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t h y r o n i n e  p r o b a b l y  ac t  as ' c o m p e t i t i v e '  i n h i b i t o r s  7-9. 
S tud i e s  w i t h  F M N  are  c o m p l i c a t e d  b y  t h e  f ac t  t h a t  t h e  
i o d i n a t e d  fo rms  of  t y ro s ine  a n d  t h y r o n i n e  a re  d e i o d i n a t e d  
u p o n  i l l u m i n a t i o n  in t h e  p re sence  of t h i s  sens i t i ze r  ~o-13. 
I f  p h o t o c h e m i c a l  d e i o d i n a t i o n  occur red  r a p i d l y  in  t h e  
p r e s e n t  e x p e r i m e n t s ,  some  of  t h e  p r o t e c t i v e  c o m p o u n d s  
p r e s e n t  cou ld  c h a n g e  s ign i f i can t ly  d u r i n g  t h e  pe r iod  of 
i l l umina t ion .  Th i s  m i g h t  a c c o u n t  for  t h e  v e r y  s imi la r  
resu l t s  o b t a i n e d  w i t h  t h e  d i f f e ren t  p r o t e c t i v e  agen t s  w h e n  
F M N  is used as t he  sensi t izer .  

T h e  p r o t e c t i v e  efficiencies of t h e  d i f f e ren t  c o m p o u n d s  
v a r i e d  wide ly  w i t h  eosin  Y as sens i t i ze r  as s h o w n  in 
F i g u r e  2; for  example ,  D I T  was a good p r o t e c t o r  whi le  
p o t a s s i u m  iodide showed  r e l a t i ve ly  l i t t le  p r o t e c t i v e  effect.  
Eos in  sensi t izes  t h e  p h o t o c h e m i c a l  d e i o d i n a t i o n  of T4 ~4, 
a l t h o u g h  i ts  eff ic iency in  t h i s  r e spec t  as c o m p a r e d  to  F M N  
is n o t  known .  The  sens i t iv i t i es  of t h e  o t h e r  p r o t e c t i v e  
c o m p o u n d s  in  ou r  ser ies  to  p h o t o c h e m i c a l  d e i o d i n a t i o n  
w i t h  eosin  h a v e  n o t  been  d e t e r m i n e d .  

F ina l ly ,  t h e  r e su l t s  w i t h  m e t h y l e n e  b lue  as sens i t izer  a re  
desc r ibed  in  F i g u r e  3. As  m a y  b e  seen, t h e  p r o t e c t i v e  
efficiencies of t h e  d i f f e ren t  c o m p o u n d s  v a r y  eno r m ous ly .  
I n  c o n t r a s t  to  F M N  a n d  eosin,  m e t h y l e n e  b lue  does  n o t  
sens i t ize  t h e  p h o t o c h e m i c a l  d e i o d i n a t i o n  of T414. T h e  
m e t h y l e n e  b lue  s y s t e m  is i n t e r e s t i ng  because  t h e  degree  
of i n h i b i t i o n  d e m o n s t r a t e d  b y  these  p r o t e c t i v e  c o m p o u n d s  
is s imilar ,  in  genera l  to  t h e i r  k n o w n  biological  m e t a b o l i c  
a c t i v i t y  ~5. Th i s  sys tem,  then ,  m a y  m e r i t  f u r t h e r  s t u d y  as 
a p o t e n t i a l l y  s imple  p h o t o c h e m i c a l  s y s t e m  for  t he  in  v i t ro  
a s say  of t h y r o i d  c o m p o u n d s  a n d  congeners  in  t e r m s  of 
t h e i r  l ike ly  pha rmaco log i ca l  ac t iv i ty~L 

Zusammen/assung. E s  wurde  Tyros in -  u n d  T h y r o n i n -  
w i r k n n g  au f  die f a rbensens ib i l i s i e r ende  P h o t o i n a k t i v i e -  
r u n g  des  T r y p s i n s  u n t e r s u c h t .  Sens ib i l i sa to ren  w a r e n  
M e t h y l e n b l a u ,  F l a v i n m o n o n u k t e o t i d  u n d  E o s i n  ¥ .  Die  

Ana loge  v o n  T y r o s i n  u n d  T h y r o n i n  h a b e n  sehr  ~ihnliche 
k o n z e n t r a t i o n s a b h R n g i g e  S e h i r m w i r k u n g  bei  V e r w e n d u n g  
v o n  F l a v i n m o n o n u k l e o t i d  als  Pho tosens ib i l i s a to r .  Die Ab-  
s c h i r m u n g s e f f e k t e  de r  Sens ib i l i s a to ren  w e r d e n  besp rochen .  
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Formation of Hydroxyapatite Nuclei Induced by Dehydration of Calcifying Solutions 

Of f u n d a m e n t a l  i m p o r t a n c e  to  our  u n d e r s t a n d i n g  of t he  
process  of b iological  ca lc i f i ca t ion  is knowledge  of t h e  
mechan i sm(s )  wh ich  induce  t he  f o r m a t i o n  of nucle i  of 
c ry s t a l l i z a t i on  of h y d r o x y a p a t i t e  f rom ca lc i fy ing  med ia .  
Nucle i  f o r m a t i o n  is a p h a s e  t r a n s i t i o n  a n d  m a y  be  de- 
sc r ibed  as t h e  emergence  f rom a m e t a s t a b l e  so lu t ion  of t h e  
f i r s t  m ic roagg rega t e s  (nuclei) of a new solid phase .  Based  
o n  t h e o r e t i c a l  s tud ies  of ene rgy  r e q u i r e m e n t s  1, nucle i  
f o r m a t i o n  is a d i s t i n c t  p rocess  a n d  shou ld  be  cons ide red  
s e p a r a t e l y  f rom t h e  s u b s e q u e n t  s t e p  of g r o w t h  of t h e s e  
nuc le i  i n to  l a rger  agg rega t e s  of  c r y s t a l s  of  h y d r o x y a p a t i t e .  
A l t h o u g h  our  knowledge  of t h e  k ine t i c s  of nuc le i  f o r m a t i o n  
is meager ,  empi r i ca l  d a t a  z wou ld  i n d i c a t e  t h a t  n u c l e a t i o n  
of ca lc ium p h o s p h a t e  sa l t s  is f avo r ed  b y  a n  e l e v a t i o n  of 
t he  a c t i v i t y  p r o d u c t  of ca lc ium a n d  p h o s p h a t e  ions.  I n  a 
biological  ca lc i fy ing  s y s t e m  in  d y n a m i c  equ i l ib r ium,  a n  
increase  in  t he  a c t i v i t y  p r o d u c t  of ca lc ium a n d  p h o s p h a t e  
ions  could  be  s i m p l y  accom pl i s hed  b y  t h e  a d d i t i o n  of a 
q u a n t i t y  of one  or  b o t h  ions.  A l t e rna t i ve ly ,  r e m o v a l  of 
w a t e r  f rom t h e  s y s t e m  would  re su l t  in  a r e l a t i v e  inc rease  
in ca lc ium a n d  p h o s p h o r u s  ion p r o d u c t  w i t h o u t  necess i t a t -  
ing  a n  a b s o l u t e  increase .  I t  is k n o w n  t h a t  t he  f i r s t  case  is 
t r u e  3, b u t  t h e  a l t e r n a t i v e ,  a l t h o u g h  a p p e a r i n g  o b v i o u s  is 
n o t  ful ly  d o c u m e n t e d  b y  d i r ec t  e x p e r i m e n t a t i o n .  T h u s  in  
t h e  foregoing  e x p e r i m e n t ,  we e x a m i n e d  t h i s  p remise  t h a t  
nuc le i  of c ry s t a l l i z a t i on  of h y d r o x y a p a t i t e  cou ld  b e  in-  
d u c e d  to  fo rm irt a nucle i - f ree  m e t a s t a b l e  ca lc i fy ing  solu- 

t i on  b y  t he  s imple  t e c h n i q u e  of p a r t i a l l y  r e m o v i n g  w a t e r  
f r o m  t h e  sys tem.  

Materials and methods. The  b a r b i t u r a t e - b u f f e r e d  calcify-  
ing  so lu t ion  of FLEISCH a n d  NV.UMAN~ was  used  in t h i s  
e x p e r i m e n t .  I n  ou r  t e s t  sys tem,  we ut i l ized t h e  s imple  
e x p e d i e n t  of s low freezing to  r e m o v e  w a t e r  f rom t h e  
ca lc i fy ing  so lu t ions .  100 m l  of b a r b i t u r a t e - b u f f e r e d  calc i fy-  
ing  so lu t ions  (nuclei-f lee) ,  p H  7.4 4- 0.05, w i t h  Ca × P 
p r o d u c t s  r a n g i n g  f r o m  25-60  were  p l aced  in  125 m l  glass 
bo t t l es .  T h e  lower  t h i r d  of t h e  b o t t l e s  were  i m m e r s e d  in a n  
ice-sa l t  b a t h  a t  -- 10 °C. Af te r  a n  i n t e r v a l  of a p p r o x i m a t e l y  
x/2 h,  ice c r y s t a l  b e g a n  to  fo rm in  t h e  b o t t o m  of t h e  b o t t l e s  
a n d  r ap id ly  s p r e a d  t o w a r d  t h e  top .  W h e n  t h e  ice c ry s t a l s  
occupied  a p p r o x i m a t e l y  50% of  t h e  t o t a l  v o l u m e  of  
ca lc i fy ing  solut ion,  t he  bo t t l e s  were r ap id ly  w i t h d r a w n  
f rom the  ice b a t h  a n d  t h e  c o n c e n t r a t e d  l iqu id  s u p e r n a t a n t  
p h a s e  qu ick ly  d e c a n t e d  a n d  saved .  Cont ro l s  were of 2 
t y p e s :  (a) u n t r e a t e d  ca lc i fy ing  so lu t ions  a n d  (b) ca lc i fy ing 
so lu t ions  w h i c h  were  p a r t i a l l y  f rozen as  a b o v e  a n d  t h e n  
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Nucleation in calcifying solutions induced by removal of water by partial freezing 

EXPERIIiNTIA 24]10 

(A) Untreated control calcifying solutions (B) Calcifying solutions after freezing and 
thawing 

(C) Supernatant phase of calcifying 
solution after partial removal of water 
by freezing 

Ca P C a × P  Ca P C a x P  Ca P C a × P  
(rag%) (rag%) (mg%) (mg%) (rag%) (mg%) 

5.0 5,0 25 5,0 5.0 25 6.3 6.3 40 
6.0 5,0 30 6.0 5.0 30 7.5 6.3 47 
7,0 5,0 35 7.0 5.0 35 9.4 6.7 63~ 
8.0 5.0 40 8.0 5.0 40 10.5 6.5 68 ~ 
9.0 5.0 45 9.0 5.0 45 12.0 6.7 80 ~ 

10.0 5.0 50 I0.0 5.0 50 13.0 6.5 85 a 
11.0 5.0 55 ~ 11.0 5.0 55 ~ 14.2 6.6 94 a 
12.0 5.0 60" 12.0 5.0 60 n 15.5 6.5 101~ 

Nuclei formation occurred at these concentrations as evidenced by precipitation after incubation the solutions at 37 °C for 24 h (see text). 

a l lowed to  t h a w .  Th i s  l a t t e r  con t ro l  s e rved  to  check  t h e  
poss ib i l i ty  t h a t  ice c rys t a l s  t h e m s e l v e s  m i g h t  a c t  as nucle i -  
f o r m i n g  agen ts .  Ca lc ium 5 a n d  p h o s p h o r u s  * ana lyses  were  
p e r f o r m e d  on  a l iquo t s  of t h e  c o n c e n t r a t e d  s u p e r n a t a n t  
p h a s e  a n d  on  t h e  con t ro l  solut ions .  

Since i t  is e x t r e m e l y  d i f f icul t  to  chemica l ly  ana lyze  
d i rec t ly  for  t h e  p resence  of nucle i  in  these  so lu t ions  
(1 × 109 nucle i  of h y d r o x y a p a t i t e  of 25 × 50 × 1 0 0 / k  size 
weigh less t h a n  4 × 10 -4 ~zg), we e m p l o y e d  a n  i n d i r e c t  
t e s t  3 b a s e d  on  t h e  o b s e r v a t i o n  t h a t  nucle i - f ree  m e t a s t a b l e  
ca lc i fy ing  so lu t ions  do  n o t  p r o d u c e  a p r e c i p i t a t e  u p o n  
i n c u b a t i o n  a t  37 °C for  24 h.  However ,  if nuc le i  a re  p r e s e n t  
in  t h e  ca lc i fy ing  solu t ions ,  a p r e c i p i t a t e  of h y d r o x y a p a t i t e  
r e p r e s e n t i n g  c r y s t a l  g r o w t h  of t h e  nucle i  wil l  a p p e a r  in  t h e  
so lu t ion  u p o n  s u b s e q u e n t  i n c u b a t i o n .  

Results and discussion. As seen  in  t h e  Table ,  t h e  con t ro l  
ca lc i fy ing  so lu t ions  (A) do  n o t  s p o n t a n e o u s l y  f o r m  nucle i  
as  long  as  t h e  Ca × P p r o d u c t  is less t h a n  55. Ice  c rys t a l s  
pe r  se in  these  so lu t ions  do  n o t  a c t  as nuc l e i - fo rming  agen t s ,  
s ince  freezing,  t h a w i n g  a n d  i n c u b a t i n g  t he se  so lu t ions  a t  
37°C give t h e  s a m e  resu l t s  as  t h e  u n t r e a t e d  con t ro l s  
(sect ion B in t h e  Table) .  However ,  in t h o s e  ca lc i fy ing  
so lu t ions  w h i c h  were  p a r t i a l l y  f rozen  (C), t he  l iqu id  super -  
n a t a n t  p h a s e  shows  a r e l a t ive  increase  in ca lc ium,  phos -  
p h o r u s  a n d  Ca × P p r o d u c t s  a t  all levels  of in i t ia l  concen-  
t r a t i o n .  I n  t he se  ' d e h y d r a t e d '  ca lc i fy ing  solu t ions ,  nuclei  
were  d e t e c t e d  in t hose  i n s t a n c e s  whe re  t h e  Ca × P h a d  
been  e l eva t ed  to  63 or  h igher .  

A l t h o u g h  t h e  p r e s e n t  e x p e r i m e n t  was  p e r f o r m e d  us ing  
a s impl i f ied  chemica l  sys tem,  t he  resu l t s  h a v e  v a l u e  for  
f u t u r e  i nves t i ga t i ons  of b iological  ca lc i fy ing  sys tems .  
Organ ic  mac romolecu l e s  such  as col lagen,  e l a s t in  a n d  
b o v i n e  s u b m a x i l l a r y  muc in ,  a m o n g  o t h e r  subs tances ,  h a v e  
b e e n  s h o w n  to  possess  n u c l e a t i n g  p rope r t i e s  8,7-n. T h e  
n u c l e a t i n g  ab i l i t y  of o rgan ic  ' c a t a l y s t s '  has  been  va r ious ly  
exp la ined  b y  s u c h  m e c h a n i s m s  as ' c lus t e r  c a p t u r e '  of  
ca lc ium p h o s p h a t e ,  ep i t axy ,  r e d u c t i o n  of t he  m i n i m u m  
Ca × P p r o d u c t  r equ i r ed  for i n i t i a t i n g  nuc lea t ion ,  a n d  
converse ly ,  c o n c e n t r a t i o n  of ca l c ium a n d / o r  p h o s p h a t e  
ions  2. I t  m a y  b e  t h a t  all  t he se  m e c h a n i s m s  a re  va l i d  a n d  
t h a t  d i f f e ren t  biological  m i ne r a l i z i ng  s y s t em s  m a y  use  a n y  
or  all  of t he se  m e c h a n i s m s  acco rd ing  to  v a r i a t i o n s  in  t h e  
n a t u r e  of t h e  o rgan ic  m a t r i x  a n d [ o r  t h e  i n t r a c e l l u l a r  a n d  
ex t r ace l lu l a r  mil ieu.  B a s e d  o n  t h i s  c o n c e p t  of m u l t i p l e  
m e c h a n i s m s  of ca lc i f ica t ion  a n d  t h e  r e su l t s  of t h e  p r e s e n t  

e x p e r i m e n t ,  we shou ld  l ike to  offer  t he  p roposa l  t h a t  t h e  
r e m o v a l  of wa te r ,  if e m p l o y e d  b y  a b iological  c a t a l y s t  or  
s y s t e m  could  a c c o m p l i s h  a t  l eas t  one  of t h e  p o s t u l a t e d  
m e c h a n i s m s ,  i.e. t h e  c o n c e n t r a t i o n  of ca lc ium a n d  phos-  
p h a t e  ions,  t h u s  i n d u c i n g  n u c l e a t i o n  w i t h  s u b s e q u e n t  
ca lc i f ica t ion.  I n  cons ider ing  t h e  f o r m a t i o n  of a solid 
h y d r o x y a p a t i t e ,  a n  i m p o r t a n t  s tep  m i g h t  be  t h e  t r a n s -  
f o r m a t i o n  of h y d r a t e d  ions in  so lu t ion  to  d e h y d r a t e d  ions 
in  t h e  solid. T h e  role of n u c l e a t i n g  c a t a l y s t s  a n d  o t h e r  
f ac to r s  in  t h i s  m o d e l  s y s t e m  is u n d e r  i n v e s t i g a t i o n  lz. 

Zusammen/assung. E s  wi rd  gezeigt ,  dass  be i  E n t f e r n u n g  
e ines  Teiles  de r  wasser l6s l i chen  P h a s e  e iner  m e t a - s t a b i l e n ,  
v e r k a l k e n d e n  L6sung ,  Ka lk -  u n d  P h o s p h o r i o n e n  so ange-  
r e i c h e r t  werden ,  d a s s ,  k r i s t a l l i s i e r t e  Kerne,> v o n  H y d r o x y -  
a p a t i t  a u f t r e t e n .  
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