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I I n t r o d u c t i o n  

The Sarcoplasmic Calcium Pump 

Ion Pumps in Biological Membranes and Their Suitability for a Mechanistic Analysis 

This contribution deals with the adenosine triphosphate-dependent active transport of 
calcium ions in the membranes of the sarcoplasmic reticulum. The sarcoplasmic reticu- 
lum is an intracellular membrane structure which represents a characteristic feature of 
fast contracting striated muscles. It is arranged as an elaborated system of tubules and 
cisternae between the myofibrils. The system's sole function concerns the regulation 
of muscle activity by releasing and removing calcium ions. Vesicular-shaped fragments 
of these membranes are preparations exceptional in simplicity for studying the trans- 
formation of chemical into osmotic energy and its reversal. The isolated membranes 
allow to measure in the same assay the transport of calcium ions against their electro- 
chemical potential energized by ATP, the occurrence of transport intermediates and 
the synthesis of ATP driven by the electrochemical potential of the created calcium 
gradient 1-4). 

Abbreviations 

EDTA 
EGTA 
CCCP 

ethylenediaminetetraacetic acid 
ethyleneglycol bis (2-aminoethyl)-N,N'-tetraacetic acid 
m-chlorocarbonyl-cyanide phenylhydrazone 

1.1 Cellular Equilibration Processes Depending on Active Sodium Potassium 
Transport 

Evidence for the necessity of an energy-dependent transport of solutes and water in 
biological systems began to emerge around 19405-7). Although the term "la con- 
stance du milieu int~rieur" denoting the ability of an organism to maintain a constant 
composition of its aqueous phase was already introduced by Claude Bernard 18788), 
specific mechanisms for its realization were not envisaged. In multiceUular organisms 
the maintenance of the internal milieu is accomplished at two different levels. 

1. Like the free living single cell, all cells of an organism are equipped with a great 
number of transport mechanisms. They operate in the cell membranes which separate 
the cytoplasm from the extracellular space surrounding the cells. These systems de- 
noted as pumps enable the cells to balance their osmotic and ionic composition and to 
accumulate or eliminate various metabolites. 

2. The composition of the extracellular compartment is kept constant by the 
cooperation of the cellular transport systems with various transport systems which 
are located in epithelial layers connecting the organism with its environment (Table 1). 
Examples are the epithelia of the intestine, the kidney and of various glands. It is 
their function to establish a relatively constant concentration of the respective solutes 
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Table 1. Cation distribution in red blood cell and muscle 

Cell Water 

Red Blood Cell Mammalian Skeletal 
Man (mM) Dog Muscle (mM) 

Plasma 

Na 20 135 16 150 
K 135 10 152 4 -5  
Ca 10 - 4  - 10 - 4  3 

in the extracel lular  space o f  the organisms. In the narrow sense, this is wha t  Claude 

Bernard mean t  when  he inaugurated the t e rm "mi l i eu  int6rieur" .  Its s tabil i ty is an 

essential prerequisi te  for the func t ion  o f  all mul t ice l lu lar  organisms. The  complex  trans- 

cellular t ransport  systems accompl ish  absorpt ion or secret ion by  using the same basic 

mechanisms as they  opera te  in the single cell. 
The mos t  universal t ransport  systems are those involved in the t ranspor t  o f  the 

ubiqui tous  inorganic ions, sodium, potass ium and calcium 1. The sodium p u m p  

counterac ts  passive water  m o v e m e n t  across the cell membrane  by removing  sod ium 

ions together  wi th  chloride or o the r  anions f rom the cy top lasm to lower its con ten t  

o f  osmot ica l ly  active substances. In mos t  cells, however ,  the e l iminat ion o f  sodium 

ions is connec ted  wi th  an accumula t ion  o f  po tass ium ions 6). Fo r  three  sod ium ions 
leaving the cell two potass ium ions are taken up 9' lo). The  resulting concen t ra t ion  

Table 2. Ion fluxes in resting cells 

Skeletal muscle Giant nerve fiber Red blood 
of the squid cell 
p.  mol.  cm -2  " s - I  

Influx 3.5 40 0.05 
Sodium Efflux 3.5 40 0.05 

Influx 8.8 
Potassium 

Efflux 5.4 

Influx 0.1 - 0.0003 
Calcium Efflux 0.1 - 0.0003 

If the ions move passively and there is no interaction between the ions the ratio of influx to 

efflux isgiven by the following relation: Influx Nao (V.F.)  
/ \ 

Efflu'----~ = Na--il exp - -~ -~ . .  The negative internal 

potential of 90 mV for muscle and nerve fibers and the high sodium activity outside would yield 
a flux ratio much greater than one. Consequently, an active transport mechanism must contribute 
to the efflux of sodium 9). 

The transport of protons will not be considered in this context. There is no evidence that pro- 
ton pumps are involved in the regulation of the cells' acid base balance. Proton gradients which 
are generated across the membranes of cell organells or bacteria by metabolic or light driven reac- 
tions are either used to drive energy requiring reaction directly, for example substrate move- 
ments, by co- or countertransport or they are used to synthesize ATP by a membrane-bound 
ATP synthetase. 



The Sarcoplasmic Calcium Pump 

potentials of sodium and potassium ions represent an energy store which is used by 
many cells to drive other transport systems like sugar or amino acid transport 9). The 
activities of the sodium potassium transport systems related to the size of the surface 
of the particular cell exhibit great differences. Table 2 illustrates that the red cell 
is equipped with a very feeble sodium potassium pump while its activity in nerve tissue 
is extremely high as it is in kidney and brain tissue. The concentration potentials of 
sodium and potassium ions in combination with a selective permeability of the mem- 
branes for these ions can give rise to electrical potentials across the membranes. In 
most cells the concentration ratio of sodium and potassium ions does not exceed val- 
ues of approximately 30 which in cells with a high potassium permeability gives rise 
to membrane potentials of approximately 100 mV. A great number of cellular ac- 
tivities is regulated by slow and rapid passive ion movements across the membranes 
induced by local permeability changes i 1). 

1.2 Regulation of Cellular Activity Depending on Active Calcium Transport 

As compared to the importance of the sodium potassium pump for osmotic balance 
and excitability, a specific influence on cellular functions of the cytoplasmic concen- 
trations of sodium and potassium ions per se, seem to be negligible. The ratio of the 
intracellular concentrations of  both ions can vary in a wide range without noticeably 
affecting cell metabolism (Table 1). In contrast, calcium ions interfere specifically 
with a great variety of cellular functions at extremely low concentrations and changes 
in the concentration of ionized calcium are used for the regulation of numerous cellu- 
lar activities. An essential prerequisite for the regulatory effect of calcium ions is their 

12) 13 very low intracellular ion activity. In fact, in erythrocytes , in muscle ,14) and 
giant nerve fibers 15) where the activity of  ionized calcium could be measured, it was 
found to be lower than 1/zM (Table 1). This concentration is more than 1000 fold 
smaller than that existing in the extracellular fluid. The effect on various functions of  
small changes of  the intracellular calcium level could be ascertained by applying calci- 
um chelating agents, calcium ionophores, calcium-sensitive dyes, and calcium-sensitive 
luminescing proteins. A more or less uncontrolled increase of the intracellular calcium 
level is induced by the extracellular application of calcium ionophores which by in- 
corporation into the bilayer of the plasma membrane increase its permeability for cal- 
cium ions. The occurring increase of the intracellular calcium activity can be moni. 
toted either by calcium-sensitive dyes or by the protein aequorine which at low con- 
centrations of  calcium ions emits light. A controlled increase of  the concentration of 
ionized calcium in muscle and nerve fiber has been achieved by perfusing or injecting 
solutions containing a mixture of  calcium and EGTA as calcium buffers 13). 

The contractile proteins of the muscle were the first biological structures for 
which the role of ionized calcium as regulating agent has been proven. Direct and in- 
direct evidence has been furnished showing that muscles' rapid activation and inacti- 
vation cycle depends on the sudden release of  calcium ions and their subsequent com- 
plete removal 16-18). During activation the calcium activity of the myoplasm rises 
transiently fi'om "x, 0.05 to 1 ~tM. In fast contracting muscles this change takes place 
during 10 to 100 ms. The quantities of calcium ions which have to be set free to cause 
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this sudden start of chemical and mechanical activity are quite large because the con- 
tractile proteins need for saturation the considerable quantity of approximately 
0.2 ~mol calcium/ml Therefore, calcium stores with a quite high capacity on the one 
hand, and a powerful calcium removing system on the other hand, must be present in 
the intimate vicinity of the protein filaments of the contractile apparatus. Calcium 
does not interact with the same protein constituents of the contractile proteins in all 
muscles. In some muscles, calcium ions combine with myosin, the main constituent 
of the contractile machinery, while in others a regulatory protein system is the target 
for calcium ions 16). 

The structures involved in calcium release and removal are the membraneous 
membrane network of the sarcoplasmic reticulum. The mechanism of calcium release 
is virtually unknown. No reasonable concept has emerged from numerous experiments 
dealing with the problem 17). In contrast, considerable evidence concerning the mecha- 
nism of calcium withdrawal has been obtained showing that the rapid removal of cal- 
cium ions is brought about by a very active ATP-driven calcium transport system in the 
sarcoplasmic reticulum membranes 1 s). Apart from this intracellular membrane system 
responsible for the fast activation and inactivation of the muscle, muscle cells like all 
other cells are equipped with calcium transporting systems in their plasma membranes 
which, on the long run, maintain the low internal calcium level. The transport activity 
of these systems is much lower than that of the sarcoplasmic reticulum membranes. 
This can be so, because the rates with which calcium ions invade the muscle fiber across 
the plasma membranes are quite low due to the relative impermeability of these mem- 
branes for calcium ions. One of the transport systems in the plasma membrane acts by 
exchanging internal calcium ions for external sodium ions I s, 19). The energy for calci- 
um extrusion is thus furnished by the sodium potential. Since the sodium ion gradient 
is relatively shallow while the calcium ion gradient is very steep, sufficient energy is 
available only from the sodium potential when three sodium ions are exchanged for 
one calcium ion. For the removal of  the entered sodium ions, the sodium potassium 
pump must become active. Thus, this calcium transport is indirectly driven by the 
sodium potassium pump. In addition to this system some cells are equipped with a cal- 
cium transport mechanism sui generis, directly coupled with the metabolism of the 
cell 2~ 

1.3 Identification of the Energy Source and the Energy Transforming Reaction of 
Active Ion Movement 

The origin of the energy which the cell has to provide for ion movement was contro- 
versial until 1960. At that time conclusive evidence was presented that the sodium po- 
tassium transport system is fueled by energy-rich phosphate compounds 21-2s). Tiffs 
progress was mainly made possible by the application of methods which allow to manip- 
ulate reproducibly the internal composition of the giant nerve fiber of the squid 
axon 2t) as well as of the red blood cell 23) with respect to ions and energy furnishing 
substrates. While the participation of energy-rich phosphate compounds was firmly 
established in these experiments, the view that ATP might be the immediate energy 
donor could not be ascertained. Unambiguous proof for this concept was first obtained 
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for the sarcoplasmic calcium transport. The active calcium transport performed by iso- 
lated sarcoplasmic reticulum vesicles is most effectively driven by ATP while phosphate 
compounds, like creatine phosphate or arginine phosphate which are the most prom- 
inent energy-rich phosphate compounds in the muscle cells cannot be used as ener- 
gy donors 2, 26). Other phosphate compounds which can be consumed by the 
membranes (comp. 3.1.5.) are not present in sufficient concentrations in the muscle 
cell. The difficulty to assure the energy source for the sodium potassium pump is 
an inherent problem for all sodium potassium transporting membranes. Preparations 
like the red blood cell or the squid axon which allow to measure easily ion move- 
ment are not well suited for studying the chemical events connected with transport 
processes. It is hardly possible to supply the transport system in these cells with a 
defined energy donor because the cells contain various phosphoryl transferring en- 
zymes, so that the added phosphate compound is not necessarily identical with the 
compound used by the transport system. Furthermore, it is quite difficult to keep the 
ion concentration in the internal space of the cells under permanent control. Finally, 
the proteins which are specifically involved in ion translocation can be isolated from 
these preparations only in very small quantities which makes it impossible to inves- 
tigate physical or chemical changes of these proteins as they may occur during trans- 
port. 

Some of the discussed problems could be approached after Skou (cf. 27)) had 
demonstrated that in membrane fragments isolated from kidney and brain, an ATP 
cleaving system was present which needs for optimal activity the simultaneous presence 
of sodium and potassium ions at concentrations as they are required for the activity of 
sodium potassium transport. These preparations allow to study various chemical 
events such as hydrolysis of ATP or the phosphorylation of the membrane proteins by 
ATP, as they depend on the concentrations of sodium and potassium ions. Yet in 
these preparations the different chemical events cannot be correlated to ion transport. 
The fragmented membranes never form tightly sealed vesicles suitable to study ion 
translocation. The attempts to incorporate membrane fragments or solubilized and 
purified membrane proteins into ion-impermeable liposomes could only partially over- 
come these difficulties 28' ~9). Hence, it is not possible to study sodium potassium 
transport and its chemistry simultaneously. Most important for the development of a 
coherent scheme of the sodium potassium transport was the finding of a specific inhib- 
itor of sodium potassium transport, ouabain3~ It suppresses sodium potassium 
transport in living cells as well as the sodium potassium ATPase of fragmented mem- 
branes with the same effectiveness 22' 2s). 

In contrast to the plasma membrane fragments the fragments of the sarcoplasmic 
reticulum membranes form vesicles which retain the accumulated ions. What is like- 
wise important, these membranes mostly maintain their original sidedness in spite of 
the complete destruction of the natural arrangement of the reticulum during isolation. 
The fact that the transport substrate as well as the energy yielding substrate must be 
delivered to the external surface of the sarcoplasmic reticulum vesicles offers great 
experimental advantages. Furthermore, since the surface density of the transport pro- 
tein is very high in these membranes a correspondingly high transport activity results. 
Hence, the isolated sarcoplasmic reticulum vesicles possess nearly all the properties a 
preparation should have to enable one to investigate simultaneously both, ion move- 
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ment and the concomitant chemical reactions, energy yielding or conserving as well as 
the occurrence of reaction intermediates in membrane constituents ~-4). 

Until recently, active ion transport was considered mainly as a process in which 
metabolic energy was unidirectionally consumed for the performance of osmotic 
work. Yet, a new aspect emerged when P. Mitchell 31) proposed that proton gradients 
created by metabolic reactions may be used to drive the synthesis of ATP in mito- 
chondria, chloroplasts or bacteria by reversing ATP hydrolysis. In the following, it 
has been demonstrated that ATP synthesis cannot only be driven by the potential of 
proton a2) but also by the sodium potassium l~ or the calcium ion potentials 2). How- 
ever, the latter two systems differ, at least, in one essential respect from the proton 
translocating ATPase. The translocation of sodium and potassium ions as well as that 
of calcium ions is correlated with the formation of different phosphoryl compounds 
as reaction intermediates in the membranes. That such intermediates could not be 
found in the proton translocating ATPase poses considerable difficulties to envisage 
a mechanism by which inorganic phosphate is incorporated into ADP and, therefore, 
has led to the proposition of various speculative concepts 3a). 

2 Cha rac t e r i za t i on  o f  the  Sa rcop lasmic  R e t i c u l u m  M e m b r a n e s  and  The i r  
Ca lc ium P u m p  

2.1 Identification 

The most prominent and long known structure of the striated muscles are their 
contractile elements arranged in myofibrils which are characterized by an alternating 
band pattern. The transverse bands are constructed of areas of thick and thin protein 

filaments. They comprise the contractile machinery (cf. 34' 35)). Another structure, 
also specific for the striated skeletal muscle, yet of much greater delicacy, is located 
in the sarcoplasm filling the space between the myofibrils. This structure was first 
seen by Koellicker, Cajal and Retius around 1890 (cf.36)). Ten years later, Veratti 37) 
published the results of a most comprehensive study based on light microscopy of 
silver-stained muscle sections. He drew and described the interfibrillar structure as a 
reticulum network of thin fibers arranged in different patterns depending on the par- 
ticular muscle. In the following, mention of these structures has almost disappeared 
until they were rediscovered by Bennett and Porter 38) in the electron microscope. 
The fibrous network was identified as being composed of two elaborated membrane 
systems, the system of transverse tubules which are narrow invaginations of  the 
plasma membrane and the sarcoplasmic reticulum which constitute an intracellular 
complex network of membranous tubules and cistemae (Fig. la) 17). The transverse 
tubules have been identified as the structures along which the action potential is con- 
ducted inwards. 

The identification of the sarcoplasmic reticulum membranes as the intracellular 
calcium transport system involved in the regulation of muscle activity took consider- 
able time and occurred at first quite fortuitously. Kielley and Meyerhof 4~ not aware 
of the existence of the sarcoplasmic reticulum, characterized it biochemically as an 
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Fig. I a. Electronmicrograph of a muscle section form the diaphragm of the mouse showing 
sarcoplasmic reticulum and transverse tubules contrasted with lanthanum 39). SR, sarcoplas- 
rnic reticulum; T, transverse tubule; My, myofibril; Z, Z line 

ATP hydrolyzing enzyme which they found in aqueous extracts of homogenized mus- 
cles. The enzyme was defined by the pronounced activation produced by magnesium 
ions and by the severe inhibition caused by physiological concentration of calcium 
ions. Furthermore, the authors observed that the enzyme was inactivated by the 
action of phospholipase C. thus demonstrating its lipoproteinaceous nature. The very 
same enzyme was found by Ulbrecht 41) as a contamination in different preparations 
of contractile proteins and it was shown that in addition to ATP hydrolysis the en- 
zyme catalyzes a fast exchange of phosphate between ATP and ADP. Another and 
most important activity in the aqueous muscle extract, later attributed to the frag- 
mented reticular membranes, was discovered by Marsh 42). Marsh had found that a 
factor present in aqueous muscle extracts could inhibit the ATPase of the contractile 
proteins and could either prevent their ATP-induced contraction or induce relaxation 
of contracted preparations when ATP was present. Therefore, the factor was called 
"relaxing factor". Furthermore, Marsh demonstrated that relatively low concentra- 
tions of  calcium ions could abolish the effect of  the relaxing factor. The particulate 
nature of the relaxing factor was revealed when Portzeh143) succeeded in removing it 
from aqueous muscle extracts by centrifugation. At the same time Ebashi 44) concen- 
trated the factor by ammonium sulfate precipitation. Shortly later, the presence of 

45) vesicular-shaped membranes was detected in the precipitated material . The obser- 
vation that under certain conditions calcium ions did not produce a permanent but 
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only a transient inactivation o f  the relaxing factor led Hasselbach and Makinose 26) to 
study the interaction o f  the vesicular fragments with calcium ions. It was demonstrat-  
ed that the vesicular membrane fragments are able to store considerable quantities of  
calcium ions by an ATP supported process. Surprisingly, the calcium accumulation was 
tremendously enhanced by  the presence of  calcium precipitating anions like oxalate 
which were used to protect  the material against the inactivating effect of the ubiqui- 
tous calcium contaminations.  In the presence of  oxalate, calcium oxalate precipitates 
were formed inside the vesicles and these precipitates could be seen in the electron 
microscope as electron dense material (Fig. lb)  1' 46). This ATP-dependent calcium 
storage was used to verify the view that the calcium storing vesicles originate from 
the sarcoplasmic ret iculum membranes. Hasselbach 47) and Costantin et al. 48) reported 
the appearance o f  massive calcium precipitates inside the muscle fiber where the cis- 
ternal elements of  the reticulum are located (Fig. lc). Since the external membranes 
of the muscle fiber are very impermeable for calcium ions, they can reach the sarco- 
plasmic reticulum only after the permeabil i ty barrier of  the plasma membrane has 

48) been removed. This was achieved either by stripping it off  or by making it perme- 
able by a glycerol t reatment  47). 

Fig. I b. Electronmicrograph of a muscle section from the sartorius muscle of the frog showing 
calcium oxalatc crystals in the cisternal enlargements of the sarcoplasmic reticulum 47). During 
the preparation the cisternae were disconnected from the tubular structures of the sarcoplasmic 
reticulum. In the frog muscle the T tubules and the cisternae of the sarcoplasmic reticulum are 
localized near the Z lines while in the diaphragm of the mouse the two structures follow the 
border line between the thick and the thin filaments of the myofibrils (My) 

10 
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Fig. I c. Electronmicrograph of isolated sarcoplasmic reticulum membranes loaded with calcium 
oxalate 46). The preparation was negatively stained with potassium phosphotungstate. Size and 
shape of the calcium oxalate precipitates differ considerably. Fine particles which are present 
on the surface of most vesicles are clearly visible. In all pictures the length of the bars measures 
0.1 ~m 

2.2 Isolation and Purification of Fragmented Sarcoplasmic Reticulum Membranes 

Fragments of the sarcoplasmic reticulum membranes have been isolated from a great 
variety of  muscles. Isolation and characterization of the membranes is facilitated by 
their characteristic properties, namely by their ability to store large quantities of 
calcium and by their ATPase activity which is stimulated by low concentrations of  
calcium ions 49) Isolation starts with muscle homogenization in salt or sucrose con- 
taining solutions. Unbroken muscle fibers, bundles of myofibrils, single myofibrils, 
nuclei, plasma membrane fragments and mitochondria are removed from the homog- 
enate by centrifugation at medium gravitational forces. The fragments of  the sarco- 
plasmic membranes which remain in the supernatant are subsequently sedimented at 
high speed centrifugation. This crude preparation is usually fractioned by centrifuga- 
tion in sucrose containing solutions of  different densities or through a sucrose gradi- 
ent. The membranes which possess the highest calcium-dependent ATPase activity 
and the highest calcium storing capacity are usually found in the fraction with a den- 
sity of 1.13 to 1.17 g/ml 5~ The less active heavier fractions differ in some respect 
from the lighter one. Drugs like caffeine or rhyanodine interfere with calcium accu- 
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mulation of  the heavier fraction while the activity of  the light fraction is not affected 
by the substances sl,  52). Myosin, the main muscle protein, which sometimes contam- 
inates the membrane fraction can easily be removed by a treatment of  the prepara- 
tion with an ATP containing solution of  0.6 M KC1 s3' 54). The yield and stability of 
the membrane preparations differ considerably depending on the animal species and 
the type of muscle used for preparation. High yields and very stable preparations are 
obtained from rabbit and frog skeletal muscle. In contrast, red skeletal muscles yield 
only small quantities of  a labile preparation. The same is tree for heart muscle pre- 
parations. Most ubiquitous contaminations in the preparations are mitochondrial frag- 
ments, plasma membranes and the enzyme adenylate kinase. However, when the prep- 
arations are purified by sucrose gradient centrifugation these contaminations are 
largely eliminated, so that they do not give rise to complications in the usual analytic 
procedures. 

The isolated sarcoplasmic membranes consist o f  closed spherical vesicles with a 
mean diameter of  8 0 - 1 0 0  nm. The ability of  the disrupted membrane tubules to 
form closed vesicles is a most remarkable property of  the membranes. The change 
from more or less irregular membrane fragments to spherical vesicles requires a high 
mobility of all membrane constituents The shape of  the vesicles is very stable, even 
when during sedimentation high gravitational forces are applied the vesicular cross 
section remains nearly circular ss). When the preparations are positively or negatively 
stained the electron microscope reveals small 4,0 nm particles in the membranes s6-58)" 
The particles appear to extrude from the outer membrane leaflet in negatively stained 
preparations. Particles also cover the outer leaflet o f  freeze fractured preparations 
(Fig. 2). These particles appear to be considerably larger and less frequent than those 

Fig. 2a. Electronmicrograph of a freeze fractured preparation of isolated sarcoplasmic reticulum 
vesicles. 9 nm membrane particles are clearly visible on the concave cytoplasmic fracture faces 
of the vesicular membranes 

12 
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Fig. 2b. Electronmicrograph of a sectioned preparation of isolated sarcoplasmic reticulum 
vesicles decorated with the electron dense thiol reagent mercuri phenylazoferritin. Note the 
absence of ferritin particles on the internal surface of the membrane fragment in the center of 
the picture 50) 

seen in stained preparations 59-61). It has, therefore, been suggested that the larger 
particles may consist of  aggregates of  the smaller ones 62). 

2.3 Constituents of the Sarcoplasmic Reticulum Membranes 

2.3.1 Proteins of the Sarcoplasmic Reticulum Membranes 

2. 3.1.1. The Transport Protein. The high degree of specialization of the sarco- 
plasmic membranes together with kinetic properties of their calcium transport system 
(comp. 3.1.4.) suggested that a relatively high percentage of the proteins in the mem- 
branes might be involved in calcium transport. A first approach to estimate the 
amount and the molecular weight of the calcium transporting polypeptide was based 
on the observation that calcium transport could specifically be blocked by substitu- 
tion of only a few thiol groups in the membrane protein with thiol reagents like N- 
ethyl-maleimide 63). When the membranes labelled with ~4C N-ethyl-maleimide were 
solubilized by succinylation and separated by gel filtration in sodium dodecylsulfate 
containing solutions the labelled material was eluted from the sepharose 4B column 
at a volume characteristic for a molecular weight of ~ 100000.-.  Very similar values 
for the molecular weight of the eluted material were found by ultracentrifugation 
using both s and D, or s and 7/values as well as sedimentation equilibrium results 64). 
Finally, sodium dodecylsulfate gel electrophoresis has established that 7 0 - 8 0  % of 
the protein matrix of purified membrane preparations consists of the protein with 
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Table 3. Molecular weight of the solubilized calcium transport ATPase 

Molecular weight 
from M 

Succinylated membranes 
dissolved in 0.25 M Na2HPO4 
0.2% SDS fractionated on a 
Sepharose 4 B column 64) 

Deoxycholate solubilized 
and delipidated ATPase 74) 

Membranes dissolved in 
SDS containin~ buffers 6s-69) 

(s ~ D ~ 102000 -+ 14000 
(s ~ r/) 98000 +- 15000 
(D ~ n) 112000 
(Equ.) 130000 
(Osm.) 93600+- 5500 
(Gel filtr.) 100 000 

(Equ.) 115 000 

SDS 
Gel electrophores. ~ 100 000 

s ~ = Sedimentation coefficient, D ~ = diffusion coefficient, n = intrinsic viscosity�9 

a molecular weight of  100 00065-68) (Table 3). The view that this protein is identi- 
cal with the calcium transport protein is not only suppo~ ted by the observation that 
the protein labelled with thiol reagents migrates together with the main protein com- 
ponent but also by the fact that it contains all radioactivity which is incorporated 
into the membranes when they are incubated with ATP labelled in the 2"-position 
with 32p under conditions of  calcium transport (comp. 5.2.1.). 

The isolation of  the pure and enzymatically functioning main membrane protein 
was accomplished by MacLennan 69) who succeeded to obtain the enzyme at low 
yields as a lipoprotein complex by applying deoxycholate as detergent�9 In recent 
years MacLennan's procedure was modified in many laboratories and 80 % of  the en- 
zyme present in the membrane can be isolated as a pure lipoprotein preparation. Its 
protein-lipid ratio is not  very different from that of  the native vesicles. Instead of  
deoxycholate other mild detergents like cholate 67), lysolecithin 7~ or Triton X-10071) 
can be used for the removal of  the contaminating accessorial proteins from the native 
membranes. Yet, care has to be taken in choosing appropriate quantities of  detergents 
in relation to the amount o f  the membranes. When detergents like cholate or deoxy- 
cholate are used in quantities sufficient to remove the phospholipids completely from 
the protein by the formation of  mixed micells, the structure of  the protein changes 

�9 7 2 )  and Its calcmmdependent  ATPase becomes inactwe . The resulting deoxycholate 
�9 " �9 7 3 )  protein complex contains approximately 0.3 mg deoxycholate per mg protein . The 

molecular weight of  the protein moiety of  the complex has been found to be 115 000 
with a stock radius of  5 nm and a friction ratio of  1.574). The detergents lysolecithin 
or Triton X-100 oxythylene glycol displace the natural lipids like cholate. In contrast, 
however, the protein retains most o f  its characteristic enzymatic activities. Evidently, 
these detergents can substitute, at least to a certain extent, the natural lipids 7~ 7s), 
comp. 4.2. 

2. 3.1.2. Accessorial Proteins. In sodium dodecylsulfate gel electropherograms a 
few smaller protein components comprising less than 20 % of the total membrane 
protein migrate ahead of  the main protein. Different migration patterns have been 
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reported indicating that these components  might be present in different quantities in 
different preparations and/or that the mobility in the gel may depend on the used 
separation system. Since variable patterns of  these protein components  observed in 
the same preparation system could not  be related to calcium transport activity, the 
minor protein constituents seem not to be essential for calcium transport. As minor 
protein components  of  the sarcoplasmic reticulum membranes, proteins designed as 
calcium precipitating protein 71), calsequestrin, high affinity calcium binding protein 
and lipoprotein 4' 69, 76-78)were described (Fig. 3). The protein constituent which 
can most easily be isolated in good yields is the calcium precipitating protein. After 
its removal from the membrane by applying low concentrations of  Triton X-100 or 

Fig. 3. Electrophoretic separation of tile proteins of the sarcoplasmic rcticulum membranes in 
sodium dodecylsulfate containing solution on polyacrylamid gels. 
a) Crude preparation with fast moving accessorial proteins and a slow moving component which 

is presumably an oligomer of the transport protein. 
b) Purified transport protein. 
c) Purified calcium precipitating protein. 
d) Serum albumin as reference 
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deoxy-cholate it can be precipitated by calcium ions. After a cycle of dissolution by 
calcium removal and precipitation by calcium addition, the protein can be considered 
as pure. It has relatively high calcium binding capacity but a quite low calcium affinity 79). 
For its molecular weight determined by sodium dodecylsulfate gel electrophoresis 
values were reported between 55000 and 70000. Most likely, the calcium precipitat- 
ing protein is identical with calsequestrin for which MacLennan 76) has reported a 
molecular weight of 44 000. The large discrepancies of the molecular weight are pre- 
snmably due to an abnormal behaviour of the protein under the different experimen- 
tal conditions applied for eleetrophoretic separation in sodium dodecylsulfate con- 
taining buffers. 

2.3.2 Membrane Lipids 

2. 3. 2.1. Lipid Composition. The membrane lipids constitute 35 % of the mem- 
brane matrix 8~ It was recognized quite early that at given size of the surface of 
the membranes the lipid phase cannot be present as an uninterrupted lipid bilayer s6). 
The predominant phospholipids are phosphatidylcholine and phosphatidylethanol- 
amine. Phosphatidylserine, sphingomyelin and phosphoinositol are present in consider- 
ably smaller amounts. Neutral lipids are considered not to be essential membrane con- 
stituents8O, 82- 84) (Table 4). A most characteristic feature of the sarcoplasmic lipid 
is the presence of a great fraction of highly unsaturated fatty acids which are mostly 

r 8s) located in the a-position of the glyce ol residue . The fatty acids in the a-position 
remain unsaturated even when the animals are fed with a diet free of unsaturated 
fatty acids (Table 5). The diet leads only to a replacement of the fatty acids of the 
linoleic type by those of the oleic type 86). Similar observations were made with mem- 
brane preparations isolated from myoplasts raised in cell cultures 87). The distribu- 
tion pattern of the unsaturated fatty acids is distinctly different from phosphatidyl- 
choline and phosphatidylethanolamine which indicates different metabolic pathways 
for the two most abundant phospholipids. A considerable amount of the main phos- 
pholipids is present as their ct,3-alkenyl ether derivates 88). The relative amount in the 
phosphoethanolamine fraction is at least tenfold higher than in the phosphatidylcho- 
line fraction which again stresses differences in the metabolism of the two lipid 
fractions. 

Table 4. Proteins and phospholipids of the sa.rcoplasmic reticulum membranes 

% % 

Transport protein 70- 80 Phosphatidylcholine 64 
Calcium precipitating protein 15 Phosphatidylethanolamine 20 
(Calsequestrin) Phosphatidylinositol 10 

High affinity calcium 9 Phosphatidylserine 3 
binding protein Sphingomyelin 3 

Lipoprotein 9 
Glycoprotein ? 
67, 68, 77, 92) 82, 83) 
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Table 5. Fatty acid composition of lipids of sarcoplasmic 
vesicles from control and fatty acid deficient rats 86) 

Fatty acid Amount of fatty acid in: 
Controls Fatty acid deficient 

% % 
16:0 37.8 • 4.3 30.2 • 5.0 
16:1t~7 3.1 • 0.7 8.0 • 2.1 
18:0 7.1 -+ 1.5 4.1 +- 1.4 
18:1co9 18.022.3 29.4• 
18:2w6 11.6 • 1.8 1.4 • 0.9 
20:3o~9 2.4 -+ 1.4 16.3 • 3.2 
20:4o~6 7.2 • 1.5 2.3 +- 1.0 
22:6o~3 5.8 +- 1.6 1.2 +- 0.6 

The Sarcoplasmic Calcium Pump 

2. 3. 2. 2. Properties o f  the Lipid Matrix o f  the Membranes. In spite of  the relative- 
ly small lipid area between the domains of  the membrane proteins a fast lateral diffu- 
sion in the plane of  the membrane takes place. At 37~ a diffusion constant of  
6.10-8 cm2/s has been calculated for spin-labelled phosphatidylcholine molecules 89) . 
This diffusion constant would allow a phospholipid molecule to move with a rate of  
several microns/s. Such a fast lateral movement indicates a considerably fluidity o f  
the lipid phase which is based on the high degree of  unsaturation of  the membrane 
lipids. As in other membranes the phospholipids seem to be asymmetrically arranged. 
Phosphatidylethanolamine and phosphatidylserine appear to be exclusively located 
in the cytoplasmic leaflet while phosphatidylcholine is predominant in the leaflet fac- 

90 92) ing the intravesicular space - . As to the lateral organization of  the phospholipids, 
it must be considered that the large fraction of  the membrane lipids is in intimate 
contact with the transport protein. An estimate o f  the number of  phospholipid mole- 
cules which might be in close contact with the protein is based on the observation 
that when the phospholipids are removed from the membrane the protein starts to 
loose its enzymatic activity when the number of  phospholipid molecules per trans- 
port protein becomes smaller than 3093, 94). 30 phospholipid molecules can form a 
single bilayer belt around the hydrophobie portion of the transport ATPase if it has 
a diameter of  % 20 A. Spin-labelled phospholipid molecules present in this belt seem 
to be more rigid and immobilized than in the lipid bilayer distant from the protein. 
However, it remains ambiguous if this layer o f  phospholipid molecules can be con- 
sidered as a separate phase since no thermal transition phenomena have been observed 
supporting their existence 9s). 

2.3.3 Arrangement of  Lipids and Proteins in Sarcoplasmic Reticulum Membranes 

The low lipid-protein ratio of  0.5 together with the size of  the sarcoplasmic vesicles 
implies that only approximately 30 % of  their membranes can be occupied by a 
regular lipid bilayer structure. Consequently, a large fraction of  the membrane prote- 
in must interrupt the lipid bilayer and reach throughqt. The fact that only one poly- 
peptide chain constitutes the structural unit of  the calcium transport protein strong- 
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Fig. 4. Separation of trypsin digested and crosslinked sarcoplasmic reticulum protein 96). 
A. Preparations digested for a) 0'; b) 2'; c) 5'; and d) 30' with trypsin 0.005 mg per mg of 

membrane protein. 
B. Preparations after crosslinking the surface proteins with dextran aminophenyldiazotate 

a) Control preparation not crosslinked, 
b) preparation was shortly digested with trypsin and subsequently treated with dextran 

aminophenyldiazotate, 
c) normal preparation treated with dextran aminophenyldiacotate 

ly suggests that the transport molecule itself is in contact with both sites of  the mem- 

brane. This arrangement is in agreement with the finding that no material with a 
molecular weight of  100 000 enters the polyacrylamide gel after the protein at the 
outer surface of  the sarcoplasmic reticulum vesicles has been crosslinked by dextran- 
aminophenyldiazotate and solubilized by sodium dodecylsulfate 9~ (Fig. 4). The 
same arrangement of  the transport protein in the membrane infers from experiments 
in which closed and open vesicles were labelled with the fluorescing dye Fluoresca- 
min (Fluram, Hoffmann-La Roche) under conditions which do not result in a disrup- 
tion of  the membranes 96' 97). The results suggest that from the total surface o f  the 
protein accessible from both sites of  the membrane 70 % are in contact with the cyto- 
plasmic, and 30 % with the vesicular space. This distribution is in agreement with the 
result of  X-ray studies performed with oriented multilayers o f  the membranes which 
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were obtained by controlled unisodiametric drying 98' 99). An asymmetric arrange- 
ment of the transport protein also infers from the accessibility of its thiol groups. 
The electron dense thiol reagent mcrcuriazobenzeneferritin decorates only the cyto- 
plasmic leaflet of nonvesicular membrane fragments s6) (Fig. 2b). In the protein itself, 
structural domains must be present which are arranged perpendicular to the plane of 
the membrane. These domains give rise to a high intrinsic birefringence, the axis of 
which is perpendicular to the normal of the membrane plane 1~176 The view that we 
are dealing with an asymmetric molecule is further supported by the finding that so 
solubilized transport protein appears as spindle-shaped particles in the electron mi- 
croscope 72). The section of the transport protein which extrudes from the cytoplas- 
mic leaflet is easily and specifically attacked by trypsin 9~ 101-104). Low concentra- 
tions of trypsin cleave the molecule in two fragments of similar molecular weights of 
45 000 and 50 000, without any loss in its ATPase activity. The fragments embedded 
in the membrane are even able to perform calcium transport. As one should expect, 
sections of the tryptic fragments are in contact with the cytoplasmic surface. This 
has been confirmed by labelling the membranes with antibodies raised against tryptic 
fragmentslOS, 106). During prolonged digestion trypsin cleaves readily the larger pro- 
tein fragment while the smaller one seems to be more resistant. This has been taken 
as indication that the smaller fragment might comprise the more hydrophobic section 
of the molecule by which it is anchored in the lipid bilayer. However, such an arrange- 
ment is in conflict with the observation that all tryptic fragments embedded in the 
vesicular membrane are crosslinked by externally applied dextranaminophenyldiazo- 
tate 9~ (Fig 4b). 

The arrangement of the accessorial proteins in the membranes is unknown or a 
matter of conjecture 1~ 107). The localization of calsequestrin has been tried to ascer- 
tain by different approaches. The fact that it can be stained by dyes which react 
only with the external membrane surface argues for its location in the membrane it- 
self96, 101). On the other hand, the quite small extent of labelling observed under very 
mild conditions has been interpreted in favour of an internal location of calseques- 
trin 92). An intravesicular location is also suggested by the observation that dextran- 
aminophenyldiazotate crosslinks the ATPase while calsequestrin remains unaffected 9~ 
The resistance of calsequestrin against trypsin digestion and its inaccessibility for anti- 
bodies after external application also seems to support an internal location of the 

90 102 105, 106) protein ' ' . The observed labelling pattern can be expected if a small seg- 
ment of calsequestrin is anchored in the membrane while the larger part of the mole- 
cules reaches into the internal space of the vesicles 96' 97) 

3 Ene rgy  D e p e n d e n t  Calc ium Trans loca t ion  

3.1 ATP Driven Calcium Influx 

3.1.1 Calcium Storage in the Absence of Calcium Precipitating Anions 

Native sarcoplasmic reticulum vesicles rapidly remove calcium from solutions con- 
taining ATP, magnesium ions, and ionized calcium at concentrations between 1 and 
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10/IM. The maximum amount of calcium ions which is stored by the vesicles is limit- 
ed to approximately 150 nmol calcium/mg protein 1~ m) .  The minimal level to 
which the concentration of ionized calcium in the external fluid can be reduced is in 
the range of 1 to 5 nM 49' 112). This ATP-dependent calcium removal occurs as long 
as the sarcoplasmic reticulum membranes exist as tightly sealed vesicular structures. 
Neither membrane fragments obtained by sonication nor the purified ATPase are able 
to sequester calcium ions. On the other hand, calcium ions stored by closed vesicles 
are completely released when the structure is destroyed or if calcium ionophores are 
incorporated into the lipid matrix of  the membranes. It can, therefore, be excluded 
that calcium storage is brought about by an ATP-supported calcium binding mecha- 
nism. The specificity of the ATP-dependent storing mechanism is not restricted to 
calcium ions, strontium ions are accumulated in a quite similar manner lIt '  113). The 
time course of calcium uptake has been measured by separation of the calcium loaded 
vesicles from the residual calcium in the solution by filtration through filters of  small 
pore size t14) and by flow-dialysis technique HT) (Fig. 5). The time resolution of both 
methods, however, is insufficient owing to the fast rate of uptake and the relatively 
small storing capacity of  the vesicles. A sufficient time resolution can be obtained 
with optical methods which require the application of calcium indicator dyes 11s' 116) 
Under the assumption that the calcium ions remain soluble inside the vesicles the 
total internal calcium concentration would reach approximately 10 mM. This figure 
is obtained with a value of 5/A for the volume which is occupied by one mg of vesic- 
ular protein ~ ~ 7). Since at a calcium concentration of 2 - 5  mM broken membranes 
bind passively, i.e. in the absence of ATP, the same quantity of  calcium, namely 100 
to 150 nmol/mg, as it is bound by closed vesicles in the presence of ATP in solutions 
containing 1 -10  pM calcium ions, part of the stored calcium should be bound to in- 
ternal binding sites its' llg). Calcium binding proteins, phospholipids and the calcium 
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Fig. 5. Calcium uptake of sarcoplasmic reticu- 
lure vesicles supported by different substrates 
followed by calcium release after substrate 
depletion113). The time courses of calcium 
uptake and calcium release were measured by 
flow dialysis. The reaction chamber con- 
tained 0.4 mg protein/m1, 5 mM MgC12, 
50 mM Tris-maleate pH 7.45, 0.I M KCI, 
0.05 mM CaC12. o-o ITP; A_* ATP; 
x-x acetyl phosphate 



The Sarcoplasmic Calcium Pump 

transport ATPase itself have been considered as possible candidates of these sites. 
Since however, their affinity for calcium is quite low, a large fraction of the stored 
calcium will remain unbound. A free internal calcium concentration of  2 - 5  mM may 
be a fair guess. 

This concentration is at least 100 to 1000 times higher than the concentration of  
ionized calcium existing in the external solution when the ATP-supported calcium up- 
take reaches saturation. The high concentration gradient created by the ATP-depend- 
ing calcium transport mechanism discipates either when the energy yielding substrate is 
removed or exhausted or if the energy yielding reaction is blocked 1H-H3) (Fig. 4). This in- 
dicates that the formation and the maintenance of the concentration gradient requires 
permanent energy supply. The rate with which calcium leaks through the membranes 
after they are disconnected from their energy source is quite low. Even if the calcium 
concentration in the external medium is kept extremely low by the presence of EGTA, 
the rate of  calcium release does not exceed 10 to 20 nmol/mg and min at room tem- 
perature 12~ This rate is approximately 100 times slower than the rate with which 
calcium ions are taken up actively. The relatively slow passive calcium efflux through 
the sarcoplasmic membranes is an essential prerequisite for the efficiency of  the accu- 
mulation process. 

3.1.2 Calcium Storage in the Presence of Calcium Precipitating Anions 

In contrast to the relatively small amount of calcium ions stored by the sarcoplasmic 
vesicles, 100 fold higher quantities are taken up when the incubation medium is sup- 
plemented with calcium precipitating anions like oxalate, phosphate or pyrophos- 
phate26, 1o8, 121). Self-evidently, the concentration of ionized calcium in the incuba- 
tion medium has to be adjusted to low values not allowing spontaneous precipitation 
of the calcium salts in the assay medium. This can most easily be achieved by the ad- 
dition of the calcium sequestering agent EGTA which enables one to adjust the con- 
centration of ionized calcium between 10 nM and 1/aM in media of  neutral pH. 
Under such conditions, calcium and oxalate or calcium and phosphate are found to 
be taken up in quasi stoichiometrical amounts, and calcium precipitates are formed 
inside the vesicles (Table 6). The uptake of calcium always exceeds that of  the anions 
by a small quantity 49' 108, 12~). That the uptake of the anions never surpasses that of  
calcium excludes that calcium accumulation might be brought about by an active ac- 

Table 6. Stoichiometric relationship between the storage of calcium and oxalate or phosphate 
in sarcoplasmic reticulum vesicles 

Stored No precipitating anions 1 mM oxalate 10 mM secondary phosphate 
ions present present present 

(n) ~tmol/mg S.E. (n) umol/mg S.E. (n) umol/mg S,E. 
prot. prot. prot. 

Ca 2+ (6) 0.102 +-0.008 (13) 2.66 -+0.14 (5) 2 . 0 1 4  • 
Anion - (8) 2.46 • (4) 1.743 • 

The assay medium contained: CaCI2 0.5 mM, EGTA 0.7 mM, MgATP 2 or 5 mM, pH 7.012 t). 
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cumulation of the anions followed by calcium precipitation when due to the increase 
of the anion concentration inside the vesicles the solubility product is reached 49). In 
the presence of  oxalate or phosphate containing media calcium uptake proceeds until 
the vesicles are "full", if more calcium is added than the vesicles can store, or if less 
calcium is present, calcium uptake continues until the calcium concentration in the 
solution has been reduced to a limiting value of approximately 1 - 5  nM. 

3.1.3 Energy Requirement of  Calcium Transport 

As a consequence of the precipitation of calcium ions inside the vesicles, the product 
of the ion activities of calcium and the respective anions in the internal vesicular space 
is fixed by the solubility product of the precipitating salts (L). Since in the external 
solution changes of the ion activities of calcium (Cao) and of the precipitating anions 
(Ao) can be followed experimentally, the energy requirement for calcium uptake can 
be determined at every moment. The energy requirement is given by the expression: 

Vi 
E = R ' T ' I n ~ e  + R ' T - I n - -  

L 

Cao �9 Oxo 

V i = rate of calcium influx; V e = rate of calcium efflux; L = solubility product of 
calcium oxalate. 

The first term in the equation gives the energy which is needed to maintain net 
calcium uptake. When net calcium uptake ceases, the energy requirement is given by 
the second term alone which represents the reversible osmotic work 2). The uncertain- 
ty caused by the use of the solubility product for determining the energy requirement 
concerns mainly the dependence of its value on the ionic strength of the medium. 
Howeverl this dependence becomes relevant only at values of the ionic strength much 
higher than those possibly present inside the vesicles 122). When the uptake of calcium 
is not limited by the calcium storing capacity of the vesicles, calcium uptake proceeds 
until the activity ratio L/Cao " Ox o approaches values between 2000 and 10000. 
These values correspond to an energy requirement of 16.000 to 20.000 KJmol 
calcium taken up (Table 7). The cessation of net calcium uptake when an amount of 
calcium is offered which exceeds the storing capacity of the vesicles is difficult to 
understand. It is not caused by a visible destruction of the vesicular membranes. 

Because of the large quantity of calcium which can be stored by the vesicles in 
the presence of oxalate or phosphate the time period of  calcium uptake becomes 
sufficiently long to follow the kinetics of calcium uptake accurately. In the presence 
of oxalate or phosphate calcium uptake cannot ollly be terminated by removing the 
calcium loaded vesicles from the solution by filtration but also by precipitation with 
mercuri salts at slightly acid pH 49). Another important advantage acquired by the 
addition of calcium precipitating agents to the assay media is the fact that the mea- 
sured initial rate of calcium uptake becomes practically identical with the rate of 
calcium influx. As the result of calcium precipitation inside the vesicles the internal 
calcium activity remains low and constant, therefore, passive calcium efflux can be 
neglected as compared to the rapidly proceeding uptake of calcium. The question 
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Table 7. Performance of the sarcoplasmic reticulum calcium pump driven by ATP or UTP 2) 

Performance of the calcium pump ATP UTP 

During net uptake Rates Ca influx 1.7 0.46 
(20 ~ 
pmol mg -1 �9 min -1 Ca efflux 0.10 0.025 

L 
Ca0Ox0 25 25 

KJ/mol ~16 ~16 

Concentration 
ratios 

Energy 
requirement 

During steady state Rates 0.8 0.3 
(20 ~ 
pmol rag- 1. rain- 1 

Concentration L 2500 2100 
ratios CaoOx 0 

Energy KJ/mol ~20 ~20 
requirement 

whether calcium uptake in the presence of oxalate proceeds as fast as in its absence 
has recently been answered by following the initial rate of calcium uptake in the ab- 
sence of  precipitating anions by fast recording optical methods and the rate of calci- 
um uptake was found to be identical under both conditions 123). 

3.1.4 Coupling Between ATP Splitting and Calcium Transport 

The uptake of calcium is usually initiated by the addition of calcium ions to the 
otherwise complete assay medium. Before calcium is added, ATP is split with a low 
rate by most sarcoplasmic reticulum preparations. This ATPase which is active in the 
absence of calcium ions has been named "basic ATPase". 

When, on addition of calcium ions calcium uptake starts, ATP splitting instantly 
rises 3 to 10 fold, provided that the concentration of ionized calcium remains between 
1 and 10/aM. This calcium induced ATPase has been called "extra ATPase ''26) (Fig. 6). 

114) Calcium uptake and ATPase activity are not fortuitously simultaneous events . Their 
causal linkage is revealed by the invariance of the coupling ratio. Under various condi- 
tions, two calcium ions are taken up by the sarcoplasmic vesicles for each molecule of 
ATP split l~ This constant coupling ratio is exhibited by the native sarcoplasmic vesic- 
les, although the absolute rate of calcium uptake may differ by more than a factor of 10. 
At very low rates of calcium uptake deviations from the coupling ratio have been report- 
ed49, 124). Yet, one has to consider that under these conditions the increment of extra 
splitting is small and its determination as the difference between the total and the 
basic splitting becomes uncertain. In the presence of a high concentration of mono- 
valent salts 12s) which suppress the ATPase only moderately and at temperatures 
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Fig. 6. ATP cleavage, ATP-ADP ex- 
change and phosphoprotein formation 
during calcium uptake. The assay me- 
dium contained 7 mM MgC12, 
5 mM ATP, 2 mM ADP, 5 mM po- 
tassium oxalate, 40 mM KC1, 
0.2 mM EGTA, 10 mM histidine 
pH 7.0, T = 20 ~ 14C labeled ADP 
and ~' 32p labeled ATP were used for 
the exchange and the phosphoryla- 
tion experiments, respectively. Cal- 
cium uptake is illustrated as the re- 
moval of calcium from the assay 
medium. The arrow indicates the 
addition of 0.1 ~mol calcium chlo- 
ride �9 ml -~ to the medium contain- 
ing 0.05 mg protein - m1-1 . Note, 
basic splitting and basic exchange 
prior to calcium addition. The rapidly 
formed phosphoprotein disappears 
when the calcium concentration declines 

above 37~ 95), a true decline of  the coupling ratio seems to occur. The observation 
that under most  condit ions a constant  coupling ratio is observed, is very difficult to 
reconcile with the view that  the calcium uptake is the result of  an ATP-dependent in- 
flux and a passive efflux of  calcium ions through leaks in the membranes. The above 
mentioned low calcium permeabil i ty alone is not  sufficient to explain the invariant 
coupling ratio. The rate of  calcium efflux can vary considerably without  affecting the 
coupling ratio or the maximal concentrat ion ratio reached after the cessation of  net 
calcium uptake. The lat ter  value should even be more sensitive to variation o f  the 
calcium efflux than the coupling ratio. Therefore, one has to envisage some kind o f  
coupling between the energy providing reaction and both calcium influx and calcium 
efflux. 

3.1.5 The Specificity of  the Energy Yielding Reaction 

The sarcoplasmic t ransport  system can be fueled in addition to ATP by a great num- 
ber of  phosphate compounds which differ considerably in their chemical nature. Not 
only the natural nucleoside triphosphates 126) but  also para-nitrophenylphosphate 127), 
acetyl phosphate 128) or carbarmyl phosphate t29) can drive calcium transport.  While 

there are considerable differences between the rates with which calcium transport  
proceeds with the different substrates, they are all used with the same coupling ratio 
of  two and the pump can establish similar maximal concentrat ion ratios (Fig. 7) 
(Table 8). Evidently, s toichiometry and transport  energetics are substrate-independent 
properties of  the pump. The kinetics of  the transport ,  however, is very much affected . 
by  the substrate. This substrate specificity is not very well understood.  I t  has been 
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Fig. 7. Correlation between the rate of cal- 
cium uptake and the rate of calcium acti- 
vated liberation of phosphate from various 
energy yielding substrates 138) 

Table 8. Residual calcium levels and maximal concentration ratios 
accomplished by the sarco.plasmic reticulum calcium pump fueled 
with different substrates ~ '  I zo) 

Energy donor Residual ionized Concentration ratio 
calcium nM L/Ca 0 - Ox 0 

ATP 1.6 2 800 
ITP 1.5 2980 
GTP 2.0 2 370 
CTP 1.9 2 200 
UTP 3,0 2100 
ACP 1.0 4 700 

The level of ionized calcium is calculated from the measured residual, 
radioactive calcium and the stability constant of Ca EGTA = 
5 - 106 M -1 (pH 7.0). 

proposed that the substrates interact at two sites with the transport molecule 13~ At 
one site, they enter the reaction cycle as energy yielding substrates and at the other 

site, they act as more or less effective activators. The fact that substances like acetyl 

phosphate or para-nitrophenyl phosphate can drive calcium transport, is of special 
interest because these substrates were thought to be hydrolyzed by the sodium potas- 
sium transport system in a terminal reaction step occurring after ion translocation 1~ 

In the absence of calcium ions all substrates are hydrolyzed with approximately the 
same rate by a basic magnesium-dependent phosphatase. The affinity of the nucleo- 
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tides for this enzyme species is considerably lower than for the calcium-dependent 
enzyme l~ Furthermore,  the magnesium-dependent phosphatase is not  inhibited by  
thiol reagents. The question is unsett led whether the basic phosphatase is an enzyme 
per se which might perhaps reside in membrane invaginations of  the plasma mem- 
brane present as impurities or if  we are dealing with a special state of  the calcium ac- 

tivated enzyme ~31). 

3.2 Calcium Efflux Coupled ATP Synthesis 

The view that not  only calcium influx but also calcium efflux might be connected 
with the enzymatic activity of  the sarcoplasmic calcium pump could in fact be con- 
firmed. In the course of  permeabil i ty studies performed with calcium loaded vesicles 

Barlogie et al. 132) discovered that  a rapid release of calcium ions through the calcium 
transport  molecule could be induced. It was shown that the slow passive calcium 
release was accelerated 1 0 - 5 0  fold when the release medium was supplemented with 
phosphate and ADP. The fact that  the acceleration of  calcium efflux needs the pres- 
ence of  the splitting products o f  ATP strongly suggested that the reaction might be 
the reversal of  the ATP consuming calcium uptake. In fact, a net  synthesis o f  ATP 
could be demonstrated to occur during calcium release 133-137). Furthermore,  the 

s toichiometry of  the calcium efflux-dependent ATP synthesis was found to be iden- 
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Fig. 8. Correlation between calcium release and ATP formation 138). The sarcoplasmic reticulum 
vesicles were loaded with calcium phosphate in media containing 0.5-2.0 mM acetyl phosphate, 
10 mM MgC12, 5 mM potassium phosphate, 0.5 mg protein/m/pH 7.0, 0.1 M glucose and 
0.05 mg/ml hexokinase at 30 ~ To obtain different calcium loads, different amounts of calcium 
chloride were added. During the incubation period of 30' ~ 99% of the added calcium were taken 
up. Calcium efflux and ATP synthesis were started by adding an equal volume of a solution con- 
taining 2 mM EGTA, 10 mM MgC12, 5 mM 32p inorganic phosphate and 2 mM ADP. The radio- 
active glucose-6-phosphate was determined after inorganic phosphate had been removed by ex- 
traction of its molybdate complex with isobutanol benzene 
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tical with that of the active calcium accumulation, i. e., for two calcium ions released 
from the vesicles one molecule of ATP was synthesized (Fig. 8). This correlation is 

valid when the total amount  of ATP synthesized is compaired with the amount  of 
calcium released by ADP from vesicles loaded with 0.2 to 1/aM calcium per mg pro- 
teinlaS, la8). Evidently, all calcium released by ADP from the vesicles contributes to 

ATP formation. This is the case when the conditions were chosen in such a way that 
the reaction can unidirectionally run to completion. An increase of the calcium con- 
centration in the external medium must  be prevented by the addition of excess 

EGTA, and the level of  ATP must be kept low by the transfer of its terminal phos- 
phate to glucose. Under these conditions, phosphate incorporation into glucose via 

ATP can proceed until  the ratio between internal to external calcium approaches the 
value of 10. At this low ratio practically all calcium is released from the vesicles. 

Thus, in sarcoplasmic reticulum membranes a conversion of osmotic into chemi- 

cal energy can most easily be demonstrated, and since the concentrations of all reac- 
tants are known at every moment,  the energetics of the process is well defined. This 
reversibility is described by the following over all reaction (Table 9). 

Table 9. Energy requirement for calcium gradient driven ATP synthesis 

2 Ca o+ ATP~ 2 Ca i+ ADP + Pi 

ATP' Cao 2 
AG = AGb - RT- In 

ADP �9 P �9 Cai 2 

ATP = A G b - R T . l n - -  
ADP - Pi 

(1) 

= (/,G b - AG~) - RT. In 

10 -4 Ca i 
16.7 + 5.9. log ~ - 0 - _ ~  3 r 11.7. log C-Sa O 

Ca 0 
2 RT �9 In - -  (2) 

Ca i 

GP Cao 
- 2 R T  �9 I n  - -  ( 3 )  

G- P Cai 

Ca i A G b  = - 3 1 . 0  

12.5 < 11.7 �9 log Ca0 AG~ = -14.5 

Ca i 
10 4 - -  

Cao 

In Eq. (3) the hexokinase reaction ATP + glucose = ADP + glucose-6-phosphate with a standard 
free energy of AG~ = --14.5 kJ/mol is introduced. AG~, stand~ird free energy for ATP hydrolysis. 
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3.3 Inhibition of Energy Transduction 

3.3.1 Reversible Inhibition 

While the sodium potassium ATPase and the ATPase of the mitochondria or chloro- 
plasts can quite selectively be blocked by irihibitors which are effective at low con- 
centrations, such specific inhibitors are not known for the calcium transport system. 
Neither ouabain which selectively blocks the sodium potassium ATPase 1~ 25) nor 
2-4-dinitrophenol or CCCP which interfere with ATP synthesis in mitochondria, affect 
the calcium transport system of the sarcoplasmic reticulum n5' 135). For the calcium- 
dependent ATPase and calcium uptake only inhibitors of relatively low specificity 
have been found. They are pharmacological agents which produce local anesthesia, 
3-receptor blockade or tranquilizing effects al' 139). Calcium efflux and ATP synthe- 
sis are depressed likewise by these agents. As to the mechanism of inhibition it has 
been shown that their inhibiting effect is reduced when the calcium concentration is 
increased and, therefore, a competition between the inhibitors and calcium ions has 
been proposed 14~ On the other hand, the inhibiting effect of the agents is consider- 
ably enhanced in preparations whose phospholipids were hydrolyzed by phospholip- 
ase A as). The latter finding favours the view that the effect of the drugs is mediated 
by the lipids in the membrane. 

Reversible inhibition of the sarcoplasmic reticulum calcium transport is also pro- 
duced by reagents which perturbate the interaction of the transport complex with 
ATP or other substrates. Chaotropic anions like NO~, C10 4, CClaCOO- are such 
agents 141). They inhibit calcium transport and calcium-dependent ATP splitting to 
about the same extent when present at concentrations > 0.1 M. The anions simulta- 
neously enhance passive calcium permeability of the membranes but the resulting 
calcium efflux is too low to account for the diminished calcium accumulation. It 
could rather be demonstrated that the simultaneous inhibition of ATP splitting and 
calcium accumulation is brought about by a competition of the chaotropic anions 
for ATP at its binding site on the transport protein. Most likely, the anions due to 
their low degree of solvation occupy hydrophobic pockets of the transport protein. 
In other enzymes such pockets are thought to be the sites for nucleotide binding m2). 
A completely different type of agents which reversibly affect the calcium transport 
and calcium-dependent ATP splitting are substances like dimethylsulfoxid and ethyl- 
eneglyco114a). They do not interfere with ATP binding as chaotropic anions do. 
These reagents obviously affect later steps in the reaction sequence (comp. 5.2.1.). 

A most interesting reversible inhibitor of the calcium transport system is arse- 
nate 144). No effect, whatsoever, is exerted by arsenate on the calcium-dependent ATP- 

the when it ase and calcium accumulation. Arsenate affects solely 14s)System functions 
as ATP synthetase. Apart from calcium ionophores ns'  arsenate is the only agent 
which effectively uncouples calcium efflux driven ATP synthesis. When it is added to 
an assay containing calcium loaded vesicles, EGTA and ionized magnesium, a fast 
calcium release is induced (Fig. 9). This arsenate induced calcium release does neither 
require the presence of ADP nor of phosphate. These reactants rather uncompetetive- 
ly inhibit the effect of arsenate. It is most likely brought about by the formation of 
an arsenylated intermediate which by spontaneous hydrolysis allows calcium efflux. 
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Fig. 9. The arsenate induced calcium release from calcium loaded vesicles 144). The vesicles were 
loaded with calcium phosphate in an assay containing 5 mM MgC12, 2 mM acetyl phosphate, 
20 mM inorganic phosphate, 0.1 mM CaC12 and 0.1 mg �9 m1-1 vesicular protein. Calcium re- 
lease was induced by the addition of arsenate and 2 mM EGTA. Note that the addition of EGTA 
alone only causes a very slowly proceeding calcium release 

3.3.2 Irreversible Inhibition 

It was very early recognized that the calcium transport and the calcium-dependent 
ATPase could simultaneously be blocked by thiol reagents 26). In contrast to various 
other thiol containing enzymes the activities of  the sarcoplasmic retieulum mem- 
branes cannot be restored when the blocking agents are removed. 

In spite o f  several attempts to determine the total number of  thiol residues in the 
membrane protein its value remained controversal for a long time. When the thiol 
groups in the native enzyme are titrated, only 8 - 1 0  groups in one transport molecule 
are accessible for the substituting reagents. Additional 4 - 6  groups become substitut- 
ed when the membranes are solubilized by sodium dodecylsulfate ~46-14a). A total o f  
22 thiol groups per molecule o f  purified enzyme has been found recently after the 
protein was treated with sodium dodecylsulfate and reducing agents 149). Obviously, 
in the native enzyme a variable number of  the thiol groups seemed to form SS-bridges. 

There is general agreement that the enzyme activity declines linearly with the 
number of  substituted thiol groups. Yet, the total number o f  thiol residues which 
must be blocked to suppress activity completely varies between 4 and 20, depending 
on the preparation and on the applied conditions 146' 15o-t52). Interestingly, nucleo- 
side tri- and diphosphates modify the time course of  the reactions by which the thiol 
groups are blocked by a variety o f  reagents. The pseudo-first order rate of  substitu- 
tion becomes slower in the presence o f  nucleotides dependirtg on their concentrations. 
In contrast to the nucleotides, energy donors like acetyl phosphate are completely in- 
effective 5s). We are obviously dealing with a change in the reactivity of  the thiol 
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groups induced by nucleotide binding. This change does not take place in a section 
of the molecule whose flexibility depends on the presence of lipids since lipid depri- 
vation does not interfere with the protective effect of nucleotides. Nucleotide bind- 
ing diminishes most likely the reactivity of  most thiol groups accessible to the reagents 
and does not protect a particular group at the active center 146' is2). The dependence 
of the protective effect on the nucleotide concentrations has been used to determine 
their affinity to the enzyme 64' 14s, ls3). 

Calcium ions also seem to interfere with the reactivity of  the thiol residues. The 
rate with which a few thiol groups react with the fluorescing molecule mercuri-cyste- 
indansylate is enhanced by low and reduced by high concentration of  calcium ions 154). 
We must assume that a great fraction of the thiol groups is located in the part of the 
molecule extruding from the cytoplasmic surface of the sarcoplasmic reticulum vesi- 
cles. The latter becomes more than any other membrane densely covered with mercu- 
ri-phenylazoferritin which is an electron-dense SH reagent that can neither penetrate 
the membranes of the vesicles nor the transport molecule itself s6). The absence of 
thiol groups at the internal surface of the vesicles results from the fact that the ferri- 
tin compound becomes never attached to the internal membrane leaflet of  open vesic- 
ular fragments (Fig. 2b). 

4 F u n c t i o n a l  Aspec t s  o f  Lipid  P ro te in  I n t e r a c t i o n  

4.1 Passive Calcium Permeation 

The lipids in the sarcoplasmic reticulum membrane are essential for the formation 
of tightly sealed vesicles from the fragmented membrane network as well as for ener- 
gy-dependent calcium translocation. As mentioned in section 3. I. 1., the rate of  
passive calcium efflux from native vesicles does not exceed 20 nmol/mg and min at 
room temperature which corresponds to a calcium flux of 0.1 pmol per second and 
square centimeter. It is the same slow rate as observed for the calcium flux through 
the plasma membranes of  the resting muscle (Table 2). But, as compared to the calci- 
um flux through membranes ofliposomes prepared from lipids isolated from sarco- 
plasmic membranes, native vesicular membranes must be considered to be quite per- 
meable for calcium ions 155). One may suggest that calcium evades from the native 
vesicles either through the transport protein per se or through defects in the lipid bi- 
layer. As to the mechanism of passive calcium passage, the interaction between 
charged ion species seems to be of  little importance: the calcium permeability is 
scarcely affected by the ionic strength of the medium 12~ 12s). In contrast, however, 
low concentrations of chaotropic anions which interact with the transport protein 

141) specifically accelerate calcium release considerably . 
The contribution of the lipids to the low permeability of  the sarcoplasmic vesi- 

cles for calcium is revealed by the tremendous increase in the rate of calcium efflux 
which occurs when the lipid phase is modified. The following modifications proved to 
be effective: treatment of  the sarcoplasmic reticulum vesicles with low concentrations 
of ether Is6), splitting of a small fraction of the phospholipids by phospholipase A 2 

30 



The Sarcoplasmic Calcium Pump 

or phospholipase C as), incorporation of amphiphilic agents like Triton X-100, cholate, 
deoxycholate, oleate or lysolecithin into the vesicular membranes. To abolish the 
permeability barrier completely it suffices to split approximately 10 % of the phos- 
pholipid moiety as) or to incorporate 0.05 or 0.1 mg cholate/mg vesicular protein lsT). 
Once the vesicles have been made calcium permeable, the calcium pump is unable to 
remove calcium from the medium. Consequently, the ATPase remains permanently 
active. We are not dealing with a true activation of the ATPase by this perturbation of 
the lipid matrix. The leaks in the membrane prevent the inactivation of the ATPase as 
it occurs by calcium removal from the medium or by raising the internal calcium con- 
centration when tightly sealed vesicles are examined. The produced increase of  the 
permeability cannot or only very incompletely be annulled by removing the amphi- 
philes from the membranes. The preparation from which the amphiphiles have been 
removed by dialysis, gel rdtration or ion exchange are characterized by a permanent- 
ly active ATPase. This indicates that the ability of the vesicles to store actively 
calcium ions is restored, if at all, only very incompletely. Apart from the discussed 
alteration of the lipid matrix of  the membranes more specific permeability changes 
can be produced by the incorporation of lipophilic calcium ionophores like X 537 A 
(Hoffmann-La Roche) or A 23187 (Lilly) lls' 145) (Fig. 10). The rate of  the occurring 
calcium release is considerably smaller than that found on bimolecular membranes of  
phosphatidylcholine for the effect of  the ionophore A 231871as). The effect of  the 
ionophores seems to be irreversible, presumably due to their high affinity for the 
membranes. 
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Fig. 10. The effect of different concen- 
trations of the ionophore X 537 A on 
calcium release, by sarcoplasmic reticu- 
lum vesicles 1 Is). The reaction mixture 
contained 20 mM Tris-maleate pH 6.8, 
50 mM KC1, 10 mM MgC12, 0.1 mM 
CaC12, 0.1 mM murexide and 0.27 mg 
protein/ml. Calcium uptake and re- 
lease were followed by monitoring the 
changes in the absorbance undergone 
by murexide. The measurements were 
performed with a filter dual wave 
length (540-507 nm) double beam 
spectrophotometer 

4.2 Degradation and Restitution of the Calcium-Dependent ATPase and Calcium 
Transport 

The involvement of lipid membrane constituents in the interaction of ATP with the 
protein moiety of the calcium transport system emerges if one compares the reaction 
of ATP with membrane preparations whose lipid matrix has been removed or modified 
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to varying degrees. Lipid depletion can be achieved by treating membrane prepara- 
tions with excessive amounts of  detergents like deoxycholate or Triton X-100 or by 
digestion with phospholipases. Vesicular lipids can gradually be removed by applying 
deoxycholate at appropriate concentrations and protein detergent ratios. Approxi- 
mately 50 % of the membrane lipids can be removed without  any reduction of  the 
activity of  the calcium-dependent ATPase 93' 94, 159). Yet, if the number of  phospho- 
lipid molecules per enzyme molecule become smaller than 30, the enzymatic activity 
starts to decline and disappears at a molar ratio o f  phospholipid to enzyme of  15. 
Various unsuccessful at tempts were made to reconstitute enzymatic activity of  com- 
pletely delipidated preparations by readdition of  different lipid components  ss '  72). 

Partial delipidation as it can be performed by treating the vesicles with phospho- 
lipase C or phospholipase A 2 in combination with albumin also leads to inactivation 
of  the calcium-dependent ATPase and abolishes self-evidently calcium uptake 8s). If  
some residual enzymatic activity persists, it appears only at temperatures above 32~ 
The preparations which have lost approximately 7 0 - 8 0 %  of  their normal phospho- 
lipid content  easily regain full calcium-dependent ATPase activity. If  a higher percent- 
age of  the phospholipids is removed with cholate, restitution of  the enzyme activity 
is delicate and remains incomplete 16~ It is long known that reactivation does not 
need the complete diacyl phospholipid molecule. Simple single chain lipid compo- 
nents like fat ty acids or lysophosphatidylcholine compounds can most  effectively re- 
store enzymatic activity 8s' 161,162). Optimal ATPase activity is achieved when about 
60 to 80 fatty acid residues are absorbed by the protein molecule 161). The lipid tom- 
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Fig. 11. Reactivation of calcium dependent ATPase activity of lipid 
deprived sarcoplasmic reticulum membranes by single chain lipid 
compounds. �9 . . . .  �9 Saturated fatty acids: 0.5-1.2 rng/mg protein, 
T = 32 ~ T = 20 ~ �9 �9 100% = 2.5 t~mol P" rag- 1. min- 1. 
�9 - -  �9 Unsaturated fatty acids with one cis double bond, and 
+ arachidonic acid: 0.2 mg/mg protein, 100% = 1.1 vmol P. mg-1. 
rain -1 , T = 20 ~ . . . .  �9 Deoxy lysophosphatidylcholine with 
saturated fatty acid residues: 0.2-1.0 rag/rag protein, and �9 oleyl 
deoxy lysophosphatidylcholine: 0.2 mg/mg protein; 100% = 1.1 t~mol 
p. mg--1, min-l ,  T = 20~ 
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pounds with the shortest hydrocarbon chain which produce significant activations 
�9 1 6 3 )  of the enzyme are laurylic acid and lauryl-lysophosphatidylchohne . The actwat- 

ing effects of the saturated fatty acids and the lyso compounds with saturated fatty 
acids display sharp optima when the hydro-carbon chain is elongated (Fig. 11). Acti- 
vation declines sharply when myristylic acid is replaced by palmitylic acid. Hence, 
laurylic and myristylic residues are the only saturated hydrocarbon chain which can 
produce substantial activation if present either as fatty acids or as lyso compounds. 
The essential difference between the activation effect of saturated fatty acids and 
lyso-phosphatidylcholine compounds with saturated fatty acid residues is the fact 
that the latter produce activation already at 20 ~ while the fatty acids need temper- 
atures above 30~ The activity of the reconstituted ATPase with C-16 and C-18 
phosphatidylcholine reaches only 30-40  % of the optimum produced by C-14 lyso- 
phosphatidylcholine. Such a sharp decline of the activating effect of  both fatty acids 
and the lyso compounds as the result of chain elongation does not take place when 
the chains contain cis double bonds, at least one, in position 9 to 10. This observa- 
tion may be important for the understanding of the specific nature of lipoprotein 
interaction. Evidently, saturated fatty acids or their derivates can provide conditions 
allowing the ATPase molecule to reach its active conformation only if its fatty acid 
chain is longer than 10 carbon atoms and shorter than 16 carbon atoms. The ineffec- 
tiveness of the long chain components is most probably due to the fact that the fatty 
acids form rigid complexes with it. The formation of such rigid complexes can be 
prevented to a certain extent by raising the temperature > 30~ and by the introduc- 
tion of a cis double bond. The ineffectiveness of the components with fatty acid 
chains shorter than 10 C atoms indicates that a minimum number of van der Waal 
contacts are required for the formation of an enzymatically active lipoprotein com- 
plex. The conditions which lipid compounds must fulfill to support enzymatic activity 
are met by a variety of lipid compounds other than the constituents of  the natural 
phospholipids as shown by the fact that the calcium dependent ATPase activity can 
be restored by a number of nonionic ionic detergents like Triton X-100 or 
Brij 5875, 164, 165). The detergents, especially Triton X-100, can be used to displace 
the natural membrane lipids from the membrane and to keep the protein simultane- 
ously in an active conformation. Membrane proteins and lipids have been separated on 
DEAE cellulose and on Sepharose 4B columns in Triton X-100 containing media which 
leads to the replacement of endogenous lipids by ~ 70 molecules of Triton X-100 with 
the exception of a residue of 3 - 6  molecules of natural lipids per protein molecule 166). 
However, calcium-dependent ATPase activity of these preparations remains stable only 
when during the isolation procedure calcium concentrations in the millimolar range 
are present 71' 75). This stabilizing effect of calcium ions is quite specific; magnesium 
ions are completely ineffective. In the absence of calcium ions an irreversible molec- 
ular arrangement takes place. Under these conditions the protein the ionic strength 
of the eluant must be raised to elute the protein from the DEAE column. This find- 
ing can most easily be explained by the assumption that during the rearrangement 
of the molecular structure the number of acidic amino acid residues at its surface is 
increased. Concomitantly, the hydrophobic domain of the surface is reduced giving 
rise to a release of bound Triton X-100166). The ATPase activity of this lipid depleted 
and structurally modified preparation can, too, be restored with fatty acids provided 
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that the carbon chain is sufficiently long. However, the resulting enzym does not 
require anymore calcium ions for its activity. In contrast to the calcium-dependent 
ATPase, the activity of the calcium-independent enzyme does not decline if the 
length of the saturated fatty acid chain exceeds 12 C-atoms 167). The formation of 
rigid complexes is presumably prevented by the detergents present in the assay. 

The calcium-independent ATPase of the lipid modified preparations is not only 
different from the calcium-dependent ATPase but also from the calcium-independent 
ATPase of native preparations - the basic ATPase - which has a lower nucleotide 
specificity 126). The experiments in which the lipid matrix of the sarcoplasmic mem- 
branes has been replaced by lipid compounds not present in native membranes reveal 
a high degree of functional flexibility of the enzyme. On the other hand, a few resid- 
ual lipids in the protein are sufficient to prevent these changes in the structure of 
the enzyme and to preserve its calcium sensitivity. 

The view that the sarcoplasmic transport protein is a stable and at the same time 
an adaptable enzyme is supported by results of experiments in which endogenous 
lipid matrix has been replaced by exogenous well defined phospholipid molecules. 
Preparations which were partially delipidated by the action of enzymes are not very 
well suited for studying the reactivation of their ATPase by exogenous phospholipid 
molecules. Phospholipids are hydrolyzed by these preparations because it is difficult 
to free them from traces of the applied enzymes 168). A suitable method for analyz- 
ing the interaction of diacyl-phosphatidyl compounds with membrane proteins which 
avoid lipid removal have been developped by Metcalfe and co.workers 9a' 9,,). The 
method involves the direct replacement of endogenous by exogenou~ lipids dispersed 
in cholate. If the displacement procedure is repeated two times, the endogenous 
lipids can be exchanged nearly completely. In other procedures Triton X-100166) or 
cholate 16~ are applied for nearly complete lipid depletion and subsequent lipid sup- 
plementation. All phospholipids tested as substitutes support activity. Optimal activ- 
ity is achieved with dioleyl-phosphatidylcholine followed by dimyristyl-phosphat- 
idylcholine and dipalmythyl phosphatidylcholine. The activity of the latter, however, 
becomes discernable only at temperatures above 30~ Experiments in which the en- 
dogenous lipids were exchanged by a mixture of two defined exogenous lipids indi- 
cate that the protein does not combine selectively with one of the offered lipids 94). 
It must, however, be kept in mind that specific differences might have been obscured 
by the presence of the detergent. Although the calcium-dependent ATPase of lipid 
modified preparations resemble the native enzyme, they are not identical. An en- 
hanced sensitivity of the lipid modified enzyme towards stimulating and inhibiting 
effect produced by monovalent cations reveals some delicate differences 169). The 
enhanced ion sensitivity suggests that the ion binding sites have become more flexible 
as the result of lipid modification or substitution. 

While reconstitution of the calcium-dependent ATPase from the lipid deprived 
enzyme can easily be achieved, attempts to reconstitute simultaneously the abolished 
accumulation of calcium had no success ss' 70). Yet, in a number of reports the recon- 
stitution of calcium transport from the enzyme after purification and/or after lipid 
exchange has been described 16~ 17o-172). In these experiments it was attempted to 
reconstitute vesicles which could retain calcium ions which were transported into the 
vesicular space by the transport protein across the lipid bilayer. Different lipid pro- 
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tein ratios varying from 0.3 to 20 were applied and different procedures were advo- 
cated for the removal of the detergents and for promoting the formation of vesicles. 
The observed calcium storage must be considered, at least in some cases, to be mainly 
due to the spontaneous precipitation of  calcium oxalate or calcium phosphate because 
the concentrations of the respective ions in the assay media exceeded the solubility 
product. The accumulation of a small quantity of calcium ions,and the formation of 
a very few crystals may have started spontaneous precipitation. The most characteris- 
tic feature of  these reconstituted preparations is their permanently active ATPase 
which is in contrast to native vesicles whose calcium-dependent ATPase disappears 
when the pump has removed calcium from the external medium. The permanently 
high ATPase activity of the reconstituted preparation therefore indicates the inability 
of this preparation to reduce the calcium concentration below levels which support 
enzymatic activity. It cannot be decided if this inability is due to a degeneration of 
the coupling mechanism between ATP splitting and calcium translocation or due to 
the inability of the reconstituted vesicular membrane to retain the accumulated calci- 
um ions. 

5 E l e m e n t a r y  Steps o f  the Reac t ion  Sequence  

From the description of the coupling between ion movement and ATP cleavage or 
synthesis it infers that the transport protein must be able to interact with at least five 
reactants. In the following, these interactions will be analyzed. To facilitate the anal- 
ysis, the reaction sequence will be dissected in its elementary steps whenever the 
analysis does not require the complete transport system. Partial reactions can most 
favourably be studied with modified preparations or the isolated transport protein. 
These preparations do not only provide simplicity but enable one to gain inside into 
the role of the various constituents of the system. 

5.1 Substrate Binding 

5.1.1 High Affinity Calcium Binding 

Calcium ions are bound with an identical high affinity of 5.106M -1 by the purified 
ATPase, by the transport protein in the native membranes as well as by partially deli- 
pidated, reversibly inactivated membrane preparations 11s' 119, 173). The amount of 
calcium which is bound with that high affinity corresponds to two sites per transport 
molecule. The observed affinity is in good agreement with the affinity derived from 
the dependence on ionized calcium of the activation of calcium uptake and ATP s.~lit- 

18 112, 174, 175) ting as well as of the inhibition of calcium release and ATP synthesis ' 
Since the latter experiments were performed under conditions which provide a con- 
stant internal free calcium concentration by the presence of  oxalate or phosphate in 
the system, the reactions must have been activated or inhibited by the calcium ions 
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in the external solution where their concentration was buffered by calcium EGTA. 
The two involved calcium binding sites must, therefore, be located at the outer sur- 
face of the sarcoplasmic reticulum vesicles. The dependence of the observed activities 
on the concentration of ionized calcium is described by a Hill coefficient of 2 which 
indicates that two calcium binding sites must interact cooperatively. 

5.1.2 Low Affinity Calcium Binding 

Binding sites for calcium with a much lower affinity have been deduced from the 
activation of calcium uptake and ATP splitting produced by increasing concentrations 
of oxalate or phosphate when the concentration of calcium in the external medium 
was kept constant 18' 112). Oxalate and phosphate in the medium bind and precipitate 
calcium inside the vesicles and prevent thereby the saturation of internal sites which 
when occupied, produce inhibition. It is, therefore, most likely that the low affinity 
binding sites are located at the segment of the transport molecule which faces the in- 
ternal space of the vesicles. This location is supported by the fact that optimal rates 
of calcium release and of ATP synthesis are only observed when at internal calcium 
concentration of approximately > 1 mM the internal low afffmity sites are occupied. 
Calcium binding sites with a similar low affinity were found when the competition 
between calcium and manganese binding was analyzed and when calcium binding was 
measured directly ll8' 17s, 176) (Table 10). The values of  the observed affinities also 
agree with those only deduced from the inhibition of the ATPase by calcium 
ion 161,175) The ratio of  the observed affinity constants for calcium binding to ex- 
ternal and internal binding sites corresponds quite well to the maximum concentra- 
tion ratio for calcium ions that can be produced by the pump. Internal as well as 
external calcium binding sites are susceptible to modifiying effects by other cations. 
Monovalent cations produce a complex pattern of activation and inhibition depend- 
ing on their chemical nature as well as on the applied concentrations 16t). When the 
calcium-dependent ATPase is activated by low concentrations of  ionized calcium, all 
alkaline ions at low concentrations < 0.2 M, with the exception of lithium, produce 
a marked activation. Higher concentrations of  the cations uniformly suppress ATP 
splitting, When modulation by the ions takes place at the low affinity calcium bind- 
ing sites, i. e. in the presence of high concentrations of calcium ions, activating effects 

Table 10. The binding of divalent ions to native sarcoplasmic reticulum vesicles 

Binding c lass  Number of bind- Association constant Hill 
ing sites per ATPase Ca 2 + Mg2* Mn 2- coefficient 
unit 

M-1 
Independent I 1 2 1.8 x 106 2.3 • 102 1.3 x 102 1 
binding sites 12 1 1.0 x 102 6.0 x 103 2.3 x 104 1 

13 23 1.3 x 103 8.5 x 102 5.4 x 102 1 

Cooperative C 1 2 5.7 x 103 5.8 x 102 1.0 x 104 4 
binding sites 
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prevail for potassium, rubidium and sodium salts even when the concentration 
reaches 0.8 M. In parallel with the activation of the calcium-dependent ATPase calci- 
um transport is stimulated ls7). Like the monovalent cations, magnesium ions seem to 
interfere with the high affinity calcium binding sites as follows from the inhibiting 
effect of magnesium ions at high concentrations on calcium transport and ATP split- 
ting17a). 

5.1.3 Magnesium Binding 

The analysis of the competition between magnesium and manganese binding to sarco- 
plasmic reticulum membranes revealed the existence of four different magnesium 
binding sites. The affinity constants range from 2.102 M-1 to 6 .103 M-1 176) (Table 10). 
There seems to be an additional high affinity binding site from which magnesium can- 
not be displaced by manganese. Since magnesium ions are presumably involved in 
several reaction steps, it is difficult to obtain additional information from kinetic anal- 
ysis of calcium transport or ATP splitting. There is no question that magnesium ions 
are bound together with ATP as magnesium-ATP for which the enzyme exhibits a 
high affinity 173). If calcium transport and calcium-dependent ATP splitting need free 
ionized magnesium for full activation in addition to ATP-bound magnesium, is an un- 
solved problem. In contrast, the requirement of ionized magnesium for calcium efflux 
driven ATP synthesis could unambiguously be determined by using EDTA to establish 
low free magnesium concentrations in the assays. The reaction is half maximally acti- 
vated at a concentration of ionized magnesium of 0.1 mM ss). This high affinity of 
the protein for magnesium in the reverse reaction contrasts to the low magnesium 
affinity of the sites involved in the phosphorylation of the transport protein by in- 
organic phosphate in the absence of calcium ions on both sites of the membrane 
(comp. 5.2.2.3.178, 18o, 185)). 

5.1.4 ATP Binding 

ATP as well as ADP are bound by the sarcoplasmic reticulum membrane with appre- 
ciable affinity only when magnesium ions are present. It is presumably the respective 
magnesium salt of the phosphate compounds which combines with the protein. The 
affinity of magnesium ATP for native sarcoplasmic reticulum membranes as well as 
for the isolated trans~port protein has been investigated by measuring directly magne- 
sium ATP binding173Jand also by indirect measurements taking advantage of the 
ability of the nucleotides to protect surfacial thiol groups of the protein against sub- 
stitution64, 148, lS3). Delipidation of the membranes which abolishes their enzymatic 
activity does not interfere with ATP binding 64' 163). The value of 0.3.106 M- t for 
the affinity constant obtained by appropriate binding studies is 3 to I0 fold higher 
than those obtained by the indirect procedure. The rather complex dependence of 
the calcium activated ATPase on the concentration of ATP has been taken as an indi- 
cation for the involvement of more than one class of ATP binding sites. The calcium 
dependent ATPase activity of native sarcoplasmic reticulum membranes increases over 
four decades of substrate concentration starting with 0.1/aM. The activity increase at 
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low concentrations is followed by a less steep activity increment between 0.1 mM and 
10 mM s43' 164, 181) (Fig. 13). This kind of activity profile has been taken as an indica- 
tion that we are dealing with negative cooperativity between two ATP binding sites. 
The observed variability of the shape of the profile, however, shows that the coupling 
between the two sites is not constant. Sometimes proffiles are obtained which can be 
described by two independent ATP binding sites. The kind of coupling seems to de- 
pend on the nature of the lipid environment of the transport ATPase. After cleaving 
the phospholipids by phospholipase A 2 or after replacing the lipids by Triton X-100 
the activity of the ATPase reaches its maximum already at an ATP concentration of 
10 gM indicating that the negative cooperativity is no longer present s5). 

5.1.5 ADP Binding 

In binding experiments, the affinity of  magnesium ADP to native membranes and to 
the isolated calcium dependent ATPase was found to be considerably lower than that 
of magnesium ATP 173). On the other hand, from the inhibition of the calcium-depen- 
dent ATPase or the activation of calcium release and ATP synthesis apparent affinities 
for ADP are obtained that are very similar to those of ATP (Fig. 12). The affinity of 
ADP for the enzyme apparently depends on its functional state. The affinity of  ADP 
for the membranes under conditions of calcium release depends markedly on the pH 
of the medium. When the medium pH is reduced from 7.0 to 6.0, the affinity drops 
by a factor of  I0. At pH 7.0 the affinity of the membrane for ADP corresponds to 
the affinity for ATP to the high affinity binding sites in the forward running mode of 
the pump. In contrast to the complex dependence of the forward reaction on the con- 
centration of ATP, the dependence of the reverse reaction on ADP seems to follow 
simple Michaelis-Menten kinetics. 
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Fig. 12. Activation of calcium uptake and the inhibition of calcium 
release and ATP synthesis by calcium ions. �9 - -  �9 calcium uptake, 
�9 . . . .  �9 calcium release, �9 . . . .  �9 ATP synthesis 
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Fig. 13. Dependence on ATP and ITP concentration of calcium dependent 
phosphate liberation (a) and the corresponding nucleoside triphosphate 
synthesis on the concentration of ADP, IDP and GDP. 13 a: �9 ATP, �9 ITP, 
13b: �9 ADP, �9 IDP, �9 GDP 

5.1.6 Binding of Low Affinity Phosphate Donors and Inorganic Phosphate 

The affinities of the transport protein for the nucleoside triphosphates ITP and GTP 
and the corresponding diphosphates deduced from the concentration dependence of 
either calcium-dependent phosphate liberation or phosphate incorporation during 
calcium efflux are at least 10 to 400 times lower than the affinity of the adenine nu- 
cleotides (Fig. 12). The affinities for acetyl phosphate, carbamyl phosphate, para-nitro- 
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phenyl phosphate are even somewhat lower. Interestingly, the affinity of the trans- 
port ATPase for para-nitrophenyl phosphate is increased by more than a factor of 10 
in the presence of dimethylsulfoxide while it does not affect the affinity of the nu- 
cleotides 143). 

There is relatively good agreement concerning the phosphate requirement for 
calcium release and ADP synthesis. The reaction is activated maximally at a phosphate 
concentration of approximately 1 mM at 20~ at pH 7.0 when excess magnesium is 
present 182). Apparent phosphate affinities have also been obtained from the phos- 
phate concentrations which are required for the inhibition of the hydrolysis of weak 
substrates like ITP and para-nitrophenyl phosphate. Data for phosphate binding ob- 
tained from direct binding studies are not available. 

5.2 Phosphoproteins as Reaction Intermediates 

In contrast to the hydrolysis and synthesis of ATP connected with proton transloca- 
tion in mitochondria, chloroplasts and bacterial membranes, the energy linked move- 
ment of calcium ions gives rise to the appearance of an acid-stable phosphorylated 
intermediate in the membranes. A cation specific phosphorylation also occurs in the 
membranes of the sodium potassium transport system 183). However, due to the inabil- 
ity to correlate phosphorylation and ion movement in the latter membranes, mem- 
brane phosphorylation has been questioned as being a step in the reaction sequence 
of ion translocation 184' 18s). Solely the sarcoplasmic calcium transport system allows 
to correlate directly and quantitatively ion translocation with the phosphoryl transfer 
reactions. 

The transporting protein in the sarcoplasmic membrane can be phosphorylated 
by ATP as well as by inorganic phosphate (cf. 2' 174)). In the forward running mode of 
the pump, i.e. when the calcium pump accumulates calcium and concomitantly 
hydrolyzes ATP, the terminal phosphate residue of ATP is transferred to the transport 
protein. The reaction depends on the presence of calcium ions in the external medium. 
In the reverse mode of the pump inorganic phosphate is incorporated into the trans- 
port protein. This reaction is inhibited when calcium ions are present in the external 
medium. 

5.2.1 Phosphorylation by ATP 

A direct involvement of a phosphorylated intermediate in the forward running mode 
of the pump was first indicated by the finding that during calcium transport a rapid 
exchange of phosphate between ADP and ATP takes place, and that under various 
conditions calcium transport and the exchange reaction are concomitantly activated 
and inhibited 186-188). Finally, the formation of a phosphoprotein as an intermediate 
of the exchange reaction could be shown to occur under the conditions of ATP-depen- 
dent calcium transport 189-191). The phosphorylated intermediate was trapped by 
quenching the reaction with acid. The phosphoryl transfer from ATP is specifically 
activated by magnesium and calcium ions and proceeds much faster than phosphate 
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Fig. 14. Dependence of the steady state phosphoprotein level on the concentra- 
tion of ionized calcium and ATP, respectively. Maximal phosphoprotein levels 
3-4 nmol/mg protein. The concentration range of ionized calcium and ATP in 
which the level of phosphoprotein and the ATPase activity rise are identical 
(camp. Figs. 12, 13) 177, 191) 

liberation during calcium transport. Yet, steady state phosphorylation and the rate of  
phosphate liberation rise in parallel when the concentrations of ATP and of calcium 
are increased. For the two substrates this rise occurs in the same concentration range 
in which the steady state rate of  phosphate liberation and calcium uptake increases 
(Fig. 14). This parallelism strongly indicates that the phosphorylated intermediate is 
causally involved in calcium transport. In contrast to ATP binding phosphorylation 

85, 160, 161) like the calcium-dependent ATPase requires the presence of lipids 
The phosphoryl group of the intermediate can enter two different reaction path- 

ways leading to its decomposition. The phosphoryl group can either be transferred to 
water or to ADP. The hydrolytic pathway leading to the liberation of phosphate must 
be coupled to calcium translocation as it infers from the fixed coupling between cal- 
cium accumulation and phosphate liberation. 

Recent f'mdings of Ikemoto 116' z24) have cast some light on the problem how this 
coupling between phosphoryl transfer and calcium movement might be brought about. 
Simultaneous measurement of phosphorylation and calcium binding indicates that a 
second acid-stable phosphorylated intermediate occurs in the reaction chain. This in- 
termediate has a lower affinity to calcium than the first intermediate which is formed 
when the high affinity calcium binding sites of  the transport protein are occupied. 
Due to the formation of a phosphorylated intermediate with a lower calcium affinity, 
calcium is released from the protein. It  remains to be shown that this transient affini- 
ty change is comparable to the affinity difference which is required to explain the 
concentration of calcium ions by more than a factor of 1000 as it occurs during active 
calcium accumulation. 

5. 2.1.1. Hydrolytic Decomposition of Phosphoprotein. The kinetic analysis of  
phosphate liberation revealed that phosphate is not steadily liberated but that an 
initial lag period occurs which is followed by a transient burst of phosphate libera- 
tion123, 177, 192). This burst has been interpreted as resulting from the accumulation 
of an acid-labile intermediate arising from an acid-stable precursor. The burst is fol- 
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lowed by a continuous release of  phosphate when the concentration of the interme- 
diate has become constant. While there is no dispute concerning the occurrence of 
such a burst of  phosphate liberation, its size is a matter of conjecture. The assump- 
tion that the burst of  phosphate liberation results from the formation of an acid-labile 
intermediate is conclusive only as long as the amount of phosphate liberated during 
the burst does not exceed the maximum number of phosphate accepting sites in the 
preparation. This, however, seems to be the case. At higher concentrations of  ATP 
(1 mM) the amount of phosphate liberated during the steady state period is 3 to 5 
times higher than the number of available sites from which phosphate could be set 
free by acid. Therefore, it remains uncertain whether an acid-labelled intermediate 
(E*P in addition to the acid stable one (E~P) is formed in the following reaction 
sequence ~ 77). 

E + ATP 107 M-1 s-1 150 s -1 50 s -1 * I0 s -1 * 
-. " EATP ~ E ~ P  ~ E ' P  . ~ E + P  

t 200 s -1 50 s -1 45 s -1 

The stability of  the acid-stable phosphoenzyme depends on the presence of  both, 
calcium and magnesium ions in the medium. When the formation of the phosphoen- 
zyme is blocked by removal of  calcium ions the intermediate rapidly decays. In con- 
trast, the removal of both ions produces only a partial decay which, however, becomes 
accelerated on readdition of magnesium ions. These results support the view that mag- 
nesium ions are involved in the activation of phosphoprotein decomposition when the 
pump works in its forward running mode 17a). 

5.2.1.2. Phosphate Exchange Between A TP and ADP. As mentioned above, the 
phosphoryl group of the intermediate donated by ATP, can be transferred back to 
ADP apart from being decomposed by hydrolysis. This phosphoryl transfer to ADP 
gives rise to a phosphate exchange between ATP and ADP. This exchange can take 
place between all nucleoside tri- and diphosphates 187). The ATP-ADP exchange 
reaction proceeds faster than calcium transport and phosphate liberation. In con- 
trast to the sodium potassium ATPase, an inhibition of the hydrolytic pathway of 
the calcium transport ATPase by thiol reagents or by the reduction of the magnesium 
concentration does not result in an enhancement of the exchange reaction. It is rather 
inhibited in parallel with ATP hydrolysis and calcium transport. This indicates that 
the corresponding steps in the reaction chain of the two ion transport systems differ 
as far as their requirements for magnesium and for the presence of functional thiol 
groups are concerned. Calcium dependent phosphate exchange between ATP and ADP 
seem to be the most sensitive reaction steps of  the complete sequence. Different small 
modifications of  the lipid constituents of  the membrane which activate or do not 
affect the ATPase activity of  the preparation severely inhibit the exchange activity 
and this inhibition is irreversible 169). Since the first step of the reaction chain, namely 
the transfer of the terminal phosphate of ATP to the protein, is not or only little de- 
pressed, one has to assume that the vulnerability resides in the transfer of the phos- 
phate group to ADP. In contrast to the phosphorylation of the protein, dephosphory- 
lation by ADP proceeds even when calcium and magnesium ions have been removed 
from the medium by chelation 178). It has been reasoned that the transfer reaction is 
catalyzed by calcium ions which enter the reaction center in the membrane from the 
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internal space of the vesicles. In spite of the fact that ADP can be phosphorylated 
even if the solution contains no magnesium ions, an involvement of firmly bound 
magnesium is very likely. This is supported by the finding that manganese ions can 
substitute magnesium ions as far as phosphorylation of the enzyme by ATP, ATP splitt- 
ing and calcium transport are concerned, but the exchange reaction is not cata- 
lyzed by manganese ions ~ .  If one does not assume that manganese inhibits the trans- 
fer of the phosphoryl group to ADP when bound in addition to magnesium, the dis- 
placement of bound magnesium by manganese could be a plausible explanation. The 
described transfer of the protein bound phosphoryl group to ADP presumably is the 
terminal step in the reaction sequence when the pump synthesizes ATP during calcium 
release. 

5.2.2. Phosphorylation of the Transport Protein by Inorganic Phosphate 

The initial step in the sequence which leads to ATP synthesis during calcium release is 
the incorporation of inorganic phosphate into the transport protein. It was first dem- 
onstrated in experiments with sarcoplasmic reticulum vesicles which were actively 
loaded with calcium phosphate 193, 194). The membranes of the calcium loaded vesi- 
cles rapidly incorporate inorganic phosphate when the concentration of ionized calci- 
um in the assay is reduced by the addition of EGTA. The involvement of this phos- 
phorylated intermediate in ATP synthesis infers from the finding that on addition of 
ADP the level of phosphoenzyme drops and simultaneously, calcium is released and 
ATP is synthesized wa' 194) (Fig. 15). The same observations have been made when the 
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Fig. 15. Incorporation of inorganic phosphate into sarcoplasmic reticulum mem- 
branes and the transfer of the phosphoryl group to ADP during calcium release 191). 
The incubation medium for calcium loadjng contained 2.0 mM acetyl phosphate, 
7 mM MgC12, 20 mM potassium phosphate, 0.2 mM CaC12, 0.5 mg protein/ml. In 
order to prevent the accumulation of ATP, the system is supplemented by hexo- 
kinase and glucose (0.1 M) as final Pi-acceptor. Calcium concentration in the solu- 
tion and ATP formation, left ordinate: phosphoprotein, right ordinate�9 When acetyl 
phosphate is used as energy donor, the protein starts to incorporate inorganic phos- 
phate, even ff there is residual calcium in the external solution. On addition of EGTA 
the phosphoprotein level reaches its maximal value 
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vesicles were passively loaded with calcium by prolonged incubation in concentrated 
calcium solutions z57' 194). These experiments were performed in order to exclude 

that residual energy donors such as acetyl phosphate used for calcium loading might 
have contributed to the incorporation of inorganic phosphate. The result that only 

after calcium loading a substantial membrane phosphorylation was obtained has been 
taken as evidence that  incorporation of phosphate depends on the existence of a cal- 

cium gradient across the membranes. The importance of the gradient for the forma- 
tion of phosphoprotein is most clearly revealed by its spontaneous breakdown when 
the gradient is abolished. This can most easily be done by the incorporation of the 
ionophore X 537 A into the membrane 19s) (Fig. 16). Furthermore, the phosphoryl 

group incorporated under  the influence of the gradient can readily be transferred to 
ADP. As to the nature of the phosphorylated intermediate formed by phosphate 

incorporation, doubts concerning its uniform character arose when Kanazawa and 
Boyer 18~ and Masuda and de Meis 196) found that various sarcoplasmic reticulum prep- 

arations of closed and leaky vesicles or even the isolated transport ATPase were phos- 
phorylated in the absence of a calcium gradient, provided that the calcium concentra- 
tion in the medium was reduced. Yet, under the conditions where in the presence of 
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Fig. 16. Decomposition of gradient-dependent phosphoprotein in- 
duced by the addition of the calcium ionophore X 537 A and ADP 195). 
Native vesicles were loaded with calcium phosphate at 23 ~ After 
addition of EGTA final concentration 10 mM, the phosphoprotein 
(o) level rises in a few seconds to a maximum and then slowly de- 
clines. On addition of 40/~M ionophore X 537 A (I), phosphoprotein 
(m . . . .  m) rapidly decays to the same level which is reached when 
empty vesicles are phosphorylated in the absence or in the presence 
of the ionophore (m--m inset). The final level of the phosphopro- 
rein does not depend on the level reached or present before the ad- 
dition of the ionophore. Addition of 0.1 mM ADP, effects an 
even more rapid decay of gradient-dependent phosphoprotein (m . . . .  m). 
The final phosphoprotein level is identical with the level observed 
when ADP is added to phosphorylated empty vesicles (m - -  �9 inset) 
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Table 11. Properties of the phosphorylated intermediates formed when inorganic phosphate is 
incorporated into the transport protein 

Properties Gradient independent Gradient dependent 
phosphoprotein phosphoprotein 

Acid stability + 
Calcium sensititvity a 0.3-0.5/aM 
Dependence on magnesium ions b 10 mM 
Phosphate affinity, Km for H2PO ~ 10 mM 
Heat of formation 48.0 KJ mot -j 
Rate of formation (s -1) ~0.5 
10 ~ 5 mM phosphate 
Rate of turnover (s- 1) 1.0 
10 ~ 5 mM phosphate 
Sensitivity to calcium ionophores None 

+ 

0.3-0.5 ~M 
0.1 mM 
<0.3 mM 
<12.0 KJ mo1-2 
0.12 

0.14 

Yes 

a Calcium sensitivity denotes the concentration of ionized calcium at which 50% of the 
phosphoprotein are decomposed at pH 7.0. 

b Magnesium concentrations which are required for half maximum formation of phospho- 
protein. 

a gradient 2 - 3  nmol phosphoenzyme per mg protein were formed by closed vesicles, 
open membranes incorporate less than 0.4 nmol phosphate per mg protein. To obtain 
with the latter preparation a high yield of phosphoprotein the pH of the medium 
must be reduced, its phosphate concentrations and the temperature must be increased 
and the ionic strength has to be kept low 182' 195). Furthermore, in the absence of a 
gradient, phosphorylation requires the presence of high concentrations of magnesium 
ions (Table 1 1). As mentioned above, approximately magnesium are sufficient to 
achieve half maximum phosphorylation in the presence of a gradient. A further im- 
portant discriminating difference is the fact that the phosphoryl residue incorporated in 
the absence of a gradient cannot be transferred to ADP. These marked differences 
strongly indicate that two different classes of  phosphoenzyme are formed when calci- 
um is removed from the protein depending on whether calcium ions are present or 
absent at the internal surface of the vesicles. Calcium removal from the external high 
affinity calcium binding sites of the vesicular membranes is a common prerequisite 
for the formation of both phosphoproteins. In the presence as well as in the absence 
of internal calcium, phosphate incorporation reaches its maximum only when calcium 
is completely removed from the high affinity binding sites at the external membrane 
surface or, vice versa, phosphate incorporated at high pCa is displaced when the calci- 
um concentration is elevated again. The relationship between calcium binding and 
phosphate displacement is pH-dependent 195). At pH 6.0 calcium binding and phos- 
phate displacement are linearly related and the binding of one calcium ion can be suf- 
ficient to release one phosphate residue. In contrast, at pH 7.0 the relationship is 
quadratic, indicating that a displacement of  one phosphate residue requires at least 
the binding of two calcium ions. Evidently, at pH 7.0 phosphorylation and dephos- 
phorylation of the membrane, respectively, produced either by the removal or the 
addition of calcium ions reflect the same two to one relationship which exists be- 
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tween calcium uptake and ATP splitting or between calcium efflux and ATP synthesis. 
The common dependence of  the two phosphoprotein species on the calcium concen- 
tration in the medium makes it unlikely that we are dealing with completely unrelated 
phosphorprotein species, a view which might be supported by their contrasting other 
properties. It is most suggestive to assume that the gradient-independent phosphopro- 
tein is a precursor of the gradient dependent species. This possibility may be explored 
by the investigation of the energetics and the kinetics of the formation of the two 
intermediates. 

5. 2. 2.1. Energetics o f  Phosphoprotein FormatiorL In the presence of a calcium 
gradient the magnitude of the available energy for phosphoprotein formation is given 
by the concentration gradient. When at an external pCa of eight, maximum phosphor- 
ylation is reached and simultaneously an internal pCa of three exists, the energy 
which becomes available when one mol of ions moves downhill is 

AG = R" T �9 In Ca~ = - 2 8  kJ/mol. 
Cai 

Since phosphorylation and calcium movement are coupled by a one to two relation- 
ship, - 5 6  kJ/mol are provided by the gradient for the formation of one tool of phos- 
phoprotein. 

In the absence of a calcium gradient the energy required for the incorporation of 
phosphate must be provided by the removal of calcium from the protein alone. Since 
the protein and the calcium chelator EGTA have approximately the same affinity for 
calcium, the driving force for phosphate binding originates from the reduction of the 
concentration of ionized calcium alone. 
The reaction 
ECa + EGTA ~ E + CaEGTA 

can yield a free energy increment of 

(Efa)i 
A G = R - T - l n - -  

(EGTA)i 

which can drive phosphate incorporation. 
The initial concentrations of (ECa)i and (EGTA)i are usually • 10 pM and 5 mM, 
respectively. Under these conditions 12 kJ/mol become available when one tool of  
calcium ions is removed from the protein. This is scarcely sufficient for the forma- 
tion of a sizeable fraction of a phosphoenzyme with an acyl phosphate bond. 

Even if the incorporation of one phosphate residue is linked to the removal of 
two calcium ions the energy requirement remains marginal as compared to the energy 
amount available when at the same pCa a calcium ion concentration of 1 mM exists 
inside the vesicles. 

5. 22. 2. Kinetics of Phosphoprotein Formation. The kinetic comparison of phos- 
phate incorporation in the presence or in the absence of a calcium gradient is made 
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difficult by the high velocity with which the reaction proceeds at temperatures be- 
tween 20 ~ and 30 ~ When the rate of phosphoprotein formation is reduced by lower- 
ing the temperature to 10~ phosphoprotein formation in the presence of a calcium 
gradient can be measured reliably. Yet, it is very difficult to measure gradient-inde- 
pendent phosphoprotein formation. Because of the large positive enthalpy change of 
the reaction the steady state level of phosphoprotein becomes very small at 
10OC179, 195, 197). This is in contrast to the level of gradient-dependent phosphopro- 
tein which remains nearly constant since its heat of formation is much smaller 19s). 

5.2.2.3. Gradient-lndependent Phosphoprotein Formation. At given concentra- 
tion of phosphate and magnesium the rate of phosphate incorporation depends on 
whether phosphorylation is started by the addition of EGTA to the assay containing 
magnesium and phosphate or by the addition of phosphate or magnesium to the pro- 
tein made calcium free in advance by preincubating it in EGTA containing media. 
The protein is phosphorylated considerably faster when it has been made calcium 
free prior to the addition of magnesium or phosphate than when phosphoryla- 
tion is started together with calcium removal 197). This finding indicates that on 
addition of EGTA the phosphate accepting configuration of  the protein is form- 
ed slowly. This may either be due to a slow dissociation of calcium from the 
protein or due to a slow change in the protein configuration after the protein has 
become rapidly calcium free. This process apparently depends crucially on a very 
specific cooperation between membrane proteins and lipids. Neither lipid depleted 
preparations nor preparations having a reconstituted lipid matrix incorporate signi- 
ficant amounts of  phosphate ss' 197) 

The calcium free protein exhibits saturation kinetics for both phosphate and 
magnesium ions (Fig. 17a). This behaviour excludes a one step phosphorylating mech- 
anism. The simplest possibility is a two step reaction sequence. 

kl~ k2, 
MgE+P , MgE*P . M g E - P .  

k_ 1 k_2 

Mg * P represents an acid labile intermediary complex. If it is assumed that 
k_l >>k2, k l / (k  I + k2) • k l /k_  1 = K, the following relationship for the rate of 
MgE-P formation is obtained. 

11( )1 _ + 1 . 

v ks 

and the dependence of the steady state level of MgE - P or the phosphate concentra- 
tion is given by 

MgE0 

MgE - P 
- -  - (k2 +k_2)/k2 +k_2/k2 " P" K 

Fig. 17b, C demonstrate the obtained linear relations between the phosphate concen- 
tration and the rate as well as the level of phosphoprotein in double reciprocal plots. 
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Fig. 17. Dependence of the initial rate of phosphoprotein formation and of the steady state level 
of phosphoprotein on the phosphate concentration. 
a) Phosphate concentration and phosphoprotein formation are linearly plotted. 
b) Results of a) are plotted double reciprocally. 
e) Double reciprocal plot of phosphoprotein level versus phosphate concentration. Conditions: 

10 mM MgCI 2, 5 mM EGTA, 10 mM phosphate, pH 6.0, T = 30 ~ Phosphorylation was 
started by the addition of MgC12 to the otherwise complete assay 

Measurements of  the steady state phosphoprotein level at different temperatures 
revealed that phosphoprotein formation is accompanied by a large and constant en- 
thalpy change of  48 kJ/mol. In contrast, the likewise quite high activation energy of  
phosphoprotein formation exhibits a pronounced break between 20~ and 30~ A 
break in the Arrhenius plot o f  the calcium-dependent ATPase has been observed in 
the same temperature range and has been interpreted as transitions between two activ- 
ity states of  the enzyme. Apparently, the phosphorylation o f  the calcium free pro- 
tein by inorganic phosphate exhibits a similar kind of  activity transition as observed 
for the calcium-dependent interaction of  the transport protein with ATP 131). A simi- 
lar transition phenomenon complicates the time course of  phosphoprotein formation 
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between 20~ and 30~ While at 20~ and low phosphate concentrations phospho- 
protein formation occurs monophasically, it becomes biphasic at high phosphate con- 
centrations at 20 ~ as well as at 30 ~ Approximately half of the protein is phosphor- 
ylated with a half time of 10-20 ms at 30 ~ while phosphorylation of the other 
half needs 10 times longer. The same biphasic behaviour is found when the rate of  
turnover of the phosphate residue is measured by addition of tracer amounts of radio- 
active phosphate after phosphorylation by inactive phosphate has reached steady 
state level. According to the assumed mechanism, the half time of turnover reflects 
the spontaneous decay rate of  the acid stable intermediate. The biphasic decay indi- 
cates the presence of two different intermediates. The mean half time at 30~ 
is 30 ms and agrees quite well with a value observed by Boyer et al. 198). The view 
of the existence of two classes of phosphoprotein is further supported by the biphasic 
time course which is observed when the once formed phosphoprotein is decomposed 
by the addition of high concentration of calcium ions (Fig. 18). Both phases of  phos- 
phate liberation proceed 10 times slower than the rates of  spontaneous release ob- 
served in the turnover experiments. One is, therefore, tempted to assume that the ad- 
dition of calcium produces a transient stabilization of the phosphoprotein species 
before it causes phosphate release 197). 
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Fig. 18. Time course of the decay of phosphoprotein induced by the addition of calcium chlo- 
197) ride 11 mM CaCl 2 w e r e  added to the phosphorylation medium containing 5 mM EGTA, 

5 mM inorganic phosphate, 5 mM glycerophosphate, pH 6.0, T = 30 ~ Note the slow biphasic 
decay of the phosphoprotein 

5.2.2.4 Gradient-Dependent Phosphoprotein Formation. Properties of gradient- 
dependent phosphoprotein are more complicate to study than those of the gradient- 
independent phosphoprotein species. In order to obtain a maximum yield of  gradient- 
dependent phosphoprotein of  • 3 nmol/mg, it is important to accomplish that as 
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Fig. 19. Dependence of phosphoprotein formation in the presence and the absence 
of a calcium gradient on the concentration of phosphate 195). Native vesicles were 
loaded with calcium phosphate at 23 ~ in the presence of different phosphate con- 
centrations. Formation of phosphoprotein was started by the addition of EGTA 
at a final concentration of 10 mM. The reaction was quenched after one minute 
when gradient-dependent phosphoprotein has reached an optimal value. The for- 
mation of phosphoprotein at 10 ~ was started by EGTA addition after the assay 
was cooled. During the cooling period the vesicles do not lose any calcium, even 
if the assay is kept cool for more than 5'. Gradient-dependent phosphoprotein 
�9 - -  �9 23 ~ �9 . . . .  �9 10 ~ C; gradient-independent phosphoprotein A A 
23 ~ z~ . . . .  zx 10 ~ Inset: scatchard plot for gradient-dependent phosphoprotein 

many vesicles as possible in the assay contain some calcium at the moment  when 
EGTA is added to  initiate phosphoprotein  formation�9 The kinetic discrimination be- 
tween gradient-independent and gradient-dependent phosphoprotein  is facilitated by  

the considerable increase of  the apparent  affinity of  inorganic phosphate  for the 
sarcoplasmic membranes and by its much smaller enthalpy of  formation�9 As a conse- 
quence, at low phosphate concentrat ion and at low temperatures gradient-dependent  
phosphoprotein  is formed almost exclusively (Fig. 19). At  10~ the rate of  net  for- 
mat ion o f  gradient-dependent phosphoprotein  is approximately four times higher 

than that  of  gradient-independent phosphoprotein.  The lat ter  rate is difficult to mea- 
sure reliably due to the low steady state level o f  phosphoprotein.  On the other  hand, 
measurements o f  the rate o f  phosphate exchange revealed that  the dissociation o f  the 
gradient-dependent phosphoprotein  proceeds definitely slower than that  o f  the 
gradient-dependent species. 

A more conclusive kinetic analysis is not  only made difficult because o f  the tem- 
perature-dependent  occurrence o f  different phosphoprotein  species, but  also by the 
fact that the spontaneous decay o f  gradient-independent as well as of  gradient-depen- 
dent phosphoprote in  depends on the concentrat ion of  phosphate. This phosphate 
dependence is not  taken into account by  the tentative reaction scheme�9 

Since the properties of  the two phosphorylated intermediates make it difficult 
to find experimental  condit ions under which both species exist simultaneously in suf- 
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ficient quantities, it is not possible to analyze the interrelationship of the two inter- 
mediates at the moment. Therefore, it cannot be decided whether gradient-indepen- 
dent or gradient-dependent phosphoproteins are intermediates of the same reaction 
chain if they are products of  a reaction proceeding in parallel or if we are dealing with 
a branched reaction chain. If  we assume that the gradient-dependent and the gradient- 
independent phosphoprotein belong to the same reaction chain, gradient-independent 
phosphoprotein would be transformed to gradient-dependent phosphoprotein when 
calcium is present at the internal surface of  the vesicles. For two separate reactions 
occurring in parallel, starting from a common unphosphorylated protein precursor, 
we must postulate that two states of  the protein exist depending on internal calcium 
which differ in their affinity for phosphate. In a branched reaction pathway a com- 
mon intermediate might be formed whose transformation depends on the presence or 
the absence of internal calcium ions. 

In any case, gradient-dependent phosphoprotein can only be formed when inter- 
nal low affinity calcium binding sites are occupied and external high affinity calcium 
binding sites are not occupied. The question arises whether the different saturation 
of internal and external binding sites by calcium ions is sufficient for the formation 
of gradient-dependent phosphoprotein or whether it is necessary that calcium ions 
are translocated from the low to the high affinity sites across the membranes. The un- 
disputed close coupling between the transition of the calcium across the membranes 
and continuous ATP formation can be explained by both mechanisms. If an asymmet- 
ric calcium distribution is sufficient for gradient-dependent phosphoprotein forma- 
tion, one could imagine that calcium additon to small membrane fragments of  puri- 
fied ATPase preparations can transiently give rise to such a calcium distribution pro- 
vided that calcium ions are bound more rapidly to internal than to external binding 
sites. The fact that a great fraction of the gradient-independent phosphoprotein de- 
cays on addition of calcium slower than phosphoprotein formation proceeds during 
calcium removal is a most striking property of  this compound. Since the calcium- 
dependent decay of the phosphoprotein also proceeds much slower than its spontane- 
ous decay, one is tempted to assume that the addition of calcium produces a transient 
stabilization of phosphoprotein. If  this long living intermediate would have become 
ATP-sensitive it can possibly give rise to ATP formation provided that ADP accepts 
the phosphoryl group sufficiently fast. This kinetic property of the phosphoprotein 
can be considered as a basis for ATP formation by nonvesicular preparations produced 
by the simultaneous addition of high concentrations of  calcium ADP to the phosphor- 
ylated enzyme 199, 200) 

Note Added in Proof 

The alternative discussed on p. 47 could be decided in the meantime: The rate of phosphoryla- 
tion of the protein by inorganic phosphate is limited by the slow dissociation of the calcium 
protein complex. Vice versa, when phosphorylation of the protein by ATP is started by the 
addition of calcium, the slow formation of the calcium protein complex limits the rate of phos- 
phorylation 201). 
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1 I n t r o d u c t i o n  

Biochemical Aspects of Biomineralization 

Biological calcification processes are widely distributed in nature. They can be found 
in microorganisms, in plants, in the animal kingdom and in humans. Under physio- 
logical conditions, the results of mineral deposition in biological systems can be 
represented by the formation of bones, teeth and shell material as well as coccoliths, 
corals, pearls etc. The variety of biomineralisates can best be expressed by the fact 
that approximately 128,000 species of molluscs 636) are known. The majority of 
them (Conchifera) form shells of different kinds of size and shape as well as of color. 

There is, however, also a pathological aspect of biomineralization including the 
formation of  body stones (kidney, gall-bladder), atherosclerosis, bone resorption and 
caries. 

Biomineralization can be defined as a sequence of events whereby cells produce 
minerals which crystallize and add together according to a construction drawing. The 
results are so-called hard tissus or hard pieces. In spite of the variety of biological 
calcification products, all biomineralisates have one common feature. They are com- 
posed of  an inorganic (mineralized) phase and an organic part which can be organi- 
zed by proteins, phosphoproteins, glycoproteins, proteoglycans, polysaccharides, 
lipids etc. and frequently of mixtures thereof. Although at least twenty different 
skeletal minerals are reported to exist in living organisms l' 2), only four are mainly 
found: aragonite, calcite, dahUite, hydroxyapatite, and opal 3). The remaining 
minerals are either trace constituents or occur only in a few isolated species a). 
Crystals form by interaction of the organic phase with the inorganic substances. Our 
understanding of the molecular mechanisms of biological calcification processes are 
still superficial although many efforts from various sides have been made to shed 
more light on this unexplored territory of biochemistry. Most research so far in this 
field can be divided into three categories: 
(a) morphological studies of the intricate relationships between mineral phase and 
organic macromolecule (matrix), 
(b) investigations of the chemical composition of the mineralized tissue and the 
minerals, and 
(c) exploration of ion transport mechanisms in cellular systems and the solid state 
principle involved in mineral deposition on organic substrates 3). 

Biomineralization in its variety therefore is based on many classical disciplines 
of science, e. g. mineralogy, crystallography, palaeontology, geology, marine science, 
orthopedics, dentistry, cardiovascular science, urology, veterinary medicine, biology, 
agricultural sciences, nutrition, chemistry, biochemistry, physics, biophysics, physio- 
logy, and many more. 
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2 C o m p o n e n t s  o f  Biomineral isates  

2.1 Inorganic Components of Biomineralisates 

Mineralogy, crystallography and chemistry of mineral deposits in living systems have 
frequently been reviewed in the past 4-  44). Therefore this will briefly be summa- 
rized here. 

2.1.1 Calcium Carbonates 

The following calcium carbonate deposits have been reported to occur in biological 
material: 
calcite 
aragonite 
vaterite 
CaCO 3 monohydrate "amorphous". 
The two polymorphs of CaC03, e. g. the rhombohedral calcite (space group: R 3c) 
and the orthorhombic aragonite (space group: Preen) are most common in orga- 
nisms. 

2.1.2 Calcium Phosphates 

The biologically most relevant calcium phosphates are: 
dahUite [carbonate hydroxyapatite, (Na,Ca)Io(PO4,CO3)6(OH)2] 
francolite [carbonate fluoroapatite] 
hydroxyapatite [Calo(PO4)6(OH)2] 
brushite [calcium monohydrogen phosphate dihydrate, (CaHPO4 �9 2H20)] 
octacalcium phosphate [CaaH2(PO4) 6 �9 5H20] 
amorphous calcium phosphate [Ca3(PO4) 2 ?] 

While CaCO3 crystals (calcite and aragonite) predominantly appear in egg shells 
and in biomineralisates from invertebrates, calcium phosphates are predominantly 
involved in processes which play an inportant role in medicine. They will be descri- 
bed here in detail; the knowledge of their structures are most relevant for the under- 
standing of the cellular and molecular processes in bones and teeth. 

2.1.2.1 Hydroxyapatite 

Since no common agreement on the nature and mode of formation of calcium 
phosphates has been reached, an attempt will be made to coordinate the controver- 
sial observations 3). 

The inorganic phase of bones or teeth is mainly hydroxyapatite (HA), and deviation 
in Ca/P ratio from common HA (Ca/P = 1.667) is explained by the presence of 
amorphous phosphates 3). The biogenetic HA resembles in size crystals of HA pre- 
pared by precipitation from aqueous solutions. The chemical composition of bio- 
minerals is similar to HA. However, crystals in bone, dentine and enamel can vary 
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greatly in size and shape 4s-47). An understanding of the structure of HA can be 
derived from the knowledge of the spatial organization of a small number of con- 
stituent ions. Possibly the whole crystal, regardless of size, can be generated (at least 
conceptionally) by translationally periodic repetitions of  a basic structural pattern of 
the constituent ions known as the unit cell. The unit cell for HA is a right rhombic 
prism which, when stuck in the manner just described, forms a simple hexagonic 
lattice. The length along an edge of the basal plane of  the cell is a --- 9.432 A and the 
height of  the cell is c = 6.881 A. 

The spatial symmetry symbolized as P 6a/m, cannot be completely specified 
with less than this number of  atoms. The arrangement of these constituent atoms are 
projected along the c-axis onto the basal plane. The hydroxyl ions lie, in projection, 
at the comers of  the rhombic base of the unit cell. The hydroxyls occur at equidi- 
stant intervals one half of  the height of  the cell (3.44 A) along columns perpendi- 
cular to the basal plane and parallel to the c-axis. Six of the ten calcium ions in the 
unit cell are associated with the hydroxyls. These calcium atoms form equilateral 
triangles centered on and perpendicular to the axis of the hydroxyl ions. Successive 
calcium triangles rotate 60 ~ about this axis in a manner spaced one half a unit cell 
distance apart. The other four claciums of the unit cell lie along two separate 
columns parallel to the c-axis, heights halfway between the hydroxyl-associated 
calcium triangles. These "columnar" calcium ions are coordinated entirely by 
oxygens from the orthophosphate tetrahedra, which occupy the bulk of the space 
between the calcium ions in the structure 48' 49). The hydroxyl ions do not lie in the 
center of the triangular planes defined by calcium ions s~ The oxygen center of  
each hydroxyl ion is displaced by about 0.3 A from the center of  the nearest triangle 
of calciums. The hydroxyl ion is always perpendicular to the nearest plane of cal- 
ciums with the hydrogen ion facing away from this plane in such a way that the 
O - H  band never straddles the plane. In contrast, the fluoride ions in fluoroapatite 
(where chemically the fluoride replaces hydroxyl ions in apatite formula) lie in the 
center of  the triangular calcium planes s 1). The closer coordination of fluoride as 
compared to hydroxyls, by the nearest calciums, may account in part for the greater 
chemical stability of  fluoroapatite as compared to HA s 1). The view has been ex- 
pressed that the axis through the triangular calciums is not an essential part of the 
main structure. Ions removed from these channels will not destroy the integrity of 
the structure if local charge balance can be maintained. In fact, in the apatite-llke 
compounds Pbs(PO4) 2 SiO4 s2) and Balo(PO4)sP04 s3), these channels are indeed 
empty. Since the channels are large and are supported by the rest of structure, they 
provide easy diffusion paths by means of which fluoride ions may replace hydroxyl 
ions in fossil bone apatite s4). In cation-deficient lead apatite, the empty cation sites 
were statistically distributed only along the columnar structural positions, and not 
among the triangular cation sites ss). 

The dimensions of  bone crystallites can be as small as 96 + 10 A, with the order 
of  magnitude even a factor of  two or three smaller 56). The mean size of  the apatite 
crystals in dentine and cementum is of  the same order as that found in bone. Enamel 
crystals, however, are at least an order of  magnitude larger in all dimensions. There 
appears tO be good agreement that the smallest dimension of the bone apatite crystal 
is about 50 A. On the other hand, there is a discrepancy in the reported size of the 
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maximum length. From X-ray diffraction studies s6), it was derived that the largest 
dimension is probably less than 100 A. This is consistent with the view of a bone 
apatite particle as a mosaic of microcrystals rather than as a continuously uniform 
single crystal. 

Biological factors are also important in establishing the size, shape and orien- 
tation of  bone erystalsST). X-ray diffraction studies on ossified bird tendon show 
that the direction of the c-axis of the apatite crystallites was parallel to the collagen 
fibres sT). In a low-angle diffraction study on compact bone ss), the apatite c-axis lies 
paratlel to the largest bone crystallite dimension. This dimension coincided with the 
collagen fibre axis s8-61). The side-by-side pattern, across the width of the fibril 
which appeared during the initial crystallization of the matrix, was followed by an 
end-to-end aggregation along the length of the fibril to produce the polycrystalline 
chains sg). Since the c-axis of bone crystals grows parallel to the collagen fibre axis, 
fluoride arrangements suggest that the length of a bone apatite crystal in the 
direction of  the c-axis is in some way limited by the length of the fundamental 
period of  collagen and by the number of foci for crystal nucleation along this length. 
In enamel, where the matrix is said to be keratin(? )62), no such restrictions in 
fluoride-induced growth along the c-axis Occurs 63). In the initial stage of the in vivo 

calcification of the collagenous matrix, the earlier mineral deposits are extremely 
small 64). It has been concluded that the initial penetration of the matrix with 
mineral is quite rapid and is followed by a slower laying down of the mineral. 
Probably the slower step is a combination of growth of the initial seeds concomitant 
with the formation and growth of additional apatite, especially in the inter-col- 
lagenous spaces. Furthermore, much of the elongation of crystals associated with the 
collagen in more heavily mineralized areas is probably not a reflection of true crystal 
growth but of  a "fusion" of  the initial smaller crystals through separate growth of 
the latter 64). 

Changes in the size of bone crystals with age have been noted in X-ray dif- 
fraction studies 6s). Here the mean size was observed to increase with age up to 
maturity. At this point a sharp leveling off of growth rate occurred and the size 
became relatively constant and independent of age. This could be considered as 
additional evidence for matrix-restricted crystal growth. However, it could also mean 
that secondary growth due to dissolution and reprecipitation does not occur in bone 
crystals in fully mineralized tissue. Secondary growth or ripening is encountered in 
aqueous systems of  sparingly soluble salts in which the initial precipitate is finally 
divided 6s). 

Most of the HA crystals in young bone are small with a mean crosssectional 
width of only about 90 A. Occasionally, larger crystals in the 500 to 1000 A range 
have a thin platelet-like form. Those two crystal populations are morphologically 
distinct from one another and must have originated under somewhat different con- 
ditions 3, 48). 

The major inorganic ions in bone mineral are calcium, phosphate and carbonate, 
with lesser amounts of magnesium, sodium, potassum, chloride, and fluoride 66). 
Traces of iron, copper, lead, manganese, tin, aluminum, strontium, and boron have 
also been detected 67). 
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Considerable attention has been given to the site of these ions in bone salts with 
particular emphasis on structural interpretations based on the apatitic lattice model. 
Several problems, however, are encountered in any attempt to understand the 
stoichiometric structural relationships existing in bone mineral using such a model. 
One difficulty arises from the variability in the chemical composition of bone 
mineral itself. This variability is most noticeable in the levels of the minor con- 
stituents, but even calcium and phosphate fluctuate to some degree 67). Also the 
Ca/P molar ratio ranged from 1.37 to 1.71. This ratio is age dependent, with the 
lowest values obtained for bones from children and the elderly and the highest for 
young adults 69). 

The most challenging problems in defining the underlying structural basis for the 
observed chemical stoichiometry of  bone mineral involve the two major constituents, 
calcium and phosphate. The HA model would predict that ideal composition for 
bone apatite should be Cas(PO4)aOH, with the calcium and phosphate in the Ca/P 
molar ratio of  1.67. Averaging data on mammalian bones result, however, in a Ca/P 
molar ratio of  1.7467). An average value of only 1.57, with a maximum value of 
1.71 has been described 68). The new Ca/P molar values would in every case be less 
than 1.67 leading to the assumption that bone HA is calcium deficient. Most con- 
clusions concerning the structural origin of this calcium deficiency in bone apatites 
are based on studies of synthetic analogues. These explanations can also account for 
the reported wide variations in the magnitude of this deficiency 68). 

Explanations for the existence of non-stoichiometric apatites on the basis of 
deficiencies in calcium ions can generally be divided into three groups: 
(1) the calcium ions are missing from the crystal surface with replacement by 
hydronium ions, H30 +, to preserve charge neutrality 69), 
(2) there are random defects in the apatite lattice due at least in part to statistical 
absences of  calcium ions from interior lattice sites ss' 70), 
(3) the calcium-deficient apatites are, in reality, a continuous series of lamellar inter- 
growth between octacalcium phosphate (CasH2(PO4) 6 �9 5 H20 ) and HA 71). 

None of the proposed models adequately take into account the possibility of 
both variations in surface composition and/rtternal lattice defects. Studies of the 
crystallography of bones from young and adult humans demonstrate that bone 
minerals are not mono-mineralic but represent a mixture of several structurally dif- 
ferent crystalline phases 4s). The major proportion of  mineral species represent 
apatite which is best defined as an isomorphous mixture consisting of two end- 
members: HA and carbonate apatite, e. g. Calo(PO4) 6 (OH)2 and (Na,Ca)l o 
(PO4,CO3)6 (OH)2. Furthermore, young bones contain calcium monohydrogen 
phosphate dihydrate (brushite, CaHPO4 �9 2 H20) 48). At pH 6.3 and about 40 ~ the 
formation of octacalcium phosphate has been observed. This mineral has been re- 
ported from dental calculus. 

Moreover, octacalcium phosphate (CasH2(PO4) 6 - 5 H20 ) has been found in 
young bones and dentine72); its possible role as a precursor of the small HA crystal- 
lites in bone and teeth has been discussed 73-79). Boiling water and fluorine con- 
taining solutions readily hydrolyze octacalcium phosphate and convert it to HA. The 
therapeutical significance of  fluorine has been reported 8~ The fluoride increases 
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the crystallinity of the formed HA as measured by the broadening effects on the 
X-ray diffraction peaks. 

Among the apatite substituents, carbonate has been the subject of many studies. 
The apatite present in dental enamel is not a pure HA, but rather a corbonate apatite 
with a carbonate content of  2 - 3  %. There is still a controversy about the location of 
the carbonate in enamel, dentine and bone. While most recent studies agree that 
carbonate appears to be substituting within the lattice rather than existing in an 
amorphous phase, there is still some disagreement as to the actual position of the 
carbonate. The presence and location of the carbonate in dental enamel may relate 
directly to the risk of carious attack. Carbonate has been shown to be leaked pre- 
ferentially from early carious lesions 81). 

In renal stones, apatite (Cas(PO4) 3 OH, 1/2 CO3) with a hexagonal shape has 
been observed; however, this mineral is difficult to identify because of its crypto- 
crystalline appearance. Struvite (MgNH4PO4 " 6 H20) orthorhombic, newberyte 
(MgHPO 4 " 3 H20 ) orthorhombic, whit-ockite (Caa(P04)2)hexagonal, and also 
brushite have been reported to occur in renal stones 82). 

2.1.2.2 Amorphous Calcium Phosphate 

Among the possible apatite precursors, octacalcium phosphate and amorphous 
calcium phosphate (ACP) have been discussed. An ACP phase exists in bones along 
with a crystalline apatite phase. The presence of this phase and a quantitative evalua- 
tion of its percentage of the total bone mineral content have been determined by 
X-ray diffraction, infrared spectroscopy, and electron spin resonance technique 81). 
The subject of  amorphous phases in bio-phosphates is even more controversial than 
the nature of the crystalline phases 3' 111). The round, doughnut-shaped appearance 
of the amorphous particles contrasts markedly with the straight-edge, solid neddle- 
shaped crystals of apatite seen in the same electron micrographs 83). 

Unlike crystalline subsystems, one cannot understand the structure of an amor- 
phous particle from a knowledge of  the spatial organization of a small group of its 
constituent atoms. The reason is that the atoms are not arranged in a regular, period- 
ic array which would enable one to define the whole space occupied by the particle 
by simple translational repetitions of  a basic structural motif of  atoms. The spatial 
organization of the ions comprising the amorphous material in bone mineral is, at 
present, completely unknown. 

The ACP, like the synthetic apatites, do not have a rigidly defined chemical 
composition. The molar Ca/PO4 ratios were found to vary from 1.44 to 1.55 depen- 
ding upon the conditions of preparation 84). On the other hand, the composition is 
less variable than that found in apatites prepared under the same conditions 8s). 
Despite the lack of constancy in the composition of these two materials, it was 
found that the converted apatite invariably had a higher molar Ca/PO 4 ratio than its 
amorphous precursor. In addition, the molar Ca/PO4 ratio of the amorphous 
material having the greatest solution stability was found to be 1.50. This last obser- 
vation is a possible chemical justification for considering the amorphous salts as 
non-crystalline tricalcium phosphates, rather than submicrocrystalline Ca deficient 
HA. The degree of instability of these amorphous materials would be related to the 
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degree to which their composition deviates from the ideal tricalcium phosphate 
stoichiometry, Ca3(P04)2 a4). As far as is known, synthetic ACP preparations are 
not stable in aqueous media. If these phosphates are kept in contact with their pre- 
parative solution, these materials will hydrolyze into crystalline apatite. The rate of 
conversion is controlled by the apatite product and not by the amorphous precursor. 
In synthetic systems, this conversion rate has proved to be strictly proportional to 
the number of  apatite crystals already formed and not to the amount of amorphous 
material remaining. Such autocatalytic behaviour is an example of secondary hetero- 
geneous nucleation. Secondary nucleation phenomena can only occur in solutions 
supersaturated with ions of the crystallizing phase, in the present case with calcium 
phosphate and hydroxyl ions. The fact that the secondary mechanism is the only 
rate-controlling step in the conversion suggests further that the amorphous phase acts 
essentially as a passive, but very labile reservoir of calcium and phosphate, ensuring a 
steady state condition of supersaturation throughout the hydrolysis. The isothermal 
metastability of ACP in solution implies that the formation of this phase is a kinetic 
rather than a thermodynamic phenomenon s6). 

ACP reveals discoidal and spherical forms sT), but it is questionable whether 
these two forms actually exist in living bone. It has been assumed to be more likely 
that they are produced by drying or aging of the sample materials. Amorphous min- 
eral material occurs in matrix vesicles of newly synthesizing bone. This less dense 
amorphous mineral material appears to occupy the position of the vesicle membrane 
and it may be the precursor of bone material 88). 

2.1.2.2.1 Stabilization of  Amorphous Calcium Phosphate. It has been assumed 
by analogy to synthetic systems that ACP is a precursor phase which transforms 
autocatalyticaUy to bone apatite unless stabilized in some way 89). In line with this is 
the observation that young bone is higher in amorphous than in crystalline content, 
while the reverse is true for mature bone 78). It appears to be the dominant phase in 
very early in vivo mineralization, and apparently persists in mature bone 78-92). 
Because of its inherent instability and its continued presence in fully mineralized 
tissues, several studies have dealt with the stabilization of the ACP and with factors 
which might delay or prevent its conversion to HA 79' 93-97) 

It has been shown that a variety of substances, including magnesium, pyrophos- 
phate and a specific protein-polysaccharide aggregate, can in appropriate concentra- 
tions, delay the conversion of ACP to HA. Certain acidic phospholipids (PL) were 
bound to mineral in the early stages of in vivo mineralization 98- lO 1). The pre- 
dominant one, phosphatidyl serine, has been found to be the major anionic PL in 
matrix vesicles associated with the new mineral formation in vivo t~ lo3). This 
lipid and other acidic PL are known to bind preferentially to calcium 1~ lO7) and 
to have a stabilizing effect on ACP 96) in the presence of bone calcium and inorganic 
phosphate in biphasic systems 96). Neutral zwitterion lipids which have amphiphatic 
properties but do not bind calcium are not effective in stabilizing ACP. 

With preformed ACP at ratios of only one PL molecule per 30-50  Ca atoms, 
phosphatidyl serine markedly delays HA crystal formation. When phosphatidyl 
serine is present during ACP precipitation, inhibition of conversion to HA is less 
pronounced, but crystal habit and aggregation are greatly altered resulting in stacks 
of thin,membrane-like sheets approximately 3 -42  A thick. Phosphatidyl serine 
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appears to be the most effective PL in blocking ACP to HA conversion, when 
oriented primarily on the surface. In view of the presence of anionic lipids in matrix 
vesicles and their association with early mineral deposits, these findings emphasize 
that lipids may play a role in the control of normal mineralization in vivo lo8). A 
calcium-PL-phosphate complex with a constant 1 : 1 calcium to total phosphate molar 
ratio has been shown to exist in bone 1~ This complex from young bone has been 
reported to initiate HA formation from metastable calcium phosphate solution. 

The action of the complex is compared to that of the acidic PL: phosphatidyl 
serine, phosphatidyl inositol and phosphatidic acid. These PL first remove calcium, 
and a small amount of  phosphate from the metastable solution, forming a material 
similar to the complex isolated from bone, and then form HA. The rate of  HA pro- 
liferation, once phosphatidyl serine and phosphatidyl inositol are converted to 
Ca-PL-PO4 complexes, is the same as the rate observed for comparable weights of the 
complex isolated from bone 110) 

When calcium phosphate is precipitated from aqueous solutions of  high super- 
saturation and pH values above 7, the solid phase appearing initially is an ACP with 
the formula Ca9(PO4) 6111, 112). I f  this amorphous precipitate is allowed to remain 
in contact with the solution, it transforms to crystalline HA through a process of 
dissolution, nucleation and crystal growth 77), unless stabilized in some manner. 
Under certain conditions, the mitochondria of  many types of  cells from a variety of 
animal species can accumulate large deposits of  stable ACP 113). In a tissue which 
calcifies, these mitochondrial granules might be involved in some aspects of the 
mineralizing process 113). 

The mitochondria from the hepatopancreas of the blue crab contains ACP de- 
posits that have been shown by X-ray radial distribution function analysis to be 
similar in local atomic order to synthetic ACP 114, I 15). In fact, ATP and Mg are 
required for the formation of this mitochondrial calcium phosphate 116). Using con- 
centrations of  ATP in the same range as found in crab mitochondrial granules 1 xs), it 
has been shown that the transformation of  synthetic ACP to HA was considerably 
delayed. A much larger concentration of  ADP was required to give the same transfor- 
mation delay, but the effect was otherwise similar 117). The presence of Mg in 
solution also delays the conversion of ACP to HA 118) 

A synergistic effect has been demonstrated when Mg and ATP are used together 
in solution to delay the conversion of a slurry of  ACP to crystalline HA. Conversion 
is delayed in some instances more than ten times as long as with either ATP or Mg 
alone. Conversion does not begin until ATP in solution is decreased through hydro- 
lysis to an undetectable level. The effect of Mg is to decrease substantially the rate at 
which ATP hydrolysis occurs. 

Once conversion begins, it proceeds more slowly in the presence of both Mg and 
ATP than with Mg or ATP alone. ATP was also found to prevent the formation of 
HA from metastable solutions of  calcium and phosphate which did not contain any 
solid phase. Hydrolysis of  ATP does occur in the presence of ACP or HA, presum- 
ably by transphosphorylation on the surface of the solid calcium phosphate phase. It 
was concluded that ATP stabilizes ACP, not by affecting its dissolution, but either 
by poisoning heteronuclear growth sites or by poisoning the growth of embryonic 
HA nuclei (formed heterogeneously or homogeneously) before their critical size is 
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reached, or by poisoning both. In the case of embryonic HA nuclei, the poisoned 
nuclei would go back into solution preventing HA crystal formation. In addition, it 
was found that neutral Ca9(PO4) 6 clusters, which are believed to be the basic struc- 
tural unit of ACP, break down into individual Ca and PO4 ions when ACP dissolves 
in aqueous medium 119). 

2.2 Organic Components of Biomineralisates 

2.2.1 Lipids 

It has been suggested that the acidic PL, phosphatidyl serine, phosphatidyl inositol 
and phosphatidic acid are involved in the initiation of biological calcifica- 
tionl20-123, 466). The theory that PL are essential for the mineralization of ver- 
tebrate hard tissue 124) was initially advanced by histochemical studies and later 
supported by biochemical studies on animal models 99). Independent studies of the 
lipid composition of hard tissues indicated that a specific fraction of the acidic PL 
found in dentine, enamel, calcified cartilage and bone could not be extracted by lipid 
solvents prior to demineralization 99' 125-127). Evidence that the same PL fractions 
were necessary for HA formation came from the observation that the presence of 
these lipids is essential for the recalcification of the matrices of marmorset 
femurs 128) and dental calculus 129). Furthermore, the PL extracted from bones, 
hard and soft tissues, were shown to cause the in vitro precipitation of HA from 
metastable solutions 130). Although it was apparent that the acidic PL must in the 
same way be involved in mineralization, the precise function of the PL in tissue calci- 
fication and the nature of the interaction between PL and mineral remained un- 
certain. It has been suggested that the lipids might serve to stabilize ACP inhibiting 
the conversion of this amorphous precursor to apatite t~ Others have suggested 
that a complex might exist between the PL, calcium phosphate and certain macro- 
molecules and that this complex plays a role in the onset of calcification 96' 98, lo l) 

Phosphatidyl choline binds calcium, magnesium and rare earth cations. This has 
been studied by proton magnetic resonance and infrared spectroscopy. The calcium- 
induced chemical shifts for the various protons of phosphatidyl choline were Ca 
choline > C~ choline > N(CH3)3 > C3 glycerol. No significant chemical shifts were 
observed for the C1 and C2 glycerol protons. None of the acyl chain protons were 
affected by the presence of calcium. Analyses of the salt-induced shifts yielded 
binding curves which fitted excellently, with the theoretical data. The vicinal cou- 
pling constants for the various protons of phosphatidyl choline did not appear to 
change in the presence of  calcium. Examination of the P=O stretching band 
(1150-1300 cm-1)  of phosphatidyl cholines by differential IR spectroscopy 
showed that this band shifted to shorter wavelengths in the presence of calcium. The 
site of calcium binding to phosphatidyl cholines is deduced from proton magnetic 
resonance and IR data. It appears that both the structure and reactivity of the 
cation-lecithin complex are dependent on the nature of the cation ~ 38). 

The consistent finding of sizeable amounts of partially degraded PL in the 
matrix Vesicle fraction 131-133), plus the demonstrated barrier to as Ca exchange 
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imposed by lipid membranes, suggests that breakdown of the vesicle membrane may 
be an essential step to permit the enclosed ACP to convert to HA. Recent find- 
ings la4) have shown that the majority of  the phosphatidyl serine and lysophos- 
phatidyl serine present in the matrix vesicles is located on the inner side of the 
vesicle membrane. Thus, it is almost certain that the acidic PL-Ca-PO4 complexes 
present are located on the inner surface of the vesicles. This would explain their 
inability to nucleate HA until the vesicle membrane was disrupted. With membrane 
rupture, two processes could occur: 
(1) the complexes could be exposed to the extracellular fluid where it would be free 
to nucleate HA, and 
(2) the ACP present in the vesicles could also convert to HA once the excess Mg 
present in the vesicle fluid was allowed to diffuse away. However, the mechanisms by 
which Ca and inorganic P enter the vesicle, and numerous other details, still remain 
to be established 13s). 

Lipids may also be involved in the calcification of the dentine matrix, because 
sudanophilic materials have been detected in ontoblasts, at the dentine-predentine 
junction and in the peritubular dentine matrix 311). A series of  nutritional studies 
have shown that dentine lipids are ha a dynamic state 312-als). A diet deficient in 
essential fatty acids produced degenerative effects on dentinogenesis and resulted in 
the production of teeth more susceptible to dental caries 31 s). 

The major PL in predentine were phosphatidyl choline (52-56  %) of the total 
PL and ethanolamine phosphoglycerides (22-23 %). About 10 % of the ethanol- 
amine phosphoglycerides were plasmalogens. The major fatty acids observed were 
palmitic, stearic, oleic, linoleic, and arachidonic acids. Predentine sphingomyelin 
contained only about 6 % of 24-carbon fatty acids, which is a relatively low amount 
compared to sphingomyelin in most other tissues 311). No study of lipids in dental 
pulp, predentine or dentine has yet detected any change in the lipid composition 
during tooth development, even though lipids have been implicated in calcifica- 
tion311). The extractab~ity of  phosphatidyl serine and phosphatidyl inositol in 
dentine is markedly different from that of its precursor tissue predentine. Apparent- 
ly all of  the phosphatidyl serine and phosphatidyl inositol in dentine is strongly 
associated with calcium ions and cannot be extracted until the dentine is deminera- 
lized311). The fatty acid compositions of predentine and dentine are markedly dif- 
ferent. Dentine and enamel of  rats and dentine of rat and human teeth 316' 317) 
contain only a few percent of arachidonic acid and decosapolyenoic acids. Thus, the 
predentine with its complement of polyunsaturated fatty acids is apparently con- 
verted into a tissue dentine which contains essentially no arachidonic acid or decosa- 
polyenoic acids 311). 

In egg shells the presence of lipids has also been established and these have been 
characterized 136, 137) 

2.2.2 Cyclic Nucleotides 

It has been suggested 139) that adenosine 3',5'-monophosphate (cyclic AMP) 
functions as an intracellular "second messenger" which mediates the effects of 
specific hormones on their target cells. According to this concept, a hormone such as 
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parathyroid hormone or calcitonin binds to a specific receptor site in the cell mem- 
brane where it activates adenyl cyclase. This enzyme accelerates the production of 
cyclic AMP (cAMP) from ATP in the cytosol, cAMP then activates enzymes which 
ultimately lead to cellular activities that are typical for the hormonal effect, such as 
bone resorption or apposition. Information regarding bone cell activation mecha- 
nisms is mainly derived from studies of hormonal effects on bone in vitro 140-146). 
Since it is now well established that the basic mechanism of bone cell activation 
involves cAMP, it appears likely that this cyclic nucleotide will also have a deter- 
minant role in bone cell activation in response to mechanical stress. 

Supportive evidence for this hypothesis was presented recently 144) in a study in 
which cAMP concentrations in alveolar bone extracts from orthodontically treated 
cats were found to be significantly higher than in non-stressed alveolar bone samples. 
A relationship has been suggested to exist between the cAMp-containing ceils and the 
process of  bone remodeling 147). It has been shown that increased cAMP levels in 
cells are responsible for the activation of protein kinases 14a) which catalyze the 
phosphorylation of  other proteins and also stimulate calcium efflux from mito- 
chondria. Both these effects of  cAMP are considered to be important steps in the 
response of ceils to external stimuli 149). The observations that cAMP-containing 
cells are seen in areas in which cellular products such as osteoid are found relatively 
late, lead to the assumption that the presence of cAMP in cells means intracellular 
accumulation of substances such as lysosomal enzymes and other products which are 
to be released to the extracellular space at a later stage ls~ In view of these 
concepts which relate the presence of cAMP in cells to their response to external 
stimuli, it is conceivable that different degrees of cellular activity indicate different 
concentrations of cellular cAMP. Mechanical forces are capable of  activating cells 
involved in bone remodeling, but this activation occurs in limited areas while most of  
the neighbouring osteocytes remain unaffected x 47). 

A considerable volume of experimental evidence supports the concept that 
cAMP serves as a second messenger in the action of parathyroid hormone (PTH) on 
bone cells143-146, 153-- 156). Recent reports indicate that cyclic guanosine 3', 
5'-monophosphate (cGMP) may also serve as an intracellular second messenger in a 
number of  tissues 1 ST, 158). However, little is known regarding this role of  cGMP in 
bone. Recently it has been reported that bone samples taken from animals (female 
cats) 20 and 60 minutes after administration of parathyroid extract contained twice 
the amount of  cAMP, and almost three times the amount of cGMP observed in the 
controls. These results indicate that the cellular source of bone cyclic nucleotides in 
parathyroid-extract-treated animals varies as to cell type, and therefore in bone the 
functions mediated by cAMP are not necessarily antagonistic to those mediated by 
cGMP 1 sg). 

2.2.3 Amino Acids and Peptides 

Only very little information exists on the occurrence of free amino acids and pep- 
tides in biomineralisates. In extracts of  dentine, four peptides have been identified 
(A, B, C, D) t60). Peptides A and B contain those amino acids typical for collagen, 
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peptide C lacks hydroxyproline, proline and phenyalanine, while peptide D is made 
up from lysine, hydroxylysine, glycine, alanine, arginine, glutamic acid and aspartic 
acid. Also a decapeptide has been isolated from dentine. Because of the content of  
three non-identified sugars, the latter peptide has been regarded as a glycopep- 
tide 161-163). Furthermore, a peptide has been found in dentine containing glycine, 
alanine, serine, glutamic acid,arginine and two unidentified components; the latter is 
assumed to be serine phosphate and 7-amino butyric acid. 

Also free amino acids and peptides have been extracted from enamel. The 
material is very similar to that of dentine. Peptides from bone and teeth extract have 
an apparent molecular size of 750 to 5000 daltons 163). Also peptides have been 
found in aqueous extracts of  egg shells from birds and reptiles 164). It has been 
assumed that free peptides and glycopeptides may have effects on the nucleation of 
the mineral phase 18s). On the other hand, those products could be split off from 
matrix proteins during crystallization processes. Perhaps there may be an association 
between free peptides and mucopolysaccharides or glycopeptides. It cannot be ex- 
cluded that they are artefacts due to isolation procedures 164). 

2.2.4CitricAcid 

Although about 80-90  percent of the total citric acid in humans are localized in 
hard tissues as enamel, dentine, cementum and bones, very little is known on the 
biological function of citric acid in biocalcification. HA crystals are reported to be 
dissolved by the action of citric acid. The acid dissolves the crystals in such a way 
that the destruction is a preferential attack along the c-axis. It is highly probable that 
the HA crystallites present in mineralized tissues also do have a dislocation in the 
centre of  the material x 6s). Another assumption describes that citric acid is a con- 
stituent of  the aqueous phase of  enamel or that citrate is bound to the surface of 
apatite by adsorption 166). 

2.2.5 Organic Matrix Components 

Biochemical and morphological studies have shown that at least matrix components 
and matrix vesicles are closely involved in biomineralization. The concept of an 
organic matrix in any hard tissue depends on the hypothesis, that macromolecular 
organic constituents largely control the deposition of  solid inorganic matter. The 
term "matrix" is widely employed in a histological context but its popularity has 
resulted in frequent laxity of usage through reference to any continuum surrounding 
discrete elements as a matrix. For example, the "extracellular matrix of cartilage" is 
no matrix for the cells because it is produced by them, not vice versa. More precise 
application of  the terms is easier in relation to inorganic crystallites in mineralized 
tissues. Its derivation from mater, through the Latin matrix (womb or uterus) 
emphasizes the main features of  a general definition in current English as "the place 
or medium in which something is bred or developed". This provides the criteria 
applying to a true histological matrix, which should: 
(1) be in existence before whatever is bred 
(2) somehow participate in its development 
(3) subsequently enclose it spatially. 
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Matrices of  mineralized tissues may be subdivided 167) into (a) permanent ones 
which (4a) remain within the tissue, continuing to enclose the inorganic phase (e. g. 
mineralized keratins, bone, cementum, shells and dentine) and (b) temporary 
matrices which (4b) eventually leave the inorganic crystallites in a comparatively 
unprotected state, exposed to the influence of the external environment (e. g. dental 
enamel). 

Concerning the chemical nature of the matrices of mineralized tissues, macro- 
molecular polyions invariably seem to be present. These are usually predominantly 
proteins. Occasionally the matrix is rich in highly basic polyanions and polyuronic 
acids. The chemistry of organic matrices from invertebrate animals has received little 
attention until recently when a brachiopod exoskeleton which contains apatite has 
been investigated 168). The matrices of 8 species from 4 phyla have been studied in 
which either silica or calcium carbonate forms the main inorganic phase 169). In two 
species of echinoderms the main matrix constituent was a collagen of characteristic 
composition and striated fibrillar structure which, however, gave rise to calcite 
crystals in contrast to vertebrate collagens which form apatite. Collagen was a minor 
constituent of  the matrices of  mineralized tissues from representatives of  the phyla 
Porifera, Mollusca and Arthropoda. Other matrices were formed by conchiolin (mol- 
luscs) and by proteins and protein-complexes (egg-shells). Extracellular matrix, or 
briefly matrix, is defined as anorganized solid or semisolid extraceUular material on 
the surface of  individual cells and on the surface or in between cells of multicellular 
organisms. The assembly, organization, and specialization of cells in multicellular 
systems, however, occur only when the intercellular matrix develops, protecting, 
connecting, binding, and organizing the cells into one functional system of tissue, 
organ or organism. This environment may play a primary role in the control of cell 
processes. Thus, the cellular function of the multicellular organism cannot be fully 
understood without complete knowledge of the structure and function of the 
matrix. 

A variety of organic matrices are assumed to be able to initiate or accelerate the 
precipitation of calcium and phosphate ions from solutions 171-177), by a process 
called heterogeneous nucleation 178-180). Since mineral is normally deposited 
extracellularly, these observations may help to explain the manner in which the 
mineral phase of bone is formed and localized. Many of these studies were carried 
out with collagenous matrices in which the collagen fibres are highly orde- 
red176, 181,182). Therefore, it has been proposed in analogy with nucleation phe- 
nomena in inorganic chemistry that such organization is a necessary characteristic of 
a template which can influence the rate of crystal formation 177-179, 183) 
Interest in the role of the matrix in mineralization was reawakened by the demon- 
stration, that the crystals in bone were highly oriented with respect to the collagen 
fibres. This in turn has led to studies on the chemical nature of the matrix related to 
its ability to calcify 184). 

By contrast and despite many studies, the role of the components of the calci. 
fying matrices (collagen, fibrils, proteoglycans, llpids, phosphoproteins) is still uncer- 
tain. This material is thought to play an essential role in inducing crystal forma- 
tion77). 
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2.2.5.1 Collagen 

Collagen is the major protein of  the extracelhilar connective tissues and functions as 
a structural protein for many biomineralization processes, e. g. in bone and teeth. 
The amount of collagen varies from one species to another and from tissue to tissue 
within the same species. Collagen comprises as much as one third of the total protein 
in the vertebrate body and in certain invertebrates, such as sponges and echinoderms 
as well as corals 186), collagen may account for an even larger proportion of the total 
protein of  the organism. 

Collagen has long rod-like molecules consisting of three polypeptide chains 
coiled left-hand about a common axis 187' 188) The dimensions of about 3000 x 15 ,~ 
are well established ~89). Chemical evidence that the major vertebrate collagens con- 
tain three similar (but not necessarily identical) chains extending in parallel the full 
length of the molecule has been summarized 190). These are designated a-chains. 
Such chains predominantly have a molecular weight of approximately 95.000 dal- 
tons 193-19s). In general the amino acid composition of one of the three chains 
(a2) differs significantly from that of the other two  (0~ 1 )195-198). Although some 
variations have been noted in collagen composition, about one third of the total 
amino acid content is glycine and about 20 % are amino acids. Most vertebrate col- 
lagens contain three uncommon amino acids: 4-hydroxyproline, 3-hydroxyproline 
and 5-hydroxylysine. These proteins lack cysteine and are low in aromatic amino 
acids 184). 

The introduction of covalent cross-links produces double-chain j3-components, 
triple-chain 7-components and higher molecular weight products which can be identi- 
fied in solutions of denatured collagen 19~ Denaturation of collagen results in the 
appearance of  three molecular components, termed a-, 13- and 7-components. The 
molecular weight of the ~z-component is considered to represent any single chain of 
which there are three in the collagen molecule. By chromatographic techniques the 
components from the major portion of vertebrate collagen, including those from 
dentine and cementum, are separable into two distinct units which have approxi- 
mately the same molecular weight (100,000). They are present in a ratio of 2:1. The 
chain composition is [cz I ]2a2. Recently collagens with a-chains with amino acid com- 
positions different from al  and a2 have been described. Arbitrarily, these a-chains 
have been designated a I in conjunction with a Roman numeral designating their 
sequence of  discovery. Previously described a-chains with amino acid compositions 
different from a I have retained their original nomenclature, e. g. a2 and a3. Thus, 
the first described and predominant collagen type contains al  (I) and a 2 type chains 
and has a chain composition of  [a! (I)]2a 2. A minor but significant portion of verte- 
brate collagens have chain compsitions different from [al(I)]2a2. For example, 
cartilage collagen is composed almost entireyl of molecules containing three identical 
chains with respect to amino acid composition and sequence. These chains are de- 
signated al (II) and the molecular chain composition is designated [0q (1I)]3. Other 
vertebrate tissues containing genetically distinct a-chains and collagen molecules with 
three identical chains are skin and basement membrane. The 13-components have a 
molecular weight of 200,000 daltons and an amino acid composition indicating they 
are dimers consisting of two a-chains. These are formed by covalent cross-links bet- 
ween a-chains. 7-components have the same amino acid composition as that of un- 
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fractionated tropocollagen and probably represent many possible combinations of 
trimers of  covalently linked a-chains 190. 

Significant advances have been made in elucidating the primary structure of 
a-chains. The amino acid sequence of the a 1- and a2-chains of the helical region of 
collagen, residues 1-393 have been already reported 192). 

Almost the complete amino acid sequence of an al(I)-chain (more than 1000 
amino acid residues) has been determined 190. From this work, this collagen a-chain 
may be defined as a linear sequence of amino acids, linked only by a-amino, a-carbo- 
xyl peptide bonds. The a-chains are characterized by glycine at every third position 
for more than 95 % of their length. Amino- and carboxy-terminal ends of collagen 
a-chains do not contain the repetitive glycine structure. Therefore, short sequences 
(16 or 17 residues) called telopeptides, which differ in structure from the rest of the 
collagen molecule in that they are probably devoid of the polyproline kind of the 
helical structure, are present at the terminal ends of the a-chains. The N.terminal 
telopeptide region of the a-chains contain the specific lysine and hydroxylysine 
residues that eventually take part in intramolecular cross-link formation. Also the 
N-terminal region contains part of the immunogenic determinants of the collagen 
molecule. 

It has been known for a long time that collagen is a glycoprotein. The carbo- 
hydrate is glycosidicaily linked to hydroxylysine as 2-O-a-D-glycosyl-O-fl-D-galacto- 
sylhydroxylysine and O-fl-D-galactosylhydroxylysine 199-2~ The role of the 
carbohydrate in collagen has been much debated. The presence of large amounts of 
carbohydrate in collagen from tissues such as cartilage suggests that the carbohydrate 
may be important in interactions between mucopolysaccharide and collagen. Just 
how this may occur, however, is not at all clear 187). 

The insolubility of mature normal collagens has been ascribed to the presence of 
a system of  covalent intermolecular cross-linkages that, in effect, convert a collagen 
fibre into an infinite cross-linked network of its monomeric elements. It has been 
concluded that at least two sets of cross-linkages of different chemical character 
exist, one set within structures which could best be represented as long filaments 
while the other set are bands transverse to the filaments and joining them to- 
gether 2~ The formation of stable intermolecular cross-links in biological macro- 
molecules correlates intimately with growth and development. Many of these pro- 
cesses involve formation, maturation, and aging of the fibrous structural 
proteins 2~ The cross-links are derived from protein-bound lysine and hydroxyly- 
sine and their aldehyde derivatives allysine and hydroxyallysine. Cross-linking may 
be conceived as forming between chains through an aldol condensation reaction 
between allysyl or hydroxyallysyl residues or as Schiff bases arising from lysine or 
hydroxylysine and their aldehyde derivatives. 

Several types of  cross-links have been isolated from collagens derived from 
various tissues. Depending on the participating residues, the initial condensation 
product and the subsequent chemical modifications, collagens may contain any of  a 
variety of cross-links. A major type of  cross-link in highly insoluble collagen of calci- 
fied structures, such as bone, dentine and cartilage, has been identified as dehydro- 
dihydroxylysinonofleucine and its derivatives. It is highly probable that dehydro- 
dihydroxylysinonorleucine is present in tissues in the reduced form (dihydroxyly- 
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sinonorleucine) or as the keto-amine derivative. Such stabilized forms of dehydro- 
dihydroxylysinonorleucine have been assumed to be the residues responsible for the 
insolubility of  collagen from mineralized tissues. 

The absence of half-cystine residues in collagens with chain compositions 
[~1 (I)]2a2 and [a2(II)] 3 exclude cystine disulfide bridges from participation in cross- 
linking in these collagens. However, half-cystine residues have been identified in 
[~1(III)]3 collagen and disulfide bridges may serve as cross-links in this type of col- 
lagen 191). 

Considering minor departures from normal in the composition of collagen in the 
pathological bone, proline and hydroxyproline and the amino acid with small side 
chains, glyeine and alanine, are all reduced by 7 - 9  % in osteogenesis imperfecta. The 
overall deficiency in osteogenesis imperfecta of these amino acids present in large 
amounts of collagen, together with an excess of amino acids with lipophilic side 
chains, indicates the possible presence of non-coUagenous protein (possibly glyco- 
protein) which is more difficult to remove than from normal bone collagen. A possi- 
ble alternative explanation is that, in osteogenesis imperfecta, the extra-cellular 
organization of some collagen may be arrested at an early stage 2~ 

The number of lysyl residues of bone collagen obtained from rats with experi- 
mental osteoporosis are significantly larger than those of the control group. How- 
ever, the hydroxylysyl residues showed no difference between them. This suggests 
the decrease of cross-linking of collagen with osteoporotic bony change 2~ The 
amino acid composition and cross-linkage pattern of collagen extracted from osteo- 
arthritic bones was similar to that of young tissue 2~ 

Fresh bone contains cellular proteins and a certain amount of glycoprotein 
which contributes glucosamine to an analysis, but most protein in even a fresh bone 
or tooth is collagen. 

Collagen of fossil bones has much the same composition no matter what the 
sourceZ~4)is. Though the amino acid composition is always that of unaltered col- 
lagen, the quantity of protein preserved in these fossils varies greatly from specimen 
to specimen. Minor differences do exist in the amino acid composition of  fossil col- 
lagenous residues of the tables but it is hard to know how much significance should 
be attached to them. In spite of the close similarity between the collagens from all 
living animals, there are real but small differences and it will be important to ascer- 
tain if fossil collagen also show them. Dinosaur collagens have contained practically 
all the amino acids present in younger fossils exce0t for reduced amounts of the 
relatively less stable hydroxyl- and sulfur-containing acids 214). 

The decalcified matrix of human and bovine dentine is composed essentially of 
collagen. Dental protein possesses the distinctive wide-angle X-ray diffraction pattern 
and amino acid composition of collagen. No significant difference in amino acid 
composition of dentine is observed as the tooth matures ~9~). Dentine collagen has a 
high degree of insolubility z99- 301). In addition, the dentine matrix collagens show 
little detectable swelling in acid, and do not appear to either swell or became de- 
natured in strong hydrogen-bond breaking agents 299). These properties can be 
attributed to a combination of two factors: the mechanical, strengthening of the 
tissue as a result of the very tight fibre weave and a high degree of intermolecular 
cross-linking 3~ In dentine collagen, the major intermolecular cross-link is derived 
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from the condensation of hydrolysine-aldehyde and the e.amino group of hydroxy- 
lysine from an adjacent molecule. The resultant aldimine bond then spontaneously 
untergoes an Amadori rearrangement to form stable cross-links (hydroxy-lysino-5- 
keto-norleucine). With increasing age, most collagenous tissues, e. g. skin, tendon, 
and bone, exhibit a decrease in the ratio of dihydroxy to monohydroxy cross-link 
from fetal to adult tissue, followed by gradual reduction in the total content of 
reducible cross-links during maturation. These changes however, do not occur in 
dentine collagen, leading to the suggestion that the maturation process of this col- 
lagen is different 3~ had little or no effect on the solubility 
of dentine collagen 3~ 

Dental cementum is a tissue of highly specialized functions, serving as anchorage 
for the collagenous fibre bundles of the periodontal ligament. Despite the importance 
of cementum for the dental attachment apparatus, only limited knowledge exists of 
its composition and metabolism 31 a). Previous investigations have shown that collagen 
is the main component of organic matrix of cementum 319, 320). This collagen has 
further been characterized as being mainly type I with the chain composition, 
[al (1)]2 et2 32 O an d thus similar to the predominant type of collagen found in bone 
and skin 322, 323), type I collagen [al (I)]2~2 accounts for more than 90 % of the 
organic matrix while type III collagen [ai (1II)]3 324) is present at a level of approxi- 
mately 5 %. Amino acid analyses revealed that the CNBr peptides from [~1 (I)] chains 
of cementum closely resemble the corresponding peptides from calf skin. The only 
systematic difference is a higher level of hydroxylation of prolyl- and lysyl-residues 
of the cementum peptides 31a). Human cementum consists of type I collagen only as 
identified by amino acid and hexose analyses 32s). 

2. 2. 5. 2 Non-Collagenous Polymers in Bone 

The non-collagenous proteins of bone comprise approximately 10 % by weight of the 
organic matrix 21~ However, only 40-65 % of the non-collagenous fraction is readily 
extractable and recoveries are variable 21s), although improvements of the extraction 
techniques have been developed very recently 216). In bone, various proteins other than 
collagen have been identified. Among them are those of protein synthesis 2~ enzymes 
of protein and phosphate catabolism 2~ alkaline and acid phosphatases 2~ In com. 
parison with cartilagenous tissues, there is a paucity of protein-polysaccharides but 
relatively large proportions of peptides 21 ~). 

Preliminary experiments indicate that several non-collagenous proteins, even with 
Ca-binding properties, exist in bovine bone 217). 

2. 2. 5. 2.1 Calcium-Binding Proteins. In the non-collagenous protein fraction 
extractable from bone, a calcium-binding protein has been isolated that contains 
three 7-carboxy glutamic acid (Gla) residues with a molecular weight of 5700 daltons. 
This protein (Gla-protein) from calf cortical bone accounts for 1-2 % of the total 
protein in calf bone. A similar Gla-protein has been found in swordfish vertebrae and 
human tibia as well as in chicken tibia 638). The abundance of this protein (osteo- 
calcine637)and its presence in all vertebrate bones which have been examined indicate 
that it has an important function in calcified tissues. Also sites of pathological ectopic 
calcification, e. g. renal stones, atherosclerotic plaques, contain Gla-protein 638). This 
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protein strongly binds to HA crystals but not to ACP, and inhibits HA crystallization 
from supersaturated solution. These properties of the Gla-protein may be conferred 
upon it by Gla, in analogy with the function of this vitamin K-dependent amino acid 
in Ca2--- and BaSO4-binding properties of the blood coagulation factors. 

The partial amino acid sequence of Gla-containing proteins from calf bone and 
swordfish bone shows that 21 of the 45 residues common to each are identical. The 
three Gla-residues and the singie disulfide bond are in identical relative positions in 
the two proteins. An important difference between both proteins is the absence of 
4-hydroxyproline in the swordfish protein 638). The kidney has been localized as 
the site of vitamin K-dependent Gla-protein biosynthesis 637). Gla has been reported 
to be a constituent of fossil bones 6s9). 

2. 2.5. 2. 2 Phosphatases. Of particular importance is the observation that enzymes 
obviously involved in biomineralization processes occur in bone. 

Evidence for the existence of two or more acidic phosphatases in bone was ob- 
tained with electrophoresis and assay with a-naphthyl phosphate 218). However, bone 
alkaline and acid phosphatases have partially been seperated on Sephadex G-200219), 
but showed only one acid phosphatase peak. At least two different enzymes 22~ 221) 
in bone have been found to hydrolyze the substrates 13-glycerophosphate and in- 
organic pyrophosphate: (1) a tartrate-sensitive enzyme with high specifity for ~- 
glycerophosphate and (2) a tartrate-resistant enzyme with high specifity for pyro- 
phosphate and p-nitrophenyl phosphate. Bone extracts have been chromatographed 
on CM-cellulose 222). Most of the acid phosphatase activity was bound to the 
cellulose and could be eluted as one distinct peak. The major peak was strongly 
bound to the cellulose and showed high activity with p-nitrophenyl phosphate and 
inorganic pyrophosphate, but only slight activity with/3-glycerophosphate and was 
unaffected by tartrate. The minor peak was weakly bound to the adsorbent, 
showed equal activity with p-nitrophenyl phosphate and 15-glycerophosphate, but 
negligible activity with pyrophosphate and was completely inhibited by tartrate. 
Bone contains at least two different acid phosphatases and the more abundant 
enzyme may function as a pyrophosphate. The physiological substrate for the 
latter enzyme may be pyrophosphate or another oligophosphate ester. The first 
enzyme may utilize only monophosphate esters. 

Studies of acid and alkaline phosphatase activities in bone have been used 
previously to investigate the action of various substances such as parathor- 
mone223, 224), calcitonin225), diphosphonates226) and vitamin A 227). Calvarial 
acid and alkaline phosphatase activities are modified after in vivo injections of 
vitamin D 3 metabolites to rats fed a vitamin D.deficient, low-calcium (0.02 %)diet. 
Changes in these activities are observed after administration of small doses, i. e. 
130 pmol of  25-(OH)D3, 24.25-(OH)2Da or 1.25-(OH)2D3. Each of these active 
metabolites has a different effect on bone phosphatase activity: 
(a) A single injection of  25-(OH)D 3 promotes an increase both in acid and alkaline 
phosphatase contents of  rat calvaria. After one week of daily injections these changes 
persist except for acid/3-glycerophosphatase; 
(b) The administration of one dose, as well as of seven daily doses of 24.25-  
(OH)2 D 3, is followed by a significant decrease in all enzymatic activities; 
(c) 1.25-(OH)2D3 administration induces a decrease in acid and alkaline phos- 
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phatase activities 24 h after the first injection. After seven injections the only effect 
observed is a decrease in ~-glycerophosphate activity. 

The changes in calvarial phosphatase activities observed in animals treated with 
25-(OH)D a are totally different from those obtained with either 1.25-(OH)2D3 or 
24.25-(OH)2D3. This fact indicates that physiological doses of  25-(OH)D3 may 
have an effect on cellular activity, independent of the conversion of this metabolite 
into these dihydroxyderivatives. The various effects of  these vitamin D 3 metabolites 
cannot be correlated with changes in serum calcium and/or phosphate concen- 
trations. Among those factors other than serum calcium and phosphate concentra- 
tions that may be involved in the mechanism of action of vitamin D 3 metabolites on 
bone phosphatase activities, the parathyroid hormone is of importance. This 
hormone is known to be a potent activator of  bone phosphatases 223' 224, 228). Para- 
thormone increases the content of  alkaline, neutral and acid phosphatases in mouse 
calvaria in vitro. Calcitonin does not prevent the increase of  those enzymes while 
dichloromethylene diphosphonate causes a decrease in acid phosphatase and pyro- 
phosphatase 226). 

The non-specific alkaline phosphatases present in bone and calcifying cartilage 
have several properties in common. The ATPases concerned in the formation of 
different hard tissues seem to be isozymes. It could be shown that two enzymes 
capable of degrading ATP exist. One of them can be inhibited by levamisole and 
R 8231 and is probably identical with non-specific alkaline phosphates. The activity 
of the other enzyme, tentatively named "Ca-ATPase", is dependent on the presence 
of Ca 2+ or Mg 2+ and is activated by these ions. The "Ca-ATPase" is unaffected by 
ouabain and ruthenium red. It may be speculated that the "Ca-ATPase" is concerned 
with the transmembranous transport of  Ca 2 +-ions to the mineralization front 229). 

2.2.5.2.3 Glycoprotein~ Extraction of  non-collagenous proteins from bovine 
bone yielded three fractions, including a sialoprotein 212' 2~3), which are distinctly 
different in their chemical composition and in their electrophoretic mobility on 
cellulose acetate. A fourth fraction, consisting of material insoluble in acetate buffer 
at pH 5.0, contained a high proportion of collagen and apparently proportions of  the 
other fractions. Sheep cortical bone matrix contains several glycoproteins which can 
be fraetionated 242). An acidic glycoprotein from bone matrix may be bound to 
coUagen242, 243). In sheep cortical bone matrix, a sialic acid-rich glycoprotein in 
association with chondroitin sulfate was observed 243) whose composition is very 
similar to that of  the chondroitin sulfate-sialoprotein complexes isolated from bovine 
extracts 244). Two sialoprotein fractions have been isolated from bovine cortical 
bone 24s). One is a homogeneous glycoprotein which has been purified and studied 
in some detail 246' 247). The second is the above mentioned sialoprotein associated 
with chondroitin sulfate 244). 

Extracts of  sheep bone contain small amounts of  serum albumin and immuno- 
globulin-G 242). 

Plasma proteins have been shown to be incorporated into normal bone 
matrix230, 231, 23s). One plasma glycoprotein, identified in the human as the tx2-HS- 
glycoprotein, is concentrated in bone and permanent dentine between 30-100  times 
in comparison with other plasma proteins. The a2-HS-glycoprotein is also concentra- 
ted in comparison with serum albumin in the mineral phase following either the 
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precipitation of apatite in serum samples or the addition of either apatite or ACP to 
serum The a2-HS-glycoprotein binds calcium (one binding site for calcium per mole- 
cule); however, this protein was unable to nucleate calcium phosphate deposits from 
associates with mineralized tissues and it is suggested that the enrichment of the 
a 2-HS-glycoprotein in bone is a result of its preferential uptake from the bone tissue 
fluid by the developing mineral 232). 

A similar or possibly the same glycoprotein of a-electrophoretic mobility which 
can be isolated from bovine and rabbit bone matrix is present in the blood plas- 
ma233, 234). The a-glycoprotein is present in a relatively high concentration in plas. 
ma and the majority of the plasma proteins of quantitative importance are manu- 
factured by the liver 23s). There is strong support that the ot-glycoprotein is taken up 
by bone from the plasma during bone formation 234' 236) 

The extractability of  131J-labelled plasma albumin from bone pieces and from 
powdered bone has been compared after both in vivo and in vitro incorporation. 
Albumin is more readily extracted from bone pieces than from bone powder which 
implies that tissue disruption exposes additional protein adsorption sites. It has been 
suggested that incorporation of  plasma albumin and other proteins into calcified 
matrix during bone formation occurs mainly as a result of its strong interaction with 
bone mineral 237' 239, 240) 

2.2.5.2.4 Proteoglycans. Proteoglycans are directly implicated in the process of 
calcification. In cartilage, approaching the calcification front, the amount of  proteo- 
glycans increases in parallel with dramatic decrease of collagen. A glycoprotein 
specifically present in calcifying cartilage shows high affinity for calcium 
(Kd=10 -7 M) and also displays alkaline phosphatase activity. ATP and pyrophos- 
phate substrates, highly implicated in the process of calcification, are also hydro- 
lyzed. Proteoglycans from nasal septum are more efficient than those from pre- 
osseous cartilage in preventing calcium phosphate precipitation "in vivo". The mole- 
cular organization of proteoglycans is different in a calcifying tissue as compared to 
that of  a non-calcifying one. Proteoglycans extracted from resting cartilage as well as 
those from the non-calcifiable nasal septum show high degree of aggregation. Con- 
versely, proteoglycans from ossifying cartilage are not aggregated. Hyaluronic acid, 
which promotes aggregation of proteoglycans extracted from the former tissues, does 
not react with proteoglyeans from the latter type of cartilage. Collagen favours, 
however, aggregation of these molecules whereas it has no effect on proteoglycans 
from nasal septum and a slight effect on those from resting cartilage. Early calcifica- 
tion would then occur in a microenvironment of disaggregated proteoglycans, where 
Ca 2 + is bound to a glycoprotein able to split phosphate from pyrophosphate, a 
known inhibitor of calcification 241). 

2.2.5.2.5 Glycosaminoglycans. Several reports 248-26~ have pointed out that 
glycosaminoglycans which occur in tissues in the form of proteoglycans may play an 
important role in calcification processes. In endochondral ossification, the proteo- 
glycans and their glycosaminoglycan components are considered to be of  importance 
in the sequence of biochemical processes which characterize the transformation of 
epiphyseal cartilage into bone 2s9). Epiphyseal cartilage contains large amounts of 
glycosaminoglycans while the adjacent newly-formed bone shows an abrupt reduction 
in glycosaminoglycan concentration 261). Predominantly chondroitin-4-sulfate is 
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present in normal epiphyseal cartilage and chondroitin-6-sulfate in the case of the 
rachitic cartilage 262). Unextractable glycosaminoglycans in hypertrophic and calci- 
fied zones are mainly of lower molecular weight and/or charge density compared to 
the extractable pool. Hyaluronic acid was inextractable in resting columnar and 
hypertrophic zones with increasing concentrations towards the calcification front. In 
calcified zones a shift to mainly extractable hyaluronic acid occurs 259). IntraceUular 
acid glycosaminoglycans of isolated chondrocytes from metaphyseal zones of 
embryonic chick bones are of short chain length and low charge. This is not the 
situation in normal cartilage where sulfation appears to be completed intracellular- 
ly259, 263). The'change in the population ofintracellular glycosaminoglycans in 
isolated chondrocytes is the result of highly increased synthesis compensating the 
loss of the surrounding matrix components and partly the release of originally syn- 
thesized glycosaminoglycans into the medium 264). 

Ethane-l-hydroxy-1,1 -diphosphonate has a general inhibitory effect on the syn- 
thesis of  various sulfated glycosaminoglycans, which caused no qualitative change in 
the glycosarninoglycan. 

In congenital pseudarthrosis, chondroitin sulfate is the major component in the 
fibrous, the cartilagenous and the osseous area; a significant amount ofdermatan 
sulfate occurs in the fibrous region. A small amount of hyaluronic acid has been 
found in both fibrous and osseous areas 2s7). Iliac crest cartilage from patients with 
spondyloepiphyseal dysplasia congenita contains increased amounts of chondroitin- 
6-sulfate and keratin sulfate 26s). 

2.2.5.3 Non-Collagenous Polymers in Teeth 

The organic matrix of developing immature dental enamel consists of a class of 
proteins and polypeptides whose composition z79' 266-271) and molecular struc- 
ture 272-274) distinguish them from collagen, the major structure protein of bone 
and dentine. The immature enamel proteins exist in aqueous solution as a multi-com- 
ponent system of rapidly interacting protein aggregates 266' 268, 27s, 276-279), with 
molecular weights as great as 2 -3  x 106 daltons 28~ However, there is evidence for 
the conclusion that the organic matrix of immature bovine enamel consists primarily 
of a large number of relatively low molecular weight components (15,000 daltons) 
up to a stage of development where the matrix can still be dissected as a tissue fabric 
after decalcification and before a massive loss of proteins occurs. The immature 
enamel matrix represents a mixture of proteins, ranging from the most immature 
enamel matrix to an enamel matrix which has developed to the point where it has 
been impregnated with considerable amount of the inorganic mineral phase. The 
soluble proteins of this grossly immature enamel matrix therefore represent con- 
stituents which may already have undergone to varying degrees some of the changes 
occurring in development. 

If the ameloblasts initially synthesize high molecular weight species as sugges- 
ted 281-28s), then those observations imply 2s~ that degradation of  these com- 
ponents occurs in vivo and presumably gives rise to the many low molecular weight 
components. Moreover, the absence of significant amounts of high molecular weight 
species in the immature embryonic enamel at stages where the organic matrix still 
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retains it fabric-like structure in EDTA, with its major protein constituents insoluble 
in EDTA, suggests that the degradation of high molecular weight components occurs 
very rapidly after their synthesis and precedes the massive loss of protein com- 
ponents which occurs during the final stages of calcification and matura- 
tion 286-289). The most immature enamel contains about 15-20 % protein by 
weight, whereas the most mature enamel contains 0.1% protein or less. The proteins 
in the organic matrix of immature enamel are relatively insoluble in nearly neutral 
solutions of  0.5 M EDTA and are characterized by their high concentrations of 
proline, glutamic acid, leucine, and histidine ("immature" protein components). 
Conversely, the proteins and peptides of fully mature enamel are soluble in 0.5 M 
EDTA and are characterized by their high concentrations of  aspartic acid, glutamic 
acids, serine, and glycine ("mature" protein and peptide components). The very 
marked decrease in the protein content of maturing and mature enamel and the 
differences in amino acid composition of mature enamel compared with immature 
enamel, suggest that maturation of enamel is biochemically characterized by the 
selective loss of certain peptides and the retention of certain other peptides, the 
latter possibly due to their interaction with the mineral ion constituents 29~ 

The biochemical processes accompanying maturation appear to begin early in 
the development of the enamel at a time when the organic matrix and its protein 
constituents are immature. If consists of the selective loss and the selective retention 
of certain components from the enamel suggesting protein and/or peptide degrada- 
tion or depolymerization. 

There is no evidence that the overall compositional changes in the enamel at any 
stage of  development is principally due to compositional changes in the individual 
protein and peptide component per  se. It is proposed that if peptide bond hydrolysis 
occurs during enamel maturation, it is catalyzed in part by the enamel crystals 29~ 

The most obvious changes in protein content and amino acid composition occur 
in the vicinity of a white opaque band 29U. The existence of enamel matrix proteins 
in an incompletely mineralized form in the area generally described as amorphous 
cementum, is consistent with the findings of enamel protein on the root analogue 
surfaces of  rabbit incisor teeth. Comparison of the electrophoretic profiles of labial 
and lingual protein extracts shows that there is no qualitative difference, indicating 
that these two sides of  the tooth are composed of identical proteins at this stage of 
development. Three proteins identified as enamel proteins 213) stain much less 
heavily on lingual gels as compared with labial gels 292' 293). Little is known about 
the chemical nature of nucleation centers in enamel 1 vo), but serine phosphate in 
enamel proteins has been identified 29s) and considered probably to be implicated in 
the mineralization process ~ 70). Phosphorylation of serine residues in these proteins 
can result from the action of protein phosphokinase from muscle 296). 

Since almost all of  the organic weight of immature 297) enamel.consists of pro- 
tein266, 268-271,274, 276,294), the presence of minor organic substances, e. g. 
lipids and carbohydrates, may be neglected 298). 

The total non-coUagenous matrix of dentine has been separated into two major 
fractions, a less acidic fraction A and an anionic fraction B by ion exchange chroma- 
tography. The less acidic fraction has been further resolved by isotachophoresis; 
twelve fractions were obtained. Each contained approximately 20 percent of carbo- 
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hydrate, mainly in the form of neutral hexoses, including fucose. The molecular 
weights were in the range of  12,000 to 15,000 daltons except for one which was 
26,000 daltons. The anionic fraction has been separated into three anionic glyco- 
proteins. Two of these (tool. weight 22,000 daltons) contained 1.80 % phosphorous 
and 4.16 % sialic acid and small amounts of hexosamines, a2-HS-glycoprotein was 
identified as a component of fraction A 3~ Phosphoproteins from dentine of 
various species have been studied 3~176 Very recently two phosphoproteins with 
molecular weights of 71,000 and 65,000 daltons, respectively, have been isola- 
ted 64~ Those phosphoproteins differ in content of apolar amino acids, although 
both contain > 70 % of seryl (or phosphoseryl) and aspartyl residues. The name 
"phosphophoryns" has been proposed to describe these dental proteins. Two col- 
lagen-phosphoprotein-complex peptides have been isolated, demonstrating the 
probable direct covalent interaction of a dentine phosphoprotein with the collagen 
of the mineralized matrix 64~ 

The glycosaminoglycans of root dentine from permanent human teeth comprise 
chondroitin-4-sulfate as the major glycosaminoglycan, and chondroitin-6-sulfate, 
hyaluronic acid, dermatan sulfate, and a non-sulfated galactosaminoglycan in minor 
quantities 3~ 

Osteodenline matrix has a higher concentration of sulfur than dentine matrix. 
The sulfur detected is presumed to be contained in acid mucopolysaccharides, which 
were more heavily dristributed in the osteodentine matrix than in dentine 
matrix31~ 

2.2.6 Elastin 

For nearly half a century the elastic fibre has been considered a primary site of vas- 
cular calcification 326' 334--336). Calcium deposits in the arterial wall commonly 
take the form of  phosphate salts which are intimately intermeshed with the protein 
of the elastic fibre 327). Much effort has been directed toward identifying the mecha- 
nism for the initiation of focal calcification. It has been proposed that the initial step 
is ionic calcium binding to the uncharged peptide carbonyl oxygens of the elastic 
fibre protein 328, 329) 

Native elastin is an insoluble, highly cross-linked protein. The chemistry, proper- 
ties and structure of elastin have been frequently reviewed in the past 330-333). In 
this context, aspects of calcification processes will be discussed. 

It has been shown that vascular mineralization is associated with the elastin 
fibres 334) of the components on the major arterial vessels. Elastin isolated from 
human aortas of varying ages undergoes mineralization in vitro at a faster rate when 
obtained from older tissues. This increase in the rate of mineralization may be seen 
in the reduction of what is called the "lay" period, in the uptake of calcium and 
phosphate during the in vitro calcification of elastin 337). 

A lay period in the uptake of calcium and phosphate was previously seen in the 
mineralization in vitro of human aortic tissue 338). The lay period found with the 
elastin samples appears in the result of the early stages of the mineralization process, 
and involves the formation of  nuclei for HA crystal growth. Once a microcrystal of 
HA is present, the rate of  calcium and phosphate uptake will increase markedly, 
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because crystal growth and secondary nucleation by the crystal involve a much more 
rapid incorporation of calcium and phosphate than does nucleus formation. This 
suggests that the decreased lay period seen in elastin samples from older individuals 
may be the result of more rapid nuclei formation. 

There are two possible explanations for the decreased lay periods and possibly 
increased nucleation rates in the older tissues: 
(1) a change in the amino acid constituents of elastin itself may result in a change of 
mineralizing properties, 
(2) a more firm complexing of elastin with other organic components of the older 
aortic tissues may cause an increase in the rate of in vitro mineralization of the com- 
plex. 

The latter possibility appears the more likely of the two, especially in view of 
the results of  the enzymatic digestion. These indicate that most of the material isola- 
ted from the human aortas was elastin, but some contamination with other sub- 
stances did occur  338). 

Several possibilities concerning the function of amino acids in elastin for 
mineralizing processes have been discussed. The increase in the polyfunctional 
anionic amino acids 338' 339) has been suggested to be the result of changes within 
the already formed elastin molecule or to be due to firm association with a protein- 
aceous substance rich in these amino acids. Also an increase in desmosine, isodes- 
mosine and lysinonorleucine in older human elastin 34~ may change mineralization 
properties. Several other possibilities for calcium-binding sites in elastin have been 
suggested. Some include sulfhydryl groups 341-343), carboxyl groups 344-346), 
threonine hydroxyls 346), and amino groups 347). More recently, neutral sites in 
elastin have been proposed for calcium-binding 328). The sites utilize, particularly 
from a conformational viewpoint, the most striking feature of the amino acid com- 
position, that is, the high glycine content. Glycines favour the formation of/~-turns 
and associated conformations that are known (from studies on ion-transporting anti- 
biotics) to interact with cations. By analogy with certain antibiotics which are un- 
charged polypeptides and depsipeptides that bind cations by coordination with 
neutral acyl oxygens, it is proposed that calcium ion binding also utilizes uncharged 
coordinating groups, e. g. neutral sites, in the protein matrix. The protein matrix 
which becomes positively charged by virtue of the bound calcium ions attracts 
neutralizing phosphate and carbonate ions which then allow further calcium ion 
binding. The driving force is, therefore, the affinity of calcium ions for the neutral 
nucleation sites. 

The charge neutralizing theory of calcification suggests a fundamental role of 
organic anions, e. g. sulfated mucopolysaccharides, in regulating bone formation and 
in retardation of  atherosclerosis 328). 

Calcium in this case would coordinate with acyl oxygens from the polypeptide 
backbone of the protein, because of its unique amino acid sequences and potential 
conformations 348). Non-polar peptides have been isolated from elastin which con- 
sists almost entirely of the three non-polar amino acids glycine, valine, and pro- 
line 349). Portions of porcine tropoelastin have been partially sequenced 3s~ Re- 
peating tetra-, penta-, and hexapeptides have been observed. The tetrapeptide con- 
tains the sequence - G I y - G l y - L - V a I - L - P r o - ;  the pentapeptide - L - V a l - L - P r o -  
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G l y - L - V a l - G l y - ,  and the hexapeptide - L - A l a - L - P r o - G I y - L - V a l - G I y - L -  
Val-.  These sequences are analogous to those found in some of the ion-transporting 
antibiotics 328). It has been proposed that these sequences may uniquely contribute 
to the calcium-binding capacity of  elastin, because of  their unusually high glycine 
content. An important conformational aspect of glycine residues is that they can 
affect the insertion of  near right angle turns in a polypeptide backbone as l). If 
glycine is followed by an amino acid residue with a bulky side chain, e. g. L-Val,  
these right angle turns or ~-tums become stable conformations 3s2). A feature of  this 
type of conformation is its capacity to bind selected ions by coordination of ion 
with exposed peptide oxygens in the peptide backbone 328' 353, 354) 

The cyclododecaptide ( G l y - G l y - L - V a l - L - P r o ) 3  interacts with calcium with 
complete retention of the peptide protons upon titration with CaC12. N-formyl and 
O-methyl derivatives of ~-elastin act as calcifying matrices ass' 358, 359). a-elastin 
and insoluble elastin bind more calcium after presumably a conformational 
change 356). 

With respect to calcification of elastin, the role of neutral binding sites does not 
preclude the possibility that sulfhydryl groups or chelation sites involving amino acid 
carboxyl groups represent other nucleation sites 3s6). Calcium-binding at neutral 
sites would result in a positively charged complex, which in turn may direct or 
modify the association of components comprising the elastic fibre 352). 

2.2.7 Egg Shell Constituents 

Calcareous egg shells are produced by birds, some reptiles, and gastropods as well as 
by monotremes. The calcified egg shell protects the content of the egg from mecha- 
nical effects during the extrauterine incubation, and it permits an exchange of gases 
and fluids through pores. Furthermore, egg shells of animals living in arid regions 
particularly in the tropics and subtropics prevent an excessive dehydration of the egg 
and of the growing embryo. The relatively thin shell makes the transition of thermal 
energy possible during incubation period even in low temperature environments 
(penguins). Moreover, the calcareous egg shell has been regarded as a Ca-reservoir for 
the construction of the embryonic skeleton 28' 363). 

The avian egg shell is morphologically divided into the following sections: 
1. Shell membrane (Membrana testacea) 
2. Biocrystalline layer 
3. Cuticle (Tegmentum) 

2.2. Z 1 Egg Shell Membrane (Mernbrana testacea) 

The avian egg shell membrane seems to be necessary for the formation of the bio- 
crystalline layer of the egg shell. Under experimental conditions no egg shell is 
formed in the absence of the membrana testacea (MT) 360). It is generally accepted, 
however, that the initial processes of calcification are located in the mammilary layer 
of the shall 28). 

The MT can be divided mechanically into two morphological layers each con- 
sisting for fibre networks forming meshes (diameter: 8-10/am). The meshes can be 
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important for the penetration of  microorganisms. The single fibres are constructed of 
a core and a mantle. 

The predominant components of  the MT are proteins. In contrast to the usual 
assumption that these membrane proteins are insoluble proteins, it has been shown 
that at least 6 % of the total proteins of the inner membrane are water or salt solu- 
ble 361). The extraction of proteins from the MT is extremely difficult with the 
techniques usually applied in protein chemistry 164' 362), The egg shell membranes 
were studied by several authors 364' 365) and some reported that the membranes 
were of  keratin or ovokeratin 366). The keratinous nature of the proteins has been 
questioned since a comparison of the known properties of  soft and hard keratins 
with the MT proteins shows distinct differences based on the structure and amino 
analyses 361) as well as on solubility studies 367). MT proteins have been regarded as 
collagen-like proteins because of the presence of hydroxyproline a68) and hydroxyly- 
sine 369). The fibre core has been reported to contain glycoproteins 368). Also 
elastin-like proteins have been found in the fibre mantle 376). The possibility of  the 
attack by a nucleophilic reagent as CN- on the sulfur atoms of the sterically acces- 
sible disulfide bonds of cystine molecules in order to solubilize MT proteins has been 
studied 371). The soluble organic material from MT after treatment with CN- cor- 
responded to ~ 45 % of the intact MT. Structure analysis of the fragments of solubili- 
zed MT proteins revealed that about 45 % of the intact MT is constructed of identi- 
cal repetitive peptides. Since no other fragments could be observed, it has been con- 
cluded that those repetitive peptides form the only keratin-like protein in the egg 
shell membrane. Other proteins of  the MT are of  different structures. The presence 
of sulfated glycoproteins in MT has been described 372). MT contained, when ana- 
lyzed for sugars, glucose, galactose, mannose, xylose and sialic acid 36t). In addition, 
hexosamines 36s) have been described while uronic acids have not been detected as 
yet 368). Lipids have been found too and have been characterized 136, 137) as mono- 
glycerides, cholesterol, diglycerides, free fatty acids, triglycerides, cholesterol esters 
and PL. The PL fraction included lysolecithine, lecithine, kephaline and sphingomy- 
eline. Also minerals have been detected in MT including P, Ca, K, Na, Mg, Zn, Mn, 
Fe, Cu, B, and h1361). Binding studies with 4SCaCI2, however, demonstrated that the 
MT is not directly involved in the initial phases of  calcification by binding Ca 2+. On 
the other hand, the possibility cannot be excluded as yet that the regular primary 
structure of  the main MT protein provides positions by which the components of the 
egg shell formation processes are held in favourable confguration. A more likely 
possibility is that the network of  MT acts as a solid, screen-like supporting structure 
to keep CaC03 crystals in appropriate positions 371). The presence of porphyrins has 
been presumed 373). 

2.2. 7.2 Biocrystalline Layer 

The biocrystalline layer of  avian egg shells is approximately 270-300 ~tm thick 
(chicken). It can be divided into morphological units as follows: eisospherites, organic 
matrix core, zone of tabular aggregates, zone fish bone patterns, external zone, 
cuticle, and organic matrix. Details of  the morphological structure have been re- 
viewed recently 28' 374). 
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Each layer of the egg shell contains organic material usually referred to as 
organic matrix. The organic matrix is organized by fibres which differ clearly from 
those of the MT. Also the types of organic matrix fibres vary from layer to layer as 
far as diameter, lenght and stainability are concerned. 

The complete biocrystalline layer contains ca. 98 % inorganic and about 2 % 
organic material. The predominant inorganic component is calcium carbonate 
(98.43 %) as calcite (only traces of  aragonite have been reported). Furthermore, 
magnesium carbonate (0.84 %) and tricalcium phosphate (0.73 %) have been found. 
The presence of traces of Fe, Cu, J, Mn, Mo, Zn, and other elements has been detec- 
ted. These described elements are not regularly distributed within the biocrystalline 
layer, e. g. larger amounts of Mg and P have been observed in the external zones of 
the shell 375). 

The organic substances of the biocrystalline layer include primarily protein-poly- 
saccharide complexes while the contents of water and lipids are low 376). Polysac- 
charides composed of glucosamine, galactosamine, mannose and fucose have been 
detected. Also chondroitin-sulfate-A and dermatan sulfate have been found 368). 
Sialic acid is present only in small amounts, which is highest in the mammilary layer 
and drops gradually to the external zone 377). 

The evidence for the presence of the proteinaceous material in the biocrystalline 
layer is based on amino acid analyses 368). Systematic studies of the amino acid 
composition of the biocrystalline layer of egg shells from Galliformes, Gruiformes 
and Anseriformes and reptiles gave hints to different development within orders of 
the classes Ayes and Reptilia 378- 380). From the data of  the amino acid com- 
position of ratite egg shells, affinities could be derived 362). 

In egg shells of reptiles, three different types of egg shell protein with a high 
proline content connected with the presence of cysteine. Another type of reptile egg 
shell proteins is proline-rich but free of crysteine (first observed in Phelsuma egg 
shells). A further type of  egg shell proteins has first been observed in Tarentola 
(gekko) egg shells; it is practically cysteine-free, but contains high proportions of 
aspartic acid, glutamic acid, lysine and serine 38~ 

It has been concluded from the data of amino acid analyses of the biocrystalline 
layer of egg shells that the protein or protein derivatives (glycoproteins, proteo- 
glycans etc.) express evolutionary tendencies within the classes Ayes and Reptilia. A 
much better indicator for those developments could be the distribution of proteins 
or their complexes with other substances. However, since proteins of the biocrystal- 
line layer of the shell are difficult to solubilize without destruction strong efforts 
were necessary to find means to solve this problem. The first methods for the extrac- 
tion and fractionation of proteinaceous marcromolecules from the calcareous layer 
of the egg shell of hens have been described as late as 1975381' 382). More than 50 
different fractions have been isolated and characterized. This technique included gel 
filtration, ion exchange chromatography, and isoelectric focussing. When this pro- 
cedure was applied to the biocrystalline layer of egg shells from birds of different 
species, species-specific differences could be observed, and even subspecies-specific 
profdes were obtained. Gallus bankiva had a typical protein distribution while Gallus 
gallus again had a characteristic protein profile. Even race-dependent protein distri- 
butions have been revealed (Rhode Island Reds, White Leghorns, HNL-hybrids) 363). 
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A given shell protein profile can be influenced by environmental poisons, e.g. Cd, Pb, 
Hg, Be 363' 383-386) 

In the same context the phenomenon of egg shell reduction has been discussed 
since thin egg shells are correlated with changed protein profiles of the biocrystalline 
layer. 

Biosynthesis of egg shell proteins has been regarded to be affected by genetic as 
well as exogenic factors. Animals with a high egg production usually have an egg shell 
profile lacking one or more fractions, while e. g. Gallus bankiva with a low egg pro- 
duction has been demonstrated to have a much more complex protein pattern 363). 
But what are the biological functions of the separated protein derivatives extracted 
from the biocrystalline layer of  the egg shell? Using histochemical methods, the 
presence of carbonic anhydrase in the mammilary layer of  the egg shell has been 
demonstrated387, 388). Other authors were not able to corroborate these fin- 
dings 39~ This controversial opinion has led to a reinvestigation of this 
problem because carbonic anhydrase has been identified in uterine mucosal cells of 
hens not bound to subcellular structures 39~ 393). High carbonic anhydrase activity 
in the shell gland of laying hens is correlated with high egg production; but during 
moult a reduced carbonic anhydrase activity in the egg shell gland and a constant 
carbonic anhydrase activity in erythrocytes has been observed. It has been assumed 
that the structure of this enzyme in the uterine cells depends on the action of pro- 
gesterone 394). Similar observations have been made studying carbonic anhydrase 
activity in the endometrium of mammals 39s). A dependence of progesterone action 
on carbonic anhydrase activity in the mucosal cells of the shell gland of chicken has 
been found very recently 396). Obviously, carbonic anhydrase activity in the shell 
gland of  birds is associated with the formation of  the biocrystalline layer of the shell 
since inhibitors of this enzyme, e.g. acetazolamide and other sulfonamides prevent 
the complete formation of egg shells. In some cases, no shell at all was formed al- 
though the Ca level of the blood was normal. However, other mechanisms of action 
of sulfonamides, e.g. the renal loss of bicarbonates, have also been discussed397). 

Very recently the isolation of still active carbonic anhydrase from the biocrystal- 
line layer of hens' egg shells has been reported. Crude egg shell extracts exhibited no 
enzyme activity;however, after removal of Ca 2+ and simple gel filtration of the 
extracts, carbonic anhydrase activity could be measured. Further purification steps 
led to the isolation of two isoenzymes. The possibility of inhibition of this enzyme 
activity by shell components cannot be excluded although recombination of shell 
components after separation did not inhibit that enzyme. The isolated enzymes has 
an apparent molecular size of 28,000 daltons. Carbonic anhydrase from egg shells 
catalyzes the reversible hydration of CO2 + HOH -~ H + + HCO~-. This probably is 
the primary action of the enzyme of the shell. Moreover, egg shell carbonic an- 
hydrase catalyzes the hydration of acetaldehyde and pyridine aldehyde. Further- 
more, the same enzymes have esterase activity (hydrolysis ofp-nitrophenyl acetate). 
Whether the latter activities play a role in the egg shell cannot be judget at the 
present time. 

Carbonic anhydrase activities of the egg shells are inhibited by reaction with 
p-mercuribenzoate by blocking reactive SH-groups of the enzyme. Omission of 
2-mercaptoethanol from buffer solutions for extraction and fractionation also resul- 
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ted in a loss of activity 398-4~ Inhibition by sulfonamides of isolated enzymes 
from egg shells could be associated with a direct binding of the sulfonamide group to 
the zinc atoms located at the active sites of the enzymes by substituting for water 
ligands4O2, 403) 

DDT inhibits isolated carbonic anhydrase from the biocrystalline layer of egg 
shells as well. 

Although the overall mechanism of shell formation is not fully understood on 
the molecular basis, it is very likely that carbonic anhydrase is located in the 
mammilary layer a87' 388). Since the mammilary layer of the biocrystalline layer of 
the shell is rich in mucopolysaccharides which accumulate Ca 2+, it seems likely that 
the presence of carbonic anhydrases might have aided calcification either prior to or 
after the formation of the organic core by localizing a high concentration of carbo- 
nate anion derived from either bicarbonate anions or metabolically produced carbon 
dioxide. Furthermore, the presence of such an enzyme at the mammilary cores may 
aid absorption of inorganic carbonate by a developing embryo and therefore would 
also offer an explanation for the observed localized dissolution of the shell at the site 
of the mammilary cores in hatched egg shells 28' 363, 404-406) 

Ca 2§ also may be made available from the biocrystalline layer of the shell by 
changing the pH in a microenvironment. Ca 2§ could be absorbed for the construc- 
tion of the embryonic skeleton. 

Other soluble organic macromolecules from the biocrystalline layer of the egg 
shell have been demonstrated to bind Ca 2§ At least six different Ca-binding macro- 
molecules have been isolated and most of them have been purified to homogenei- 
ty4OT). 

Some of them have been partly chemically characterized and found to be com- 
posed of isoprenoid hydrocarbons, carbohydrates and proteins. The ability to bind 
Ca 2§ is connected with the protein moiety. Evidence for the affinity of Ca ~+ to 
proteins and peptides is derived from the observation that extraction of hydrocarbons 
does not reduce the Ca-binding capacity. Enzyme fragmentation of the protein 
moiety resulted in Ca-binding peptides which do not contain sugars or sugar deriva- 
tives; however, phosphate has been detected 4~ Amino acid sequence analysis 
revealed a high proportion of glycine, serine, alanine as well as valine in subfragments 
of Ca-binding peptides derived from Ca-binding systems. A glycine-rich peptide has 
even been found in the biocrystalline layer of dinosaur egg shells 409). In some Ca- 
binding subfragments of hens' egg shells a high proportion of glutamie and aspartic 
acids after HCl-hydrolysis has been observed; however, both acidic amino acids could 
be detected as their amides within the peptide chain. So it is very unlikely that both 
amino acids play a major role in Ca-binding. Hydrolysis of an isolated Ca-binding 
subfragment from a Ca-binding complex of the biocrystalline layer yielded mostly 
glycine 4~ As discussed later, the structure of Ca-binding systems extracted from 
egg shells are very complex. Other Ca-binding fragments of Ca-binding systems had 
sequences in which glycine, valine, alanine and serine play an important role in 
calcium-binding. Ca-binding systems from egg shells also contain carbohydrates, 
primarily glucose and fucose, as well as an unknown methylated sugar. Glucosamine 
and mannosamine as well as uronic acids have been identified as constituents of 
Ca-binding systems. Sialic acid appears in traces only. Sulfate and phosphate have 
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been found in large quantities in intact Ca-binding systems. After treatment with 
alkaline phosphatase, Ca-binding fragments were obtained which did not contain any 
hexoses or aminosugars but only traces of uronic acids and phosphate but a relatively 
high proportion of ester sulfate. Cleavage of Ca-binding systems of egg shells with 
proteolytic enzymes produced fragments with relatively high amounts of ester sul- 
fate, hexoses, phosphate and uronic acids. However, combined actions of alkaline 
phosphatase and various proteolytic enzymes such as trypsin, chymotrypsin, thermo- 
lysine and pronase yielded small Ca-binding fragments having solely amino acids as 
building blocks. Through these experiments the "active sites" for nucleation of 
primary crystals have been identified. 

Hydrocarbons are present in Ca-binding systems of egg shells in high proportion 
(80 %). Extraction of these substances with chloroform-methanol revealed iso- 
prenoid hydrocarbons. Ca-binding is not associated with hydrocarbons since they 
do not bind Ca 2 + for the complete Ca-binding capacity remains in the water phase. 
phase. 

When the various Ca-binding systems isolated from the biocrystalline layer of 
hens' egg shells are allowed to recombine, they form organic crystals (Fig. 1 a). The 
same phenomenon of selforganization is observed with Ca-loaded systems. If HCO l -  
is then provided (e.g. in the presence of carbonic anhydrase), CaCO 3 crystals are formed 
on top of the organic crystals (Fig. lb). This system could serve as a model for bio- 
mineralization processes during egg shell formation. Selforganization of a water-in- 

Fig. 1. Self-aggregation of Ca-binding systems from egg shell matrices, a) Highly purified organic 
Ca-binding systems after recombination; b) CaCO3 crystal formation upon aggregated Ca-binding 
systems after chaxging with Ca 2+ and action of carbonic anhydrase 
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soluble product of originally water-soluble Ca-binding systems, could be compared 
with the in vivo development of a matrix. On the other hand, the in vitro formation 
of a matrix which is charged with calcium is the basis for nucleation sites of the first 
CaCO 3 crystals. Seen in context with the above discussed "active sites" for Ca- 
binding in Ca-binding systems, the matrix hypothesis can be confirmed on the mole- 
cular level. The action of ubiquitously distributed carbonic anhydrase completes the 
formation of CaCO 3 crystals. The same model set up from components of a bio- 
logical system can be applied to similar components isolated from mollusc 
shells 41~ Ca-binding systems have been purified from various gastropod and pele- 
cypod shells of recent and fossil species 41 l, 412). 

Ca-binding systems have not only been identified in egg shells and mollusc shells 
but also in mucosal cells of shell glands as well an in uterine fluid of hens. Ca-binding 
systems from mucosal cells and uterine fluid resemble each other, but differ in some 
respects from those of egg shells. 

2.2. 7.3 Cuticle 

The avian egg shell is covered by a tegmentum or "true cuticle" which is morpho- 
logically constructed of two layers. The cuticle of freshly layed eggs (chicken) ex- 
hibits a reddish fluorescence which is due to porphyrins 373). The chemical com- 
position of the cuticle has been described to contain proteoglycans with a relatively 
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low carbohydrate moiety. The latter comprises sialic acid, galactosamine, galactose, 
glucose, mannose and fucose. Uronic acids have not yet been detected nor have 
acidic mucopolysaccharides been identified 36a). The protein entity is characterized 
by a particularly high glycine content which is much higher than that of the matrix 
of the biocrystaUine layer and the MT. 

2.2.8 Invertebrate Shell Constituents 

The organic matrix of  mollusc shells consists of soluble and insoluble fractions. The 
insoluble material is primarily hydrophobic. This is best demonstrated by the affinity 
of the matrix for lipoidal stains such as Sudan Black, even after thorough lipid 
extraction. The preponderance of aliphatic amino acids may explain this proper- 
ty413). 

Most biochemical studies of the mollusc shell matrices have been superficial 
analyses of  whole matrix hydrolyzates 414). These analyses have been reviewed 
recently214, 415,416). Some studies have demonstrated that the insoluble portion of 
the matrix consists of more than one macromolecule 389' 417, 418). Little consider- 
ation, however, has been given to the possibility that a portion of the matrix may be 
soluble in the solution which is used to remove calcium carbonate 414). A water- 
soluble fraction of gastropod matrix has been reported 419). The amino acid com- 
position of a HCl-soluble fraction of etherid shell matrix was reported 42~ Also the 
molecular conformation of proteins present in the mollusc shells and those of the 
decalcified films of the nacreous layer were measured for the regions of 
4 ,000-700 cm-  1. The decalcified films were found to consist primarily of proteins. 
The structure of proteins constituting the decalcified films of the nacreous layer is 
coiled and has a #-conformation. Possibly, the studies were carried out without any 
purification of shell proteins 411,421). A soluble fraction of mollusc shell matrix has 
also been identified by ultrastructural studies 422' 423). 

The first report on the extraction and at least partial purification of the soluble 
matrix from Mercenaria mercenaria came from CRENSHAW 414). This author iso- 
lated a water-soluble glycoprotein which was evenly distributed through out the 
shell. This material proved to be homogeneous as determined by gel filtration and 
electrophoresis. The apparent molecular weight was in the range of 160,000 daltons. 
Titration of the soluble matrix with CaC12 in the presence of excess sodium, potas- 
sium and magnesium showed that calcium was selectively bound. Urea concentra- 
tions above 3 M eliminated the calcium-binding capacity. It has been suggested that 
the soluble matrix plays a role in the initiation of calcification 414). 

A soluble fraction extracted from Crassostrea virginica yielded a maximum mole- 
cular weight of the order of  1 million daltons. Also from Crassostrea irredescens, 
Mercenaria mercenaria and Nautilus pompilius, soluble proteins have been isolated 
and analyzed for amino acid composition 424). It has been presumed that a signifi- 
cant proportion of the soluble protein of the organic matrix of  mollusc shells is com- 
posed of a repeating sequence of aspartic acid separated by either glycine or serine. 
This regularly spaced, negatively charged aspartic acid molecule may function as a 
template upon which mineralization occur s  424). However, the amino acid com- 
position of the soluble protein ofMercenaria mercenaria does not correspond with 
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that purified by Crenshaw 418' 424). Unfortunately, it is not clear whether aspartic 
and glutamic acids are amidated or not. 

Fossil glycoproteins of  the soluble organic matrix are present in an 80-million 
year old mollusc shell from the Late Cretaceous Period. Discrete molecular weight 
components, as determined by gel electrophoresis, are preserved. A particular re- 
peating amino acid sequence ( - A s p - Y - ) n  found in contemporary mollusc shell 
proteins was identified in fossil glycoproteins 42s). 

The calcium-binding protein from Mercenaria mercenaria has been shown to be a 
highly sulfated glycoprotein. Its amino acid composition was very similar to those of 
mollusc shell matrices except that the soluble matrix had a higher aspartic acid con- 
tent. All of  the dicarboxylic amino acids are present in the protein as their amides. In 
a number of  ways the calcium binding of the soluble glycoprotein very closely re- 
sembled calcium-binding properties of  a glycoprotein isolated from porcine costal 
cartilagea 14). 

A systematic study of the soluble components of the matrix of archeo-, meso-, 
and neograstropod shells revealed fractionation patterns which are essentially con- 
stant within a species. In a given species, the profiles are identical regardless of the 
habitat, the time of the year when the samples are collected, or the age of  the 
animal. This consistency indicates that these components are a genetic expression for 
a given species. The profiles vary slightly within a genus, e. g. Strornbus gigas and 
Strombus aureus. The apparent molecular weights of Ca-binding components from 
shells of  eleven species are not larger than 20,000 daltons. In Nassa reticulata several 
Ca-binding systems exist which can be purified to homogeneity. As discussed in 
context with Ca-binding substances from birds' egg shells, Ca-binding systems from 
mollusc shells also show the phenomenon of self-aggregation 41~ 41 l). Thus, Ca- 
binding systems from mullusc shells can be aggregated to organic crystals charged 
with Ca 2+, and they react with HCO~- forming inorganic (CaCO3) crystals upon 
the organic crystal layer. 

Ca-binding systems have also been isolated from pelecypods (Crassostrea gigas) 
and fossil oyster shells {Ostrea carrissima) 426). In mollusc shells no carbonic an- 
hydrase has been found. However, polyphenol oxidase activity has been detected in 
shells of Crassostrea gigas and Strombus aureus  427). The enzymes from both species 
have been highly purified and partly characterized 412' 427) It has been assumed that 
polyphenol oxidases in mollusc shells catalyze the formation of polyhydroxylated 
aromatic amino acids which in turn could form a network as has been discussed for 
resiline412, 427) since L-dopa and halogenated tyrosine have been found in the 
mantle and the periostracum of molluscs 428' 429) 

The carbohydrate components of hard-pieces of invertebrates have been re- 
viewed recently 416). Sulfated polysaccharides have been identified as Ca-binding 
sites of septal nacre from Nautilus pompilius 43~ This indicates that the site is a 
sulfated polysaccharide (s), and may be a sulfated, calcium-binding glycoprotein 
similar to the one isolated from Mercenaria mercenaria 414). 

2.2.9 Coccoliths Constituents 

Emiliania huxleyi is a unicellular alga which is surrounded by a number of loose oval 
discs of calcium carbonate (coccoliths). It has been shown that the CaCO 3 of the 
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coccoliths is covered by a thin skin of  organic material 431' 432). It has also been 
demonstrated that a soluble polysaccharide is closely associated with the coc- 
coliths 433). The polysaccharide is probably located inside the CaCO 3 crystals and 
therefore termed Soluble Intracrystalline Fraction (SIF). It is also possible that the 

SIF is protected by CaC03, but nevertheless is extracrystalline in location. Some of 
its constituent monosaccharides were identified. Mannose, rhamnose, and xylose are 
important building blocks while glucose, arabinose and ribose occur in minor 
quantities. Fucose has not been identified definitively. A number of  sugars have not 
been identified at all. Important is the existence of uronic acids and sulfate. SIF has 
Ca-binding properties. It binds Ca 2+ selectively in the presence of Sr 2+, Mg 2§ and 
Na 1+. The presence of two types of  Ca 2 +-binding sites was demonstrated: 0.35 
p.mole of  low affinity sites/mg SIF (dissociation constant 1 x 10 -5 M) and approxi- 
mately 0.6/amole of  high affinity sites/rag SIF (dissociation constant 4 x 10 -4  M). 
Approximately 1 mole of Ca 2+ is bound per 2 moles of S024 - .  In this context it 
should be mentioned that the SO 2--containing matrix from Mercenaria mercenaria 
was also found to bind 1 mole of  Ca 2§ per 2 moles of $042-  314). The same ratio 
was found for Ca 2+ binding to a glycoprotein isolated from porcine costal carti- 
lage434- 436). 

3 Cellular  Aspec t s  o f  B iomine ra l i za t ion  

Our understanding of  the mechanisms of biomineralization is superficial 43s). In the 
past 20 years, most researchers have concentrated upon the extracellular concepts of  
epitaxy, matrix composition and solubility products while recently the role of  
cellular organelles and enzymes have attracted more attention. But there are some 
accepted principles which necessarily carry theoretical implications 44s). 

3.1 Basic Problems 

There has been a general acceptance of three major changes in the understanding of 
calcium metabolism: 
(1) that the calcium ion is pharmacologically one of the most disruptive substances 
for all normal cell functions; 
(2) that intracellular calcium ion concentrations are carefully regulated at levels of 
10 -6  tO 10 -7  moles/1;and 
(3) that a surprising variety of  cells intracellularly deposit minerals that are rich in 
calcium salts. Calcium has been regarded as a toxic ion that must be removed from 
most cells and the occurrence of calcium deposits may therefore represent a form of 
detoxtfication. Intracellular minerals appear to be of two main types. They are either 
crystallographically pure deposits containing well oriented crystals or they are of 
very variable composition occuring in forms that are often "amorphous", concentri- 
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caUy layered and spherical in shape. This latter type occurs in virtually every phylum 
of animals in a wide variety of tissues 446). When these granules have been analyzed 
they were shown to consist mainly of  Ca, Mg, P04 and C03 ions in widely different 
ratios. More detailed analyses of  these granules have shown that they contain small 
amounts of  a wide range of heavy metals. Thus Ag, A1, Cd, Co, Cr, Fe, Mn, Pb, and 
Zn have been detected in the kidney and the digestive glands of the bivalve Pecten 
maximus and Chlarnys opercularis. It has been shown that not only the body load of 
these heavy metals was restricted mainly to these two organs but also demonstrated 
that both these systems produced intracellular granules with which the metal ions 
were largely associated 447). Similar observations showed recently the presence of 
Mn, Ba, Sr, Fe, Zn, Cu, and Si in the intracellular granules of  a variety of insects 448~, 
and A1, B, Cu, Fe, Mn, Si, St, and Sn in the granules of various cestodes 449). It has 
been found that certain mid-gut cells of the barnacle (Balanus balanoidesJ produced 
granules of  virtually pure zinc phosphate 4s~ Studies on Helix aspersa have shown 
that intravascular injections of  65Zn lead to a large incorporation of this isotope into 
the intracellular granules of  the hepatopancreas. It appears likely, therefore, that 
granule formation may function as a cellular route for the detoxification of heavy 
metal ions. 

First it is worth considering the implications of the suggestion that biominerali- 
zation may be a cellular detoxification mechanism for one of the pharmacologically 
most active cations, e. g. calcium. This is not a new concept 4s ~), but it opens up the 
possibility that the removal of calcium by precipitating it as a highly insoluble de- 
posit may be energetically more economical than pumping it out of  the cells into a 
supersaturated body fluid. 

Second, if biomineralization did evolve from the same system with a detoxifi- 
cation function, then this may throw some light on the process involved. Thus, the 
mineral deposits that occur are mainly the cationic salts of the major inorganic 
buffers of  cells. The ratios of  carbonate and phosphate ions are, however, variable so 
that it is unlikely that they are the driving forces in the system, and it is in fact easier 
to imagine a proton extrusion system, operating across a membrane-bound vesicle, as 
the fundamental process. This would lead to the accumulation of phosphate and 
carbonate ions within a vesicle, thus producing a general "sink" capable of  removing 
the heavy metal ions from the cytoplasm. On this suggestion, proton extrusion 
would form the basis of  a cellular detoxification system and biomineralization may 
represent specific forms of  this process 4s2). An alternative mechanism for removing 
a variety of heavy metal ions would be to bind them onto organic ligands and to 
excrete these via secondary lysosomes which eventually release their products into 
the same system that produces the granules. This could account for the concentric 
layering of  most of the intracellular granules and for the occurrence of various 
secretions into these vesicles 4ss). In this situation one might also expect some 
selective advantages to accrue from organic ligands which were also capable of  being 
incorporated into the matrix of  the mineralized deposit. 

These suggestions may go some way toward explaining the occurrence and com- 
position of intracellular granules and it is easy to envisage how such a system could 
evolve into a mechanism where the deposits became involved in the variety of  pur- 
poses normally associated with biomineralization4S4! 
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Five basic principles are accepted in biomineralization carrying primarily 
theoretical implications. 

1. Biological calcification will only occur from solutions which exceed the solubi- 
lity product of the mineral being formed. 

2. Calcification induces acidosis. 
3. lntracellular Ca 2+ is about 10 -6 mole/1. 
4. Mineralized structures contain an organic matrix. 
5. Mineralized structures are typically highly crystalline. 

Perhaps the simplest approach to investigate biomineralization is to inquire 
wether the process is basically an intracellular or extracellular phenomenon. Clear 
experimental evidence to favour one view or the other is not in sight. The extra- 
cellular concepts have traditionally been applied to corals s71-s73), molluscs s74' 575), 
arthropods s76), and vertebrate bone s77). But in recent years it has been suggested that 
mineralization is basically an intracellular event which is under the closest control 
until the mineral substances are occluded or 'pinched o f f  by the cell s 79) Thus when 
one comes to consider the mechanisms of calcification, the difficulty could not be 
greater. The implications of these distinctions are enormous but the data relevant to 
any decision are often very sparse. 

Common features of mineralized tissues in the invertebrates are the following 
characteristics: 

1. The inorganic crystals are typically orientated in a precise way if they are 
part of a skeletal system. The crystals show evidence of a variety of normal growth 
processes, e. g. spiral and dendritic forms. 

2. The crystals are embedded in an organic matrix. This contains glycosamino- 
glycans s78) typically in chemical association with protein representing a potentially 
strong calcium-binding complex s8~ s81). The protein is repeatedly thought to have 
'crystal orientating' properties s82). Lipids are often present in these matrices and 
have been implicated in the process of calcification sg~ 

3. Two enzymes are almost invariably associated with calcified tissues. The first 
is carbonic anhydrase, which catalyzes the hydration of carbon dioxide and which is 
now known to occur in two forms referred to as 'high activity' and 'low activity' 
isoenzymes 583). The second is a general phosphatase frequently identified purely by 
histochemical means and with increased activity in the alkaline range. These alkaline 
phosphatases also.exist in various isoenzyme forms 584). The suggested functions of 
alkaline phosphatases vary from 'synthesizing' matrix material s85' 586) to removing 
crystal poisons s87). 

4. Variable amounts of citric acid are usually found in calcified tissues 588). 
5. Calcification occurs from an aqueous medium which is often present in very 

small amounts forming a microenvironment around the site of mineralization. This 
fluid contains a variety of organic components separable by electrophoresis s78). 
With the electron microscope, the sites of calcification are frequently seen to contain 
electron opaque granules. 

6. The epithelia-lining regions of calcification contain variable amounts of 
glycogen and large numbers of mitochondria s88). 
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3.2 ExtraceUular Sites of Calcification 

3.2.1 Calcium and Hydrogencarbonate Pump 

When the idea is accepted that ion pumps exist in plasma membranes, then it is very 
easy to imagine a mechanism of  calcification based on such properties. In such a 
theory, ions are pumped into the fluid surrounding the site of calcification (Fig. 2). This, 
therefore, becomes supersaturated and mineral deposition occurs. Various pieces of 
evidence may be quoted to support such a scheme. In its current form it is usual to 
note that intracellular Ca 2+ is very low and is maintained in that state by an out- 
wardly directed pump. This calcium pump is powered either by a Ca-ATPase sag) or 
by energy derived from the Na I + pump sgO. According to current theory, all cells 
possess this pump and it is therefore easy to assume it being involved in concentrat- 
ing calcium at certain extracellular sites. Pumping mechanisms consist of  a Na 1 +/H 1 + 
and C11 - /HCO3 t -  or OH 1- exchange system. It is typically found in the salt- 
absorbing epithelia of  vertebrates, crustacea, and insects. 

This theory of calcification, presented in various forms, is perhaps the favourite 
of most researchers. It is usually proposed in a vague form in which it is not clear 
which ions are being transported and whether they are moving across epithelial layers 
or across cell membranes. The basis for the theory is almost a priori and there is no 
specific evidence to support it. A considerable number of attempts have been made 
to analyse fluids from sites of  calcification. The interpretation of these analyses is 
complicated by having to correct them for ion binding and by difficulties in calcu- 
lating the ionic concentration of CO 32-  or POa 3-  in buffer mixtures. Few attempts 
have been made to correct for Donnan equilibrium effects by dialyzing the fluids 
against an equivalent saline s92), but this is essential if the information is to indicate 
that pumps have modified the relative ratios of ions. It is highly unlikely that any 
indication of effective supersaturation will be obtained from such studies since the 
expected solubility products are largely unknown s9a' s94). In mineralizing systems 
which form slowly, such as those found in invertebrates, one would expect the fluid 
adjacent to the minerals to equilibrate rapidly. 

Investigations of ion movements across epithelia have, however, only rarely been 
undertakenSgS, s96). Using the mantle of the lamellibranches, Anodonta grandis and 
Amblema costata, it has been shown that there was normally a transepithelial poten- 
tial difference of 25 to 50 mV with the shell side positive. There was, however, no 

cell fluid I mineral 
Fig. 2. The ion pump theory. Ions (Ca 2+ and 
X 2- =A CO32- or HPO42- are pumped into the 
fluid surrounding the site of biomineralization. 
The fluid becomes supersaturated and mineral 
deposition occurs. (After Simkiss 445)) 
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evidence for the acitive transport of  calcium toward the shell and the tissue did, in 
fact, behave as a calcium electrode with calcium positively diffusing across the exter- 
nal membrane of  the epithelial cells. This membrane appeared to be nearly imper- 
meable to intracellular anions so that variations in extra-epitlaelial calcium levels gave 
results virtually in keeping with NERNST's equations 

= RT In Cai 
zF Cae 

The results obtained are o f  fundamental importance because they show no 
evidence of  a calcium pump, no evidence of  facilitated anion movements, but  a zero 
potential at 1 2 - 1 6  meq/1 Ca 2 + 59 s). More recent work investigating profiles of  the 
potential difference across these tissues have cast some doubt on this inter- 
pretation ~96). Calcium electrode effects are not restricted to the mantle epithelium 
of  molluscs 597) (Fig. 3). At a low concentration o f  calcium there may be an active 
uptake of  this cation from the water by snails 598) and crustacea 599). 

3.2.2 Counterion Movement 

A number of  suggestions have been made that calcium may be transported because it 
is coupled to the movement of  other ions or because it moves passively down an 
electrochemical gradient established by the movement of  some other ions 6~176 Thus, 
a sodium-induced potential has been found which was sufficient to account for the 
passive movement of  calcium into the shell gland of  the domestic fowl during egg 
shell formation. In the mollusc, the shell side o f  the mantle is normally positive re- 
lative to blood and a potential o f  this type would, o f  course, tend to move calcium 
away from the extrapallial fluid. A potential o f  this orientation could be produced 
by the movement o f  an anion into the animal (mollusc) and the low chloride con- 
centration o f  the extrapallial fluid could be accounted for on this basis. 
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3.2.3 Proton Removal 

Biomineralization is basically regarded to be an acid-base problem 6~ i). In addition, 
if there is no clear evidence for either calcium or bicarbonate pumps at sites of  calci- 
fication, the alternatives should certainly be considered. This theory of calcification 
suggests, therefore, that the basic energy source is a removal of  protons, i. e. 

Ca 2+ + HCO31- -+ CaCO 3 + H l+ (1) 

At pH 7.0 the hydrogen ion concentration is 10- 7 mole/1. A proton-"catching" 
system using a metabolically driven pump might therefore be considered to be un- 
likely when compared with sodium, for example, where the intracellular concentra- 
tion would be several thousand times greater than this. The secretion of hydroxyl 
ions might therefore be considered a more likely basis for proton removal, i. e. 

Ca 2+ + HCOg + OH-  -~ CaCO 3 + H20 (2) 

A variation of this reaction is perhaps more revealing, i. e. 

Ca 2+ + CO 2 + 2OH l -  ~ CaCO 3 + H20 (3) 

There is a good deal of  support for such an origin of the carbonate ion. Certainly, in 
invertebrates there are conclusive kinetic data based on radioisotope studies to show 
that, although the blood supplies Ca 2 § for egg shell formation, the plasma bicarbo- 
nate plays no direct role 6~ 

It may not be immediately apparent from Eq. (1) to (3) exactly what effect 
hydroxyl ion secretion has upon sites of  calcification. The scheme can be written as 
follows: 

CO2 + OH 1- ~ HCO3 l -  (4) 

Ca 2+ + HCO31- + CaCO3 + H l§ (5) 

H l+ + OH 1- ~ H20 (6) 

The reaction of Eq. (4) would, of course, be capable of being catalyzed by carbonic 
anhydrase. Equation (5) represents the formation of mineral and the release of pro- 
tons, whereas Eq. (6) indicates the removal of protons. Thus, although hydroxyl 
ion secretion may be the motivation force, the immediate result may be a slight fall 
in pH at the site of calcification. This is in keeping with the data, pointing out that 
the extrapallial fluid of  molluscs is slightly more acidic than the blood. 

A variation of the proton removal hypothesis of shell formation has been pro- 
posed603, 604). It has been shown that in molluscs and birds the sites of shell for- 
mation contain high concentrations of  ammonia and they suggest that this may be an 
initiating phenomenon for calcification, i. e. 

Ca 2+ + HCO3 l -  + NH3 + CaCO3 + NH41+ (7) 
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There seem to be two problems: NH3 is non-charged and mobile and easily crosses 
plasma membranes. When charged, however, in the form of  NH41 +, it penetrates 
cells with difficulty and tends to accumulate in biological systems. As a proton re- 
mover, therefore, ammonia secretion is a poor mechanism. It may temporarily trap 
the protons, and therefore facilitates the reaction as shown in Eq. (7), but the pro- 
ducts tend to remain at the site of  cacification. 

One is left therefore with the question, does the accumulation of ammonia 
induce mineralization or vice versa 583). 

3.2.4 Matrix Concepts 

The matrix is thought to be important in binding various ions at anionic or cationic 
sites. The organic matrix and its role in biomineralization constitutes the organic 
matrix concept, which in a broad sense visualizes the organic component as a pre- 
cursor template of sheets, fibres, or compartments onto or into which nucleation of 
the inorganic phase takes place and onto or into which the crystals grow and ulti- 
mately fit together to form the final mineralized tissue. Although the mineral com- 
position of most calcified material is reasonably well known, the size, shape and 
orientation of the constituent crystals is a matter of considerable confusion. Several 
reasons for this deficiency exist but in part the problem is a technical one related to 
the microscopic nature of  most shell structures. The organic matrix concept is the 
basic idea underlying current theories of  biomineralization. It is thus recognized that 
mineralized tissues are biphasic and that the organic phase is a precursor to the in- 
organic phase. In this way it is conceived that the organic matrix acts in some way to 
control the mineralogy and crystallography of the inorganic phase. But at this point 
divergence of  opinion exists, resulting in two major schools of thought: the epitaxy 
school and the compartment school. In one, the emphasis is placed on the process of 
epitaxy as a controlling force while in the other the formation of ordered organic 
matrix compartments is viewed as the important factor. Both consider the matrix to 
be a distinct structural entity. 

The epitaxy hypothesis assumes that one substance can take place on the surface 
of another when the two substances have some crystallographic parameters in 
common. The stereochemistry of the substrate phase dictates the orientation of the 
overgrowth phase. When extended to biomineralization, the idea is that the organic 
matrix takes on the role of substrate or template, thus acting to direct the nucleation 
and growth of  the mineral. The apparent simplicity of  this process makes it most 
appealing and it has thus gained widespread acceptance. The alternative compart- 
ment hypothesis places little or no emphasis on epitaxy, proposing instead a crystal 
growth which takes place within ordered organic compartments independent of 
reactive templates. Essentially, therefore, the ordering of the organic matrix com- 
partments have been thought to result in ordered crystals which grow in the space 
provided. This theory does nothing to explain the ordering of the crystals, but only 
shifts the question to the mechanisms which cause the ordering of the organic com- 
partments 437). 

There has been a major controversy about both hypotheses. An interaction com- 
parable with epitactic processes has been assumed by several authors 28' 438-442) 
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Actually, there is no experimental evidence backing the compartment hypothesis, at 
least not  in mollusc shells 443' 444). 

There are, however, two theories of  calcification which do not involve these 
concepts and they will briefly be mentioned since they are relevant to the basic prob- 
lems o f  ion movement across epithelia. 

The first and most widely applied concept is the semiconductor hypo- 
thesis607, 608). It is perhaps most easily understood in relation to the calcification of  
arthropod exoskeletons. In the shore crab, Carcinus maenas, it is suggested that ions 
are continually diffusing out o f  the animal across the cuticle. Since the ions move at 
different rates, a potential is set up with the outer surface positive. The exoskeleton 
acts as a semiconductor so that there is an outward flow of  electrons leaving the 
inner surface rich in protons and the outer surface rich in hydroxyl ions. Since an 
increase in pH at the outer surface favours the formation of  carbonate ions, the fluid 
in the outer part of  the cuticle becomes supersaturated with calcium carbonate and 
crystals are deposited. The theory is ingenious since it only relies upon physio- 
chemical phenomena. A great deal o f  reliance is placed on the diffusion of  sodium 
chloride out of  the animal and it is not  clear how an osmoconformer such as Maia 
would calcify its skeleton. If  the flow o f  sodium and chloride ions was reversed, the 
exoskeleton would, o f  course, decalcify 6~ The semiconductor properties of  the 
exoskeleton are mainly due to quinone tanned proteins and this has enabled the 
theories to be applied to other situations where these compounds are found. On 
obvious situation is, o f  course, the periostracum of  the molluscan shell. Using 
Mytilus edulis, it has been suggested 6~ that in this case the periostracum is polar- 
ized so as to be acidic outside and alkaline inside, i. e., the opposite polarity to 
crustacea (Fig. 4). In order to explain calcification in the shell, it is now necessary to 
have salt flow inward and it is suggested that this is achieved by mechanical suction 
forces developed by the mantle. The theory has been criticized svs) since it provides no 
explanation for calcification in shells lacking a periostracum for shell regeneration, 
for shell formation in terrestrial snails, nor for pearl formation in the pearl sac. It has 
been also pointed out that it provides no. explanation as to why the crustacean 
exoskeleton is not calcified before moult  and why, in fact, the observed rate of  calci- 
fication is correlated with general body uptake 6~ The streaming potentials have 
also been suggested to form a basis for bone formation 6~ 

CaC03 alk 

I f '! cuticle 

NaCl 

CaCO  

mantle ~Yacid 

Fig. 4. Simplified version of Digby's semiconductor 
theory of biomineralization. In the arthropod (top) ions 
are continually diffusing out of the animal across the 
cuticle at different rates setting up a potential with the 
outer surface positive. This causes a flow of electrons 
leaving the inner surface rich in proteins and the outer 
surface with hydroxyl ions. The alkaline outer surface 
favors CaCO3 formation. In moUuscs (bottom) muscular 
movements cause salt flow through the periostracum 
foUowed by an alkaline reaction on the inside inducing 
CaCO3 deposition. (After Simkiss 445)) 
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A somewhat similar theory 61~ might also be mentioned here. This theory 
depends upon an electrical potential difference existing across an organic matrix 
which acts as a fixed ion exchanger. If this occurs, calcium migrates toward the cath- 
ode faster than sodium, which therefore accumulates on the fixed charges. The electro- 
phoretic velocity of chloride is greater than that of  phosphate. Thus, both calcium 
and phosphate accumulate at the cathode while sodium and chloride ions occur at 
the anode. The result might be a separation of ions favouring the deposition of cal- 
cium salts at the cathode. 

3.2.5 Ion Concentration Systems 

In recent years, great advances have been made in our understanding of fluid move- 
ments across epithelia following the standing gradient osmotic flow "Theory of DIA- 
MOND,,611,612). The ultrastructure of  cells showing this type of fluid movement 
has prominent lateral intercellular spaces which are open at the serosal surface, but 
closed by a tight junction on the lumen side. Salt is actively pumped into the lateral 
spaces which therefore become hyperosmotic. Water passively follows resulting in 
the formation of an almost isotonic fluid which passes on to the serosal surface. The 
exact concentration of  this fluid will depend upon the dimensions of.the spaces and 
other cell characteristics. 

It will be apparent that if "normal extraceUular fluids" were subjected to an 
isotonic resorption of sodium and chloride ions by the process, the net effect would 
be to concentrate other ions and precipitate minerals. This suggestion was made 613) 
to explain one of  the methods of  forming deposits in the calciferious glands of earth- 
worms. It was proposed that the posterior glands received blood directly from the 
intestine. Fluid was formed in these glands by a process of  filtration and saline was 
then resorbed by the epithelial cells. This resulted in the formation of calcareous 
deposits (Fig. 5). 

Electron micrographs of these glands show structures which would be in keeping 
with this interpretation 614). Arising from the basal lamina are numerous membra- 
nous infoldings. The lateral membranes are closed by tight junctions at the lumenal 
surface but freely open into to blood sinuses on the serosal surface. The lumenal 
surface contains many microvilli (Fig. 6). 
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Fig. 5. Ion-Concentrating Systems. The calci- 
ferous glands of the earth worm contain extra- 
cellular fluid from which there is an isotonic 
resorption of NaCI. This results in the formation 
of CaCOa deposits. (After Simkiss 445)) 



Biochemical Aspects of Biomineralization 

I 

IkF I q l l fV~  [ 

Fig. 6. Ion-Concentrating Systems. The 
microvilli at calciferous mucosal gland 
cells of the earthworm resorb ions 
from the lumen which are moved into 
the intercellular spaces behind the 
junctional complex (Jc) followed by 
an isotonic secretion into the blood. 
MI = Membrane investigations; 
V = Vacuoles; N = Nucleus; M = Mito- 
chondria; E. R. = Endoplasmic retic- 
ulum; S = Spherolith. (After Simkiss 445)) 

3.3 Intracellular Sites of  Calcification 

A variety o f  theories have been proposed to explain the association of  carbonic an- 
hydrase and alkaline phosphatase with sites of  cacification and they are basically o f  
two types. Thus, the enzymes are thought to be responsible for producing CO32- or 
PO4 a-  ions at the sites o f  mineralization or of  releasing calcium ions. These are all 
extracellular concepts, but  there are also some theories that might be applied to 
intracellular phenomena. Perhaps one o f  the more interesting o f  these is a sugges- 
tion615) involving the chelation o f  calcium by ATP and its subsequent hydrolysis to 
produce HA. This theory may be modified following the observation that alkaline 
phosphatase and Ca2+-ATPase cannot be separated 616). 

In this theory, calcium enters the cell down the enormous electrochemical 
gradient that normally exists between the extracellular and intracellular fluid com- 
partments. In doing so, it actually reverses the calcium pump and synthesizes ATP in 
a similar way as the reversal of  the sarcoplasmic calcium pumps 617) (Fig. 7). There is 
however, no evidence to support this theory and it has a number of  unlikely features. 
It stresses the need for relevant data rather than circumstantial evidence, and this is 
particularly necessary in considering intracellular theories. 
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Fig. 7. Calcium moving down its electro- 
chemical gradient reverses the normal calcium 
pump and synthesizes ATP as it passes 
through the plasma membrane. (After Sim- 
kiss445)) 

3.3.1 Mitochondrial Calcification 

It has been known for many years that the mitochondrion shows a respiration-linked 
transport of  a number of ions. Of these, calcium has attracted the most attention 
since it depends on a specific transport system with high-affinity binding sites. The 
uptake of calcium usually also involves a permeant anion, but in the absence of this, 
protons are ejected as the electron transfer system operates. The result is either the 
accumulation of calcium salts in the mitochondrial matrix or an alkalinization of the 
interior of  the mitochondrion. The transfer of calcium inwards stimulates oxygen 
utilization but provides an alternative to the oxidative phosphorylation of ADP 618). 

The transport of calcium into the mitochondrion can lower external Ca 2+ to 
levels of 1 to 0.1 pmole/1. This has, therefore, been interpreted as a basic mechanism 
in maintaining intracellular calcium at these levels. Only about 3 % of the calcium 
which passively diffuses into the cell is expelled by a calcium pump into the plasma 
membrane, whereas the remaining 97 % is sequestered into the mitochondria. This 
occurs because both processes have similar rate constants, but the total mitochon- 
drial surface is some 30 times larger than that of  the plasma membrane. This argu- 
ment presupposes, however, that the calcium which enters the cell is equally avail- 
able to both sets of  membranes. 

It will be apparent that in suitable situations mitochondria will accumulate 
calcium salts and eventually precipitate them as inorganic granules. Such structures 
have been observed in electron micrographs of calcifying cartilage 6~9) and have led 
to the suggestion that mitochondria may provide the basic mechanism for calcifica- 
tion 62~ The basic systems of calcification involve concentrating calcium and phos- 
phate ions within the organelle 62~ However, both ions are present at much lower 
concentrations in the cytoplasm than they are in the extracellular fluids. They must, 
therefore, be "pumped" into the inner compartment of the mitochondrion by speci- 
fic carriers. When the solubility of  the mineral is exceeded, and this may be helped 
by the alkalization of the inner part of  the mitochondria, then the mineral is precipi- 
tated as minute electron opaque granules. It is suggested that these are similar to the 
amorphous phase of  bone mineral, being perhaps 2 0 - 3 0  A in diameter. The for- 
mation and dissolution of these granules is presumably reversible since calcium can 
be made to leave mitochondria by appropriate stimuli. In fact, it is suggested 6~ 1) 
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Fig. 8. Lehninger's mitochondrial 
theory of calcification. (After Sim- 
kiss445)) 

that these are the means by which mitochondrial granules are transported out of the 
cell and into the extracellular sites of mineralization. In LEHNINGER's theory, the 
"micropackets" of  mineral either pass directly through the mitochondrial mem- 
branes or some form of reversed pinocytosis carries them as membrane-bound parti- 
cles to the outside of  the cell (Fig. 8). 

The mechanism by which the mineral leaves the mitochondrion is only one of 
the problems of  this theory. The mineral in the mitochondrion exists in association 
with the fluid contents. Thus, unless this water is in some structural form with ab- 
normal solubilities, the mineral must be saturating the fluid, and solubility products 
apply. It follows that the mitochondrial calcium and phosphate concentrations must 
be similar to those of the extracellular fluids, i. e. calcium must be concentrated 
thousandfold to overcome the low intracellular values. 

Clearly, it is possible to form mineral deposits in the mitochondria but the 
energy cost is very high. Furthermore, since the fluid inside the mitochondrion is 
1000 times more concentrated than the cytoplasmic level, the mineral will continual- 
ly be tending to dissolve and pass out into the cytoplasm. The low efflux rate con- 
stant indicates that leakage is slow, but it represents a nonsteady state and a con- 
tinuai energy drain upon the cell. The contrary argument would be that cells must 
maintain a low intracellular Ca 2+. The mitochondria present one of the possibilities 
of achieving this concentration. In order for them not to concentrate calcium ions 
against an ever increasing gradient, it is converted into a mineral form. Having 
achieved that, mineralization becomes a useful side product. 

A third problem with the mitochondrial theory of biomineralization is that 
many mineralized tissues contain carbonate rather than phosphate. Since bicarbonate 
ions do not pass across mitochondrial membranes with any ease, it has now been 
shown that in phosphate-free buffers, calcium will enter mitochondria if dissolved 
carbon dioxide is available. It appears that some mitochondria possess carbonic an- 
hydrase activity on the inner membrane or in the mitochondrial matrix and are thus 
able to synthesize bicarbonate within the organelle. In such cases, inhibitors of car- 
bonic anhydrase block the accumulation of calcium and carbonate ions 622) since 
crystals of  calcite have been identified in the mitochondria of earthworms' calci- 
ferous glands 623). These cells freqently showed spherical granules in the cytoplasm 
and lumen of  the glands during phases of  mineral secretion and it was suggested that 
they were aspects of  cellular breakdown which occurred at these times. 
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3.3.2 Calcification in Golgi Apparatus and Endoplasmic Reticulum 

This is the most commonly described form of  intracellular calcification. Typically, it 
arises in a smooth membrane which may be formed by the coalescence of  several 
Golgi vesicles. An organic matrix o f  protein and acidic polysaccharides is deposited 
within this structure. Frequently, saccules of  the endoplasmic reticulum communi- 
cate with the vesicle and mineralization occurs within the matrix. Examples occur in 
most phyla, e. g. the insect midgut 624) and cestode parenchyma 62s). It may be 
important to recognize two types o f  crystal deposits from this system. One type is 
typically a concentrically layered structure containing large amounts of  calcium, 
magnesium, phosphate and carbonate ions; the other is crystallographically more 
pure and is frequently shaped as in coccoliths 626). 

This general theory is sometimes made more precise by considering that the 
Golgi body  is involved in producing the matrix material while the endoplasmic 
reticulum transfers calcium to the developing vesicle. The endoplasmic reticulum has 
been studied most intensively in muscle where its ability to transport calcium into 
vesicles o f  the sarcoplasmic reticulum is well known. There is, however, some doubt  
as to how this ability is developed in non-contractile cells 627). 

The hypothesis that the endoplasmic reticulum may be an important site for 
calcification has the advantage over the mitochondrial one in that the movement of  
vesicles and the opening of  the endoplasmic reticulum to the outside o f  the cell have 
been observed on a number of  occasions. There seems to be little doubt  that deposits 
do leave ceils in this way. Gorgonian coral growth has been described as involving a 
scleroblast attending to a spicule and causing it to grow by means o f  vesicles con- 
taining matrix and minerals 628). 

3.3.3 Extracellular Vesicles 

Extracellular vesicles or matrix vesicles have not been identified in any inverte- 
brates 44s). In bone formation, it has been suggested that they provide a basis for 
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Fig. 9. A generalized form of Anderson's 
"membrane vesicle" theory of biomineraliza- 
tion. The vesicles break away from the ceils 
adjacent to the site of calcification. 
Phase 1: Ions are transported inward and 
crystal growth is induced within the vesicle. 
The intravesicular ionic product is raised 
resulting in the initial deposition of calcium 
phosphates as HA (and probably also as 
ACP). Eventually the vesicle membrane 
ruptures releasing the mineral. 
Phase 2: Preformed HA crystals are exposed 
to the extravesicular environment enabling 
further crystal growth. (After Anderson 458)) 
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IRVING's association of lipids with sites of calcification. On that basis, it is interest- 
ing to note the confirmation of  lipids in mollusc shells 629). Another site where 
extracellular vesicles might exist is in the crustacean cuticle 63~ The extrusion of 
granules from the epidermis has been described. 

The identification of calcifying membranous extracellular vesicles within the 
matrix of cartilage, bone and dentine by electron microscopy 455-457) is one of the 
most important developments in biomineralization in recent years. 

In these tissues the distribution of  vesicles correspond closely to the patterns of 
matrix mineralization. Furthermore, it has been suggested that crystals of HA are 
deposited within the vesicles. Subsequently apatite is deposited within the vesicles 
and upon their surfaces to produce typical modular clusters of  mineral. Such mor- 
phological observations strongly implicate the matrix vesicles in the formation of 
apatite crystals (Fig. 9). Once the first crystals are formed, they rhineralize further 
by epitactic crystal growth 4ss). 

3.3.4 Fine Structure of Matrix Vesicles 

The one structural feature common to cell matrix vesicles is the enveloping mem- 
brane which appears trilaminar under the electron microscope. The term "vesicle" 
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Fig. 10. Schematic presentation of the theories of mineralization in matrix vesicles, a) Theory of 
Anderson458); b) Theory of Thyberg 642). (After H/Shling et al. 641)) 
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was suggested. The presence of the membrane indicates that the vesicles must have 
come from cells rather than being formed de novo in the matrix. The vesicle mem- 
brane probably should be considered as a cytoplasmic organelle since cellular mem- 
branes often contain enzymes capable of  metabolic acitivity, and the membranes of 
matrix vesicles are rich in enzymes which might function in calcification. It is also 
likely that the vesicle membranes divide the internal and external environments and 
enable the sequestration and storage of calcium and phosphate during initial forma- 
tion of apatite crystals (Fig. 10a, Fig. 10b). Thus, the matrix vesicles can be regarded 
as a kind of extracellular organelle with enzymes which favour the local development 
of apatite. The size of  matrix vesicles varies considerably, but most reports state the 
average diameter as about 100-200 nm. 

The relation of vesicles to chondrocytes has been studied by electron micro- 
scopy4SS, 456, 460, 461), and it has been demonstrated that most vesicles are isolated 
in the matrix and are not connected to cartilage cells 4as' 456). However, if matrix 
vesicles originate in chondrocytes, then there must be a storage during which the 
vesicles emerge from the cells. It has been shown that vesicles are located very close 
to the lateral edges of flattened chondrocytes in the proliferative zone of the epi- 
physeal plate 4s6). It has been suggested that the vesicles arise by budding from 
cells in the upper epiphyseal plate. After separation, the vesicles are apparently 
entrapped in that part of the cartilage matrix which is going to calcify 4s8). 

Bone cells, unlike cartilage cells, characteristically possess many long cyto- 
plasmic processes, and so it has been difficult to determine whether structures which 
appear as vesicles in the bone matrix are not actually cell processes. Most vesicles are 
isolated within the bone matrix and are unattached to cells. 

3.3.5 Enzymes in Matrix Vesicles 

The first evidence that matrix vesicles contained enzymes came from cytochemical 
studies on ePiphyseal cartilage in which alkaline phosphatase and ATPase were dis- 
covered on the surface of  the vesicle 461' 462) 

With alkaline phosphatase as a marker, it was possible to isolate the matrix 
vesicles from other parts of  the epiphyseal cartilage 463). Other enzymes concentra- 
ted within the vesicles include inorganic pyrophosphate, ATPase and 5'-AMPase 463). 
The alkaline phosphatase and inorganic pyrophosphatase of  bone have closely over- 
lapping specificities 464) and quite possibly they are one and the same enzyme. 
5'-AMPase is regarded as a marker for plasma membrane of cells. The presence of 
5'-AMPase in vesicles supports the electron microscopic evidence that the vesicles bud 
from the plasma membranes of  chondrocytes and bone cells. 

The lysosomal acid phosphatase was cytochemically shown to be present in 
dense bodies of chondrocytes but not in the nearly matrix vesicles 461' 462). Subse- 
quent studies have confirmed that the amount of acid phosphatase in isolated 
vesicles is low and also that the activities of  ~-glucuronidase and cathepsin D in the 
isolated vesicles were negligible 463). The evidence indicates that matrix vesicles are 
not lysosomal. Isolated vesicles contain comparatively little mitochondrial succinic 
dehydrogenase, suggesting that the matrix vesicles and mitochondria were not 
identical 4as). 
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3.3.6 Lipids in Matrix Vesicles 

The vesicles were shown to be rich in lipids with at laest 1.5 times more total lipid, 
phospholipid, cholesterol and glycolipid per unit protein than in whole chondro- 
cytes. The ratio of  cholesterol to PL was 1.7 times greater in vesicles than in 
chondrocytes and vesicles which contained twice the cellular amount of phosphat- 
idyl serine and sphingomyelin 1~ 46s) and which are depleted in phosphatidyl 
choline. It is of  note that the principal PL in vesicles was phosphatidyl serine which 
has been shown to have a strong affinity for calcium ions, especially in the presence 
of phosphate 96). 

3.3.7 Electrolytes in Matrix Vesicles 

Matrix vesicles are markedly rich in Ca compared to epiphyseal chondrocytes, even 
in the proliferation zone. The Ca and inorganic phosphate concentrations are greater 
than can occur together in solution. X-ray diffraction of the freezedried vesicles 
failed to detect any apatite phase 467), while membrane-enclosed vesicle-like struc- 
tures were found to be filled with amorphous electron-dense material a6s). However, 
it has been suggested that HA is formed within matrix vesicles 459). 

Matrix vesicles isolated from the zone of hypertrophy are much richer in Ca and 
inorganic PO4 than those obtained from the proliferating zone. This indicates that 
not only Ca and Pi concentrations occur during vesicle formation, but that it con- 
tinues extracellularly after vesicle elaboration into the matrix. Ca/P i molar ratios of 
the matrix vesicles from the proliferating and hypertrophic layers are strikingly 
higher than those of the isolated cells and also higher and more variable than those of  
the later mineral deposits. This suggests a primary Ca-binding mechanism in matrix 
vesicle mineralization in which varying amounts of Pi may be concentrated whithin 
the vesicles by virtue of a C a -P i -P L  interaction and possibly by active calcium trans- 
port across the vesicle membrane 4s8). However, an ATP-driven Ca-pump in the 
matrix vesicles has not been found as yet 469) and vesicles from epiphyseal chick 
cartilage do not actively transport Ca 2+470) through a membrane-bound ATPase. 

3.4 Types of Calcification 

3.4.1 Intracellular 

It is no longer acceptable to consider the occurrence of mineralized deposits as 
evidence of  calcification. Much of  the confusion on the literature exists because of 
the tendency to associate mineral deposits with the phenomenon of calcification. 
Once this confusion is removed, the possible types of  calcification become much 
clearer and they can be separated from problems of recrystallization. 

This distinction can now be exploited by considering the energy changes associa- 
ted with calcification. In drawing up these schemes, a major problem is to assign 
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values to the permeabilities between the various compartments. In pursuing this 
concept therefore, we will oversimplify the situation by only considering the calcium 
ion and by attributing arbitrary energy values. Some corrections will have to be made 
for this after the examples have been considered. 

The Shapiro and Greenspan theory involves three or possibly four energy hur- 
dles 621). The first of these iscommon to all cells, since it is the energy necessary to 
pump all calcium out of  the cell. A second hurdle exists in pumping calcium out of  
the cytoplasm (at 10 -6  mole/l) into the mitochondrion where it must reach solubil- 
ity product values (say 10 - a  mole/l). The ions thus accumulated are then released 
into the cytoplasm and pumped out again across the plasma membrane to a level 
equal to that of  the extracellular fluids (hurdle 3) or actually to supersaturation 
levels (hurdle 4). It may be that one of these hurdles can be omitted in an overall 
view. Since hurdle 1 is common to all ceils, one could simply say that hurdles 2 or 3 
were replacing it. One should, however, also note that this static picture ignores 
leakage from the organelles. Hurdle 2 could be a major problem if its surface area is 
30 times that of the plasma membrane and if there is an appreciable back diffusion 
out of  the mitochondria. The theory of Lehninger 62~ attempts to overcome some of 
these energy hurdles by allowing exit from the mitochondria via vesicles. Some evi- 
dence for this theory comes from the work on the shell gland of the fowl 631). These 
data indicate a movement of  calcium from mitochondria to the endoplasmic reti- 
culum during calcification. However, under normal circumstances it is very rare to 
find granules within the mitochondria of this tissue. 

In experiments on the regeneration of the shell in Helix aspersa 634) there have 
also,occasionally been found flight increases in mitochondrial and microsomal 45 Ca, 
but in their preparation relatively little 4SCa exists in these fractions at any one 
time 632). Furthermore, these data could be reinterpreted as simply indicating that, 
during mineralization, ceils are exposed to a slight calcium shock wtuch stimulates 
the intracelhilar mechanisms of calcium homeostasis. Therefore, the only direct 
evidence, to support the energetically expensive theory are the observations on earth- 
worm calciferous glands 623). 

The endoplasmic reticulum theory has much lower energy demands. It has been 
conjectured that it can produce two types of deposits which different solubilities. 
The "low solubility product" is a skeletal form. It has well oriented crystals, precise 
shape, and relatively high purity. Energetically, it is very easy to form. The endo- 
plasmic reticulum has to do no more than to replace the hurdle which is common to 
all cells. In fact, it may even be energetically economical in that pure crystals may 
form at a Ca ~+ concentration which is lower than the external medium so that 
hurdle 1 is actually diminished. Such a situation may exist in coccolithophorids 626) 
or corals 628). The "high solubility product" form could be mineral with many "con- 
taminating" ions. Typical for this type are the digestive gland granules of many 
molluscs. These were shown to have a Ca : Mg : PO 4 : CO 3 molar ratio of 1 : 0.6 : 
1 : 0.1 s94). Similar examples exist in cestodes 633) and many arthropods 634). They 

frequently appear to be composed of concentric layers of mineral and, because of 
the influence of these contaminants, it may be interesting to consider that they re- 
present minerals with a solubility product close to those of  the extracellular fluids of 
most metazoa. If  crystallographically "pure minerals" were formed in such fluids, 
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massive recrystaUization might occu r  632). These crystals can, by being somewhat 
impure, exist in the body fluids and thus serve for a large number of functions (e.g. 
acid base balance, calcium transport, etc.). 

3.4.2 Extracellular 

The third type of calcification is extracellular. In its simplest form it occurs through 
the cellular pumping of ions so that eventually the solubility product is exceeded on 
the calcification site. There is, therefore, only one energy hurdle which need not 
exceed the normal demands of all cells if the site of crystallization does not contain 
crystal poisons. The energy demand at hurdle 1 will be reduced if there is epitaxy via 
an organic matrix. The same energy-saving concept can, of course, be applied to the 
intracellular theories but it is included here since this is the traditional site. A varia- 
tion of the extracellular theory is the vesicle concept. The membrane-bound vesicle 
hypothesis is a very attractive concept since it has all of the intracellular theories but 
without the problem of existing in a "low calcium" environment. It could, therefore, 
provide a system with negligible energy demands for the initiating crystal formation. 

The final type of calcification mechanism involves some form of extracellular 
transport system which avoids all the transcellular energy barriers. As a concept, it is 
extremely valuable but it needs redefining of its relation to the ions under consider- 
ation and the motive forces for their movement. 

Throughout this review of biomineralization, one outstanding phenomenon has 
been consistently evaded. This is the problem of apparent solubility products and 
supersaturation. It is obvious, however, that almost by definition this is the one 
phenomenon that directly relates to the whole problem, but it is consistently evaded 
because there is no simple theory to account for the observations. In order to high- 
light the importance of this phenomenon, therefore, an attempt will be made to 
relate extracellular theories to this concept. 

It appears to be the case that most animals maintain the concentration of 
"mineral ions" at constant levels in their extracellular fluids. Perturbations with 
various forms of acidosis usually result in the animal re.establishing an equilibrium 
between its body fluids and the apparent solubility product o f  some mineral. Two 
important conclusions follow from this. First, it provides a theoretical basis for 
defining calcification. When there is a change of phase in the total extracellular fluids 
(i. e., mineralization occurs) then the fluids re-equilibrate to make good the ions 
which have been lost as minerals. 

Ca 2+ + CO3 2- ~ CaCO 3 (mineral) 

HCO3 ~ C032- + H + 
i. e., protons are released at the site of calcification. 

If, however, mineral at one site forms at the expense of a solution of mineral 
elsewhere, there will be not net loss or release of protons since the fluid remains 
with the same ionic composition. This would not be the case without the concept of 
continual saturation, but accepting this concept it facilitates the distinction between 
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calcification (i. e., increasing the total mass of  calcified material by displacing 
protons) and mineralization (i. e., the deposition of  crystals without any change in 
the total mineral content o f  the system). 

The second consequence of "maintained supersaturation" is that it continually 
draws attention to the relationship between minerals and the body fluids. This 
problem has caused much concern among bone physiologists who have invoked 
osteoclast activity and parathyroid function, renal and intestinal physiology to 
account for supersaturation. Invertebrate physiologists have never recognized this as 
a problem and they may very well be right. It seems quite likely that "apparent 
supersaturation" is an artefact and the reality is that it is the normal situation for 
unusual minerals in a complex saline. This explains how acidotic animals re-equili- 
brate at new ionic levels so as to maintain a constant solubility product in a way that 
is very difficult to imagine by cellular means (but see63S)). 

If  one now looks at the numerous examples of  intracellular calcification that are 
known, they frequently involve small crystals with concentrically arranged deposits 
rich in calcium, magnesium, phosphate and carbonate ions. What are the solubility 
products of  these deposits? Is it not likely that they are in equilibrium with the 
body fluids, i. e., they are impure and have "high" solubility products? When they 
are released from cells, they will raise the apparent solubility product above that for 
calcite or aragonite. In fact, if pure minerals are available nearby, the impure crystals 
may dissolve and recrystallize at those sites in the more stable form. The importance 
of this argument is, of  course, that the energy input and actual production of 
minerals have occurred within the cell which is therefore the site o f  calcification. 
When released, however, the crystals dissolve and recrystallize in another region, i. e. 
a site o f  mineralization (Fig. 11). If this is true, investigations of the site of mineral- 
ization are unlikely to explain anything about the mechanism of calcification. 

4 Mechan i sms  o f  Calc i f ica t ion  

No final comprehensive hypothesis of the chain of events in biological calcification 
processes can be constructed at the present time. All current major theories on the 
sequence of events - leading to translocation of mineral ions into initial mineral 
phase - involve overcoming the energy of activation required for forming the first 
primitive stable mineral clusters. Then calcium and phosphate are present at levels 

mineral mineral 

CaCO~ CaC03 

Fig. l 1. Two systems in which intercellular spaces 
may involved in calcification. (After Simkiss 445)) 
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either metastable (or lower) with respect to formation of this initial mineral phase. 
The most intensively studied theories on mineralization of bone designate the site of 
this transformation: 
(a) Within and upon collagen and other associated matrix components by the process 
involving heterogeneous nucleation; as well as 
(b) within cellular organelles or cell-derived membranes by a process involving 
calcium uptake or possibly active membrane transport. 

The most intensively studied organelles have been the mitochondria. Various 
enzymatic functions require that intracellular calcium be kept at 10 -6  to 10 -7  M in 
the cytosol and there is firm evidence that mitochondria have an important role in 
fulfilling this function. Because mitochondria sequester calcium in muscle, kidney 
and liver, it has been postulated that mitochondria might serve as an apparatus to 
overcome the energy of activation necessary for forming a new calcium-phosphate 
mineral phase at calcifying sites 47t). 

It has been demonstrated that mineral deposition in growth plate cartilage mito- 
chondria 472) in vivo and mitochondrial granules are not only concentrated in cells 
adjacent to the septa which are about to undergo calcification but contained as well 
mineral in ashed solutions 473-476). Low oxygen tension has been regarded as a 
possible trigger for the onset of  calcification 477). Inhibitors of calcium phosphate 
crystal growth are found in mitochondria, e. g. Mg 2§ nucleotides and citrate. It was 
postulated that the mineral is probably kept in a non-crystalline form by the 
presence of one or more inhibitors particularly ATP 471). The unsolved problems 
which remain before establishment of  the mitochondrial hypothesis as the initial 
mineral-forming site for extracellular matrices are: 
(1) no mitochondria are seen in the extracellular matrix discharging contents; and 
(2) no mineral trail extending from mitochondria into cell processes at calcifying 
sites has yet been found in studies of  cartilage, dentine, periosteal bone 474) or 
mucosal cells of avian shell glands 478). 

However, cellular mechanisms for calcium transfer and homeostasis intimately 
associated with mitochondria and biomineralization are an essential process in Ca 2§ 
regulation479, 480) 

Considerable controversy exists as far as the calcification sites inside or outside 
the cells are concerned. The nature of this arrangement has been a matter of  debate 
for over two decades since the statement by Neuman and Neuman 480 that 
" .  . . . . .  calcification occurs in individuals whose blood levels of calcium and phos- 
phate are well below the critical product". This generated idea of crystal formation is 
the result of  stereotactic properties of some portion of the organic matrix. This 
viewl81, 482) is still maintained and widened by ultrastructural evidence presented 
in support of  the idea of some specific site upon the collagen molecule 483). 

The visible evidence in matrix bone cannot be disputed. The "resting osteocyte" 
is contained within a dense mineral environment, all of which is clearly outside the 
membrane. It is easy to accept the idea that the matrix is laid down by the osteoblast 
and subsequently mineralized extracellularly. The dynamic evidence about bone 
formation, however, is not so clear, since a brief examination of the literature sug- 
geststhat evidence is so uncertain as to require complete re-examination. The 
mineral at a developing bone front appears in discrete clusters or pockets with a 

111 



G. Krampitz and W. Witt 

granular texture verified many times 484) and stated by some authors (e. g.485) to be 
unconnected with the orientation of the fibrous matrix. Many recent reports of 
calcifying structures of cell origin have served to increase the uncertainty as to where 
the insoluble mineral originates and to what extent it derives from the cell or from 
the circulation. Matrix vesicles as described above appear to possess properties of 
calcification in cartilage and dentine, and have transferred the mineralization event 
from the "blood levels ' '4al) to something which is at least confined whithin a mem- 
brane a tsome unknown concentration 486). 

However, increasing evidence points to the key role of extracellular matrix 
vesicles in the initiation of  biological calcification 4ss' 456, 4s8,469,487--490). 

Calcification can be visualized in two phases. In the first phase, phosphate 
accumulates within the matrix vesicles through the enzyme hydrolysis of inorganic 
pyrophosphate (and perhaps other phosphate esters) 458). 

The accumulated phosphate reacts with calcium available to form apatite. 
Calcium may be concentrated within the vesicles by virtue of a lipid-calcium inter- 
action and possibly by active calcium transport across the vesicle membrane 4s8). 
Recent studies have led to the discovery of PL-Ca-Pi-complexes in calcifying tissues. 
These P1-Ca-Pi complexes ~ ~0) and certain proteolipids 122' 491) have been shown to 
rapidly nucleate HA from metastable Ca-P04 solutions. There is evidence for the 
existence of these complexes in matrix vesicles 135). 

In the second phase, the crystal within the vesicle grows until it perforates the 
vesicle membrane and becomes exposed to the cartilage matrix fluid. Then apatite 
will continue to grow because the cartilage matrix fluid in a normal animal is super- 
saturated with respect to apatite crystals 492). This would not be the case in rickets 
where a low value of(Ca 2§ x (P043-)  in the cartilage fluid probably explains the 
failure of  the second phase of crystal growth. The rachitic matrix vesicles often con- 
tain apatite, although no extravesicular apatite could be detected. This suggests that 
the vesicles are able to concentrate calcium even in the presence of an unfavourably 
low ionic product, (Ca 2+) x (P043-)  458). 

In the second stage, as the needle-like calcium phosphate deposits radially grow 
out of the vesicles, the surrounding collagen fibres become mineralized. 

Attempts to combine stereotaxis with the nature of  calcifying vesicles leads to 
a no more satisfactory explanation of what happens; for either the calcification site 
is inside the vesicle or outside it. If  it is inside, the role of collagen is irrelevant, and if it 
is outside on the collagen, the role of  the vesicles is irrelevant. There is no evidence 
that the mineral is, ab initio, inside the vesicle. If  so, then the mineralization event 
would be within the membrane, and by inference, within the cell that produced it. 
The situation is still further confounded by opposing experimental explanations. The 
first is that there may be two mechanisms with two distinct pathways of calcifi- 
cation, the one within a membrane, the other freely in equilibrium with the serum 
fluids. For this there is no strong evidence either way. The second is that mineraliza- 
tion does occur within a vacuolar membrane both inside and outside the cell, but the 
early stages of  the process are too soluble or too easily disrupted to be retained for 
visualization by conventional techniques. It has been assumed that the second of 
these possibilities may be correct and that mineralization in bone is analogous to that 
in Spirostomum and the site of formation in both cases is the Golgi apparatus 486). 
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Fig. 12. Diagrammatical cross section through models of collagen mineralization, a) Tetragonal 
arrangement of subfibrils in the collagen fib. according to Miller and Parry 643). Since subfibrils 
(SF) are helically wound no hole regions but channels (K) exist between the subfibrils. There 
may be the locales for initiation of mineral formation (N). PC = protein chain; Th = Triple helix; 
CR = apatite crystal; K = channels between subfibrils; b) Orthorhombic model. (H -- hole region 
in subfibrils; N 1 = mineral nuclei between subfibrils; N 2 = mineral nuclei within a s u b f i b r i l . )  

(After H6hling et al. 641)) 

However, it has been found in two hard tissue systems that protein-polysaccha- 
ride-rich regions are mineralized to a higher degree than collagen-rich regions a93). 
The first mineral deposits are no longer predominantly associated with vesicles, but 
are found without any significant time difference in the ground substance and col- 
lagen 494). For these reasons and because of the great importance of collagen to the 
tissue structure, one should not belittle the role of collagen mineralization. H6h- 
ling 49s-499) came to the conclusion that dot-like nuclei were initially formed on 
and within the collagen fibres orientated along the fibre axis (Fig. 12a, Fig. 12b). At 
first they form chains and then needles by fusion along this axis and later on often 
plate-like crystals by recrystallization. It was assumed that the distances between the 
point nuclei mirrored the distances between nucleation centres on the collagen mole- 
cules. In the direction of the long axis, the distances between the dot-like nuclei were in 
good agreement with the gross-banding pattern of the collagen. Also the number of 
nuclei per collagen macroperiod approximates the number of cross-striations and 
therefore particularly the amino acid sequences of the primary structure. However, the 
relationship between the lateral separation of the calcium phosphate needles and the 
macromolecular structure of  collagen is not so clear. Recent X-ray analyses of 
tendon collagen have shown, that the smallest morphological subunits are not triple 
helices but subflbrils, built from five triple helices s~176176 Model building based 
on the indices corresponding to the diffraction pattern led to the conclusion s~ 
that the tetragonal arrangement of the subflbrils most clearly fitted the correspond- 
hag low angle reflection indices. 

The subfibrils with diamters of  39 A contain five helices each of which in turn is 
burr from three polypeptide chains. In this arrangement, microchannels or holes 
having minimum diameters of  approximately 16 A are enclosed between the sub- 
fibrils. 

The five triple helices of  the subfibrils are coiled around each other to form 
another large helical structure s~ and thus pronounced microchannels are not 
found within the subfibrils. 
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Fig. 13. Longitudinal section through models of collagen 
mineralization, a) Triple helix (Th) with water molecules 
in native state; b) Triple helix with apatite nuclei (Ap) 
(not very likely); c) Two-dimensional presentation of 
0.4 D-final overlappings of 5 triple helices; d) Aggrega- 
tion of 5 triple helices to form subfibrils (St) and forma- 
tion of apatite nuclei between subfibrils. (After H6hling 
et ai. 641)) 

Regarding the location within the collagen fibre where the mineral nuclei are 
expected to be formed, it seems that the most likely sites are the microchannels 
between the subfibrils. If  one assumes that the subfibrils are directly touching and 
thus lying in dense arrays, the average distance between mineral nuclei in the chan- 
nels would be about 39 A. It must be assumed in this model that the onset of  
mineralization results in the widening of the separation between subfibrils, and even- 
tually in a loss of contact between neighbouring subfibrils. The growth of the nuclei 
and their fusion to form crystals accelerates the process of fibre enlargement (Fig. 13). 

From the assumption that the collagen fibres are expanded, it also follows that 
the diameter values of  calcium phosphate nuclei should exceed the value of 16 A, 
which is the minimum diameter of the microchannels (i. e. the diameter when the 
subfibrils are in direct contact). 

On the basis of  this model it is also possible to propose that the first mineral 
nuclei do not touch because they are separated by subfibrils, and that they gradually 
grow and unite to form crystals by separating the non-covalent bonds between neigh- 
bouring subfibrils 483). 

4.1 Mechanisms of  Action of Proteoglycan Inhibition 

It has been postulated that proteoglycans play an important role on mineral 
growth2S3, 2ss, so4, sos). Also, a specifically mineral-generative role for these com- 
pounds has been suggested s~176 Evidence has been found for calcium storage in 
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puppy and calf growth cartilage, respectively 5~ 510), prior to calcification. Chon- 
droitin sulfate alone was not the agent binding calcium s I l, 512). No calcium binding 
or phosphate binding to proteoglycan aggregates or subunits in the presence of a 
synthetic lymph with sodium-to-calcium ratio (50 : l) could be observed 528). It has 
been suggested that inhibition by proteoglycans is directed against already formed 
mineral clusters, rather than preventing cluster formation 513). This view is based on 
a current concept of proteoglyean structure involving aggregate and subunit forms of 
these molecules discussed elsewhere s 14- s 19). 

The fact that simple physical phenomena were involved in the inhibition of 
mineral growth in a solution containing calcium and phosphate, supersaturated with 
respect to the nascent phase, was interpreted to mean that shielding forces at the 
surface of the embryonic mineral dusters were provided by proteoglycan aggregates 
but not by the subunits 52~ It has been postulated that only the fastsedimenting 
fraction of aggregates has sufficient shielding properties to sequestered mineral 
clusters 521). Disaggregation of the proteoglycan aggregates or simply dilution of the 
adjacent molecules might reduce or remove the inhibitory effects of the large ag- 
gregates 521). Once needles of apatitic crystal are found, their aggregation seems to 
be potentially inhibited by proteoglycan aggregates 522). 

Experimental treatment with proteolytic enzymes of growth cartilage matrices 
displayed narrow growth plate with extension of calcification into the proliferating 
cell zones in comparison to controls 523). There is also direct evidence of proteo- 
glycan catabolism in calcifying growth cartilage 261' 513) 

Several investigations established a role for lysosomal proteases, particularly 
cathepsin D, in degradation of cartilage 524-528). However, in articular cartilage a 
metal-dependent, protease probably not lysosomal-neutral, has also been identi- 
fied529, 530). Addition of this cartilage enzyme caused rapid degradation of proteo- 
glycan subunit preparations s 13). 

Calcification occurs in normal cartilage at the metaphyseal junction. The greatly 
expanded histological zone in healing rickets proximal to the metaphyseal junction 
yields data which have been interpreted to mean the presence of a preliminary revers- 
ible step of partial proteoglycan disaggregation, following which inhibition of 
mineral growth disappears. The agency of this first step might comprise an enzymic 
action not yet identified which is directed against certain parts of the proteoglycan 
aggregate, e. g. hyaluronic acid 513). Free radicals generated from lipid peroxides 531) 
might act to dismember hyaluronates. 

The action of lysozyme for aggregation and disaggregation of proteoglycans, 
action alone or in concert with an unknown agency studied in vitro systems, pro- 
duced highly reproducible data 521). If lysozyme is functional (and not a concurrent 
fortuitous event), lysozyme could regulate proteoglycan aggregates through altered 
concentrations, opening then theoretically to a subsequent degradative enzymatic 
attack, and thereby controlling certain physical properties of the matrix. It should be 
emphasized that whereas evidence of this function of lysozyme is lacking, no other 
regulation of proteoglycan aggregation size among many agents tested has been 
found which fulfills the requirements of reversibly reducing aggregation 513). 
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4.2 Microinhibition of Mineral Formation 

Another possible role for inhibition of mineral growth by pyrophosphate and possi- 
bly nucleotides has been discussed in detail elsewhere I ~a) 

The inhibition could involve elaboration and adherence to mineral of pyrophos- 
phate and enzymatic removal of the factor (e. g. soluble factor as pyrophosphate 
ion) or could include incorporation of the inhibitor into the mineral phase as may 
occur in mitochondrial mineral formation t ~4). ATP~ ~4), pyrophosphateS32), and 
diphosphoglycerate 532) may all have such a role in calcifying sites. These substances 
could function to control mineral at first formed in membraned particle sites or 
nucleational sites, be hydrolyzed, and the proteoglycan inhibitor role could comprise 
a second step in the process. In this connection, it was shown that proliferation and 
hypertrophic cell zone cartilage, but not resting cells, elaborate pyrophosphate and 
alkaline phosphatase into the incubation medium s 13). Inhibition of alkaline phos- 
phatase with dithiothreitol and cysteine inhibited the output of pyrophosphate 
which is non-dialyzable, but could be separated from large molecules s 13). It has also 
been reported that pyrophosphate at very low concentrations may stimulate mineral 
production by matrix vesicles 4ss). 

4.3 Effects of  Diphosphonates on Calcification 

Diphosphonates are pyrophosphate analogues, and they are characterized by P-C-P- 
linkage instead of P-O-P bonds. They have been shown to have profound effects on 
calcification of tissues sa3-sss). Of the many diphosphonates, ethane-l-hydroxy- 
1,1-diphosphonate (EHDP) and dichloromethylene diphosphonate (CL2MDP) appear 
to be the most biologically active compounds s36). EHDP and C12MDP bind to HA 
with EHDP having a greater binding capacity s37). Both diphosphonates retard the 
dissolution of HA in vitro s36' 538,539). C12MDP was found to be more effective 
than EHDP in inhibiting bone resorption in vitro s36' s39, s4o) and in vivo 540-542). 
Higher doses ofEHDP inhibited the mineralization of bone s4a), whereas this effect 
has not been observed after ClzMDP treatment. However, CI2MDP is just as effective 
as EI-tDP in preventing the calcification of soft tissues s44). Collagen catabolism is 
depressed to a greater extent than collagen synthesis s47). These findings are in 
accord with other investigations s3s' s42, 545-547). Osteoclast population para- 
meters are increased with both C12MDP and EHDP with CI2MDP having a greater 
effect than similar doses of EHDP s48). 

It has been shown that diphosphonates can affect cellular activity and that these 
changes, particularly those in local production, can account for the actions of 
ClzMDP and EHDP on bone resorption ss~ 

The effect of diphosphonates on biomineralization processes equals that of pyro- 
phosphate and long-chain polyphosphates. It has been assumed that diphosphonates 
inhibit formation and growth of crystals of calcium phosphate by binding to t h e  
nuclei and already formed crystals s3s). The possibility of binding of phosphate and 
condensated phosphates to collagen or of  blocking nucleation sites of  collagen or of 
structural modification of nucleation sites as well as allosteric effects has been discus- 
sedS3S). 
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However, methane-diphosphonate could not prevent the growth of apatite 
crystals in vitro on prepared sinews of rats tail out of a metastable solution with 
calcium and phosphate ions. On the contrary, the precipitated crystalline particles 
were bigger and better crystallized than those from control solutions. This is in sur- 
prising contrast to most of  the information from the literature. No other calcium 
phosphate minerals besides apatite have been found by X-ray diffraction, whereas 
under comparable conditions brushite and octacalcium phosphate grow on col- 
lagenous sinews s49). 

Treatment of  animals with large doses of EHDP is known to reduce the mineral- 
ization of bone s42), calcium absorption in the intestine s41' ss t, ss2) and 1.25-di- 
hydroxycholecal-ciferol production by the kidney ss3-sss). 

The administration of a small dosis of 1.25-dihydroxycholecalciferol normalizes 
calcium absorption, but not bone mineralization ss6' 557). EHDP might inhibit the 
renal 1-hydroxylase directly ss3' sss). The EHDP-induced inhibition of 1.25- 
(OH)zD 3 production has been shown to be reduced by a low Ca diet or by vitamin 
D deficiency ss4' sss). The influence of EHDP on the renal 1-hydroxylation is in- 
direct and dependent on dietary vitamin D, calcium, and phosphorus ssg). 

4.4 Calcification Processes in Single Cells 

In single-celled organisms, there is no escape from the conclusion that the cell itself 
must somehow be involved in the transport and assembly of the inorganic ions into 
structures which mature outside or inside the cytoplasm. The organism is completely 
in control of  the entire process of mineralization, directly or indirectly. There are no 
complex cell interactions and divisons of labour to abscure the contributions by 
organelles. There is no intercellular matrix with properties which may be different 
from the cells within it. There is no enclosed vascular system to confuse information 
on the concentration and location of ions at any given time. 

A definition of  "calcification" in single cells is difficult. The accumulations of  
inorganic salt may be sufficiently large and crystalline to present an unmistakeable 
mass, but there are many less well-defined arrangements where the calcium salts are 
diffuse and transitory, yet stable and unchanging over periods long enough to be 
regarded as parts of  the cell fabric 486). 

For the purpose of  relating calcium deposits in unicellular organisms to mineral- 
ized metozoan tissue, a broad division might be made between those calcium-rich 
regions which have no fixed morphological identity and those structures which con- 
tain inorganic matter as part of  a more permanent, repeated pattern of  some kind. 
The deciding factor is whether the calcium moiety is mobile and part of the trans- 
port system or wether it is not readily changed in nature or position for periods of  
time and becomes a specific part of  the cell or its components. A definition of this 
kind would embrace microtubules and even the nucleus. The mineral is less im- 
portant than its morphological site and constancy 486). 

Perhaps the most consistent feature of  the calcified structures in unicellular 
organisms is their characteristic shape. Virtually all the objects that are mineralized 
have definite boundaries within which the inorganic component is maintained to a 

117 



G. Krampitz and W. Witt 

constant degree of composition and crystallinity. The Foraminifera are a good 
example of such controlled deposits within boundaries 486). 

4.4.1 Coccoliths 

Coccoliths, and the related scales and sheaths, are characteristic features of a wide- 
spread group of organisms. The morphology of each structure is typical of each 
species and represents a range of extracellular objects from simple mineral-free plates 
to intrically sculptured, calcified and crystalline units fitted together to make a 
wreath or incrustation around the cell (for reviews see s6~ 561)). 

In some species, the calcite crystals arise outside the plasmalemma on templates 
produced in the cytoplasm s62). In species such as Coccolithus huxleyi, however, the 
mineralized placoliths are made within the cell and extruded s6a). More recent obser- 
vations now leave less room for doubt that the coccoliths in this organism are made 
entirely within the saccules of the Golgi apparatus by a series of events. The organic 
framework is not constructed within the Golgi system, as might be expexted (e. g. 
Paraphysomonas vestita scales s64) and Pleurochrysis wall formationS6S)). A similar 
cycle of  events is likely for Coccolithus huxleyi s63), see also 486). 

In the coccolithophorids, then, there is accumulating evidence for various de- 
grees of cell involvement in biomineralization: manufacture of uncalcified scales 
which remain uncalcified, scale frameworks which calcify outside the cell membrane, 
and coccoliths which are made and calcified within the cell. In each case, the Golgi 
apparatus plays the principal role in the fabrication, and the product is morphologi- 
cally distinct and characteristic for the organism 4s6). Calcium phosphate as "bone 
salt" is present within the ciliate Spirostomum ambiguum s66). The mineral in 
Spirostomum is arranged in the form of round, or nearly round, particles, each com- 
posed of clusters of filaments, formed in vacuoles within the cell. In bone, the 
mineral is mostly in the form of small crystals associated with collagen outside the 
ceU 486). The mineral may be maintained in domains of some kind in relation to an 
organic envelope. The particles are extruded in packets under duress; otherwise they 
are retained within the cytoplasm. The assemblage of filaments is made within 
vacuoles in association with the nucleus which may be highly modified 486). To what 
extent Spirostomum goes through the extrusion phase of the osteocyte at some stage 
of its life cycle and to what extent the osteocyte requires movable cytoskeletal parti- 
cles analogous to those in the protozoan, remains to be seen. At this stage it is only 
clear that the calcium phosphate in both the unicellular organism and the indepen- 
dent vertebrate cell is packaged by complex process and has the function required of 
it486). 

The present studies on calcium phosphate in bacteria are mostly of dental inter- 
est. Through the mineralization of the dental plaque dental calculus forms the soft, 
adherent and predominant coating which forms on the surface of  teeth 567~. X-ray 
diffraction studies have shown the dental calculus to be composed of four principal 
minerals: hydroxyapatite, octacalcium phosphate, brushite and whitelockite s68). 
The mechanism by which mineralization of oral calculi is initiated is not fully 
understood s67). Two types of mineralization centres can be distinguished which 
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apparently constitute different mechanisms of  formation. These have been called 
centres of  mineralization "types A und B". Mineralization centres of  type A are 
initiated and formed only in the presence of, and in association with, microorgan- 
isms s68). Type B has not been studied thoroughly sofar. The effects of  phospho- 
nates on calculus formation has been discussed elsewhere s69' s70) 
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I. I n t r o d u c t i o n  

Oxygenases and Dioxygenases 

Respiration is one of the most fundamental activities of life. In mammals, respiration 
can be divided into two parts, external respiration and internal respiration. Air is in- 
troduced into the lung by external respiration and oxygen in the air is then tranferred 
to various tissues by the action of hemoglobin and myoglobin. Utilization of the oxy- 
gen in these tissues is referred to as internal respiration. Then, what is the role of oxy- 
gen in internal respiration? Molecular oxygen in tissues serves two functions; one, to 
act as ultimate hydrogen acceptor in the process of the biological oxidation of food- 
stuff being reduced to either water or hydrogen peroxide, and two, to transform 
dietary nutrients into cellular constituents and biologically important substances. 
The enzymes involved in the former process are usually referred to as oxidases, where- 
as those involved in the latter process are referred to as oxygenases 1). 

In 1955, two types of oxygenases were independently discovered by two groups 
of investigators. Mason and his collaborators found that during the oxidation of 3,4- 
dimethylphenol to dimethylcatechol by phenolase, the oxygen atom incorporated 
into the substrate was derived exclusively from molecular oxygen 2) [Eq. (1)]. 

C H 3 ~  OH +1/20~ ~ C H 3 ~  OH (1) 

On the other hand, Hayaishi and his associates found that the two atoms of 
oxygen incorporated into catechol by the action of pyrocatechase were both derived 
from molecular oxygen 3) [Eq. (2)]. 

 oo. 
+ 02 ~t,.~.COOH (2) 

In the case of an oxidase reaction, oxygen serves as an hydrogen acceptor and 
is reduced to either H20 [Eq. (3)] or H202 [Eq. (4)], where SH 2 represents substrate. 

SH2 + 1/2 02 , S + H20 (3) 

SH2 + 02 ~ S + H202 (4) 

In contrast, in the above reactions given in Eqs. (1) and (2), either one or two atoms 
of molecular oxygen are incorporated into their substrates. Therefore, the enzymes 
that catalyze such oxygen-fixation reactions are termed "oxygenases" 4). 

Since the discovery of oxygenase, many oxygenases have been found to be wide- 
ly distributed in nature and to play physiologically important roles including the 
biosynthesis, transformation and degradation of phenol compounds, amino acids, 
lipids, vitamins, etc., as well as the metabolic disposal of a variety of drugs and for- 
eign compounds. For the physiological significance and details of oxygenases, the 
readers are referred to monographs s-7) or other review articles 8-14). 
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II .  Class i f ica t ion o f  O x y g e n a s e s  

As in the cases of  phenolase and pyrocatechase, respectively, oxygenases catalyze 
the incorporation of either one or two atoms of molecular oxygen into their sub- 
strates. Therefore, they are classified into two major groups, monooxygenases and 
dioxygenases is). 

A) Monooxygenases 

Monooxygenases are defined as a group of enzymes that catalyze the incorporation 
of one atom of molecular oxygen into a substrate. In monooxygenase reactions, 
molecular oxygen (02) reacts with the substrate and one atom of oxygen is incor- 
porated into the substrate, whereas the other atom of oxygen is reduced to water 
by a reductant, which is essential for the reaction as shown in Eq. (5), where H2X 
and S denote the reducing agent and substrate, respectively. 

S + O  2 +H2X ) S O + H 2 0 + X  (5) 

Since both oxygenation and oxidation reactions are involved in the reaction, mono- 
oxygenases are sometimes referred to as "mixed function oxidases" 8). The term 
"hydroxylase" is also used for some monooxygenases which catalyze the formation 
of a hydroxyl group as a result of  monooxygenation. However, not all hydroxylation 
reactions are catalyzed by monooxygenases. Dioxygenases sometimes catalyze the 
hydroxylation reaction as will be discussed later and some hydroxyl groups may not 
be derived from molecular oxygen but from water. For this reason, the term "hydrox- 
ylase" is rather misleading. 

Hydrogen (or electron) donors, coenzymes and electron carriers involved in the 
monooxygenase reactions are listed in Table 1. In some monooxygenase reactions, 
the substrate itself serves as an electron donor as well as an oxygen acceptor [Eq. (6)], 

SH2 + 02 ~ SO + H20 (6) 

where SH 2 denotes the substrate. These types of enzymes may be referred to as 
"imer,al monooxygenases". Most of the other monooxygenases, however, require 
various kinds of external hydrogen (or electron) donors; therefore, they are referred 
to as "external monooxygenases". 

All the internal monooxygenases that have so far been purified and characterized 
contain flavin coenzymes. The external hydrogen donors include reduced NAD, 
reduced NADP, ascorbic acid and sulfhydryl compounds. Cofactors required for the 
external monooxygenases are flavin, pteridine, copper, nonheme iron and heine as 
cytochrome P-450. In some monooxygenase reactions, enzymes and/or electron 
carrier systems other than monooxygenase itself are involved in the transfer of an 
electron or hydrogen from the external hydrogen donor to the cofactor involved. 

On the other hand, in the fatty acid desaturation reaction, molecular oxygen is 
not incorporated into the final product. Nevertheless, monooxygenation is believed 
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to be involved in the reaction, since the reaction requires oxygen and NADPH. As 
shown in Eq. (7), hydroxy fatty acid is proposed to be an enzyme-bound inter- 
mediate of the reaction s~' s2! 

02 + NADPH + H § NADP + + H20 ,-] 

R-CH2-CH2-R' " ~ ~ " IR CH2-CIH-R | 
k OH ~J 

H20 
~- R-CH=CH R' 

(7) 

B) Dioxygenases 

Dioxygenases are defined as a group of enzymes that catalyze the incorporation of 
two atoms of molecular oxygen into the substrate. In most cases, one substrate acts 
as an oxygen acceptor and a single molecule of the substrate receives 2 atoms of 
oxygen as shown in Eq. (8), 

S + 02 - - -*  S02 (8) 

where S donates substrate. 
In some dioxygenase reactions, however, one atom each of oxygen molecule is 

incorporated into two different molecules of one substrate [Eq. (9)] or 
[Eq. (10)] into two different substrate molecules 

2 S + O z } 2 SO (9) 

S + S' + Oz , SO + S'O (10) 

The term "intramolecular dioxygenases" may be used for the dioxygenases catalyzing 
the reaction shown in Eq. (8), and "intermolecular dioxygenases" for those catalyz- 
ing the reactions shown in Eqs. (9) and (10), respectively. 

In the reaction represented in Eq. (10), one of the two substrates is invariably 
c~-ketoglutarate, which is converted to succinate by the incorporation of one atom 
of oxygen with concomitant decarboxylation. Therefore, the overall reaction may 
be schematically shown as in Eq. (11). 

COOH COOH 
I I 

CH2 CH2 
I I 

CH2 + 02 + S ~ CH 2 + CO 2 + SO 
I I 

C=O COOH 
I 

COOH 

(11) 

a-Ketoglutarate Succinate 
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Table 2. Dioxygenases and their cofactors 

Oxygenases and Dioxygenases 

Reactions in which 
dioxygenases are 
involved 

Co factors Examples Ref. 

Ring-cleavage Fe(ll) Metapyrocatechase s 3, 5,4) 
reaction Fe(III) Pyrocatechase 55, 56) 

Heine Tryptophan 2,3-dioxygenase 57,58) 
Cu Quercetinase 59, 6 o) 
FAD 2-Methyl-3 -hydroxy - 61) 

pyridine 5-carboxylate 
dioxygenase 

Double-hydroxylation Non-heme iron Benzoate hydroxylase 62) 
reaction NAD(P)H, FAD 

a-Ketoglutarate- Fe(II), ascorbic acid "r-Butyrobetaine 63-65) 
requiring reaction dioxygenase 
Oxygenation reaction GSH Sulfur oxygenase 66, 67) 
of sulfur and sulfur Fe(llI), sulfide Cysteamine oxygenase 68-70) 
compound NAD(P)H Cystein oxygenase 71 -- 73) 

Fe(lI), unidentified 
factor 

Miscellaneous Fe(II) Lipoxygenase 74-76) 
Heme, tryptophan Prostaglandin synthetase 7 7 - 8 0 )  
GSH 

The dioxygenases involved in different type of  reactions and their cofactors are 
summarized in Table 2. A major function of  dioxygenases is the cleavage of  the aro- 
matic ring with the insertion of  two atoms of  molecular oxygen. The indole ring- 
cleaving enzyme, tryptophan 2,3-dioxygenase contains heme as a cofactor sS). A 
flavonol-cleaving enzyme, quercetinase, has been reported to be a copper protein 6~ 
and a pyridine ring-cleaving enzyme, 2-methyl-3-hydroxypyridine-5-carboxylate 
dioxygenase, has been reported to be a flavin-containing enzyme 6j). With exception 
of  these three enzymes, most of  the other ring cleaving dioxygenases, if not all o f  
them, contain nonheme iron as the sole cofactor. Among these, some enzymes con- 
tain the ferrous form of  iron and some the ferric form 13, 81). In the so-called double 
hydroxylation reactions, an electron transport system appears to be involved 62, 82, 83). 
All the a-ketoglutarate-requiring dioxygenases that have So far been characterized 
require Fe(II) and ascorbic acid 14,84). The details concerning these enzymes will be 
described in a later section. 

I I I .  N o n h e m e  I r o n - C o n t a i n i n g  D i o x y g e n a s e s  

Of about 40 dioxygenases known up to date, more than 80% have iron built into 
their structure or require added iron for full activity. Cleavage of  the benzene rings 
is a function that appears to depend almost entirely on nonheme iron-containing 
dioxygenases. 
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A) Catechol Dioxygenase 

When a benzene ring is cleaved by a dioxygenase reaction, hydroxylation of the 
benzene ring usually proceeds to form catechol or phenol derivatives. When catechol 
derivatives are cleaved by the action of individual dioxygenases, three modes of ring 
fission have been demonstrated by microbial enzymesSS}: 
(a) Cleavage of the bond between carbon atoms 3 and 4 to form muconic acid deriv- 

atives (intradiol cleavage), and 
(b) that of carbon atoms 2 and 3 (proximal extradiol cleavage) and 
(c) carbon atoms 4 and 5 (distal extradiol cleavage) to form a-hydroxy 5-substituted 

muconic semialdehyde and a-hydroxy 8-substituted muconic semialdehyde, 
respectively. 

J f J  

R" ~ "-... 
"%%% 

(c) Distal extradiol cleavage 

(a) lntradiol cleavage 

(b) Proximal extradiol cleavage 

It is interesting to note that dioxygenases catalyzing the intradiol cleavage con- 
tain the ferric form of iron as the sole cofactor, whereas those catalyzing the extra- 
diol cleavage contain the ferrous form. 

Pyrocatechase 3) and protocatechuate 3,4-dioxygenase 86), both of which are 
typical examples of the intradiol cleavage, catalyze the reaction shown in Eqs. (2) 
and (12), respectively. 

H O O C ~ o o H  

~t,.~COOH 
(12) 

Both enzymes contain the ferric form of iron as a sole cofactor and show a character- 
istic absorption spectrum in the visible range 13,80. 

On the other hand, metapyrocatechase that catalyzes the reaction shown in 
Eq. (13) is a typical example of the extradiol enzymes 87' 88). 

+ 0 2 
H (13) 

This enzyme is colorless and contains the ferrous form of iron as the sole cofac- 
torS3, s4). 3,4-Dihydroxyphenylacetate 2,3-dioxygenase catalyzes the reaction shown 
in Eq. (14) and is an example of the proximal extradiol cleavage 89-90. Protocate- 
chuate 4,5-dioxygenase catalyzes the reaction shown in Eq. (15) and is an example 
of the distal extradiol cleavage 92-94). 
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Oxygenases and Dioxygenases 

~ C O O H  H (14) 
HOOCH2C ~ "CHO 

/CHO 
/ ~ H  + o~ ~ ~ COOH 

H H O O C ~ - - - O H  HOOC 
(15) 

These two enzymes are also colorless and contain the ferrous form of iron 9~ 9t, 94) 
The properties of catechol dioxygenases are summarized in Table 3. 

1) Intradiol Dioxygenases 

a. Catechol 1,2-Dioxygenase (Pyrocatechase) 

Molecular Properties. Pyrocatechase from Pseudomonas arvilla C-1 was reported 
to have a molecular weight of 90,000 and to contain 2 g-atoms of ferric iron per 
mole of  enzyme ss' 56~. However, more careful analyses have recently revealed that 
the enzyme actually has a molecular weight of approximately 60,000 and contain 
one atom of ferric iron 97). The purified enzyme gives a single band on acrylamide 
gel electrophoresis. However, when the enzyme is treated with sodium dodecyl 
sulfate (SDS), it dissociates into two non-identical subunits c~ and/3 with molecular 
weights of 30,000 and 32,000 respectively 9v). The NH2-terminal amino acid 
residues of c~ and/3 subunits are both found to be threonine, whereas the COOH- 
terminal residues are alanine and glycine, respectively m). Therefore, the enzyme 
consists of two non-identical subunits (~, 13). One g-atom of ferric iron is present 
per pair of the subunits to form one molecule of the enzyme, which has a single 
active site 97), 

Similar but not identical pyrocatechases have been purified to homogeneity 
from various microorganisms including Brevibacterium fitscum P-13 l l2, I I 3) and 
A cinetobactor calcoaceticus i t 4). 

Brevibacterium pyrocatechase has a molecular weight of 64,000 and contains 
1 g-atom of ferric iron per mole of enzyme. A cinetobacter pyrocatechase contains 
2 g-atoms of iron per mole of enzyme, based on a molecular weight of 81,000. The 
subunit size determined by sodium dodecyl sulfate-gel electrophoresis is 40,000. The 
amino-terminal amino acid is methionine ~4). The substrate specificities of these two 
enzymes are somewhat different from that of Pseudomonas pyrocatechase (Table 4). 

Spectral Properties. The absorption spectra of  these three pyrocatechase are very 
similar to each other. A concentrated solution of the enzyme shows a distinct red 
color with a broad absorption between 390 and 650 nm. The peak is at about 440 nm 
and the molecular absorbance at 440 nm is estimated to be 4,67055). The trivalent 
iron bound to the enzyme is responsible for the visible absorption since the apo- 
enzyme shows neither significant absorption in the visible region nor enzyme 
activity which is restored upon reconstitution s6). The visible absorption also de- 
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Oxygenases and Dioxygenases 

Table 4. Substrate specificity of pyrocatechases from Pseudomonas, Brevibacterium and 
A cinetobactor 

Substrate Relative activity (%) of pyrocatechase from 

Pseudomonas Brevibacterium Acinetobactor 

Catechol 100 100 100 
4-Methylcateehol 90 95 18 
3-Methylcatechol 8 140-150 12 
4-Chlorocatechol 3.6 - - 
Pyrogallol 0.6 85 0 
4-Hydroxycatechol - 30 -50 - 
4-Methoxycatechol - 85 - 
3-Isopropyleatechol - - 30 

creases on reduction by the addition of  sodium dithionite under anaerobic condi- 
tions and reappears on reoxidation by shaking the solution in air 56). 

By the addition of  the substrate, catechol, under anaerobic conditions, the color 
of  the enzyme solution changes to greyish blue with a concomitant increases in ab- 
sorbance at around 710 nm, indicating possible formation of  an enzyme-substrate 
complex. This change in absorption spectrum is restored to the original level after 
catechol is degraded to cis,cis-muconic acid by the addition o f  oxygen ss). 

Electron-Spin Resonance Properties. A concentrated solution o f  pyrocatechase 
shows a sharp ESR signal at g = 4.28, known to be due to the high spin state of  ferric 
iron 56). The signal markedly decreases upon the addition of  sodium dithionite anaer- 
obically and is restored when the solution is exposed to air. The signal also decreases 
with a concomitant loss of  the enzyme activity under a variety of  conditions. The 
apoenzyme showg no ESR signal. The signal disappears instantaneously when the 
substrate, catechol, is added to the enzyme under anaerobic conditions and is restored 
to the original level after all of  the substrate is degraded to cis,cis-muconic acid by the 
addition of  air 56' 11s). A similar signal change has also been reported with Brevibacte- 
rium pyrocatechase 1~ 113, 116). The disappearance of  the signal at g = 4.28 by the 
anaerobic addition of  catechol may be associated with the formation of  an enzymat- 
ically active enzyme.substrate complex, since similar changes are observed upon the 
addition of  all other substrates. However, the disappearance of  the signal does not 
necessary mean that the iron in the enzyme is reduced since magnetic susceptibility 
experiments indicate that the iron in the enzyme-substrate complex is still in the 
high spin ferric state 56). 

Circular Dichroism. The circular dichroism (CD) bands of  Pseudornonas pyro- 
catechase can be classified into three groups: 
1) negative bands at 327 and 500 rim; 
2) positive bands at 250 to 300 nm; and 
3) a negative band at 222 nm characteristic of  an c~-helix in proteins 9s). 

The negative bands at 327 and 500 nm seem to be the result of  chelation 
between trivalent iron and amino acid residues of  the protein, since the bands dis- 
appear upon either removal or reduction o f  the iron. Upon the addition of  the sub- 
strate under anaerobic conditions, the band at 500 nm shifts to 540 nm and the 
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band at 327 nm is diminished. A part of the positive bands between 250 and 300nm 
is also associated with the enzyme activity, since they are partially diminished upon 
removal of  bound iron 95). Similar but not identical CD bands have been reported 
for Brebacterium pyrocatechase lla) 

Serological Properties. Antisera prepared against purified preparation of Acineto- 
bactor pyrocatechase cross-react and inhibit the enzyme activity in the crude extracts 
prepared from other strains ofAcinetobactor calcoaceticus, but fail to cross-react and 
inhibit isofunctional enzymes prepared from strains of  Pseudomonas, Nocardia, and 
A lcaligenes 114). 

b. Protocatechuate 3,4-Dioxygenase 

Molecular Properties. Protocatechuate 3,4-dioxygenase has been obtained in 
crystalline form from p-hydroxybenzoate-induced cells of Pseudomonas aeru- 
ginosa 98). The enzyme has a molecular weight of approximately 700,000, and 
contains about 8 g-atoms of ferric iron and eight substrate binding sites per mole of 
enzyme. From the fact that the enzyme is dissociated into homogeneous subunits 
of approximately. 90,000 daltons by an alkaline treatment, in accordance with an 
electron microscopic observation, the enzyme was reported to consist of  eight iden- 
tical subunits, each of which appears to contain one atom of ferric iron and a sub- 
strate binding site 9s' 99). However, this 90,000 dalton subunit has recently been found 
to dissociate further into four smaller subunits of two non-identical types (a2/32), upon 
sodium dodecyl sulfate gel electrophoresis 1~ These two subunits can be separated 
by SP-Sephadex chromatography in the presence of urea at pH 5.8. The molecular 
weights of  the a and/3 subunits are estimated to be 22,500 and 25,000, respectively. 
Isoelectric focusing of the enzyme reveals that the isoelectric points of the a and/3 
subunits are 5.2 and 9.5, respectivelyl~ 

The amino acid compositions of each subunit and the native enzyme are shown 
in Table 5. There are distinct differences between the two subunits. As would be 
expected from the isoelectric points, the a subunit contains more acidic amino acids 
than the/3 subunit does, and the/3 subunit contains more basic amino acids than the 

subunit does. The amino acid composition of the native enzyme obtained by 
actual analyses agrees quite well with that calculated from the compositions of  the 

and/3 subunits, based on the assumed subunit structure of (0~2)8. These results 
confirms the assumption that the native enzyme consists of  8 protomers, each of 
which is composed of a pair of two non-identical subunits (0,'2/32) 97' 105). 

The NH2-terminal residue of the native enzyme, as well as those of the a and/3 
subunits are found to be proline. The COOH-terminal amino acid for both the native 
enzyme and the a subunit is found to be phenylalanine. However, the COOH-termi- 
nal residue of the/3 subunit is still unknown. The NH2-terminal sequences of these 
two subunits already determined are as follows1~ 
a subunits: Pro-Ile-Glu-Leu-Leu-Pro-Glu-Thr-Pro-Ser-Glx-Thr-Ala-Gly- 
/3 subunits: Pro-Ala-Gln-Asp-Asn-Ala-Arg-Phe-Val-Ile-Arg-Asx-Arg-Asx- 
Except for the NH2-terminal residue, the amino acids in each degradation step of 
the two subunits are different, suggesting that the enzyme is composed of two non- 
identical polypeptide chains. These results suggest that the enzyme consists of eight 
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Table 5. Amino acid compositions of native protocatechuate 3,4-dioxygenase and its subunits a 

a /3 (a 2 + j32)X8 Native b 

Lys 5 8 208 182 
His 5 7 192 194 
Arg I 1 14 400 351 
Asp 24 23 752 718 
Thr 10 9 304 286 
Ser 5 9 224 205 
Glu 24 16 640 513 
Pro 13 21 544 477 
Gly 14 18 512 460 
Ala 19 15 544 477 
Val 11 9 320 265 
Met 1 2 48 46 
lie 12 15 432 364 
Leu 19 17 576 459 
Tyr 7 8 240 188 
Phe 9 9 288 247 
1/2 Cys 2 4 96 95 
Trp 6 4 160 160 

a The values are expressed as number of residues on the basis of the assumption that the native 
enzyme has a molecular weight of 700,000 daltons; the a subunit, 22,500 daltons; and the 

subunit, 25,000 daltons. 
b Data were taken from Ref. 98). 

identical protomers,  each containing two pairs of  two non-identical subunits,  (a2/~2)8. 
This pro tomer  (a2~2) appears to contain one a tom o f  ferric iron, forming one active 
site of  the enzyme 97' ~os) 

Another  protocatechuate  3,4-dioxygenase has been purified to homogenei ty  
from p-hydroxybenzoate- induced cells o f  A cinetobactor calcoaceticus t t 7). The 
enzymes from Acinetobactor and Pseudomonas are quite similar in their molecular 
weight, molecular size, and iron content .  However, the specific activity of  the 
Acinetobactor enzyme is about one-third of  that of  the Pseudornonas enzyme,  
despite of  their similar iron contents lIT). 

Spectral Properties. Like another intradiol  dioxygenase,  pyrocatechase,  proto-  
catechuate 3,4-dioxygenase has a deep red color with a broad absorption between 
400 and 650 nm. The red color disappears upon the addit ion of  sodium dithionite 
under anaerobic condit ions and reappears when the solution is exposed to air or 
when potassium ferricyanide is added to the solution under anaerobic condit ions 99). 
The apoenzyme prepared by  prolonged anaerobic dialysis against a buffer solution 
containing both  o-phenanthroline and sodium dithionite shows no visible absorption.  
The visible absorpt ion spectrum characteristic of  the native enzyme reappears upon 
reconsti tution ~oL~. These results suggest that  the visible absorption is at tr ibutable to 
the trivalent iron bound to the enzyme. 

The visible absorption spectrum of  the enzyme exhibits an increase in absorbance 
with a slight red shift of  the peak by  the addi t ion of  the substrate under anaerobic 
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conditions, indicating the possible formation of an enzyme-substrate complex 98-1~176 
The spectrum is restored to the original one after the substrate is exhausted by the 
addition of oxygen. The spectrum of the enzyme-substrate complex decreases 
markedly when sodium dithionite is added to the complex and is restored to that of 
the complex upon the addition of ferricyanide 99). Further addition of oxygen con- 
verts the spectrum to that of the original enzyme. These results suggest that the iron 
in the enzyme-substrate complex is also in the trivalent state. 

When the enzyme-substrate complex is mixed with a buffer solution containing 
oxygen, the absorbance at 470 nm decreases rapidly and after 3 msec reachs the 
minimum and increases again rather gradually returning to the original level. Series 
of similar experiments at different wavelengths give a short-lived new spectral species 
reconstructed from the changes in absorbance at each wavelength and the spectrum 
of the enzyme-substrate complex 1~8~. This new spectral species is characterized by 
a broad absorption band with a maximum between 500 and 520 nm, distinct from 
those of the enzyme or the enzyme-substrate complex, and is observed only in the 
presence of both protocatechuic acid and molecular oxygen 118). A spectrum similar 
to the one observed with protocatechuic acid is also observed with substrate ana- 
logues such as 3,4-dihydrophenylacetic acid and 3,4-dihydroxyphenylpropionic 
acid during the steady state 100). 

The rate constant for the decomposition of the complex is calculated to be 
94 sec -I which agrees quite well with the turnover number of the enzyme(95 sec -1 
per active site of the enzyme) as determined from the overall reaction Its). Detailed 
kinetic analyses of the enzyme with 3,4-dihydroxyphenylacetic acid and 3,4-dihydroxy- 
phenylpropionic acid as the substrate reveal that the new spectral species is really 
an obligatory intermediate and is a ternary complex of oxygen, substrate and enzyme, 
i.e. an oxygenated intermediate loo~. In order to form the oxygenated intermediate, 
the presence of an organic substrate is necessary. Therefore, it is reasonable to 
assume that the organic substrate combines with the enzyme first and then reacts 
with oxygen to form the oxygenated intermediate [Eq. (16)]. 

E k+lS._ ES k+lO~ ESO 2 k+.~ E + P  
K_ 1 K-2 

(16) 

If the enzymic reaction proceeds via the mechanism given by Eq. (16), the Km value 
for the organic substrate and the oxygen should be expressed by k+3/k+l and 
(k_2 + k+3)/k+2, respectively. The values of k+ 3 are in good agreement with the 
turnover numbers based on the active site of the enzyme, indicating that the decom- 
position of the oxygenated intermediate is the rate-limiting step for the overall reac- 
tion. The values of k,3/k+t and k -z  + k,3/k42 also coincide roughly with the Km 
values for the organic substrate and oxygen, respectively 10o). 

Electron Spin Resonance and MOssbauer Properties. Protocatechuate 3 A-dioxy- 
genase shows a sharp ESR signal at g = 4.31, typical of high-spin ferric iron in a 
"rhombic" environment. The signal height diminishes instantaneously upon the addi- 
tion of the substrate under anaerobic conditions. The decreased signal is restored to 
that of the original level when the substrate is completely converted to the product 
upon the introduction of air 99). By measuring the temperature dependence of the 
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low temperature ESR signal, Peisach et al. suggest that an iron ligand environment 
in the enzyme is similar to ferric rubredoxin, i.e., a tetrahedral arrangement of four 
cysteinyl sulfurs t~9' 12o). Upon the addition of the substrate or substrate analogs 
under anaerobic conditions, new resonance at g = 6.4 and 5.6 are observed which 
result from Fe(III) in a nearly tetragonal environment. The situation is analogous to 
the geometric environment of ligands that exist in heine, suggesting that the binding 
of the substrate to the enzyme causes changes in ligand symmetry, which makes the 
iron accessible for Oz binding rig' ~2o). On the other hand, from the results of  a com- 
bined ESR and M6ssbauer investigation of s 7Fe_enriche d protocatechuate 3,4-dioxy- 
genase, Que, Jr., et aL suggest that the iron coordination in the enzyme differs 
markedly from rubredoxin and that the iron atoms are in a previously unrecognized 
environment 1~ The M6ssbauer and ESR data on the ternary complex of the 
enzyme with 3,4-dihydroxphenylpropionate and O2 establish the iron atoms to be 
in a high-spin ferric state characterized by a large and negative zero-field splitting, 
D = ~ - 2 c m -  1 1o4) 

Circular Dichroism. The native enzyme from Pseudomonas exhibits several 
positive CD bands between 250 and 300 nm and two, low-intensity, negative bands 
at 330 and 480 nm. In the presence of protocatechuic acid and the absence of 02, 
spectral changes are evident in the side chain and visible regions. There is a shift in 
the aromatic-region maximum from 275 to 267 and in the visible region from 330 
to 348 and from 480 to 555 nm. No spectral changes are observed upon the removal 
or addition of only 02 ~o2) The apo- and holo-enzymes show identical spectra in the 
ultraviolet region between 200 and 250 nm (peptide backbone region), but the low 
intensity negative bands at 330 and 480 nm of the holoenzyme are completely ab- 
sent in the apoenzyme. Either with or without the iron, the enzyme protein binds 
protocatechuate and has a greater positive circular dichroism increase at 240 -  
260 n m  103). 

The circular dichroism spectra ofAchtetobactor protocatechuate 3,4-dioxy- 
genase are similar but somewhat different from those of the Pseudomonas enzyme, 
indicating some conformational differences between these two enzymes 117). How- 
ever, it is interesting to note that CD spectra of  protocatechuate 3,4-dioxygenase 
and pyrocatechase, another Fe(III)-containing enzyme, are in general very similar 
to each other, in spite of their slight differences. 

Serological Properties. Antisera prepared against protocatechuate 3,4-dioxy- 
genase from Pseudornonas aeruginosa cross-react homologously with the isofunctional 
enzyme from organisms of the genus Pseudomonas but do not cross-react with iso- 
functional enzymes from other genera including Acinetobactor calcoacelicus and 
A rthrobacter pascens 121). 

2) Extradiol Dioxygenases 

Catechol 2,3-Dioxygenase (Metapyrocatechase) 

General Properties. Metapyrocatechase was the first dioxygenase obtained in a 
crystalline form 53). The molecular properties of  this enzyme are summarized in 
Table 3. The enzyme is extremely unstable in the presence of air TM. However, low 
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concentrations of organic solvents such as acetone and ethanol protect the enzyme 
from inactivation. Hence, the crystallization of metapyrocatechase was achieved 
using buffer solutions containing 10% acetone in all purification procedures s3). Iron 
is the sole cofactor of the enzyme and seems to be of the ferrous form s4~. 

Unlike intradiol dioxygenases, metapyrocatechase is colorless and shows neither 
significant absorption in the visible range nor any ESR signal at around g = 4.3. There- 
fore, spectral analyses of the enzyme has been hampered and spectrally distinct reac- 
tion intermediates like the ones demonstrated with intradiol dioxygenases are not 
observed. However, steady state kinetic analyses with metapyrocatechase reveal that 
a ternary complex of the enzyme with oxygen and the organic substrate is involved 
in the reaction t22). Furthermore, dead-end inhibitors such as o-nitropheno1 and 
m-phenanthroline inhibit the enzyme competitively with respect to the organic sub- 
strate, catechol, and non-competitively with respect to the other substrate, oxygen. 
These results are consistent with an ordered bi-uni mechanism where the organic 
substrate (S) first combines with the enzyme (E) and then reacts with oxygen to 
form a ternary complex (ESO2) [Eq. (17)]. This reaction sequence is quite similar 
to that of protocatechuate 3,4-dioxygenase loo). 

S P 02 

l 
E ES ESO2 E 

(17) 

CIRCULAR DICHROISM. Metapyrocatechase shows a strong negative CD band 
at 225 nm and positive dichroic bands between 250 and 300 nm. No significant CD 
bands are observed in the visible range lo6). However, upon the addition of the sub- 
strate, catechol, under unaerobic conditions, a new negative band appears at 317 nm, 
accompanied by a decrease in the band at 300 nm. Although apoenzyme can com- 
bine with catechol ~23~, no such changes in CD is observed with the apoenzyme, 
indicating that the iron is involved in the negative CD band at 317 nm 1o6) 

b. 3,4-Dihydroxyphenylacetate 2,3-Dioxygenase 

This enzyme has also been obtained in a crystalline form from extracts of Pseudo- 
monas ovalis grown with p-hydroxyphenylacetate as the major carbon source 9~ 
Like metapyrocatechase, the enzyme is colorless and shows no ESR signal in the 
native state. An ESR signal at g = 4.3 appears in the presence of the substrate and 
oxygen, and disappears after the exhaustion of oxygen. From these results, a valence 
change of the iron during the catalysis and the involvement of a ternary complex, 
enzyme (Fe III)-substrate-oxygen, as an intermediate are suggested 107). However, no 
kinetic analysis has been carried out to show whether or not the complex is an oblig- 
atory intermediate in the reaction. 
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The Pseudomonas enzyme shows a strong negative CD band at 225 nm (peptide 
backbone region) and small positive bands between 260-3 I0 nm. However, no CD 
band was observed in the visible range 91). 

Another 3,4-dihydroxyphenylacetate 2,3-dioxygenase has been purified from 
the thermophilic organism Bacilhls stearothermophilus, grown with 4-hydroxy- 
phenylacetic acid 124). The enzyme appears to be homogeneous as judged by disc-gel 
electrophoresis and sedimentation equilibrium measurements. The molecular weight 
is determined to be 106,000. The enzyme is further dissociated in sodium dodecyl 
sulfate into 33,000 to 35,000 dalton subunits, suggesting that the enzyme consists 
of 3 identical subunits. The enzyme is fairly stable on heating and shows maximal 
activity at about 57 ~ However, the specific activity of the Bacillus enzyme is much 
lower and less than one hundredth of that of the Pseudomonas enzyme 9~ 

c. Protocatechuate 4,5-Dioxygenase 

As shown in Table 3 an almost homogeneous preparation of protocatechuate 
4,5-dioxygenase purified from a Pseudomonas sp. grown with protocatechuic acid 
as the major carbon source has a specific activity of 160/~moles/min/mg of protein 
with a molecular weight of approximately 150,000. One g-atom of ferrous iron is 
present per mole of enzyme 94). The enzyme has also been purified from extracts of 
p-hydroxybenzoate-induced Pseudomonas testeroni125). The enzyme has a molec- 
ular weight of about 140,000 with a specific activity of about 12. 

Zabinski et al. 126)have also reported that the enzyme purified fromPseudo- 
monas testosteroni contains four iron atoms per mole of enzyme. Substrate speci- 
ficity studies of the enzyme reveal that the carboxyl group and the hydroxyl groups 
are essential for cleavage of the aromatic ring. However, substitution at C s of the 
benzene ring is allowed because gallic acid and 5-methoxygaUic acid function as 
alternative substrates for protocatechuic acid. The iron in the enzyme is not detect- 
able by ESR. However, upon incubation of the enzyme with the substrates pro- 
tocatechuic acid, gallic acid, and 5-methoxygallic acid, respectively, the iron becomes 
high-spin ferric. This change at the active site is independent of the presence of 
oxygen, but absolutely dependent on the addition of each respective catechol sub- 
strate. The enzyme-substrate complex shows an ESR signal at g = 4.3. This signal 
disappears when the enzyme has converted the substrate to product. Preincubation 
of the enzyme with the competitive inhibitors, protocatechualdehyde or 4-nitro- 
catechol, also gives an ESR signal at g = 4.3. M6ssbauer data show that all four iron 
atoms in the enzyme-inhibitor complex are high-spin ferric and equivalent, and that 
the iron atoms in the native enzyme are either in a low-spin ferrous state or the 
enzyme has two active sites each containing two antiferro-magnetically-coupled 
high-spin ferric irons 126) 

d. Steroid 4,5-Dioxygenase 

2,4-Dihydroxy-9,10-secoandrosta-l,3,5(10)-trieneO,17-dione-4,5-dioxygenase (steroid 
4,5-di0xygenase), catalyzes the reaction shown in Eq. (18)1o9). 
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o o 

0 + 0 2 

HO HOOC 
OH 

(18) 

The enzyme was purified to a state of apparent homogeneity from Nocardia restric- 
tus. The general properties of the enzyme are summarized in Table 3. 

The enzyme gives intersecting initial velocity plots that conform to a sequential 
mechanism. Experiments with 4-isopropylcatechol, a dead-end inhibitor and a struc- 
tural analog of the organic substrate, reveals that the enzyme is inhibited by the 
inhibitor competively with respect to the organic substrate and uncompetitively 
with respect to molecular oxygen. These results are consistent with an ordered 
Bi-Uni mechanism where molecular oxygen is added first, followed by organic sub- 
strate, and the product is then released lj o)~ This mechanism is different from those 
of protocatechuate 3,4-dioxygenase and metapyrocatechase 122). 

B) Other Nonheme Iron-Containing Dioxygenases 

The nonheme iron-containing dioxygenases other than the catechol dioxygenases 
mentioned above are listed in Table 6. For the details of these enzymes, the readers 
are referred to the original references of individual enzymes or the review articles 14,8x). 

C) Extradioi Cleavage of Catechols by lntradiol Dioxygenases 

As mentioned previously, it has been believed that the site of cleavage of an aromatic 
ring is strictly specific for each enzyme, namely, the ferric iron-containing dioxy- 
genases would exclusively cleave the catechol ring in the intradiol manner, whereas 
the ferrous iron-containing dioxygenases would cleave it in the extradiol manner. 
However, a ferric iron-containing dioxygenase, pyrocatechase, from Pseudornonas 
arvilla C-1 is found to catalyze not only an intradiol cleavage but also a proximal 
extradiol cleavage when 3-substituted catechols are used as the substrate. 

The enzyme catalyzes the intradiol cleavage of catechol with the insertion of 
2 atoms of molecular oxygen to form cis,cis-muconic acid. The enzyme also catalyzes 
the oxidation of various catechol derivatives, including 4-methylcatechol, 4-chloro- 
catechol, 4-formylcatechol (protocatechualdehyde), 4,5-dichlorocatechol, 3,5-di- 
chlorocatechol, 3-methylcatechol, 3-methoxycatechol, and 3-hydroxycatechol (pyro- 
gallol). All of these substrates give products having an absorption maximum at around 
260 nm characteristic of cis-cis-muconic acid derivatives. However, when 3-methyl- 
catechol is used as a substrate, the product formed shows art absorption maximum at 
390 nm besides that at 260 nm. These two absorption maxima are found to be attrib- 
utable to two different products, 2-hydroxy-6-oxo-2,4-heptadienoic acid (1), and 
5-carboxy-2-methyl-2,4-pentadienoic acid (2-methylmuconic acid), (2) [Eq. (19)] 96) . 
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-- . .  

CH3 
I 
C=O 

r  COOH 

! 

CH3 

' ~ C O O H  

%./.cooH 
2 

(~9) 

Compound 1 is produced by extradiol cleavage of the bond between the carbon atom 
carrying the hydroxyl group and the carbon atom carrying the methyl group, and 
compound 2 by intradiol cleavage of the bond between two hydroxyl groups. Simi- 
larly, 3-methoxycatechol gives two products: 2-hydroxy-5-methoxycarbonyl-2,4- 
pentadienoic acid and 5-carboxy-2-methoxy-2,4-pentadienoic acid (2-methoxy- 
muconic acid) 96). 

With 3-methylcatechol as substrate, the ratio of intradiol and extradiol cleavage 
activities of Pseudornonas pyrocatechase during purification is almost constant and 
is about 17. The final preparation of the enzyme is almost homogeneous and all 
attempts to resolve the enzyme into two components with separate activities, in- 
cluding inactivation of the enzyme with urea or heat, treatment with sulfhydryl- 
blocking reagents or chelating agents, and inhibition of the enzyme with various 
inhibitors, are unsuccessful. These results suggest that Pseudomonas pyrocatechase 
catalyzes simultaneously both intradiol and extradiol cleavages of some 3-substituted 
catechols 96). On the other hand, pyrocatechase purified from Brevibacterium fi~scum 
catalyzes only the intradiol cleavage even with 3-substituted catechols as a substrate %). 

The extradiol cleavage of 3-methylcatechol by the intradiol enzymes is recently 
confirmed by Hou et al. 160) with pyrocatechases from various microorganisms. The 
isofunctional enzymes from species of A cinetobactor, Pseudornonas, Nocardia, 
Alcaligens, and Corynebacterh~m oxidize 3-methylcatechol according to both the 
intradiol and extradiol cleavage patters. However, the enzymes prepared from Brevi- 
bacterium and Arthrobacter have only the intradiol activity. The enzyme with no 
extradiol cleavage activity oxidize both 3-methylcatechol and 4-methyl-catechol at 
almost the same rate as catechol. Pyrocatechase from other microorganisms except 
Acinetobactor calcoaceticus ADP-96 oxidizes 4-methylcatechol at a rate about one 
order greater than 3-methyl-catecho1160) 

IV. Heme-Conta in ing  Dioxygenases  

Dioxygenases that catalyze the cleavage of  the indole ring of tryptophan derivatives 
are known to be the heme proteins, tryptophan 2,3-dioxygenase (tryptophan pyrro- 
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lase (EC 1.13.11.11) and indoleamine 2,3-dioxygenase. Recent review articles con- 
cerning these enzymes are available 13, 14, 161) Recently, lipoxygenase from fungus has 
also been demonstrated to be a hemoprotein 162. 163) 

A) Tryptophan 2,3-Dioxygenase 

In 1936, Kotake and Masayama described the conversion of L-tryptophan to 
L-kynurenine in vitro by crude extracts of rabbit liver and named the enzyme in- 
volved in the cleavage of the pyrrole ring of tryptophan "tryptophan pyrrolase" 164) 
The enzyme was then studied extensively by Knox and his co-workers 165). An 
enzyme which has similar properties was found in the cells of a Pseudomonad which 
were grown in a medium containing tryptophan as a major carbon source 166). By 
tracer experiments, the bacterial enzyme was shown to be a dioxygenase catalyzing 
the following reaction [Eq. (20)]. 

o 

" - . ~ / ~ N  / NH~ " ~ / ~ ' N  NH~ (20) 
H I ~ c / / ~  

H ~H 

General Properties of  Tryptophan 2,3-Dioxygenase. The enzyme has been puri- 
fied either from cells of Pseudomonas, grown in the presence of tryptophan sS' 167) 
or from the livers of glucocorticoid and L-tryptophan-treated rats 168). The enzymes 
from both sources appear to be soluble proteins and have been purified to almost 
homogeneous state 167, 168). The molecule weight of the Pseudomonad and hepatic 
enzymes are determined to be 122,000167) and 167,000168), respectively. Dissocia- 
tion of the native enzyme with sodium dodecyl sulfate yields subunits of molecular 
weights of 31,000 for the Pseudomonad and 43,000 for the hepatic enzymes 167' 168) 
Thus, each of the enzymes are tetramers of  subunits of  the same size. Upon poly- 
acrylamide gel electrophoresis at pH 12.5, the subunits of the hepatic enzyme 
separates into two distinct species, indicating that the hepatic enzyme is composed 
of two pairs of identical subunits of equivalent mass (a23z) 168). Whether the sub- 
units of  the Pseudomonad enzyme are identical or distinguishable into two distinct 
species remains uncertain at present time. 

The enzymes of either microbial or mammalian origin are hemoproteins s 7, s8, 
167, 168). The concentrated solutions of  the enzyme show absorption spectra in the 
visible and the ultraviolet range characteristic of ferriheme protein s8, 167, 168). The 
heme of the Pseudomonad enzyme is identified as protohematin IX and the maximal 
turnover number of  the enzyme is found to be 1,200 ra in- t  ss). Analyses of the 
heme concentration using the dipyridine hemochromogen are compatible in the 
presence of 2 moles of heme per tetramer of the Pseudomonad and hepatic enzymes 
168, 169). Besides the heine, the presence of 2 g-atoms of copper per mole of  tetra- 
merit enzyme and its involvement in the catalysis have been reported by Feigelson 
and his co-workers 169' 170). On the other hand, Poillon et al. 167) and Ishimura and 
Hayaishi 17r) found only minute quantities of copper in their preparations and 
regarded these as adventitious. 
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Spectral Properties. The purified Pseudomonad enzyme exhibits a typical spec- 
trum of a high-spin protohemoprotein both in its ferric and ferrous states. The heme 
in the enzyme is autoxidizable and the enzyme is usually isolated in the ferric 
formS7, sa). The ferric enzyme is catalytically inactive unless some reducing agents, 
such as H20 2 or ascorbic acid, are added, suggesting that the ferrous form of enzyme 
is catalytically active 58). When the substrate tryptophan is added to either the ferric 
or ferrous state of the enzyme under anaerobic conditions, slight shifts of the Soret 
band to the longer wavelength with some hypochlomicity are observed. This observa- 
tion seems to indicate that tryptophan combines with the enzyme irrespective of the 
valency state of the heme, forming an enzyme-substrate (ES) complex. When the ES 
complex of the ferrous form of the enzyme is mixed with molecular oxygen, a new 
spectral species appears immediately with absorption maxima at 418,545, and 
580 nm. When the oxygen is used up, the spectrum reverts almost instantaneously 
to the ferrous state; this process can be repeated until all the tryptophan in the 
system is consumed. Available evidence indicates that the observed new spectrum is 
due to a ternary complex of oxygen, the enzyme and L-tryptophan, and represents 
the oxygenated intermediate as). By means of rapid reaction spectrophotometry, the 
oxygenated form is shown to be an obligatory intermediate of the reaction. In order 
to form the oxygenated intermediate, the presence of the organic substrate is neces- 
sary. Thus a sequential order of substrate binding is suggested in which tryptophan 
combines with the enzyme first and then reacts with oxygen to form the ternary 
complex as). Steady-state kinetic analyses of the reaction are also consistent with a 
Bi-Uni ordered mechanism in which L-tryptophan binds before oxygen 172). These 
situations are quite similar to those observed with the nonheme iron-containing di- 
oxygenases mentioned previously. 

On the other hand, Feigelson and his associates 169, 170, 172-- 175) have reported 
that not only heme but also copper is an essential cofactor in both Pseudomonad 
and hepatic enzymes and that there are three different oxidation-reduction states 
of the enzyme, namely, a fully reduced form, E(Cu +, Fe2+); a half-reduced form, 
E(Cu +, Fe 3+) or its valence isomer E(Cu 2+, FeZ'~); and a fully-oxidized form, 
E(Cu 2§ Fe3§ From the spectrophotometric analyses of the reaction and the exper- 
iments with various chelators, they have suggested that both the fully-reduced and 
the half-reduced forms of the enzyme are catalytically active whereas the fully- 
oxidized form is inactive. Steady-state kinetic analyses of these two active forms of 
the enzyme conform to the mechanism that the fully-reduced form combines with 
tryptophan first, followed by oxygen combination whereas with the half-reduced 
form, oxygen binds with the enzyme before tryptophan 172, 175). These results suggest 
that it is not necessary for catalytically active enzyme to be in the ferrous state. This 
explanation is inconsistent with that proposed by Hayaishi and his associates as' 178, 179) 
They insist that the heme is the sole cofactor of tile enzyme, since the purified pre- 
paration of the enzyme contains negligible amounts of copper 171,176) 

The purified Pseudomonad enzyme shows the ESR signal at g = 6, characteristic 
of a high-spin protohemoprotein. Upon the addition of the organic substrate trypto- 
phan to the enzyme, the signal becomes narrow and sharp, indicating that the axial 
symmetry of the heme increases while the total spin concentration due to the heme 
iron is unchanged 177). These results indicate that the organic substrate binds with 
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the enzyme and alters the conformation of the protein. The fact that the presence 
of L-tryptophan enhances the reactivity of heme in the enzyme toward ligands such 
as oxygen, CO, and cyanide supports the above interpretation its, 179) 

B) lndoleamine 2,3-Dioxygenase 

In 1957, Kotake and Ito found that rabbits fed D-tryptophan excreated D-kynurenine 
in urine and suggested the occurrence of an enzyme in rabbit tissue that catalyzes the 
oxidative ring cleavage of D-tryptophan 180). An enzyme activity capable of oxidizing 
D-tryptophan to D-kynurenine was shown by using a homogenate of rabbit small 
intestine and the enzyme was tentatively designated as D-tryptophan pyrrolase ~s 1). 
Since the purified enzyme catalyzes the oxidation of not only D-tryptophan but also 
L-isomer, the enzyme is referred to as intestinal tryptophan 2,3-dioxygenase (pyrro- 
lase) ls2). The purified preparation of the enzyme shows the absorption spectra char- 
acteristic of hemoprotein 182). 

The enzyme requires methylene blue and ascorbic acid as cofactors 181. ls2) 
Xanthine oxidase with hypoxanthine can replace ascorbic acid but hydrogen per- 
oxide or its generating system can not 182). A highly purified preparation of the 
enzyme from rabbit intestine has a broad substrate specificity and is found to cata- 
lyze the oxygenative ring cleavage of 5-hydroxytryptophan, serotonin and tyramine 
besides the D- and L-isomers of tryptophan 183). A similar enzyme partially purified 
from rabbit brain catalyzes the oxygenative cleavage of the pyrrole moiety of mela- 
tonin yielding N*-acetyl-N2-formyl-5-methoxykynurenine in the presence of methy- 
lene blue and ascorbic acid is4). The brain enzyme is also able to degrade tryptophan 
and 5-hydroxytryptophan as well as serotonin. Therefore the term "indoleamine 
2,3-dioxygenase" is proposed to designate these enzymes 184). 

The intestinal enzyme is inhibited by the presence of a highly purified prepara- 
tion of superoxide dismutase obtained either from bovine erythrocytes or green 
peas lss). Furthermore, when the superoxide anion (O~-) produced by electrolytic 
reduction of molecular oxygen or potassium superoxide (KO2) is added to the reac- 
tion mixture in the absence of ascorbic acid, the intestinal enzyme catalyzes the con- 
version of tyrptophan to formylkynurenine lss, 1s6). These results suggest the partici- 
pation of O~- in the catalytic process of indoleamine 2,3-dioxygenase. On the other 
hand, since tetrahydrobiopterine and 2-amino-4-hydroxy-6,7-dimethyl-5,6,7,8-tetra- 
hydropteridine (DMPH4) are found to accelerate the enzymic reaction in the pre- 
sence of catalase even in the absence of methylene blue, it is suggested that tetra- 
hydrop teridine may b e the natural cofactor of indole amine 2,3-dioxygenase is 7). The 
reaction stimulated by tetrallydrobiopterin alone is inhibited by superoxide dis- 
mutase. In contrast, the reaction stimulated by tetrahydrobiopterin plus methylene 
blue is hardly inhibited at all by superoxide dismutase 187). On the other hand, exper- 
iments with JsO-labeled potassium superoxide (K lSo2) and molecular oxygen (lSO2) 
reveal that O F is utilized and incorporated into the products by indoleamine 2,3- 
dioxygenase and that molecular oxygen is also utilized but to a lesser extent 188). 

A new spectral species of indolamineoxygenase having absorption maxima at 
415,542 and 576 nm is observed when potassium superoxide dissolved in dimethylsulf- 
oxide is slowly infused into a solution containing the native ferric form of enzyme 189). 
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Available evidence indicates that the new spectral species is the catalytically active 
ferric heme-superoxide [Fe(llI)O~-] complex that, in turn, is in resonance equilib- 
rium with the ferrous heme-oxygen [Fe(ll)O2] complex 189). Although the oxygen- 
ated form of enzyme is observed in the absence of the organic substrate, steady- 
state kinetic analyses reveal that the enzyme follows an ordered sequential Bi-Uni 
mechanism in which the organic substrate is bound to the enzyme before O~- 186) 
This sequence is analogous to that reported with Pseudomonad tryptophan 2,3- 
dioxygenase ss) and protocatechuate 3,4-dioxygenase 1o0). 

Brady suggested from the experiments with copper chelators 190) that indole- 
amine 2,3-dioxygenase is a copper-containing hemoprotein. On the other hand, 
Hirata et al. found negligible amounts of copper in their highly purified and active 
preparation of the enzyme 191). 

C) Lipoxygenase from Fusarium Oxysporum 

Lipoxygenase (EC 1.13.11.12) is an enzyme that catalyzes the hydroperoxidation 
of polyunsaturated fatty acids and esters containing a cis-cis-1,4-pentadiene system 
(Table 6). In 1947, Theorell et al. obtained the enzyme in a crystalline form from 
soybeans and reported that the enzyme neither contained nor required a metal 
cofactor 192). Subsequent studies from three groups of investigators have demon- 
strated that the enzyme purified from soybeans in an iron-containing dioxy- 
genase 74-76). 

Recently, however, a lipoxygenase-like enzyme has been found to be produced 
by a fungus, identified as Fusarium oxyspomm 162). The enzyme has been purified 
to homogeneity from the extracts of the fungus 163). The molecular weight of the 
enzyme is estimated between 12,000 and 13,000 on the basis of ultracentrifugation, 
SDS-polyacrylamide gel electrophoresis and gel filtration. The purified enzyme shows 
the typical absorption spectr a of a hemoprotein with an absorption maxima at 
413 nm and two broad peaks at 530 and 560 nm in the ferric state and maxima at 
423 nm, at 525 nm with shoulders around 530 nm, 552 nm and 561 nm in the 
ferrous state. Identification and quantitative determination of the heme reveals 
that the purified enzyme possesses 1 mole of protoheme IX per mole of enzyme as 
a prosthetic group 163). The enzyme requires Co 2§ as a stabilizing factor. The iso- 
electric point of the enzyme is 9.46, and the optimum pH of the reaction is about 
12. The enzyme catalyzes the peroxidation of the following compounds by the 
relative rate shown in parenthesis, linoleic acid (I 00), methyllinoleate (49), linolenic 
acid (10), and methyllinolenate (5). Various chelators including o-phenanthioline, 
8-hydroxyquinoline, thioglycollic acid, and quinalizarin inhibit the enzyme activity. 
Other substances such as azide, fluoride and p-chloromercuribenzoate are ineffective, 
whereas cyanide is a highly effective inhibitor 163). 

These results indicate that the Fusarium lipoxygenase differs from the soybean 
lipoxygenase in various respects; soybean lipoxygenase is a nonheme iron-containing 
dioxygenase and has a molecular weight of 102,000, optimum pH of 6.5 to 7.0 and 
isoe|ectric point of pH 5.4. The soybean enzyme is not inhibited by cyanide and 
catalyzes the peroxidation of linoleic acid and linolenic acid at equal rates 74-76' 193). 
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V. Copper -Conta in ing  Dioxygenase  

Quercetinase (Quercetin 2,3-dioxygenase. EC 1.13.11.24) is the only dioxygenase 
known to contain copper as the sole cofactor 194). The enzyme catalyzes the reaction 
shown in Eq. (21). 

OH 

H O ~ I O ~  OH 
+ 1802 

I 18 OH "1 

3 

(21) 

OH 
180 / 

HO OH 

"-,q,/ "-C ~.__~OH 
~ 1 1  OH O 

+ co  

Quercetin (3) is converted to depside (4) and carbon monoxide with incorporation 
of two atoms of molecular oxygen. A tracer experiment indicates that an oxygen 
molecule is incorporated into 4, but not into carbon monoxide 195,196). 

Quercetinase is an induced extracellular dioxygenase produced by A spergilhts 
flavus when grown on rutin, a flavonoid glycoside 197). The dioxygenase has been 
purified from the culture media to a homogeneous protein 198). The molecular 
weight of the enzyme is determined as 111,000 -+ 4,000. The enzyme is a glycopro- 
tein containing 27.5% carbohydrate ~9s), and is colorless except in highly concen- 
trated solutions containing 30% protein. Such solutions have a very pale greenish 
color. The absorption spectrum has a single peak with a maximum at 280 nm and 
no significant absorption is observed with a sample containing 26 mg of protein per 
ml between 350 and 800 nm 194). However, atomic absorption measurements reveal 
that copper is the only metal present in the enzyme in significant and consistent con- 
centrations, and is equal to about 2 g-atoms per mole of enzyme. The copper appears 
to be in the cupric form. Compounds such as ethylxanthate, diphenylthiocarbazone, 
toluene-3,4-dithiol and diethyldithiocarbamate that are highly specific chelators for 
copper inhibit the dioxygenase at low concentrations, whereas iron chelators are 
ineffective. These results indicate that quercetinase is a copper-containing dioxy- 
genase and that the copper is related to the enzyme activity ~94) 
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VI. Flavin-Containing Dioxygenases  

A) 2-Methyb3-Hydroxypyridine 5-Carboxylic Acid Dioxygenase 

The enzyme was isolated from a Pseudomonas sp. MA-1 and crystallized by Sparrow 
et al. 61). The enzyme catalyzes the conversion of 2-methyl-3-hydroxypyridine-5-car- 
boxylic acid (5) to a-(N-acetylaminomethylene)-succinic acid (6) [Eq. (22)]. 

H2 

.o  g-cooH .g>_c c  coo. 
+ NAD(P)H + Oz ~ O-~C~...,.C H 

H3C" -~'~ CH3" N 
H 

5 6 

(22) 

The crystalline oxygenase is homogeneous, and contains 2 moles of FAD per mole 
of enzyme, based on the molecular weight of 166,000. The activity is lost on resolu- 
tion with acidic ammonium sulfate and can be completely restored with FAD, but 
not with FMN. Under anaerobic conditions, the FAD in the enzyme is reduced by 
NADH, NaBH4 or Na2S204; admission of oxygen reoxidizes the enzyme slowly, 
whereas on addition of oxygen and compound 5, rapid reoxidation of the enzyme 
occurs and the open chain product appears 61). A tracer experiment indicates that 
the enzyme is classified as a dioxygenase, and the overall reaction shown in Eq.(22) 
appears to be catalyzed by the dioxygenase in a concerted fashion via a ternary 
complex of the enzyme, NADH and compound 5. NADPH is almost as effective as 
NADH in the reaction 61). 

B) 2-Nitropropane Dioxygenase 

The finding of  2-nitropropane dioxygenase, an enzyme that catalyzes the following 
reaction [Equation (23)], has recently been reported by Kido et al. 199) 

CH3 CH3 
i ! 

2HC NO 2+O2 ~ 2 C = O + 2 H N O 2  
I 

CH 3 CH3 

(23) 

Stoichiometrical studies together with the results of 180 experiments show that 
2 atoms of molecular oxygen are incorporated into two molecules of acetone formed 
from 2-nitropropane. Accordingly, the enzyme is an intermolecular dioxygenase and 
is unique in incorporating 2 atoms of the oxygen molecule into 2 molecules of the 
same acceptor 199) 

The enzyme purified to homogeneity from Hansemda mrakii (IFO 0895) has a 
molecular weight of approximately 62,000 and consists of two subunits non-ident- 
ical in molecular weight (39,000 and 25,000). The enzyme exhibits absorption 
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maxima at 274,370,415 and 440 nm and a shoulder at 470 nm, and contains 
1 mole of FAD and 1 g atom of nonheme iron per mole of enzyme. The enzyme- 
bound FAD is reduced by the substrate, 2-nitropropane, under anaerobic conditions, 
but the enzyme-bound Fe(III) is not affected. The enzyme can catalyze the oxygena- 
tion of the following nitroalkane compounds with the relative rates shown in paren- 
thesis; 2-nitropropane (100); nitroethane (88.7), 3-nitro-2-pentanol (40.6), 1-nitro- 
propane (23.4), 3-nitro-2-butanol (13.8), 3-nitropropionate (11.7), and 2-nitro-I- 
butanol (2.7). These substrates are converted into nitrite and the corresponding 
carbonyl compounds. Nitromethane is not oxygenated at all 199). 

The enzyme activity is significantly inhibited by Tiron and 8-hydroxyquinoline, 
but not by a,a'-dipyridyl and o-phenanthroline. The addition of thiol compounds 
such as cysteine, 2-mercaptoethanol and glutathione, and thiol inhibitors such as 
p-chloromercuribenzoate, N-ethylmaleimide and HgC12 also markedly decreases the 
enzyme activity. The Michaelis constants of the enzyme are as follows: 2-nitropro- 
pane (2.13 x 10 -2 M), nitroethane (2.43 x 10 -1M), 3-nitro-2-pentanol (6.8 x 10-3M), 
1-nitropropane (2.56 x 10 -2 M) and oxygen (3.63 x lO-4M with 2-nitropropane) 199) 

VII. Dioxygenases  Involved in the F o r m a t i o n  o f  Ca techol  Derivatives 

Catechol and its derivatives are known to be intermediates in the microbial degrada- 
tion of various aromatic compounds. Several enzymes or enzyme systems are reported 
to catalyze the formation of catechol or its derivatives from various aromatic com- 
pounds including anthranilate, benzoate, benzene and pyrazone. These reactions are 
initiated by the oxygenation of their phenol moiety to the corresponding cis,ortho- 
dihydrodihydroxy compounds which are then converted to the corresponding cate- 
chol derivatives by dehydrogenation 2~176 These initial oxygenation reactions are 
catalyzed by individual dioxygenases. These are listed in Table 7. 

The dioxygenase nature of these reactions was first demonstrated by Kobayashi 
et aL 2ol) with anthranilate 1,2-dioxygenase (hydroxylase). They demonstrated by 
experiments with 180 that both atoms of oxygen in catechol are exclusively derived 
from molecular oxygen. Subsequently, the incorporation of two atoms of molecular 
oxygen into substrates was established by tracer experiments with benzene 1,2-dioxy- 
genase 2~ and benzoate 1,2-dioxygenase 2~ 

A) Benzene 1,2-Dioxygenase 

Benzene 1,2-dioxygenase was first demonstrated in cell-free extracts of a strain of 
Pseudomonas putida by Gibson et aL 203). They were able to resolve the system into 
two fractions by (NH4)2S04 precipitation, both of which are necessary for benzene 
oxidation. Subsequently, Axcell and Geary 82) obtained a soluble enzyme system 
which oxidizes benzene to cis-1,2-dihydrocyclohexa-3,5-diene (cis-benzeneglycol) 
from a species of Pseudomonas grown on benzene as the major carbon source. The 
system is shown to consist of three protein components. Two of these are nonheme 
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iron proteins of molecular weight approx. 21,000 and 186,000, and the other is a 
flavoprotein of  molecular weight approx. 60,000. Fe(II) and NADH are essential 
cofactors for the benzene oxidation s2). They demonstrated that the 186,000 dalton 
protein (A1) is the terminal dioxygenase, and suggested the functions of  the com- 
ponents as shown in Eq. (24). 

NADH + H + Fp Fe(II) Fe(llI) cis-Benzeneglycol 

NAD FpH2 Fe(III) Fe(II) Benzene + 02 

(24) 

Where A2 and B are the flavoprotein (Fp) and the small nonheme iron protein, 
respectively. 

B) Benzoate 1,2-Dioxygenase 

Benzoate 1,2-dioxygenase was shown to catalyze the conversion of benzoate to 
1,2-dihydro-l,2-dihydroxybenzoic acid (DHB) in the presence of NADH and oxygen 
by Reiner et  al. 205, 206). Yamaguchi et  aL 62) have demonstrated that the enzyme 
system consists of two components (A and B), both of  which are required for ben- 
zoate 1,2-dioxygenase activity. Component A shows NADH-cytochrome c reductase 
activity and component B appears to be dioxygenase, thus the following reaction 
scheme is suggested [Eq. (25)]. 

NADH 

NAD 

oxi red Benzoate + 02 

red oxi DHB 

(25) 

C) Pyrazon Dioxygenase 

Pyrazon dioxygenase was also shown to consist of  three different enzyme compo- 
nents s3). No component alone oxidizes the phenol moiety of  pyrazon; only when 
the three components are combined can oxidation be detected. Component A1 is 
an iron-sulfur protein (MW about 180,000, red-brown in color). Two g-atoms of 
iron and two moles of inorganic sulfur are present per 180,000 g of the protein. 
Component A2 is a yellow protein of a molecular weight of about 67,000. FAD was 
shown to be the prosthetic group of this protein. Component B (MW about 12,000, 
brown in color) is a protein of the ferredoxin type. In accordance with the benzene- 
oxidizing system s2) and with a monooxygenase system 48' 49), Sanber et  al. propose 
the hypothetical scheme shown in Eq. (26) 83). 
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NADH "~ H § 

NAD 

Fp Fe(lI) Fe(lll) 

FpH~ Fe(IIl) Fe(ll) 

Oxygenases and Dioxygenases 

cis-Pyrazon 
~ dihydrodiol 

Pyrazon + 02 

(26) 

VIII. o~-Ketoglutarate-Requiring Dioxygenases 

The reactions catalyzed by the a-ketoglutarate-requiring dioxygenases are listed in 
Table 8. These reactions are known to require a-ketoglutarate in addition to ferrous 
iron and ascorbic acid. The requirement of the ferrous iron is highly specific, where- 
as ascorbic acid can be replaced by other reductants including some sulfhydryl con- 
taining compounds. Subsequent studies on the role of a-ketoglutarate revealed that 
the compound acts as a cosubstrate and is converted to succinate with incorporation 
of one atom of molecular oxygen and decarboxylation. The overall reaction may be 
schematically shown by Eq. (11). For the details concerning these enzymes, the 
readers are referred to the recent review articles 14, 219). 

The mechanism of a-ketoglutarate participation in the dioxygenase reaction 
has been proposed by Lindstedt and his co-workers 6s' 220) as shown in Eq. (27)with 
7-butyrobetaine hydroxylase. 

~ l [FeO2] 2+ l~l 
N 

H-C-  \ -- H-C-O-O-  

R2 Fe2+ R~ 

I•/C=O 
COO- 

H-C-O-O-C-O-  ~ H - C - O -  

I \1 I 
R2 C R2 

- 0  0 

i 3 

+ + 

/ / \  
O O- 

O=C=O (27) 

CH3 
,I 

Rt = CH2-~-CIt3 

CH3 

R2=-CH2-COO- R3=-CH2-CH2-COO- 

In this mechanism, the peroxide anion of the substrate makes a nucleophilic attack 
on the carbonyl carbon of a-ketoglutarate so that a peroxide bridge is formed 
between the two compounds. In this way, one atom each of molecular oxygen is 
incorporated into the substrate and a-ketoglutarate to form the product and sucei- 
nate, The incorporation of moIecular oxygen into succinate has been shown in most 
of the reactions that require a-ketoglutarate. 
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The reaction catalyzed by p-hydroxyphenylpyruvate dioxygenase does not 
require a-ketoglutarate. However, the sub strate, p-hydroxyphenylpyruvate, has an 
internal keto acid in the molecule. The tracer experiments reveal that one atom of 
molecular oxygen is incorporated into the carbonyl group with simultaneous decar- 
boxylation, and the other atom of oxygen into the newly formed hydroxyl group 
of the product, homogentisate 2ta). Thus, the reaction mechanism of the enzyme is 
quite similar to those of a-ketoglutarate-requiring enzymes. A reaction mechanism 
for the enzyme in which a cyclic peroxide (7) and a quinol (8) are involved as inter- 
mediates was proposed by Witkop and his co-workers 221' 222) [Mechanism(a) in 
Eq. (28)] and another mechanism [(b) in Eq. (28)] involving a peracid (9) as an inter- 
mediate was also proposed by Hamilton 223). 

Mechanism (a) 

O O 

_ _ 

 oo- 
7 8 

CH2 

c o o -  \ \  J .  H + 

O ~ / ~  2 O CH2 
I 

C O O -  
H ~ - c = &  

OH OH 

H2 CH2COO- 

OH 
c o o -  

10 (28) 

Mechanism (b) 

On the other hand, the chemically synthesized quinol intermediate (8) is shown 
to be converted nonenzymatically to homogentisate (10) in an alkaline solution by 
Saito et al. 224). However, the compound (8) cannot be demonstrated to be an 
enzymatically active intermediate of the reaction 2zs'226). 

IX. Concluding  Remarks  

Dioxygenases have been discovered in all types of living organisms and shown to 
catalyze a variety of reactions, including ring cleavage reactions, hydroxylation reac- 
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tions, oxidat ion of  certain sulfur containing compounds and so forth.  Among these, 
the cleavage of  the aromatic ring appears to depend largely or entirely upon this type 
of  enzyme. Thus, extensive studies on the reaction mechanism of  dioxygenase have 
been carried out,  especially with microbial dioxygenases that catalyze the cleavage 
of  the aromatic rings. 

Iron appears to be the most  common cofactor of  dioxygenases and is in the 
form of  ferrous, ferric and heme iron. Some enzymes contain copper as a cofactor 
and some flavin. The flavin-containing dioxygenases may also contain iron as the 
second cofactor.  These metal cofactors appear to be a site of  oxygen activation as 
well as closely related to the substrate binding site. An oxygenated form of  enzyme 
has been demonstrated to be an obligatory intermediate with several iron-containing 
dioxygenases. In all cases, the enzyme reacts with the organic substrate first and then 
reacts with oxygen to form a ternary complex of  enzyme, substrate and oxygen,  as 
an oxygenated intermediate.  Both substrate and oxygen are presumed to be activated 
in the ternary complex and react together to form the oxygenated end product .  Al- 
though the activation mechanism remains to be elucidated, the structural analyses 
of  the enzyme as well as the enzymatical ly active species of  the oxygenated inter- 
mediate may open the way to understanding what the active form of  oxygen is in 
the biological system. These analyses by means of  not only chemical methods but  
also physical methods such as ESR, M6ssbauer, NMR and Raman spectroscopies,  
X-ray crystallography, and so forth are now being carried out  in several laboratories 
including our own. Thus, thorough unterstanding o f  the reaction mechanism of  
these enzymes can only be achieved by intimate collaborations of  scientists in vari- 
ous fields including biochemists,  organic chemists, inorganic chemists and physicists. 
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