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The inhibitory properties of several compounds with respect to net  calcification and the 
4sCa2+ and the H3ePO 4 exchange reactions induced by calcified bovine tendon matr ix  have 
been investigated. The inhibition of both  reactions by methylenediphosphonate and a fraction 
derived from human  urine can be decreased by increasing the amount  of the bound mineral 
phase. Mg 2+ does not inhibit  the exchange reactions but  the inhibition of net  calcification by 
Mg-o+ can be reversed by increasing the concentration of Ca "~ of the soluble phase but  not by 
inorganic phosphate or by increasing the amount  of bound mineral. Phosphonoacetate  inhibits 
net  calcification but  not the exchange reactions and the inhibition is decreased neither by 
increasing the concentration of Ca 2+ or HPO4 2- nor by increasing the amount  of bound mineral. 
The inhibitory effects can be explained by their  interaction with the insoluble matrix,  al though 
the affinity is greater for methylene diphosphonate and the urine inhibitor than  for the other 
compounds. A polyfunctional heterogeneous catalytic mechanism for tendon matr ix  calcifica- 
lion is proposed. According to this scheme, matr ix  calcification is catalyzed by a urea-sensitive 
macromulecular assembly tha t  contains a minimum of three reactive sites. The first is a 
Mg-sensitive, Ca 2+-binding site tha t  facilitates the interactiun with HPO4-O= of the soluble 
phase to form a Ca-P complex at  a phosphonoacetate-sensitive second site. This Ca-P complex 
then reacts with a third matr ix  site for mineral phase initiation and crystal growth. The 
Ca-P aggregates present in the growth sites provide those mobile ions which participate in 
the 45Ca and -Ha2PO~ -o exchange reactions and which also consti tute the binding sites for 
methylenediphosphonate as well as the serum and urine calcification inhibitors. 
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Les propri6t6s d ' inhibit ion de la calcification r6ticulaire et  des r6actions d'6changes de 
H3~PO4 et 4~0a2+, induites par  la matrice calcifi6e de tendon de boeuf, ont 6t6 6tudi6es pour 
divers produits. L' inhibit ion des deux types de r6action, par  la m6thyl6nediphosphonate et 
une fraction d6rivde de l 'urine humaine peut  ~tre diminu~e en augmentan t  la proportion de 
la phase min6rale ti@. Mg ~+ n ' inhibe pas les r6actions d'6changes, mais l ' inhibition de la 
calcification r6ticulaire peut  6tre invers@ en augmentant  la concentration cn Ca 2+ de la phase 
soluble; mais une telle r6action ne peut  6tre obtenue ni par  le phosphate  inorganique, ni en 
augmentan t  la proportion du min6ral li6. Le phospbono-ac~tate inhibe la calcification r6ticu- 
laire, mais non les r~actions d'6changes, et l ' inhibition n 'es t  diminu6e ni en augmentant  la 
concentration en Ca 2+ ou HPOa 2-, ni en augmentan t  la proportion du min6ral li6. Les actions 
d ' inhibi t ion peuvcnt  s 'expliquer par  leur interaction avec la matrice insoluble, bien que 
l 'affinit6 pour le m~thylbnediphosphonate et  ] ' inhibiteur urinaire soit plus grande que pour 
les autres produits test6s. Un  m@anisme catalytique h6t6rog~ne et multifonctionnel est 
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propos6 pour la calcification matricielle du tendon. Selon ce m6canisme, la calcification 
matricielle est catalys6e par une entit6 macromol6culaire, sensible h l'ur6e, qui contient un 
minimum de trois r6gions actives. La premi6re est une r6gion sensible au Mg ct capable de se 
lier avec Ca 2+, qui facilite la r6action avec HP04 ~- de la phase soluble pour constituer un 
complexe Ca-P au niveau d'une deuxi6me r6gion sensible an phosphonoac6tate. Le complexe 
Ca-P r6agit ensuite avec nne troisi6me r6gion matricielle pour la formation de la phase 
min6rale et la croissance cristalline. Les agr6gats Ca-P, qui sont prdsents au niveau des r6gions 
en voie de croissance, fournissent les ions mobiles qui participent aux r6actions d'6changes 
45Ca et Ha~po4 ~- et qui constituent aussi les zones de liaison pour le m6thyl6nediphosphonate, 
ainsi que pour les inhibiteurs s6riques et urinaires de la calcification. 

Die Hemmeigenschaften von verschiedenen Substanzen in bezug auf effekte Verkalkung 
sowie die 45Ca2+ und Haepoa 2- Austauschreaktionen, hervorgerufen durch vcrkalkte Rinder- 
sehnenmatrix, wurden untersucht. Die Hemmung beider Reaktionen dutch Methylendiphos- 
phonat und durch eine aus mcnschlichem Urin gewonnene Fraktion kann bci ErhShung der 
Menge der gebundenen Mineralphase herabgesetzt werden. Mg 2+ hemmt die Austausch- 
reaktionen nicht; die Hemmung der effektiven Verkalkung durch Mg 2+ kann jedoch auf- 
gchoben werden, indem die Konzentration yon Ca ~+ in der 15slichen Phase erhSht wird; dies 
gilt nicht, wenn anorganisches Phosphat zugefiigt odcr die Menge des gebundenen Minerals 
erhSht wird. Phosphonoacetat hemmt die effektive Verkalkung, nicht aber die Austt~usch- 
reaktionen. Dabei wird die Hemmung weder dutch ErhShung der Konzentration von Ca 2+ 
oder HPO4 ~-, noch durch Erh5hung der Menge gebundenen Minerals vermindert. Die Hemm- 
wirkungen kSnnen durch ihre Wechselwirkung mit der unlSslichen Matrix erkli~rt werden, 
obwohl die Affinit/~t fiir Methylendiphosphonat und den Urin-Hemmk5rper grSfler ist als fiir 
die anderen Substanzen. Ein polyfunktioneller, heterogener, katalytischer Mecha~ismus fiir 
die Sehnenmatrixverkalkung wird vorgeschlagcn. Nach diesem Schema wird die Matrix- 
verkalkung durch einen Harnstoff-empfindlichen, makromolekul~ren Stoff katalysiert, der 
im Minimum drei aktive Zentren enth/ilt. Das erste ist ein Mg-empfindliches, Ca~+-bindendes 
Zentrum, welches das Zusammenwirken der 15slichen Phase mit HPO22- erleichtert, um einen 
Ca-P-Komplex an einem zweiten, Phosphonoacetat-empfindlichen Zentrum zu bilden. Dieser 
Ca-P-Komplex reagiert darauf mit einem dritten Zentrum auf der Matrix, um die Bildung der 
Mineralphase auszulSsen und das Kristallwachstum anzuregen. Die an den Wachstumsstellen 
vorliegenden Ca-P-Aggregate liefern jene mobilen Ionen, welche an den 4~Ca und Ha2po4e- Aus- 
tauschreaktionen teilnehmen; diese bilden auch die Bindungsstellen fiir Methylendiphosphonat 
sowie ffir die Serum- und Urinverkalkungshemmer. 

Introduction 

Previous studies have demonst ra ted  tha t  collagen-containing fibers derived 
from beef t endon  will induce the uptake  of calcium and phosphate from stable 
solutions. The result ing mineral  phase is ma t r ix -bound  and  is characterized by  a 
calcium to phosphate ratio of 1.5-1.8. Under  certain condit ions the calcified 
mat r ix  will give a positive yon  Kossa reaction (Thomas and  Tomita,  1967; 
Wadkins ,  1968; Je th i  et al., 1970). Jethi  et al. (1970)demons t ra ted  tha t  the cal- 
cified mat r ix  will part icipate in exchange reactions with 45Ca2+ or a~P-HPO42- of 
the soluble phase. The properties of these exchange reactions are similar to those 
described for synthet ic  hydroxyapa t i t e  (Weikel et al., 1954; N e u m a n  and  Neuman,  
1958; Pak  and  Bart ter ,  1967). 

Kinet ic  studies of the ne t  calcification and  exchange reactions revealed tha t  
both processes are s t imulated by increasing the amoun t  of bound  mineral  phase 
(Je thi  et al., 1970). On the other hand,  whereas both are inhibi ted by  an acidic 
fraction derived from serum and  urine and  by methylenediphosphonate ,  Mg 2+ 
and  F -  were found to inhib i t  only net  calcification. N e u m a n  and  Neuman  (1958) 
have proposed tha t  the two exchange reactions represent an interchange of 
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mobile surface ions of the mineral  phase with the corresponding radioactive ions 
of the soluble phase. Our results suggest t ha t  the acidic calcification inhibi tors  of 
serum and  urine as well as methylenediphosphonate  react with the bound mineral  
phase whereas Mg ~+ and  F -  block other sites of the catalytic ma t r ix  tha t  are 
involved in the overall calcification process bu t  are no t  involved in the exchange 
reactions. This postulated mode of action of mcthylenediphosphonatc  is compa- 
rable to tha t  proposed by  Fleisch et al. (1969) and  by Francis  et al. (1969). I t  
suggests tha t  the diphosphonate  compounds and  the sermn and  urine calcification 
inhibi tors  could funct ion by similar mechanisms. 

The present  communica t ion  provides addi t ional  kinetic evidence tha t  supports  
this hypothesis. I t  also demonstra tes  the existence of specific ma t r ix -bound  
calcium and calcium phosphate complexes tha t  could const i tute  intermediates  of 
the overall eMeifieation process. 

Methods 
The collagen-containing matrix employed in these studies was prepared by an adaptation 

of the method of Thomas and Tomita (1967) as described by Jethi et al. (1970). The calcifica- 
tion assay was carried out in a 25 ml reaction medium composed of 15 mM barbital buffer, 
pH 7.4, 100 mM NaCI, 1.2 mM potassium phosphate, 1.2 mM CaCI,~, and 50-200 mg dry weigilt 
of either unealcified or calcified matrix. The latter was prepared by incubating the desired 
amount of matrix in the above medium, except that the amounts of potassium phosphate and 
CaCI 2 were adjusted to produce the desired amount of bound mineral (ef. Jethi et al., 1970). 
Net calcification was determined by measuring the initial rate of Ca z+ disappearance from the 
soluble phase by atomic absorption speetrophotometry and of HPO4 z disappearance by ~he 
method of Fiske and SubbaRow (1925) as previously described (Wadkins, 1968). The 45()a2~ 
and a'2P-HPQ2- exchange refections were assayed as described by Jethi et al. (1970). Methylene- 
diphosphonate was obtained from the Miles laboratories and phosphonoaeetate was obtained 
from Bodman Chemicals, Inc. On the basis of thin layer silica gel chromatography and titra- 
tion, the purity of both compounds was estimated to be greater than 98%. The physiologieal 
calcification inhibitors employed in these studies were derived from human serum and urine 
by an a&tptation of the purification method described previously (Howard et al., 1967). 

Results 

Inhibi t ion o / M a t r i x  Calci/ication. The results presented in Fig. 1 demonst ra te  
tha t  the initial  rates of calcification induced by calcified and  uncalcified matrices 
arc depressed by addi t ion of Mg 2+ and methylenediphosphonate .  One impor t an t  
difference is tha t  whereas 0.2 mM Mg 2~ produced 50 % inhibi t ion  of the rate when 
either matr ix  was employed, 50 times more methylenediphosphonate  was required 
to inhibi t  calcification by 50% in the calcified mat r ix  than  was necessary to 
produce the same degree of inhibi t ion in the uncalcified matr ix.  

The possibility tha t  the potency of some calcification inhibi tors  depends on 
the extent  of matr ix  calcification while other inhibi tors  are not,  was invest igated 
and  the results are summarized in Table 1. Of the several compounds studied, it  
is apparent  tha t  Mg 2+, F - ,  and phosphonoacetate  are jus t  as effective with 
calcified, as well as uncalcified, mat r ix  whereas higher levels of methylenedi-  
phosphonate  and the acidic fractions derived from h u m a n  urine and serum are 
required to inhibi t  the calcified matr ix  50% as compared to uncalcified matr ix .  
Table 1 also demonstrates  tha t  those inhibi tors  tha t  are mineral-phase dependent  
are also potent  inhibitors of the ~aCa~+ and  a2p-HPO42- exchange reactions while 
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Fig. 1. Inhibi t ion of calcification of calcified and uncalcified matrix. All assays were carried 
out  as described in Methods above. Example  A contained 100 mg dry weight of matr ix  t ha t  
had not  been previously exposed to the calcification medium and example B contained 100 mg 
tha t  had been exposed to the s tandard calcification medium for 10 h during which t ime 
48 ~moles of Ca 2+ and 28 tzmoles Pi (inorganic phosphate) were removed from the soluble 

phase and bound to the matr ix  

Table 1. Inhibition o/ Net Calci]ication and Exchange 

Inhibi tor  Concentration required for 50% inhibition 

Net  calcification 

Uncalcified Calcified 
matr ix  matr ix  

4~Ca-Exchange 

Mg 2+ 0.2 mM 0.2 mM a 
F -  5" 10 .5 M 5.10 -5 M b 
Phosphonacetate  8" 10 .5 M 8-10 .5 M c 
Methylenediphosphonate 1.10 -8 M 5.10 -5 M 5.10 -5 M 
Urine inhibitor A d 0.2 ml 5.0 ml 5.0 ml 
Serum inhibitor  A d 0.5 ml 8.0 ml 8.0 ml 

The s tandard assay system described in Methods above was employed. For  these studies 
100 mg tendon matr ix  was used to which was bound 50 tzmoles of Ca 2+ and 30 ~moles of Pi. 

a No inhibition observed at  8 mM. 
b No inhibit ion observed at  1 mM. 
e No inhibition observed a t  1 mM. 
d Values indicate the volume-equivalent of unfract ionated human  serum or urine. 

t h o s e  t h a t  a r e  n o t  m i n e r a l - p h a s e  d e p e n d e n t  do  n o t  i n h i b i t  t h e  e x c h a n g e  r e a c t i o n s  

a t  e v e n  t e n - f o l d  h i g h e r  c o n c e n t r a t i o n s .  T h e  p r e s e n t  r e s u l t s  p r o v i d e  a d d i t i o n a l  

e v i d e n c e  t h a t  m e t h y l e n e d i p h o s p h o n a t e  a n d  t h e  s e r u m  a n d  u r i n e  i n h i b i t o r s  

i n f l u e n c e  n e t  c a l c i f i c a t i o n  a n d  t h e  e x c h a n g e  r e a c t i o n s  b y  i n t e r a c t i o n  w i t h  t h e  

m i n e r a l  p h a s e .  O n  t h e  o t h e r  h a n d  Mg 2+, F - ,  a n d  p h o s p h o n o a c e t a t e ,  w h i c h  do  n o t  

i n h i b i t  t h e  e x c h a n g e  r e a c t i o n s ,  a c t  a t  m a t r i x  s i tes  o u t s i d e  t h e  m i n e r a l  p h a s e  t h a t  

a re  i n v o l v e d  in  n e t  c a l c i f i c a t i o n  b u t  n o t  i n  t h e  e x c h a n g e  r e a c t i o n s .  
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Fig. 2. Percentage inhibition of calcification and the 45Ca~+-exchange with calcified matrix. 
The percentage inhibition of the initial reaction rate of net calcification and of the 45Ca2+-ex - 
change by several calcification inhibitors was determined as described in Fig. 1, in Methods 
above, and by Jethiet al. (1970). o - o  O net calcification with 5 X l0 -s M F ; �9 � 9 1 4 9  net 
calcification with 1.0 mM Mg 'a~q ; ~ E - !  net calcification with 5 X 10-6M methylenedi- 
phosphonate; x • x ~'~Ca-exehange with ,5 x 10 6M methylenediphosphonate; [] []-[] net 
calcification with 2 x 10 -4 M phosphonoaeetate; A A A net calcifieation with urine inhibitor 
A ~ 1.0 ml whole urine; A-A--A 4sCa exchange with urine inhibitor A ~ 1.0 ml whole urine 

Control o/ Inhibition. The effect of the level of the bound mineral  phase 
together with other reaction conditions were investigated.  As shown in Figs. 2A 
and 2B, when the amounts  of inhibi tor  and matr ix  were constant  bu t  the a m o u n t  
of bound mineral  increased, inhibi t ion of net  calcification as well as the ~5Ca2+ ex- 
change reaction decreased in the ease of methylenediphosphonate  and the urine 
inhibi tor  bu t  inhibi t ion of calcification by Mg 2+, F- ,  and phosphonoacetate  
remained the same. 

Table 2 suggests tha t  the inhibi t ion of net  calcification by Mg ~+ can be reversed 
by  increasing the soluble phase concentra t ion of Ca 2+ but  no t  of phosphate.  I n  
addit ion,  F inhibi t ion can be reversed by increasing the concentra t ion  of either 
calcium or phosphate,  whereas inhibi t ion  by phosphonoaeetate,  methylenedi-  
phosphonate and the urine inhibi tor  was no t  decreased by increasing the calcium 
or phosphate concentra t ion of the soluble phase. These results suggest tha t  the 
mat r ix  has a t  least three types of reactive sites involved in the calcification 
process. The first is a Ca 2+ binding site tha t  can be blocked by Mg ~+, the second 
is an in termediate  site tha t  is blocked by phosphonoaeetate  and  a thi rd  is related 
~o the developing mineral  phase. Growth sites or surface Ca-P aggregates of the 
mineral  phase could const i tute  the mobile ions tha t  part icipate in the 45Ca 2+ and  
a~p-HPO4~- exchange reaction. They might  also serve as b inding sites of methy-  
lenediphosphonate and of the serum calcification inhibitors.  

Interaction o/Inhibitors with the Catalytic Matrix. In  order to invest igate  the 
possibility tha t  these inhibi tors  might funct ion  by in terac t ion  with specific 
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Table 2. Reversal o/ Inhibition 

Exp. Reaction system Reactant concentration in soluble phase (~moles) 

Ca Pi Ca Pi Ca Pi Ca Pi 
42 43 85 43 51 40 51 80 

Rate of calcium uptake (m~moles/mg matrix/ 
15 rain) 

1 Control 81 160 70 128 
+ Mg 2+ (1.0 mM) 36 158 24 63 

2 Control 65 136 - -  104 
q - F -  (8 • 10-6 M) 35 134 - -  108 

3 Control 44 180 - -  94 
-~ Phosphonoacetate (8 • 10 -5 M) 20 70 - -  40 

4 Control 60 335 - -  220 
q- methylenediphosphonate 25 158 - -  100 
(5 • 10 -5 M) 

5 Control 45 218 - -  150 
q: urine fraction A~-  4 ml urine 6 40 - -  24 

Rate of 45Ca~+ exchange (m~zmoles/mg/15 rain) 

6 Control 49 60 - -  53 
q-urine fraction A~-~- 4 ml urine 17 24 - -  21 

7 Control 17 60 - -  19 
-}- phosphonoacetate (4 • 10 -4 M) 18 23 - -  19 

8 Control 35 40 - -  41 
-+- methylenediphosphonate 12 11 - -  8 
(5 • 10 -5 M) 

The rates of ion uptake were measured as described in Methods. The matrix employed 
in all experiments was 100 mg but Exp. 1, 2, 4, 6 and 8 contained 60 ~moles of bound 
Ca *+ and 33 ~moles bound Pi, and Exp. 3, 4, 7 contained 40 ~molcs bound Ca 2+ and 
27 ~moles bound Pi. 

c a t a l y t i c  s i tes  of t h e  m a t r i x  or  t h a t  t h e y  m i g h t  r e a c t  w i t h  complexes  of t h e  
r eac t i ng  ions  in t h e  soluble  phase ,  s tud ies  were  ca r r i ed  o u t  as desc r ibed  in  t h e  

p ro toco l s  in Tab les  3 a n d  4. Tab l e  3 shows  t h a t  t h e  i n h i b i t o r y  effects  of m e t h y -  

l e n e d i p h o s p h o n a t e  a n d  t h e  u r ine  i n h i b i t o r  a re  n o t  dec reased  b y  wash ing  inh ib i to r -  

t r e a t e d  samples  of t h e  calc i f ied m a t r i x .  On  t h e  o t h e r  hand ,  t he  i n h i b i t o r y  effects  

of p h o s p h o n o a c e t a t e ,  Mg ~+, a n d  F -  a re  r e v e r s e d  b y  washing .  T a b l e  4 shows t h a t  
t h e  r a t e  of n e t  ca lc i f i ca t ion  a n d  t h e  45Ca 2+ e x c h a n g e  r eac t i on  i nduced  by  t h e  

washed ,  i n h i b i t o r - t r e a t e d  m a t r i x  were  n o t  dec reased  w h e n  t h e  m a t r i x  was  

r e s u s p e n d e d  in  t h e  soluble  phase  d e r i v e d  f r o m  t h e  or ig ina l  i n c u b a t i o n  sys tem.  

Since  t h e  i n h i b i t o r  was  n o t  d e t e c t e d  in t h e  soluble  phase  no r  was i t  b o u n d  to  t h e  

w a s h e d  m a t r i x ,  i t  m u s t  h a v e  been  r e m o v e d  f r o m  t h e  m a t r i x  d u r i n g  t h e  w a s h i n g  

p rocedure .  F r o m  these  resul ts ,  we conc lude  t h a t  al l  of t h e  ca lc i f ica t ion  inh ib i to r s  
exert their influence after reacting with the calcified matrix and that Mg 2+, F-, 
and phosphonoacetate have a lower affinity for that matrix than do methylene- 
diphosphonate and the urine inhibitor. 
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Inhibi tor  Ca uptake  Pi uptake  45Ca2+ exchange 

% Inhibi t ion 

A B A B A B 

Methylenediphosphonate (1 • 10 -s M) 49 51 48 50 80 70 
Urine F r .A  4.0 ml urine 63 61 70 66 84 81 
Phosphonoacetate  (1.6 • 10 -4 M) 10 68 0 74 0 0 
Mg 2+ (0.2 mM) 8 48 0 47 0 0 
F -  (8 • 10 -5 M) 7 30 7 33 0 0 

Two samples of matr ix  of 100 mg each- -A and B- -were  incubated in s tandard  calci- 
fication medium containing 2.7 mM Ca 2+ and  2.3 mM Pi for 20 h. The amount  of mineral  
bound corresponded to 60 ~moles Ca 2+ and  38 t~m Pi. A was incubated with indicated 
amounts  of inhibitors for 1 h, B was incubated with the same volume of water. Bo th  
systems were filtered and  the  matr ix  washed two t imes with NaCl-barbital  buffer. Each 
matr ix  was then  suspended in the s tandard assay medium (cf. Methods) and  the rates of 
calcification and  exchange determined. During the lat ter  incubation, B contained the  
indicated amounts  of inhibitors. Percentage inhibition was est imated from the  values deter- 
mined above as compared to those derived from an i4entieally t reated mat r ix  which was 
not  exposed a t  any  t ime to inhibitors. 

Table 4. Inhibition o/ Calei/ication and Exchange 

Inhibi tor  Ca 2+ uptake  Pi uptake  45Ca2+ exchange 

% Inhibi t ion 

A B A B A B 

Phosphonoacetate  (1.6 • 10 -4 M) 12 74 17 76 0 0 
Mg 2+ (4 x 10 -4 M) 7 85 6 86 0 0 
F -  (8 x 10 -~ M) 0 26 0 30 0 0 

Two samples of m a t r i x - - A  and B- -o f  100 mg each were calcified as described in Table 3. 
Sample A was then  exposed to the indicated concentrat ion of inhibitors for one hour  and  
B was exposed to the same volume of water. Both  systems were then  filtered and the  
matr ix  from each was washed two times with the NaCl-barbital  buffer. The Ca 2+ and  Pi 
concentration of each original fi l trate (soluble reaction phase) was determined and  adjusted 
togive 2.0 mM Ca 2+ and 1.6 mM Pi. The amount  of inhibitors indicated above were added 
to fi l trate B. Both  filtrates were then  recombined with the corresponding washed mat r ix  
and  the rates of calcification and the 45Ca2+ exchange rates measured as described in 
Methods. Percentage inhibit ion was determined as described in Table 3. 

Direct Demonstration o/Extramineral Phase Calcium and Phosphate Binding 
Sites. I t  was  f r e q u e n t l y  o b s e r v e d  t h a t  w h e r e a s  e l e v a t e d  c o n c e n t r a t i o n s  of m e t h y -  

l e n e d i p h o s p h o n a t e  p r o d u c e d  a l m o s t  c o m p l e t e  i n h i b i t i o n  of t h e  45Ca2+ a n d  t h e  

3 2 p - H P 0 4 2 -  e x c h a n g e  r e a c t i o n s  of ca lc i f i ed  m a t r i x ,  m a x i m u m  i n h i b i t i o n  of t h e  

i n i t i a l  r e a c t i o n  r a t e  of n e t  c a l c i f i c a t i o n  w as  a l w a y s  less  t h a n  100% of t h e  c o n t r o l  

r e a c t i o n  r a t e .  T h e s e  f i n d i n g s  s u g g e s t e d  t h a t  m e t h y l e n e d i p h o s p h o n a t e - i n s e n s i t i v e  

b i n d i n g  of Ca  2+ a n d  H P 0 4 2 -  b y  t h e  m a t r i x  c a n  t a k e  p lace .  T h e  r e s u l t s  p r e s e n t e d  

i n  T a b l e  5 d e m o n s t r a t e  t h a t  a p r e v i o u s l y  ca lc i f i ed  m a t r i x  t r e a t e d  s u b s e q u e n t l y  

19 Calc. Tiss. Res., u 7 
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Table 5. Methylenedip]wsphonate-insensitive Ion Uptake 

Exp. Conditions Ion uptake (~Lmoles) 

~Ca2+ 82pi 

Complete 5.5 4.5 
Complete, not washed 0.2 0.2 
Minus Pi 2.5 0.2 
Plus phosphonoacetate (8 • 10 -4 M) 2.3 0.2 
Minus Pi plus phosphonoacetate (8 • 10 -4 M) 2.3 0.2 
Plus Mg ~+ (1.6 raM) 0.2 0.2 
Not treated with methylene-diphosphonate 30.0 19.0 
(1 h assay) 

100 mg tendon matrix was calcified under conditions resulting in 58 ~moles Ca 2+ and 
40 t~noles Pi bound. The calcified matrix was then incubated with 1.2 ~ Methylene- 
diphosphonate for 1 h, separated from soluble phase, washed with NaCl-barbital buffer 
and incubated in standard assay medium (cf. Methods) containing 45Ca2+-CaC12 (300000 epm) 
or 8sP-HP04- (300000 cpm) as indicated. Ion uptake was measured as the disappearance of 
radioactivity from soluble phase and by spectrophotemetric methods described previously (Wad- 
kins, 1968). For all assays (Exp. 1-6), ion uptake was measured at 6 min, 30 min, 1 h and 
20 h and the same values as those presented above were obtained. Exp. 7 shows that the 
incubation and washing procedure did not alter normal calcification ability. 

with methylenediphosphonate and washed to remove loosely-bound ions will bind 
an additional 55 ~moles of Ca 2+ and 45 ~moles of phosphate per g of matrix when 
incubated in the standard reaction system (Exp. 1). The amount of methylene- 
diphosphonate employed was sufficient to completely inhibit the 45Ca~+ and 
a~P-HP042- exchange reactions. No incorporation was detected when the washing 
step was omitted (Exp. 2) indicating that  the matrix binding sites detected in 
Exp. 1 were already associated with unlabeled ions which did not exchange with 
the labeled ions of the soluble phase during the subsequent incubation. 

The ratio of the calcium to phosphate bound in Exp. 1 is somewhat greater 
than 1.0 but is consistently lower than the 1.5-1.8 observed for net calcification 
in the absence of methylenediphosphonate {Exp. 7). Furthermore, the uptake of 
calcium and phosphate demonstrated in Exp. 1 is almost complete within 5 min. 
These facts suggest that  the ion uptake of Exp. 1 is not due to incomplete 
inhibition of mineral phase accretion or of the exchange reactions by the bound 
methylenediphosphonate, but is more likely due to ion binding at other reactive 
matrix sites. 

Exp. 3 of Table 5 indicates that  in the absence of added HP042-, no 32p HPO4~- 
was bound to the matrix and that  the amount of bound Ca 2+ was reduced by 
approximately 60 %. These results suggest that  the calcium bound during Exp. 1 
consists of two components--a phosphate-dependent and a phosphate-independ- 
ent component. Exp. 4 and 5 demonstrate that  phosphate binding and the 
phosphate-dependent binding of Ca 2+ are prevented by the addition of phosphono- 
acetate. Furthermore, both Ca 2+ components as wen as phosphate binding are 
prevented by Mg 2+ (Exp. 6). I t  is important to note that  the concentrations of 
Mg 2+ and phosphonoacetate employed here are those that  also produce complete 
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Fig. 3. Methylenediphosphonate-insensitive calcimn and phosphate binding by calcified 
matrix. The indicated amounts of calcified matrix containing 38 ~moles Ca 2+ and 24 ~moles Pi 
were each treated with 1.0 mM methylenediphosphonate, washed twice with l~aCl-barbital 
buffer and then exposed to the standard reaction medium as described in Methods above 
containing 100000 cpm 4~Ca, or a~P-H1)04 ~- and incubated for 20 h at 30 ~ Aliquots of soluble 
phase were removed at 0, 10, 20, and 60 rain and at 20 h, and the ion uptake determined from 
disappearance of radioactivity. The net uptake of Ca 2+ from the medium was also measured 
by atomic absorption spectrophotometry (Wadkins, 1968). Net uptake by both methods was 
identical at all time periods studied. Under these conditions, after treatment with 1 mM 
methylenediphosphonate, exchange activity was not detectable. �9169169 net Ca 2+ uptake 
minus Mg2+; o - o - o  net Pi uptake minus Mg2+; [~-[z-[3 net Ca 2+ uptake plus 0.2 mM MgZ+; 

B-m-m net Pi uptake plus 0.2 mM Mg 2+ 

inh ib i t ion  of Ca ~+ and  HP042-  in to  the  b o u n d  minera l  phase  (cf. Table  1). The  
resul ts  p resen ted  in Fig.  3 demons t r a t e  t h a t  the  a m o u n t  of calcium and  phospha t e  
b o u n d  as descr ibed in Exp .  1 of Table  5 is p ropor t iona l  to  the  a m o u n t  of t e n d o n  
m a t r i x  employed.  Several  exper iments  have  shown t h a t  the  m a x i m u m  ion u p t a k e  
under  these  condi t ions  corresponds to 55-65 ~moles of Ca 2+ and  35-45 ~moles of 
phospha t e  per  g d r y  weight  of ma t r ix .  Of t h a t  a m o u n t  of Ca 2+ up take ,  approx-  
i m a t e l y  60 % is phospha t e -dependen t  and  the  r ema inde r  is phospha t e - independen t .  

The  resul ts  p resen ted  in Fig.  3 also show t h a t  the  me thy l ened iphosphona t e -  
insensi t ive  b inding  of Ca 2+ and  HP042-  is inh ib i t ed  b y  a p p r o x i m a t e l y  50 % over  
t he  ent i re  range of t endon  m a t r i x  b y  the  concen t ra t ion  of Mg 2+ t h a t  also inh ib i t s  
t he  ra te  of ne t  calcif icat ion b y  50 %. This  f inding a d d e d  to the  effects no t ed  wi th  
phosphonoace ta t e  (cf. Tables  1 and  5) s t rong ly  suggest  t h a t  the  m a t r i x - b o u n d  
calcium phospha te  complexes descr ibed here could be in t e rmed ia te s  in the  overa l l  
calcif icat ion process.  

Discuss ion  

The studies  descr ibed above  suggest  t h a t  the  calcif icat ion process  ca t a lyzed  
b y  the  bovine  t endon  m a t r i x  is inh ib i ted  b y  a group of compounds  t h a t  can be  
categor ized into  th ree  general  classes. Class 1 consists of those  agents  t h a t  
inh ib i t  ne t  calcif icat ion b u t  no t  the  45CaZ+, nor  the  z2P-HPOaZ-, exchange react ions .  
This  class includes Mg 2+ and F - .  Their  i nh ib i t o ry  effects can be reversed  b y  

19" 
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increasing the concentration of Ca 2+ or HPOa 2- in the soluble phase but  are not 
decreased by  increasing the amount  of the matr ix-bound mineral phase. Class 2, 
represented by  substances such as phosphonoacetie acid, inhibits net calcification 
but  neither exchange reaction. I t s  inhibitory effect is not reversed by  increasing 
the concentration of Ca 2+ or HPOa 2- in the soluble phase nor by  increasing the 
amount  of the matr ix-bound mineral phase. Class 3 comprises methylenedi- 
phosphonate and the urine calcification inhibitors (cf. Methods). These substances 
do inhibit the two exchange reactions as well as net calcification and their 
inhibitory effects can be decreased by  increasing the amount  of the matr ix  bound 
mineral phase but  not by  increasing the Ca 2+ or HPOa ~- concentration of the 
soluble phase. 

From the data presented here (cf. Tables 3 and 4) we conclude that  all of these 
substances inhibit net  calcification--and the two exchange reactions for Class 3 - -  
by interaction with the catalytic matr ix  and not by  formation of unreactive 
soluble complexes of calcium phosphate. The data do show tha t  Class 1 and 2 
inhibitors have a lower affinity for the matrix than do those of Class 3. However, 
the differential inhibitory properties suggest tha t  these substances react a t  
different sites in the calcified matr ix  and tha t  the overall calcification process 
could be a multi-step process. Accordingly, the heterogeneous phase transforma- 
tion mediated by the tendon matr ix  might consist of the interaction of ionic 
calcium with a specific Ca ~+ binding site of the matrix,  which would then facilitate 
the interaction of inorganic phosphate to produce a matr ix  bound Ca-P complex 
tha t  would ult imately be incorporated into the mineral phase bound at  a third 
matr ix  site. 

Kinetic studies described in a previous communication (Jethi et al., 1970) 
suggest a linear increase of the initial reaction rates of net HP042- uptake and of 
the 45Caa- and the a~P-HP042- exchange reactions as the amount  of bound mineral 
was increased while the amount  of tendon matr ix  was held constant. The initial 
rate of Ca 2+ uptake did increase at  lower levels but  tended to approach a limiting 
value at  higher levels of bound mineral. These results indicate the involvement of 
a matr ix  binding site outside the mineral phase for Ca ~+ tha t  is rate limiting in the 
calcification process a t  higher levels of the mineral phase and is not involved in 
the ~sCaa+ exchange reaction. The present data  demonstrate tha t  the inhibition of 
calcification by  Mg 2+ can be reversed by  increasing the Ca 2+ concentration of the 
soluble phase but  cannot be reversed by  increasing the phosphate concentration. 
These data provide additional support  for a catalytic matr ix  site with divalent 
cation specificity. Fluoride inhibition, on the other hand, can be reversed by  
increasing the concentration of either Ca 2+ or HP042-. The precise mechanism of 
fluoride inhibition is not readily apparent,  but  since the concentration of fluoride 
tha t  inhibits 50 % is only 1% tha t  of Ca 2+ and HP04 ~- of the reaction medium, 
and fluoride appears to inhibit by  interaction with the catalytic matrix,  i t  is 
possible tha t  fluoride reacts reversibly to form a soluble calcium fluoride phosphate 
complex which might inhibit a functional matr ix  site. 

Previous studies reported tha t  uncalcified matr ix  does not induce the 4sCa~+ 
and 32p-HPOa2- exchange reactions, whereas calcified matr ix  does (Jethi  et al., 
1970). The increase of the initial reaction rate of net calcification, as well as both  
exchange reactions, as the amount  of mineral phase was increased was interpreted 
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as an increased number  of crystal growth sites of the mineral phase which under 
the conditions were rate limiting for both exchange and net calcification. The 
studies described here (cf. Table 1 and Figs. 1 and 2) demonstrate  tha t  the degree 
of inhibition of net calcification and exchange by  Class 3 compounds is greater 
when the level of the mineral matr ix  is low. In  fact, the inhibition of both 
reactions by methylenediphosphonate can be alleviated completely by increasing 
the amount  of the bound mineral phase. We have interpreted these results to 
mean tha t  the Class 3 inhibitors react with a bound Ca-P aggregate that  con- 
stitutes the postulated growth sites of the bound mineral phase and thereby 
decreases the rate of net calcification as well as the two exchange reactions. Thus, 
at constant levels of methylenediphosphonate as well as of the urine calcification 
inhibitor, a greater extent of inhibition would be expected with lower amounts 
of the bound mineral phase than with greater amounts.  The ability of these 
substances to depress the rate of calcification by  previously unealcified matr ix  
could mean that  small amounts of Ca-P aggregates or nuclei are already present 
at  the matr ix  mineral phase growth site. Another possibility is tha t  in the presence 
of the inhibitor, the calcification process does occur until the bound Ca-P aggregate 
which reacts with the inhibitor is formed at  the mineral phase binding site and 
tha t  subsequent growth of tha t  aggregate is depressed. In  this case the amount  
of Ca 2+ and HP042- present in the aggregate would be small compared to the 
amount  bound to the mineral phase matr ix  site of the uninhibited system. 

The inhibition produced by  phosphonoaeetate is distinctive because it is 
reversed neither by  increasing the Ca ~+ or HP042- concentration of the soluble 
phase, nor by increasing the amount  of the bound mineral phase. According to 
the concept developed here, phosphonoaeetate does not react with the cationic 
site because Ca 2+ does not reverse its effect, nor does phosphonoacetate react 
with the mineral site since it does not influence the asCa 2+ and a2p-HP042- exchange 
reactions. We suggest therefore that  this inhibitor reacts with a matr ix  site 
different from the two described above. The function of that postulated s i temight  
be to produce a calcium phosphate complex tha t  eventually interacts with the 
mineral phase bound at  the third site. 

This suggested mode of action of phosphonoacetate receives additional 
support  from the data presented in Table 5 and Fig. 3. These results show that  
the calcified matr ix  tha t  had been treated with sufficient methylenediphosphonate 
to inhibit the net growth of the mineral phase as well as both exchange reactions 
and then washed to remove adventitious Ca 2+ and I-IP042- will bind an additional, 
but small, amount  of Ca ~+ and HPOa 2-. Approximately two-thirds of that  Ca 2+ 
uptake is Hpo42--dependent and is approximately the same on a molar basis as 
the amount  of HP042- bound. The uptake of both kinds of bound Ca 2- (i.e., 
phosphate-dependent and phosphate-independent) was inhibited by the concentra- 
tion of Mg ~+ that  also inhibits net calcification. Phosphonoacetate,  on the other 
hand, prevented the uptake of only the phosphate-dependent form of bound Ca 2+ 
as well as the uptake of HP042-. The concentration of phosphonoacetate effective 
in this case also corresponds to that  which inhibits net calcification. The data 
presented in Fig. 3 demonstrates that  the methylenediphosphonate-insensitive 
Ca 2+ uptake is proportional to the amount  of matr ix  employed and corresponds 
to approximately 60 ~zmoles/g of matrix. From the results presented in Table 5, 
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i t  appears tha t  the Mg2+-sensitive site will bind approximately 20 ~m Ca 2+ and 
no HPO~ 2-, whereas the phosphonoacetate-sensitive site will bind approximately 
40 ~moles of Ca 2+, and 40 ~moles of HP042-, per g of matrix. The ability of 
Mg 2+ to prevent Ca 2+ and HP042- uptake a t  both sites at  concentrations tha t  will 
also inhibit net calcification is consistent with an obligatory mechanism of 
calcification taking place in sequence at  reactive sites. Similarly, the ability of 
phosphonoacetate to prevent Ca 2+ and HP042- uptake at  the second site postulated 
above as well as net calcification supports the concept tha t  a Ca-P complex 
constitutes an intermediate of the overall calcification process. 

Phosphonoacetate and methylenediphosphonate possess similar chemical 
structures. Both compounds would be expected to exist in anionic forms a t  
p H  7.5, although the diphosphonate probably has a higher net negative charge. 
Models of both compounds indicate tha t  the linear distance between charge 
centers could be as much as 2-3 A longer for the diphosphonate. These considera- 
tions suggest remarkable steric and/or ionic requirements of the reactive sites of 
the catalytic matrix. 

The calcification model proposed here, consisting of a linear sequence of three 
obligatory steps in the formation of a matr ix-bound mineral phase is comparable 
in principle to polyfunctional heterogeneous catalysis characterized by minimal 
desorption of intermediates (Thomas and Thomas, 1967). I t  differs from a single 
nucleation-growth site model involving the construction of the apati te lattice 
by  the stepwise addition of individual ions to a single nucleation site followed by  
crystal growth in  si tu.  I t  is not readily apparent  how the data presented here 
could be rationalized in terms of the single site model. 

The basic utility of the multi-step model proposed here is tha t  it allows for 
the differential effects of the several calcification inhibitors and the existence of 
the demonstrated matr ix-bound Ca ~+ and calcium phosphate complexes as well 
as the marked efficiency tha t  characterizes this catalytic substrate. As pointed 
out earlier (Jethi et al., 1970) the tendon matr ix  employed in these studies will 
induce the formation of a bound mineral phase tha t  in several respects resembles 
apatite,  from solutions whose (Ca 2+) x (HP042-) product is as low as 0.5-1.0 toNI ~. 
This value is lower than tha t  reported for serum as well as the fluid phase ambient 
to the calcifying sites of epiphyseal cartilage (Howell et al., 1968) and considerably 
lower than tha t  required for apati te formation in the absence of an inducing 
substrate (Solomons and Neuman, 1960). Thus, the involvement of specific matrix 
sites tha t  could achieve the selective formation and binding of critical inter- 
mediates as well as binding of the mineral phase product could provide a con- 
siderable entropic advantage to the system. 
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