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T h e  c r y s t a l s  t)f the  Michae l i s  o , m p l e x  were  t ) r eFared  us ing  D-alani~:e a_s s u b s t r a t e  
as r o rxwted  previou.~ly x. "I'be c r y s t a l  sttspetl.~iotx ~va~ l n i e c t e d  int.o t he  cell a n d  cen-  
t r i f u g e d  a t  3 c o o  × g t,~: r 5 rain.  B y  t h e  ccn t r i fugu t i t , n ,  t h e  c r y s t a l s  we.re p a c k e d  
in t he  capl~Aary p a r t  of  the  ~:eti. t'_Si-~ m e a ~ i r (  r,-.c~: wa~ p e r l o r m c d  a t  t,~ont t e m p e r a -  
t u r e  ( a s : )  un<ler th,~ fi~lh~win 7. ,:¢:ndition~ : m o d u l a r  i, )n, re,.: kcyc les ,  6 ( ;~us~ ; s e n s i t i v i t y ,  
20o0" p o w e r ,  5 d b ;  re~pon~e,  o. 3 ~cc; m a g n e t i c - f i e l d  ~canning  speed ,  42/' ,t  tu.~stmm" ," 
cl t~vl  ~pt-ett, 4 cm/ m ~ n .  

As  s h o w n  in Fig.  z A. a t y p i c a l  sig.tal  was  .~b.-.crvcd w i th  cry~,tai, the  e v a l u e  
b e i n g  2+ol) 4. 

T h e  ct-ystal,~ were  then  removed  a~td the n to t l t , . r  L iquid wa.-s in jec ted  i n t o  lb , :  
c a p i l l a r y  p a r t  o f  t he  co l l . .No  E S R  s igna l  w a ,  d~-m,gt~,tral)h: iF ig .  2 g) .  l'-']evatinl~ t h e  
f ield m o d u l a t i o n  t o  be  r o o  kcych:.~, 15 G;.ttt,~.~, | towew,r ,  r~.vealed a t y p i c a l  s igna l  w i t h  
t h e  ~ame  g v;dut: a:~ t h a t  o f  t h e  cry.~tal. 

T h e s e  r e s u l t s  s u g g e s t  t h a t  b o t h  the  c r y s t a l  a n d  the  m o t h e r  l iqu id  co[l taJn a 
f ree  raxtit:al. C o n s i d e r i n g  t h i s  fac t  t o g e t h e r  wi'H~ the  f o r m e r  re~ult~ ~, i: :.~ ~:,,~t:!ude.d 
t l - a t  t h e  c r y s t a l  is a c o m p l e x  o f  t he  s e m i q u m o i d  f o r m  of  t he  l ] o l o e n z y m c  a n d  the: 
a c t i v a t e d  or  p a r t i a l l y  m o d i f i e d  s u b ~ t x a t c ,  viz.. at~ i n t e r m e d i a t e  c o m p h ' x  hwm~,d 
d u r i n g  t h e  enzyr t f i c  c a t a l y s i s ,  wh ich  w~s  theory, t i t :al ly a_ssumed b y  .~IICIt.~EHS AXI) 
~[ENTEN 3. 
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P.~ xoo34 
The reaction kinetics of respiratory en~rymes studied 

by electron-spin-resonance absorption 

%Ve h a v e  "Mready r e p o r t e d  on t i le f r e e - r a d i c a l  s ignal~ o b s e r v e d  d u r i n g  r eac t ion~  
e a t a l y s e d  b y  f tu tga l  g l ucos e  o x i d a s e  (EC z . I .3 .4)  a n ~  p i g - h e a r t  ~uce ina te  d e h y -  
d r o g e n a s e  (EC x.3+99.x) a. In  th i s  l ) a l ~ r  the  r e a c t i o n  k ine tk . s  o f  these  enzymc.~ a re  
d e s c r i b e d .  

As  an  a c c e p t o r  m e t h y l e n e  b lue  w a s  u-~-~l, w i th  t - x o o  m M  f l -g lucose  a n d  to  t o  
:too m M  s u c c i n a t e  as  s u b s t r a t e .  Ti le  e x p e r i m e n t a l  conditiorL~ o f  t a e  E S R  a p p a r a t u s  
w e r e :  X-baxJd .  l o w - f r e q u e n c y  (380 c , ;c lestsec)  field m o d u l a t i o n  ( m o d u l a t i o n  w i d t h :  
o.Z2--O.8 Gau~s)  a n d  axnb ien t  a i r  t e m p e r a t u r e  (z7°). T h e  r e a c t i o n  m i x t u r e  c o n t a i n e d  
o.z M p h o s p h a t e  b u f f e r  {pH 7.0). 

Abbreviat-iou- ESR.  electron-spin-¢sonancc. 

Hzo~him. B#ophys. ~¢:I~, 67 (z963) 687---690 
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Fig.  z. The  E S R  s p e c t r a  o b t a i n e d  for  t h e  r ad i ca l  in  t h e  glue<me o x i d a s e  r e ,  l ion .  &. O.  it8 $,n a ceep -  
t o r ;  b. m e t h y l e n e  1Mue ~ an  a c c e p t o r ;  c, radice~l p r o d u c e d  d u r i n g  r e t luc t ioa  of  m e t h y l e n e  b lue  

b y  Na.tStO i. 

The singlet ESR signals of  free ra~caas axe observed only in the complete 
systems and the g value is always about  7. and line wid th  is a lways ~.bout z 5 Gauss 
and  20 Gau~s, re-~pectively (Fig. za and  b). 

Whereas in the reduction of  methylene blue by  Na2StO d a singlet ESR signal 
ha~dng a g value of about  2 and a line wid th  (peak to peak) of about  2o Gauss (Fig. tc) 
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Fig .  2. T h e  d e c a y  cu rvce  ~,f t h e  ~ignal h e i g h t  (in ]oo  mM . ~ h ~ h a * . e  b=ff*~, p H  7.0). a, 4 ° mM 
~-glucoae 4- 4 0  m M  m e t h y l e n e  blue  (MB) t" t o  ~ M  gluc<~e  o x i d e ;  it'. t o  m M s u c c t n a t e  + t o  m M  
M B  4- s u c c l m t t e  d e h y d r o g e n a s e ;  b. 6 a h e m  ~-glu¢oete + z o m , M  M B  + I*>FM g l u c o s e  ~_~_i_~_tse; 

c.  6 o  m M  ~ - g l u c o s e  + [ o  m M  M B  + z o  ~ g l u c o s e  o x i d u e .  

B~cchittl. B~o.p,lvy~t. Acta, 67  ( 1 9 6 3 )  6 8 7 - 6 9 0  
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is obse rved  in viscous watex so lu t ion  conta in ing  9 0 %  of glycerol ,  ident i f ica t ion of  
these  radicaLs can no t  be d e t e r m i n e d  b y  a ~mple  E S R  technique .  However ,  f ree  
radicals  are p roduced  in the  comple t e  enzymic  react ion in such a way  t h a t  the  decay  
curves  o f  the  E S R  signals seem to  be re la ted to  the  in:cr_q~.+dhte frec raclJ~:als. 

R a n d o m  m i x t u r e  o f  t h e e  sys tems show decay  curves typica l  of  non-l inear  
equa t ions  (Fig. za,  a*). 

Vtrhen one  o f  t he  substra t~s  (acceptor  or donor) is in excess, t he  concen t ra t :on  
o f  t he  o the r  decays  exponen t i a l ly .  In  thi~ condi t ion  we can r+~olve the  decay  cu+ve~ 
o f  free radicals  as a quas i - s t eady  s, a te  (Fig. zb, c}. 
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Fig .  3. S e m i ! o g a r i t h m i c  ploLs o f  t ' . ~  d e c a y  c u r v e s  o f  F ig .  z b a n d  c. C u r v e s  x a n d  z c o r r e s p o n d  t o  
F igs .  2 b a n d  c. l esp+%tive ly .  

T h e  semi logar i thmic  ptot_~ o f  signal he ight  -2n Fig~. 2b and c shc, w t h a t  t he  two 
expone n t i a l  t e rms  over lap  (Fig. 3)- 

T h e  usua l ly  accep ted  reac t ion  scheme for 81ucobe oxida.se is 

£~-Slucose " y ' ~  E-F~H, "~y~ ~|BH, 
gluconolactone ...A._ E-FI ~ 3! B 

where  E-FI  is the  enzyme  and  MB m e t h y l e n e  blu~. \Vhen all the  o x i d a t i o n - r e d u c -  
t ion  s t ev  inc lude  the  free-radica]  s tates ,  we ~ i  only  observe  the  free radical  when 
+.+he f .  r ad ica l - fo rming  ra te  cons t an t  (lh} is gTeater t h an  its des t roy ing  ra te  cons t an t  
(k,). 

Dec~y "m-,ic.~ of  Fig. 3 include 2 d o m i n a n t  exponen t i a l  terms.  So ~ e  m a y  
wr i te  gene. ~ v  

ka kt  
EA + B --,. R. --~ IZ ~. .,'I" ~- B "  

w,~ere E is enzyme ,  A - B  is accep to r  or  donor ,  A' ,  B'  are reac t ion  products ,  and  
R- is t he  free  radica l  observed, and  p u t  

d R -  
el/ -- - -k~-- t -  K6-hl (z) 

(amtroycd.b (formed) 

B/ochre. B/op4ws. A~a, 67 {x963| 687-60o 
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w h e r e  
1¢ = k~[EA i [B,1 

and  i n t e g r a t e d  ( in i t ia l  c o n d i t i o n  t == ~, R- =-- o) 

1¢. ht[E:l] :no1 " (n -- e-~* - ~',)~)e-L't~ (z) 
ktt - -  kt  

Eqnu. z ag rees  well v, f t h  t h e  e x p e r i m e n t a l  r e su l t s  (Fig.  2b,  c aml  3) i n d i c a t i n g  t h a t  
t he  a:~qumptitm u n d e r l y i n g  E q n .  :t m a y  be  va l id .  

Ira tile d o w n  p h a s e  nf  t h e  d e c a y  cu rves ,  E q n s .  x a n d  z i n d i c a t e  t]l~t t h e  s t e e p e r  
de~:line ,~lelx:tx~ts ch ie f ly  on  k t a n d  t he  o t h e r  on  k_~. W e  o b t a i n  t h e  v a l u e s  o f  k2 as  
3 4  ~°-4 pe r  scc f r o m  Fig.  3- A n d  t h e  fac t  t h a t  t h e se  a re  t h e  o n l y  t w o  d o m i n a n t  ~teps 
in Fig.  3 show t h a t  t he  species  o f  o b s e r v a b l e  f ree  r ad ica l  in th is  r e a c t i o n  is s ingle.  

As t h e  reacztitm ~f  t he  first t e r m  in E q n .  T is n r s t  o rde r ,  it  is t h o d g h t  t h a t  t i le 
obm~rvable f ree  rad ica l  c o m b i n e s  w i t h  ,'m o t h e r  u n k n o w n  fret; r ad i ca l  h a v i n g  a h igh 
t r a n s f e r  acl ivi ts"  ~uch ag 1I.. 

T h e  iden t i f i ca t i on  o f  o b s e r v a b ] e  free  r ad ica l s  s h o u l d  be a c h i e v e d  b y  n u c l e a r  
g f a c t o r  dotertr ,  ined  b y  E n d o r  m e t h ~ a  a n d  t e m p e r a t u r e  c o n t r o l  o f  t h e  s a m p l e  f r o m  
d ie lec t r i c  h e a t i n g  is r e q u i r e d  in o u r  e x p e r i m e n t s .  
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