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The Inhibition of the Dye-Sensit ized Photoinactivation of Trypsin Us ing  Tyrosine and Thyronine 
Analo~,ues 

W e  r e p o r t e d  ear l ier  t h a t  c e r t a i n  t y ro s ine  a n d  t h y r o n i n e  
ana logues  e x h i b i t e d  p r o t e c t i v e  effects  on  t he  dye-sens i t i zed  
p h o t o i n a c t i v a t i o n  of t r y p s i n L  Resu l t s  us ing  a d d i t i o n a l  
ana logues  a n d  a n  a d d i t i o n a l  p h o t o s e n s i t i z i n g  dye, eosin  Y, 
a re  desc r ibed  in  t he  p r e s e n t  paper .  T h e  p r o t e c t i v e  com- 
p o u n d s  used  were p o t a s s i u m  iodide,  L- tyros ine  (TYR),  
3 -monoiodo-L- ty ros ine  (MIT), 3, 5-di iodo-L-tyros ine  (DIT),  0.886 
DL- thyron ine  ( T H Y R ) ,  3, 5 -d i iodo-L- thyron ine  (Tz), 3, 3', 5- 
t r i i odo -L- thy ron ine  (T3), a n d  L - t hy r ox i ne  (T,). 

Q u a n t u m  yie lds  for  t h e  p h o t o d y n a m i c  i n a c t i v a t i o n  of 
t r y p s i n  were  d e t e r m i n e d  o v e r  t h e  r a n g e  of 0 -1000  # M  
i n h i b i t o r  c o n c e n t r a t i o n .  T h e  r e a c t i o n  m i x t u r e s  were  42 l* M 
in  t r yps in ,  0 . 1 2 5 M  in s o d i u m  p h o s p h a t e  bu f f e r  a t  p H  8, 
w i t h  150 F M  r i b o f l a v i n - 5 ' - p h o s p h a t e  (FMN),  25 F M  eosin  
Y or  12.5 # M  m e t h y l e n e  blue.  T h e  r e a c t i o n  m i x t u r e  was  
i l l u m i n a t e d  a t  15 °C whi le  be ing  s t i r red .  I l l u m i n a t i o n  was  
p r o v i d e d  e i t h e r  b y  a 500 W slide p r o j e c t o r  (for t h e  me-  
t h y l e n e  b lue  s y s t e m  a t  6750 ]k a n d  t he  eosin Y s y s t e m  a t  
5170 ~ )  or  b y  a Gene ra l  E lec t r i c  A - H 6  m e r c u r y  arc  l a m p  
for  t he  F M N  s y s t e m  a t  4 3 7 0 / k .  T he  w a v e - l e n g t h s  des i red  
were  o b t a i n e d  us ing  m u l t i l a y e r  i n t e r f e r ence  fi l ters,  a n d  
t h e  l igh t  e n e r g y  a b s o r b e d  b y  t h e  r e a c t i o n  s y s t e m  was  
m e a s u r e d  e i t h e r  b y  a v a c u u m  t h e r m o c o u p l e - g a l v a n o m e t e r  
c o m b i n a t i o n ,  or  b y  a t h e r m o p i l e - m i l l i m i c r o v o l t m e t e r  com-  
b ina t i on ,  e ach  p r e v i o u s l y  c a l i b r a t e d  w i t h  a s t a n d a r d  lamp.  
T r y p t i c  a c t i v i t y  was  d e t e r m i n e d  a f t e r  0, 5, i0,  15 a n d  20 
m i d  of i l l u m i n a t i o n  us ing  benzoy l -L-a rg in ine  e t h y l  es te r  
( B A E E )  as s u b s t r a t e ;  i n a c t i v a t i o n  was  f i r s t -o rder  in  al l  
cases.  Q u a n t u m  yie lds  for  t h e  i n a c t i v a t i o n  a re  def ined  as  
(dS/dt)o/(dQ]dt)o, where  t h e  n u m e r a t o r  is t h e  r a t e  of loss 
of e n z y m a t i c  a c t i v i t y  a n d  t h e  d e n o m i n a t o r  is t h e  r a t e  of 
a b s o r p t i o n  of p h o t o n s ,  b o t h  a t  zero t ime.  These  exper i -  
m e n t a l  m e t h o d s  h a v e  been  desc r ibed  in de ta i l  e l sewhere  2. 

T h e  q u a n t u m  yields  for t h e  dye-sens i t i zed  p h o t o i n a c t i -  0.003 
v a t i o n  of t r y p s i n  as in f luenced  b y  t h e  p r o t e c t i v e  corn- [ 
p o u n d s  l i s ted  a b o v e  a re  s h o w n  in  F igures  1-3. All  8 corn- 

/ p o u n d s  h a v e  v e r y  s imi la r  p r o t e c t i v e  ac t iv i t i e s  as a func-  
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Fig. 1. Effects of potassium iodide and tyrosine and thyronine ana- 
logues on the photodynamie inactivation of trypsin in the presence 
of 150/zM FMN. The reaction mixture was 42/*M in trypsin and 
0.125 M in sodium phosphate buffer at pH 8 and 15 °C. The following 
inhibitors were used in the concentrations indicated: potassium 
iodide (KI), L-tyrosine (TYR), 3-monoiodo-L-tyrosine (MIT), 
3,5-diiodo-L-tyrosine IDIT), DL-thyronine (THYR), 3,5-diiodo-L- 
thyronine (T~), 3, Y, 5-triiodo-L-thyronine (Ta) , and L-thyroxine (T~). 

t i on  of c o n c e n t r a t i o n  w h e n  F M N  is used  as t h e  p h o t o -  
sensi t izer ,  even  t h o u g h  t h e y  di f fer  m a r k e d l y  on  a chemica l  
bas is  (Figure  1). P o t a s s i u m  iodide is t h o u g h t  to  q u e n c h  
long- l ived  exc i ted  s t a t e s  of F M N  3-~, whe rea s  t y ro s ine  a n d  

%%. 
0.002 

DR" 
Iooo 

Inhibitor concentrBtion (pM) 

Fig. 2. Effects of potassium iodide and tyrosine and thyronine ana- 
logues on the photodynamic inactivation of trypsin in the presence 
of 25/*M eosin Y. The reaction mixture and protective agents used 
were the same as given for Figure 1. 
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Fig.3. Effects of potassium iodide and tyrosine and thyronine ana- 
logues on the photodynamic inactivation of trypsin in the presence 
of 12.5 # M  methylene blue. The reaction mixture and protective ~ 
agents used were the same as given for Figure 1. 
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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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