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The one-electron reduction potentials (E71) of riboflavin, F M N  and FAD have been determined using pulse 
radiolysis from the position of the electron-transfer equilibria between flavins and reference quinones in 
aqueous solution. The average value for all three flavins E I ( F / F H  ") = - 314 _+ 8 mV is used to calculate the 
second-electron reduction potential of the flavins E 2 ( F H ' / F H z ( F H  - )) -- - 124 mV. 

Introduction 

The properties of flavosemiquinones have been 
investigated by ESR [1], potentiometric titrations 
[2-4], flash photolysis [5] and pulse radiolysis [6,7]. 
Pulse radiolysis has been shown to be a powerful 
method for studying equilibrium reactions occur- 
ring between short-lived radicals [8,9] and can be 
used to measure one-electron reduction potentials, 
E I, of an electron acceptor/radical one-electron 
couple, e.g., A / A -  [10]. Recently, the E 1 at pH 
7.0 (E7 I) for the NAD+/NAD" couple has been 
determined using this method [11,12]. 

The basis of the method is to measure the 
position of the one-electron transfer equilibrium 
between a reference compound Q (e.g., DQ or 
AQS- [10]) and the compound under study (e.g., a 
flavin, F): 

F C + Q ~ F + Q  -: (1) 

The semiquinone radicals can be conveniently 
produced by pulse radiolysis of an oxygen-free 

Abbreviations: E71, E 2 and E ° the first-, second- and two-elec- 
tron reduction potentials at pH 7; DQ, duroquinone; AQS-,  
9,10-anthraquinone-2-sulphonate; TQ 2+, l,l'-propano-2,2'-bi- 
pyridinium. 
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solution containing propan-2-ol (0.4 mol. dm-3): 

H20 "-) eaq, H, OH, H202, H2, H3 O+ (2) 

OH(H) + (CH3)2CHOH -) H20(H2) + (CH3)2COH (3) 

(CH3)2COH+ F / Q - "  (CH3)2CO+H + + F - / Q  = (4) 

e~ + F / Q  ~ F T / Q  = (5) 

By choosing suitable concentrations of F and 
Q, reactions 2-5 will be completed sufficiently fast 
to enable the approach to, and establishment of, 
equilibrium l, to be followed. The position of 
equilibrium 1 may also be influenced by the ionic 
strength of the solution if both reactants or both 
products are charged. 

An earlier measurement of E ~ for riboflavin 
using this technique [13] showed approx. 20 mV 
discrepancy between the measured and calculated 
values at high pH. Further, an estimate of the E~ 
of FAD [7] from measurements at high ionic 
strengths was approx. 56 mV higher than the value 
reported [13] for riboflavin. The equilibria at dif- 
ferent ionic strengths (I)  were therefore investi- 
gated to help determine whether these differences 
were real. 



Experimental Procedure 

Materials and preparation of solutions 
Duroquinone, DQ (Sigma) and AQS- (mono- 

hydrate) (BDH) were recrystallised from ethanol 
and water and three times from water, respec- 
tively. Benzyl viologen (Sigma), propan-2-ol (BDH 
Aristar), phosphate buffers and NaC1 (BDH 
AnalaR) were used as supplied. TQ 2+ (dibromide) 
was prepared as described in the literature [14]. 
Stock concentrations of riboflavin, FMN, FAD 
(Sigma) were determined from literature extinction 
coefficients [15]. Solutions of the compounds con- 
taining NaC1 (0-80 mmol.  dm -3) were adjusted 
to the required pH using phosphate buffers (2 
mmol.  dm-3)  and purged free of oxygen using N 2 
prior to pulse radiolysis. 

Apparatus and treatment of results 
Pulse radiolysis was carried out using a 1.8 

MeV linear accelerator; details of the principles of 
the kinetic spectrophotometer and dosimeter used 
have been published [16,17]. Typically, a 2.0 Gy 
dose was delivered in a 0.2 /~s pulse and equi- 
librium 1 was established and measured within a 
few tens of microseconds after the pulse, with a 
total radical concentration of approx. 1.2 /~mol. 
dm -3. 

Both the rate of approach to, and the position 
of, an equilibrium between charged species will be 
influenced by the ionic strength, 1, of the solution. 
The influence of I on the rate is predicted by the 
Bronsted-Bjerrum equation and taking the ratio of 
the forward and back reactions to obtain an ex- 
pression for the dependence of the equilibrium 
constant (K]) on I yields: 

log K ] = log K0 I - 1.02[ ( z rz~ ) - ( z~z~ ) ] 

X 11/2( 1 + 3.29a i 11/2 ) - I (6) 

where z I and z 2 are the charges on the reactants r 
and products p, K~ the equilibrium constant at 
zero ionic strength and a i the ion size parameter. 
Eqn. 6 can be rewritten as: 

log K] = log K 1 - Cfn ( I ) (7) 

where fn ( I )  = I 1 / 2 ( 1  + 11/2) - I using the Guntel- 
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berg value of a i = 0.31 nm which gives a good 
approximation up to I = 0.1 [26]. By measuring K) 
at various values of I, K0 l is determined by linear- 
regression analysis using Eqn. 7. 

The difference in one-electron reduction poten- 
tial, AE 1, between F and Q is related to the free 
energy change, AG I by: 

AG l = nfAE l = R T I n  K~ (8)  

hence 

AE t ( m V ) = 5 9 1 o g K 0 1  at T = 2 9 5 + 2 K  (9) 

(At low ionic strengths, Eqn. 6 should be ade- 
quate to permit extrapolation to I = 0 from mea- 
surements at a single, low ionic strength. In the 
case of FMN and FAD, the interesting question is 
raised as to whether the overall net charge on the 
molecule controls the ionic strength dependence of 
rates or equilibria, since the reaction centre is 
somewhat remote from the phosphate groups. In 
the present work, therefore, I was varied. The 
results below indicate some difference between the 
data when plotted according to Eqn. 7 and the 
slope calculated from the net charges. The implica- 
tions of these results will be discussed in a subse- 
quent paper describing measurements of the ef- 
fects of I on the disproportionation of flavosemi- 
quinones where these differences between theory 
and experiment are more marked.) 

Results 

Reference quinone compounds were used in 
this study in preference to bipyridinium com- 
pounds as their semiquinones do not absorb in the 
accessible spectral region (where the ground-state 
flavins do not absorb) [9]; further, the spectra of 
flavosemiquinones [6,7] and the bipyridinium radi- 
cal cations overlap [7,18]. 

One-electron reduction potentials of the reference 
quinones 

The E7 l values of AQS- and DQ were checked 
by the above method using benzyl viologen 2÷ as 
the reference compound with added NaC1 (0-80 
mmol.  dm-3)  as the inert electrolyte and measur- 
ing the absorption of the benzyl viologen* radical 
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T A B L E  I 

E Q U I L I B R I U M  A N D  E 1 D A T A  F O R  R E F E R E N C E  Q U I N O N E S  

R e d o x  couple  K0 t a C a AE (mY) E t ( Q / Q  : )  (mV) 

Benzyl  v i o l o g e n 2 + / A Q S  - 0 . 6 4 +  0.03 - 2 . 0 7 + 0 . 0 6  - 1 2 + 2  - 3 6 6 + 8  
Benzyl  v i o l o g e n 2 + / D Q  65.9 + 6.1 - 2 . 7 9 + 0 . 2 4  1 0 7 + 3  - 2 4 7 5 : 7  
T Q 2 + / A Q S  - 670 + 1 2 0  b 1 6 7 + 5  - 3 8 1 5 : 7  
A Q S - / D Q  166 + 14 b - 1 3 1 + 2  - 

a Paramete r s  as in Eqn. 7. 
b Equ i l i b r ium cons tan t s  corrected by use of Eqn.  6. 

at 600 nm [18]. Corrected equilibrium constants 
(using Eqn. 6) were also obtained for four mix- 
tures of both AQS- /TQ  2+ (observing at 900 nm 
[7]) and A Q S - / D Q  (at 480 nm [10,19]). Equi- 
librium was observed between benzyl viologen 2÷ 
(0.15 mmol .dm -3) and AQS- (0.25 mmol- 
dm-3), between benzyl viologen 2+ (2.5 mmol- 
dm -3) and DQ (80 /~mol.dm-3), and between 
AQS- (2 mmol. dm -3) and DQ (20-60 #mol. 
dm-3). The E7 l of benzyl viologen 2+ ( - 3 5 4 +  5 
mV) and TQ 2÷ ( -548 + 5 mV) (potentials on the 
normal hydrogen electrode scale) have been well 
established electrochemically [ 18]. 

The data obtained from these experiments are 
presented in Table I. The value E7 l (D Q/DQ- )  -- 
- 247 + 7 mV is slightly lower than that reported 
by Meisel and Czapski [20] but agrees well with 
the results of other workers [19,21]. The mean 
value of E7 I (AQS-/AQS- ) = - 374 ___ 7 mV is in 
good agreement with previously determined values 
[10,19,21]. 

One-electron reduction potentials of the flavins 
The E71 values of riboflavin, FMN and FAD 

were determined by the described method using 
both DQ and AQS- as the reference compounds. 
Equilibrium was observed at 540 nm where the 
flavosemiquinone species absorb. 

Solutions contained FMN or FAD (1 mmol. 
dm -3) and DQ (125/~mol • dm -3) or AQS- (2.25 
mmol. din-3). Riboflavin is less soluble and solu- 
tions of riboflavin (80/~mol. dm -3) with DQ (26 
/xmol-dm -3) or AQS- (2 mmol.dm -3) were 
used. Five solutions of increasing ionic strength 
( I  = 0.004-0.087) were studied for each 
flavin/quinone combination. The results from 
these experiments are presented in Table II. Low 
ionic strengths had little effect on the position of 
the radical equilibria between riboflavin and the 
quinones at pH 7. This is expected as both 
riboflavin and its semiquinone are virtually un- 
charged at this pH. 

Within experimental error, E 1 values for all 

T A B L E  II 

E Q U I L I B R I U M  A N D  E71 D A T A  F O R  F L A V I N S  

F lav in  Qu inone  a K0 l b C b AE (mV) E71(F/F : )  (mV) 

Ribof lav in  D Q  16.0 + 1.7 0.47 + 0.39 71 + 3 - 318 + 8 

Ribof lav in  A Q S -  0.11 + 0.01 0.01 + 0.59 - 57 _+ 3 - 317 + 8 

F M N  D Q  13.1 + 1.8 1 .32+0.35 665:3  - 3 1 3 5 : 8  
F M N  A Q S -  0.085:0.01 0.64 + 0.14 - 65 5:3 - 309 4- 8 

F A D  D Q  10.7 5:0.3 0.56 5:0.05 61 5: l - 308 + 7 
F A D  A Q S -  0.12 :t:0.01 0.66 +0 .10  - 5 5 5 : 3  - 3 1 7 _ + 8  

a Reference couples  used  E T I ( A Q S - / A Q S - )  = - 374 + 7 mY, E T I ( D Q / D Q  : )  = - 247 5:7 mV from Table  I. 
b Paramete r s  as in  Eqn. 7. 
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Fig. 1. Dependence of the one-electron reduction potential of 
FMN on pH. Experimental points were determined by the 
method described in the text using DQ (O), AQS- (O) or 
TQ 2+ (ID) as reference compounds. The solid line was calcu- 
lated using Eqn. 10. 

three flavins were similar; the average value E7 l = 
- 3 1 4  + 8 mV at 295 + 2 K. 

The one-electron reduction potentials of FMN 
at various pH values were also measured by the 
same method. These experimental results can be 
compared with the calculated values obtained from 
the expression [10]: 

EaR = Et + - ~ l n ( (  
K;K~ + K;[H + ]+ [H  + ]2 1 

K[K'  2 + 10-TK~ + 10-14 / 

X 

,o_,4)/ 
Ka + [ H+] , [H +12 

[H+I --k-~2 -" K~-~  

(xo) 

where the protropic equilibrium constants of the 
isoalloxazine ring and its flavosemiquinone are K 1, 
K 2 and K 3 (respective pK a values - 8 ,  0.25 and 
10.35) and K~ and K~ (pKa values 2.3 and 8.5, 
respectively) [4,6]. The experimental data and the 
calculated dependence are presented in Fig. 1. 

Discussion 

The values of C calculated from Eqn. 7 using 
the appropriate net charges on the reactants and 
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products may be compared with the experimental 
values. In every case the effect of I was of the 
direction expected; some quantitative difference 
between theory and practice was found, but did 
not influence the extrapolations to 1 =  0 used in 
the present work. This difference is most marked 
for FAD where two negative charges on the pyro- 
phosphate group are present on both the parent 
compound and its flavosemiquinone. The calcu- 
lated slope in Eqn. 7 for equilibrium 1 involving 
FAD and the quinones is 2 while experimentally 
0.6 is found. This result indicates that the in- 
fluence of the charges carried by the pyrophos- 
phate group on equilibrium 1 is less than 
stoicheiometric. 

The E71 value of the flavins determined in this 
work has to be compared with the original value of 
- 2 7 0  mV at 30°C determined electrochemically 
for riboflavin by Michaelis et al. [2]. This value 
was subsequently revised to be more positive [3] 
and Draper and Ingraham [4] using the same 
method reported E71 for riboflavin and FMN near 
- 240 mV at 20 + 1 °C. 

The present value is significantly lower than 
these values but is more reliable, since the experi- 
mentally verified redox equilibrium is established 
before there is any significant bimolecular disap- 
pearance of the flavosemiquinone species (for the 
neutral flavosemiquinone of riboflavin 2k = 1.14. 
10 9 mol-  1. dm 3 " s-  l [6], which under the present 
pulse conditions leads to a first half-life in decay 
of nearly two orders of magnitude greater than the 
time required to establish equilibrium). Complica- 
tions due to electron transfer at a solid surface, 
absorption and hydrogen gas evolution that are 
inherent in polarography are avoided using pulse 
radiolysis. Further, the good agreement found be- 
tween our experimentally determined one-electron 
reduction potentials at various pH values and the 
calculated dependence (based on our E7 I value and 
the known prototropic parameters) give support to 
our figure. 

Meisel and Neta [13] measured K l =  9.4 for 
r ibof lavin/DQ at I > 0.1 and pH 7; at pH 11 their 
experimental one-electron reduction potentials 
were 20 mV higher than calculated values. These 
differences may arise from the high ionic strength 
used in the earlier work. In the previous pulse 
radiolysis measurement of E I ( F A D / F A D H  ') [7] 
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the ionic s t rength correc t ion  ( -  25 mV) ca lcu la ted  
us ing Eqn. 6 was sub t rac ted  f rom the a p p a r e n t  27 l 
in er ror  ins tead  of  be ing  added.  The  revised esti- 
ma te  becomes  - 2 8 6 _ + 7  mV bu t  as I > 0 . 2  in 
these exper iments  the va l id i ty  of  using Eqn. 6 at 
such a high ionic  s t rength  is ques t ionable .  

Us ing  the l i te ra ture  value for the two-elect ron 
reduc t ion  po ten t ia l  of  the flavins E ° ( F / F H 2  - 
( F H - ) ) =  - 2 1 9  mV [15] the ca lcula ted  value for 
E 2 ( F H ' / F H 2 ( F H - ) )  becomes  - 124 mV. 

The  free-energy change  for F H  2 ( F H - )  to act 
as a one-e lec t ron  donor  in reducing  a subs t ra te  S 
will  only  be  favourable  if E 2 ( F H ' / F H 2 ( F H - ) )  is 
less posi t ive than  E l ( s / s  - ). Hence,  F H  2 ( F H - )  
canno t  funct ion as a one-e lec t ron  donor  if the 
E71(S/S - ) is apprec iab ly  less than  - 124 mV. The 
E71(O2/O~: ) = - 155 mV when referred to a stan- 
d a r d  state of  1 m o l .  d m  -3 02 /027  [22,23] and  
hence  the fo rma t ion  of  superoxide  ions upon  the 
ox ida t ion  of  fully reduced  flavins is unfavourab le  
for  p H  < 7.5. A t  higher  p H  values E 1 ( 0 2 / 0 2  - ) 

remains  unchanged  while E I ( F / F H  ( F - ) )  and  
hence E 2 ( F H ' ( F  - ) / F H - )  bo th  decrease,  favour-  
ing  the fo rma t ion  of  superoxide.  These  f indings  
suppor t  the con ten t ion  that  be low p H  8 the decay  
of  the complex  fo rmed  be tween fully reduced  
f lavins and oxygen proceeds  wi thout  the fo rma t ion  
of  f lavosemiquinone  and  superoxide  ions [24,25] 
while  at higher  p H  these radical  species are fo rmed  
[24]. 

In  enzyme reac t ions  involving F M N  and F A D  
other  factors  will also de te rmine  the relat ive im- 
po r t ance  of  one- and  two-elect ron reduct ions .  The  
local  p H  m a y  be different  f rom 7 and  rais ing the 
p H  will increase  the l ike l ihood of  one-e lec t ron 
reduct ion.  In  a less po l a r  envi ronment ,  ionic species 
such as the d e p r o t o n a t e d  fully reduced flavin 

( F H - )  may  be des tab l i zed  more  than the neutra l  
f l a v o s e m i q u i n o n e  s p e c i e s  t h u s  l o w e r i n g  
E 7 2 ( F H ' / F H  - )  and  increas ing the l ike l ihood of 
one-e lec t ron  t ransfer  to substrates .  Steric consider-  
a t ions  for molecu la r  in terac t ions  in which e lect ron 
t ransfer  is more  facile than hydr ide  ion t ransfer  
m a y  also favour  one-e lec t ron  reduct ion.  

Acknowledgements 

This work  is f inancia l ly  suppor t ed  by  the Cancer  
Research  Campaign .  I thank Dr.  P. W a r d m a n  for 
helpful  discussion.  

References 

1 Muller, F., Hemmerich, P., Ehrenberg, A., Palmer, G. and 
Massey, V. (1970) Eur. J. Biochem. 14, 185-196 

2 Michaelis, L., Schubert, M.P. and Smythe, C.W. (1936) J. 
Biol. Chem. 116, 587-607 

3 Michaelis, L. and Schwarzenbach, G. (1938) J. Biol. Chem. 
132, 527-542 

4 Draper, R.D. and Ingraham, L. (1968) Arch. Biochem. 
Biophys. 125, 802-808 

5 Vaish, S.P. and Tollin, G. (1971) J. Bioenerg. 2, 61-72 
6 Land, E.J. and Swallow, A.J. (1969) Biochemistry 8, 

2117-2125 
7 Anderson, R.F. (1976) Bet. Bunsenges. Phys. Chem. 80, 

969-972 
8 Arai, S. and Dorfman, L.M. (1968) Adv. Chem. Set. 82, 

378-386 
9 Patel, K.B. and Willson, R.L. (1973) J. Chem. Soc. Faraday 

Trans. I 69, 814-825 
10 Meisel, D. and Neta, P. (1975) J. Am. Chem. Soc. 97, 

5198-5203 
l l Farrington, J.A., Land, E.J. and Swallow, A.J. (1980) Bio- 

chim. Biophys. Acta 590, 273-276 
12 Anderson, R.F. (1980) Biochim. Biophys. Acta 590, 277-281 
13 Meisel, D. and Neta, P. (1975) J. Phys. Chem. 79, 2459-2461 
14 Homer, R.F. and Tomlinson, T.W. (1960) J. Chem. Soc. 

2498-2503 
15 Dawson, R.M.C., Elliot, D.C., Elliot, W.H. and Jones, K.M. 

(1969) Data for Biochemical Research, Oxford University 
Press, 2nd edn. 

16 Adams, G.E., Boag, J.W. and Michael, B.D. (1965) Trans. 
Faraday Soc. 61,492-505 

17 Adams, G.E., Boag, J.W. and Michael, B.D. (1965) Trans. 
Faraday Soc. 61, 1674-1680 

18 Steckhan, E. and Kuwana, T. (1974) Ber. Bunsenges. Phys. 
Chem. 78, 253-259 

19 Wardman, P. and Clarke, E.D. (1976) J. Chem. Soc. Fara- 
day Trans. I 72, 1377-1390 

20 Meisel, D. and Czapski, G. (1975) J. Phys. Chem. 79, 
1503-1509 

21 Wold, E., Kaalhus, O., Johansen, E.S. and Ekse, A.T. (1980) 
Int. J. Radiat. Biol. 38, 599-611 

22 Wood, P.M. (1974) Fed. Eur. Biochem. Soc. Lett. 44, 22-24 
23 llan, Y.A., Meisel, D. and Czapski, G. (1974) Isr. J. Chem. 

12, 891-895 
24 Hemmerich, P., and Wessiak, A. (1979) in Biochemical and 

Clinical Aspects of Oxygen (Caughey, W.S., ed.), pp. 
491-511, Academic Press, New York 

25 Anderson, R.F. (1982) in Flavins and Flavoproteins (Mas- 
sey, V. and Williams, C.H., eds.), pp. 278-283, 
Elsevier/North-Holland, Amsterdam 

25 Robinson, R.A. and Stokes, R.H. (1959) Electrolyte Solu- 
tions, Butterworths, London, 2nd rev. edn. p. 231 


