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Evidence from electron-spin-resonance spectra for metal chelation shifting 
flavin-leucoflavin equilibria towards radical state 

I t  has been shown as early as 1938 by MICHAELIS AND SGHWARZENBACH 1 that the 
redox system of flavin coenzymes appears to be more than 90% disproportionated 
at neutral pH, the radical state contributing only slightly to the total flavin in the 
half-reduced state : 

F H  a + F H  
11, ~-, 2 ~H~ 

( F H ~ ) .  

(FH2) ~ behaves essentially as a mixture of FHa and FH, as stated by one of us 2 
and confirmed by GIBSON et al. 3, though it can arise from dimerisation of flavin 
radical. (FH~)z exists to measurable extent only in concentrated (c > lO -3 M) 
polar solution and thus has presumably no biological significance. Furthermore it 
is not paramagnetic, as found in the course of the present study. 

The pH dependance of the above-mentioned equilibrium obeys a function 
which runs through a minimum of radical concentration just in the physiological 
pH region 4, a behaviour which is confirmed by the ESR data of EHRENBERG s. Further- 
more, one of us n has given evidence, by studying visible absorption changes and 
proton release in half-reduced flavin on addition of metal ion, that  the semiquinone 
radical anion F H -  is the only flavin species exhibiting measurable affinity for normal 
non-reducing d-metal ions in aqueous solution. Thus, by adding such cations to the 
half-reduced flavin system, the above-mentioned equilibrium is displaced in favour 
of a radical chelate at physiological pH : 

F H  z + F H  + 2 Me =+ ~ 2[ I~HMe]  + + 2 H + 

This proton release occurs at position I, not at position 3, of the isoalloxazine nucleus 

R H R 

C H 3 ~  N c H a  ~ "~ o CH3~N-,.~",..~O I~'~N~ = l='H2(when R%H) I II / I =FIgHMe~ + 
' c ~  ~ . . ~ . / ~ / , . % / ~ '  

, - I  ( w h e n  R ' = H )  
0 / 

I ]1 M e - - O  

since flavins alkylated in position 3 appear to form even stronger radical chelates 
than the unsubstituted analogues. 

These assignments of visible spectra and proton release phenomena have been 
confirmed in the present study, where the radical character of these chelates was 
established by measurement of the ESR spectrum. Measurements were made on 
two types of solutions : 

(a) Polar type: 5" IO-S M lumiflavin-3-acetic acid (see ref. 4) (I, R CH3, R' = 
CH2COO- ) in 5" IO-~ M Veronal buffer (pH 7-5), o.I N in NaC104, hydrogenated with 

A b b r e v i a t i o n s :  F H ,  r i b o f l a v i n ,  F M N  o r  F A D  i n  t h e  o x i d i z e d  s t a t e  = " f l a v o q u i n o n e " :  F H s ,  

r e d u c e d  s t a t e  - -  " l e u c o f l a v i n " ;  F H 2 ,  f l a v i n  r a d i c a l  ~ " f l a v o s e m i q u i n o n e " ;  (FH~).z, c h a r g e -  
t r a n s f e r  c o m p l e x  b e t w e e n  FH.~ a n d  F H  - -  " r a d i c a l  d i m e r "  o r  " f l a v o q u i n h y d r o n e "  ; E S R ,  e l e c t r o n -  
s p l n  r e s o n a n c e ;  M e  2+, d i v a l e n t  m e t a l  i on .  
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pa l l ad ium on silica as ca ta lys t ,  f i l tered under  N 2, and  about  50% reoxidized b y  air, 
wi th  and wi thou t  IO -e M MeSO 4 (Me = Ni, Zn, Fe). 

(b) Non-po la r  t y p e :  IO ' M te t raace ty l - r ibof lav in  (I, R = perace ty l r ib i ty l ,  R '  = 
H) (see ref. 4) in CHC1 a, reduced b y  shaking  with  I.O M aq. Na2S20 a s a t u r a t e d  with  
NaC1, 5o% reoxidized b y  contro l led  add i t ion  of  o . I  M 12 in CHC1 a. 

In  Case b the  solut ion was mixed  under  n i t rogen with a 4-fold excess of  o.I  M 
t r i e thy lamine  in CHCla to neutra l ize  all pro tons  released, and  then  with  an equiva lent  
q u a n t i t y  of o .o i  M me ta l  in CHaCN, e i ther  as the  b e n z y l t r i m e t h y l a m m o n i u m -  
chloride te t rach lorofe r ra te  complex,  [C,H~CH2N(CHa)a]2FelICl 4, or as Zn(CH3COO)2. 

All solut ions were kep t  tho rough ly  anaerobic.  
In  each case the  5o% -reduced yel low flavin solutions tu rned  brown-red  on ad-  

d i t ion of meta l ,  thus  ind ica t ing  the fo rmat ion  of a f l av in -me ta l  complex.  This colour 
is p rac t i ca l ly  independen t  of the  na tu re  of  the  meta l .  B lank  solutions of me ta l  wi thout  
flavin show negligible visible absorp t ion  under  the  same condi t ions of  d i lu t ion and 
neu t ra l i ty .  

The metal - f ree  b lanks  show only a very  weak E S R  signal a t  g = 2.oo, the  
hyperf ine s t ruc ture  of which could not  be resolved. But  on addi t ion  of  Zn 2+ there  
was, a long with  the  colour change, a 2o-fold increase in signal in tens i ty ,  from which 
a nea t  hyperf ine resolut ion could be ob ta ined  (Fig. x). In  contras t ,  the  add i t ion  of  
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Fig .  I.  E S R  s p e c t r u m  o f  Z n  r a d i c a l  c h e l a t e  i n  a q u e o u s  s o l u t i o n  ( p H  7.5),  p r e p a r e d  a s  d e s c r i b e d  in  
t e x t ,  w a s  m e a s u r e d  w i t h  a m o d u l a t i o n  a m p l i t u d e  o f  o . i  G a u s s  a n d  w i t h  a m i c r o w a v e  p o w e r  o f  
I m \ ¥  in  a V a r i a n  a q u e o u s  s o l u t i o n  cell .  T h e  m e a s u r e m e n t s  w e r e  p e r f o r m e d  in  a V a r i a n  V 45 IO  

X - b a n d  s p e c t r o m e t e r .  
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the  pa ramagne t i c  ions Fe  2+ and Ni 2+, though leading to the  same colour change,  
d id  not  a l ter  s ignif icant ly the  weak  signal ob ta ined  wi th  the  meta l - f ree  solutions,  
thus  demons t r a t i ng  spin spin in terac t ion  in the  case of chelates  tha t  are bui l t  up 
from radical  l igand and pa ramagne t i c  me ta l  ion. 

When  there  was added  enough I~ or 02 to conver t  all the  i ron into the  t r iva len t  
s ta te ,  a new signal  could be observed at  g - -  4.00 a t  - -194  °, bu t  not  a t  room tem-  
pera ture .  The meta l  b lank  showed no such absorpt ion.  

The same results  were ob ta ined  in polar  ( type a) as well as in non-polar  ( type b) 
solutions.  

We wish to make  the following s t a t emen t s  concerning the biological  significance 
of these findings: 

One of us has  demons t r a t ed  the  s t r ik ing s imi la r i ty  of the  visible spec t ra  of  the  
flavin radical  chelates and  the na t ive  mi tochondr ia l  meta l lof lavoprote ins  6-s. The 
E S R  spec t ra  of such enzymes were measured  b y  BEINERT et al. 9 as well as b y  us 1°. 
Fou r  k inds  of signals were ob ta ined :  a t  g = 1.94, 2.00, 2.Ol, 4.00, respect ively,  a t  
- -194° ;  only  the  g = 2.00 signal was found at  room tempera tu re .  The g = 1.94 and 
2.Ol signals were t en t a t i ve ly  assigned to a Fe  2+ compound  b y  BEINERT 9, the g = 4.00 
signal  to Fe  3+ and the g - -  2.00 signal to the  free flavin radical .  

We  can confirm b y  the  model  s tudies the  last  two assignments ,  bu t  the  first two 
remain  in quest ion.  Our E S R  studies  of f lavo-coenzyme model  compounds  suppor t  
the  Fe3+-flavosemiquinone chelate  s t ruc ture  at  the  act ive site of the  oxidized enzyme,  
and  fur thermore  a possible role of non-heine iron ac t ing  as s tabi l izer  of the  flavin 
radical .  The spin coupling shows t ha t  the  me ta l  chelates  m a y  be mesomeric  entit ies.  

One of us (P. H.) acknowledges the  hosp i t a l i ty  k ind ly  offered b y  Professor 
E. C. SLATER, Univers i ty  of  Ams te rdam,  and owes thanks  to Professor H. ERLEN- 
MEYER, Unive r s i ty  of Basel,  for a leave of absence. 
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