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Biochemical evidence for the role of the bound iron-sulphur 
centres A and B in NADP reduction by Photosystem I 
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The Pholosystcm I re,:ction centre conlains three iron-sulphur centres. Although extensively characteriscd at low temperature, 
the role of these ccntrc: in room-temperature e~cctron transport to NADP has never been demonstrated. An iron-sulphur 
protein was solubiliscd fron', spinach Photosystem 1 particlcs by butanol cxtraction. The reduced protein has the characteristic 
EPR spectrum of a 214Fc4S] lcrrcdoxin and is considcrcd to bc thc solubiliscd FC-SA, a ccntrcs of Photosystcm 1. Oxidation-re- 
duction potential titration of thc protein showed E m = - 510 inV. Photosystcm I particles depleted of the Fe-SA/B centres were 
prcparcd by urea treatment. The dcplcted preparation had only 15c~ of thc original EPR signals due to the Fe-SA/a centres, 
showed a rate of P7(XI' rcrcduction following flash illumination changcd from t l /2 = 12 ms to t t /2 = 1 ms, and catalysed 
NADP* pllotorcduction at only 5% of the initial rate. Reeonstitution with the solubiliscd protein led to recovery of the EPR 
spectrum (80%) and Iow-tcmpcraturc clcctron transfer from P700 to Fe-S A. The rercduction of P700 + returned to t~/2 = 12 ms 
and NADP* reduction was recovered to 9()qf of the initial ratc. Oxidative destruction of the iron-sulphur centres in the 
solubilised protein prevented reconstitution. The results show that thc FC-SA/I~ a ccntrcs can bc removed from Photosystem I 
and reconstituted, and that these iron-sulphur centres are essential components of the overall electron transfer to NADP +. 

Introduction 

Photosynthet ic  e lectron t ranspor t  in oxygenic photo-  
synthetic  organisms catalyses the  oxidat ion of water  
and  the reduct ion  of N A D P ' .  N A D P  ~ reduct ion  is 
catalysed by the Photosystem 1 react ion centre .  Photo-  
system 1 is a m e m b r a n e  bound  n ,u l t ip igment -pro te in  
complex conta in ing  the reac t ion-cent re  chlorophyll  
P700, a n u m b e r  of low-potential  redox cen t rcs  thought  
to bc involved in e lectron t ransfer  to a soluble ferre-  
doxin, and  binding sites for the  ferrcdoxin and the  
elcctron donor  plastoeyanin [1]. Elcct rons  are t rans-  
ferred from the  soluble ferredoxin to N A D P  ~ by a 
f lavoprotein f e r r edox in -NADP ' oxidoreductase ,  which 
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is a pe r iphera l  p ro te in  associated with the thylakoid 
m e m b r a n e  surface.  

The  low-potent ia l  m e m b r a n e  b o u n d  redox een t res  
thought  to form the  e lec t ron  acceptor  complex have 
been  charac te r i sed  by E P R  and  absorp t ion  spec- 
troscopy. Models  of  e lec t ron  t rans fe r  in the  reac t ion  
cen t re  are based  on low- tempera tu re  ( <  77 K) E P R  
spectroscopy or m e a s u r e m e n t s  of  the  kinetics of  reduc-  
tion of P700* following flash i l luminat ion.  T h e  accep- 
tor  complex includes two componen t s :  A0, p robably  a 
chlorophyll ,  and  A I ,  possibly a qu inone ,  which are  
t hough t  to act as in te rmediary  e lec t ron  carr iers  to 
thrcc  i ron-su lphur  centres ,  Fe-S~, Fe-S A and  Fe-SB. 
Fe-S~ is a 4Fe-4S cen t re  t hough t  to be b o u n d  be tween  
the  two major  polypept ides  of  the  reac t ion  cent re .  
Fe-S A and  Fe-S B are 4Fe-4S een t res  bound  to a 10 
kDa polypept ide  which forms par t  of  the  react ion-  
cen t re  complex [2,3]. A l though  reduc t ion  of  all these  
c o m p o n e n t s  as a resul t  of  e lec t ron  t rans fe r  at  low 
t e m p e r a t u r e  is extensively d o c u m e n t e d ,  the  role of the  
i ron-su lphur  cen t res  in e lec t ron  t rans fe r  to N A D P  ÷ at 
room t e m p e r a t u r e  has  not  been  directly demons t r a t ed .  

The  Fe-SA/B pro te in  can be r emoved  from Photo-  
system 1 by a n u m b e r  of  p rocedures  including urea  [4] 
and  e thylene glycol [5] t r ea tmen t .  It can  be isolated in 



active fl~rm either by acetone [6] ,~r butanol [7] extrac- 
tion tff t'hotosystem I preparations. Golbeck and his 
co-workers in a series of elegant expcriment~, [t~- 11] 
have shown that the kinetic and EPR characteristics of 
the Photosystcm I complex can be reconstituted from 
"apo-Photosystem 1"" and the Fc-Sx I~ protein. These 
experiments open the way for a biochemical investiga- 
tion of the role of the Fe-Sx,B protein in NADP" 
reduction. We have now confirmed the work of Gol- 
beck and his co-workers showing reconstitution of the 
iron-sulphur centres and have investigated the ability 
of a reconstituted system to reduce NADP*. The re- 
suits show that the t:e-SA/B protein is required for 
NADI :'~ rcduetion. 

Materials and Methods 

('hlorop!asls were prepared from market spinach 
[12] and Photo.system I was isolated using either digi- 
tonin (high-purity digitonin, Calbiochcm)[I 3] or Trit~m 
X-I(1(I [14]. The Fe-SA/I~ protein was removed from 
Photosystem ! by treatment with 6.8 M urea. 9 M urea 
in (I.1 M Tris-HCI (pH 8.(I) was added dropwise with 
rapid stirring to a suspension of Photosystem ! parti- 
cles, initial concentration 1.5 nag chlorophyll/ml. ]'he 
suspension was then diluted with oxygen-free Tris-HCI 
buffer (pH 8.0) to 250 #g  chlorophyll/ml and 6.8 M 
urea and stirred under argon. The removal of the 
Fe-SA, j~ protein was monitored by measuring the rere- 
duction of P700 ~ by back-reaction from the electron 
acceptors following laser flash excitation. When the 
t~,, fl~r rereduction had changed from 12 ms to 1 ms 
(25-30 rain incubation) the treatment was stopped by 
diluting the reaction mixture 10-times with oxygen-free 
2(I mM Tris-HCl (pH 8.0). Urea was then removed by 
washing the preparation over an ultrafiltration mem- 
brane (Amicon YM-100)or by centrifugation for 2 h at 
150(1(t(I ×g .  The preparation was finally concentrated 
to 1 mg chlorophyll/ml and stored frozen in liquid 
nitrogen untd required. For EPR analysis, depleted 
Photosystem ! particles (12 #g chlorophyl l /ml) in  25 
mM Tricine-KOH (pH 7.8) with (1.19k /3-mercapto- 
ethanol and 11.07'3; Triton X-I(10 were incubated with 
excess Fe-S,, ~ protein for 10 rain in the dark at room 
temperature under argon. The preparation was then 
washed over an ultrafiltration membrane (Amicon 
YM-100) to remove unbound protein and concentrated 
to 0.5 mg chlorophyll/ml, Reconstitution for optical 
assays and NADP '  reduction was also carried out in 
situ adding excess Fe-SA/B protein to the reaction 
mixture and incubating for 10 rain before illumination. 

3"he Fe-SA, H protein was extracted from purified 
Triton X-I(1() Photosystem ! particles by butanol ex- 
traction as described in Ref. 7. The protein was con- 
centratcd and freed of butanol by washing on a mem- 
brane filter (Amicon YM-5) [1(1] tor use in redox titra- 
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tions. It was lurther purified by absorption on D[=A[-~- 
Fractogcl [7] and elution with (1.3 M NaCI in 2~ mM 
lh i~-HCI huffer (pH ,~.(n for use in reconstitution ex- 
periments. This preparation contains contaminating 
polypcptides of high and low molecular weight. Fur- 
ther purification by passage through a Sephacry] S20t) 
i tR (l 'harmacia)column in anaerobic 20 mM Tris-HCI 
buffer (pH 8.0) containing 1(1() mM NaCI and 5 mM 
dithiothreitol resulted in a fraction highly enriched in 
the Fe-SA/t~ protein. Analysis by SDS-PAGE showed 
polypeptidcs of approx, l(k 15 and 20 kDa in this 
preparation. The ability of each preparation to recon- 
stitute the 12 ms back-reaction in kinetic optical assays 
of P700" rereduction was measured and a 3-fold ex- 
cess by volume of the preparation used in the experi- 
ments described. Spinach ferredoxin, plastocyanin and 
fcrredoxin-NADP" oxidoreductase were prepared by 
DEAE-eellulosc chromatography of chloroplast ex- 
tracts [I 5-17]. Oxidation-reduction potential titrations 
were ~,arried out as desc bed previously [18] using 30 
p.M methyl viologen and triquat as mediators. EPR 
spectra were recorded with a JEOL RE-IX spectrome- 
ter fitted with an Oxford Instruments liquid helium 
cryostat. Kinetic optical measurements of P7(XI ~ at 8211 
nm were made using a laboratory-built speetrophotom- 
eter [19]. Samples were excited at 1 Hz at 337 nm with 
an 81t(I ps flash from a nitrogen laser (Photochemical 
Research Associates, LN10(X)) as actinic light source. 
NADP-  reduction was measured as the change in 
,4~4~ , fl~llowing ?;0 s periods of illumination of the 
reaction mixture in a euvette by saturating white light. 

Results 

l¥operties of  the i~olated Fe-S 4 ,,u protein 
The isolated Fe-S,x/B protein has the characteristic 

EPR spectrum of a soluble 2(4Fe4S) iron-sulphur pro- 
tein (Fig. 1). Oh-Oka et at. [8] have reported the redox 
potential of the centres to be -470  and -56() mV, the 
two centres being distinguished by different tempera- 
ture-dependence of their EPR signals. We have carried 
out titrations on the preparation obtained by butanol 
extraction. We found that the redox eentres were un- 
stable under the conditions we normally use for titra- 
tion, but that they could be stabilised by the presence 
of 25c~k glycerol in the medium. In these titrations a 
single wave was observed on the titration with E m = 510 
inV. The spectra recorded in the titration were typical 
of a 214Fe4S] ferredoxin. There was no major effect of 
temperature on the relative signal sizes at different 
potentials and we did not obtain evidence for different 
potentials for the two centres. Plotting the titration 
curve for different parts of the spectrum, or at 10 K or 
40 K, did not materially affect the midpoint potential. 
The preparation essentially showed the properties of 
the higher-potential component described by Oh-Oka 
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Fig. I. Thc EPP. spectrum ol the i~,olated Fc-Sx 1 ~ protein. The 
protcin in 211 mM Tris-ItCI (pi t  X J)) containing 0.3 M Na('l  v.a,~ 
reduced with 11.7r~ Na:SzOa for 5 min beh)rc frcezing. I-PR condi- 
tion~,: microwave plower. 10 m ~ :  temperature ,  15 K: modulation 

"width. 1 roT: im, l rument gain. 251). 

ctal.  [8] We have previously shown that glycerol affects 
the properties of thc Fc-SxA3 ccntrcs in situ [2(I], so it 
may bc that while stabilising the ccntres it changes the ,~ 
environment sufficiently to remove the differences rc- 
ported by Oh-Oka c ta l .  [8] Thc results confirm that 
the tow potential of the Fe-SA, B ccntres in thc reaction 
centre is a property of the Fc-S.x,t~ protein itself, but 
show that the characteristic EPR spectrum of the two 
ccntics in vivo is the result of binding to Photosystem I. 

The rob, oj'the Fe-S, I .#~ protein in N A D P  * reduction hy 
Photosystem ! 

The role of the Fe-SA/~ protein in electron trans- 
port was investigated using digitonin Photosystem I 
particles. Similar results were obtained with Triton 
X-10(I particles but with large variations between 
preparations. Inactivation and reactivation of the Pho- 
tosystem I preparations was initially monitored by mea- 
suring the rereduction of P700 + by back-reaction from 
the electron acceptors following laser flash illumination 
(Fig. 2). Before urea treatment the preparations showed 
rereduction of P700 + with a half-time of about 12 ms, 
reflecting the back-reaction from Fe-SA/m Fig. 2-1. 
During the treatment, the rate of rereduction in- 

creased to about l ms, Fig. 2-2, reflecting the back 
reaction fr,~m Fc-S,. Rcaddi!ion of the isolated Fc-SA/a 
protein rcsultcd in a rccovcry of thc original kinetics, 
Fig. 2-3. In Photosystem 1 preparations, the low-tem- 
perature photooxidation of P700 and concomitant re- 
duction of Fc-S A can be observed by EPR spectrome- 
tD' (Fig. 3 right): after urea treatment, Fc-S A is de- 
creased to about 15% of the original, Fig. 3-2. After 
reconstitution with thc Fc-SA/t3 protein, P700 oxida- 
tion is again coupled to Fe-S A reduction and the signal 
size of Fc-S A is rcstorcd to about 80% of that in the 
starting material (Fig. 3-3). if samples are illuminated 
at room tempcrature and frozen under illumination, 
both ccntrcs A and B arc rcduccd. Fig. 3 (left) shows 
that both centrcs A ar.d B arc recovered on reconstitu- 
lion. After rcconsiitution the spectra show slight dis- 
tortion, which may suggest thai the reconstitutcd struc- 
ture is not completely identical to the original. 

NADP'  reduction by washcd spinach thylakoids 
rcquircs addition of the soluble 2Fc2S fcrrcdoxin: all 

, ~ ¢ . .  

E3- 

1% 

\ 

.: ? 

, , . ~ . , . . ~  

2 4 6 (3 

Time ms 

Fig. 2. Kinetics of rereduct ion of PT00 + following oxidation by laser 
dash illumination. (I)  Digitonin Photosystem I particles. (2) Digi- 
tonin Photosystem I particles following urea t reatment  to remove 
Fe-SA ,l~ as described in the text. (3) Urea- t rea ted  digitonin particles 
reconstituted with the Fe-S A ,a  preparat ion.  The reaction mixture 
contained: Photosystcm 1 particles (25 # g  chlorophyl l /ml)  in 20 mM 
Tric ine-KOtt  (pH 8.1")). 6.7 mM sodium ascorbate and 68 # M  
dichlorophenol indophenol.  30 repetitions were averaged at 1 t lz  

flash repetition rate. 
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Fig. 3. EPR spectra of digitonin Photosystem I particles. (Right) Light-minus-dark difference spectra of samples reduced with 30 mM sodium 
ascorbate, frozen in the dark and illuminated at 15 K in the EPR cavity. (Left) Spectra of samples reduced with sodium :~scorbate. illuminated at 
room temperature and frozen under illumination. (I) Control samples of digitonin Photosystem I particles before treatment. (2) Urea-treated 
particles with the Fe-SA/n protein removed. (31 Urea-treated particles after reconstitution with the Fe-S a u protein nreparation. The samples 
contained 500 ,ag/chlorophyll/ml. Urea treatment and reconstitution are described in the text. EPR conditions: Microwave power. 111 roW; 

temperature, 15 K: modulation width. 1.25 mT. Instrument gain, 500. The g = 2.00 region of the spectra has been deleled fl~r clarity. 

o t h e r  p r o t e i n  c o m p o n e n t s  a r e  b o u n d  to  t he  t hy l ako ids .  

A f t e r  i so la t ion  o f  t h e  P h o t o s y s t e m  I by d i g i t o n i n  t r e a t -  

m e n t ,  p l a s t o c y a n i n  a n d  N A D P * - f e r r e d o x i n  ox ido-  

r e d u c t a s e  a re  a l so  r e q u i r e d .  U r e a  t r e a t m e n t  o f  t h e  

d i g i t o n i n  pa r t i c l e s  r e s u l t s  in a l m o s t  c o m p l e t e  loss  o f  

N A D P  + r e d u c t i o n  act ivi ty.  Ac t iv i ty  is r e c o n s t i t u t e d  by 

a d d i t i o n  o f  t h e  Fe -SA/B p r o t e i n  p r e p a r a t i o n  ( T a b l e  !). 

In t he  r e s u l t s  s h o w n  a l m o s t  all o f  the  N A D P  + r e d u c -  

t ion  act ivi ty o f  t he  d ig i t on in  p r e p a r a t i o n  is lost ,  t h e  

r e s idua l  act ivi ty  o f  a b o u t  5¢k is r a t h e r  lower  t h a n  t he  

r e s idua l  Fc -S  A o b s e r v e d  by E P R .  T h e  abil i ty to r e c o n -  

s t i t u t e  t he  N A D P *  r e d u c t i o n  by r e p l a c i n g  the  Fe-SA/B 
p r o t e i n  d e p e n d s  on  t he  r e t e n t i o n  o f  F e - S , ,  th is  c e n t r e  

is a lso  d a m a g e d  by t he  u r e a  t r e a t m e n t  a n d  a b a l a n c e  

TABLE I 

NADP ~ reduction by d~gitonin PhotosTstem I partich,s 

The reaction mixture contained 25 mM Tricine-KOH (pH 7.8), 6.7 mM sodium ascorbate, 68 tzM dichlorophenol indophenol, 0.7% Triton 
X-100, 0.1% fl-mercaptoethanol, digitonin Photosystem ! particles (10 #g chlorophyll/talk 1.5 ,aM plastocyanin. 5 ,aM ferredoxin. 0.5 mM 
NADP*, ferredoxin-NADP* oxidoreductase and Fe-SA, B protein in excess. NADP" reduction was followed by measuring the change in A3,m 
at 30 s intervals following illumination. 

Rate of NADP* reduction 
(ptmol/mg chlorophyll per h) 

(1) Native Photosystem I 
(2) Urea-treated Photosystem ! (Fe-SA/B removed) 
(3) Urea-treated Photosystem reconstituted with Fe-SA/B 
(3) Urea-treated Photosystem ! reconstituted with Fe-S a ,l~: 

minus ferredoxin 
minus ferredoxin-NADP oxido-reductase 

(4) Urea-treated Photosystem I with oxidised Fe-SA, j~ protein 

718 
2S 

673 
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ha,',, Io bc  chose,1 b c t w c c n  r c m o v i n g  as m u c h  o i  the  

| : c -S x  u as poss ib le  an d  o b t a i n i n g  h igh  levels  o f  r ccon-  

s t i lu t i ,m.  F~l lowing r c c o n s t i t u t i o n ,  the  N A D P '  r educ -  

t ion activi ty is r c s t o r c d  to a b o u t  9{|ei o f  t he  initial 

activity,  a r ccovm3 s imi la r  to lha t  o b s c t ~ c d  for t he  

I : e -S  x by EPI,?,. Fo l lowing  u r e a  t r c a l n l c n l ,  l~las tocyanin 

is no  h m g c r  r e q u i r e d  for N A I ) P '  r e d u c t i o n ,  k ine t ic  

e x p e r i m e n t s  show tha t  p l a s t o c y a n i n  can  no  h m g c r  

c a t a l y s t  fast  e l e c t r o n  d o n a t i o n  to P711(} ". H o w e v e r .  it 

s e e m s  tha t  t h e  d a m a g e d  d o n o r  s ide  is t h e n  su f f i c i en t ly  

acccs :dblc  to the  ar t i f icial  d o n o r s ,  a s c o r b a t c  a n d  

d i c h l o r o p h c n o l  i n d o p h c n o l ,  to p e r m i t  g o o d  r a t e s  o f  

N A D P *  r e d u c t i o n .  A l t h o u g h  t he  m a x i m u m  init ial  ra te  

o f  N A D P '  r e d u c t i o n  is no t  c o m p l e t e l y  r e c o v e r e d ,  it 

m a y  be tha t  th is  reflect:,  l imi ta t ion  by e l e c t r o n  d o n a -  

t ion r a t h e r  t h a n  fa i lurc  to fully r c c o n s t i l u t c  the  e lec-  

t ron  acccp to r s ,  l ) c s t r u c l i o n  o f  the  i r o n - s u l p h u r  c c n t r c s  

o f  the  Fc -S~  u p ro t e in  by c x p o s . n g  it tc  oxygen  p re -  

v e n t s  r c c o n s t i t u t i o n  o f  N A I ) P '  r e d u c t i o n ,  c o n f i r m i n g  

tha t  t he  i r o n - s u l p h u r  c c n t r c s  a rc  e s sen t i a l .  T h e  res id-  

ual  act ivi ty o f  the  u r e a - t r e a t e d  p r e p a r a t i o n  is no t  inh ib-  

i ted by t he  ox id i scd  p ro t e in .  

T h e  Fc-S , \  a p r e p a r a t i o n  is no t  f ree  o f  o t h e r  poly-  

p c p t i d c s .  "Fhc r c su t t s  p r e s e n t e d  w c rc  o b t a i n e d  wi th  the  

re la t ive ly  c r u d e  p r e p a r a t i o n  f r o m  the  D E A E  c o l u m n .  

Qua l i t a t i ve ly  t he  s a m e  r e su l t s  a rc  o b t a i n e d  u s i n g  t he  

m o r e  pu r i f i ed  f rac t ion  f r o m  the  S c p h a c ~ ' l  c o l u m n .  

However. t h e  e x t e n t  o f  r c c o n s t i t u t i o n  is lower ,  5{lC~ 
r a t h e r  t h a n  90% .  W c  c a n n o t  t h e r e f o r e  exc lude  the  

poss ibi l i ty  tha t  o t h e r  p r o t e i n s  m a y  bc  r e q u i r e d  to tk~rm 

the  b i n d i n g  s i tes  on  t h e  r e a c t i o n  c e n t r e .  T h e  p r e s e n t  

e x p e r i m e n t s  s h o w  th a t  t hc  F c - b x  ~ p r o t e i n  is r e q u i r e d  

for N A D P "  r e d u c t i o n  by P h o t o s y s t c m  I. F u r t h e r  work  
will bc r e q u i r e d  to d e t e r m i n e  the  role ol o t h e r  low- 

m o l c c L l a r - w c i g h t  p o l y p e p t i d e s  in f l ) rming  b i n d i n g  s i t e s  

for s o l u N c  e l e c t r o n  ca r r i e r s ,  a n d  c o n t r o l l i n g  t h e  ra te  o f  

e l e c t r o n  il¢~w t h r o u g h  t he  r e a c t i o n  c e n t r e .  
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