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It has been shown by the pulse radiolysis technique that radiation-generated NADP free radicals (NADP') 
first combine with ferredoxin-NADP reductase and then transfer the odd electron by a fast intramolecular 
process to the enzyme flavin moiety yielding the semiquinone (ferredoxin-NADP reductase, FNR-FADH'). 
The corresponding first-order rate constant kts varies with ionic strength from 2.6.103 s -  i at ! =0.66 M to 
2 . 3 . 1 0  4 s - I  at I =0.005 M. In the presence of ferredoxin-NADP reductase-bound oxidized ferredoxin, the 
electron cascades, thus further reducing the ferredoxin. The transfer of the electron from the flavin 
semiquinone (ferredoxin-NADP reductase, FNR-FADH') to the bound oxidized ferredoxin proceeds at a 
rate of k is--2.36 s - i .  This process approaches an equilibrium condition which is in favor of the reverse 
reaction suggesting that k_ ts > k ts. 

Introduction 

Ferredoxin-NADP reductase (FNR-FAD) is a 
flavoprotein found in chloroplasts which catalyzes 
the reduction of NADP ÷ by reduced ferredoxin 
(Fd ~cd) [1]: 

2Fdre d + N A D P  + + H  + t.FNR'FAD-)2Fdo~ + N A D P H  (1) 

The enzyme has been shown to occupy a position 
in the electron-transport chain past Photosystem I 
[21: 

Ferredoxin reducing factors 

/ " Ferredoxin 
\ 

Photosystem I Ferredoxin-NADP reductase 
/ " ~  (FNR-FAD)  

N A D P  + 
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Since the reductase is a flavoprotein it can exist 
in three redox states, fully oxidized (ferredoxin- 
NADP reductase, FNR-FAD), as a semiquinone 
(ferredoxin-NADP reductase, FNR-FADH')  or 
fully reduced (ferredoxin-NADP reductase, FNR- 
FADH2) [3]. The multiple oxidation states of the 
flavin moiety allow the enzyme to couple overall 
two-electron redox processes in two one-electron 
step reactions known to proceed via the semi- 
quinone radical [1,31, i.e.: 

+H 4 
F N R - F A D +  Fdroa - ' F N R - F A D H  + Fdo,, (2) 

. . H  + 

+H + 
F N R - F A D H  + Fd r¢d .,____z F N R - F A D H  2 + Fd,,,, (3) 

- - H "  

Because of these properties it has been suggested 
that it may be at this point in the electron-transport 
path where the transition from one-electron to 
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two-electron transport occurs [3]. 
Recent studies on fe r redoxin-NADP* re- 

ductase have been primarily directed toward the 
elucidation of its structure [4,5], the location and 
environment of its binding sites [4-8], conforma- 
tional changes upon complex formation [9], forma- 
tion of complexes [10-17], the effect of ionic 
strength upon complex stability [18-20] and its 
role in cyclic electron transport [21,22]. The objec- 
tive of the present study is the measurement of 
some of the intracomplex electron-transfer reac- 
tions. 

Presuming that NADP redox reactions can oc- 
cur in one-electron steps in this system, the semi- 
quinone radical form of the enzyme may undergo 
the following reactions: 

H ÷ 
FNR-FADH'+NADP * ~. H ; FNR-FAD+NADP" (4, -4)  

FNR-FADH" + NADP'= FNR-FAD + NADPH (5, -5) 

Some of the steps in these electron-transfer reac- 
tions can be studied conveniently by the pulse 
radiolysis technique. This method affords a way to 
generate rapidly (micro- to nanoseconds) strong 
reducing or oxidizing radicals homogeneously dis- 
tributed throughout the aqueous sample. By use of 
suitable scavengers, specific oxidizing or reducing 
species can be selectively generated from the 
primary radicals formed in reaction I. For exam- 
ple, the NAD" [23,24] and RF" (riboflavin) [25] 
radicals were shown to be formed in the following 
reactions: 

H 2 0 -  --OH(2.74),  e~(2.76), H(0.55), 

H2(0.45 ), H202(0.72 ) [26] O) 

N 2 0 + e ~  + H 2 0 ~ N 2  + O H -  +OH k6 =8.7.109 

s- '  [27] (6) 
HCOO- +OH~CO:~ + H 2 0  k 7 --2.8- 109 

M- ' .s - '  1281 (7) 
HCOO- +H~CO~-  + H  2 ks=3 .0 .10  s 

M-'-s- '  [29] (8) 
NAD + +CO~- ~NAD" +CO 2 k 9 = 1.6. l09 

M - ' . s - '  [23.24] (9) 

RF+CO 2 ~ R F  ~+CO 2 kto=3.6.109 

M - ' . s  ' [251 ( I0) 

where the numerical values in parentheses in Eqn. I 
are G values, i.e., the number of molecules formed 
or transformed per 100 eV of energy dissipated in 
the system. 

Recent work on the reduction of FAD by NAD" 
(Greenstock, E.L., private communication) has 
shown that the reaction proceeds at near 
diffusion-controlled rates: 

FAD + NAD" ~ FADH" + NAD ÷ 

k,j = 1.2.109 M-J . s  -~ (11) 

It has als been shown that NAD" and NADP" 
readily bind to enzymes employing nicotinamides 
as cofactors or substrates [24,30]. The correspond- 
ing dissociation constants for dehydrogenases 
range from 10 - 6  tO 10 - 7  M [24]. 

Although the reduction of ferredoxin by C O l  
had already been reported earlier [31], we found it 
necessary to reinvestigate the system in greater 
detail and under present experimental conditions. 
The results are reported in the first paper [32] of 
this series of studies. The reduction of ferredoxin 
by C O l  is a direct electron transfer to the iron- 
sulfur cluster of the protein: 

Fdox +CO2---Fd, ,d  +CO2 kl2 =6.2"107 M- I 'S  -~ (12) 

The present investigation was designed to study 
the electron transfer from NADP" to the flavin 
moiety of ferredoxin-NADP reductase, and if pos- 
sible from the enzyme semiquinone radical (fer- 
redoxin-NADP reductase, F N R - F A D H ' )  to 
oxidized ferredoxin. By the choice of proper con- 
centrations of the various components of the sys- 
tem the electron should cascade as outlined in 
Eqn. II: 

CO:, ~ ~,-NADP ÷ ~ ~FNR-FADH .~/,,~Fdo, 

CO2., ~" x,,~NADP ~ ~FNR-FAI) ~ x'~.Fdrca 

Experimental Procedure 

Ferredoxin-NADP reductase was obtained from 
Sigma Chemical Co. (St. Louis, MO) and purified 
by the method of Shin [33]. Spinach ferredoxin 
was also obtained from Sigma Chemical Co., and 
was purified by the method described by Petering 



and Palmer [34]. Before use in radiolysis experi- 
ments, Tris-HC1 buffer (0.15-0.3 M), pH 7.5, was 
removed from protein samples by dialysis at 4°C 
against 0.01 M phosphate or argon-saturated water. 

Sodium formate was prepared by three recrys- 
tallizations in the presence of EDTA and twice 
from water alone. The sodium salt of N A D P  + was 
used as supplied by Sigma Chemical Co. Solutions 
for use in pulse radiolysis were prepared by dis- 
solving sodium formate and N A D P  ~ (sodium salt) 
in ultrapure water and degassing by bubbling with 
prepurified N20. Since ferredoxin-NADP re- 
ductase foams upon bubbling, the protein was 
degassed by lyophilization or by several freeze- 
thaw cycles. All experiments were performed 
anaerobically under N20 or argon. 

Pulse radiolysis experiments were carried out 
with a 2MeV Van de Graaff  generator, using 
2-3-/~s pulses. The data were analyzed using a 
PDP- I I  computer  interfaced to both the Van de 
Graaf f  and the photodetector. The number of free 
radicals formed per pulse was computed from 
ferrous dosimeter calibrations taking G(Fe 3÷) = 
15.6 [35]. 

Resdts  and Discussion 

As a preliminary to studying the reduction of 
ferredoxin-NADP reductase by biologically rele- 
vant species (i.e., NADP ' ) ,  the reduction of this 
enzyme by CO 2- was examined. Reduction of the 
active-site flavin was carried out at pH 7.1 and 
25.1°C under pseudo-first-order kinetics in N20- 
saturated 0.1 M formate containing the enzyme. 
The computed upper limit for the second-order 
rate constant kl3 = (3.0 --0.3) • 1 0  7 M - I  • s - t  

should be compared with an earlier reported value 
for the reduction of riboflavin by CO 2 (k ~0 = 3.6. 
1 0  9 M - !  . s - i )  [25]: 

H ~ 
FN R-FA D + COl ~ FN R-FADH" + CO 2 (13) 

The difference in rates for reactions 10 and 13 by 
two orders of magnitude suggests that the flavin 
moiety in ferredoxin-NADP reductase is not easily 
accessible to a nonspecific reactant considering 
that CO2- is a relatively small molecule. 

The use of a natural substrate radical, i.e., 
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NADP" formed radiolytically in 0.1 M formate 
(Reactions 6-9),  results in a rapid reduction of the 
oxidized flavin active site of the enzyme to the 
corresponding semiquinone state as shown in 
Fig. 1 : 

FAD ~ FAD 

NADP" + FNR ~. FNR + NADP ÷ 

(14 ,  - 14) 

~ FAD " H ' ~ F A D t t "  

FNR " FNR 
~ NADP' ~ - H "  ~ NADP " 

(15.- Is) 

As is apparent from Fig. 1, the spectrum of 
ferredoxin-NADP reductase ( F N R - F A D H ' )  is 
very similar to those obtained upon radiolytic 
reduction of riboflavin [25], flavodoxin [36] and 
the N A D P H  reduction of ferredoxin-NADP re- 
ductase [1]. The transient spectrum of NADP" 
with an observed maximum at 400 nm corre- 
sponds more closely to unbound NADP" (Xma ~ 
400 nm) [23,24] than to enzyme-bound NADP" 
(i.e., malate dehydrogenase-NAD" has a X ma~ ~ 425 
nm) [24]. Furthermore, no shift in wavelength of 
the peak at 400 nm was noticed with time, suggest- 
ing either a low steady-state concentration of 
bound NADP" or a minimal spectral perturbation 
upon binding. The latter would be in agreement 
with the suggestion that binding of N A D P  to 
ferredoxin-NADP reductase is primarily electro- 
static in nature [33,37]. 

Since in the present experiments [ N A D P + ] /  
[NADP÷-enzyme] is maintained at a high value, 
NADP" is formed preferentially in the bulk of the 
solution and not on the enzyme surface. Once 
formed, NADP" can either dimerize to the inactive 
form (NADP)2 or react with the enzyme. A 
quantitative extrapolation at 400 nm to the end of 
the electron pulse indicates that initially 3.3 /~M 
NADP" was formed which yielded ultimately (0.94 
ms after the pulse) 2.8 /~M ferredoxin-NADP re- 
ductase ( F N R - F A D H ' ) ,  observed at 540 and 555 
nm. Unfortunately, in this system we were unable 
to distinguish spectrally between f ree  and 
enzyme-bound NADP" and hence could not de- 
termine the pathway (i.e., electron transfer or dis- 
placement of N A D P  ÷ by N A D P ' )  nor the rate 
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Fig. 1. Changes in absorption spectrum with time due to electron transfer from NADP' to ferredoxin-NADP reductase following a 
2 p.s electron pulse: O, 12 #s; A, 44 #s; I1  75 p.s; +,  140/*s; V, 330 ~s: ×. 940 ~s. A 0. I M formate solution, pH 7.1. and at 25.1 °C 
contained 8.54/zM ferredoxin-NADP reductase and 1 mM NADP ' .  The electron pulse produced 3.3 #M NADP'. The optical light 
path was 6.1 cm. 

c o n s t a n t  fo r  r e a c t i o n  14. In  v iew o f  the  h igh  ra te  

o f  N A D P "  d i m e r i z a t i o n  [23,24] (k  = 8 . 1 0  7 M - 1 .  

s - l ) ,  the  l ower  l imit  for  kt4 is a p p r o x .  2 . 1 0  8 

M - l .  s - l ,  a s s u m i n g  tha t  the  lost  N A D P ' =  

TABLE I 

RATES OF REDUCTION OF FERREDOXIN-NADP RE- 
DUCTASE BY RADIATION-GENERATED NADP" AS A 
FUNCTION OF WAVELENGTH 

The reaction mixture contained after termination of a 2~s 
electron pulse: 0.1 M formate, I mM NADP +, 8.54 /~M fer- 
redoxin-NADP reductase and I.I/~M NADP" at / =0.1 M, pH 
7.1 and 25.1°C. Each rate value is an average of three experi- 
mental runs. 

Wavelength (nm) k l~ (s- i) (× 10-3) 

380 4.75~0.6 
400 5.73~0.6 
4 ~  6.22±0.5 
540 6.37~0.5 
600 5.59~0.6 

TABLE II 

RATES OF FERREDOXIN-NADP REDUCTASE REDUC- 
TION BY NADP" AS A FUNCTION OF APPLIED DOSE 

[ferredoxin-NADP reductase] = 8.5 /~M; [NADP +] = 1.0 mM; 
[HCOONa]=0.1 M; pH 7.1 and 25.1°C; l0 rad =0.6/~M CO2- 
or NADP'. Each value is an average of three runs. The average 
for all runs is kl5 =(5.53±0.7). l03 s -J  at l=0.1 M. 

Dose (rad) Wavelength (nm) kls ( s - I } ( × l O  ~) 

7 410 6.05-+0.5 
460 5.85 ~ 0.4 
540 4.80 = 0.4 

12 410 5.65-'0.5 
460 6.50=0.5 
540 5.70--'0.4 

20 410 4.75 " 0.5 
460 6.60 = 0.4 
540 4.55=0.4 

35 410 4.75±0.4 

460 5.60±0.5 
540 5.50=0.5 



( [ N A D P ' ] o - [ F N R - F A D H ' ] f  is due to dimeriza- 
tion and not to formation of a very small fraction 
of totally reduced ferredoxin-NADP reductase 
(FNR-FADH 2). 

The rate of reduction of the flavin moiety in 
ferredoxin-NADP reductase (monitored at 460 nm) 
equals the rate of NADP" disappearance (400 rim) 
and ferredoxin-NADP reductase semiquinone for- 
mation (FNR-FADH' )  observed at 540 nm. As 
shown in TableI,  the rates for k~s measured at 
these selected wavelengths are (kt5 = 5.7 -+ 0.6. 10 3 

s - i  at I = 0.1 M), within experimental error, simi- 
lar. 

Dose-rate experiments (Table II), i.e., studies of 
the effect of NADP" concentration upon the rate 
of fer redoxin-NADP reductase semiquinone 
(FNR-FADH' )  generation, show that the observed 
first-order rate constant is independent of the 
quantity of NADP" added at constant ferredoxin- 
NADP reductase concentration. Also, a study of 
the rate of reduction of ferredoxin-NADP re- 
ductase by NADP" (0.51 #M) over a 10-fold en- 
zyme concentration range (3.8-39.0 #M) yielded 
first-order rate constants which were independent 
of the enzyme concentration and within experi- 
mental error similar to the values reported in 
Tables I and II. 

As illustrated in Fig. 2, the value of kt5 varies 

1 i 
24 

22 

20 

"8 

16 

14 
g-  

'o 12 

-? ,o 

I I _115 I I I 
- 2 5  - 2 0  -10  -05 O0 

Log l 

Fig. 2. Ra tes  of  f e r r e d o x i n - N A D P  reductase  reduct ion  by  
N A D P "  as a funct ion of ionic s t rength;  [ f e r r edox in -NADP 
reductase]  = 9. I p M; [ N A D P  * ] = 0.5 m M ;  [ H C O O N a ]  = 0 .05-  
0.665 M: [ N A D P ' ] / p u l s e = l . l  p.M; pH 6.8-7.1,  25°C. Rates  

were moni to red  at 540 n m  
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with ionic strength, which was adjusted by the 
addition of sodium formate. In going from an 
ionic strength of I = 0.66 M (kj5 = 2.6. l03 s-  t) to 
I = 0.005 M (k15 = 2.3. l04 s - l ) ,  the average value 
of kt5 increased by one order of magnitude, sug- 
gesting conformational changes with change in 
ionic strength. 

The fact that NADP" reduces ferredoxin-NADP 
reductase much more rapidly than does CO 2 sug- 
gests that the reaction of NADP" and ferredoxin- 
NADP reductase involves more than a simple 
electron transfer. In view of the kinetic evidence 
we propose that the observed reaction 15 repre- 
sents an intramolecular electron transfer from 
bound NADP" to the enzyme FAD moiety, the 
binding of NADP" or its electron transfer to the 
enzyme-NAD + (reaction 14) being very rapid. 
While binding of NADP" to ferredoxin-NADP 
reductase most likely stabilizes the free radical 
thus promoting reaction 15, it also prevents or 
slows down the dimerization process [24,30]. 

Subsequent to the reduction of ferredoxin- 
NADP reductase by NADP' ,  a slow reaction with 
an approximate half-life of tl/2 = 1.63s (-~ 10%) 
was observed which resulted in a decrease in ab- 
sorbance at 540 nm (ferredoxin-NADP reductase 
semiquinone, FNR-FADH' )  and an increase in 
absorbance at 460 nm (oxidized ferredoxin-NADP 
reductase, FNR-FAD).  Although the observed ab- 
sorbance changes did not follow any specific kinet- 
ics over the time period of the measurement, the 
half-lives at the two wavelengths were similar, 
suggesting a slow disproportionation process to 
oxidized (ferredoxin-NADP reductase, FNR-FAD) 
and reduced (ferredoxin-NADP reductase, FNR- 
FADH 2 ) enzyme. 

When the reduction of ferredoxin-NADP re- 
ductase by NADP" is carried out in the presence 
of oxidized spinach ferredoxin and under condi- 
tions where the electron can cascade to the fer- 
redoxin, an increase in the rate of ferredoxin- 
NADP reductase semiquinone (FNR-FADH' )  de- 
cay (now strictly first order) is observed: 

CO~- + N A D P  ÷ ~ C O  2 + N A D P "  k 9 = 1.6- 10 9 M - - I ' s -  t (9)  

/ F 'do '  / F d ° "  

N A D P "  1- F N R -  F A D  -_x. F N R -  F A D  

~ N A D P "  ~ N A D P  " 

+ N A D P  + k j6 assumed fast 

(16, -16) 
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Fd°~ + H ~ / ~ ' ' - "  Fd °~ 

FNR- FAD ~" FNR- FADH" 

~ NAI)I). H " ~ NADP + 

k,7 =3.3.104 s I (17, - 1 7 )  

Fd,,x - H " ~ . . . _ . . -  Fd ~a 

FNR-FADH" - " FNR-FAD 

~ N A D P  ' H"  ~ " " ~  NADP"  

k,~ =2.36 s . ( 1 8 , - ' 1 8 )  

This system was studied at two enzyme and 
ferredoxin concentrations, in order to verify that 
the observed rates for reactions 17 and 18 are 
independent of the concentrations of these compo- 
nents: [FNR-FAD]I  = 13.3 ~M and [Fdo~], = 3.5 
p.M; [FNR-FAD]2 = 34.4 p.M and [Fdo~] 2 = 8.6 
#M;  [ N A D P  +]  = 200 ~M;  [ N A D P ' ]  = 0.9 
/~M/pulse; I = 0.005 M; 23.5°C and pH 6.9. The 
measured rates for reaction 17 gave an average 
value for k , 7 = ( 3 . 3 ~ 0 . 3 )  • 104 s - l  which is ap- 
prox. 43% higher than the corresponding value for 
reaction 15 at I = 0 . 0 0 5 M  in the absence of 
oxidized ferredoxin. Whether this small increase is 
of any significance is difficult to tell; it could be 
due to either a conformational change or the close 
proximity of the ferredoxin iron-sulfur cluster. 

In monitoring absorbance changes at 500 nm 
where flavoprotein absorbance changes show an 
isosbestic point but where ferredoxin absorbance 
decreases upon reduction, a first-order reaction 
was observed for reaction 18, k,8 = 2.36--- 0.63 
s - L  This rate 'constant measures an intramolecular 
electron transfer as depicted in Eqn. 18, since 
under our experimental conditions, i.e., at I = 
0.005 M, the added oxidized ferredoxin was essen- 
tially bound quantitatively to ferredoxin-NADP 
reductase if we accept that the dissociation con- 
stant for the enzyme-ferredoxin complex is K d = 
1.53 • 10 7 M [37]. Similar rates for k,8 were mea- 
sured at 540 nm for the disappearance of ferredo- 
x in-NADP reductase semiquinone ( F N R - F A D H ' )  
and formation of ferredoxin-NADP reductase 
(FNR-FAD)  at 460 nm. 

As is apparent from the large error in k,~, this 
value must be treated with caution as it most likely 
includes a contribution (nonresolvable) from the 
spontaneous decay of ferredoxin-NADP reductase 

semiquinone ( F N R - F A D H ' )  observed in the ab- 
sence of ferredoxin. Whether the spontaneous de- 
cay of ferredoxin-NADP reductase semiquinone 
( F N R - F A D H ' )  is accelerated by ferredoxin is un- 
known. A comparison of total absorbance changes 
at 460 and 540 nm shows good agreement on a 
molar basis for the disappearance of ferredoxin- 
N A D P  reductase semiquinone ( F N R - F A D H ' )  and 
the appearance of oxidized enzyme (FNR-FAD).  
Inspection of the total absorbance change at 500 
nm (isosbestic point for the flavin system) shows 
that only 10-15% ferredoxin reduction occurred 
taking the amount  of ferredoxin-NADP reductase 
semiquinone ( F N R - F A D H ' )  formed as 100%. 
Overall, the system appears to reach an equi- 
librium situation with respect to ferredoxin, sug- 
gesting that k_,8 is larger than k,s in agreement 
with the generally observed direction of electron 
flow when an excess of reduced ferredoxin is ad- 
ded to this enzyme system. 
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