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SUMMARY: At a c i d i c  pHs the myoglobin ca ta l yzed  o x i d a t i o n  of  ace to -  

ace ta te  r e s u l t s  in  the concomi tan t  d e s t r u c t i o n  of  the hemepro te in .  

The s p e c t r a l  changes are s i m i l a r  to those observed on i r r a d i a t i n g  

myoglob in  alone at  270 nm. The i n t e r m e d i a c y  of  the spec ies 1 0 2 ( l ~ g ) ,  

02/HO~ and OH" was exc luded.  M e t h y l g l y o x a l  s e n s i t i z e s  the photo-  

d e s t r u c t i o n  o f  myog lob in .  I t  appears t h a t  m e t h y l g l y o x a l  may be gene- 

ra ted  in  an e l e c t r o n i c a l l y  e x c i t e d  s t a t e .  

Work from t h i s  l a b o r a t o r y  ( I - 3 )  i n d i c a t e d  t h a t  there  are dark 

b iochemica l  systems which may be m e c h a n i s t i c a l l y  s i m i l a r  to b i o -  

l um inescen t  p rocesses.  In such dark systems,  va r i ous  paths o the r  

than r a d i a t i v e  emiss ion  would be open to the e l e c t r o n i c  energy.  One 

such system is  the myoglobin ca ta l yzed  convers ion  o f  ace toace ta te  or  

d e r i v a t i v e s  i n t o  m e t h y l g l y o x a l  ( 4 ) :  

H3C-C-C--COOH + 0 
II H 2 
0 

H3C-C-CuH + CO 2 + H20 
tl II 
0 0 

Thus, the s u b s t r a t e  has the p o t e n t i a l i t y  of  a l u c i f e r i n ,  i n a s -  

much as i t  can e a s i l y  lose a methylene pro ton and has a good 

l e a v i n g  group in  a p r o p e r l y  l oca ted  p o s i t i o n  (5 ) :  
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H 02 
H ~ C - - C - - C - - C  ~ 0  H 

J II - i i  
0 0 

H.C--C~C~H + CO 2 J II II 

0 0 

OH 
H I 

H. C - - C - - C - - C  : 0 

0 0 - - 0  

H20 

H 
H3c--c~c~c----o 

I I I  I 
0 0 ~ 0  

O r b i t a l  symmetry c o n s i d e r a t i o n s  (5)  sugges t  t h a t  m e t h y l g l y o x a l  

may be formed in  an e l e c t r o n i c a l l y  e x c i t e d  s t a t e  as a r e s u l t  o f  the 

d i o x e t a n e  r i n g  c l e a v a g e .  

We r e p o r t  here  t h a t  a t  a c i d i c  pHs, as a r e s u l t  o f  the 

r e a c t i o n ,  myog lob in  is  a l t e r e d ,  the  s p e c t r a l  changes be ing s i m i l a r  

to those observed  by i r r a d i a t i n g  myog lob in  w i t h  270 nm l i g h t ,  

e i t h e r  a lone or  in  p resence  o f  m e t h y l g l y o x a l .  

M a t e r i a l s  and Methods 

Whale myog lob in  and m e t h y l g l y o x a l  were o b t a i n e d  from Sigma 

Chemical  Company. Deuter ium ox ide  (99.7%) was from BDH Chemical  L td .  

Sodium a c e t o a c e t a t e  was p repa red  by the method o f  Krebs and 

E g g l e s t o n  (6) as d e s c r i b e d  by M i l l i g a n  and Baldwin  ( 4 ) .  S u p e r o x i d e  

d ismutase was o b t a i n e d  as r e p o r t e d  by McCord and F r i d o v i c h  ( 7 ) .  

The r e a c t i o n s  were run in a Warburg appara tus  a t  25°C, the  

b u f f e r  be ing  sodium a c e t a t e ,  O.14M. The c o n c e n t r a t i o n s  were :  myo- 

g l o b i n ,  6.0 x lO-5H; sodium a c e t o a c e t a t e ,  1.5 x IO-3M and MnCI 2 '  

8 .5  x lO-3M. Potass ium h y d r o x i d e  was p r e s e n t  in  the  c e n t r a l  w e l l .  

Spec t ra  were taken on a Ze iss  DMR-21 Record ing  S p e c t r o -  

pho tome te r  us ing  1 cm path c e l l s .  

Myog lob in  was i r r a d i a t e d  w i t h  27h nm l i g h t  w i t h  a 150 w a t t  

xenon lamp at  90 cm d i s t a n c e .  
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Figure I .  D i f f e r e n t i a l  spectra  o f  myoglobin at pH 5.3  r e l a t i -  

vely  to a f r e s h l y  prepared s o l u t i o n :  ~ + + + + ) a f t e r  4 .25 hours 

i r r a d i a t i o n  with 270 nm l i g h t ; (  . . . . .  } a f t e r  c a t a l y z i n g  the 

conversion of ace toaceta te  in to  m e t h y l g l y o x a l .  
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Figure 2. The spectrum of  myoglobin before ( ~ )  and a f t e r  

( . . . . .  ) 4.25 hours i r r a d i a t i o n  with 270 nm l i g h t  at pH 4 .6 .  

The curve ( . . . . . . . . .  ) represents the spectrum of  the f i n a l  reac t ion  

mix tu re ,  t h a t  i s ,  a f t e r  the myoglobin ca ta lyzed  conversion of  

ace toace ta te  in to  m e t h y l g l y o x a l .  For comparative purposes the 

spectrum of  the i r r a d i a t e d  s o l u t i o n  is lowered by 0.030 in the 

absorbance sca le .  

Results and Discussion 

As a consequence of  the react-ion which cata lyzes  the conver-  

sion of  acetoaceta te  in to  methylg lyoxal  myoglobin becomes a l t e r e d  

s p e c t r a l l y .  The a l t e r a t i o n  increases markedly on running the reac t ion  

at  lower pHs, tha t  i s ,go ing  from pH 5.2 to pH 4.6 and down to pH 
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4.2, This spectral effect almost matches that obtained by i r rad ia t ing  

myoglobin alone with u l t r av i o l e t  l i gh t  (Figs. l and 2). 

To ascertain i f  the destruction of myoglobin is due to the hydro- 

xyl radical ,  OH', the conversion of acetoacetate was also studied in 

the presence of 5 x lO'3M benzoate (8) as well as in the presence 

of O.OII~ formate (9); however no protection whatsoever was observed. 

Nor was the myoglobin destruction due to the superoxide ion or per- 

hydroxyl radical ,  because 3.3 x lO-7M superoxide dismutase (7) did 

not protect the hemeprotein. Actually the par t ic ipat ion of the 02/HO~ 

species is also excluded in the destruction of myoglobin brought about 

by 270 nm l i gh t .  Thus the spectral a l terat ions,  at least during the 

f i r s t  two hours, were the same in the presence or absence of oxygen; 

moreover the al terat ions were essent ia l ly  s imi lar  at pH 5.2 and 4.2, 

that is at both sides of PKHo G which is 4.8 (9). 

From these facts the poss ib i l i t y  arises that methylglyoxal is 

generated in an e lec t ron ica l ly  excited state and then transfers i t s  

energy to or reacts with myoglobin. Consistent with this view, when 

the reaction was run at pH 5.2 and the f ina l  reaction mixture brought 

and kept at 4.6, the spectral changes were s t i l l  those observed at 

pH 5.2. This clearly indicates that the destruction of myoglobin is 

concomitant with the reaction which is taking place. One poss ib i l i t y  

is the formation of an excited product, another -less l i k e l y  in the 

present, case- is the involvement of radical intermediates. 

One var iat ion would be the transfer of electronic energy to 

l oxygen with formation of ~g s ing le t  oxygen which would then 

attack myoglobin. This can be ruled out however because the same 

spectral differences were observed in H20 and D20 buffer,  despite 

1 the fact that the l i fe t ime of 02 is extended by one order of 

magnitude in deuterium oxide ( I0) .  Not even in the a l terat ion of 

produced by radiation should lo 2 be involved. Thus, the myoglobin 
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al terat ion is the same in the presence or absence of 02 , whether 

in H20 or D20; moreover v is ib le  l i gh t  was prac t ica l ly  inef fect ive 

in a l ter ing myoglobin. 

In accord with the hypothesis that methylglyoxal is formed in an 

excited state and then transfers i ts  energy to myoglobin, we found 

that methylglyoxal sensitizes the photochemical destruction of myo- 

globin. 

As a resul t  of i t s  destruction, myoglobin loses i ts  cata ly t ic  

a c t i v i t y ,  whereby the reactions at lower pHs are not quant i tat ive.  

From the fact that at pH 4.2 the reaction is only hal f  complete; 

from the concentrations of myoglobin and acetoacetate employed; 

and assuming that the destruction of myoglobin is due to excited 

methylglyoxal formation, one can calculate an approximate y ie ld of 

0.08 for excited state generation. This is a minimum value inasmuch 

as i t  is assumed that (a) the eff ic iency of transfer of electronic 

energy from methylglyoxal to the heme is unity (b) every molecule of 

excited myoglobin undergoes decomposition (c) the resul t ing molecule 

is ca ta l y t i ca l l y  inact ive. 

The fact that the y ie ld is increased on lowering the pH could be 

due ei ther to an increased photochemical sens i t i v i t y  of myoglobin 

or to an increased y ie ld  of excited product. 

Preliminary experiments suggest that the f i r s t  poss ib i l i t y  is 

rather unl ike ly .  The second poss ib i l i t y  seems more feasible and might 

tenta t ive ly  be connected with protonation of acetoacetic acid required 

for the removal of water in the dioxetane ring formation step. 

The direct and re la t i ve ly  great ef f ic iency of excited methylglyoxal 

in al ter ing myoglobin would be due to two favourable factors. F i rs t ,  

that methylglyoxal sensitizes the photochemical destruction of myo- 

globin. Second, that methylglyoxal should be generated very near the 

heme crevice. Thus, the system would be prone to a "photochemistry 
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w i t h o u t  l i g h t "  ( I I )  process.  

The ace toace ta te  myoglobin system, as s t a t e d  by M i l l i g a n  and 

Baldwin (4) shows s i m i l a r i t i e s  w i t h  the C ~ - p e r o x i d a s e  systems of  

h i g h e r  p l an t s  in  which a C long c h a i n  f a t t y  ac id  is  conver ted  n 

i n t o  the Cn_ 1 a ldehyde w i th  CO 2 re lease  (12) .  In an e a r l i e r  paper 

from t h i s  l a b o r a t o r y  ( I ) ,  i t  was proposed t h a t  in  the cW~-peroxidase 

system a lso  a d ioxe tane  might  be an i n t e r m e d i a t e .  Two i n d i c a t i o n s  in  

f avou r  of  t h i s  sugges t i on  are now a v a i l a b l e :  the very  l i k e l y  i n t e r -  

mediacy of  a ~ - h y d r o p e r o x Y  ac id  (13) and a very  weak chemi lumines-  

cence emiss ion .  

We conclude t h a t  the l a rge  amount of  energy which must be r e l e a -  

sed in  the ace toace ta te -myog lob in -O  2 system and in  the c # ~ - p e r o x i -  

dase system probab ly  appears as e l e c t r o n i c  energy ,  presumably by 

way o f  f o rma t i on  and c leavage o f  a d ioxe tane  i n t e r m e d i a t e .  
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