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Abstract 

Flash photolysis techniques have been utilized to investigate the rea~K-ity patterns os 
thv ln  radical species. Rate  constants for disproportlonation were found to be La the foUow- 
Lag ot, de r :  lumiflavin > F M N  > FAD and n e u r a l  ~dicals  > anionic radicals. Neutral  
Ravin radicals react with oxygen at a rate which is at. least I0 ~ times slower than the anionic 
species. No e~qdence for an intermediate complex or adduct is obtained in this reaction. 
The  pK  values for the ionization of  the neutral fla~'in radicals are in the order F A D >  
F M N  > ribofla~qn = lumiflavin. "I he rates of  reaction of  ferricyanide with flavln radicals 
are essentially independent of  pH,  wher~as benzoquinone reacts slightly more slowly 
( " $  times) with the neutral fhvln  radical thala with the anionic form. Cytochrome c 
r~acta at teast ten tlmes more slowly with flavln radicals than does ferricyanide. 

Introduction 

Radical forms ofthe flavln coenzymes have been implicated as intermediates in a variety 
of flavoenzyme catalyzed reactions, t These generally function as electron donors to 
oxidants such as oxygen, cytochromes and quinoncs. Two such species are known: the 
neutral radical and the anion radical. These are related by the following ecluilibrlum 
(only one ofthe several possible resonaiace forms is shown) : 

J• �9 It �9 
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The pK for the F~LNI radical has been reported as 8-6. 2 This pK value seems to be quite 
different for protein-bound flavin radicals, being shifted to considerably higher values 
in the d-.hydrogenases and to lower values in the o.,ddases. 3"~ The flavin radical* are 

capable of rapid disproportionation, generating oxidized (F) and fully-reduced 
(FH~) specles:, 

2FH- ~ F + FHz 

This reaction usually does not occur (or occurs only very slowly} in flavopmte;ns. ~ 
$ 
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�9 Very little information is available concerning the reactlvities of the flav:'n radical 
forms. Several workers s-'* have reported values for disproportlonation rate comtants 
and have provided evidence for reactions of flavin radicals with oxyge n and benzo- 
quinone, but little of a systematic nature has been done and many gaps remain in our 
Imowledge. The present Work was undertaken in an attempt to remedy this. Specifically, 
w e  have investigated the effect of modification of the fla~qn ribityl side chain and of 
pH on disproportlonation rates and on rates of reaction of flavin radicals with a variety 
ofoxldants. 

Matm'als and Metlzods 

Lumiflavin was s;fntheslzed by the method of Guzzo and Totlin.': FMN (B grade), ~ 
FAD (B grade), riboflavin and cytochrome r (equine heart, A grade) were acquired 
from Calbiochem and used without further purification, p'Bcnzoquinone (Baker grade) 
was purified by sublimatlori. Phenol, potassium ferricyanide and EDTA were reagent 
grade. 

Flavin radicals were generated using flash photolysls in the presence of either phenol 
o r  EDTA2 ~ The flash apparatus, degassing procedures and oxygen measurements were 
as described earlier, ~~ At pH 5-7, where the reactivity of the fiavin radical with oxygen 
is low, solutions were deoxygenated with nitrogen. At higher pH, the solutions were 
degassed on a vacuum line. Solutions containing cytochrome c were also freed from 
oxygen by purging with nitrogen. 

R ~ l ~  and D~cu~on 

When aqueous solutions of flavins are subjected to a high-intenslty flash, transients 
corresponding to the flavin triplet state and the flavin radical are obtained, s'6''~ I f  
EDTA (or some other hydrogen donor)Ls also present, the triplet is quenched and a 
higher field of radical is produced, t~ It is of interest to compare the yields of these 
species for various flavin derivatives. Ia Fig. 1, oscillograms obtained upon flashing 
solutions oflumiflavin, FMN and FAD in phosphate buffer, pH 7-0, are shown. It is 
seen that the yields* ofradical from lumiflavin and FMN (560 nm traces) are approxi- 
mately the same, whereas F.M) shows essentially no radical formation under these 
conditions. In the case of the triplet state signals (680 nm traces), lumiflavln gives about 
twice as much triplet as does FMN, and about thirty times as much as FAD. These 
triplet yields are rather different from the fluorescence yields, L~: I* which are i n  the 
ratio 1: i :0-2. Thus, some quenching at the triplet level must be occurring in FMN and 
FAD. In our earlier work, t~ we showed that the FMN triplet is quenched intramolecu- 
lady, presumably ~,qa the side chain. If thls process involves hydrogen transfer, it would 
account for the fact that the radical yield with FMN is approximately the same as with 
Iumifla,An, even though the triplet yields are different..The quenching processin FAD 
apparently does not involve this type of reaction. 

Land and Swallow 7 have studied the kinetics of the disproportionation of  the ribo- 
Ilavin radical at different pH values. At pH 5-0, the predominant species is the neutral 

�9 ~ r  are  baaed upon the assumption that the absorptivity 0s the various ~ arc the mine 
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radical While at pH 11-4, the anlon-radical predominates. The second-ordfr rate con- 
stants for the disappearance of the riboflavin radical at pH 5-0 and 11.4 were found to be 
1-14 x l09 and 7 x 10' lmole-' see-', respectively.. We have compared the decay ofthe 
neutral and anionic forms 0f the  radicals derived from lumiflavin, FMN and FAD by 
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l r i f a ~  !~. F h s h - h d a c e d  traas;eats  ob ta ins !  from lumlf~ar (14 -x  10 ":s M) ,  
u ( 1 4  x I0 -s  M) and  F?d)  (I-4 x 10 "s M) in 0-0"25 M phosphate  buffer, 

H 7"0. A :  lumifla,-in a t  560 n m ;  d . 4 , , ,  - 0-10; 0-2 msec per division. B: lumi- 
vin a t  680 rim: d.'~=~, - 0.20; 0-05 msec per division. (2: F M N  at 560 n m ;  

4 d , m  - 0 . l l ;  0-2 m.sr divisioi;. D:  F M N  at  680 n m ;  ,J.4,~, - 0 - 1 0 : 0 - 0 5  n-.~-ec 
division. E:  FAD at  560 rim; J . 4 . , ,  ~ 0;  0.2 msec per dir F:  FAD at  

680 ran;  ~,4,,,, - 0-006; 0-05 m s ~  p~r db.~ion. 

flash photolysls in the presence ofexcess EDTA (Figs. 2, $ and 4}, and have obtained the 
rate constants Shown in Table I. 

As is evident from these results, anionic radicals decay more slowly than do the 
neutral radicals, as was also found for riboflavin3 At the same pH, the radicals derived 
from phosphorylated flavlns disproportionate more slowly than that derived from lumi- 
Ravin. These differences probably reflect charge effects, i.e., contributions due to 
electro~tatlc, repulsion. This is further indicated by the larger differences ohser~-ed at 
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the higher pH at which an additional negative charge is present in the radical. Further. 
more, the differences found between FMN and FAD are probably the result of the intra- 
molecular complexlng which is known to exist between the adenine and isoalloxazine 
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Figure 2. Fla~h-L, tduced tr~mit'nta obtained from iumiffavln, F~tN 
and ~'AD in the prc~neeofEDTA. A:]umiflavin (I-2 x 10 -$ M) * EDTA 
{I x 10 -I  M) in 0-05 .Xl formate b~tff-er, pH 4-9. 560 am:  J.4.~, - 0438: 
0"1 mao: per division. B: lumiflavln (36  x 10 -s .%[) + EDTA t3 • 10 "l 
~'D in 0-05 3,( Ix.rate Imffcr, pH 9-6. 510 nm" JA',... - 0-046 0-2 m.*ec 
pet" division. C:  FMN (! x IO "s M) + EDTA (I x ! 0  - j  M) in 0-05 M 
Ibcmat�9 buffer, pH 4-9. 560 nni; .JAm.t - 0"0c~, 0-2 ntscr per divhion. 
ID: F.~,LN (4"8 x 10 "s .M) + ~DTA (3 x l0 -j .M) in 0415 M hi,rate buffer. 
~f) 9"G. 510 rim; , d . t ~  - GO7; I mser per divLdon. E: FAD (5 x 10 ~ 

+ I~DTA (2 ~ 10 "j  M) in 0.05 M fi~'mate buffer, pH 4-9. 560 nm: 
4-4 , , ,  - 0-03; I tmee per division. F: FAD (4-7 x i0 -s -~D + EDTA 
{3 X | 0  - I  ]~t) in 0-05 -'llt bocatc buffer, pH 9-6. 510 nm; ~.4~, t - 0.0'3; 
z ~ per dlvkk~t. 

rings L't the oxidized.form o f F A D ,  t. s and which thus pr-~babl)- occurs ;n the free radical 
form as well.  

In  the presence ofphen01 as a source ofhydrogen equivalents, t* the rate corn|ant (for 
r e v e r s e  e l e c t r o n  t r a n s f e r  b e t w e e n  p h e n o x ' y a n d  l u m i f l a v l n  r a d i c a l s )  a t p H  =: 5 -0  is 4 -7  • 1 0 i  

l m o l e  - I  s e c  " a .  T h i s  is n o t  m u c h  d i f f e r e n t  t h a n  t h e  d i s p r o p o r t i o n a t i o n  r a t e  c o n s t a n t  o f  

6-2  x 10 '  l m o l e  - I  s ec  ' t  o b t a i n e d  f o r  l u m i f l a v l n  r a d i c a l  in  t h e  p r e s e n c e  o f  E D T A  ( F i g .  3 ) .  
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Figure $. Second-order plou of decay of fla~qn 
r~lica h in 0-05 51 formate buffer, pH 5"0. | lumiflavin 
( l ' 2 x  i0 -s ~I)+EI:)TA (1 x 10 -~ M); • F~L~ 
( l ' 0 x l 0  - s  M ) + E D T A  (1 •  -) ,M); ~, FAD 
( $ x  10 -s ~ [ ) +  EDTA (2 x 10 ") M); | lumiflavln 
0"2 x 10 -s M) + phenol (I x 10 "j ,M). Flash-ifiduced 
~xs lent~  wc~r mcararcd at 580 nm. Rl~te cortstant~ 
wcrr c~lodated from these data using r " 4700. 
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We have also investigated the oxidation of flax'in radicals at various pH values using 
several different oxidizing agents. The apparent second order rate constant (obtained 
by di,.qding the pseudo-first-order constant by the concentration of oxidant) for the 

t 
-r* 

40" 

- . .  �9 . 

�9 be ra~  bolTer, p H  9-0. O,  lumifl=~qn (3-3 x 10 -s M )  + E D T A  (3 x 10 -~ 
M ) ;  x ,  F~LN (2.7 x !0  -s M )  + EDTA (3 x tO ") M )  ; ~,, F A D  (3-3 x !0  "s 
M )  + E D T A  .(3 x l 0  "~ ,M). FL~h-L~du~d t ~ m ~ n ~  w ~ e  ~ at 

�9 $10 rim. P-cite constan~ ~ere calculated from the~c data using ~sue" 1560. 
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T A B L E  I. Second-order  rate const.xnts for dispmportionat~on off lavln  rad~cah 
�9 " , ,  , ,  " , , , | , , . , ,  

k Omole-' see-S) pHS~) k (knde-' scc-') pH 9-0 

Lumlflavin 6-2 x I09 I-1. x 10 ~ 
FbK~ 2"6 x 10" 1-9 x I0 a 
FAD 1-9 x 10" 0-95 X lOS 

reaction of  oxygen with ~avln radicals increases with the pH of the solution. This was 
also observed by Holmstri3m.' At pH 5.0, the rate ofradical disappearance is not affected 
by oxygen even when the solution is saturated with @is substance3 In order to increase 
the concentration of oxygen still further, a special glass cell was constructed with a 
glass-to-metal joint which was attached to an oxygen cylinder by Swage-Lok connec- 
tions. A lumiflavin solution (1-5 x 10 -s M) containing I x 10 -3 M phenol at pH 5-0 
was e0,uilibrated with 200 psi of oxygen (=  1-5 x I0-:  M) and the resulting solution 
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Figure $. Transients obtained at 580 nm for so!u~ons of lumifiavln 
( ! '$  x 10 "s M) and phr.lol (1 x 10 -~ M) in 0-05 .M formate buffer, 
pH 5"0. Each division on the ahscis~ corrmponds to 0-2 msec. A: de- 
oxygenated; B: 200 psi ofO s pr~:s~urc: 

w ~  flashed. The increased concentration of  oxygen caused no o~ervahle dlfferenee 
in the radical decay rate (Fig. 5). The transient signal was found to decay by a second- 
order process with a rate constant of 4.4 x 109 imole -z sec -j ,  which is the same as 
wasobtalned with oxygen-free solutions. 

An upper limit for the rate constant of  reaction of the neutral flavin radical at pH 5-0 
:with oxygen can be. calculated from these observatiom, assuming revei-se electron 
tramfer between FH- and phenoxy radical as the major decay path: s~ 

FT+ IK)H -~ FH-+$O- 

: .  F + r  
r a . +  - .  F+O +H* 

(l) 

I t  is further assumed that a contrJ'butlon of" reaction (2) to an extent of 10% that of" 
reaction (1) could be detected by our methods. Thus: 

 lk,tTH.]: > k [Oj [FH.] 
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[FH- ]  = 1-3 x 10 -'6 M (calculated from the peak of the flash-induced tramient) 
[Oz] = 1"5 x 10-: M 

k t ==4"4 x 10 * lmole -t sec -t- 

From these values we can calculate that k: < 3-8 x 10' imole -I see-*. 
The contn'bution of the anion radical species to a reaction with oxygen can be analyzed 

'in the following way: 
m 

F H '  F" + H + (3) 

F: + O, r + o i  (4) 
From these ecluations , a rate expression c'#.a be written: 

At a given pH, IF;or,,] -- [FH'] + IF:']. Substituting this into equation (3), we obtain:  

*" �9 - 1 + [H+]iK (6) 

Using this expression for [F;] and equation (5) we obtain the following rate equation: 

d x  / c . [ F ; o , . , ]  . 
d t  = i~'{l-[-g]//~ [Ozj (7) 

From our me~urements, a pseudo-first-order rate const,~.nt is obtained. If this is 
divide d by the concentration of oxygen, one gets an apparent second-order rate con- 
stant (k, vp). Therefore, from equation (7) : 

k4 
k. , ,  = z + [-----H*]IK (S) 

t " t  
k,,: = r, + (9) 

This can be arranged to give: 

I f  the only species which reacts with oxygen is F:, a plot O f I/k~,p versus [H +] should 
give a stralgl,t line ofslope l/k4K attd an intet;cept of l/k,. At high pH, where [H § is 
very small, k,p, becomes equal to k4, which should be the limit;ng value at a pH suffici- 
ently high for the complete ionization oft,he neutral radical. 

Table II  gives the values ofk, po obtained as a function of the pH of the solution for 
lumiflavin, riboflasqn, FMN and FAD. Figure 6 shows a plot of l/ko,r, versus [H § for 
these compounds. It is seen that straight:line plots are indeed obtained and that all 
four compounds have approximately the same value for k, ,  inasmuch ,as all of the lines 
seem to pass through the same intercept. Assuming this, the dissociation constants for 
the ionization of the neutral semiquinones can be calculated from the sloim of the 
straight lines. These pK values are given in Table III .  

The values agree very well with those obtained by other methods. For example, 
recent potentlometric studies by Draper and Ingraham: gave values of 8-3 and 8-6 
for the p K's of riboflavin and FMN radicals. According to these workers, the formation 
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Ravin radleah by oxygen in 0-03 M phosphate buffer. 
[H ~ ~'as varied by adding I~ICI or NaOH. The oxygen. 
concentration was controlled by bubbling solutions 
with a known mL,~ture of oxygen and nitrogen. All 

-solutiom were 14  • l0 -s .~1 in flavin and contained 
1 x iO -~ M phenol. ~ ,  lumiflavln; x, riboflas'in; 

A ,  IL~LN; II,'FAD. 

of the anionic form of  the FMN radical is suppressed due to the electrostatSc repulsion 
effect of the phosphate group. The present wor k suggests that the adenine ring in FAD 
pro~qd~ a further suppression of the proton ionization. 

T.A~LE I l L  Ionlzat lon constants o f the  neutra l  
radical  forms ot'fla~qn deri~'ati~es 

C o m p o u n d  p K 

l ,  umiflavln and  r ibof l a~n  8-36 
F~L~ 8-5 
FAD 8-8 

"[he rate constant obtained from th e intercept of the plots in Fig. 6 is approximately 
$ x 101 lmole -I sec -I. Thus, tLe neutral fla~qn radicals react more than 10 �9 times less 
rapidly with oxygen than do the anionic forms. This may be due to the fact that the 
neutral radicals have a positive charge at the N-5 position which could" act to decrease 
the tendency tO lose an electron to an attacking reagent. This would assume that oxygen 
specifi~lly interacts with flavin radicals at this position. It  is interesting that the welb 
known oxygen s~bility of neutral flavoprotein radicals" is reflected in the properties 
of  the unbound coenzyme. In an evolutionary sense, it would appear that natural 
selection has util~ed this reactivity pattern in generating proteins (dehydrogenases) 
whicl~ specifically stabil/ze the neutral r form m~.d'o~hc~ (o.~dases) which de- 
stab~ize it. 
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ihgurr  7. A. Plot 0fpseudo-first-order rate constants.  
fo7r tlavirt radical decay versus ox)Tgen cor!ccntratlon, 

u m i f l a v i n l -  1"4 x 10-s M ; [ p h e n o l ]  = 14)• 10"JM. 
r162 run  in 0"05 .Xl phosphate bufler, pH 7-0. 

- B .  Plot ol 'pseudo-fint-order  rate constants ['or Ravin 
radical  d e c a y  versus ferricyanlde concentrat ion:  
t3umiflavlnl - 1-4 X 10 -s M,  [phenol  1 = 14) • 10 "I M. 
Reactior run  in 0"05 .%t formate buffer, pH 5-5. 
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Gibson and Hastings I+ have observed that the reaction o['FH z with ox~,'gen proceeds 
through an intermediate (either an FH2-O 2 complex or a pero.~de). In order to test 
Whether a similar mechanism might occur for the radical reaction, we determined tile 
oxygen concentration dependence or the radical oxidation rate. At a given pH, a plot 
of  the pseudo-first-order rate constants versus the concentration of oxygen gives a 
straight line (Fig. 7A). Thus, no  evidence for an intermediate was obtained. It is, of" 
course, possible that the lifetime of such an intermediate is too Short to detect by the 
present technique r< 50/~sec}. 

Unlike o:qrgen, the rate cortstants for the reaction of  ferricyanide with flavin radicals 
at  all pH values are close to 6 x l0 t lmole -t sec -t  (Table IV). A ferri~'anlde complex 

TABLE IV. Pseudo-first-order rate ~mtants 
for the reaction of lum;.fla~n radical with 

" ~rric~nidr atvarlous pH waducs 

n ~  

5"0 
6 . 5  
74.  

9.0 

k (lmolr - I  s~:=') x !0- '  

fro 
6-3 
5-9 
6-8 
4-6" 

I ,  , , , . , .  

/ [Ltmo~vin| - I4X tO ~s M; [ F ~ i ~ .  ] -  2 ~ 
�9 ~ tO -s M; [Phenol] - 1 x tO" M- 
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apparently does not take part in the reaction, as shown by the straight line obtained 
when the first-order rate constants are plotted against the ferricyanide concentration 
(Fig. 7B). It is interesting to speculate on the possible reason for this difference between 
the reactivit Y patterns of oxygen and ferrlcyanide. Electron spin resonance studies 12''7 
have shown that an appreciable unpaired spin density occurs in the benzene nucleus 
ofthe isoalloxazine ring in flavin radicals (both neutral .and anionic). Thus, it is possible 
that transition metal species such as ferricyanlde can abstra:t an electron from a flavin 
radical via the pi-electron system of the benzene ring through orbital overlap inter- 
action. This would proxqde a simple explanation for the lack of dependence of the rate 
on the state 0fprotonation at N-5. 

An attempt was made to determine th: rate ofreactlon of horse heart Cytochrome t 
with flavin radicals. However, a solution which is 3 x 10 -s M in this compound (oxidized 

I '  

, 4. 

�9 A 

Imua~ i $ ~  

f / 

B 

I pe~  

m m p | e  has t~eived,'[lurrtiP~avlp I -- 1-4 ~: 10-'  ~(, [p-bcnzoquinone I - 
$ x !0 -s  M, [EDTAI - 1.0 x 10 -a M. Reaction measur,:d at 560 nm 
in 0-05 M phosphate buffer, pH 6-0. 

11: Rate ofradica! o.~dadon versus pH,  [lumlftavln] - !-4 x I0 -s M, 
~a~IDTAI - 1-0 • 10 - j  M, L~-bcnzoquinonel = 5 x 10 -s M at pH 51 6 

7, 4 x  10-s M at pH 8-2, and 3 x 10 "s M'at  FH 9-0. 

form) doc-s not react measurably with the radical at pH 7-0. It is difficult to go to higher 
cytochrome concentz-ations in view of its absorp'~ion in the 500-600 nm region where 
the measurements were'made. Thus, all that can be said at present is th:,t cytochrome 
c reacts appreciably more slowly (>10 times) with flavin radicals than does fcrricyanide. 

The rate constants for the oxidation of flavin radical by p-benzoquinone increase 
slowly with the pH of the solution (Fig. 8B).Thus, for this oxidant, the anionic radical 
reacts somewhat more rapidly (__ 5 times) than does the neutral radical (k at  pH 5.0 
is 1"6 • 10' lmole -I sec -l  and at pH 9-0 is 4-7 x 10' lmole -t sec-~). It is difficult to 
obta;n a more precise reactivity ratio in  this case because of the polymerization of 
qulnone at high pH's. 

In Fig. 8A a plot o fd$  isignal height) agalnst the number offlashes a t a  glven pH is 
shown, zJ$ increases at first and then decreases, The dee, ease in signal is accompanied 
by a bleaching of the solution, which is due to the formation of fully reduced flavin 
(in the presence of EDTA). The observed rate of radical decay becomes slower with 
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an increasing number of flashes until it reaches a comtant value (disproportionation). 
These observatiom can be interpreted in terms of the following reactions: 

FT + AHz  -o. F; (or FH-) + AH- + H + 
rr(or FH.) + BQ. F + BQ-(+H § 

2 H * + B Q r  + BQy ~ B Q +  BQH z 
2H § + 2F~'(or 2FH-) --~ F + FHa 

Benzoqu[none is thus converted to hyd~oquinone during the course orthe reaction and 
becomes depicted as flashing continuc~. This causes a temporary increase in the radical 
yield, which subsequendy decreases as F is used up by FH, formation. 

work was supported in part by the U.S. Atomic Energy Commission (Contract AT(I !~1)908). 
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