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The electron-transfer reactions involving spinach ferredoxin and two Photosystem I herbicides, methyl 
viologen and 2,1,3-benzothiadiazole-4,7-dicarbonitrile (BTDN) with similar one-electron reduction potentials 
( - 4 4 6  mV and - 4 9 0  mV, respectively, at pH 7), but with differing charges, have been investigated in 
aqueous solution by pulse radiolysis. In the one-electron reduced state, methyl viologen has one positive 
charge and BTDN has one negative charge, whereas ferredoxin has a calculated net negative charge of - 16 
at pH 7. Their reactions with ferredoxin appear to proceed via simple second-order electron-transfer 
reactions without complex formation. The rate constant for the reaction between methyl viologen monoca- 
tion radical and ferredoxin at p H  7 .0  and an ionic strength of 0.1 M is 8 . 9  • 1 0  7 M - ~ • s -  ! and, for the 
reverse reaction, 4.0 • 107 M - t .  s - !. The reaction with BTDN was about 10-fold slower but both BTDN 
and methyl viologen react considerably more rapidly with ferredoxin than either 0 2 or H 202 (Hosein, B. and 
Palmer, G. (1983) Biochim. Biophys. Acta 723, 383-390), even though the latter reactions are considerably 
more thermodynamically favourable. Increasing ionic strength (from 0.1 M to 0.5 M) decreased the observed 
first-order rate constant for the reaction of reduced methyl viologen with ferredoxin, but increased that for 
BTDN, as predicted from the charges on the reaction partners. 

Introduction 

Spinach ferredoxin is a small hydrophihc pro- 
tein with a binuclear iron-sulphur cluster which 
functions as the natural electron acceptor for elec- 

Abbreviations: MV 2÷, oxidised methyl viologen; MV* methyl 
viologen radical; E7 a, one-electron reduction potential at pH 7; 
BTDN, 2,1,3-benzothiadiazole-4,7-dicarbonitrile; BTDN ~, 
reduced BTDN; fd, ferredoxin; /.t, ionic strength. 

Correspondence: J.R. Bowyer, Department of Biochemistry, 
Royal Holloway and Bedford New College, Egham Hill, 
Egham, Surrey, TW20 0EX, U.K. 

trons from the membrane-bound iron-sulphur 
clusters Fe-S A and Fe-S B of chloroplast Photosys- 
tem I [1-4]. Reduced ferredoxin is normally re- 
oxidised by NADP ÷ in a reaction catalysed by the 
flavoprotein ferredoxin-NADP + oxidoreductase 
[3,5], but when NADP ÷ is limiting, ferredoxin can 
react with oxygen, superoxide and hydrogen per- 
oxide [6,7]. 

A detailed kinetic study of the reactions of 
reduced ferredoxin with oxygen and hydrogen per- 
oxide has been performed by Hosein and Palmer 
[7]. They showed that ferredoxin reacts with hy- 
drogen peroxide in a second-order reaction with a 
rate constant of 5 .2 .10 3 M -~.  s -1, and that the 
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reaction with oxygen proceeds at a rate 10-fold 
slower and involves complex formation between 
the ferredoxin and oxygen. They suggested that 
these reactions may be involved in removing toxic 
oxygen species generated in chloroplasts. 

The level of hydrogen peroxide in chloroplasts 
is increased in the presence of the herbicide methyl 
viologen (paraquat, MV2+). This is reduced by 
Photosystem I in competition with ferredoxin and 
the resulting radical is re-oxidised by oxygen (rate 
constant 7.7.108 M - ~ . s  -1) generating super- 
oxide [4,9-12]; the dismutation of this superoxide 
to form hydrogen peroxide is accelerated by chlo- 
roplastic superoxide dismutase. 

The rates of reaction of reduced ferredoxin 
with 02 and H202 are relatively slow. In this 
study, we have used pulse radiolysis to determine 
the rate constants for the electron transfer reac- 
tions involving methyl viologen and ferredoxin in 
order to compare the rates with those for the 
reactions of ferredoxin with oxygen and hydrogen 
peroxide. 

Ferredoxin carries a large negative charge at 
neutral pH, calculated from the amino acid se- 
quence [13] to be -16  assuming the single histi- 
dine residue is unprotonated and the oxidised 
iron-sulphur cluster has a net charge of - 2  [14]. 
Since oxidised methyl viologen carries a double 
positive charge, a favourable electrostatic interac- 
tion between reduced ferredoxin and oxidised 
methyl viologen would influence the reaction be- 
tween them. We have therefore also studied the 
effects of ionic strength on the reactions between 
ferredoxin and both methyl viologen and another 
Photosystem I herbicide, 2,1,3-benzothiadiazole- 
4,7-dicarbonitrile (BTDN), which is neutral in the 
oxidised state but has a similar one-electron re- 
duction potential ( -490  mV at pH 7) to that of 
methyl viologen ( -  446 mV at pH 7) [15,16]. 

The results show that although the electrostatic 
interaction between methyl viologen and ferredo- 
xin accelerates the reaction rate, both methyl 
viologen and BTDN react considerably more 
rapidly with ferredoxin than either 02 or H202, 
even though the latter reactions are very much 
more thermodynamically favourable. The signifi- 
cance of these results to any role of ferredoxin in 
removing toxic oxygen species in plants treated 
with Photosystem I herbicides is discussed. 

Experimental 

The 4.3 MeV linear accelerator and the optical 
detection and data storage systems used for pulse 
radiolysis studies have been described [17] previ- 
ously. All solutions were prepared using water 
-which had been purified using a Millipore Milli-Q 
system. Solutions were buffered at pH 7.0 _+ 0.2 
using 5 mM phosphate and contained 0.1 M 
sodium formate in order to convert hydroxyl 
( O H )  radicals and hydrogen atoms ( H )  into 
COy as shown in reactions (1) and (2). 

H20-~ O H ,  H , e ~  (1) 

(" H)" OH + HCO~- ~ (H 2 )H20 + CO T (2) 

The presence of ea~ and CO~- makes the system 
wholly reducing. Prior to irradiation the solutions 
were deoxygenated by purging with N 2 (Air Prod- 
ucts, high purity grade) for 20 min followed by a 
further 5 min after addition of ferredoxin to the 
solution. The deoxygenated solutions contained in 
a quartz cell of 0.7 cm pathlength were irradiated 
at 294 + 3 K with electron pulses of 1.6/~s dura- 
tion. Radiation doses of 4-5 Gy/pulse were de- 
termined using KSCN dosimetry at 480 nm as- 
suming G = 0.3/~mol. j-1 and ~ = 710 m 2- mo1-1 

The one-electron reduction potential of fer- 
redoxin was determined using the methods previ- 
ously described [18]. 

MV 2+ was obtained from Aldrich and BTDN 
was provided by the Biological Sciences Research 
Centre, Shell Development Company, Modesto, 
CA. All other chemicals were of Analar grade and 
used as supplied. Ferredoxin (fd) was extracted 
and purified from spinach leaves essentially 
according to the method of Rao et al. [19] except 
that further purification was achieved by gel filtra- 
tion on a Sephadex G50 (superfine) column rather 
than by hydroxyapatite chromatography. The fer- 
redoxin was eluted using 20 mM potassium phos- 
phate buffer pH 7.5 and stored in liquid nitrogen 
until required. The gel filtration increased the 
purity of the ferredoxin as well as separating it 
from the NaC1 added earlier. Ferredoxin con- 
centrations were determined spectrophotometri- 
cally using an extinction coefficient at 420 nm of 
940 m z- mol-1. The ferredoxin obtained from the 
final purification step had an absorption ratio 
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(A420 nm/A275 nm) of greater than or equal to 0.43 
(pure ferredoxin has a ratio of 0.48). 

Results 

Interaction of MV* with ferredoxin 
On pulse irradiation of deoxygenated, aqueous 

solutions containing MV 2÷ (16-27 #M) and fer- 
redoxin (6-15 #M) and buffered at pH 7.0, optical 
absorption changes with time were measured at 
600 nm and 460 nm and typical results are shown 
in Fig. 1. The optical absorption change at 600 nm 
is due to the formation of the one-electron re- 
duced species of MV 2+, MV + [12], which in the 
absence of ferredoxin is stable on the timescale 
shown in Fig. 1. At 600 nm, after initial formation 
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Fig. 1. Abso rp t i on  changes w i th  t ime determined at 600 nm (a) 
and 460 nm (b) upon pulse irradiation of deoxygenated, aque- 
ous solutions containing 18.3 /aM MV 2+, 6.6 #M ferredoxln 

and 0.1 M formate at pH 7. 

of MV ~ via reactions (3) and (4) a subsequent 
partial loss of MV + was observed in the presence 
of ferredoxin. After approx. 1.5 ms, an equi- 
librium situation is attained (reaction 5). 

e~q + M V  2+ --* M V -  (3) 

CO 2 + M V  2+--* MV* + C O  2 (4) 

The time-scale of these changes at 600 nm parallel 
those at 460 nm, a wavelength at which reduced 
ferredoxin absorbs less strongly than the oxidised 
form [20]. After an initial increase in absorption 
due to the formation of MV + a subsequent 
'bleaching' of absorption was observed at 460 nm 
due to the reduction of ferredoxin and the con- 
comitant loss of MV +. These changes with time at 
both 600 nm and 460 nm are consistent with the 
establishment of equilibrium (Eqn. 5), where fd 
and fd'  are the oxidised and reduced forms of 
ferredoxin, respectively. 

kf 
MV 2+ + fd '  ~ M V -  + fd (5) 

kb 

The establishment of equilibrium (Eqn. 5) is 
substantiated by the fact that the concentration of 
reduced ferredoxin corresponds with the con- 
centration of MV+ removed within approx. 1.5 ms 
(see Fig. 1) assuming c6~* = 1370 m 2. mo1-1 [21] 
a n d  fdAc460 = 440 m 2- mo1-1 [20] and taking into 
account the residual absorption of MV+ at 460 
nm at equilibrium. On the longer time-scale there 
is no obvious change in absorption which would 
correspond to a previously reported change using 
CO~- as reducing agent [22]. This lack of any 
further change in absorption is consistent with the 
observations of Adzamli et al. [20]. 

The kinetics of the rate of change of optical 
absorption with time at both 460 nm and 600 nm 
is first order. Within experimental error, the rate 
constants determined at both wavelengths are 
equivalent. Assuming the establishment of equi- 
librium (Eqn. 5), the dependence of the de- 
termined first-order rate constants (kobs) for vari- 
ous concentration ratios of [MV 2 ÷] : [ferredoxin] 
as represented by Eqn. 6 is shown in Fig. 2. 

kob s = k f [ M V  2+]+  kb[fd ] (6) 
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Fig. 2. The dependence of the rate of approach to equilibrium 
upon the concentration ratio [MVZ+]:[ferredoxin] as de- 

termined at 600 nm (O) and 460 nm( × ). 
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TABLE I 

THE EFFECT OF IONIC STRENGTH ON THE E71 OF 
FERREDOXIN AND THE RATE CONSTANTS FOR THE 
INTERACTION OF FERREDOXIN WITH MV + OR 
BTDN 

The -E~ values are not corrected for changes in activity 
coefficients at high ionic strength, n.d., not determined due to 
slow kinetics. 

Substrate [NaC1] g - E 1 10 - 3 .  kob s 

(M) (M) (mV) (s- 1) 

M V  2+ 

BTDN 

600 nm 460 nm 

0 0.1 430 1.6 1.7 
0.18 0.28 424 0.6 0.5 
0.4 0.5 = 396 0.5 0.5 
0 0.1 n.d. = 0.2 = 0.18 
0.4 0.5 = 440 0.3 0.3 

F rom this dependence,  the values for k b and  kf 
were determined to be 8 . 9 . 1 0  v and  4 .0 .107  M - 1 .  

s -1, respectively. F r o m  the ratio of kf to k b the 
one-electron reduct ion potent ia l  ( E  l )  of fd was 

est imated to be - 4 2 6  _+ 15 mV (at room tempera-  
ture) based upon  Eqn. 7 and  taking the E 1 value 
of MV 2+ to be - 4 4 6  + 15 mV. The Ev ~ value of 
ferredoxin is in good agreement  with that calcu- 

lated from the posi t ion of equi l ibr ium (see later) 
and  the value determined electrochemically [1,2]. 

k f  E = E l(Mv2+/Mv+) - E 1 (fd/fd') = - ~ In K--- 59 log 

(7) 

The E71 value of ferredoxin was also de- 
termined from the concent ra t ions  of MV + and  
reduced ferredoxin after es tabl ishment  of equi- 
l ibr ium (5). Taking  the E71 value of MV 2+ to be 

- 4 4 6  mV the E71 value of ferredoxin was de- 
termined to be - 4 3 0 _ +  10 mV and  the equi- 
l ib r ium cons tant  for (Eqn. 5) as 0.5 _+ 0.1. 

Effect of ionic strength 
In  order to investigate the effect of ionic 

strength /~, the rate of change of optical absorp-  
t ion with t ime was de termined at bo th  600 and  
460 n m  on pulse i r radia t ion of aqueous solut ions 
conta in ing  MV 2+ (18-18.5 /~M), ferredoxin (6.6 
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Fig. 3. The dependence of the rate constant for approach to 
equilibrium upon ionic strength determined on pulse irradia- 
tion of deoxygenated solutions containing 18.3/~M ferredoxin, 

0.1 M formate and 0-0.4 M chloride ion at pH 7. 
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~M), formate (0.1 M) and sodium chloride 
(0.18-0.4 M) at pH 7. The determined first-order 
rate constants for the approach to equilibrium (5) 
and the E~ values of ferredoxin calculated from 
the equilibrium concentrations are presented in 
Table I for different ionic strengths. 

The E7 ~ values are essentially independent of/~ 
and have not been corrected for changes in activ- 
ity coefficients at high ionic strength. In calculat- 
ing the values of Ev ~ for ferredoxin, it was as- 
sumed that the E7 ~ value for methyl viologen is 
independent of ionic strength. The El~ 2 v a l u e  of 
methyl viologen as determined by polarography in 
0.01 M phosphate buffer, pH 7.0, varied by not 
more than 12 mV when the ionic strength was 
varied from 0.1 to 0.6 M by the addition of NaC1 
(result not shown). The Ev ~ value of ferredoxin at 
0.4 M NaC1 is only approximate, since the esta- 
blishment of the equilibrium is slow and the qual- 
ity of the absorbance-time profiles decreased due 
to lamp instability. The other important observa- 
tion is that the rate constants for approach to 
equilibrium decrease with /~. The dependence of 
the rate constant upon /~1/2 is shown in Fig. 3 
with a slope of about -1 .4 .  Since a macromole- 
cule is involved and/~ is high, meaningful parame- 
ters based upon the Debye-Huckel relationship 
are not obtainable. 

Interaction of one-electron reduced species of BTDN 
with ferredoxin 

The interaction of one-electron reduced BTDN 
(E71 = - 4 9 0  mV) [16] with ferredoxin was fol- 
lowed after pulse irradiation of aqueous solutions 
containing BTDN (22.2 /~M), ferredoxin (6.7/~M) 
and formate (0.1 M) buffered at pH 7. The optical 
absorption changes were monitored at 680 nm, a 
wavelength at which the one-electron reduced 
species of BTDN absorbs with a molar extinction 
coefficient of 300 m z. mol -a [16]. The rate con- 
stants for the reaction were determined in the 
absence and presence of 0.4 M NaC1 and are 
presented in Table I. The rate constants in the 
absence of NaC1 are about an order of magnitude 
less than that determined with methyl viologen. 
However, contrary to the observations with MV 2 +, 
the rate constant increases (more than 30%) on 
increasing ionic strength and at 0.4 M NaC1 is 
similar to that with MV 2+. It should be noted that 

the one-electron reduced species of BTDN has 
unit negative charge at pH 7 [16]. The E~ value of 
ferredoxin estimated from the equilibrium with 
BTDN is in reasonable agreement with that 
determined using MV 2 +. 

Discussion 

The reactions between ferredoxin and methyl 
viologen appear to proceed via simple second-order 
electron-transfer processes and the kinetic data 
give no indication of formation of transient inter- 
mediate complexes. The rate constants for the 
reactions (8.9.10 7 M-1 .  s-1 for ferredoxin reduc- 
tion and 4.0 • 1 0  7 M-1 . S-1 for ferredoxin oxida- 
tion) by methyl viologen are, however, less than 
would be expected if diffusion-controlled. 

The E~ value of ferredoxin obtained from the 
equilibrium position with methyl viologen after 
pulse radiolysis is similar to that determined elec- 
trochemically [1,2]. Based upon the value de- 
termined, equilibrium (5) favours production of 
reduced ferredoxin under equi-concentration con- 
ditions of methyl viologen and ferredoxin. Since 
the redox potention of methyl viologen is essen- 
tially independent of ionic strength in the range 
studied, the redox potential of ferredoxin does not 
appear to be strongly influenced by ionic strength, 
confirming the observation of Stombaugh et al. 
[23]. Indeed the position of equilibrium (5), based 
upon the determined E~ values at higher ionic 
strength, still favours formation of reduced fer- 
redoxin. 

The witnessed effects of ionic strength upon the 
rate constants for the interactions of ferredoxin 
studied (Table I) are consistent with the charges 
on methyl viologen and BTDN and with ferredo- 
xin possessing an overall negative charge [13,24] or 
that the active site and its access are negatively 
charged. The structure of Spirulina platensis fer- 
redoxin, as determined by X-ray crystallography 
[24] and which, based on sequence homology, is 
likely to be very similar to spinach ferredoxin, 
indicates that the iron-sulphur cluster is located 
near the molecular surface and is surrounded 
mainly by hydrophobic residues. Charged residues 
near the cluster are arginine 42 and glutamates 94, 
95 and 96, probably giving this region a net nega- 
tive charge. Whether the reduction in reactivity 



with MV + is also indicative of a specific inhibi- 
tory effect on the ferredoxin by chloride ion is as 
yet not known. Even if a partial inhibition occurs, 
the rate constant increase with BTDN is con- 
sistent with the effect of ionic strength on the 
reactivity of anionic species. 

The reactions of both methyl viologen and 
BTDN with ferredoxin are clearly considerably 
more rapid than those of either 02 or H20  z. This 
would not be predicted on thermodynamic grounds 
alone (E7 ~ values for reduction of 02 and H:O2 
are - 1 5 5  mV and +300 mV, respectively [25]). 
The effects of ionic strength on the reactions of 
methyl viologen and BTDN show that the overall 
charges on the molecules do affect the reaction 
rates but this cannot fully explain the large dif- 
ference in reaction rates between O2/H202 and 
the two low-potential compounds. Hosein and 
Palmer [7] showed that the reaction of 02 with 
ferredoxin proceeds via complex formation, and 
this difference in reaction mechanism may provide 
an explanation for the sluggish kinetics in the case 
of O~. 

Our results show that in chloroplasts treated 
with methyl viologen, any electrons delivered to 
ferredoxin by Photosystem I are likely to reduce 
NADP + or MV 2+, rather than directly reducing 
02 or H202. Thus methyl viologen could stimulate 
02 reduction in chloroplasts by catalysing electron 
transfer to 02 from iron sulphur centres FeS A and 
FeS B of Photosystem I, but also from ferredoxin. 
In the presence of methyl viologen any role for 
ferredoxin in removing hydrogen peroxide is more 
likely to be linked to NADP + reduction for reduc- 
ing glutathione than in direct reduction of hydro- 
gen peroxide. 
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