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T h e  b r e a k d o w n  o f  a d e n o s i n e  a n d  i n o s i n e  n u c l c o t i d e s  a n d  n u c l e o s i d e s  h a v e  b e e n  s t  t i d i e d  

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

d i a p h y s e a l  c o m p a c t  b o n e  a n d  p e r i o s t e u m ,  l ) e p h o s p h o r y l ~ t  i n g ,  d c a m  i n a t i n g ,  a l n i n a t i n g  

a n d  a d e n y l a t e - k i n a s e  a c t i v i t i e s  h a v e  b e e n  d e m o n s t r a t e d .  

~NTROI}UCTION 

M u c h  a t t e n t i o n  has  r e c e n t . y  b e e n  g i v e n  to  the  role of  A T P  in b o n e  f o r m a t i o n ,  l ' h e  
e n z y m e  m e c h a n i s m  r e s p o n s i b l e  for  this  p h e n o m e n o n .  ]lox~ ever ,  is n o t  d e a r .  S u g g e s t e d  

A b b r e v i a t i o n s :  A T P ,  a d e n o s i n e t r ~ p h o s t } h a t e  : A D I ' ,  a{1on~Jsi ,~ediphosphate;  A31P, xxmsclB 
i ldeny l i c  a c id  ; .kS ,  a d e n o - ~ i n e  : Ad, a d e n i n e  ; I T P, in~ Js inea" iph,~sphate  : I D P ,  i n o s i n e d i p l m ~ p h a t e  ; 
I M P ,  i n o s i n e m o n o p h o s p h a t e ;  IS, int~Mnc. 

R e [ e m n c e s  p .  545.  
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react ion pa t t e rns  involve  e i ther  a t r ansphosphory l a t i on  be tween  A T P  and  an 
unident if ied aeceptorX, ~ or the  spl i t t ing of the  p y r o p h o s p h a t e  g roup  f rom ATP,  the  
deposi t ion of pyrophosph~t*e and  its subsequen t  t r ans fo rma t ion  in to  o r t h o p h o s p h a t e  3. 
Nei ther  of these hypo theses  has so far  been subs t an t i a t ed  b y  di rect  evidence.  

In a previous  paper  the  py rophospha ta se s  of bone have  been s tud ied  't. In  the  
present  paper  the enzymic  act ivi t ies  leading to  the  b reakdown  of A T P  ar.~i I T P  in the  
different  par tz  of the  bone at  physiological  p H  are  described.  

E X P E R I M ~ 2 N T A L  
Ho~noge~ate preparation 

Six dist inct ,  his tological ly un i fo rm frac t ions  were p repared  f rom lamb ' s  me t a -  
t a r sum as descr ibed in deta i l  elsewhere 4. x g of each fract ion was homogenized  in a 
mor t a r  in the presence of 5 ml of wa te r  and  t races  of qua r t z  sand. The  vo lume of 
the homogena te  was made  up  to  24 ml with water .  Since wet  car t i lage and  bone 
have  an app rox ima te ly  equa l  non-pro te in  con ten t  (75 %s  and  79 %6 respect ively) ,  
compar i son  of the  homogena tes  on tile wet  weight  basis was considered sufficiently 
accurate .  In  some exper imen t s  th in  slices of known weight  were p repa red  from each 
f rac t ion and  used w i t hou t  being h~mogenized;  tile results  were in all cases ident ical  
to those ob ta ined  wi th  homogenates .  

3laterials and methods 

The incuba t ion  m ed i um was as follows: 0.5 ml o.I  ~I  t r i s ( h y d r o x y m e t h y l ) a m i n o  
me tha ne  buffer  p H  7-3, 0.4 mt homogena te ,  o.I  ml o.oo5 a~l MgCI~, 1.5 mg subs t ra t e  
in o . I5  ml H~O. Controls were m ade  w i thou t  the  addi t ion  of the  e n z y m e  or the  
subs t ra te .  

E a c h  f rac t ion was incuba ted  wi th  the  following subs t ra tes :  ch roma tog raph i ca l l y  
pure sodium salt  of adenos ine t r iphosphor ie  acid (ATPNa2) and  d iphosphor ie  acid 
(ADPNa~) (Sigma Chem. Corp,) ; AMP (Schwarz) ; AS (Light  and  Co.) ; ITP .  I D P  and  
I M P  (CalifoaTtia Founda t i on  for  Biochem.  Research) ;  IS (Fluke) .  

I ncuba t ion  was carr ied ou t  at  38° for  8 rain with c o n s t a n t  ag i ta t ion  and  the  
reac t ion  was s topped  by  hea t ing  a t  ioo°  for 4 min,  The  p H  was cont ro l led  before  and  
a f te r  incubat ion .  The  react ion mix tu res  were cen t r i fuged  a n d  0.03 ml of the  superna-  
t e n t  fluid was ana lyzed  according to  CERLETTI ~t at. ~. "~Vhere a sharper  separa t ion  
of AMP from IS was required,  b id imensional  c h r o m a t o g r a p h y  was employed ;  the  
first solvent  was: ~ , -p ropano l -wa te r - ioo  % t r ichloroacet ic  a c i d - N H a  475 : r e :  5 :o.5) ; 
the  second solvent  was: n - p r o p a n o l - b u t a n o l - w a t e r - c o n e .  NFI z (36 : 30: 24: IO). 

In  order  to  follow the  course of the  react ion,  samples  of a react ion ~nixfura 
p repared  with tissue slices were t aken  and  ana lyzed  as p rev ious ly  ind ica ted ;  de te r -  
mina t ions  were made  a f te r  IO min, 3, 6, 13 and  20 h of incubat ion .  

No breakdow~ of the  subs t ra te ,  even  a f te r  20 h incuba t ion  was de tec tab le  in 
controls ,  to  which no h o m o g e n a t e  had  been added.  

R E S U L T S  

The  ch roma tog raph ic  and  e lec t rophore t ic  procedures  emp loyed  pcovide the  means  of 
ascer ta in ing the  fate  of a n y  adenosine or  inosine c o m p o u n d  b y  following the i r  
in te reonvers ion  or d isappearance .  The  presence of the  enzymic  act ivi t ies  l is ted below 
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was therefore s tudied  in all the 6 homogeneous fractions ~f bone tissue: nucleotide 
dephosphoryla t ion,  conversion of nucleosides into the correstxmding purine bases, 
t ransfer  of phosphoric radicals between nucl¢otides or to nucleosides, interconversion 
of adenosine derivat ives to inosine derivatives and vice versa by  deaminat ion and  
aminat ion ,  respectively,  

A typical  ch romatogram is reproduced in Fig. I. Results  are summarized in 
Figs. 2-7. Each  of t hem has been confirmed in several experiments.  

B. t 2 3 * 5 6 7 8 ¢j S. 9" 8 '  7'  6" 5 '  4" 3' 2" ~" B '  

Fig .  1. D e s c e n d i n g  ch rom~xtography  of  I M P  an<| AS i n c u b a t e d  w i t h  h o m o g e n a t e s  o~ d i f f e ren t  b o n e  
f r a c t i o n s .  E x p e r i m e n t a l  condit ion.~ ms in Fig.  z 7- S u b s t r a t e  f r o m  ~ to  9 I-~'lP, f r o m  t" t o  9" AS. 
I , I '  A r t i c u l a r  ca r t i l age ,  2,2" e p i p h y s e a l  ca r t i l age  p la t e .  3,3'  m e t a p h y s e a l  spong iosa ,  4,4" e p i p h y s e a l  
s p o n g i o s a ,  5 ,5 '  c o m p a c t  b o n e ,  6,6" d i a p h y 2 e a l  boue  m a r r o w ,  7,7" m a r r o w  of  m e t a p h y s e a t  spong iosa ,  
8 ,8 '  m a r r o w  of e p i p h y s e a l  spong iosa ,  9,9" p e r i o s t e u m .  ]Blanks (no enzym*e atide-1) B:  IM] ' ,  B" : AS. 

-~ = S t a n d a r d  ,xxixture. T o p  re, b o t t o m  IMP.  IS,  AS, Ad. 

(I) A~ticulae cartilage 

As shown in Fig. 2, only  inosinephosphates are weakly dephosph0ryla ted.  The 
format ion  from A D P  of ba th  ATP a n d  AMP in equal amounts  shows the presence of 
an adeny la te  kinase. IS is amina ted  and AS weakly deaminated .  

(2) ~.'plphyseal spong,;osa 
Fig. 3 shows dephosphory la t ion  of ATP and  ADP and  (more intense) of inosine- 

phosphates .  AS is deamina ted .  IS is t r ans formed  into hypoxan th ine  and  also weakly  
amina ted .  

(3) Epipl~yseal vartilage plate 

Inosine phosphates  and  ATP are act ively dephosphoryla ted,  while IMP and AMP 
undergo  li t t le or no breakdown (Fig. 4). An adenyla te  kinase is evidenced by  the  
format ion  of bo th  ATP and  AMP from ADP.  From the  relat ive amoun t s  formed 
(AMP > ATP) ADPase ac t iv i ty  might  also be inferred in addi t ion  to  ATPase ac t iv i ty .  

lCe/erelzces p. 545. 
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F'~g. 4- Fig .  5, 

~Vith short  incubat ion  periods on ly  a l i t t le inJs ine is fo rmed f rom adenosine.  
After  6 h of incuba t ion  nucleot ides  are also deamina ted ,  blore inosinenucleot ide  is 
formed by  deamina t ion  of the  corresponding adenosinenucleot ide  t h a n  by  dephospho-  
r y h t i o n  of tile higher homologous  phosphate .  

Modera te  amoun t s  of h y p o x a n t h i n e  and  of adenosine are formed from inosine. 

(4) Spongiosa o/metaphysis 
As shown in Fig. 5, the  dephosphory la t ion  of inos inephosphatcs  is act ive,  t h a t  o~ 

ATP and  A D P  weak.  The ra te  of the  I M P  ~ IS react ion  is pa r t i cu la r ly  high, so t h a t  
when I T P  is i ncuba ted  f o r  a long period of t ime only  I D P  a n d  IS are present ,  and  

.Rr/vr~<,~ces p .  5 4 5 .  
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Diaph. c0mp~ct bone 

o 

Periost'eum 

@ 0 @ I " o® 
o® 

°® o® 

o@ o@ o@, o@o 

0 0 G  @ 
Fig. 6. Fig. 7. 

Figs. 2- 7. Action of bone constitttents on adenine and in, brant, ,mch:c}tides ~tnd nucIec,.qides. Dot~ 
represent the suhstrate not metabolized, dashes the products of reaction.~; their areas c, trre.~pond 
to the amount lormed, Each sample contained: I..5 mR su bstrate in o. 15 ml HzO, 0. 5 ml tris buffer 

PI[ 7-3, o.t ml o.oo.5 3l MgCI~ t~. 4 ml homogenate. Incubation 8" at 3,~, :'. 

I M P  does  no t  a p p e a r  a m o n g  the  reac t ion  p roduc t s ,  p r o b a b l y  because  it is d e p h o s p h o -  
r y l a t e d  as  soon as it is fo rmed .  

AS and  h y p o x a n t h i n e  are fo rmed  f rom inosine. Traces  of IS  are  fo rmed  front AS. 

(5) Diaphyseal compact bone 

O n l y  inos inephospha te s ,  
i n t e n s e l y  a m i n a t e d  (Fig, 6). 

A D P  a n d  AMP are d e p h o s p h o r y l a t e d .  IS  is r a the r  

(6) Periosteum 

Fig. 7 shows  in tense  d e p h o s p h o r y l a t i o n  of A T P  a n d  inos inephospba t e s  a n d  
d e a m i n a t i o n  of  A M P  a n d  AS. H y p o x a n t h i n e  is f o rmed  f rom IS.  A d e n y l a t e  k inase  
a c t i v i t y  t r a n s f o r m s  A D P  to  A T P  a n d  A M P .  Since the a m o u n t s  of  A M P  f o r m e d  a re  
o n l y  s l igh t ly  larger  t h a n  those  of  A T P ,  A T P a s e  a c t i v i t y  is sufficient to  a c c o u n t  for the  
difference.  A t  a n y  ra te ,  A D P a s e  a c t i v i t y  shou ld  be r a the r  weak.  

In  e x p e r i m e n t s  carr ied  ou t  a t  p H  9.5 w i t h  A M P  or I M P  as subs t ra tes ,  a s t r o n g  
d e p h o s p h o r y l a t i o n  of  A M P  was  ev idenced  in all f ract ions.  IMk'  is in tense ly  c tephospho-  
ry1.',ted in ep iphysea l  spongiosa ,  c o m p a c t  bone a n d  pe r ios teum,  while in a r t i cu la r  a n d  
ep iphyaea l  ca r t i l age  and  in m c t a p h y s c a l  spongiosa  the  d e p h o s p h o r y l a t i o n  is no t  so 
ac t ive .  

D I S C U S S I O N  

A m o r e  ex tens ive  s t u d y  of  the  e n z y m e s  c o n n e c t e d  wi th  the  b r e a k d o w n  of A T P  a n d  
I T P  cart be car r ied  o u t  a f t e r  es tab l i sh ing  thei r  o p t i m u m  aet ixdty  ove r  all tim p H  range.  

Rel~rences p. 545- 
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This work is now in progress. We thought ,  however, tha t  a first substant ia l  approach 
could be made by s tudy ing  the breakdown of ATP and  I T P  at  physiological pH. 

The results reported above provide evidence for the existence of several enzymic 
activit ies differing both for the reaction products  and for their localization within 
the bone. 

Evidence has been obtained for the presellce of nucleotidases, nucleosidases, 
deaminases and aminases. The occurrence in each tissue preparat ion of reactions 
interrelated so tha t  the product  of one is the  substrate  of another,  makes it difficult to 
establish the number  and  type  of act ive enzymes;  some 0f the properties of these 
enzymes, however, have been ascertained by the present work. 

Nueleotidases are variously dis t r ibuted and  are always specific either for 
adenosine or for inosine derivatives;  the action on the di- and  tr iphospho-derivat ives 
of each series is similar and, generally, quite different from their  action on the 
corresponding monophosphates .  In most  fractions in fact, adenosinenudeot idases  are 
active either on ATP and ADP or on AMP ; when ADP,  ATP and AMP are dephospho- 
,y la ted ,  the reaction rate for AMP is s t r ikingly different from tha t  for .~ DP and  ATP. 
Inosinenucleotidases, on the other  hand,  usual ly  a t t ack  all the three phosphoryla ted  
deri.vatives: also in this case, however, the reaction rates for the di- and  t r iphosphates  
differ from tha t  for IMP. 

This different reaction rate  ior monophosphates  can be accounted for by  the 
phosphomonoesterase,  which has been found in ossifying carti lage and  in newly 
ossified bone by ~IARTLAND AND RO1~INSON ~ and  by  RocHE .tNIJ B U L L I N G E R  D. An 
enzyme of this type  has also been purified from bone by several au thors l ° ,u :  it does 
not sFiit internucleotide phosphoryl  groups 1~. Unfor tunate ly ,  none of these au thors  
d e a r l y  indicates its localization within the different bone const i tuents .  A diesterase 
ac t iv i ty  is outl ined in the work of GOLLAND AND JACKSON ix, and L I E B K N E C H T  1.  

describes phosphatase ac t iv i ty  of bone extracts  on ATP, ADP and AMP, while OTTA 14 
obtained hystochemical  evidence of a 5-nucleotidase specific for AMP in ar t icular  
cartilage. A]I these enzymes have pH op t ima  in the alkaline range (about pH 9) and  
their  wide dis tr ibut ion in different bone const i tuents  is shown by  the  enhanced 
dephosphorylat ion we observed in all fractions when samples were incubated at  
pH 9.~. 

The presence among the reaction products  of compounds with  two phosphoric 
radicals less than  the substrate  has never been observed unt i l  af ter  the appearance 
of the homologous compound with  one phosphoric radical less than  the snbstrate.  
Direct evidence exists, therefore, for the presence of enzymes which split one phos- 
phoric radical at  a time. i t  cannot  be excluded, however, t h a t  the dephosphoryla t ion 
of a part  of the sul6strate could occur by  a loss of a pyrophosphorie radical ; direct  d a t a  
in favour of this hypothesis  are, for the t ime being, lacking. This is in agreement  wi th  
LIEDK_NECHT'S results xa on bone extracts ,  a t  p a  9-5- 

Kinase ac t iv i ty  of miokinase type (2ADP ~ ,  ATP + AMP) has been found only  
in art icular  and  epiphyseal cartilage and  in periosteum and not  in ossified bone 
fractions. In art icular  cartilage adenyla te  kina.se i~ not  accompanied by  AOPase 
activity.  In  .fractions 3 and  6 nueleotidase ac t iv i ty  is suggested by  the re la t ive  
amounts  of ATP and  AMP formed (AMP 2> ATP). 

D e a m i n ~ e s  are ra ther  specific: generally only  one compound is ac t ive ly  
deaminated  by a histologically homogeneous fraction, 

lqe]erences p. 545. 
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Tire nuc l eos ide  is t h e  m o s t  c o m m o n  s u b s t r a t e  of d e a m i n a t i o n ,  a n d  t h e  reac t ior t  
s eem s  g e n e r a l l y  to  be  reve r s ib le ,  e x c e p t  in f r a c t i o n s  5 a n d  6. A M P  is d e a m i n a t e d  o n l y  
b y  f r a c t i o n  6, A T e  a n d  A D P  o n l y  b y  f r ac t i o n s  3- I r r e v e r s i b l e  a m i n a t i o n  of inos ine  
o c c u r s  in f r a c t i o n  5. T h e  a m i n a t i o n  of I D P  a n d  [ T P ,  m o r e o v e r ,  co u ld  n e v e r  be  
d e m o n s t r a t e d .  

LVTW:~K-MA.~'X ~ r e p o r t s  for  a r t i cu l a r  c a r t i l ag e  d e p h o s p h o r y l a t i o n  of musc l e  a n d  
y e a s t  a d e n y l i c  ac ids  a n d  of  A T P .  a c c o m p a n i e d  b y  d e a m i m t t i o n  of t h e se  c o m p o u n d s  
a n d  of  a de nos ine .  T h e s e  d ~ t a  a re  in g o o d  a g r e e m e n t  w~th ours ,  c o n s i d e r i n g  t h a t  t h e  
l ong  i n c u b a t i o n  t i m e  u sed  b y  th i s  a u t h o r  (3 h) a l lows d e a m i n a t i o n  of a d e n o s i n e  
c o m p o u n d s  fo l lowed  b y  d e p h o s p h o r y l a t i o n  eL t h e . i n o s i n e  d e r i v a t i v e s  f o r m e d .  On t h e  
o t h e r  h a n d  w~ were  u n a b l e  to  con f i rm  t h e  re.~utts of  Pvzt~ K INS 16. "l°tle d e p h o s p h o r y l a t i o n  
a c t i v i t y  f o u n d  b y  th i s  a u t h o r  in  b o n e  m e t a p h y s i s  is p r o b a b l y  a sc r i b ab l e  to  the  m a r r o w  
p r e s e n t  a m o n g  t he  t r a b e c u l a e  r a t h e r  t h a n  to  t h e  bone  t i s sue  i tself .  

I t  s h o u l d  f ina l ly  be  n o t e d  t h a t  e p i p h y s e a l  c a r t i l age  p la te  a n d  b o t h  spong iosa s  ~re 
ab le  t o  m e t a b o l i z e  A T P  to  h y p o x a ~ t h i n e ,  a n d  t h a t  a l t h o u g h  s ev e ra l  f r a c t i o n s  c o n t a i n  
a n u c l e o s i d a s e  t h a t  t r a n s f o r m s  inos ine  to  h y p o x a n t h i n e ,  n o  f r a c t i o n  i~ c a p a b l e  of  
p r o d u c i n g  a d e n i n e  f r o m  a d e n o s i n e .  
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