as an increased MB-/MM-CK ratio in skel-
etal muscle, with the latter suggesting induction of B-CK
expression in regenerating muscle fibers. In addition, a
67-86% decrease in Mi-CK activity or mRNA levels was
reported for chickens with hereditary muscular dystrophy
and rats with diabetic myopathy (585, 955). Depending on
the particular muscle disease, these disturbances are
more or less pronounced. Unfortunately, no sufficiently
detailed studies have been published in recent years,
whereas the older investigations were performed mostly
with rather nonspecific analytical methods. Therefore, the
above-mentioned findings await corroboration and expan-
sion, which will hopefully allow us to unravel potential
causal links between individual muscle diseases and dis-
turbances of Cr metabolism.

In DMD, increased plasma membrane fragility and
subsequent leakage of cytosolic components due to dys-
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trophin deficiency are generally accepted to be the pri-
mary defects. The muscle concentrations of Cr, PCr, and
ATP, the ATP/ADP, PCr/Cr, and PCr/ATP ratios, as well as
the phosphorylation potential are significantly decreased,
whereas the calculated ADP concentration and intracel-
lular pH are increased (88, 143, 211, 472). Conversely,
serum [Cr] is increased, resulting in creatinuria, in con-
siderably reduced tolerance toward orally administered
Cr, and, very likely due to competition of Cr and GAA for
reabsorption in the kidney, in elevated urinary excretion
of GAA. The total bodily Cr pool is reduced because of
both muscle wasting and a reduced Cr concentration in
the remaining muscle mass, with the consequence that
Crn production and urinary Crn excretion are largely
decreased. By use of radioactively labeled Cr, Cr turnover
was shown to be increased in DMD patients relative to
controls, with half times for the decrease in isotope con-
tent of 18.9 = 5.1 and 39.8 = 2.6 days, respectively (245).
This latter finding may be due either to impaired Cr
uptake into muscle (57) or to an impaired ability of mus-
cle to retain Cr.

Most probably due to leakage of the plasma mem-
brane and to continued necrosis of immature muscle
fibers, both the total CK activity and the proportion of
MB-CK in serum are dramatically increased (79, 190, 222,
755). Finally, disturbances of ion gradients across the
plasma membrane were observed in skeletal muscle from
DMD patients. The muscle concentration of Na™ as well
as the free intracellular [Ca®"] are increased, whereas the
muscle levels of K* and P, are decreased. In serum, on the
other hand, [K™], [Ca®"], and [P;] are increased, whereas
[Na™] and [Cl] are decreased (see Refs. 143, 199, 755).

Disturbances very similar to those seen in DMD were
observed in mdx mice that display the same primary
defect as DMD patients, namely, dystrophin deficiency,
and in other dystrophic animal strains (see Refs. 143, 199,
201-203, 790, 799). Additionally, in skeletal muscles of
mdx mice, the resting membrane potential was shown to
be “decreased” from —70 to —59 mV (see Ref. 199).
Remarkably, all pathological changes, i.e., muscle fiber
necrosis as well as the disturbances in membrane perme-
ability, in Cr and high-energy phosphate metabolism, and
in serum CK activities, were not evident in mdx mice at
birth, but only developed after 2-6 wk of life (202, 799,
982). Consequently, dystrophin deficiency alone does not
seem to be sufficient to induce muscle damage, thus
calling for other factors that may act in conjunction with
dystrophin deficiency to bring about plasma membrane
damage and muscle cell necrosis.

Two hypotheses may be put forward to explain how
disturbances in Cr metabolism may contribute to the
progression of DMD and of other muscle diseases (see
also Ref. 1123). I) Loike et al. (571) have shown that
increasing concentrations of extracellular Cr downregu-
late Cr transport activity in rat and human myoblasts and
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myotubes. Similarly, Cr supplementation of the diet
downregulates Cr transporter expression in rat skeletal
muscle (317). In muscle diseases that are characterized by
decreased tissue levels of Cr and PCr, the muscle should
respond to this deficit by an increased Cr uptake across
the plasma membrane. However, because of the chroni-
cally increased serum concentration of Cr that is ob-
served in many muscle diseases, the Cr transport activity
may even be depressed, thereby resulting in a further
depletion of the muscle stores of Cr and PCr. This pro-
gressive Cr depletion would likely compromise the energy
metabolism of muscle and would make the muscle cells
more vulnerable to (membrane) damage upon further use.
2) Let us assume that the changes in membrane perme-
ability and the concomitant disturbances of ion gradients
across the plasma membrane represent early events in
pathological muscle fiber degeneration. Because the Cr
transporter is driven by the electrochemical gradients of
Na™ and C1~ across the plasma membrane (see sect. vB),
the consequences would be a diminished rate of Cr up-
take into muscle and partial depletion of the intracellular
high-energy phosphate stores which, in turn, may further
deteriorate ion homeostasis. If either of these purported
vicious circles 1 or 2 were in fact operative, oral Cr
supplementation may represent a promising strategy to
alleviate the clinical symptoms and/or to slow or even halt
disease progression. If only hypothesis 2 is correct, con-
tinuous supplementation with Cr is indicated. If, however,
hypothesis 1 is valid, intermittent short-term supplemen-
tation with high doses of Cr is expected to provide supe-
rior results. In support of these hypotheses, preincubation
of primary mdx muscle cell cultures for 6-12 days with 20
mM Cr prohibited the increase in intracellular Ca®>" con-
centration induced by either high extracellular [Ca®*] or
hyposmotic stress (790). Furthermore, Cr enhanced mdx
myotube formation and survival.

Patients with chronic renal failure commonly present
with muscle weakness and display disturbances in mus-
cular Cr metabolism (see Refs. 93, 716). Histochemical
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studies revealed type II muscle fiber atrophy. In skeletal
muscle of uremic patients, [ATP], [PCr], and [ATP])/[P;]
are significantly decreased both before and after hemodi-
alysis, whereas [Cr] and [P;] may either be unchanged or
increased. Disturbances in ion homeostasis similar to
those observed in DMD were also reported for uremic
myopathy (99) and may be due, in part, to depressed
Na"-K*-ATPase activity (648, 950). Nevertheless, the ben-
efit of oral Cr supplementation for uremic subjects has to
be questioned, since the plasma level of Cr most likely is
normal, and since an increase in the total body Cr pool
would be paralleled by a further increase in the plasma
concentration of Crn which, in turn, is a precursor of the
potent nephrotoxin methylguanid