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Inactivation of Aldolase by X-Rays 

This  no t e  r epo r t s  m e a s u r e m e n t s  of t h e  i n a c t i v a t i o n  
yield of r a b b i t - m u s c l e  a ldolase  (E.C. 4.1.2.7) in so lu t ion  
a n d  of t h e  effect  of va r i ous  a d d e d  subs tances ,  t h a t  are  
p r o t e c t o r s  or sens i t izers  in  r i v e .  P r e v i o u s  d e t e r m i n a t i o n s  
m a d e  on  t h i s  e n z y m e  h a v e  g iven  va lues  of 0.031 (in 
a n a e r o b i c  condi t ions) ,  0.112 a n d  0.13 a ; in  t h i s  work,  t he  
yie ld  h a s  been  d e t e r m i n e d  a t  va r i ous  c o n c e n t r a t i o n s  a n d  
w i t h  d i f f e ren t  s amples  of enzyme,  t o  insu re  t h a t  t h e  
resu l t s  would  n o t  b e  v i t i a t e d  b y  i m p u r i t i e s  in  t h e  m e d i u m  
or  in  t h e  e n z y m e  samples .  T h e r e  is a t  p r e s e n t  cons ide rab le  
u n c e r t a i n t y  a n d  c o n t r o v e r s y  c o n c e r n i n g  t h e  suscep t ib i l i t y  
of e n z y m e s  in  so lu t ion  to  i n a c t i v a t i o n  b y  ion iz ing  rad ia -  
t i o n  a n d  also conce rn ing  t h e  m e c h a n i s m  of p r o t e c t i o n  4-~ ; 
i t  is h o p e d  t h a t  t h e  p r e s e n t  i n v e s t i g a t i o n  will  c o n t r i b u t e  
to  ou r  u n d e r s t a n d i n g  of t he se  p rob lems .  

T h e  genera l  p rocedure ,  a p p a r a t u s  a n d  d o s i m e t r y  were  
as desc r ibed  in  a n o t h e r  p a p e r L  T h r e e  e n z y m e  samples  
were  e x a m i n e d :  W I  a n d  W l I  f rom W o r t h i n g t o n ,  B I  f rom 
Boehr inge r .  W I  a n d  W l I  gave  a single, s y m m e t r i c a l  p e a k  
on  a n a l y t i c a l  u l t r a c e n t r i f u g a t i o n ,  W I I  c o n t a i n e d  some 
5 - 1 0 %  of a f a s t e r - s e d i m e n t i n g  c o m p o n e n t .  T h e  in i t i a l  
e n z y m e  c o n c e n t r a t i o n  E was e s t i m a t e d  f rom t h e  abs o rb -  

~ I %  0.91); t h e  M.W.  was t a k e n  as ance  a t  280 n m  ~ l c m  
149,000 s. T h e  i r r a d i a t i o n s  were  c o n d u c t e d  in 0 . 0 5 M  
p h o s p h a t e  buffer ,  unless  o the rwise  specified.  Assay  was 
b y  BF-CK'S mod i f i c a t i on  of t h e  m e t h o d  of SISLEY a n d  
LEHNINGERS; samples  a n d  con t ro l  were  a s sayed  a t  t h e  
s ame  t ime,  soon a f t e r  i r r a d i a t i o n  ( <  2 h ) ;  t h e  samples  
were  d i l u t ed  as needed  w i t h  p h o s p h a t e  c o n t a i n i n g  
5 × 1 0 - 4 M  e t h y l e n e d i n i t r i l o t e t r a a c e t a t e  a n d  t h e  a s say  
was  c o n d u c t e d  i m m e d i a t e l y  a f t e r  d i lu t ion .  

Samp le s  W I  a n d  W I I  were  m e a s u r e d  a t  a single in i t i a l  
c o n c e n t r a t i o n .  F o u r  or  f ive  sets  of m e a s u r e m e n t s  were  
m a d e  o n  each  sample ,  t o  7 0 - 8 0 %  i n a c t i v a t i o n ,  a n d  t h e  
r e su l t s  ave raged .  The  f r a c t i o n  of a c t i v i t y  x r e m a i n i n g  de-  
c reased  l o g a r i t h m i c a l l y  w i t h  t h e  dose D : log= = -- K D /  
2.303 (eq. 1). T h e  T a b l e  r epo r t s  t h e  m e a n  va lues  of DsT, t h e  
dose g iv ing  37% of t h e  o r ig ina l  a c t i v i t y :  Da7 = l / K ;  t he se  
va lues  were  c o m p u t e d  b y  t h e  m e t h o d  of l eas t  squares  a n d  
t h e  s t a n d a r d  d e v i a t i o n  of t h e  m e a n  is r e p o r t e d  also. T h e  
a p p a r e n t  y ie ld  G = E K  = E/Ds7 (eq. 2). 

HUTCHINSON a n d  R o s s  xe h a v e  p o i n t e d  o u t  t h a t  t he  
va lues  of G g iven  b y  eq. 2 wou ld  be  low if r e a c t i o n  w i t h  
i m p u r i t i e s  or  o t h e r  processes  n o t  i n v o l v i n g  t h e  e n z y m e  
c o n s u m e d  a n  app rec i ab l e  f r ac t i on  of t h e  dose. These  
a u t h o r s  t he r e fo re  sugges t  t h a t  G be  d e t e r m i n e d  for  va r ious  
E va lues  a n d  t h e  resu l t s  p l o t t e d ;  one  m i g h t  expec t  to  
o b t a i n  a s t r a i g h t  line, t h e  slope of wh ich  would  b e  t h e  
' t r u e '  yield,  G'. T h e  F igu re  shows t h e  resu l t s  o b t a i n e d  in th i s  
way  w i t h  s a m p l e  BI .  T h e  ave r age  va lue  of G" f o u n d  for 
t h i s  s ample  is g iven  in  t h e  Table .  I f  one  a s sumes  t h a t  
t h e r e  would  be  t h e  s a m e  di f ference b e t w e e n  G a n d  G'  for  
all  3 samples ,  one  o b t a i n s  a n  overa l l  ave r age  of 0.10 
( ±  0.02) tor  t h e  r a d i o c h e m i c a l  yield.  

I t  is d i f f icu l t  to  e s t i m a t e  t h e  a c c u r a c y  of th i s  r e su l t  
because  we do n o t  as y e t  u n d e r s t a n d  well  e n o u g h  w h a t  
f ac to r s  in f luence  t h e  yield,  a n d  b y  h o w  m u c h .  However ,  
t h e  degree  of a g r e e m e n t  o b t a i n e d  w i t h  d i f f e ren t  samples ,  
2 f rom en t i r e ly  d i f f e ren t  sources,  gives us  conf idence  t h a t  
t h e  poss ib le  i m p u r i t i e s  could  n o t  g r ea t l y  a f fec t  t he  resul t .  
O t h e r  e x p e r i m e n t s  show t h a t  t he  v a l u e  of t h e  yie ld  does 
n o t  d e p e n d  v e r y  c r i t i ca l ly  on  t h e  cond i t i ons  used.  T he  
va lues  of G" d e t e r m i n e d  r e spec t ive ly  in  0 . 0 5 M  p h o s p h a t e  
buffer ,  in  0 . 0 1 M  buf fe r  a n d  in doub ly -d i s t i l l ed  w a t e r  
were  in t h e  r a t i o  1 :1 .1 :1 .25 .  Also, t h e  y ie lds  f o u n d  in  
p h o s p h a t e  buf fe r s  of p H  6 ~nd  8 were  w i t h i n  10% of t he  
v a l u e  a t  7. 

W e  are  led b y  t h e s e  r e su l t s  to  t he  conc lus ion  t h a t  m a n y  
p r i m a r y  ion iza t ions  occur  in  t h e  s o l v e n t  pe r  molecule  of 
a ldolase  i n a c t i v a t e d  - some 30 ion iza t ions ,  if one  t a k e s  
33 ev  as t h e  ave r age  ene rgy  r equ i r ed  pe r  ion iza t ion .  I n  
wate r ,  t h e  p r i m a r y  i on i za t i on  p r o d u c t s  are  qu i ck ly  con-  
v e r t e d  i n to  radicals ,  e~q, H- ,  OH. ,  a n d  O O H . ,  a n d  i t  is 
genera l ly  agreed  t h a t  i n a c t i v a t i o n  is caused  m o s t l y  b y  
r e a c t i o n  w i t h  t h e s e  radicals .  T h e  low i n a c t i v a t i o n  yie ld  
i nd i ca t e s  t h a t  on ly  a sma l l  f r ac t i on  of t h e  rad ica l s  p ro-  
duced  are  ef fec t ive  in caus ing  i n a c t i v a t i o n .  Two  possibi l i -  

Inactivation yields 

Enzyme Specific Concentra- D~ Krad G or G' 
sample activity= tion x 106M molecs[100 ev 

WI 113 5.8 65.2 4- 1.02 0.086 
WII 93 6.5 53.5 4- 1.03 0.12 
BI 131 0.8-7.5 - 0.10 

= Expressed as suggested by SWENSON and BOYER 9 as the ratio of 
the absorbance of the product at 540 nm to the absorbance of the 
enzyme at 280 nm. 

50[ 

4OO 

£300 

200 

100 

E, 10 ~s m01ecules/ml 

D37 at various initial concentrations E for sample BI. The slope of 
the line equals G" in moleculesJl00 ev. 
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t ies  a re  t h a t :  (a) r e a c t i o n  c a n  occur  a t  m a n y  si tes  in  t he  
e n z y m e  w i t h o u t  c aus in g  i n a c t i v a t i o n ;  or  (b) r epa i r  c an  
occur  a f t e r  a n  in i t i a l  a t t a c k  b y  radical ,  r e s to r ing  t h e  
e n z y m e  to  i t s  p r i s t i ne  c o n d i t i o n L  

T h e  dose -mod i fy ing  effect  F of a d d e d  s u b s t a n c e s  is 
C def ined  as fol lows:  F = D87/Da~ = KC/K 'n, in  wh ich  t h e  

supe r sc r i p t s  m a n d  c d e n o t e  r e spec t ive ly  t h e  va lues  found  
in  t h e  p resence  of mod i f i e r  a n d  for  t h e  cont ro l .  E was  
5 x 1 0 - e M  a n d  t h e  modi f i e r  was  in  50-fold g rea t e r  m o l a r  
c o n c e n t r a t i o n ,  unless  o the rwi se  specified.  F o r  cys t eamine ,  
F was  6.4, for  cys te ine  5.9, i.e. t he se  s u b s t a n c e s  h a d  a 
p r o n o u n c e d  p r o t e c t i v e  effect.  F o r  t h e  d e r i v a t i v e  d isu l f ide  
c y s t a m i n e  F was  3.3, for  cys t ine  3.9; i.e. t he se  s u b s t a n c e s  
were  s o m e w h a t  less effect ive,  d i s t i n c t l y  so, if c o m p a r e d  
on  t h e  bas i s  of weight .  E x p e r i m e n t s  were  d o n e  w i t h  
c y s t i n e - S  ~s to  d e t e r m i n e  t h e  m e c h a n i s m  of p ro tec t ionT:  
t h e  e n z y m e  a n d  cys t ine  were  mixed ,  a l lowed to  r e a c t  for  
some  t ime,  t h e n  s e p a r a t e d  b y  c h r o m a t o g r a p h y  o n  
Sephadex -G25 .  No  app r ec i ab l e  r a d i o a c t i v i t y  was  incor-  
p o r a t e d  i n t o  t h e  p r o t e i n  in  6 h,  s how i ng  t h a t  t h e  p ro tec -  
t i o n  rea l ized  in  t h e  p r e s e n t  c o n d i t i o n s  was  n o t  due  to  
f o r m a t i o n  of a mixed-d i su l f ide  p r o d n c t e ;  i t  m i g h t  b e  due  
to  r ad i ca l - s caveng ing  a n d / o r  t o  r e p a i r  b y  t h e  su l fu r  com-  
p o u n d .  

T h e  i n a c t i v a t i o n  y ie ld  was  l i t t l e  a f fec ted  b y  a d d e d  
s o d i u m  iodide  a t  1 :50  m o l a r  ra t io ,  b u t  a t  1 :600  r a t i o  F 
inc reased  t o  6.4. P r e s u m a b l y  t h e  p r o t e c t i o n  is due  to  
c o m p e t i t i o n  t h a t  c o n v e r t s  a r e a c t i v e  r ad i ca l  to  a less 
d a m a g i n g  one, e.g., O H .  to  I . .  S ince  iodide  is a sens i t izer  
in  v ivo ,  a t  l eas t  in  m a n y  cases n ,  t h e  r e su l t  i nd i ca t e s  t h a t  
sens i t i z ing  a c t i o n  c a n n o t  b e  d i r ec t l y  r e l a t ed  to  some  
s imple  ef fec t  a t  t h e  mo lecu l a r  level.  F for  iodoace t ic  acid 
was  1.5, for  3 - iodopropion ic  acid 1.6. Of some  in t e r e s t  is 
t h e  f ac t  t h a t  e t h y l  m e t h a n e s u l f o n a t e ,  a m u t a g e n i e  a n d  
r a d i o m i m e t i c  agent ,  also h a d  l i t t l e  effect :  F was  1.0 a t  
50 :1  r a t io  a n d  on ly  1.1 even  a t  v e r y  h i g h  c o n c e n t r a t i o n ,  
8000 : I .  

T h e  b e h a v i o r  of a ldolase  w i t h  r e spec t  to  p r o t e c t i o n  a n d  
sens i t i za t ion  is in  m a r k e d  c o n t r a s t  to  t h a t  of a lcohol  
dehydrogenase ,  a l t h o u g h  th i s  h a s  a v e r y  s imi la r  i n a c t i v a -  
t ion  y ie ldL A l t h o u g h  t h e  d a t a  so fa r  ava i l ab l e  a re  n o t  
suff ic ient  to  s u s t a i n  a n y  genera l i za t ion ,  i t  s h o u l d  be  
a n t i c i p a t e d  t h a t  p r o t e c t i v e  a n d  sens i t i z ing  effects  m a y  be  
m o r e  specific t h a n  h a d  b e e n  suspec t ed  h i t h e r t o  ~.  

Riassunto. ~ s t a t a  s t u d i a t a  in  v i t r o  l ' i n a t t i v a z i o n e  d a  
raggi  x de l l ' a ldo las i  da l  muscolo  di  coniglio.  II  r e n d i m e n t o  
d i  i n a t t i v a z i o n e  co r r i sponde  a 0,10 (mo lecu le ] i00  ev) p e r  
c o n c e n t r a z i o n i  comprese  t r a  10 -s a n d  10-83¢ in t a m p o n e  
di  fosfa t i  0 ,05M,  p H  7. I1 r e n d i m e n t o  n o n  sub isce  mod i -  
f icazioni  di  r i l ievo v a r i a n d o  il p H  d a  6 a 8 o s o s t i t u e n d o  
al t a m p o n e  l ' a c q u a  b id i s t i l l a t a .  I1 r e n d i m e n t o  6 r i d o t t o  
d a  4 a 6 vo l t e  in  p r e s e n z a  di  c i s t eamina ,  di  c i s t e ina  o dei  
c o r r i s p o n d e n t i  d isol fur i  in  c o n c e n t r a z i o n i  c o r r i s p o n d e n t i  
a 50 molecule  p e r  moleco la  di  enz ima .  Col l ' ioduro  di  sodio" 
in  c o n c e n t r a z i o n e  di  600 :1  si o t t i e n e  u n a  r iduz ione  di  6 
vol te .  
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M a n n o s i d o h y d r o x y s t r e p t o m y c i n  f r o m  S t r e p t o m y c e s  s p .  

A l t h o u g h  t he  f o r m a t i o n  of m a n n o s i d o s t r e p t o m y c i n  
t o g e t h e r  w i t h  s t r e p t o m y c i n  in t h e  f e r m e n t a t i o n  b r o t h s  of 
S. griseus is a we l l -known p h e n o m e n o n  z, a m a n n o s i d o  
d e r i v a t i v e  of h y d r o x y s t r e p t o m y c i n  h a s  n e v e r  been  de-  
scr ibed.  W e  wish  to  r e p o r t  t h e  i so la t ion  of m a n n o s i d o -  
h y d r o x y s t r e p t o m y c i n  t o g e t h e r  w i t h h y d r o x y s t r e p t o m y c i n ,  
s t r e p t i d i n e  a n d  t o y o k a m y c i n  f rom t h e  cu l tu re s  of Strepto- 
myces 862. 

T h e  f i l t e red  b r o t h  (20 1) was  w o r k e d  up  b y  s t a n d a r d  
a b s o r p t i o n - e l u t i o n  p rocedure s  on  c a t i o n  e x c h a n g e  res ins  
to  g ive  a m i x t u r e  of s u l p h a t e s  w h i c h  were  s e p a r a t e d  b y  
c h r o m a t o g r a p h y  on  a c o l u m n  of a c t i v a t e d  cha rcoa l  a n d  
f i l ter -a id .  T h e  e lu t ion  was  ca r r ied  o u t  w i t h  dis t i l led  w a t e r  
fo l lowed b y  0 .1N su lphur ic  ac id  in 50% aqueous  m e t h a n o l .  
T h e  y ie lds  were  t h e  fol lowing:  1.6 g of s t r e p t i d i n e  su lpha te ,  
i den t i f i ed  b y  d i r ec t  c o m p a r i s o n  w i t h  a n  a u t h e n t i c  speci-  
m e n  p r e p a r e d  f r o m  s t r e p t o m y c i n  3, 5.8 g of h y d r o x y -  
s t r e p t o m y c i n  su lpha te ,  i den t i ca l  in  al l  r e spec t s  to  a n  
a u t h e n t i c  s a m p l e  4, 6.4 g of s u l p h a t e  of t h e  new an t ib io t i c .  
T h e  l a t t e r  was  f u r t h e r  pu r i f i ed  t h r o u g h  t h e  c rys ta l l ine  fl- 
n a p h t h a l e n e s u l f o n a t e ,  C2TH49OxsN7 • 3 (CloHsO3S) • 3 H30 ,  
m.p .  182-184 °, a n d  i so la ted  as  t h e  h y d r o c h l o r i d e  
C27H,9OIsN7 • 3 HC1 • 3/2 H30 ,  [~]P] - - 5 5  ° (H~O), - - 4 9  ° 
(me thano l ) .  H y d r o g e n a t i o n  of t h i s  p r o d u c t  ( P t  ca ta lys t )  

gave  a d i h y d r o  d e r i v a t i v e  C~THsxOzsl\T7 • 3 HC1 • 3 H20 ,  
[~]~ - 62 ° (HsO) .  

P a p e r  c h r o m a t o g r a p h y  of t h e  h y d r o l y z a t e  o b t a i n e d  b y  
t r e a t m e n t  of t he  a n t i b i o t i c  w i t h  N aqueous  su lphur i c  acid 
on  t h e  boi l ing  w a t e r  b a t h  showed  spo ts  co r r e spond ing  to  
s t r ep t id ine ,  N - m e t h y l g l u c o s a m i n e  a n d  mannose .  T rea t -  
m e n t  of t he  d i h y d r o  d e r i v a t i v e  of t he  a n t i b i o t i c  w i t h  1.6 N 
h y d r o g e n  chlor ide  in m e t h a n o l  gave ,  a f t e r  130 h a t  room 
t e m p e r a t u r e ,  s t r ep t id ine ,  ~ - m e t h y l d i h y d r o h y d r o x y s t r e p -  
t o b i o s a m i n i d e  ( isola ted as t h e  e x a a c e t a t e  wh ich  was  iden-  
t ica l  in  all  r espec t s  w i t h  t h e  s ame  p r o d u c t  o b t a i n e d  f rom 
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