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On the M e c h a n i s m  of Rad iosens l t i za t ion  by  
Iodine  C o m p o u n d s  at the  Molecu lar  Level  

M a n y  c o m p o u n d s  h a v e  b e e n  f o u n d  w h i c h  sens i t ize  
l iv ing  s y s t e m s  to  t h e  a c t i o n  of ion iz ing  r a d i a t i o n ,  T h e  
b e s t  k n o w n  of t h e m  are  some  h a l o g e n a t e d  ana logues  of 
D N A  bases  Z; c o m p o u n d s  l ike i odoace t amide ,  iodoace t ic  
ac id  2, N - e t h y l m a l e i m i d e  a n d  p h e n y l m e r c u r i c  a c e t a t e  g, 
wh ich  r eac t  w i t h  m e r c a p t o  g roups ;  and ,  f inal ly ,  i no rgan ic  
halides*,  ch lo ro fo rm B, a n d  ch lora l  h y d r a t e  ". 

R e c e n t l y  i t  h a s  b e e n  r e p o r t e d  t h a t  also t h e  e n z y m e  
alcohol  d e h y d r o g e n a s e  f rom y e a s t  (ADH) is i n a c t i v a t e d  
a t  h i g h e r  y ie ld  w h e n  i r r a d i a t e d  in so lu t ions  c o n t a i n i n g  
n o n - a l k y l a t i n g  iod ine  c o m p o u n d s  l ike s o d i u m  iodide  
(NaI)  a n d  3- iodopropionic  acid ( IPA)  ' .  These  o b s e r v a t i o n s  
h a v e  b e e n  e x t e n d e d  w i t h  t he  a i m  of e luc ida t ing  t h e  
m e c h a n i s m  invo lved ,  

A D H  was  p r e p a r e d  f rom b a k e r ' s  y e a s t  a cco rd ing  to  t h e  
RACKER p rocedu re  (1950)8  I n  6 .  1 0 - 3 M  p y r o p h o s p h a t e  
bu f f e r  p H  8.5, a t  30°C, w i t h  N A D +  1 . 2 - 1 0 - a M  a n d  
e t h a n o l  10-aJlg, t h e  specif ic  a c t i v i t y  of t h e  e n z y m e  
p r e p a r a t i o n s  v a r i e d  f rom 290-340 /*moles  N A D + / m i n / m g  
of p ro te in ,  T h e  e n z y m e  solu t ions ,  in  p h o s p h a t e  bu f f e r  
0 . 0 5 M  p H  7, were  i r r ad ia t ed ,  a t  0°C, w i t h  X - r a y s  gener-  
a t ed  a t  200 k v p  w i t h  0.2 m m  Cu f i l t ra t ion ,  a t  a dose - ra t e  
of 770 r a d / m i n ,  as m e a s u r e d  b y  fer rous  s u l p h a t e  dos ime-  
t r y  D. U n d e r  such  condi t ions ,  t h e  A D H  i n a c t i v a t i o n  was  
f o u n d  to  be  l oga r i t hm i ca l l y  r e l a t ed  to  r a d i a t i o n  dose over  
t h e  r a n g e  of c o n c e n t r a t i o n s  s tud ied ,  T h e  yield of inac t i -  
va t ion ,  ca l cu la t ed  f rom t h e  slope of t h e  l ine r e su l t i ng  
f rom t h e  p lo t  of t h e  m e a s u r e d  Da~ dose a g a i n s t  t h e  
e n z y m e  c o n c e n t r a t i o n  ( f rom 0.16-1.2 mg/mD°) ,  was  
G =  0.2. 

W h e n  A D H  was  i r r a d i a t e d  in so lu t ions  c o n t a i n i n g  N a I  
in  a m o l a r  r a t i o  of 80 w i t h  t h e  enzyme,  t h i s  was  sti l l  
i n a c t i v a t e d  as a l o g a r i t h m i c  I u n c t i o n  of r a d i a t i o n  dose, 
b u t  a t  a h i g h e r  yield t h a n  in p la in  buffer .  T h e  r e l a t i o n s h i p  
D87 versus e n z y m e  c o n c e n t r a t i o n  was  st i l l  l inear ,  t h e  G 
v a l u e  b e i n g  0.4. 

3 - Iodoprop ion ic  ac id  ( IPA)  a n d  m e t h y l  iodide  (MEI)  
h a v e  also b e e n  t e s t e d  for t h e i r  r ad iosens i t i z ing  ef fec t  on  
A D H  a t  a single e n z y m e  c o n c e n t r a t i o n  of 1.1 . 10-SM.  
T a b l e  I shows t he  va lue  of t he  r a t io  of D37 in p resence  of 
d i f f e ren t  m o l a r  excesses of modi f i e r  s u b s t a n c e s  a n d  D~v 
in p la in  buf fe r  (dose m o d i f y i n g  factor ,  DMF) .  Resu l t s  
r e l a t i ve  to  N a I  a re  inc luded .  

I t  can  be  seen f rom T a b l e  I t h a t  N a I  a n d  I P A  d i sp lay  
sens i t iz ing  ac t iv i t i e s  w h i c h  are  in  t he  same  order  of 
m a g n i t u d e ,  be ing  g rea t e r  t h a n  t h a t  of Na I .  MeI  is less 
a c t i v e  b y  a t  l eas t  1 o rde r  of m a g n i t u d e .  

T h e  r e l a t i onsh ip  b e t w e e n  sens i t i za t ion  a n d  m o l a r  
excess  of N a I  a n d  I P A ,  f rom 0-64 moles  of mod i f i e r /mote  
of enzyme ,  h a s  been  s t ud i ed  on  A D H  so lu t ions  1.2 • 10 -6 M 
i r r a d i a t e d  w i t h  a dose  of 3 K r a d  of X- rays ,  wh ich  caused ,  
u n d e r  con t ro l  condi t ions ,  a 31% i n a c t i v a t i o n .  T h e  resul ts ,  
r e p o r t e d  as % sens i t i za t ion  ( =  100 × % i n a c t i v a t i o n  in 
the  p resence  of modi f ie r  - % i n a c t i v a t i o n  in p la in  buffer)  
are s h o w n  in Tab le  I I .  

B o t h  N a I  a n d  I P A  sensi t ize  A D H  to  X - r a y  even  a t  a 
v e r y  low m o l a r  excess, t h e  sens i t i z ing  effect  be ing  a l m o s t  
l inear ly  r e l a t ed  to t he  mo la r  excess of modi f ie r  in  t h e  
r ange  of 0 -16  moles of modi f i e r /mole  of enzyme.  

The  resu l t s  r e p o r t e d  a b o v e  a re  c o n s i s t e n t  w i t h  t h e  
h y p o t h e s i s  t h a t  r ad io ly t i c  p r o d u c t s  of modi f ie r  com- 
p o u n d s  m a y  be  respons ib le  for t he  rad io-sens i t i z ing  
effect  n .  Now, cons ider ing  t h e  s t r u c t u r e  of t he  c o m p o u n d s  
invo lved ,  i t  is obv ious  t h a t  t h e  f i rs t  r ad io ly t i c  p r o d u c t  
which  comes  to  m i n d  is iodine.  I t  is, in  fact ,  weII k n o w n  
t h a t  iod ine  a t o m s  are  f o r m e d  b y  r a d i a t i o n  f r o m  iodine  
ions  as well  as f rom organ ic  iodine  c o m p o u n d s  ~z. On  t h e  

o t h e r  h a n d ,  i t  h a s  b e e n  s h o w n  t h a t  d e t e c t a b l e  a m o u n t s  
of iodine  are a c t u a l l y  f o r m e d  w h e n  NaI ,  I P A  a n d  MeI  
are  i r r a d i a t e d  in  t h e  p h o s p h a t e  bu f f e r  used in  t h e  p r e s e n t  
i nves t iga t ion .  T h e  ef fec t  of inc reas ing  c o n c e n t r a t i o n s  of 
iod ine  o n  A D H  a c t i v i t y  h a s  t he r e fo re  b e e n  i nves t i ga t ed ,  
w i t h  t h e  r e su l t s  s h o w n  in T a M e  I I I .  

Table I. Dose-modifying ~actors by iodine comFounds 

Substance moles of modifier/moles DMF 
of enzyme 

Sodium iodide 80:1 0.40 
8:1 0.59 

Iodopropionic acid 80:1 0.56 
8:1 0.80 

Methyl iodide 360:1 0.59 
90:1 1,00 

Table II. % sensitization by iodine compounds 

moles of modifier/moles % sensitization 
of eu zyme 

NaI IPA 

0.5 32 7 
1.0 58 11 
2.0 69 22 
4.0 87 40 
8.0 128 63 

16.0 160 103 
32.0 183 135 
64.0 224 152 

Table III. ADH inactivation by iodine 

moles of iodine]moles of enzyme % residual activity after 
30 min contact at 0 °C 

4:1 68.8 
8:1 53.5 

12:1 42.0 
16:1 35.4 
20:1 26.9 
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A n o t h e r  series of e x p e r i m e n t s  was  ca r r i ed  o u t  whe re  
A D H  was  i r r a d i a t e d  in so lu t ions  c o n t a i n i n g  sod ium iodide 
labelled w i t h  I181; t he  e n z y m e  was t h e n  s e p a r a t e d  a n d  
tes ted  for  a n y  b o u n d  r a d i o a c t i v i t y .  T h e  e x p e r i m e n t a l  
t e c h n i q u e  c a n  be  s u m m a r i z e d  as fol lows:  ca r r i e r  free 
N a I ~ ,  was  d i l u t ed  w i t h  i n e r t  N a I  to  ach ieve  a m o l a r  
excess of 100:1  w i t h  r e spec t  to  A D H ,  whose  c o n c e n t r a -  
t ion  was  a d j u s t e d  to  6,5 • 10 -6M.  T he  s am p l e s  were t h e n  
i r r ad i a t ed  w i t h  a d o s e  of 15.4 K r a d  of X - r a y s  ( res idual  
e n z y m a t i c  a c t i v i t y  less t h a n  1%),  or  le f t  u n i r r a d i a t e d  in  
ice for t h e  s ame  t i m e  as cont ro l .  T h e r e a f t e r  t he  e n z y m e  
was s e p a r a t e d  f rom t h e  r a d i o a c t i v e  so lu t ion  e i t he r  b y  
passage ove r  S e p h a d e x  G-25 ( P h a r m a c i a ,  Sweden)  or  b y  
p rec ip i t a t i on  w i t h  6 0 %  a m m o n i u m  s u l p h a t e  or 10% t r i -  
eh loroace t ic  acid a n d  w a s h e d  b y  c e n t r i f u g a t i o n  un t i l  no  
r ad ioac t i v i t y  was  d e t e c t a b l e  in  washings .  I n  no  case  did  
the  s e p a r a t e d  e n z y m e  revea l  a n y  r ad i oac t i v i t y .  Th i s  f ind-  
ing does n o t  e ssen t i a l ly  c o n t r a d i c t  t h e  h y p o t h e s i s  t h a t  
iodine m a y  b e  i n v o l v e d  in  t h e  sens i t i z ing  effect,  because  
the  lack  of iod ine  b i n d i n g  could  be  due  to  o x i d a t i o n  of 
su lphydr i l  g roups  to  d isu lphides .  E x p e r i m e n t s  are  a t  

p r e s e n t  in  progress  to  con t ro l  w h e t h e r  th i s  m a y  a c t u a l l y  
be  t h e  case ~8. 

Riassunto. L'Mcool  de id rogenas i  del  l iev i to  i r r a d i a t a  
con  raggi  X in soluzioni  c o n t e n e n t i  i oduro  di sodio, ac ido  
3- iodopropionico  o ioduro  di meti le ,  ~ i n a t t i v a t a  con  u n  
r e n d i m e n t o  p i t  e l eva to  che  in a s senza  di t a l i  sos tanze .  
L ' e f f e t t o  sens ib i l i zzan te  dello ioduro  di sodio e de l l ' ac ido  
iodoprop ion ico  ~ p ropo rz iona l e  a l ia  loro c o n c e n t r a z i o n e  
n e l l ' a m b i t o  d i  0 -16  molecole  di  essi pe r  moleco la  di  
enz ima .  L 'a lcoo l  de id rogenas i  i r r a d i a t a  in  p r e senza  di 
ioduro  di sodio m a r c a t o  con  1 lal n o n  r ive la  la  p r e s e n z a  di 
iodio l ega to  a l la  sua  molecola .  
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The  Effect of Microcy tos i s  on  Red Cell 
Const i tuent s  

The  onse t  of i ron  def ic iency  a n a e m i a  in  h u m a n  s u b j e c t s  
is f irst  m a r k e d  b y  t h e  d e v e l o p m e n t  of m i c r o c y t i c  r ed  ceils 
With a n o r m a l  h e m o g l o b i n  c o n c e n t r a t i o n  a n d  l a t e r  b y  t he  
appea rance  of h y p o c h r o m i c  cells w i t h  a low m e a n  corpus-  
cular  h e m o g l o b i n  c o n c e n t r a t i o n  (MCHC)1. Th i s  s i t u a t i o n  
is in  accord  w i t h  t he  h y p o t h e s i s  of  STOHLMAN a n d  co- 
Workers t h a t  t h e  t o t a l  m a t u r a t i o n  t i m e  of t h e  red  cell is 
d e p e n d e n t  on  t h e  r a t e  of h e m o g l o b i n  syn thes i s .  "When a 
cri t ical  MCHC is r e ach ed  th i s  t r iggers  a feed b a c k  m e c h a n -  
ism w h i c h  s tops  f u r t h e r  D N A  s y n t h e s i s  a n d  cell d iv i s ion  L 
If  h e m o g l o b i n  s y n t h e s i s  is i m p a i r e d  t h e  t i m e  t a k e n  to 
achieve  t h e  cr i t ica l  MCHC is p ro longed  a n d  a n  inc reased  
n u m b e r  of cell d iv is ions  occur,  r e su l t i ng  in microcytos is .  

The  cr i t ica l  M C H C  is n e v e r  exceeded  w h a t e v e r  t he  
d u r a t i o n  of red  cell d e v e l o p m e n t .  

I f  t h e  MCHC plays  t h i s  c rucia l  role in  d e t e r m i n i n g  t he  
end  of n u c l e a r  a c t i v i t y  t h e n  i t  m u s t  also be  a l im i t i ng  
fac to r  for  o t h e r  cell  func t ions .  E s t i m a t i o n  of r ed  cell 
r i b o f l a v i n  in i ron  def ic iency  a n a e m i a  shows t h a t  w h e n  
mic rocy tos i s  occurs  t he  i n t r a c e l l u l a r  c o n c e n t r a t i o n  is ni-  
c reased  8 T h i s  sugges t s  t h a t  if a n o r m a I  c o n c e n t r a t i o n  is 
a t t a i n e d  before  h e m o g l o b i n i z a t i o n  is c o m p l e t e  a f u r t h e r  
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Correlation of red celI concentration (ai and total red celt content (b) with mean cell volume for 5 constituents 

Constituent measured No. of cases Correlation coefficients Regression 
r p coefficients 

]Riboflavin (a)/*g]100 ml 74 - 0.52 < 0.001 -- 0.15 
(b) ktg/1014RC's + 0.32 < 0.01 + 0.06 

Cholinesterase (a) units/100 ml 36 -- 0.432 < 0.01 -- 0.87 
(b) units/101°RC's + 0.407 < 0.05 + 0.66 

Glutamic-oxaloacetic 
traasamlnase (a)/~mole/100 ml 81 - 0.475 < 0,01 - 2.75 

(b) #mole/1012RC's + 0.015 n.s. + 0.06 

Glutarnic-pyruvic 
transaminase (a)/~mole]100 ml 79 -- 0.369 < 0.01 -- 0,94 

(b)/~mole/1012RC's -- 0.120 n.s, -- 0,22 

Polate (a) #g/ml 49 -- 0.486 <i 0.01 -- 4.99 
(b) Hg/101aRe's -- 0.164 n.s. -- 0.11 

a,s., not significant, 


