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Summary 

Potentiometric titrations employing an electrochemical thin-layer cell indi- 
cate that  complex formation between ferredoxin and ferredoxin :NADP ÷ oxido- 
reductase alters the midpoint  oxidation-reduction potentials of both proteins. 
The midpoint  potential of ferredoxin in the complex becomes 22 + 6 mV more 
negative compared to ferredoxin alone while the midpoint  potential of ferre- 
doxin:NADP ÷ oxidoreductase becomes 23 + 4 mV more positive on complex 
formation. 

Introduction 

Reduced ferredoxin is known to be the source of electrons for a wide variety 
of reductive metabolic pathways in plants and bacteria [1]. Among the most 
important  of these in plants is the reduction of NADP ÷ [2,3], a reaction cata- 
lyzed by the FAD~containing enzyme ferredoxin:NADP ÷ oxidoreductase (EC 
1.18.1.2). Ferredoxin and ferredoxin:NADP ÷ oxidoreductase are known to 
form a 1 : 1 complex [4--8] and evidence suggests that  the complex is the cata- 
lytically active species in NADP ÷ reduction [5,6,9]. The complex (Kd = 
5 • 10 -8 at zero ionic strength} is held together largely by electrostatic forces 
[5] and appears to involve extensive surface areas of the proteins [10]. 

Circular dichroism measurements suggest that  significant conformational 
changes accompany complex formation [8,11,12]. It seemed possible that  
these changes in conformation,  or other aspects of protein-protein interaction 
in the complex, might alter the oxidation-reduction properties of the Fe2S2 
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center  of ferredoxin or the FAD group of ferredoxin:NADP ÷ oxidoreductase.  
This possibility was important  to explore because although the oxidation- 
reduction properties of  the individual proteins have been extensively investi- 
gated [1,13,14] ,  nothing was known about  the oxidation-reduction properties 
of the catalytically active ferredoxin-ferredoxin:NADP ÷ oxidoreductase com- 
plex. To that  end, we have determined the midpoint  potentials of both proteins 
in the 1 : 1 complex and compared these values to those obtained for the sep- 
arate proteins. 

Methods 

Ferredoxin and ferredoxin:NADP ÷ oxidoreductase were isolated from 
spinach leaves as described previously [ 12]. The proteins had absorbance ratios 
of A420 :A2~6 = 0.43 and As46 :A27s = 0.115 for ferredoxin and ferredoxin: 
NADP + oxidoreductase, respectively. Protein concentrations were determined 
using extinction coefficients of 9.7 mM-' • cm-'  at 420 nm for ferredoxin [15] 
and 10.7 raM-' • cm-'  at 456 nm for ferredoxin:NADP ÷ oxidoreductase [16]. 
Ferredoxin:NADP ÷ oxidoreductase was passed through a Sephadex G-25 
column immediately before use to remove any free FAD [8,12]. 

Absorbance spectra were measured using an Aminco DW-2a spectrophotom- 
eter and circular dichroism (CD) spectra were obtained as described previously 
[121. 

Potent iometr ic  titrations were performed essentially as described by 
Hawkridge and Ke [17] using a Wenking potent ios ta t  and a quartz thin-layer 
cell containing an optically transparent gold mesh electrode (60% transmit- 
tance, Buckbee-Mears Co.). The cell optical pathlength was 0.33 mm. The 
AglAgC1 reference electrode contained 0.1 M KC1 as the electrolyte solution. 
At higher KC1 concentrat ions,  leakage of KC1 through the porous frit in the 
electrode raised the sample ionic strength to the point  where dissociation of the 
ferredoxin-ferredoxin:NADP ÷ oxidoreductase complex occurred. The reference 
electrode was calibrated against a standard calomel electrode for each titration. 
The ti tration apparatus was initially checked for accuracy and freedom from 
02 leaks by titrating FAD, methyl  viologen and benzyl viologen. All titrations 
were fully reversible and gave Em values within 5 mV of  literature values. A 
mixture of benzyl and methyl  viologens (at the same concentrat ions used for 
the protein titrations) was t i trated and the absorbance at 460 nm due to the 
viologens alone was subtracted from the total absorbance at 460 nm observed 
at each value of E n in order to calculate the oxidized:reduced ferredoxin:  
NADP ÷ oxidoreductase ratios for  Nernst plots. The viologens have no CD sig- 
nal [ 18], so no correct ion was necessary. 

All ti trations were performed at 5--7°C because it was found that  ferred- 
oxin:NADP ÷ oxidoreductase lost substantial amounts of FAD at higher temper- 
atures during the 1--2 h required for the titrations. After all titrations involving 
ferredoxin:NADP ÷ oxidoreductase,  the t i trated sample was passed over a 
Sephadex G-25 column and only experiments in which no free FAD was 
detected were utilized. To insure that the complexes being ti trated would not  
dissociate during the course of the titration, a sample was left in the cell for  
2.5 h under conditions identical to those used during a titration. Addition of 
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NaC1 to raise the ionic strength produced the absorbance change expected for 
complete dissociation of the complex indicating that  at least 95% of the pro- 
tein was still in the form of a complex after this time. The titration data shown 
below were all obtained in the reductive direction. However, after complete 
reduction had occurred, the ambient potential was made more positive and 
spectra obtained at several potentials in the oxidative direction to check for 
reversibility. All the titrations were completely reversible. Midpoint potentials 
and n values were calculated by fitting the experimental points to the Nernst 
equation using the least-squares program on a Texas Instruments Model TI-58C 
programmable calculator. 

Results and Discussion 

Fig. 1 shows the absorbance spectra of the ferredoxin-ferredoxin:NADP ÷ 
oxidoreductase complex at several ambient potentials during the course of a 
potentiometric titration of the complex. Fig. 2 shows the data from the experi- 
ment  of Fig. 1 plotted according to the Nernst equation for a two electron 
carrier (the actual least-squares n value was 1.95). The concentrations of oxid- 
ized and reduced ferredoxin:NADP + oxidoreductase were calculated from the 
absorbance at 460 nm as described in Methods (460 nm was chosen as the 
wavelength where benzyl and methyl  viologen, added to facilitate equilibrium 
between the FAD group of ferredoxin:NADP + oxidoreductase and the elec- 
trode [13], gave the minimum spectral interference). An average value (two 
titrations) of --349 + 3 mV was obtained for the Em value of ferredoxin: 
NADP ÷ oxidoreductase in the complex. 
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Fig. 1. A b s o r b a n c e  spec t ra  of  the f e r r e d o x i n - f e r r e d o x i n : N A D P  + ox ido reduc t a se  ( F N R )  c o m p l e x  at 
d e f i n e d  a m b i e n t  potent ia ls .  The  sample  (1.3 ml  to ta l  v o l u m e )  co n t a in ed  37.4  pM FNR,  10 ~tM m e t h y l  
v iologen,  10 pM b e n z y l  v io logen in 30  m M  Tris-HC1 b u f f e r  ( p H  7.3) u n d e r  a N 2 a t m o s p h e r e .  Spec t r a  1--5 
w e r e  r e c o r d e d  at  a m b i e n t  E h values o f - - 1 2 0 ,  - -330 ,  - -350 ,  - - 3 7 0  and - - 4 2 0  mV,  respect ive ly .  
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Fig .  2. O x i d a t i o n - r e d u c t i o n  p o t e n t i a l s  f o r  f e r r e d o x i n : N A D P  + o x i d o r e d u c t a s e  ( F N R ) .  D a t a  f r o m  t i t r a t i o n s  

p e r f o r m e d  u n d e r  c o n d i t i o n s  i d e n t i c a l  t o  t h o s e  d e s c r i b e d  in  F ig .  1 w e r e  p l o t t e d  a c c o r d i n g  t o  t h e  N e r n s t  
e q u a t i o n  (n  = 2)  f o r  F N R  a l o n e  (A) o r  t h e  f e r r e d o x i n - F N R  c o m p l e x  ( X ) .  I d e n t i c a l  e x p e r i m e n t s  w e r e  pe r -  

f o r m e d  f o r  t h e  f e r r e d o x i n / F N R  m i x t u r e  (o )  e x c e p t  t h a t  NaC1 ( f i n a l  c o n c e n t r a t i o n  0 . 5  M) w a s  a d d e d  t o  

r a i se  t h e  i o n i c  s t r e n g t h  a n d  d i s s o c i a t e  t h e  c o m p l e x .  L e a s t - s q u a r e s  E m v a l u e s  w e r e  - - 3 4 9  -+ 3 m V  f o r  F N R  
in t h e  c o m p l e x  a n d  - - 3 7 2  -+ 2 m V  f o r  F N R  a l o n e  o r  in  t h e  p r e s e n c e  o f  f e r r e d o x i n  a t  h i g h  i o n i c  s t r e n g t h ,  

Fig. 2 also shows the results of titrations of ferredoxin:NADP ÷ oxidoreduc- 
tase alone or of a 1 : 1 mixture of ferredoxin:NADP ÷ oxidoreductase and fer- 
redoxin at high ionic strength where no complex exists [4--8].  Ferredoxin:  
NADP ÷ oxidoreductase alone had a midpoint  o f - - 3 7 2  + 2 mV (pH 7.3), essen- 
tially identical to the value of --0.37 V repor ted previously by Keirns and Wang 
at this pH [13].  The Em value of ferredoxin:NADP ÷ oxidoreductase in the pres- 
ence of equimolar ferredoxin but  under conditions (high ionic strength) that  
preclude complex formation was identical (Em = --372 + 2 mV, average of  two 
titrations) to that  obtained for ferredoxin:NADP+ oxidoreductase alone (the 
least-squares n values for ferredoxin:NADP ÷ oxidoreductase alone and for the 
ferredoxin:NADP ÷ oxidoreductase/ferredoxin mixture at high ionic strength 
were 2.01 and 1.99, respectively.) Thus, complex formation with ferredoxin 
increased the Em value for ferredoxin:NADP ÷ oxidoreductase by 23 + 4 mV. 

Fig. 3 shows CD spectra of an equimolar mixture of  ferredoxin:NADP ÷ 
oxidoreductase and ferredoxin (at high ionic strength) at several ambient po- 
tentials during the course of  a potent iometr ic  titration. Accurate monitoring of  
the oxidation state of ferredoxin by absorbance measurements is precluded by 
the large absorbance changes of the oxidation-reduction mediators but  fer- 
redoxin can be readily moni tored wi thout  interference using CD detect ion 
[ 17,18].  Ferredoxin has a larger CD signal than ferredoxin :NADP ÷ oxidoreduc- 
tase and the CD signal at 426 nm can be conveniently used to follow ferredoxin 
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Fig. 3. CD sp ec t r a  o f  a f e r r e d o x i n / f e r r e d o x i n : N A D P  + o x i d o r e d u c t a s e  ( F N R )  m i x t u r e  at  de f i ne d  a m b i e n t  
po ten t i a l s .  R e a c t i o n  c o n d i t i o n s  as in Fig.  1 e x c e p t  t h a t  f e r r e d o x i n  and  F N R  were  each  p r e se n t  at a con-  

c e n t r a t i o n  of  82.3  pM. Spec t r a  1 - -5  were  r e c o r d e d  at a m b i e n t  E h value o f  - -330 ,  - -380 ,  - -420 ,  - - 4 6 0  and  
- - 5 0 0  m V ,  r e spec t ive ly .  

with little contr ibut ion from ferredoxin:NADP + oxidoreductase [8,17--19].  
The results of the exper iment  shown in Fig. 3 are plot ted in Fig. 4 according to 
the Nernst equation for a one electron carrier along with the results of  similar 
t i trations of  ferredoxin alone and the ferredoxin-ferredoxin:NADP + oxido- 
reductase complex (at low ionic strength). The values of  Em for ferredoxin 
alone and ferredoxin in the presence of equimolar ferredoxin:NADP ÷ oxido- 
reductase at high ionic strength were both --429 + 3 mV (average of  two titra- 
tions). This value is similar to values that  have been obtained previously 
[15,17,18] .  The E m value for ferredoxin in the ferredoxin-ferredoxin:NADP ÷ 
oxidoreductase complex was --451 + 3 mV (average of two titrations), signifi- 
cantly lower than that  for  ferredoxin alone. (Least-squares n values for 
ferredoxin alone, the fer redoxin/ ferredoxin:NADP ÷ oxidoreductase mixture at 
high ionic strength and the ferredoxin-ferredoxin:NADP + oxidoreductase com- 
plex were 0.99, 1.1 and 0.91, respectively.) Thus complex formation with 
ferredoxin :NADP ÷ oxidoreductase lowers the Em value of  ferredoxin by 22 + 
6 mV. 

Although the ti trations of fer redoxin/ ferredoxin:NADP ÷ oxidoreductase 
mixtures at high ionic strength provide useful controls for  interfering absorb- 
ance or CD signals, there is a danger in using them to calculate shifts in Em 
values because Em values are a funct ion of  ionic strength for oxidation-reduc- 
t ion couples in which the oxidized and reduced species differ in ne t  charge 
[20].  The fact that  the high ionic strength t i trations gave the same E m values as 
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Fig. 4. O x i d a t i o n - r e d u c t i o n  po ten t i a l s  for  f e r r edox in .  D a t a  f r o m  t i t r a t i ons  o f  f e r r e d o x i n  a lone (~) or  the  
f e r r e d o x i n - f e r r e d o x i n : N A D P  + o x i d o r e d u c t a s e  ( F N R )  c o m p l e x  in 30 m M  Tris  b u f f e r  (X)  were  p lo t t e d  

acco rd ing  to the N e r n s t  e q u a t i o n  (n = 1). D a t a  f r o m  the e x p e r i m e n t  in Fig.  3 were  p lo t t e d  for  the ferre- 

d o x i n / F N R  m i x t u r e  (o). Leas t - squares  E m values were  - -451  + 3 m V  for  f e r r e d o x i n  in the c o m p l e x  ( × )  

and - - 4 2 9  -+ 3 m V  for  f e r r e d o x i n  alone (A) or  in the  p resence  of  F N R  at h igh  ionic  s t r e n g t h  (0 .5  M NaCl).  

titrations of  the individual proteins at low ionic strength suggests that  for both 
proteins such charge effects are not  significant. It should be pointed out  that  
the Em value shifts repor ted above were calculated using titrations of the indi- 
vidual proteins at the same ionic strength (as well as pH and temperature)  used 
during titrations of the complex. 

The [ 2Fe-2S] cluster of  ferredoxin and the FAD group of ferredoxin :NADP ÷ 
oxidoreductase titrate as separate one electron and two-electron groups, respec- 
tively, in the ferredoxin-ferredoxin:NADP ÷ oxidoreductase complex,  just as 
they do in the isolated proteins. No evidence was obtained for any cooperative 
electron transfer in this study. The n---2 value obtained for ferredoxin:NADP + 
oxidoreductase in the complex indicates that  the oxidation-reduction reaction 
involves the fully oxidized and fully reduced FAD group of  the enzyme,  with 
little contr ibut ion from the semiquinone state. A semiquinone oxidation state 
with an absorbance maximum near 600 nm has been reported for ferredoxin:  
NADP ÷ oxidoreductase [2,13,16,21] but we observed no absorbance changes in 
the 600 nm region above that  expected from the reduced viologen oxidation- 
reduction mediators. Furthermore,  no CD feature was observed in the 600 nm 
region during titrations of  the ferredoxin-ferredoxin:NADP + oxidoreductase 
complex using CD detection.  It must be pointed out  that  the high absorbance 
of the mediators in this spectral region limited the accuracy of  our measure- 
ments and FAD semiquinone present at concentrat ions below 5% of  the total 
FAD would have escaped detection. It also should be noted that  the mech- 
anism of  FAD reduction by mediators in the electrochemical cell may be sig- 
nificantly different  f rom that  in vivo. As ferredoxin is a one electron carrier, 
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one would expect  that  reduction of ferredoxin:NADP ÷ oxidoreductase in vivo 
must  involve the FAD semiquinone while a two electron reduction can occur 
under  the conditions of  our experiments.  

Although the changes in Em values reported above are not  large, the 45 mV 
difference in thermodynamic  driving force (AEm) for electron transfer from 
ferredoxin to ferredoxin:NADP ÷ oxidoreductase that accompanies complex 
formation is hardly insignificant. The observation that  complex formation 
between ferredoxin and an enzyme that  uses ferredoxin as an electron donor  
causes significant changes in oxidation-reduction properties raises the possibil- 
ity that  similar effects may be observed in other  ferredoxin-protein complexes. 
Such complexes appear to be widespread, having been reported for ferredoxin 
and the plant enzyme ferredoxin:ni tr i te  oxidoreductase [12,22] and for ferre- 
doxins from sources as diverse as the sulfate-reducing bacterium Desulphovibrio 
gigas [23] and the mammalian adrenal cortex [24,25].  
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