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AMPD
Cl2 MDP
dry wt
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EHDP
MDP

2 amino-2 methyl-propanol
2 amino-2 methyl-propane 1-3 diol
dichloro-methane-diphosphonate
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ethylene-diamine-tetra-acetic-acid
ethane l-hydroxy 1-1 diphosphonate
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Ρ
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PPj-ase
TRIS
w/v

phosphorus
inorganic phosphate
para-nitrophenol
para-nitrophenylphosphate
para-nitrophenylphosphatase
inorganic pyrophosphate
inorganic pyrophosphatase
tris-hydroxymethyl-amino-methane
weight per volume
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GENERAL INTRODUCTION

The high alkaline phosphatase activity in calcifying tissues has long been
associated with a function in the mineralization process. An early theory
suggested that the phosphatase served to hydrolyze organic phosphate esters,
thereby increasing the inorganic phosphate levels sufficiently to precipitate
calcium phosphate. After this theory had been proven to be untenable, the
suggestion was advanced that the phosphatase activity served to remove an
inhibitor of the mineralization process. Various studies have indicated that
this inhibitor may well be inorganic pyrophosphate, which is able to inhibit
the process at very low concentrations. In bone an inorganic pyrophosphatase was detected, which appeared to be identical with the alkaline phosphatase.
The purpose of our studies was to determine whether an inorganic pyrophosphatase occurs in the calcifying molar, and if so, whether it is identical
with the alkaline phosphatase known to be present. In addition the effects
on the enzyme of conditions (ageing, rachitogenic diet) and of substances
(ascorbic acid, diphosphonates) known to affect mineralization were studied.
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CHAPTER I

ANATOMY OF CALCIFYING TEETH

A. INTRODUCTION
In connection with our study of the enzymatic aspects of tooth mineralization it is necessary to describe the anatomy of the developing molar. This
chapter therefore describes the differentiation and possible function of the
important components of the tooth layers in the mineralizing molar.

B. DIFFERENTIATION INTO VARIOUS LAYERS
The tissues involved in the formation of the tooth are the ectoderm and the
underlying mesoderm. The tooth develops from a tooth bud, consisting of
three parts: 1) the dental organ, derived from oral ectoderm 2) the dental
papilla, derived from mesenchyme and 3) the dental sac which is also derived
from the mesenchyme. The dental organ is responsible for the formation of
the tooth enamel, the dental papilla for the tooth pulp and dentine, and the
dental sac for the cementum and periodontal ligament. The dental organ or
odontogenic epithelium not only produces enamel but is also indispensable
for the initiation of dentine formation.
During the first stage of development in the sixth week of embryonic life
the oral epithelium consists of a basal layer of tall cells and a surface layer of
flattened cells. The epithelium is separated from the connective tissue by a
basement membrane. The central epithelium cells proliferate more rapidly
than the adjacent cells, resulting in an epithelial thickening, known as the
dental lamina. At this time in each jaw ten different swellings corresponding
to the later position of the deciduous teeth, the primordia of the dental
organs or tooth buds,can be discerned. The tooth bud continues to proliferate and leads to the formation of a so-called cap stage, characterised by a
shallow invagination on the deep surface of the bud. At this stage an outer
15

and an inner dental epithelium can be distinguished. They form the peripheral cells of the cap and consist of one layer of cuboidal cells on the outside
and one layer of tall cells, the inner dental epithelium. Between these two
layers a spongy tissue is located, which is called the stellate reticulum
because of its branched reticular form.
Enclosed by the proliferating epithelium of the dental organ, the mesenchyme also proliferates and forms the dental papilla from which the dentine and pulp are formed. The changes in the dental papilla are influenced by
the development of the epithelial dental organ and vice versa. At the same
time there is a marginal condensation of the mesenchyme surrounding the
dental organ and dental papilla, which becomes denser and fibrous. This
condensation is then called the primitive dental sac.
The enamel organ has a bell shape after the invagination of the epithelium
has deepened. At this stage an inner dental epithelium can be observed prior
to amelogcnesis, consisting of a single layer oftall columnar cells, called the
ameloblasts. They exert an organising influence upon the underlying mesenchymal cells, which differentiate into odontoblasts (figs. 1, 2). Between
the inner dental epithelium and the stellate reticulum a few layers of
squamous cells can be observed, called the stratum intermedium. The stellate
reticulum at this stage has an appearance of star-like cells because of the
increasing amount of intercellular fluid.
The cells of the outer epithelium flatten to a low cuboidal form During
the enamel formation the formerly smooth surface becomes folded and includes capillary loops. Before the inner epithelial layer differentiates into
enamel-forming ameloblasts, the most peripheral cells of the mesenchyme of
the dental papilla differentiate into odontoblasts. At this moment the dental
sac shows a circular arrangement of its fibres and resembles a capsular structure. The fibres of the dental sac differentiate into the periodontal fibres
that become embedded in the cementum and alveolar bone.
The division between the ameloblasts and odontoblasts at this stage is
called the dentine-enamel junction. The development of the roots, which
begins after the formation of enamel and dentine, reaches the future
cemento-enamel junction. At the basal margin of the epithelial organ the
connection of the inner and outer dental epithelium gives rise to the epithelial root sheath of Hertwig. Hertwig's root sheath consists of the outer
and inner dental epithelia without a stratum intermedium and stellate reticulum. The cells of the inner layer remain short and do not produce enamel.
These cells induce the differentiation of connective cells into odontoblasts
16

and thereafter the first dentine of the root is laid down. The epithelial root
sheath then looses its continuity and its close relation with the surface of the
tooth. It persists as the so called epithelial rest of Malasse/. After the formation of the root dentine by the odontoblasts, the epithelium moves away
17

from the surface of the dentine so that connective tissue cells come into
contact with the outer surface of the dentine and differentiate into cementoblasts. The cementoblasts deposit layers of cementum onto the surface of
the root dentine (Schour, 1962).

С ODONTOGENESIS
1. Dentinogenesis
Electronmicroscopic studies (Nylen and Scott, 1960; Takuma, 1967)
permit the following conclusions about the process of dentogenesis. The
inner enamel epithelium is separated from the connective tissue of the dental
papilla by a continuous membrane, which appears after the first dentine
matrix is formed. The dental papilla is then concentrated in the peripheral
region. Its cells contain an increasing amount of endoplasmic reticulum and
mitochondria, whereas the Golgi apparatus is distributed over the cytoplasma. At this moment elongation of the fibres attached to the separating
membrane occurs in various places. Differentiation of the outer layers of
papular cells consists of enlargement of the cell bodies and in increase in
cytoplasmic organelles, resulting in the odontoblasts. Collagen fibres begin to
develop in the extracellular spaces at the cell side facing the fibrillar layer
and its associated separating membrane.
When the odontoblasts reach their maximum length, a clear area near the
distal end of the cell, at the site of the separating membrane, has been
formed, where collagen is laid down. As the cells increase in length and move
away from the separating membrane the collagen fibrils increase in size
between the cells and spread out towards the separating membrane. They are
between 1,000 A and 2,000 A in diameter and show the 640 A cross-banding
typical of collagen.
Evidence implicating the odontoblasts in the formation of collagen was
obtained by Frank (1970a), who studied protein synthesis in these cells in
developing cat teeth by injection of tritiated proline and electronmicroscopic
autoradiography. High activity was observed in the odontoblasts and their
processes, while pulp cells and odontoblastic intercellular spaces were poorly
labelled. The high activity was observed in the endoplasmatic reticulum and
Golgi apparatus respectively 5 minutes and 1 hour after proline injection.
Protein migration from the Golgi apparatus to the odontoblastic process in
mediated through dense granules which pour their content into the collagen18

eous predentinal matrix through reversed pinocitosis. Distinct labelling of
the predentine was observed after 24 hours.
Dentine is formed after recession of the odontoblasts. Two processes can
be observed, namely, condensation of the ground substance and appearance
of hydroxyapatite crystals, which are closely related to the collagen fibril
(Takuma, 1967). A heavy accumulation of crystals occurs on the inner walls
of the dentinal tubule, which increases in thickness forming the less highly
mineralized intertubular dentine (Takuma, 1967). The separating membrane
disappears and the enamel starts to form enamel upon the fused clusters of
dentine. There is no sharp division between enamel and dentine. The dentine
layer becomes thicker by addition at the dentine-predentine junction.
2. Amelogenesis
The question as to whether the enamel matrix is a secretory product of
the ameloblast or represents a transformation of the ameloblast cytoplasma
has now essentially been settled by electron microscopic studies (Nylen and
Scott, 1960; Frank and Nalbandian, 1963, 1967). Particulate enamel precursors, called ameloblastic bodies, are elaborated in the ameloblasts. These
bodies pass through the cell membrane to the extracellular space just prior to
the occurrence of the enamel matrix.
Recently additional evidence implicating the ameloblasts in the formation
of the enamel matrix has been brought forward by Frank (1970b), who
studied matrix formation in new-born cats by means of quantitative electronmicroscopic autoradiography after intravenous injection of tritiated
proline. A high radioactivity in the Golgi apparatus of the ameloblasts was
observed 5 minutes after intravenous proline injection. Most of the protein
material diffused towards the ameloblastic process and the extracellular
space through the ameloblastic bodies elaborated in the Golgi apparatus.
After 24 hours the enamel was labelled diffusely. In this respect it is interesting to note that Travis and Glimcher (1964) found that the earliest inorganic
crystals located at the ameloblast-enamel junction are thin planes, 1300 A
long, 400 Â wide and 19 A thick.
From the ultrastructural point of view, mineralization appears to be a
progressive phenomenon, beginning with the formation of microcrystals on
the organic matrix, most likely collagen fibres with 640 A periodicity, elaborated by odontoblasts and continuing by growth in size of the apatite crystals. The orientation and the nature of the fibrous proteins are significant
19

factors in the regulation of the position and form of the inorganic crystals
However, this does not explain the initiation of the calcification process
Therefore, in the following chapter the biochemical aspects of calcification
will be described

20

С HAPTER II

BIOCHEMICAL ASPECTS OF CALCIFICATION

A INTRODUCTION
In order to understand the role of alkaline phosphatase and inorganic p>rophosphatase (ΡΡ,-ase) in mineralization a knowledge ot the biodiemical
aspects of mineralization is required Therefore in this chapter the major
components of the calcification process are described collagen enamel pro
tein, dentine and enamel In addition the crystallization of hydroxyapatite,
the major component of dentine and enamel is discussed

В COLLAGLN
The collagen of mineralized tissues has a structure and composition similar
to that of the collagen present in soft tissues Llectron-microscopically it
appears as a well organized fibre with an axial periodicity ol 640 to 700 Â
Chemically it has been demonstrated by Martin et al (1963) that it consists
for one third of the amino acid glycine, and tor 20Ί ot imino acids There
are three characteristic amino acids 4-hydro\y-proline 3-hydroxy-proline,
5-hydroxy-lysine No cysteine is present and only a small quantity ot aro
matic amino acids Structurally collagen is composed ol three adjacent left
handed helices, bound together by interchain hydrogen bonds
There are three subumts which are termed a,, a^ ал ел<.Ъ with a mole
cular weight of 95 000 The c^ chain ditters significantly from the a, chain
in amino acid composition It is more basic than the a, chain which persists
during separation of the two components by ion-exchange chromatography
The ratio between a, and сь is 2 1, suggesting that there are 2 a, and 1 a 2
chains in a single collagen molecule Larger components that the a chains
have been found in acid-soluble collagen, having molecular weights of
200 000 and 300 000 respectively which are called β and 7 components
21

These components are complexes of 2 and 3 α chains respectively due to
intra- and inter-molecular cross-linking of the α chains. It is now known
(Bornstein et al, 1966; Bornstein, 1967) that the intra-molecular cross-link
between α chains results from oxydative deamination of a specific lysyl
residue at the N-terminal, followed by condensation of the resulting
aldehyde group with an aldehyde group of another chain. The same mecha
nism could be responsible for the inter-molecular cross-linking. In this
respect the inhibition of the cross-linking by lathyrogens, resulting in a more
soluble collagen is very interesing. From the experiments with lathyrogenic
chickens it was concluded by Miller et al (1967) and Piez (1963) that the
difference between collagen from mineralized tissue and soft tissue is not
due to differences in amino acid composition but to a higher degree of
covalent cross-linking in mineralized tissue.
Much work has been done by Prockop et al (1962) on the synthesis of
collagen. The incorporation of hydroxylysine and hydroxyproline into the
collagen molecule expecially has been studied extensively. The latter amino
acid results from the hydroxylation of proline. Two explanations for the
mechanisms of proline hydroxylation have been advanced. One suggests that
proline tRNA is hydroxylated before it is incorporated into the collagen
molecule (Jackson et al, 1964). The other one, which appears to be the more
likely one, suggests that proline is first incorporated into the peptide chain
and then hydroxylated by an enzyme (Udenfried, 1966, and Prockop et al,
1966). The hydroxylating enzyme, which requires oxygen, ferrous ions,
ascorbic acid and a ketoglutarate for activity, has been purified by Kivirikko
and Prockop (1967a).
In animals deficient in L-ascorbic acid an accumulation of a proline-rich
protein could be observed, which acts as substrate for the hydroxylating
enzyme (Prockop and Juva, 1965) and which resembles the subunits of the
collagen molecule (Kivirikko and Prockop, 1967b). A similar mechanism as
for proline has been suggested for the hydroxylation of lysine (Prockop et al,
1966).
The metabolism of collagen is not very well known. Collagen fibres are
resistent to proteolytic enzymes (Miller and Martin, 1968). There are sugges
tions that in mineralized tissue a collagenase exists as has been found in
other tissues (Miller and Martin, 1968). Whereas Woods and Nichols (1963,
1965) reported that a collagenase could be extracted from bone, Fullmer
and Lazarus (1967) were not able to demonstrate such an enzyme.
22

C. ENAMEL PROTEIN
Organic matter in the enamel represents only 0.05-1.5 percent of the weight
of enamel in mature teeth (Stack, 1960), but developing teeth contain
20-30% (Eastoe, 1963; Glimcher et al, 1964a). The ameloblasts, which
derive from ectodermal cells, elaborate a protein belonging to the eukeratir s
with a basic amino acid ratio histidine: lysine: arginine of 1 : 3.3 : 9.6
(Block et al, 1949, and Stack, 1954). In developing enamel protein,
Glimcher et al (1961) found a very high concentration of proline and also
high concentrations of glutamic acid, methionine, thyrosine and histidine.
The very low cysteine content suggests however that enamel protein cannot
be classified as a keratin.
During the development of the enamel there is a loss of proline and
histidine, leaving proteins of low molecular weight with a high content of
serine, glutamic acid and glycine. Glimcher et al (1964b) suggested that the
proteins rich in proline and histidine occur in the intra-prismatic spaces, in
which calcification begins (Travis and Glimcher, 1964). This might suggest
that the histidine and proline rich proteins serve as nucleation sites.

D. BONE MINERAL, DENTINE AND ENAMEL
TABLE I
Inorganic, organic and H 2 0 phase in bone, enamel and dentine expressed as % wet weight
percentage wet weight
phase
mineral
organic
water

bone

enamel

dentine

20
30
50

96
1
3

70
18
12

Table I shows the main composition of bone, dentine and enamel. Human
calcified tissues contain primarily the crystalline basic calcium salt
Caio(P04) 6 (OH) 2 , which was first detected in bone powder by de Jong in
1926. The crystal structure was examined by Posner et al (1958), who found
it to be a rhombic prism with basal plane parameter a = 9.432 A and height с
= 6.881 Â.
The three constituents of the crystal, Ca2+, PO4 3 " and OH", can be substitued isomorphically. It is well known from the studies of Young and Elliott
23

( 1966) that F (.an replace OH" and thus stabilise the apatite structure Trace
elements suth as Fe. Cu, Pb, Sr, can substitute for Ca (hastoe, 1961), and
2
3
С 0 , " can substitute tor PO4 " (Legeros et al 1967) The latter substitution
can be the cause ol deviations ol the Ca/P ratio trom 1 67
There are ditlerences between the crystallites in different calcified tissues
For example, whereas the crystallites ol bone and dentine possess a long axis
ol 230 ± 20 Â, and axes ol 1 IS ± 10 A in the other directions, the long axis
ol enamel is 1400 Â and the axes in the other directions 700 Â Lngstrom
and Zetterstrom (1951) showed agreement between the long axis of the
crystal and the periodicity ot collagen tibre in electron-photomicrographs,
suggesting that minerali/ation may be controlled by collagen When fluoride
is incorporated in human bone apatite there was no increase in length of the
crystallites, only an increase in thickness, suggesting that hydroxyapatitc is
limited by the periodicity of the collagen (Posner et al, 1963) Such a correlation was not found between keratin and mineral

Ь ROLT Ob TUL SOLUBILITY PRODUCT IN HYDROXYAPATITE
FORMATION
The deposition of solid calcium phosphate in vivo is commonly called calcitication In vertebrates the product is mostly crystalline hydroxyapatite
(Posner, 1969) The concentration of ionized Ca 2 + in plasma is 1 3 mM
(McLean and Hastings, 1935. Neuman and Neuman. 1958) and the plasma
inorganic phosphate concentration is 1 mM, giving a Ca χ Ρ, product of 1 3
mM 2 This is above the mineralization product of bone (Neuman and
Neuman, 1958) and below the mineralization product of hydroxyapatite
(Fleisch, 1964)
In 1923 Robison suggested, because ol the high activity ot alkaline phos
phatase in mineralizing tissues, that the function of the alkaline phosphatase
would be to elevate the phosphate concentration by hydrolysis of hexosemonophosphate esters to the point where through supersaturalion minerali/alion would occur spontaneously
Several objections to this theory have been raised by Neuman and
Neuman (1958) They considered it improbable that the phosphate concen
tration could be increased locally to three times the normal serum level
considered necessary for spontaneous precipitation of apatites There also
appeared to be insufficient substrate on which the enzyme could act To
24

circumvent this weakness in the original theory, Robison et al (1930) had
already proposed that another enzyme might be responsible for the local
production of the required phosphate ester. A further argument against the
theory is the obvious fact that alkaline phosphatase is also present in high
activity in tissues which normally do not calcify, like the renal tubulus.
Neuman and Neuman (1958) also pointed out that in vivo the extracellular
fluid around the bone is already supersaturated with calcium and phos
phorus. Consequently, the Robison theory for the role of alkaline phos
phatase in mineralization has been abandoned.
Another explanation for the function of the alkaline phosphatase was
advanced by Neuman and Neuman (1958). They suggested that it serves to
remove phosphate esters, which inhibit crystallization. They pointed to the
industrial use of such compounds to prevent scale formation in boilers. The
finding in the developing hamster molar of the highest enzyme activities in
the layers adjacent to the mineralizing cells, ameloblasts and odontoblasts,
namely in the stratum intermedium and the subodontoblastic dental papilla
(Nuki and Bonting, 1961) favored this theory. Fleisch and Neuman (1961)
made a search for such inhibitors in serum. They found that plasma ultrafiltrate contains one or more substances which increase the minimum Ca χ Ρ;
product required for mineralization from 1.3 mM2 to 4 mM2 in the presence
of collagen. Polyphosphates and especially inorganic pyrophosphate (PPj) are
highly inhibitory to hydroxyapatite formation (Fleisch, 1964).

F. NUCLEATION
The first step in the process of crystal formation is called nucleation. Once a
crystal nucleus has been formed more product precipitates on it, leading to
crystal growth.
Neuman and Neuman (1958) introduced the terms homogeneous and
heterogeneous nucleation, to distinguish between a particle of the crystal
lizing material serving as nucleus (homogeneous nucleation) and another
substance serving as nucleus (heterogeneous nucleation). At a Ca χ Ρ; ionic
2
product of 4 mM ina physiological solution of ionic strength 0.16, pH 7.4
and temperature 37°C spontaneous precipitation of hydroxyapatite can be
observed. This is an example of homogeneous nucleation (fig.3).
At an ionic Ca χ Ρ; product between 2.4 and 4 mM2 precipitation can
only occur, if an impurity is present or by mechanical shock, etc. Fleisch
25

(1964) calls this non-specific heterogeneous nucleation. However, if a pre
formed crystal similar In structure to the hydroxyapatite is present, nuclea
tion can be induced, even at lower ionic products of Ca χ Ρ;. This was
suggested for collagen by Bucher et al (1937). Essential for this process,
which is called specific heterogeneous nucleation, is a structural similarity
between the inducing structure and the precipitate (fig.3). This is the case
for collagen which is able to decrease the mineralization product from 4
mM2 to 1.3 mM 2 , the normal serum Ca χ Ρ; product. Any collagen with a
periodicity of 640 Â can act as a specific nucleator. Polar side chains appear
to be important. Basic groups like the e-amino group of lysine and hydroxylysine attracting the phosphate ions, might play a role (Solomon et al, 1960),
while acidic groups, which attract Ca2+ ions, could also be important
(Glimcher, 1960). In this respect, the mucopolysaccharides usually associated with collagen could also play a
role(Sobel, 1955, 1960).
Homogeneous
nucleation

Spontaneous
prectpttatton

"Unspecific"
heterogeneous
nucleation

ar
/

2-

δ
Serum
level
1 -

"Specific"
heterogeneous
nucleation
Precipitation
with
collagen

η

Fi

e-3
Minimum ionic product Ca χ Ρ, in
. w42
j Γ ·.· t
. ,І
(mM) required to initiate crystal formationat iomc strength = 0.16, temp. =
0
37 Cand pH = 7.4 (after Fleisch, 1964)
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The early calcification of the
enamel is closely related to the matrix, elaborated by the ameloblasts,
since newly formed crystallites have
been found in areas close to the ameloblast-cell surface (Nylen and Scott,
1960; Ronnhölm, 1962; Travis and
Glimcher, 1964). The enamel crystallites achieve their maximum length
quite rapidly and then grow in width
and thickness to a final form, which
can best be described as a flattened
hexagonal rod. In demineralized sections of embryonic bovine enamel
Fibrous material, apparently representing the nucleating matrix, has
been observed (Glimcher et al,
1964b). The fibres are 30-50 A wide
,
.. . .
. ^.
and are running parallel to each other
a n d

t o t h e

1οη

8 a x i s of the prisms in
which they were found.

CHAPTER III

INORGANIC PYROPHOSPHATE AND MINERALIZATION

Fleisch (1964) showed that extracellular fluids are supersaturated for bone
formation and that the concentrations of calcium, inorganic phosphate and
hydroxy! ions are sufficiently high to support the growth of bone mineral
crystal once the initial crystals have been formed. The concentrations of
these ions are not high enough to precipitate spontaneously, hence nucleation is required to initiate crystallization (Glimcher et al, 1957). However,
this theory is not yet quite satisfactory. Collagen, able to act as nucleator in
vitro, can be extracted both from non-calcifying tissues, such as tendons, fish
swimming bladder and skin (Fleisch, 1960; Bachra et al, 1959; Glimcher et
al, 1957; Strates and Neuman, 1958) as well as from calcifying tissues such
as dentine and bone (Solomon and Neuman, 1960; Glimcher, 1960). If
collagen by its very nature can induce apatite precipitation at a physiological
Ca χ Pi product, why does it not induce calcification throughout the
organism?
This discrepancy could be explained in two ways. Either there is a differ
ence between collagen from hard tissues and soft tissues, or the local situa
tion in hard tissues differs from that in soft tissues. For the first alternative
no experimental evidence exists. With regard to the second alternative,
properties of the extracellular fluids may influence calcification, such as
changes in pH of the medium capable of in vitro calcification in the presence
of collagen (Neuman and Neuman, 1958). However, there is no experimental
evidence for the existence of sufficiently large pH differences in vivo between
mineralizing and non-mineralizing sites.
Another possibility would be the presence of an inhibitor in the nonmineralizing areas, bound to the matrix or free in the extracellular fluid,
which is destroyed or is lacking at sites where calcification occurs. Hass
(1943) and Glimcher (1959) suggested that mucopolysaccharides would be
able to act as such an inhibitor and that it is removed by depolymerisation
before mineralization. Neuman assumed that the inhibitor is a phosphate
27

ester which is kept away from the site of mineralization by the alkaline
phosphatase activity present in high concentrations in mineralizing tissues
(Neuman et al, 1951, Solomon and Neuman, 1960) Fleisch (Fleisch, 1960,
1961, 1962a, b, c, Fleisch and Neuman, 1961) investigated this hypothesis
further by determining the minimum ion-product Ca χ Ρ, required to form
hydroxyapatite crystals in vitro in a physiological solution of pH = 7 4, ionic
0
strength 0 16 at a temperature of 37 C He found that in the straight solu
2
2
tions this product was about 4 (mM) , but that it was lowered to 1 3 (mM) ,
the ionic product existing in plasma, by the addition of collagen Mineraliza
tion under the latter conditions could be prevented by adding urine or
plasma ultratiltrate to the medium When alkaline phosphatase was added to
the ultrafiltrate, no efiect of the latter could be determined, suggesting that
the inhibitor must be a phosphate ester, which can be hydrolyzed by the
alkaline phosphatase (fig 4)
'/Without collagen!.
""S'
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Fig 4

Fffect of collagen urine, plasma, phosphatase and pyrophosphate on the minimum ionic
product Ca 2 + χ P! in (mM) 2 required to initiate ci
crystal formation at ionic strength = 0 16
temp = 37 0 C and pH = 7 4 (after Fleisch, 1964)

Among the various phosphate esters tested for their inhibitory activity,
polyphosphate only proved to be effective at a concentration of 1СГ6 M
Heisch (1961) suggested therefore that the inhibitor was a polyphosphate
He showed that l'A urine raised the minimum product Ca χ Ρ, required tor
mincrali/ation to the same extent as 10'/ plasma ultrafiltrate did, indicating
that urine has a higher content of inhibitor Chemical analysis and infra-red
absorption showed the purified inhibitory substance to be inorganic pyro28

phosphate, present in 1(Г5-1СГ7 M concentration (Fleisch 1962a, b c) This
concentration was greatly dependent on age and sex (Fleisch. 1964) There
after, Fleisch (1962a and b) was able to isolate the same compound from
plasma ultrafiltrate, it strongly inhibited hydroxyapatite precipitation
Previously the substance had been demonstrated in bone by Perkins and
Walker (1958) Its presence in human teeth was established by means of an
isotope dilution technique (Bisaz et al, 1968) Dentine contained 6 9 and
enamel 1 3 mg pyrophosphate
P'g total Ρ The higher pyrophosphate
content in dentine may be due to the fact that the apatite crystals in dentine
are smaller than in enamel and therefore have a higher surface/volume ratio
The plasma concentration of inorganic pyrophosphate is about 10"'' M.
the ultrafiltrate contains only about 1/3 of the plasma concentration This
very low concentration ol PPj is able to inhibit hydroxyapatite precipitation
strongly Because of these very low concentrations it is unlikely that the
inhibitor acts by complexing Ca 2+ ions There is, however, evidence showing
that the inhibitor can bind at the nucleating surface When pyrophosphate
was added to hydroxyapatite at an initial concentration of 2 χ ΙΟ"6 M, there
was a rapid and almost complete uptake of the compound by the crystal,
suggesting that the pyrophosphate was bound predominantly to the surface
or hydration layer of the apatite crystal, displacing orthophosphate (Fleisch
et al, 1966a, b) The crystal then appeared to be unable to induce precipita
tion from supersaturated solutions Crystals in equilibrium with physio
logical concentrations of inorganic pyrophosphate also show a lower solubil
ity Pyrophosphate thus appears to act as a kind of buffer around the
crystals impeding both their growth and their dissolution Inorganic pyro
phosphate also markedly increased the time required for transformation of
amorphous phosphate to crystalline apatite under various conditions (Fleisch
et al, 1968a)
There is evidence, showing that inorganic pyrophosphate may also be
attached to the e-amino groups of lysine in collagen During the spontaneous
conversion of active dentine collagen to the inactive type a disappearance of
reactive e-amino groups, measured by coupling with dinitrofluorobenzene,
was noted (Solomon and Neuman, I960) The active collagen had 80f/c
reactive e-amino groups, while the inactive collagen had only 50-60Vr Cartier
and Lanzetla (1961) found that 53'/r of the e-ammo groups were reactive
after 97f/ demineralization, while complete demineralization made an addi
tional 20-25^ of the amino groups available with the simultaneous release of
pyrophosphate The ratio of unmasked amino groups to pyrophosphate was
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2 : 1 , suggesting that one pyrophosphate molecule was bound to two amino
groups. Weinstock et al (1967) reported that inorganic pyrophosphate has a
very high affinity for reconstituted collagen. These data suggest that inor
ganic pyrophosphate inhibits the nucleating capacity of collagen by masking
the e-amino groups present.
In order for mineralization to occur in vivo two essential conditions thus
should be met: a nucleator like collagen or another fibrous protein should be
present and also a pyrophosphatase to remove the inhibitor inorganic pyro
phosphate. The alkaline phosphatase, known to be present in high activities
in mineralizing tissue, might serve to hydrolyse the inorganic pyrophos
phate.
It is interesting to know whether the alkaline phosphatase of mineralizing
tissues is indeed able to hydrolyse inorganic pyrophosphate. Dulce (1960)
showed that PPi can be hydrolyzed by an enzyme present in high concen
tration in mineralizing cartilage which he called inorganic pyrophosphatase
(PPi-ase). Evidence for the identity of PPj-ase activity with alkaline phos
phatase activity has been reported for Escherichia coli (Heppel et al, 1962),
human liver and intestine (Eaton and Moss, 1967; Moss et al, 1967) and calf
intestine (Fernley and Walker, 1966). In bone, Eaton and Moss (1968)
demonstrated an inorganic pyrophosphatase activity, which is part of the
alkaline phosphatase. However, Alcock and Shils (1969) did not find a direct
relationship between alkaline phosphatase and inorganic pyrophosphatase,
associated with mineralization in rat costal cartilage in vivo.
Since there is a high alkaline phosphatase activity in the developing
hamster molar (Nuki and Bo η ting, 1961), we decided to investigate whether
this tooth also inhibits inorganic pyrophosphatase activity and whether this
might be identical with the alkaline phosphatase.
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CHAPTER IV
MATERIALS EN METHODS

A. MATERIALS
In addition to the standard reagents the following compounds were used:
Tetra Sodium Diphosphate 4 H 2 0 (1)
Tris-Hydroxymethyl - Amino Methane (4)
2 Amino - 2 Methyl-Propanol (AMP) (2)
2 Amino - 2 Methyl-Propane 1.3 Diol (AMPD) (2)
L - Ascorbic Acid ( 1 )
L - Dehydro Ascorbic Acid (2)
L-Cysteine-HCl (1)
Disodium Ethane 1 - Hydroxy 1 -1 Diphosphonate (EHDP) (5)
Disodium Dichloromethane Diphosphonate (CI2MDP) (5)
Monosodium Methane Diphosphonate (MDP) (5)
Lanthanum-Chloride 7 H 2 0 (3)
Ethylene Diamine - Tetra Acetic Acid - Disodium Salt (EDTA) (1 )
(1)
(2)
(3)
(4)
(5)

E. Merck, A.G., Darmstadt, Germany
Fluka, A.G., Busch, S.C., Switzerland
British Drug Houses Ltd., Poole, England
Sigma Chemical Company, St. Louis, Missouri, U.S.A.
Were kindly supplied by Dr. M.D. Francis, Procter and Gamble Co.,
Cincinnati, Ohio, U.S.A., and by Henkel Company, G.m.b.H.,
Düsseldorf, Germany.

В. ANIMALS AND BIOCHEMICAL TECHNIQUES
1. Animals
The golden hamster was choosen as the experimental animal, because the
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developing molars of this animal are easy to dissect out. Most experiments
were carried out on 3-day old animals, because at this age the molars arc in
the early calcifying stage permitting easy dissection and collection of
material for enzyme assays. Animals ranging from 1-21 days were used fora
study of the development of the PPj-ase activity in relation to the amount of
calcium and phosphorus deposited in the molar.
2. Dissection and preparation of the molars
Upper molars of hamsters were removed from the jaw under a binocular
microscope (10 χ magnification) and homogenized in 100 vols water in a
Potter-tissue grinder at 0 o C. The homogenatcs were then lyophilized over
night at 20 o C and stored at the same temperature. The enzyme activities
were stable for at least one month under those conditions.
3. Quantitative histochemistry
a. Tissue preparation
Immediately upon removal from the body the tissue was placed on a thin
layer of a 5.0% (w/v) tragacanth gel in 0.85% NaCl (with one capsule
Mystecline Squib added per 500 ml), covering the top of a microtome
sample holder. It was then immersed in isopentane cooled by liquid nitrogen
and frozen rapidly.
Several sections, 16μ thick, were cut on a microtome in a cryostat (Dittes
Duspia, Heidelberg) at -20°C. The first and third section of every three cut
were placed in the numbered well of a section holder. The section holder was
inserted into a lyophilizing tube and the sections were freeze-dried overnight
in the cryostat at -20°C. The evacuated tube was stored in a freezer at
-20oC. These sections were later used for enzyme assays. The middle one of
every three adjacent sections was placed on a clean microscope slide, taken
out of the cryostat, and allowed to thaw by warming the underside of the
slide with a finger. The section was dried for 15 minutes in room air and
immediately placed in xylene. It was then treated with successively lower
alcohol concentrations and finally with water. The slide was then stained
with haematoxylin for 12-20 minutes, rinsed in tap water for 10 minutes and
counter-stained with 1% eosine solution for 3 minutes. It was then dehy
drated again using successively higher alcohol concentrations up to 100% and
reimmersed in xylene. The slide was then fixed in Permount.
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Fig. 11
Hydrolysis of p-NPP by homogenates of
3-day old hamster molars as a function of
incubation time.

η M Mg-"/Ι

Fig.12
Influence of Mg2*" on the p-NPP-ase acti
vity at three different substrate concen
trations

Fig 5
A Quartz fibre ultramicrobalance arrangement В Specimen holder С Diagram of 'fish
pole' balance
Explanation (1) tube housing quartz fibre, (2) glass closure, (3) steel spring to hold
course, (4) stereoscopic microscope body, (5) microscope stand with fine adjustment, (6)
adjustable stand for manipulation, (7) manipulator holding specimen holder with spring
clip, (8) specimen holder, (9) quartz fibre, (10) glass pan, (11) radioactive foil

33

b. Microdissection
The stained section was studied under a microscope with projection
viewer.
The various anatomical parts of the teeth were identified, the dentineenamel layer serving as a landmark. Then one of the two adjacent freezedried sections was placed on the stage of a binocular dissecting microscope
(40 χ magnification) and orientated with respect to the image of the stained
section seen on the projection viewer. The ameloblastic layer and stratum
intermedium which had been identified in the stained section were then
located in the adjacent lyophilized section, and each unit was dissected out
freehand with micro-scalpels. From 10 to 20 specimens of each layer of the
molar were dissected out in this manner.
с Weighing of the tissue fragments
Each of the dissected specimens was picked up from the stage of the
dissection microscope by means of a hair point and transferred to a specimen
holder consisting of a glass slide mounted on one end of a brass block (fig.5).
The specimen holder was then mounted on a manipulator, made from a
microscope mechanical stage (fig.5). The manipulator was used to load and
unload the balance pan, and was positioned on the left side of a horizontal
stereoscopic microscope which was used to observe all manipulations and to
read the displacement of the pan (fig.5). This microscope was fitted with a
vertical fine adjustment (fig.5) to facilitate the setting of the zero point. The
specimens were then weighed on a quartz fibre 'fish-pole' balance, which had
a sensitivity and reproducibility (fig.6) of 7.7 ngr/division and a useful range
of 10-100 ngr. The balance was calibrated with quinine hydrobromide
crystals, and the displacement of the quartz fibre was found to be linearly
related to the sample weight over the entire useful range (Bonting and
Mayron, 1961).
d. Ultramicro enzyme assay in the tissue fragments
For the enzyme assay each weighed specimen was inserted into a small
volume of substrate reagent contained in a micro test tube (internal diameter
3 mm). This was done under the dissection microscope using a fine glass
needle. The dissecting, weighing and insertion of tissue fragments into the
substrate were all performed in an airconditioned room maintained at a
temperature of 21 ± 3 0 C with relative humidity of less than 45%. The tubes
were then incubated at 37 0 C for one hour after which the colour reagent was
34

added. After development of the
colour, the absorption was read
to determine the amount of sub
strate metabolized during incuba
tion. The results were expressed
in moles of substrate meta
bolized per kilogram dry weight
per hour at 37 0 C In each case
the conditions used were those
found to be optimal for the
enzyme activity in tooth homo
genstes. Details are given in
section В 4.
4 Enzyme assays
a. Para-mtrophenylphosphatase
(p-NPP-ase) assay
For the determination of the
alkaline phosphatase activity, 3.4
Fig 6
μΐ of a 0.04% (dry wt./vol)
Calibration curve for a fishpole balance
homogenate was added to 60 μΐ
substrate medium containing 0 5 M 2-amino-2-methyl propanol-HCL (AMP)
buffer (pH = 9 5), 5 mM para-mtrophenylphosphate (p-NPP) and 5 mM
0
MgCl2 The mixture was incubated for one hour at 37 C in a water-bath.
The reaction was stopped by adding 3 ml 0.1 N NaOH and the extinction was
read at 410 nm against water in a Zeiss spectrophotometer Ρ M.Q II. Enzyme
blanks and suitable standards (60 and 120 nmoles paramtrophenol) were
included. The relative error in routine triplicate determinations was 0.7% (N
= 10).*)
b. Inorganic pyrophosphatase (ΡΡ,-ase) assay
For the determination of the PPpase 40 μΐ of a 0.02% (dry wt./vol)

*)

^
/ N ^ \. ( χ υ *)>7 , where х ч is the |th value in the j* 1 *
Σ χ. U J~' '~'
j=i 4
3
triplicate set, Xj is the mean of the jth triplicate set, N is the number of triplicate sets

Calculated as follows
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homogenate was added to 60 μΐ substrate medium containing 0.1 M TR1SHC1 buffer (pH 9.5), 3.3 mM N a 4 P 2 0 7 and 3.3 mM MgCl2. After incubation
for one hour at 37 0 C in a water bath the reaction was stopped by adding 0.2
ml 10% trichloroacetic acid (TCA). Orthophosphate was determined by
adding 0.3 ml of colour reagent, consisting of a molybdate-solution (1% w/v
NFVmolybdate) in 1.15 N H 2 S04), to which 80 mg/ml FeS0 4 was added
immediately before use (Sumner, 1944; Bonting et al, 1961). After 30
minutes the extinction at 700 nm was read.
The presence of excess inorganic pyrophosphate (PPj) interferes, since it
is easily hydrolysed in the strong acidic medium leading to high and steadily
increasing blank values. Previously two methods were devised to solve this
problem. Perkins and Walker (1958) removed the excçss PPi by precipitating
it with manganous chloride and centrifuging down the prec'pitate. Baginski
et al (1967) added a sodium arsenite-citrate solution immediately after
addition of the colour reagent. The arsenite forms a complex with the free
molybdate reagent, preventing it from reacting with any orthophosphate
appearing after addition of the colour reagent.
We developed a method (Wöltgens and Ahsmann, 1970) for the elimination of interference by PP,, which is simpler and more reliable than the
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Effect of Cu* on blank values of phosphate
determination in the presence of pyrophosPhate
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methods described above because
it does not involve any additional
manipulation during the assay and
is more reproducible. It is a simple
adaptation of the method of Bonting et al (1961 ), in which cupric
sulphate is added prior to addition
of the colour reagent in order to
form a complex with inorganic
pyrophosphate. The cupric pyrophosphate complex is very stable,
with a dissociation constant in
the order of 10" ' 4 (Mahler, 1961),
and is much less rapidly hydrolysed in the acid medium than is
the free PPj-ion.
^ 1 i l l u s t r a t e s ^ eff ect of
adding 0,2 ml 10% TCA Containing increasing amounts of CUSO4

2

3
4
PP, (mmole/l )

Fig.8
Influence of pyrophosphate on blank
values in phosphate determinations with
and without 0.44 mM orthophosphate

02

0.4

0.6

08
1.0
Ρ, (mmole/l )

Fig.9
Calibration curve of phosphate determina
tion in the presence of pyrophosphate

(0-20 mM) to 0.1 ml of the substrate medium with and without 3.3 mM
PPi, followed by addition of 0.3 ml molybdate-FeS04 colour reagent
and measurement of the absorbance at 700 nm. The substrate medium
contained 0.1 M TRIS (pH 8.7) 3.3 mM PPi and 3.3 mM MgCl2.
The colour reagent consisted of 400 mgFeS04.7H 2 О dissolved in 5 ml of 1%
ammonium molybdate in 1.15 N sulphuric acid. For Cu 2+ concentrations
above 2.4 mM (Cu2+/PPi ratio 1.5) the two lines ran parallel, indicating that
no appreciable hydrolysis of PPi took place in TCA in the presence of Cu 2+
This was true even if the colour reagent was added 60 minutes after the
addition of the TCA-CUSO4 solution. The increasing absorbance with in
creasing Cu 2+ concentration is due to the absorbance of Cu 2+ at 700 nm. The
constant difference in absorbance between the incubation medium with and
without 3.3 mM PPj is due to spontaneous hydrolysis of PP¡ prior to the
addition of TCA-CUSO4. In all further experiments the Cu2+ concentration
in the TCA-CUSO4 reagent was 5 mM.
When increasing amounts of PP; were added to the substrate medium the
absorbance for a constant amount of orthophosphate, after subtraction of
the blank value, was constant (fig.8). This proves that addition of Cu2+
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completely eliminates subsequent hydrolysis of ?P¡. It is, therefore, not
surprising that a linear calibration curve over a wide range of orthophosphate
concentrations was obtained in the presence of 3.3 mM PPj in the substrate
medium (fig.9). The blank absorbance was about 0.1 higher than in the
absence of Cu2+ and PP,. Thus we concluded that the addition of Cu2+ to a
medium containing PP,, in a Cu2+/?P¡ ratio of 1.5, or slightly higher, eliminates simply and reliably the interference of PP; in orthophosphate determinations. All determinations were carried out with blanks to correct for
non-enzymic substrate hydrolysis and with standards (44 and 88 nmol P).
The relative error in routine triplicate determinations was 1% (N = 10).*)
с Ultramicro enzyme assays
For the p-NPP-ase assay the sample obtained by the ultra microdissection
method was placed at the bottom of a dry microtube and 60 μΙ medium
containing the same components as described under a, were added. It was
incubated for one hour at 37 0 C and then 0.5 ml 0.1 N NaOH was added. The
extinction was read in microcuvettes at 410 nm as previously mentioned.
The relative error in routine triplicate determinations was 0.4% (N = 5).*)
For the PPj-ase determination 10 μΙ medium as mentioned above were
added to the sample dissected out by the microdissection method. After
incubation for one hour at 37 0 C 20 μΐ 10% TCA containing 5 mM Cu2* were
added, followed by 30 μΐ molybdate-FeS04 reagent. The extinction was read
at 700 nm in microcuvettes. The relative error in routine triplicate deter
minations was 1.87c (N = 5).*)
5. Other chemical determinations
a. Calcium and Phosphate
A sample of the lyophilized homogenate of the calcifying hamster molar
was extracted for one hour in a solution containing 5% (w/v) trichloroacetic
acid and 10% (w/v) acetic acid (Sparrow and Johnstone, 1964). In this
reagent solubilisation of calcium and phosphate from the samples was com
plete in 5 minutes after shaking on a vortex mixer.
Total phosphate in the molar was determined by adding 100 μΐ 15% (w/v)
TCA containing 30% (w/v) acetic acid to 100 μΐ 0.02% (w/v) homogenate.
After 1 hour the homogenate wascentrifuged at 2500 rpm and the phosphate
content of the extract was determined by adding 50 μΐ FeSC^-molybdate col*) Calculated as mentioned in the note on page 35.
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our reagent to 50 μΐ clear extract. A
calibration curve for phosphate was
determined by adding 50 μΐ colour
reagent to 50 μΐ of various phos
phate standards (0.06-0.3 mM) in
the TCA-acetic acid extraction me
dium. The extinction, read at 700
nm, was proportional to the con
centration of phosphate. The rela
tive error in routine triplicate de
terminations was 2.5% (N=11 ).*)
Total Ca in the calcifying ham
ster molars was determined by
adding 1 ml of 4% lanthanum chlo
ride 7 H 2 0 solution in the TCAacetic add extraction medium to
1 ml extract. The extinction was
read in a Perkin-Elmer atomic ab
Fig. 10
sorption spectrophotometer at 423
Effect of ЬаСІз on the interference of phos
nm. Lanthanum chloride was
phate on the Ca 2 * calibration curve
added in order to eliminate inter
ference of phosphate in the Ca determination. In order to find the best
concentration of LaCls, calibration curves of Ca in the presence and
absence of 0.5 mM phosphate were obtained by adding 2%, 5% and
8% LaClj 7 H 2 0 to the medium (fig. 10). It was concluded that phos
phate interference was completely eliminated by 2% LaC^ 7 H2O giving
maximal Ca absorption. This concentration was used in all further experi
ments. EDTA was not suitable for this purpose because it precipitates in the
acidic medium. The relative error in routine duplicate determinations was
1.7% (N = 6).**)

*) Calculated as mentioned in the note on page 35.
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**) Calculated as follows: Ν

I/

Ñ

\ N ¿ Δ X J, where XJ is the mean of the jth duplicate set,

Axj is the difference between the duplicates in the jth set, N is the number of
duplicate sets.
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b. Protein
The protein content of the lyophilised homogenates was determined
according to the method of Lowry et al (1951) To 0 2 ml properly diluted
samples 1.0 ml of an alkaline copper solution (in a mixture of 50 ml 2%
Na 2 C03 in 0 10 N NaOH and 1 ml 0 5% CuS0 4 5 H 2 0 in 1% Na-K-tartrate)
was added and the resulting solution was mixed After approximately 10 mm
0.10 ml of a diluted Folm-Ciocalteu phenol reagent was added and mixed
rapidly. After 30 minutes or longer the optical density was read at 500 nm in
a Zeiss spectrophotometer (P M.Q II). A calibration curve established with
bovine serum albumin was used to convert the readings into mg of protein
All determinations were carried out in duplicate The relative error in routine
duplicate determinations was 2.8% (N = 5).**)
6 Instrumental methods
a. High Voltage Free-Flowing Electrophoresis
In a free-flowing electrophoretic separator (Hannig, 1964) the electrode
compartments were filled with 0.25 M.TRIS-HC1 buffer pH 8 6 and the
separating compartment with a 1 8 solution of this buffer Separation was
performed at 2600 V with 80 mA current and a film speed of 50 cm/hr,
while the temperature was maintained at 4 0 C One ml 1% w/v homogenate
was added to the separating compartment during the one hour of separation
In the 50 collected fractions p-NPP-ase, ΡΡ,-ase activities and protein content
were determined as described before.
b. U.V. absorptionspectroscopy of ascorbic acid
Absorbance curves in the range 200-300 nm for 1 mM L-ascorbic acid
dissolved in the media normally used for the p-NPP-ase and ΡΡ,-ase assays
were recorded with a Beckmann DK-2 recording spectrophotometer.
The decrease in the absorbance of L-ascorbic acid at 266 nm with time
was followed in 0.1 M.TRIS-HC1 buffer (pH 7.5 and pH 9) in the presence or
absence of 3.3 mM p-NPP or PP, in a Zeiss Ρ M Q II spectrophotometer. The
pH of the medium was not affected by the addition of up to 5 mM Lascorbic acid

**) Calculated as mentioned in the second note on page 39
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CHAPTER V

PROPERTIES OF THE ALKALINE PHOSPHATASE
AND INORGANIC PYROPHOSPHATASE ACTIVITIES

A. INTRODUCTION
Whereas the distribution of the alkaline phosphatase in teeth has been
studied with staining histochemical techniques by Gomori (1943),
Bevelander and Johnson (1945), Greep et al (1948) and Symons (1955), and
with quantitative histochemical techniques by Nuki and Bonting (1961), the
properties of the enzyme have not yet been determined. Moreover, the
existence of the inorganic pyrophosphatase in mineralizing teeth has not
even been investigated. In bone Cerletti et al (1958) and Dulce (1960) have
demonstrated an inorganic pyrophosphatase activity. The identity of
inorganic pyrophosphatase and alkaline phosphatase has been demonstrated
by Eaton and Moss (1968) in human bone, Eaton and Moss (1967) in human
liver and intestine, and Femley and Walker (1966) for calf intestine.
Therefore, in this chapter the properties of the alkaline phosphatase are
reported and the existence and possible properties of the inorganic pyro
phosphatase are investigated.

B. MATERIALS AND METHODS
Lyophilized homogenates of the upper molars of three-day old hamsters
were used.
For the determination of the alkaline phosphatase activity the substrate
p-nitrophenylphosphate (p-NPP) was used. This substrate has the advantage
of giving a colored product, p-nitrophenol in alkaline medium, allowing both
termination of the enzymic hydrolysis as well as formation of a measurable
color through the addition of 0.1 N NaOH (Lowry et al, 1954). The details
of the alkaline phosphatase assay are described in Chapter IV В 4a.
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For the determination of the inorganic pyrophosphatase activity the
enzymic hydrolysis of inorganic pyrophosphate was followed by determining
the blue color of the reduced phosphomolybdic acid, formed by molybdic
acid, orthophosphate and FeS0 4 as reducing agent in acid medium. The
enzyme reaction was terminated by trichloroacetic acid (TCA). The addition
of Cu 2+ to the TCA solution prevented interference by non-enzymic hydro
lysis of excess inorganic pyrophosphate. The details of the inorganic pyro
phosphatase activity are described in Chapter IV В 4b.

С RESULTS
1. Properties of the p-NPP-ase
a. Activity versus time curve
An alkaline phosphatase activity of 24.5 mol/kg dry wt/hr was deter
mined in whole homogenates of molars of 3-day old hamsters. A linear
relationship between the incubation time and amount of substrate hydrolysed up to 70 minutes at 37 0 C was obtained under the circumstances
described in the foregoing Chapter (fig.ll). Consequently all further assays
were based on an incubation time of 60 minutes.
b. Effect of Mg2+
The effect of various bivalent cations on the alkaline phosphatase activity
is given in table II. None of these cations stimulated the activity, except for
Mg2+, which increased the activity by 8%.
2+
In further experiments the Mg concentration was varied from 0 to 10
mM at three different substrate concentrations: 2.5, 5 and 10 mM at pH 9.5
(fig.12). The slight increase in p-NPP-ase activity was maximal at 0.7-1 mM
Mg2+ for all three substrate concentrations, while the activity showed little
change at higher Mg2+ concentrations. In bone a fourfold activation of the
2+
p-NPP-ase activity by Mg was observed by Eaton and Moss (1968).
с Effect of pH
The tissue homogenate was incubated in the p-NPP-ase medium as
described in Chapter IV, with the only difference that the buffer was a
mixture of 0.5 M AMP (2 amino-2-methylpropanol) and 0.5 M AMPD (2
amino-2-methylpropane 1.3 diol) adjusted with HCl to various pH values.
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Fig. Π
Hydrolysis of p-NPP by homogenates of
3-day old hamster molars as a function of
incubation time.

Fig. 12
Influence of Mg on the p-NPP-ase acti
vity at three different substrate concen
trations
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Fig. 13
Influence of pH on the p-NPP-ase acti
vity. A mixed AMP-AMPD buffer (0.5 M
each) was adjusted with HCl to desired
pH values

Fig. 14
Hydrolysis of PPj-ase by homogenates of
3-day old hamster molars as a function of
incubation time
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Maximal activity was observed at pH 10 3 (fig.13) In bone an optimal pH of
9.4 was reported for alkaline phosphatase by Robison (1923) with glycero
phosphate as substrate
TABLE II
Effect of bivalent cations on p-NPP-ase and P P ^ s e activities in a hamster molar
Cation added (4 mM)

Mg
Ca

Mn
Fe
Co
Ni

Cu
Zn
Sr

Ba

p-NPP-ase
mol/kg dry wt/hr

PPrase
mol/kg dry wt/hr

24.5
26.3
21.2
22.3
16 2 *
24 7 *
24 0
23.3
1.3*
24 8
24.5

1 57
2 10
1.60*
1.16
0 62
1.07
031
0 37
0 29
1 49*
1.04*

* precipitate formed

2 Properties of the РР^че
a. Activity versus time curve
A PPi-ase activity of 2 1 mol/kg dry wt/hr was determined in the molars
of 3-day old hamsters. Linearity between the incubation time and substrate
0
hydrolysis was obtained up to 70 minutes at 37 C under the circumstances
described in the foregoing chapter (fig 14). Consequently all further assays
were based on an incubation time of 60 minutes.
b. Effect of Mg2+
The effect of different bivalent cations on the PP^ase activity is given in
2+
table II. None of these cations stimulated the activity, except for Mg ,
which increased the activity by 34%
The Mg2+ activation curve for the PP^ase activity at various substrate
concentrations is shown in fig 15. Maximal stimulation was found at a 1 1
molar ratio of P?! to Mg2+ at all substrate concentrations, while at higher
2+
ratios Mg became strongly inhibitory. Similar results were reported for pig
kidney (Butterworth, 1968) and Escherichia coli (Josse, 1966), while Mg2+
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stimulation was not found for calf
intestine (Femley and Walker, 1967)
and for liver and bone (Eaton and
Moss, 1967, 1968).
The PPj-ase activity in the ab
sence of added Mg2+ could be elimi
nated almost completely by adding
0 1 mM EDTA to the medium
(fig 16). The PPj-ase could be partly
restored by adding Mg2+ to the
medium (fig 17). However, it was
necessary to add more than 4 mM
Mg2+ to achieve this.
с Effect of pH
The tissue homogenate was incu
bated in the PP^ase medium as de
scribed in chapter IV, with the only
difference that the buffer was a mix
ture of 0 1 M TRIS and 0.1 M AMP,
adjusted with HCl to various pH val
ues The maximal activity was obT

1

Rgl9
Dependence of pH-optimum on sub
strate concentration for PP^ase activity

1

1

г

Fig 2 0

PPj-ase activity at varying pH ranging from 4 25 to 7.6 at three different Mg-concentraUons (0, 3 3 and 9 9 mM) A mixed TRIS-maleate buffer (0 1 M each) was adjusted with
HCl to desired pH values
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served at pH 8.7 (fig.18). For bone an optimal pH of 9-9.5 was reported by
Eaton and Moss (1968).
In view of a report in the literature on a dependency of the pH optimum
of PPj-ase in bone on substrate concentration, the assays were repeated at
PPj concentrations of 0.33, 1.65 and 3.3 mM at constant 3.3 mM Mg2+
concentrations (fig. 19). The decrease of the substrate concentration resulted
in a slight shift of the pH optimum from 8.5 to 8.0 which is in accordance
with the results of Tenehouse and Rasmussen (1968) for ascites tumor cells.
The existence of a neutral or acidic PPj-ase activity was investigated by
the use of a 0.1 M Tris-maleate buffer in a pH range pf 4.25 to 7.6. The
experiments were performed at Mg2+ concentrations of 0, 3.3 and 9.9 mM,
in order to include PP¡-ase activities either inhibited or stimulated by Mg2+.
No evidence of a neutral or acidic PPj-ase activity was observed (fig.20). This
is in contrast to bone, where an acidic PPf-ase activity was reported (Cedetti,
1958;Vatassery, 1970).

D. DISCUSSION AND CONCLUSION
A high alkaline phosphatase activity of 24.5 mol/kg dry wt/hrand a PP¡-ase
activity of 2.1 mol/kg dry wt/hr were determined in homogenates of molars
of 3-day old hamsters. The maximum activity for the p-NPP-ase was at pH
10.3, whereas the PPj-ase activity was optimal at pH 8.7. The rapid fall in
p-NPP-ase activity at more alkaline pH (fig. 13) may be due to formation of a
hydroxide of a metal ion activator as well as to alkaline denaturation of the
enzyme. A slight shift of the pH-optimum of the PPj-ase activity from pH
8.5 to 8.0 was observed upon lowering the PPj concentration from 3.3 to
0.33 mM, while maintaining the Mg2+ concentration at 3.3 mM. This would
mean that under physiological conditions the enzyme is maximally efficient
for the removal of very small amounts of PPj.
The absence of neutral or acidic PPj-ase activity, in contrast to the
findings for bone by Cerletti (1958) and Vatassery et al (1970) and in
cartilage by Alcock and Shils (1969), may be related to the fact that in teeth
no clastic cells occur like the osteoclasts in bone and the chondroclasts in
cartilage. These clastic cells are known to contain an acidic phosphatase
activity (Vaes, 1970).
There was considerable activity, both of the p-NPP-ase and PP¡-ase type,
in the absence of added Mg2+. The fact that adding 0.1 mM EDTA to the
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required to eliminate partially the
effect of only 0 1 mM EDTA (fig. 17) It seems therefore reasonable to
assume that a cation other than Mg24", perhaps Zn 2 + known from the litera
ture (Stadtmann, 1961) to be present m alkaline phosphatase, is responsible
for the enzyme activity This conclusion is strengthened by the discontinuity
between the EDTA inhibition curve and the Mg2+ stimulation curve (fig 21 )
The competition of Mg2+ with this metal ion for EDTA could than explain
the relatively high concentration of Mg2+ needed for partial restoration of
the PPj-ase activity In a similar manner the slight Mg2* activation of the
p-NPP-ase activity, which was independent of the substrate concentration
(fig 12), could then be explained by a stabilizing effect of Mg2+ on the
binding of the metal ion by the enzyme
In the case of the ΡΡ,-ase activity an additional role of Mg2+ seems to
follow from our observations For this ΡΡ,-ase activity maximal stimulation
was obtained at a Mg2+/substrate of 1 1, with substrate concentrations
varying from 0 8 to 3 3 mM The reduced activity at Mg2+/substrate ratios
higher than 1 suggests that the most suitable substrate for the ΡΡ,-ase activity
is Mg PP, 2 " (Mg2+/PP, ratio = 1 ) whereas the neutral salt Mg2 PP, (Mg^/PP,
ratio = 2), would appear to be a poor substrate Our results do not suggest
that the neutral MgîPPi complex is an inhibitor of the ΡΡ,-ase activity as
concluded by Josse (1966) for the E coli enzyme and by Butterworth (1968)
for the pig kidney enzyme. The absence of a decrease in activity by excess
Mg2+ in our p-NPP-ase assays (fig 12) seems to preclude an inhibiting effect
of this cation on the enzyme itself as suggested by Nayudu and Miles (1969).
The absence in the case of p-NPP-ase of a Mg2* activation dependent on
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the substrate concentration suggests that here Mg^-free p-NPP acts as
substrate In view of the identity of the two enzyme activities proven in the
next chapter, we are led to the conclusion, that the - O - P ^

group is

О
responsible for binding of the substrate to the active site The
p-mtrophenylgroup cannot be involved in this binding process The
enzyme-bound bivalent metal ion may influence the О atom in the P-O-C
link in p-mtrophenylphosphate, and thus lead to its hydrolysis Replacement
of the p-mtrophenylgroup by a phosphate group as in PPj leads to the
formation of a less suitable substrate, since the PPj-ase activity is only 1/10
of p-NPP-ase activity Apparently complexing with one Mg2+ ion brings
about the best configuration of the PPj-substrate molecule The lower
pH-optimum of the PP^ase activity compared to that of the p-NPP-ase
activity may also be related to the complexing of PP, with Mg2+ At
pH-values over 8 7 the increasing OH" concentration might interfere with the
formation of the Mg ?2 О? 2~-complex
The main conclusion reached in this chapter is that in the developing
hamster tooth there is present — in addition to the alkaline phosphatase
activity — an inorganic pyrophosphatase activity Though they differ in
pH-optimum and behavior towards Mg2+, it has been shown that these diffe
rences need not exclude the identity of the two activities In the next
chapter we report studies aimed at investigating whether the two activities
represent different enzyme species or one and the same enzyme
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CHAPTER VI

IDENTITY OF THE ALKALINE PHOSPHATASE
AND INORGANIC PYROPHOSPHATASE ACTIVITIES

A. INTRODUCTION
In the previous chapter the presence and properties of two phosphatase
activities in developing hamster teeth were desaibed. In this chapter we
describe various studies aimed at answering the question whether these two
activities represent two different enzyme species, or whether they are mani
festations of one and the same enzyme.
The occurrence of cross-inhibition by the two substrates was investigated.
The temperature-activity curves were determined for both activities. -The
distribution of the activities over sedimentable and supernatant fractions of
molar tissue were determined. Likewise their distribution over stratum inter
medium and ameloblasts was determined by means of the quantitative histochemical technique. Finally high-voltage free-flowing electrophoresis was
applied to the particulate matter of the tooth homogenate.

B. MATERIALS AND METHODS
All experiments were performed on lyophilized homogenate of upper molars
of three-day old hamsters as described in Chapter IV В 2.
The PPi-ase and p-NPP-ase assays for the temperature-activity curves, the
cross-inhibition curves, the centrifugation experiments and high-voltage freeflowing electrophoresis were performed as described in chapter IV В 4a and
b. The conditions for the high-voltage free-flowing electrophoresis frac
tionation are described in chapter IV В 6a. In these assays a common pH was
used in order to exclude pH effects on the assay results. The pH for the
temperature activity curves and for the cross-inhibition curves was 9.5, in the
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centrifuging experiments 8.9 and in the high-voltage free-flowing electro
phoresis 8.7. These pH values, all intermediate between the optima of the
two enzyme activitities, were chosen in such a way as to give approximately
equal readings in the two enzyme assays.

С RESULTS
1. Temperature-activity curves
The activities were assayed at pH 9.5 with 3.3 mM of both substrates.
The Mg2+/substrate ratio was kept constant at 1 : 1. Closely similar activity
curves were obtained (fig.22) with the same maximum of 38 0 C. This
maximum temperature is rather low for a mammalian enzyme. No values,
determined in comparable fashion for these two enzyme activities in other
tissues, could be found in the literature. The relatively long incubation
period (1 hr) and the alkaline pH of 9.5 would favour denaturation, which
could cause the low temperature maximum. The main point for us, however,
was the comparison of the temperature-activity curves for the two enzyme
activities. No clear difference in these curves was noticeable.
2. Competitive cross-inhibition by substrates
Identity of the two enzyme activities would require that the substrate for
the one would competitively inhibit the activity towards the other substrate.
Competitive inhibition of the p-NPP-ase by PP; (4 mM) at pH 9.5 and
constant Mg2+: substrate ratio could indeed be demonstrated (fig.23). Both
in the absence and presence of PPj v m a x was 60 moles per kg dry wt/hr. A
similar competitive inhibition of the ΡΡ,-ase by p-NPP (0.08 mM) at pH 9.5
and constant Mg2+ substrate ratio was found (fig.24). Here v m a x was 4 moles
per kg dry wt/hr. both in the absence and presence of p-NPP (fig.24). These
findings suggest that the two substrates p-NPP and PP, act on the same active
centre.
3. Distribution of activities in sedimentable and supernatant fractions
The whole homogenate was divided into a sediment and a supernatant
fraction by contrifugation at 36,000 g for 45 mins. Both enzyme activities
were determined in the two fractions at a pH of 8.9, intermediate between
the optima of the two enzyme activities. The activities were expressed in
0
moles substrate hydrolyzed per kg original dry weight per hour at 37 C. The
52

Ι

30

Ι

25

ι

+

ι

4mMPP l

-

/

о

-

ZÌO
L
Χ

/ /
/

-' 1 5

У "o PP|

•

о
E
•

//
'

05

/

/

5

Fig.23
Cross-inhibition of pNPP-ase activity by
2
PPi (4 mM). A constant p-NPP : Mg * ratio
( 1 : 1 ) was maintained at varying p-NPP
concentration and a medium pH of 9.S.

Fig.22
Influence of temperature on p-NPP-ase and
PPj-ase activities. Both activities were
assayed at pH 9.5 with the appropriate sub
2
strate in 3.3 mM concentration. The Mg * :
substrate ratio was kept constant at 1 : 1.

02

/*
• ООбтМр-НРРуГ

».4
»
S

y.

>
> 2

^

^>к>р-Г*РР

-

-

-

01

1

/i''"~V sed>ment

-

У

"0
t

**

.

^

1

'

'
6

,

75
10
VSÍmmol ρΝΡΡ"' I)

Ρ

/

s

Ν.

v_

дsupernatant

-

• < *

24
32
VS(mmol PP,"'. I )

Fig.24
Cross-inhibition of PP¡-ase activity by
p-NPP (0.08 mM). A constant PP¡ : Mg
ratio ( 1 : 1 ) was maintained at varying PP¡
concentration and a medium pH of 9.5.

pH

Fig.25
Influence of pH on PPj-ase activity in sediment and supernatant of lyophilized
homogenates. Sediment and supernatant
were obtained by centrifugation for 45
mins at 36,000 g.

53

ratio for the p-NPP-ase activity in the sediment and supernatant was 3.2
(S.E. 0.42, 6 determinations) and for the PP¡-ase activity 3.4 (S.E. 0.37, 6
determinations) (Table 111). These ratios are not significantly different ( P >
0.6).
TABLE III
p-NPP-ase and PPj-ase activities* in sediment and supernatant of homogenates of erupting
hamster molars
p-NPP-ase
sediment

supernatant

3.64
3.50
3.64
4.85
5.50
2.92

1.52
1.66
1.52
1.25
1.34
0.65

Average
SE

Ratio
sed./sup.
2.4
2.1
2.4
3.9
4.1
4.5
3.2
0.42

PPi-ase
sediment

supernatant

1.05
0.96
1.01
1.11
1.06
0.46

0.33
0.42
0.37
0.23
0.27
0.13

Ratio
sed./sup.
3.3
2.3
2.7
4.8
4.0
3.6
3.4
0.37

* Expressed in moles substrate hydrolyzed/kg original dry wt/h at 37 C. Sediment and
supernatant were obtained by centrifugation for 45 mins at 36.000 g. pH of assay
medium was 8.9.

The two activities were found predominantly in the sediment. This is in
agreement with the findings of Hekkelman and Herrmann Erlee (1968) for
the alkaline phosphatase of bone. On the other hand, Alcock and Shils
(1969) found in sheep cartilage a PPj-ase activity which was readily extractable. However, their PPj-ase activity possessed a pH optimum of 6.5. Therefore we determined the pH optima of the PPj-ase in the sedimentable and
soluble fractions. There was no difference between the pH optima of the two
fractions (fig.25), both being 8.7. This suggests that the PPj-ase activity in
the pellet and supernatant belong to the same enzyme, which differs from
the acidic PPj-ase activity, described by Alcock and Shils (1969).
4. Distribution of activities over ameloblast and stratum intermedium
Nuki and Bonting (1961) determined the distribution of the p-NPP-ase
activity in different cell layers of developing hamster teeth by micro dissection and ultramicro assay. In the stratum intermedium they found a very
high activity, in the ameloblasts a very low activity. We therefore adapted
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the p-NPP-ase and PPj-ase assay methods to the ultramicro scale suitable for
application to weighed microdissected specimens in order to compare both
enzyme activities in the stratum intermedium and in the ameloblastic layers.
TABLE IV
Ratio of p-NPP-ase and PPj-ase activities *) in Stratum Intermedium and Ameloblasts, as
obtained by microdissection of erupting hamster molars
Stratum intermedium (si.)

p-NPP-ase
PPj-ase

Ameloblasts (am.)

activity

SE

No of
determi
nations

activity

SE

No of
determi
nations

97.2
11.6

5.0
0.76

16
18

23.2
2.48

4.2
0.46

15
11

Ratio si./am.
ratio

SE

4.2
0.79
4.7
0.93
P>0.6

*) Activity expressed in moles substrate hydrolyzed per kg dry wt. per hour at 37 . SE =
standard error. Ρ = 2-tailed t-test.

Table IV shows the activities observed in ameloblasts and stratum inter
medium from 60 samples derived from one molar of one animal. A single
molar was used in order to exclude biological variation. All activities are
expressed in moles of substrate hydrolysed per kg dry weight per hour at
37 0 C. The ratio of the enzyme activities in ameloblasts and stratum inter
medium were 4.2 (S.E. 0.79) for p-NPP-ase and 4.7 (S.E. 0.93) for РР,-а5е.
These ratios are equal within the limits of experimental error (P > 0.6).
5. Distribution patterns of the enzyme activities in high-voltage free-flowing
electrophoresis
The centrifugation experiments described earlier in this chapter demon
strated that both enzyme activities are largely membrane-bound. Therefore,
high-voltage free-flowing electrophoresis (Hannig, 1964) was used to
fractionate the particulate material and determine the distribution of the
p-NPP-ase and PPj-ase activities in the fractions thus obtained. From 1 ml 1%
(w/v) homogenate 50 fractions were collected, in which protein was deter
mined by means of the Lowry method and p-NPP-ase and PPj-ase activities
by the methods described in chapter IV at an intermediate pH of 8.7.
Whereas the protein was found to be distributed fairly evenly over all
fractions, the two enzyme activities were present only in fractions 18-29
with maximal activity for each in fraction no.25 (fig.26a and b). Since the
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Distribution patterns of p-NPP-ase and PPi-ase activities (a) and of protein (b) as obtained
by high-voltage free-flowing electrophoresis. The pH of the assay media for the two
enzyme activities was 8.7.

protein content of fractions 18-29 represented only 22.7% of the protein
content of the whole homogenate, while the 36,000 g sediment contained
48.1% of the whole homogenate protein, the enzyme-containing fractions
represented only 46% of the particulate material present in these fractions.
Hence the occurrence of both enzyme activities in the same fractions cannot
be explained by assuming that all particulate matter had accumulated in
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these fractions The ratio of p-NPP-ase to PPj-ase activity under the peaks
was 3.2 1, which is in quantitative agreement with the ratio of 3.0 1 for
the activities in lyophihzed whole homogenate at pH 8.7.

D. DISCUSSION AND CONCLUSION
The results of all experiments reported in this chapter favour identity of
p-NPP-ase and ΡΡ,-ase activities. The arguments can be summarized as
follows.
1 ) the similarity of the temperature-activity curves and the equality of the
temperature maxima for the two activities;
2) the competitive cross-inhibition for the two enzyme activities and thersubstrates,
3) the ratio of membrane-bound to soluble enzyme activity is the same for
both activities,
4) the activity ratios between stratum intermedium and ameloblast cell
layers are equal for the two activities,
5) there is a coincidence of the enzyme activity peaks after fractionation of
a tooth homogenate by high-voltage free-flowing electrophoresis,
although only a minor part of the particulate material accumulates in this
fraction.
These findings taken together constitute strong evidence that the p-NPP-ase
and PP^ase activities in the hamster molar represent one and the same
enzyme. The enzyme is mainly membrane-bound. It has a high activity in the
stratum intermedium, a continuous layer of cells proximal to the ameloblasts, while the latter have a low activity. In this respect the suggestion of
Nuki and Bonting (1961) that this high alkaline phosphatase in the stratum
intermedium serves to keep away inhibitors of mineralization, could be
substantiated by us for it as well as for the inorganic pyrophosphatase
activity.
Evidence for the identity of the ΡΡ,-ase and alkaline phosphatase acti
vities has also been reported for Escherichia coli (Heppel et al, 1962), human
liver and intestine (Eaton and Moss, 1967; Moss et al, 1967), calf intestine
(Fernley and Walker, 1966) and human bone (Eaton and Moss, 1968).
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CHAPTER VII

RELATIONSHIP
BETWEEN INORGANIC PYROPHOSPHATASE ACTIVITY
AND THE MINERAL CONTENT OF DEVELOPING HAMSTER MOLARS
A INTRODUCTION
In the previous two chapters we have demonstrated the presence of an
inorganic pyrophosphatase in the developing hamster molar and the identity
of this enzyme with the alkaline phosphatase in this structure In order to
determine whether the enzyme plays a role in the mineralization process we
studied the change m the enzyme activity during development of the tooth
Simultaneously the calcium, phosphorus and protein contents were deter
mined
The first upper molar of 1- to 21-day old hamsters was used Since the
degree of mineralization at a certain age varied somewhat from animal to
animal we found the dry weight of the molar to be a better indicator of the
degree of mineralization development than the age of the animal Hence our
results are plotted against the dry weight of the molar

B. MATERIALS AND METHODS
Hamsters, 1 to 21 days old, were used in this study The first upper molars
were removed by dissection, lyophihzed m toto and weighed on a Cahn
electrobalance The dry weight ranged from 0 1 to 4 mg over the age span of
1—21 days The mineralization curve was divided into three intervals I, II
and III in such a manner that the interval boundaries were placed where the
largest distance between adjacent data points existed Calcium and phos
phorus were extracted from one tooth and determined by atomic absorption
spectroscopy and colonmetry, respectively The other tooth was homo
genized and used for the determination of ΡΡ,-ase activity and protein
content The detailed techniques are described in chapter IV
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С. RESULTS
In fig.27a the PPi-ase activity and the Ca and Ρ levels per tooth are shown as
a function of dry weight of the tooth. The lines shown are the best-fitting
flowing lines through the measuring points. The individual points are not
shown for the sake of clarity. In fig.27b the protein content per tooth has
been plotted in a similar way.
a

1

U

Ex

if

b

dry weight molar (m¿)

FiE.27a and b
Development curves for (a) Ca, Ρ and PPj-ase activity and (b) average protein levels in the
three age intervals, derived from the data in fig.28

For the statistical analysis the developmental period studied was divided
into three intervals: I. dry weight < 0.3 mg; II dry weight between 0.3 and 2
mg; III dry weight > 2 mg. Fig.28 shows all data points for the four para
meten determined: for Ca and Ρ in fig.28a, for PPj-ase in fig.28b, and for
protein in fig.28c.
Regression lines for the Ca and Ρ data were calculated for each of the
three intervals with the least square method, the slopes and intercepts being
given in table V. It is clear that the mineralization rate (slopes for Ca and P)
increases very greatly when entering interval II. Thereafter there appears to
60

30

30

fl£

20

3.Q.

- 10

10

¿•c

3 -

l—r

iS. 2 1 J

I

I

L

0.5 - I
.Ел

«8S

-H-

0.3 0.1
_1

I
I
L
3
4
d r y weight molar (mg)

Fig.28a, b and с
Dependence of calcium and phosphorus contents (a), ΡΡ,-ase activity (b) and protein
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ranged from 0.1 mgr to 4 mgr. For statistical analysis the teeth have been divided into
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be a slight decrease in the mineralization rate in interval III, which, however,
is not statistically significant. The Ca/P ratio decreased from 4 to 2 during
the developmental penod studied. There was a significant negative corre
lation between this ratio and the dry weight (Pearson's correlation coeffi
cient - 0.551, N = 39, P < 0 01).
TABLE V
Mineralization rate during development of the hamster tooth, expressed in regression lines
from calcium and phosphorus content on dry weight
Calcium
Inter
val

slope

I

1 61

Ρ

Phosphorus

rntersept

6 92

intersept

Ρ

- 0 06
0.001
0.5

0.8
- 3 02

8
0.001

- 1 25

3 87

-164

5.76

Ρ

0 74
0.05

0.7
III

slope

- 0 09
0.001

II

Ρ

Nr. of
deter
mina
tions

18
0.6

- 3 39

2.48

13

For the PPj-ase activity and protein content averages for each interval
were calculated, which are listed in table VI The mean PPj-ase activity rose
from a low value of 0 40 дтоІ/Ьг per tooth in interval I to a maximum of
2 45 Mmol/hr per tooth in interval II, which then dechned to an average of
1.79 μπιοΙ/ΙΐΓ in interval III. The protein content increased from a mean of
0.048 mg per tooth in interval I to averages of 0.24 and 0.36 mg per tooth
respectively in intervals II and III.
TABLE VI
Inorganic pyrophosphatase activity and protein content during development of the
hamster molar
Protein

PPi-ase
Age
interval

/iMol/hr
per tooth

Nr of
detns.

I

0.40

8

Ρ

Mg per
tooth

Nr.of
detns.

.048

3

.24

8

.36

7

0.001

0.001
11

2.45

18

III

1.79

13

0.04

0.02

Ρ = one-sided probability calculated by means of Student's t-test.
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D DISCUSSION AND CONCLUSION
To our knowledge a calcification curve for teeth as given in fig 27 has not
previously been reported for any species Calcium and phosphorus contents
of adult hamster molars have been published by Burnett (Lobene and
Burnett, 1954, Burnett and Zenewitz, 1957) Our values of 25% Ca and
12 5% Ρ for the 4 mg teeth come close to their values (30 9% Ca and 18% Ρ
for enamel, 21% Ca and 15% Ρ for dentine) As might be expected, we find a
regular increase in both Ca and Ρ content during development (fig 27) An as
yet unexplained phenomenon is our observation that the Ca/P ratio de
creases significantly from 4 in a 0 1 mg tooth to 2 in a 4 mg tooth The
theoretical Ca/P ratio for hydroxyapatite is 1 67 Apparently in the early
stages of mineralization an appreciable part of the Ca is bound to another
anion than phosphate and possibly is still located within the mineralizing
cells
The ΡΡ,-ase activity rapidly increased with increasing dry weight of the
molar to a maximum m the 1 6 mg stage, whereupon it decreased consider
ably to a more or less constant level in the 3-4 mg interval (fig 27a) When
comparing the change in PP^ase activity during development with the rate of
mineralization, an interesting fact appears The large increase in the mineral
ization rate at the start of interval II coincides with the greatest rise in the
ΡΡ,-ase activity (fig 28a and b and table V and VI) Thereafter both para
meters decrease This relationship between ΡΡ,-ase activity and mineraliza
tion rate appears to be specific, since the protem content reaches a maximum at
a later stage (2-2 5 mg dry wt) and then remains rather constant Table VI
shows that the averages for ΡΡ,-ase activity and protem content in intervals II
and III change significantly in opposite direction A similar correlation for
the mineralization of sheep costal cartilage and an acid inorganic pyro
phosphatase present in this tissue was observed by Alcock and Shils (1969)
The coinciding of the rapid onset of the mineralization process and a
peak in the ΡΡ,-ase activity lend further support to the assumption that the
PPi-ase plays a distinct role in the dental mineralization process
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CHAPTER

Ш

EFFECT OF LOW PHOSPHORUS DIET
ON TOOTH DEVELOPMENT AND ENZYME ACTIVITY

A INTRODUCTION
The effect of low calcium diets on mineralization has been studied by several
authors, but only few studies have been made of the effect of low phos
phorus diets Steenbock and Black (1925) and Querido (1935) observed the
effect of low phosphorus diets on bone formation, while Gaunt and Irving
(1940) did the same for tooth formation The discovery of the hormones
controlling calcium metabolism parathormone and calcitonin, has revived
the interest in the metabolism and influence of calcium Recently, Clark
(1969) has studied the effect of phosphorus depletion on the formation and
catabolism of bone
The influence of phosphorus deficient diets on tooth formation has, to
our knowledge, only been described by Ferguson and Hartles (1964, 1966)
for the continuously erupting rat incisor Even when keeping the adult rats
for a period of 20 weeks on the phosphorus deficient diet they could not
detect any difference in weight, but they did observe irregular and incom
plete formation of dentine
In this chapter the effect of a low phosphorus diet, administered to
17-day old hamsters, on the calcium, phosphorus and inorganic pyro
phosphatase levels in the developing third upper molar is described Ferguson
and Hartles (1964, 1966) found that in this period the influence of such a
diet was more pronounced than in adult animals
The determination ol the inorganic pyrophosphatase activity during phos
phorus depletion was of interest in view of a possible role of this enzyme in
mineralization through the removal of the inhibitor of this process, inorganic
pyrophosphate
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В. MATERIALS AND METHODS
Golden hamsters from the same litter, 17 days of age, were divided into
groups A and B. Both groups were maintained on a Steenbock low phos
phorus diet (table VII) for a further 17 days during which time the third
upper molar is formed (Gaunt, 1961 ). The diet for the experimental group A
contained 2.46 у Ρ per mg dry weight, whereas the diet for the control group
В contained 6.4 γ Ρ per mg food.
TABLE VII
Composition of the rachitogenic diet according to Steenbock. To the control diet 20 gr
Na2HP04 was added per kg food.
'Steenbock' rachitogenic diet
750 gr corn
200 gr wheat gluten
S mgr lysine
Ca/P ratio = 2.5

lOgrNaCl
20 gr C a a 2
24001.U. vitamin A

Control animals received the same diet, enriched with
20 gr Na 2 HPO4 per kg food
Ca/P ratio = 1

After 17 days on the diet the animals were sacrified and the molars were
removed under a dissecting microscope and immediately lyophilized during
two times 16-hrs. and stored at —20oC. Total phosphorus and calcium were
extracted by modification of Sparrow's method (1964) and determined as
described in chapter IV В 5a. The PPj-ase activity was also assayed as
described in chapter IV В 4b.
In these experiments the difference between the teeth of the hamsters
from one litter was greater than between the same molars from the right and
left side of the upper jaw ih one animal. Therefore the Student t-test could
only be applied to the mean of the results for two molars from one animal.
The calcium determinations were performed on two litters of animals under
exactly the same circumstances, since the statistical evaluation for one litter
gave equivocal results.
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С. RESULTS
For the control group (6 4 mg P/g diet) a dry weight per third molar of 1.68
mg could be determined, which was not significantly different from the
experimental group, kept on the same diet, but containing only 2.5 mg P/g
diet (P= 0.6) (table VIII).
TABLE VIII
Effect of the 'Steenbock' diet on the dry weight, amount of calcium and phosphorus in
the developing third molar
dry weight

control
group
experi
mental
group
Ρ

Calcium

Phosphorus

mg Ρ/
g diet

mg per
tooth

nr of
am
mali

mg per
tooth

mg/g
dry
weight

nr. of
ani
mals

mg per
tooth

mg/g
dry
weight

nr. of
ani
mals

6.4

1.68

5

0.589

312

10

0 193

115

5

2.5

1.64
0.6

5

0.508
0.04

282
0 005

11

0.195
0.9

119
0.55

5

However, the calcium contents in the teeth of the depleted animals were
significantly lower than for the others, both when expressed as mg per tooth
(P = 0.04) or as % dry weight (P = 0.005). The amount of calcium in the
molar of the control group was 0.58 mg/tooth, being 31.2% of the dry
weight, whereas for the experimental group a value of 0.508 mgr calcium/
tooth was determined, being 28.2% of the dry weight (table VIII).
No significant difference was found between the phosphorus contents per
molar m the two groups (table VIII). The third molar of the control group
contained 0.193 mg Ρ, being 11.5% of the dry weight, and the experimental
group 0.195 mg Ρ, being 11.9% of the dry weight.
Finally, the PP^ase activity in the phosphate deficient animals was signifi
cantly elevated (0.83 mol/kg dry wt/hr) with respect to the normal animals
with a PPi-ase activity of 0.59 mole/kg dry wt/hr (P < 0.001 ) (table IX).

D. DISCUSSION AND CONCLUSION
In agreement with the findings of Ferguson and Hartles (1966) no significant
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difference in dry weight of the molar resulted from the phosphorus-deficient
diet To our knowledge no determinations of the calcium and phosphorus
content of teeth m animals on a phosphate-deficient diet have been reported
Histological examination of the teeth under these conditions has been per
formed by Gaunt and Irving (1940) and Ferguson and Hartles (1966) They
found only small effects on tooth formation Our chemical examinations
gave similar results insofar as we observed no change in dry weight of the
teeth (table VIII)
TABLE IX
Effect of the 'Steenbock' diet on the inorganic pyrophosphatase activity in the devel
oping third molar
PPi-ase activity

mg P/diet

mol/kg/hr

nr of
animals

Control group

64

0 59

5

Expenmental group

25

0 83

S

Ρ

< 0 001

The effects of a phosphate-deficient diet are more pronounced in bone
than in teeth In the femur (Clark, 1969) and in the humerus (Ferguson and
Hartles, 1966) significant decreases in weight were observed With respect to
calcium, Hartles and Leaver (1962) found a significant lowering of the
calcium content from 24 5Vr to 19 8% in femur, similar to our findings in
teeth Surprisingly, for the rat femur, Clark (1969) reported a significant
elevation of the calcium content from 22 5Vr to 26rA after a P-deficient diet
By means of balance studies Clark (1969) and Coburn and Massry (1970)
demonstrated that rats receiving a phosphorus-deficient diet developed
hypercalcaerma and hypercalcuna In addition, Clark (1969) suggested that
the uptake of calcium in the gastro-intestinal tract was retarded These two
effects might explain the lowered calcium content m bone reported by
Hartles and Leaver (1962) and in teeth as observed in our experiments In
bone there is, in addition to the change in calcium content, a decrease in the
phosphorus content (Clark, 1969) This is in contrast to the absence of a
change in the phosphorus content of the teeth in our experiments In this
respect it is interesting to note that the phosphate-deficient diet results in
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more drastic histological effects m bone than in teeth (Ferguson and Hartles,
1966) This difference may be due to the absence of mineral-resorbing cells
in developing teeth like the osteoclasts in bone
Our most important finding is the significant increase of about 41% in the
inorganic pyrophosphatase activity in the animals on the phosphate-deficient
diet This finding in conjunction with the normal phosphate content in the
molars of these animals suggests an adaptive change in this enzyme activity,
which would lead to maximal utilization of the lowered supply of phosphorus for mineralization
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CHAPTER IX

INFLUENCE OF L-ASCORBIC ACID AND L-CYSTEINE
ON ALKALINE PHOSPHATASE
AND INORGANIC PYROPHOSPHATASE ACTIVITIES

A. INTRODUCTION
Ascorbic acid has a dual effect on mineralization. Deficiency of this sub
stance causes irregularities in the process (Fish and Harris, 1934). This is
apparently due to the role of L-ascorbic acid as a cofactor for proline hydro
xylase, which converts the proline in protocollagen to hydroxyproline
(Hutton et al, 1966). Thus a deficiency in ascorbic acid disrupts matrix
formation and secondarily calcification, particularly dentine formation
(Fullmer et al, 1962).
On the other hand, the presence of L-ascorbic acid in high concentration
(1 mM) inhibits in vitro calcification of embryonic cartilage of sheep (Cartier
and Picard, 1955). A similar effect occurred with L-cysteine (1 mM).
In view of the latter observation we decided to study the effect of
L-ascorbic acid and L-cysteine on the two phosphatase activities in the
developing hamster molar.

B. MATERIALS AND METHODS
Lyophilized homogenates of upper molars of three-day old hamsters were
used for these experiments. The PPj-ase assay was carried out as described in
chapter IV В 4b. The p-NPP-ase activity was determined under the same con
ditions with the only difference that 3.3 mM p-NPP was used as substrate
instead of РР,. Ascorbic acid, dehydro-ascorbic acid and cysteine were added
in weighed amounts to the medium immediately before the start of the
assay. The same was done for ascorbic acid in the experiments where the
absorbance at 266 nm was observed. The absorbance of L-ascorbic acid at
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266 nm as a function of
time was determined as
described
in
chapter
IV В 6b

С RESULTS

\o¿ molar cone ase cae d

Fig 29
Influence of ascorbic acid on p-NPP-ase and PPj-ase
activities at pH 8 9

Fig 30
Influence of pH on inhibition of PPj-ase activity by
L-ascorbic acid and L-dehydro-ascorbic acid
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The effects of L-ascorbic
acid on p-NPP-ase and
ΡΡ,-ase activities at pH
8 9 were studied by
adding this substance to
the assay media in con
centrations ranging from
ΐ σ 5 to ΐ σ 2 M The re
sulting curves (fig 29)
show that the p-NPP-ase
activity was only slightly
inhibited by the highest
concentrations, whereas
ΡΡ,-ase was mihibited
50% by 2 5 χ 1СГ5 Mand
75% by 1СГ3 M L-ascorbic acid The results
shown in fig 30 indicate
that
L-dehydroascorbic
acid has a similar inhib
itory effect on the PP,ase activity
It also
appears from this figure
that the inhibition of the
ΡΡ,-ase activity by these
two substances depends
on the pH At pH 7 5 the
inhibitory effects were
only slight, but they in
creased to 70% at pH 8 7

Fig.31
Influence of pH on inhibition of p-NPPase activity by L-ascorbic acid

Fig.32
Influence of pH on inhibition of PPj-ase
activity by L-cysteine ( 1 mM). A mixed
TRIS-AMP buffer (0.1 M each) was adjusted with HCl to the desired pH values.

In the case of the p-NPP-ase activity there was no inhibition by 1 mM
L-ascorbic acid in the pH-range 7.5 -9.8, while a maximal inhibition of 7%
was observed at pH 10.7 (fig.31).
L-Cysteine also inhibited the PPj-ase activity at more alkaline pH (fig.32).
Below pH 8 there was no inhibition, while at higher pH the inhibition
steadily increased to a maximal effect of 69% at pH 9.0. The effect of
L-cysteine on the p-NPP-ase activity resembled that on the PPi-ase activity
(fig.33). Below pH 8.8 there was little inhibition; above this pH the effect
rapidly increased to a maximum of 93% at pH 10.4.
Since we have previously demonstrated that the p-NPP-ase and PPj-ase
activities represent one and the same enzyme system, the marked difference
in inhibition of the two activities by ascorbic acid is rather surprising. This
led us to investigate whether the different behaviour towards L-ascorbic acid
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might be related to a different
interaction between this substance
and the two substrates.
The influence of PPj and p-NPP
on ascorbic acid was studied under
the same conditions normally used
in the p-NPP-ase and PP¡-ase assays.
The change in the absorbance at
266 nm, at which wavelength
ascorbic acid has a characteristic
absorption maximum, with time
was followed. The spontaneous

Fig.33
Influence of pH on inhibition of p-NPPase activity by L-cysteine (1 mM). A
mixed AMP-AMPD buffer (0.5 M each)
was adjusted with HCl to the desired pH
values.

decrease in absorbance at 266 nm,
due to oxidation of ascorbic acid
by dissolved, oxygen was accelerated by PPj but not by p-NPP at pH
7.5 (fig.34a) and pH 9 (fig.34b).
There was a certain parallelism
between the decrease in absorbance
and the previously observed enzyme inhibition. In the presence of
PPi. e2 6 6 decreased in 60 min at
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50

60

90
120
•ncubation time (mm)

Fig. 34a en b
Effect of p-NPP and PPj on oxidation of
L-ascorbic acid at pH 7.5 (a) and pH 9 (b)

pH 7.5 by 20% and at pH
9.0 by 41%, whüe the
PPj-ase activity at these
pH-values was inhibited
32% and 64% respectively. In the presence of
p-NPP e 2 6 6 did not decrease at pH 7.5 and 9.0
while the p-NPP-ase activity at these pH-values was
also not inhibited. The
inhibition of the PP¡-ase
activity by ascorbic acid
is of the non-competitive
type, as shown by the
equality of the KM values
and the difference in
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Fig.35
Inhibition of PPj-ase activity by L-ascorbic acid (20
μΜ) at pH 8.7, constant PPj : Mg* ratio (1 : 1) and
varying substrate concentration

v

max in the Lineweaver-Burke plots for the PPj-ase activity in the presence
and absence of L-ascorbic acid (fig.35).

D. DISCUSSION AND CONCLUSION
The main finding in this chapter is that the inhibitory effects of L-ascorbic
acid and L-cysteine on mineralization of cartilage in vitro (Cartier and
Picard, 1955) are paralleled by an inhibitory effect of these substances on
the PPj-ase activity. This is further support for the assumption that this
enzyme plays a direct role in the mineralization process.
Our observation that L-ascorbic acid has little effect on the p-NPP-ase
activity suggests that the substrate concerned in the role of PPj-ase in
mineralization is PPj, rather than an organic phosphate ester, supporting the
findings of Fleisch (1964).
The difference in the inhibitory effects of ascorbic acid on the two
enzyme activities, even though they are manifestations of a single enzyme,
can be explained by the difference in the effects of the substrates on the
interaction between ascorbic acid and enzyme. While p-NPP does not acceler
ate this interaction, PPj does accelerate it. The increase in inhibitory effect
of ascorbic acid on PPj-ase at increasing pH can be explained as a favoring of
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the interaction between ascorbic acid and the enzyme.
The observation that L-dehydroascorbic acid and L-cysteine also inhibit
ΡΡ,-ase activity suggests that the interaction of these inhibitors with the
enzyme molecule has the character of a redox reaction. It is known that
L-dehydroascorbic acid in solution is further oxidized under cleavage of the
carbon-chain between C2 and C3 (fig.36).
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Fig.36
Scheme for the oxidation of L-ascorbic acid

Since both L-ascorbic acid and L-dehydroascorbic acid are oxidizable, it is
not surprising that the percentage inhibition of PPj-ase activity was nearly
double the percentage of L-ascorbic acid oxidized. It also implies that both
the first and the second stage in the oxidation of ascorbic acid can interact
with the enzyme in a redox reaction.
There must be on the enzyme molecule a reducible group, which is
essential for its activity. The reduction of this group by ascorbic acid is
furthered by the presence of the substrate PPj, but not by the substrate
p-NPP. The non-competitive nature of the inhibition of the enzyme activity
by ascorbic acid is in agreement with this explanation.
The reduction of the reducible group on the enzyme molecule by
L-cysteine is apparently not influenced by the presence of either substrate.
In this reaction cysteine is oxidized to cystine (fig.37). The increased
inhibition by L-cysteine at alkaline pH is probably correlated by the favoring
of its oxidation by alkaline conditions.
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CHjSH
I
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Fig.37
Scheme for the oxidation of L-cysteine

The results reported in this chapter indicate that the inhibition of the
mineralization in vitro by ascorbic acid and cysteine is paralleled by an
inhibition of the PPj-ase activity by these substances. This finding adds
further support to the proposed function of this enzyme in the mineral
ization process (fig.38). In the next chapter the inhibition of the enzyme by
another group of substances, the diphosphonates, is considered.
2,3-diketogluconic acid
oxdlic acid
L-threon(c acid

* hydroxyapacite
—». activation
--·. Inhibition

Fig.38
Relationship between L-ascorbic acid, PPj-ase activity and mineralization
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CHAPTER Χ

INFLUENCE OF THREE DIPHOSPHONATES
ON THE INORGANIC PYROPHOSPHATASE ACTIVITY
A. INTRODUCTION
Inorganic pyrophosphate (PP;) is an inhibitor of calcification (Fleisch,
1964), which appears to inhibit not only the formation of hydroxyapatite
(Fleisch et al, 1966a) but also the dissolution of the crystal (Fleisch et al,
1966b). Francis (1969) was able to inhibit the formation of calcium
hydroxyapatite in vitro by structural analogues of inorganic pyrophosphate,
the diphosphonates disodium ethane-1-hydroxy 1-1 diphosphonate (EHDP)
and dichloromethanediphosphonate (CI2MDP). They appeared to be more
resistant to enzymic and chemical hydrolysis than PPj. A strong chemisorption of the diphosphonates to the micro-crystallites of hydroxyapatite
(Francis, 1969) was also found and believed to be a factor in their inhibition.
Not only the formation of hydroxyapatite was inhibited, but also the dis
solution of hydroxyapatite crystals. This was demonstrated by Fleisch et al
(1968a and b, 1969), who found that it was possible to block the resorption,
induced by parathyroid extract, of mouse calvaría in tissue culture by 1.6
μΜ EHDP in contrast to monophosphonates. This suggested that a P - C - P
bond is necessary, because monophosphonate which has only a single P—С
bond, was ineffective.
Whereas the effects of the diphosphonates on hydroxyapatite crystal
formation and dissolution have been studied extensively, few experiments
have been done on the effect of the diphosphonates on the inorganic pyro
phosphatase activity. Fleisch et al (1969) suggest that the diphosphonates
are resistant to chemical and enzymic hydrolysis, while Kjellström and
Bishop (1970) were unable to demonstrate an inhibitory effect of sodium
methane-diphosphonate (MDP) on inorganic pyrophosphatase activity.
The purpose of our experiments was therefore to determine the possible
effects of these diphosphonates on the PPj-ase activity in calcifying hamster
molars.
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В. MATERIALS AND METHODS
The assay medium contained 0.1 M TRIS (pH 8.7), 3.3 mM Ρ?! and 3.3 mM
Mg2+. The assays were performed as described in chapter IV В 4b. Three
diphosphonates *) were used (fig.39).
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Fig.39
Structural formulas of three diphosphonates
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Fig.40
Effect of three diphosphonates, EHDP, MDP and
C12MDP on the PPj-ase activity in homogenates of
3-day old hamster molars. The assay medium contained 0.1 M TRIS pH 8.7, 3.3 mM PP,, 3.3 mM MgCl2
and various concentrations
of diphosphonates
(10-2.10

z

M).

The
diphosphonates
EHDP, MDP and Cl2 MDP
were added in concentra
tions ranging from IO"8 2.1СГ2 M to the assay me
dium. Fig.40 shows the
effect of the three sub
stances on the PPj-ase ac
tivity. There was a little
difference between the
inhibiting effect of the
three diphosphonates.
Half-maximal inhibition
was obtained at about 1
mM for each of the three
diphosphonates. These
findings do not agree with
those of Kjellstrom and

*) Kindly supplied by Dr. M.D. Francis, Procter and Gamble Co. Cincinnati, Ohio U.S.A.,
and Henkel Company, Düsseldorf Germany.
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Inhibition of PPj-ase activity by MDP (0,
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Fig 44
Inhibition of PPrase activity by CI2MDP
(0, 0 83 and 1 65 mM) at varying Mg2*concentrations
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Bishop (1970), who were unable to find any effect of MDP on the PP^ase
2+
activity both in the presence and absence of Mg
The inhibition can be explained by a competition between PP, or its Mg
complex and the diphosphonate for the active site of the enzyme The effect
of EDTA in varying concentrations on the PPi-ase activity was studied in the
absence of added Mg2+ The ΡΡ,-ase activity was almost completely inhibited
by 1СГ4 M EDTA This inhibition could be reversed by adding 4 mM Mg2+ to
the assay medium (fig 17), suggesting that the PPpase activity is cation
dependent Thus the inhibition of the ΡΡ,-ase activity could also be the result
of removal of Mg2+ by the diphosplionates through complexation
Figs 41, 43 and 44 show the effect of increasing the Mg2+ concentration
from 0-10 mM on the ΡΡ,-ase activity in the absence or presence of various
concentrations of the three diphosphonates. No en/ymatic hydrolysis of the
latter substances was observed. There was, however, an inhibition of the
PP^ase activity, which was influenced by the Mg2+ concentration Whereas in
the absence of EHDP a maximal activity of the ΡΡ,-ase was observed at a
substrate/Mg2+ ratio of 1, in the presence of this inhibitor a minimal activity
was obtained at a (substrate + inhibitor)/Mg2+ ratio of 1. No clear minimum
in the ΡΡ,-ase activity could be determined in the presence of CI2 MDP and
MDP The inhibition by C12MDP could be eliminated completely and that of
EHDP and MDP nearly completely by increasing the Mg2+ concentration in
the medium to 10 mM (figs 41, 43, 44) A Lineweaver-Burke plot was
obtained for EHDP, indicating a competitive inhibition of the ΡΡ,-ase by the
Mg-EHDP complex with а Км = 1 mM and a Ki = 0 72 mM (fig 42)

С DISCUSSION AND CONCLUSION
An inhibition of the PPi-ase activity by EHDP, MDP and C12MDP in the
presence of Mg2+ was demonstrated in fig 40 In chapter V we reported that
in the absence of Mg2+ the PPi-ase activity could be almost completely
inhibited by 1СГ4 M EDTA The inhibition of the ΡΡ,-ase activity by the
diphosphonates could therefore be the result of their ability to complex
Mg2+. It could also be due to competitive inhibition since the diphos
phonates are structural analogues of PP, Finally, it could be the combined
result of both factors Francis (personal communication) demonstrated that
incubation with the diphosphonates can inactivate the enzyme, presumably
by effectively removing the metal ion activator The enzyme can be re82

activated by addition of Mg2+ afterwards. Therefore, he suggests that the
effect may not be a true competitive inhibition, whereas Russell apparently
observed competitive inhibition at diphosphonate concentrations equal to or
higher than the substrate concentration.
In order to resolve this discrepancy we determined the effect of Mg2+ on
the PPj-ase activity in the presence of various concentrations of the three
diphosphonates. In the case of EHDP a minimum in the activity curve of the
ΡΡ,-ase was observed at a (substrate + inhibitor)/Mg2+ ratio of 1 for two
different concentrations of EHDP (fig.41). This suggests that the effect of
this substance is more complicated than a mere removal of bivalent cations
through complex formation. In order to obtain more insight in this matter
we determined a Lineweaver-Burke plot at a PPj/Mg2+ ratio of 1 in the
absence and presence of EHDP, with extra Mg2+ added to give a (PPj +
EHDP)/Mg2+ ratio of 1. The resulting plot indicated a competitive inhibition
of the PPi-ase activity in the presence of the Mg - EHDP complex with а Км
= 1 mM and a Ki = 0.72 mM (fig.42). This suggests that EHDP inhibits the
PPj-ase by competition for the active site of its 1 : 1 Mg complex with the
1 : 1 Mg-pyrophosphate complex. The affinity of the enzyme for the
Mg-EHDP complex appears to be approximately the same as for^ the
Mg-pyrophosphate complex.
With CI2MDP and MDP no clear minima in the activity curve of PP¡-ase
were observed at a (substrate + inhibitor)/Mg2+ ratio of 1 (fig.43 and 44).
This suggests that in these two cases the PPj-ase activity is not inhibited by a
Mg-diphosphonate complex. The similarity in the curves showing activity as
a function of Mg2+ concentration for EDTA (fig. 17), C12MDP and MDP
suggests that the latter two substances inhibit the enzyme by their ability to
complex bivalent cations.
These findings suggest that in the case of EHDP the inhibiting effect
might result from removal of bivalent cations as well as from the competition of its Mg-complex with the Mg-pyrophosphate complex. This would
offer a reconciliation of the divergent results of Francis and Russell. The
inhibition through competition of the Mg-EHDP complex with the Mg-pyrophosphate complex suggests that the former complex is bound at the active
site of the enzyme, which would not be the case for CI2MDP and MDP. In
this connection it is noteworthy that EHDP carries a hydrophilic OH group
on the С atom in the P - C - P link, which is absent in C12MDP and MDP. The
P-C-P configuration in EHDP might thus be sufficiently similar to the
Ρ—Ο—Ρ link in pyrophosphate to permit binding at the active site of the
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enzyme. However, the similarity of the inhibition curves and of the p l s 0
values for the three diphosphonates (fig 40) suggest that the dominant factor
in the inhibition of the enzyme by these substances is their capacity for
complexmg bivalent cations
We noticed earlier the report by Kjellstrom and Bishop (1970) that they
were unable to find any inhibition of the diphosphonate MDP (5 mM) on a
microsomal Mg independent ΡΡ,-ase from rabbit liver, a soluble Mg depend
ent yeast PPi-ase and a soluble Mg independent Aspergillus PPi-ase It is
difficult to compare their negative findings with our results for calcifying
hamster molars, because in our case we are dealing with a PP^ase which is
both membrane-bound and Mg-dependent We find that the major factor m
diphosphonate inhibition is complexation with Mg2+ or another essential
bivalent cation, which can hardly be experted m their two Mg independent
PPi-ases. Their third PP^ase is a soluble enzyme from yeast and therefore
probably a quite different type of enzyme. Moreover, they used a 80 • 1 and
800 1 molar ratio of Mg Ρ?! and a 2 1 molar ratio of Mg MDP, which
in itself would minimize the chance of observing inhibition through Mg-complexation
Our finding that the PP^ase activity in the hamster molar is inhibited by
three diphosphonates suggests that these substances, in addition to inhibiting
hydroxyapatite crystallization directly, may also inhibit the mineralization
process in vivo through their effect on the PP^ase activity, by which they are
not hydrolyzed themselves
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SUMMARY

Although in dental mineralization amelogenesis is an ectodermal process,
while dentinogenesis is a mesodermal process, in both processes a high
alkaline phosphatase activity appears to be involved. The function of this
enzyme in the mineralization process has been variously interpreted.
Robison (1923) suggested that its function is to provide sufficient inorganic
phosphate locally through hydrolysis of organic phosphate esters so as to
exceed the solubility product of calcium phosphate, thus leading to precipitation of hydroxyapatite. Neuman and Neuman (1958) demonstrated that
this theory was untenable and suggested that the phosphatase activity served
to remove an inhibitor of the mineralization process. Evidence was obtained
by Fleisch ( 1964) indicating that inorganic pyrophosphate is the inhibitor of
mineralization. In bone an inorganic pyrophosphatase was detected, \frhich
appeared to be identical with the alkaline phosphatase.
Purpose of our studies was to determine whether an inorganic pyrophosphatase occurs in the calcifying molar, and if so, whether it would be
identical with the alkaline phosphatase known to be present. Once this had
been shown to be the case, various studies were carried out in order to test
the relationship between this enzyme and dental mineralization.
In Chapter I our current knowledge of the histology of the developing
molar is set forth. In Chapter II the biochemical aspects of the mineralization process are described, whereas in Chaptef III attention is centered on
the role of inorganic pyrophosphate in mineralization. The materials and
methods used in our experiments are described in Chapter IV.
In Chapter V the presence of an inorganic pyrophosphatase activity in
addition to an alkaline phosphatase activity is demonstrated in the developing hamster molar. The properties of the alkaline phosphatase and the
inorganic pyrophosphatase activities are determined and compared by means
of enzyme kinetic studies. The different behavior of the inorganic pyrophosphatase and the alkaline phosphatase towards Mg2+ supplied some
information with regard to the actual substrate structure in the two enzyme
activities: a MgP2 0 7 2" complex in the former and a Mg-free p-nitrophenyl85

phosphate ion in the latter case. Evidence for the involvement of a bivalent
cation other than Mg as a cofactor or activator of the enzyme was obtained.
The identity of these two enzyme activities is studied by several different
techniques in Chapter VI. Comparison of the temperature effect, the ratio of
activities in sediment and supernatant obtained in centrifugation exper
iments, the ratio of activities in stratum intermedium and ameloblasts
determined by microdissection studies and the distribution of activities after
high-voltage free-flowing electrophoresis all indicate that the two enzyme
activities belong to one and the same enzyme.
Chapter VII supplies evidence for a role of the inorganic pyrophosphatase
in dental mineralization from a correlative study of its activity and the
calcium, phosphorus and protein levels in the hamster molar in different
stages of development. The highest enzyme activity coincides with the
maximal rate of deposition of calcium phosphate. This cannot be an
aspecific growth effect, since the protein curve has a different shape. The
influence of a rachitogenic diet on the calcium and phosphorus levels and the
inorganic pyrophosphatase activity of the developing third molar is studied
in Chapter VIII. Although the mineralization was hardly affected, the phos
phate content remained unchanged and a slight decrease in the calcium
content occurred, there was an increase in the inorganic pyrophosphatase
activity. This suggests an adaptive increase of the enzyme responsible for
calcification.
Ascorbic acid, known as an inhibitor of mineralization in vitro, was
studied for its effect on the two enzyme activities in Chapter IX. In 1 mM
concentration it inhibited the inorganic pyrophosphatase by 75%, the alka
line phosphatase not at all at pH 8.9. The difference in its inhibiting effect
on the two activities appears to be due to different interactions between the
ascorbic acid and the two substrates. The inhibiting effect of ascorbic acid
on the enzyme seems to be due to an oxidative action on the active site,
which also appears from the inhibitory effect of L-cysteine on the two
enzyme activities.
In Chapter X the effect of three diphosphonates on the inorganic pyro
phosphatase activity is described. Diphosphonates are structural analogues of
pyrophosphate, in which the P-O-P bond is replaced by a P—C—Ρ bond.
For these compounds it has been shown that they inhibit hydroxyapatite
formation in vitro. All three diphosphonates were found to inhibit the
inorganic pyrophosphatase activity. In the case of the diphosphonate ethane
1-hydroxy 1-1 diphosphonate (EHDP) a competitive inhibition appears to
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exist between the Mg-EHDP complex and Mg-pyrophosphate complex for
the active site. For the other two diphosphonates the inhibition appears to
be caused primarily by the withdrawal of Mg2+ from the substrate through
complexing.

87

SAMENVATTING

Ofschoon bij de verkalking van een tand de vorming van het emaille een
ectodermaal en de vorming van het tandbeen een mesodermaal proces is,
blijken beide processen gepaard te gaan met een hoge alkalische fosfatase. De
functie van dit enzym bij de verkalking is op verschillende manieren geïnterpreteerd. Een oude theorie suggereerde dat de fosfatase diende om de
organische fosfaatesters te hydrolyseren, waardoor het niveau van het
anorganische fosfaat voldoende hoog zou worden voor het neerslaan van het
calciumfosfaat. Nadat bleek, dat deze theorie onhoudbaar was, werd de
functie van de fosfatase-activiteit meer gezocht in het verwijderen van een
remmer van het verkalkingsproces. Verschillende studies hebben aangetoond,
dat deze remmer het anorganisch ρyrofosfaat zou kunnen zijn, dat in staat
blijkt in zeer lage concentraties het verkalkingsproces te remmen. In het bot
kon een anorganisch pyrofosfatase worden bepaald, die identiek bleek te zijn
aan de alkalische fosfatase.
Doel van deze studie was te bepalen, of een anorganisch pyrofosfatase
voorkomt in de calciflcerende molar, en zo ja, of deze identiek is aan de
alkalische fosfatase, waarvan bekend was dat hij in mineraliserende hamstertanden aanwezig is. Bovendien werden de effecten op het enzym van een
rachitogeen dieet en van stoffen, waarvan bekend is dat zij de verkalking
kunnen beïnvloeden (L-ascorbinezuur, difosfonaten) bestudeerd.
In hoofdstuk I is de huidige kennis van de histologie van de zich ontwikkelende molaar weergegeven. In hoofdstuk II zijn de biochemische aspecten
van het verkalkingsproces beschreven, terwijl in hoofdstuk III speciale aandacht is besteed aan de rol van het anorganische pyrofosfaat bij de verkalking. De materialen en methoden, die in deze experimenten gebruikt zijn,
worden beschreven in hoofdstuk IV.
In hoofdstuk V is de aanwezigheid van een anorganische pyrofosfatase
naast een alkalische fosfatase aangetoond in zich ontwikkelende hamstermolaren. De eigenschappen van de alkalische fosfatase en de anorganische
pyrofosfatase-activiteiten zijn bepaald en vergeleken met behulp van enzymkinetische proeven. Het verschillend karakter van de anorganische pyro88

fosfatase en de alkalische fosfatase ten opzichte van Mg2+ gaf informatie over
de werkelijke structuur van het substraat: een MgP2O72"complex in het
eerste en een Mg-vrij p-nitrofenylfosfaation in het tweede geval. Bovendien
kon worden bewezen dat een ander bivalent kation dan Mg als cofactor of
activator van het enzyme betrokken moest zijn. De identiteit van deze twee
enzymactiviteiten is bestudeerd door middel van verschillende technieken en
beschreven in hoofdstuk VI. Vergelijking van temperatuurbeinvloeding, de
verhouding der activiteiten in sediment en supernatant verkregen in centrifugale scheiding van het homogenaat, de verhouding der activiteiten in het
stratum intermedium en ameloblasten verkregen door microdissectie en de
verdeling van de activiteiten na high-voltage free-flowing electroforese wijzen
er allen op, dat beide enzymactiviteiten behoren tot een en hetzelfde enzym.
Een argument voor een rol van de anorganische pyrofosfatase bij de
verkalking van de tand wordt in hoofdstuk VII afgeleid uit de correlering van
zijn activiteit met het calcium-, fosfor- en eiwitniveau bij de hamstermolaar
in verschillende ontwikkelingsstadia. De hoogste enzymactiviteit komt
overeen met maximale snelheid van de mineralisatie. Dit kan geen aspecifiek
groeieffect zijn, aangezien de eiwitcurve een verschillend verloop heeft. De
invloed van een rachitogeen dieet op de hoeveelheden calcium, fosfor en
anorganische pyrofosfatase-activiteit van de ontwikkelende derde molaar is
bestudeerd in hoofdstuk VIII. Hoewel de mate van mineralisatie nauwelijks
veranderde, de hoeveelheid fosfaat onveranderd bleef en een geringe daling in
het calciumgehalte optrad, nam de anorganische pyrofosfatase-activiteit toe.
Dit wijst op een adaptieve verhoging van het enzym, dat verantwoordelijk is
voor de verkalking.
Ascorbinezuur, dat bekend staat als remmer van de verkalking in vitro,
werd onderzocht op mogelijke beïnvloeding van de twee enzymactiviteiten in
hoofdstuk IX. Bij een concentratie van 1 mM remde deze stof de anorganische pyrofosfatase 75%, de paranitrofenylfosfatase nauwelijks bij pH 8.9.
Het verschil in remmende werking op beide activiteiten blijkt het gevolg te
zijn van verschillende interacties tussen het ascorbinezuur en de twee substraten. Het remmend effect van ascorbinezuur op het enzym schijnt te worden
veroorzaakt door een oxydatieve werking op het actieve centrum wat ook
blijkt uit de remmende werking van L-cysteine op de twee enzymactiviteiten.
In hoofdstuk X wordt de invloed van drie difosfonaten op de anorganische pyrofosfatase-activiteit beschreven. Difosfonaten zijn structurele
analogen van het pyrofosfaat, waarbij de P—O-P binding is vervangen door
een P—C-P binding. Van deze verbindingen was bekend, dat zij de vorming
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van hydroxyapatiet in vitro remmen. Alle drie fosfonaten bleken de anorganische pyrofosfatase-activiteit te remmen. Bij het difosfonaat ethaan
l-hydroxy 1-1 difosfonaat (EHDP) schijnt een competitieve remming te
bestaan tussen het Mg-EHDP complex en Mg-PPi complex ten opzichte van
het actieve centrum. Bij de twee andere difosfonaten schijnt de remming
hoofdzakelijk het gevolg te zijn van de onttrekking van Mg aan het substraat
door complexering.
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STELLINGEN

I
Dat in zich ontwikkelende hamstermolaren geen zure anorganische pyrofosfatase aantoonbaar is, kan het gevolg zijn van het ontbreken van elastische
cellen in dit weefsel
Dit proefschrift
II
Het difosfonaat EHDP toegediend in een orale dosis van 20 mgr/kg/dag
veroorzaakt veranderingen in het skelet die lijken op osteomalacic
Cabanela, M E , en Jowsey, J McLean Conference (1970)
III
Bij het therapeutisch gebruik van difosfonaten tegen bot- en tandafwijkingen
dient ook rekening te worden gehouden met mogelijke remmende werking
op de alkalische fosfatase
Dit proefschrift
IV
Het is niet ondenkbaar, dat het hormoon calcitomne bij de zalm de volume
homeostasis beïnvloedt bij overgang van zoet water naar zout water
Вц оеі, O L M , van der Sluys-Veer, J , de Vries, H , van Koppen, Α Τ J
(1971) New Engl J Med 284,681
V
De bacteriologische controle bij wortelkanaal-behandelingen is voor het
onderwijs van grote waarde en heeft in belangrijke mate bijgedragen tot een
beter inzicht in vele endodontische problemen
VI
Voor een adequate restauratieve tandheelkundige behandeling zijn rontgenbitewing opnamen onontbeerlijk

VII
Bij het leggen van meerdere amalgaamvullingen per dag is mechanische condensatie meestal beter dan hand condensa tie
Vili
Het bezit van een sanenngsverklarmg zoals gehanteerd in de sociale tandheelkundige praktijk houdt met in, dat de patient canesvnj is en geen chronische
ontstekingen aan de wortelpunten heeft
IX
De fysiologische betekenis van de invloed van insuline op het cyclisch
nucleotide-fosfodiesterase is aan twijfel onderhevig
Loten, E C , enSneyd.JGT (1970) Biochem J 120,187
X
De opvatting van Salen, dat een autoloog huidtransplantaat, waarmee een
trommelvliesperforatie wordt afgesloten, in het trommelvlies geïntegreerd
wordt met behoud van vitaliteit, grootte en eigenschappen, is aanvechtbaar
Salen, В Acta Otolaiyng Stockholm (1968) suppl 244
Reynen, С J H Proefschrift Nijmegen, 1970
XI
Het feit dat Enckson en Blatz altijd zuur moeten toevoegen om hun spec
trale verschuivingen teweeg te brengen, vermindert de waarde van hun
modellen als analoog voor rhodopsine
Enckson, J O , en Blatz, Ρ E Vision Res (1968) vol 8, 1367

XII
De door Bowdler en Chan gegeven verklaring van het tijd-afhankelijke lysisgedrag van humaan-erythrocyten in hypotone electrolyt-oplossingen is aan
vechtbaar
Bowdler, A J and Chan, Τ К (1969) J Physiol 201,437
XIII
De interpretatie van Bianchi et al aangaande onvolledige omzetting van een
albumine-hydrolysaat na arginasebehandelmg door urease is aanvechtbaar
Bianchi, R , Fonato, L , Mancini, Ρ , Mariani, G , Pilo, A en Vitek, F
(1970) in Plasma protein metabolism Acad Press, New York

XIV
Bij de huidige opleiding tot tandarts zal naast het oplossen van technische
problemen, meer de nadruk gelegd moeten worden op de specifieke wetenschappelijke aspecten van de tandheelkunde.
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