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Complex  fi~rmation between fcrricytochrome c 3 and a large three-dimensional  polyanion has been investigated in order  to study 
the influence of surface electrostat ic  interact ions on the structural  and redox propert ies of the te t rahemc cytochrome. This 
protein presents  the property of interact ing with different redox par tners  such as fcrredoxin, rubrcdoxin, flavodexin and 
hydrogenasc in the electron transfer chain. The polyanion used, [Bi,WzzOT, H , ]  12 is a he tempolytungsta tc  which possesses 
various proper t ies  (molecular  weight, charge and size) in common with ferredoxin and rubrcdoxin. Circular  dichroism and 
I H - N M R  spectroscopic studies show that this enti ty interacts  with the polytheme cytochrome with the same stoichiometry and 
brings to the same s t ructural  modifications on the cytochrome as ferredoxin or rubredoxin. This indicates that this synthetic 
molecule has the same inter~,cting sitc on the cytochrome c 3 as its known rcdnx partncrs.  Association constants have bccn 
evaluated  and show that the heteropolytungsta te  and the ferredoxin have a comparable  affinity for the eytochrome c 3 
(respectively K ~ 2 • 10 ~' and 6 . 1 0 6  M - t). The polyanion induces a slight shift of redox potential  observed by cyclic voltammetry: 
- 20 mV for the Norway strain and - 50 mV for the Hi ldenborough strain. In the lat ter  case, our results suggest that the highest 
redox potent ia l  is preferential ly affected by the complexatkm. From the similarity between the polytungstate and the Fe-S 
proteins  in the cytochrome c 3 binding and their  hulk electr ic and steric properties,  wc are tempted to conclude that the 
polyanion appears  as a valid model for the study of the interact ion between the cytochrom¢ c~ and its redox partners. 

Introduct ion 

Numerous  studies .have been developed to under-  
stand the factors that govern the rate and specificity of 
protein-protein electron transfer mainly in eytochromc 
c [1]. Hypothetical  structures of  both physiological or 
non physiological complexes have been inferred by 
computer  graphic methods  in the cases of cytochrome 
c / c y t o c h r o m e  c peroxidase [2], cytochrome c / cy to -  
chrome b s [3], cytochrome c / f l avodox in  [4] anti ey- 
tochrome c /pho tosyn the t i c  center  [5]. These models 
are supported by chemical modifications, chemical 
cross-linking studies and spectroscopic techniques such 
as nuclear magnetic resonance (NMR)  [6,7] and circu- 
lar dichroism (CD) [8,9]. The influence of electrostatic 
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interactions on the structure and function of  cy- 
tochrome c has been investigated by means of  complex 
formation between ferricytochrome c and large three 
dimensional entitics of  tungsten atoms linked by nega- 
tivcly charged oxygen atoms, namely hcteropoly- 
tungstates [10]. When complexed to the cytochrome c, 
they have been shown to mimic reasonably well the 
interactions between cytochromc c and negatively 
charged interfaces [l 1,12]. 

In an at tempt  to compare structure function rela- 
tionship in te t raheme cytochrome c 3 with monohemc 
eytoehrome c, the study of  the electron transfer mech- 
anism between De~ulforibrio cytochrome c 3 and its 
redox partners has been developed. 

Desulfoc~brio desulfuricans Norway cytochrome c~ 
(M~ 13000) contains four low redox potential hemes 
( - 1 6 5  mV, - 3 0 5  mV, - 3 6 5  mV and -4[XJ mV) 
[13,14] localized in non equivalent protein environ- 
merits as described by electron paramagnet ie  reso- 
nance (EPR)  [15], N M R  [16] and X-ray crystallographic 
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.~udies [17,181. Desul]})rihrio desulfitricans Norway 
fcrrcdoxin I is a (4Fc-4S) cluster fcrrcdoxin (M~ 60(X)) 
exhibiting a redox potential of - 3 7 4  mV [19,20]. Rapid 
kinetic studies of  the electron exchange repletion be- 
tween cytochromc c~ ,'rod fcrrcdoxin I [21] have shown 
the formation of  ,'m intermediate complex Ikdlowcd by 
a bidirectional electron transfer between home and 
cluster. The cytochromc c~/t 'crredoxin I complex has 
been studied by biophysical techniques.  From mi- 
crocalorimctric me:lsurcments [22] and ~t t -NMR ex- 
periments [23] a stoichiometny of  one eytochrome c.~ 
molecule per  ferredoxin subunit was found and an 
association constant K =  1.3 • 10 ~ M -~ (285 K, 10 mM 
Tris-HCI buffer, pH 7.7~ was determined.  It was also 
found that the methyl groups resonances of  the two 
highest potential hemes of  the cytochromc arc affected 
by the complex fi~rmation. A three dimensional  pro- 
rein-protein hypothetical complex, in which the Fc-S 
cluster faces hemc 4 (sequentially numbered from the 
amino-terminus)  has been generated using interactive 
computer  graphic methods [24]. A covalent crosslinked 
cytochrome c~/ fer redoxin  complex has been obtained 
[25] and pcptide mapping of the covalent complex has 
confirmed the hypothetical model [26]. 

Two other  models of electron transfer complexes 
based on X-ray structure of Desulfot'ibrio t'ulgaris cy- 
tochrome c3/ rubredoxin  [27] and Desulfovibrio t'ul- 
garis cytochrome c.~/flavodoxin [28] have been de- 
scribed, The  same home, namely heme 4, appears  
equally to interact with the flavin of  the flavodoxin and 
the iron cluster of  the rubredoxin. These  results sug- 
gest home 4 is the interacting site of  the molecule.  The  
role of  the three o ther  heroes may bc associated with 
either a specificity for different re~ox partners (like 
hydrogenases), a redox potential modulat ion or an 
electron storage [29]. lntramolecular  electron transfer 
within the te t rahcme cytochrome has been recently 
demonstrated [3(I]. 

With the aim of s tud~ng the influence of  surface 
electrostatic interactions, ~c  have investigated complex 
Iormation between Desulfot'ibrio fcrricytochromes c3 

" 1 2 -  
a n d  an heteropolytungstate:  [BizWzzO76Hz] [31]. 
The charge and the molecular weight of  this polyanion 
is similar to the ferredoxin and rubrcdoxin. The  result- 
ing strtlctural modifications of the various complexes 
have been character ized by circular dichroism, cyclic 
vol tammc~y and N M R  spectroscopies. 

Material  and Methods  

The  hetcropolytungstatc  [B i ,WzOT,  H , ]  u: (M,  
65()0), hereaf ter  nanred Bi~W2, ., has been prepared  
:tccozding to Rcf. 31. Its concentrat ion was checked by 
ultraviolet ~nbsorption using the fl~llowing cocfficicnt at 
2611 nm: 5 .12-I I )  4 M i cm ~. Comptexat ion experi- 
mc,~ts between the cytochxome c.~ and the polyanion 
were perfi~rmed in a noa-binding Tris-cacodylate buffer 
at pF-! 7.6. 

Circt,lar dichroism 
C D  measurements  have been carried out on a 

Jobin-Yvon Mark IV Dichrograph,  on cytochrome c3 
solutions 13-32 ,aM in 2 - 1 0  -z  M Tris-cacodylate 
buffer at pH 7.6 unless otherwise specified. 

NMR .~pectroscopy 
For N M R  experiments,  the pr~tcin samples (except 

fcrredoxin) were prepared by D : O  exchanging after  
successive lyophilizations. Ferredoxin ! was concen-  
trated in D 2 0  on a centrieon mieroconeentra tor  Ami-  
con. Fcrr ieytochrome c3 (10 -3 M ) n H - N M R  spectra 
were recorded with increasing amounts  of  ferredoxin,  
polyanion and rubredoxin (from 0.5 to 2 excess). The  
experiments  per formed using ferredoxin and polyanion 
were done in Tris-cacodylate buffer 20 raM, those 
involving rubredoxin were done in phosphate  buffer  10 
raM, (pH 7.6) and at 35°C. 

n H - N M R  spectra were recorded in the Four ier  mode 
on a Bruker AM 200 spectrometer .  The water  line was 
irradiated during all experiments.  Chemical  shifts are  
in parts per  million (PPM) from internal tetramethyl  
silane (TMS). Chemical  shifts variat ion (ASi)  were 
obtained by the difference of chemical shifts of  free 
and bound cytochrome t'a. 

Titrat ion curves were deduced from chemical  shift 
variation for each cytochrome c 3 methyl line affected 
as previously reported [23], for at least three different  
experiments.  

Parameters  of  protein complex formation were cal- 
culated by comput ing graphics of  relative induced 
chemical shifts A 6 i , / A 6 i  r ( A S i .  is the chemical  shift 
variation for a ratio [ l igand] / [cytochrome e3] = n and 
A~Sif is the maximum induced chemical shift) as a 
function of [ l igand]/ [cytochrome c 3] ratio. 

The  K values were i terrated until the  correlat ion 
coefficient and the residue value tend towards 1 and 0 
respectively. The  K value corresponding to the best 
correlat ion coefficient and the lowest residue was se- 
lected [361. 

Uytochrome c~ and fcrrcdoxin I were purified as 
previously reported [32,33] from lkcsulfovibrio desulJit- 
titans Norway strain, D . d . N .  (NCIB 8310). Rubre- 
doxin and cytochrome c3 were purified from Desul- 
fot'ibrio t'ulgaris Hildenborough strain, D.t'. I-I. (NCIB 
8303) as reported [34,35]. 

l'~h'ctrochemical bzstrumentation 
Cyclic vol tammetry (C.V.) was per formed in an inac- 

tinic cell containing 1-2 r al of  solution at 20°C. The  
solution was desaerated by argon flushing and was 
maintained under  argon during the experiment.  The  
working electrodes were ei ther glassy carbon electrode 



(Tokai  c a r b o n )  or  a basal  pyrolytic g raph i t e  e lec t rode .  
T h e  auxiliary e l ec t rode  was m a d e  of  a Pt wire. All 
po t en t i a l s  were  r e fe r red  to SCE.  T he  e l ec t rode  surface 
was pol ished careful ly  a f t e r  each  potent ia l  sweep on 
pol i sh ing  discs with d i f fe rent  d i a m o n d  pastes  varying 
f rom 15/.t to ! /z. T h e  C.V. a p p a r a t u s  was c o m p o s e d  of  
a func t ion  g e n e r a t o r  ( E G G  P A R I 7 5 )  and  a solid s ta te  
h o m e - m a d e  po ten t io s t a t  i m p l e m e n t e d  with a posit ive 
f eedback  IR d r o p  compensa t i on .  T h e  cu r r en t  po ten t i a l  
curves  were  d i sp layed  on X Y  reco rde r  Ifelec 2502. 

R e s u l t s  

Circular dichroism 
T h e  C D  s p e c t r u m  of  D . d . N .  cy toehrome  c~ in the  

Soret  region consis ts  of  a s t rong  n a r r o w  posit ive peak  
at 408 n m  and  a weak  t rough  at 420 nm (Fig. !). U p o n  
s tepwise  add i t ion  of  the  he t e r opo l y t ungs t a t e  to  a 30 
/~M cy tochrome  c s so lu t ion  in 2 -  10 -2 M Tris-cacody-  
la te  buf fe r  at  pH 7.6, a progress ive  van i sh ing  of the  
t rough  occurs  up  to a ! : 1 ratio.  An  ana logous  modifi-  
ca t ion  of  the cy toehrome  c s C D  is obse rved  when  it is 
mixed in a I / 1  ra t io  with fe r redoxin  1 (Fig. 2). How- 
ever,  no c h a n g e  is no t i ceab le  in the  optical  abso rp t ion  
spect ra .  

T h e  C D  study gives an  overal l  view o: -uctural  
changes  o f  cy toch rome  c a resul t i , .g  f rom .ation. 
T h e  Sore t  C D  signal of nat ive cy tochrome c 3 is of  a 
n o n  conserva t ive  exci tonic type: the  relat ive in tens i t ies  
of  the  two c o m p o n e n t s  seems  to d e p e n d  on  t he  or igin 
of  the  p ro t e in  [37]. Ca lcu la t ions  have  shown tha t  the  
exci tonic  c h a r a c t e r  of  the  s ignal  c a n n o t  be solely ac- 
c o u n t e d  for  by h e m e - h e m e  coup l ing  a n d  tha t  a roma t i c  
res idues  con t r i bu t e  to  the  signal [38]. U p o n  complexa-  
t ion  with the  po lyanion  as well as with ferredoxin and  
rubredoxin ,  the  exci tonic c h a r a c t e r  of  the  signal is lost. 
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Fig, I. So,'et CD  spectra o f  D.d. N cylochrome ('~ in the nrc:scnee ol 
i nc reas ing  a m o u n t s  of  Bi2W22. [Po lyan ion] / [Cy t .  c 3] ra t ios  are  t): 
0.25; 0.5: 0.75; 1 and  2 f rom b o t t o m  to lop. Cyt. c a : 3 0  p .M in 
Tr i s -cacodyla te  bu f f e r  20 m M  at p H  7.6. Inse t :  t i t ra t ion curve  var ia-  

t ions o f  A,~ at 421 n m  v e r s u s  concen t r a t i on  rat ios.  
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Fig. 2. Sore= CD: (a) mixture o f  ¢ytochrome c~ and fcrrcdoxin at 1 / I  
concentration ratio, 25 ,u.M in phosphate buffer 20 mM at p i t  7.h (h) 
summation o f  cyto~hrome c3 and fcrredoxin spectra. Cyt. c ~ : 50 ,u.M 

in t t 2 0 ,  Fd:50/.zl  in 0.tH M phosphate hul ler  at p f l  7.6. 

indicat ing tha t  the  zr e lec t rons  coupl ing  within cy- 
t och rome  c 3 is pe r tu rbed .  

T h e  plot  of d i f fe rences  [Ae . . . .  pl~ -Ac~s ] ,  m e a s u r e d  
at 42(I nm versus  the  [ p o l y a n i o n ] / [ c y t o c h r o m e  c 3] con-  
cen t r a t i on  rat ios reveals  the fo rmat ion  of a 1 / i  com- 
plex, with a n  associa t ion cons tan t  K equal  to (2 + 1) • 
10 ~' M-~.  A n  ana logous  t i t ra t ion  exper imen ,  run with 
fe r redoxin  I leads to a K value of  ( 6 + 2 ) - 1 ' )  ~' M - t  
this  value is in good a g r e e m e n t  with the previous  one  
ob t a ined  f rom microca lor imet r ic  exper imen t s  [22]. We 
have checked  tha t  the  in te rac t ion  of  BizW22 with cy- 
tochrome  c s f rom D.t'. H. leads to the  same C D  
changes .  

NMR spectroscopy 
I H - N M R  spec t ra  of  fe r r icy tochrome c 3 f rom D.d. 

N. have b e e n  ob ta ined  for var ious reduc t ion  s ta tes  [16], 
al lowing the  cor re la t ion  be tween  th;: heme  redox po- 
tent ia l  values  and  h e m e  methyl  r e sonances  in the 311 to 
12 ppm region of  thc oxidized pro te in  spect rum.  Such 
an ass ignment  was used to d e t e r m i n e  the effect of  
fer redoxin  complexa t ion  on  fe r r icy tochromc c~ [23]. 

T o  e luc ida te  the  s t ructura l  role of the four  heroes in 
cy tochrome  c 3, we have re i t e r ra ted  such cxper imen t s  
with rubredox in  and  the  polyanion.  Fig. 3 p resen t s  
I H - N M R  spec t ra  of  fe r r icy toehrome c 3 (111 -~ M) (Fig. 
3a)  in p re sence  of  rubredoxin  (Fig. 3b), fcrredoxin (Fig. 
3c) and  the  polyanion BleW22 (Fig, 3el. The  induced  
chemical  shifts  of  few resonances  show a selective 
modif ica t ion  of  heine  methyl  r esonances  of the  cy- 
t och rome  d e p e n d i n g  on  the  ligand. In all cases the  
h e m e  methyl  r e sonances  at  14.64, 14.(17 and  13.79 ppm 
were  affected by the pre~ence of  rubredoxin,  ferrc-  
doxin or  polyanion.  Ferrco~,xin I and  polyanion induce 
shifts of  h e m e  methyl  line at 20.01 ppm. Ti t ra t ions  e l  
complex fo rmat ions  were car r ied  out  I',r each ligand as 
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F i g  3. i j  I - N M  R ~l)c'clf.l i l l  hc'~" l )  ,1 N IL ' i r lC%ll i t ' | l ronl t '  c' i ( I i l l , t )  
( i i l  l ind  t ' l i l l l l l l t ' \ c l l  I t ' l l l l : ~ l l l d l l l l n l c '  , < i~ i lh  / J l  I I  l i i l l l c ' l h~ i i i  ( l l ) ,  
l),d. N I t ' r r~ ' l l l ix in  I ( t ' )  i l l  ht, lt.rlllllll.%lllnl~511 i i., I l i_,W , (¢).  l~.~l)~t ,- 
l ive ly ,  i l l  ..~ II)~vt t ' l in t '¢ l l l f~ i l i l l l l  The  ¢ ~ / l : d  I t 'Oll iplt.~ ( l r o m  e) in 
prl '~t ' l l l ' t '  i l l  l l l i  t, l lUlV;l l t . l l l~ i l l  h l . ' l t . ' l l lpo lVt l ln~, l i  Ii2 I t i  ,W, ,  (d).  T h e  
~l l~ ' t l l : l  ~t ' l t "  l l ' l l l l d t ' l l  i l l  . I ~ ' ( "  p : l l  7f~. ~ i l h  the  w i i l t ' r  h-Ill2 i l r l i d i -  

i l ic' l l .  Till." all ' t '~'tcd rl?!,lllliill¢12~, ; i re n l i l rk l td .  

prcvitm~!y desc, i l ,ed 123J. ! h e  I . ' - a l i on  o f  the ey- 
Iochronic  ('~ (:onll)lex;.l l ioi] v, dh the l }o lyan ion is illu.,,- 
l ra led by Fig. 4. Analysis t:l the induced shifts by 
compul inc  A~$i ~,,, a function o[ the rat io po ly ; ,n ion /  
C ~ l l ~ e h l { ) l l l e  ('~ r e v e a l s  t h e  I o r n ~ t l l i o n  e l f  ~1 I / I complex  
h ~ . * l w c e l l  I.)n12 I11o1¢¢1.11t' o f  4 . 'V l l ) ch l - o f l , e  (' ~ l i n d  ( ) f i e  

nlolccul¢ o l  polyani~n]. Such expcr in)¢nls  were also 
dol l¢ IoI lhe l i l l a l i o n  o l  cyh)¢hl~mic ( ' ~ / l e l r e d o x m  I 
~,nd eyh~:hromc ( J r u l , r c d o x i n  comp lex  Ib rmat ion .  

I"ig. {, summariz~.-s the t i l r a l i on  curves ob la ined  for 
the three complexes rcspc,.t ivcly tor  the 20.01, 14.¢+6, 
14.(17 and 13.79 ppm reson,mcc.,,. As ind icated in Fig. 5, 
the relat ive induced shifts {~f each af fected resonance 
arc the %;Inle l'()r ;I conll~)lex Iornla~ion. the chemica l  
shi l l  Val i i , l ion for a methy l  l ine is SOl the .',am¢ for the 
var ious complexes (Table  I). The  un l ike va:uc.5 are 
I ) lohably  duc to di lTerenl effect on the hemc methy l  
env i ronments  Ibr each u'ytoch~onl¢ ('~ l); i l ' l l lel~, hl l:ig.. 
1~ lhe l i l l ; l l i l i n  cilr~~.,s show il re l ) r l ldnc i l ) i l i l y  o f  the 
c~It]lldL'x l'~Allll;.llilnl l~:Ir;ll~leh.,r~, 10r ei leh l~arlncr ac- 
cordiHg Io lhc K v;,h~c,. 

l ' r , ;n l  redox po len l l a l  t i l r a l i ou  cxper imen l~  [16]. lhe 
p lesenl  I I I - N M R  resul~.s .',how !hal  ;.is for lh¢ ferrc-  
doxin/cvl(~chr(}me (.~ complex t~rm;tt ion 123], the lwo 
h ig l l~ . 'n l  r ~ : d o x  [ - , O l e h l i a l  h~. ' l l les  ( I I~5 i l l l d  3()5  n l V )  

B I ? W ? 2 t C 3  

p 

0 ". I 

. . . .  t"~, . . . . . . .  !,:4~r..~ " ~i.I , i . , .  
) 2  2 8  2 4  2 0  16  12  

. . . . .  PP-M_ 
F: ; .  4. I I - N M R  .,,p¢¢Ira o f  w).d. N f i t r r i c y l o c h r o m e  £'i ( I m M )  in 
presence  of  increas ing  COl}CClllr;illons o[" helcropolytungslate Bi2W22. 
The  spc¢*,ra were  r eco rded  at 35"C, p - I !  7.(~, wi lh  the  wa te r  line 

h r a d i a l c d .  T h e  af fcc lcd  r e sonances  a re  marked .  

are al ' fccled by the comp iexa t ion  o f  po l yan ion  o r  ruhrc-  
d(ixin on cy loch rome ('~. These dala lead us to  suppose 
Ihal  Ihe Ihr¢¢ par lm: rs  ( l e r redox in ,  r ub redoxm and 
po lya . ion )  have Ih¢ same int , : ract ing site on  cy- 
tochrome  (',. We have undertaken compe t i t ion  experi-  
nienls  between  ferredoxin and polyanion as the affini!y 

A6Iz ~ .. 

1 0 0  f . . . . . . . . . .  _Q. •, f l  

/-" 

! 
/ 

O, ~" 1 1.5 2 

|: iF. 5. l ' i t r a l i o n  c-i jr~: p l o n c d  JrOlll r~clativL" (-'h~mi¢;i] sh i f ts  e w ) l u t i o n  
o l  the  d i l l c r~ 'n l  rc'~onan~'¢,, a! 13.7(,~ ( ~ ). 14.c~h ( ~ )  and 20.|)3 ( * ) 
I )pm o l  Ih,.." k . ' r r iL 'y tochron lc  (.i I I I - N M I {  spec l ra  ;ll'fecle.,J by I h¢  

, id t l i t i l i n  o |  inerea:~inB ~()n(~.'nlr;ItJon~, o. r l l i?W, . , .  
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~l_n% Re~onznee at 1407 ppm ~l_n% Resonal=ee at 1379 ppm 

'°I/¢ 

I ~ Ixl/l%l ~ Illll%1 
Fig. 6. Titration curve~ pit)tied from relative chemicld ~,l~ifts evolution 
of the different resonlinccs ,,f the D . d .  N f,'rricyltvchrome c~ ~II- 
N M R  spectra affected ill presence o f  incre,Mng, concert(rations, of 
l~dyanion Bi,W,, ( - - - ) ,  fcrredoxin ( . . . . . .  ) and rubredoxm 

( . . . . . .  ). 

c o n s t a n t s ,  e v a l u a t e d  by C D  e x p e r i m e n t s  a t  6 • 1() ~ M -  
a n d  2 -  i 0  ~' M - t  r e spec t ive ly ,  a r c  in t he  s a m e  r a n g e .  
Fig.  3d  s h o w s  t h e  I H - N M R  s p e c t r u m  o f  fcr r icy-  
t o c h r o m e  c . ~ / f e r r e d o x i n  c o m p l e x  ( r a t i o  1 :21  in p res -  
e n c e  o f  two  e q u i v a l e n t s  o f  p o l y a n i o n  B i , W ,  2. T h e  
resu l t ing  s p e c t r u m  is not  the  add i t i on  o f  the  e f f ec t s  
obs t . rved  in Fig. 3c  and  3e .  T a b l e  ! s h o w s  that  the  
d e d u c e d  v a l u e s  o f  t h e  sh i f t s  i n d u c e d  by t he  a d d i t i o n  o f  
p o l y a n i o n  to  c y t o c h r o n t e  c 3 / f e r r e d o x i n  p r e f o r m e d  
c o m p l e x  a r e  t h e  resu l t  o f  par t ia l ly  p o l y a n i o n  b o u n d  
a n d  par t ia l ly  r e l e a s e d  f e r r e d o x i n  a c c o r d i n g  to the i r  

r e s p e c t i v e  e s t i m a t e d  a s soc ia t ion  c o n s t a n t .  A cOntl,eli~ 
) ion  proccs~  liar it t m i q u c  i n t c r ac t i n~  s l tc  wou ld  ; igrec 
wi th  s u c h  an  e x p e r i m e n t .  

U o m p l e x a l i o n  e x p e r i m e n t s  have  b e e n  ca r r i ed  otH 
b e t w e e n  the  c y t o c h r o m e  c 3 f r om D . r .  t t .  a n d  t h e  
r u h r e d o x i n  o r  the  po lv :mion .  F h c  s l ime m e t h y l  reso-  
n a n c e s  a re  a f f e c t e d  by t he  two c o m p l e x  l o r m a t i o n s .  
"l'he t i t r a t ion  o f  t he  i n d u c e d  sh i f t s  in t h e  b o t h  c a s e s  
r e v e a l s  t he  f o r m a t i o n  o f  a I : 1 c o m p l e x  with a h i g h e r  
a f f in i ty  in t h e  c y t o c h r o m e  c3 /Bi2W22 c o m p l e x  t h a n  in 
t h e  e y t o c h r o m e  c 3 / r u b r e d o x i n  o n e .  

C y c l i c  r o l t a m m e t ~ ,  

Both  e y t o c h r o m e s  c 3 f r om D . d . N . .  a n d  D . r .  i t .  
w h i c h  have  d i f f e r e n t  i soelect r ic  p o i n t s  (7.6 a n d  111.51 
a n d  v a r i o u s  r edox  p o t e n t i a l s  we re  s t u d i e d  by e l ec t ro -  
c h e m i s t r y .  

For  D . d . N .  c y t o c h n ~ m c  c~ at p i t  7.6 in Tr i s -  
c l scodyla te  buf fe r ,  w h c n  a d d i n g  t h e  p o l y a n i o n  B i , W , ,  
in s t o i c h i o m e t r i c  q u a n t i t y ,  the  two r e d u c t i o n  waves  
o b t a i n e d  on  p o l i s h e d  basal  pyroly t ic  g r a p h i t e  e l e c t r o d e  
d i s a p p e a r  s h o w i n g  a n  inh ib i t ion  to d i rec t  r e d u c t i o n  at  
t h e  e l e c t r o d e .  D e c r e a s i n g  t he  o H  to 5.5 r e n d e r s  the  
r e d u c t i o n  de  novo  poss ib le  in t he  p r e s e n c e  o f  t he  
p o l y a n i o n .  A s l ight  sh i f t  to n e g a t i v e  va lue  o f  the  p o t e n -  
t ial  p e a k s  ( -  20 m V )  is d e t e c t e d  (Fig.  7a). T h e  s a m e  
p h e n o m e n o n  is o b s e r v e d  o n  g lassy  c a r b o n  e l e c t r o d e ,  
t im.  ~ e  i n t e r p r e t  t h e  redox  b e h a v i o u r  o f  the  D . d . N .  

c y t o c h r o m e  c~ at  p H  7.6 as  an  e l e c t r o s t a t i c  i nh ib i t i on  
o f  t he  nega t ive ly  c h a r g e d  c -mlg l excs  ( c v t o c h r o m c  
c ~ / p o l y a n i o n .  I : 11 to the  nega t ive ly  c h , ' r g e d  e l e c t r o d e  
d u e  to its low i soe lec t r ic  poin t .  W h e n  d~.creas ing t he  
p H  of  t h e  b , , t f e r s  t h e  n u m b e r  o f  the  n e g a t i v e  c h a r g e s  
d e c r e a s e s  a n d  the  e l e c t r o n  t r a n s f e r  is r e s t o r e d .  

TABLE I 

C t m l p a r i ~ m  o f  t he  rein) ire  chcmical.~tti~ts o]" the  D.~L N ]i 'rri~Tto, 'hrom ; , ' ,  • ng  m,'th~'l lin,'~' tn the  I I I - N M R  Vn', 'ra m ¢ h , c , I  hv  / t , '  / ,roll  ~ ,Itu',L ~,ttt,,t 

t~l" rubrc,h~xin. ]i'rr,',lo.litt L polyani¢m B i  , [ fee .  , u , d  by  tit,, a,hlt t totl  o f  t ~ o  c ,¢u,  ah 'at  o I Ih , IV: .  , m  th," c¢ / I~1 , , , t t lph. i  

The more affecttzd re~,oll;tnc¢~, iirt~ it;llicizt:d. 

I leme Redox Free-fi:rri ..lh,, ,,f lotM bound ferric': ,oc;r[~nl[" ~[f-v,Tti((-I)p/~i)- . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
from potential cytochrome c 3 Rd Fdl lit:W_., Jill ~ F;i:W?_, 

(mV) ring mclhyl trpm) 

I - 165 28,58 0.03 -tl.oq - (I 18 IL20 
19.ib2 - 0.04 II.(18 (I,(13 II. I(I 
14117 ÷ 0 .10  ~. 0 .23 ~ 0 5 5  ~ ?; 52 

I.?.70 - 0 . 1 2  - 0 .22  - 0 .2d - J 2 s  

II -305 2¢' OI - 71.02 + O. I¢~ ¢17l  - 0.20  

20. OI - O. 02  ~- O. I0  f;..' 3 ¢). 2U 
114.34 0110 - ¢).1 ~ 4-11.117 + 11..14 
14.6.1 0 .24  I _.'~ - 0 SS ¢1 i 2  

28.17 - 11.112 -- ().UO ().()l 1111 
! II - 365 19.25 (i.01 0.(18 IL t8 (L I ,g 

I J . 3 ]  ( I I X  ~ + 11.114 t 11 (11~ + () (~q 

I V  - 4(10 I 1 . 5 3  ( |  (N ÷ 11.04 ~ ILl)( ,  ~ ( I . l l9  
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I O.5#A (a) .. '" '", 

I i . 4  i i I 1 
/.% 

' ~ ' -o'2 ' - o ~ =  ' 
Fig. 7. (a) D.d. hl fcrr icyt¢~chromc c~ (6- It) s M )  in a Tris-cac¢~ly- 
late buffer 20 mM (p t t  5.5), cycl,¢ voltammetr3'  on a glassy carl~}ne 
electrode s tar t ing 11.25 V to -(I .45 V vs. N i l E ,  t' = 10 m V / s .  D.d.  N 
fcrricytochrom~, c~ alone ( . . . . . .  ). D.d.  N ferricytochrome c ~+  
Bi~W,, ( 1 / I )  I ).(b) l).t '. H Ierricy',ochrome c~ t4" 111-5 M) in 
a Tris.cacodylate buffer  27 rnl~A at p t t  7.6. ~,clic vol tammetry  on a 
glass3 "art,one electr,Y.te s tar t ing 11.25 V to - 0 . 4 5  V vs. NHE,  r' ~ 211 
m V / s .  D.t .  H ferricytochrome c~ alone ( . . . . . .  ), D.r .  H ferricy- 

tochrome ('3 + Bi ~W,, ( 1 : I ) ( 1. 

With the  D.t'. H cytochrome c 3 in the same buf fe red  
medium (pH 7.6) in the  presence  of  Bi:W~ 2 a more  
p ronounced  shift ( - -50 mV) is observed (Fig. 7b). C.V. 
reduct ion wave 1 is less p ronounced  in D . v . H .  than  in 
D.d.N. cytochrome because of  the  slight d i f ference  in 
redox-potent ia l  of  the hemes  [39]. This  reduct ion  s tep 
d isappears  or is over lapped with the second reduct ion 
wave in the  presence  of  Bi2W22. This  indicates  a de-  
crease of the highest  redox potent ia l s  in ag reemen t  
with the N M R  results. 

Discuss ion 

The  he te ropoly tungs ta te  Bi2W~ 2 has  been  used to 
get insight into the  in terac t ing process  of  the  te t ra-  
heme  cytochrome c a from Desulforibrio desulfuricans 
Norway with some of its redox pa r tne r s  such as ferre-  
doxin and  rubredoxin.  Both C D  and  I H - N M R  experi-  
men t s  have shown that  a 1:1 complex is formed be- 

tween cy tochrome c 3 and  the po lyanion  with a h igh  
affinity. F rom CD exper iments  in 2 - 1 0  -z  M Tris-  
c~co21ylate buf fe r  at  pH 7.6 an associat ion cons t an t  of  
K = 2" 10 6 M - i has  been  deduced .  Th i s  value is in the  
same range  as the  one  we found  for the  cy tochrome  
c J f c r r e d o x i n  complex:  K = 6" l 0  s' M -  t. 

N M R  and  e lec t rochemica l  expe r imen t s  ca r r i ed  ou t  
with bo th  cy tochromes  c 3 from D. vulgaris Hi ldenbor -  
ough  and  D. desulfuricans Norway show tha t  the  two 
highest  po ten t i a l  heroes  a re  af fected by complexa t ion  
with polyanion,  fe r redoxin  and  rubredoxin .  Moreover ,  
the  N M R  spec t rum of  a solut ion o f  the  1 :1  cy- 
t och rome  c 3 / f e r r e d o x i n  p r e f o r m e d  complex a d d e d  to 
one  equiva lent  of Bi2W22 shows tha t  the  po lyanion  
replaces  fer redoxin  in the  complex.  Th i s  compe t i t i on  
process  conf i rms  tha t  fer redoxin  and  Bi2W22 have the  
same in te rac t ing  site on  cy tochrome c 3 and  indica tes  
tha t  this  polyanion and  the  ferredoxin have a compara -  
ble affinity for the  cy tochromc c: as sugges ted  by the  
K values deduced  from C D  exper iments .  T h e s e  differ-  
en t  exper imen t s  lead us to propose  the  cy tochrome  
c:~/polyanton complex  as a model  for the  in te rac t ion  of  
the  t e t r a h e m c  cy tochrome with its redox pa r tne r s  (fer-  
redoxin and  rubredoxin j .  

The  ques t ion  is why an  he te ropo ly tungs ta te ,  nega-  
tively cha rged  molecule  wi thou t  any expec ted  speci- 
ficity p resen t s  such a high affinity for cy tochrome c3? 
From cy tochrome c 3 X-ray s t ructure ,  it can  be  es tab-  
l ished tha t  the  d is t r ibut ion  of  positively and  negat ively 
cha rged  res idues  at the  surface o f  the  isola ted molecule  
is asymmetr ic ,  suggest ing the  existence o f  an  i m p o r t a n t  
dipole  m o m e n t  [181. An  elect ros ta t ic  analysis of  e ach  
h e m e  e n v i r o n m e n t  shows that  the  e lec t ros ta t ic  po ten-  
tial field of  h e m e  4 differs  drastically f rom tha t  of  the  
o t h e r  hemes  [24]. Thus ,  he ine  4, positively su r rounded ,  
would strongly a t t rac t  a n 'ga t ive ly  cha rged  face of  a 
redox par tner .  An ana logous  b inding  o f  polyanions  on  
a lysine c lus ter  has  been  observed  o n  cy tochrome c 
[1(1,40]. 

To  u n d e r s t a n d  the  in te rac t ing  process  be tween  cy- 
t och rome  c 3 and  ferredoxin or  rubredoxin ,  molecu la r  
model l ing  s tudies  have been  done .  Two models  have 
been  propose~d: one  for cy tochrome c 3 / f e r r e d o x i n  
complex from Desulfovibrio desuifuricans Norway [24] 
and  the o the r  for cy tochrome c 3 / r u b r e d o x i n  complex  
from Desulfovibrio vuigaris H i l d e n b o r o u g h  [27]. In bo th  
cases, the  rcdox p a r t n e r  was docked to each  exposed 
h e m e  of  the  cy tochrome c a and  each  docked  s t ruc ture  
was man ipu la t ed  in o rde r  to maximize, the  in te rac t ion  
betweer,  its acidic g roups  and  the  lysine res idues  sur-  
round ing  the  cy tochrome c a h e m e  crevices. Visual  in- 
spect ion of  the  four  models  shows tha t  the  most  favor- 
able  complex was the  one  in which the  p a r t n e r  is facing 
he ine  4. 

This  ,:revice possesses  a d i a m e t e r  of  a b o u t  26 ,~, 
al lowing the  app roach  and  the  fixation of  an  approxi-  
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mately spheric molecule presenting a diameter ap- 
proaching the crevice one. 

These modelling experiments demonstrate that, to 
interact with cytochrome c s at the heme 4 crevice, its 
redox partners must possess particular electrostatic 
and size properties. The fact that the polyanion forms 
a high affinity complex with the cytochrome c 3 at the 
same site than ferredoxin and rubredoxin, can be ex- 
plained by common characteristics with t h e ~  two pro- 
teins. Ferredoxin and rubredoxin are small globular 
proteins o f  approx. 6000 Da, presenting a spheric form 
with a diameter of  about 24 A for ferredoxin (value 
deduced from Peptococcus aerogenes ferredoxin struc- 
ture). They are negatively charged entities: 15 negative 
charges versus 2 positive ones for ferredoxin (p l  = 3.9), 
10 negative charges versus 4 positive ones for rubre- 
doxin (p l  = 4.65). On the other hand, the polyanion 
has an ellipsoid shape with a long and a short diameter 
of 18 and !1 A (Michelon, M. and Herr6, G., unpub- 
lished data), it carries 12 negative charges that are 
evenly distributed on its surface. 

These properties allow the polyanion to strongly 
interact with cytochrome c s and thus it appears as a 
valid model for the study of the interaction between 
the cytochrome and its redox partners. The observa- 
tions presented herein allow to say that. in reconsti- 
tuted complex formation, the interacting process with 
polya "~n mimics the protein-protein recognition on 
electrostatic and topology properties. 
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