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We have investigated the electron transfer (ET) reactions betwecn turnip cytochromc f. and the native and NO.,-Tyr83-modified 
forms of spinach plastocyanin (PCu) at 10.0°C and ionic strength (I.2(X) M(NaCI), in both directions as a function of pH. The 
PCu(ll) /cytochrome/(II)  rate constants in the pH-rangc 4-6.8 reflect active and remote binding site protonation. At higher pH, 
NO2-Tyr83 and positively charged residues on cytochrome jr are deprotonated, and both native and NO+-modificd PCu exhibit a 
c~,mposite rate constant variation in this pH range. When framed by ET theory' this pattern is fully understandable in terms of 
variations in reduction potentials and electrostatic interactions, caused by the protonation equilibria. The rate constant ratio 
k nitr°/k native is, however, only 1.04 for the PCu(ll)/cytochrome f(ll)  rcactions in spite of a 18 mV highcr rcduction potcntial for 
NO2-Tyr83-modified PCu. This is much lower than the value of 1.42 expected from ET thcory solcly on the basis of such a 
reduction potential effect. A similar cffcct is seen for PCu(1)/cytochromc ] '(l id for which the Iow-pFI k""~"/k "~''~ ratio is (I.51. 
Notable but smaller effects arc also observed for the small reaction partners [Fe(CN)+,] ~ 4 and [Co(phen)3] 3 +]2 +. The effect of 
NO2-modification in addition to the reduction potential effect can be resolved into a small reorganization energy increase 
around the coppc~- atom and a smaltcr electronic transmission cocfficicnt for ET through the Cu/Cys84/Tyr83 sequence. The 
former effect dominates in the reactions with the small reaction partners, while thc clcctrt)nic effects contribute significantly for 
PCu/cytochrome f, supporting the concept that the PCu/cytochromc ] ET is at thc remote PCu binding sitc. 

Introduction 

Plastocyanin (PCu) and cytochrome f are natural 
reaction partners in the photosynthetic electron trans- 
port chain. Cytochrome jr (M~ 29000) is part of  the 
membrane-bound cytochrome hJf-complcx (plasto- 
quinol :plas tocyanin oxidorcductase) [1,2], but ca r  be 
isolated and purified in a monomcric  water-soluble 
form [3]. PCu (one type-I copper,  M~ 10500) is a 
water-soluble metalloprotein wifieh transfers electrons 
from cytochrome f to P700 in Photosystem ! (PS 1) [4]. 

Abbrevialions: PCu. spinach plastocyanin; PS !. Photosystem !; P70(), 
reaction center of Photosystem I; ET. electron transfer. 

Correspondence: H.E.M. Christensen. Chemistry Department A, 
Building 207, The Technical University of Denmark. DK-28(X) Lyng- 
by, Denmark. 

Nt) three-dimensional structure is a,~ailable for cy- 
tochromc f.  Crystallographic three-dimen,.ional ,;~ruc- 
tures are available for PCu from poplar [5.0} (Fig. 1) 
and the green alga Enteromorpha prolifera [7] while the 
NMR three-dimensional structure is reported for the 
green alga Scenedesmus ohliquu.s [8]. As expected from 
the amino-acid sequences and studies of  PCu from 
diflerent sources, the overall three-dimensional struc- 
ture including the active site structure is conserved. We 
therefore refer the spinach PCu structure to the struc- 
tures already obtained. 

A number  of previous studies on electron transfer 
(ET) properties of  higher plant PCu have suggested 
that at least two, rather different, binding sites on the 
surface are involved in ET reactions with small inor- 
ganic redox complexes [4]. One  site is adjacent to the 
copper  atom, with weak electrostatic interactions (also 
described as the 'north" site of  the molecule). The 
other  one is a remote ( 'east ' )  site of  negatively charged 
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amino acid residues surrounding the sol~ent-exposcd 
"l'yrX3. The p~ssibility of PCu using two electron trans- 
fer binding sites also in biological electron transfer has 
been extensively studied by various approaches, such as 
protein modification and kinetics [9-12], NMR [13,14], 
protein cross-linking [15-19]. and theoretical calcula- 
tions [20]. 

The ET properties of cytoehrome f,  as studied by 
use of small inorganic redox complexes with different 
charges, suggest thai Ihcre is a common binding site on 
cytochromc .1" [21]. Despitc an overall negative charge 
at neutral pH there are indications of a positively 
charged binding site on cylochromc f [21,22], conceiv- 
ably as a ring of positive charges around an exposed 
hcmc cdgc as m the thre,:-dimcnsional structure of 
cytochromc c [2~]. A positively charged binding site is 
also involved in ET betwcen PCu and cytochromc ] as 
indicated from the ionic strength dependence of the 
second-order rate constants [24]. 

The ET reaction between PCu and c.vtochromc f is 
vcD fast [25]. At low pH (<  7.5) ihc rate constants 
decrease with decreasing pH for both the PCu(l l ) /cy-  
tochromc f ( l l ) a n d  the PCt,(I)/eytochrome . f ( l l l ) r e -  
actions [24.26]. This indicates that the cytochrome f 
binding site is close to the ncgatively chargcd "east" site 
of PCu, provided that the number of ionizable groups 
in this pH-rangc at the PCu binding site is larger than 
at the binding site on eytochromc f. The pH-dcpend- 
ence can thus be ascribed to two physical cfl'ects, i.e., 
an electrostatic and a free cnthalpy effect, the latter 
due to active site protonation on PCu(1). The two 
effects compensate each other in the reaction betv,ecn 
PCu(II) and cytochrome 1"{ !! ) ~ hich explains the slower 

decrease in rate constants as pH is decreased than for 
the reverse reaction between PCu(I) and cytochrome 
l / l l l J  where the two cffccls reinforce each other. At 
high pH (>  7.5) the PCu reduction potential is con- 
stant, whereas the cytochromc f rcduction potential 
decreases with increasing pH due to a change in the 
iron ligand cnvironmcnt [22] and probably also bccause 
of rapid contormational changes in the protein struc- 
tL,rc as sccn for cymchromc c [27]. Furthermore cy- 
tochromc .f becomes less positively charged as pH 
increases. The ~werall decreasing rate constants for the 
reactions in both dircctions with increasing pH then 
indicate that the inter-reactant electrostatic effect of 
changing pH is stronger than the reduction potential 
effect. 

An appealing view for the function of PCu in photo- 
synthesis could bc that PCu is first bound to cy- 
tochromc f by the negatively chargcd remote binding 
site and rcccivcs electrons through Tyr83 at this site. 
PCt, is subsequently bound to PS I (P700) also by the 
remote binding site. The PSI  binding site for PCu has 
bccn shown to bc the PS I-F polypeptide [15,28,29]. 
However, this protein does not contain electron accep- 
tor prosthetic groups, and its function is therefore 
likely to be docking of PCu into the right position for 
adjacent sitc ET (His87) from PCu directly to P700 +. 
This view would be in line with the fact that a ternary 
complex betwcen PS !, cytochrome f and PCu cannot 
be formed [30]. 

The rcactivity of NOe-Tyr83 modified PCu with 
small inorganic rcdox complexes has previously been 
invcstigated [12], where it was shown that: (a) NO 2- 
modification of Tyr83 increases the reduction potential 
by about 21} mV at pH < 7; (b) deprotonation of the 
phcnolic group on NOe-Tyr83 modified PCu leads to a 
decrease of the reduction potential by 20-25 mV; (c) 
the [Fc(CN),] 4 r~ couple appears to be subjected to 
only a fraction of the negative charge developed on the 
phenol group deprotonation, indicating that this couple 
reacts at the adjacent site away from the Tyr83; (d) in 
contrast, the positivcly charged reaction partner 
[Co(phcn)3P" is exposed to a substantial attractive 
potential on phenol group deprotonation, indicating 
that this reaction partner has an ET site close to Tyr83; 
(el these observations could be framed by theoretical 
calculations pointing to a facile ET pathway through 
the Cu/Cys84/Tyr83  sequence [20]. 

In the present aork we have extended these investi- 
gations to PCu and NO:-Tyr modified PCu ET with its 
natural reaction partner cyloehrome f in the pH-range 
4.0-9.3. We have disentangled reduction potential, in- 
ter-reactant interaction and electronic effects of NO 2- 
modification and of surface residue protonation by 
careful use of electron transfer theory, and noted some 
intriguing differences between the ET behaviour of 
c3,tochrome f and small reaction partners towards PCu. 



Materials and Methods 

Purification of proteins 
Spinach (Sphmcea oh, racea) P('u wax isolatcd and 

purified from frozen leaves as described elsewhere [31]. 
Turnip cytochrome f was purchased from Sigma and 
purified on FPLC using the following conditions: buffer 
A, 211 mM Tris-HCl (pH 7.5); buffer B, 2(I mM Tris-HCI 
(pH 7.5)+ 0.5 M NaCI, using a 12 ml linear gradicnt 
from 0-24% buffor B, with a flow rate of I.(I m l /min  
on a Mono Q {HR 5 /5)  anion-cxchange column. Puri- 
fied cytochrome f shows an absorbance ratio A ss4/A 27~ 
of (1.93-0.95 in the reduced state. All chemicals used 
were of analytical grade and made up in Milli-O water 
at room temperature.  

NO,_-modification and purification oi" rap&fled spinach 
plastoo'anm 

NO2-Tyr83 modified PCt, was obtained as previ- 
ously described [12] with minor modifications. Residual 
tetranitromethanc adsorbed to the protein after gel- 
column separation, was released by adding sodium 
ascorbate. When developing of yellow colour due to 
the trinitromethane-anion had ceased the protein was 
reoxidized by [Fe(CN),,] 3~ and extensively ultrafil- 
trated (Amicon, YM5 membrane)  into 20 mM Bis-Tris- 
HCI (pH 6.0) before purification. NO,-Tyr83-modified 
PCu was purified on a Q-Sepharose Hil_x)ad 16/10 
High Performance (Pharmacia) column equilibrated 
with 20 mM Tris-HCI (pH 7.5) buffer using a 600 ml 
linear gradient from 80 to 200 mM NaCI in 20 mM 
Tris-HCI (pH 7.5) with a flow rate of 2.0 ml /min  at 
4°C. 

Detennhtation of protein concentrations 
The concentration of cytochmmc f was determined 

spectrophotometrically at 554 nm (e = 27700 M 
c m -  ~) [30] in the reduced state and the concentrations 
of native and NO,-Tyr83 modified PCu in the oxidized 
form at 597 nm. The "molar' absorption coefficient is 
only known for native PCu (e~,~7 = 4500 M i cm- i~ [4]. 
It is assumed that the absorption changes in the S--* 
Cu(ll)  transition on NO,-modification can be ignored 
due to the considerable distance between the copper 
atom and the site of modification. In comparison. 
NO,-substitution in [Fclphen)~] 2. where the coupling 
between the Fe-atom and the nitro group is much 
stronger, increases the "molar" absorption eoelficicnt of 
the strong visible charge transfer transition by only 4'~ 
[32]. 

Kinetics 
A Hi-Tcch Scientific stopped-flow spectropilotom- 

etcr PQ/SF-53 (Salisbury. UK) equipped with On 

37 

Line-Instrument-Systems (Jeflcrsou. tJ.S.A.) ~toppcd- 
flow data acquisition soltv;are was uncd. In order to, 
perform kinetic mcasurementn oxer a b road  range (if 
conditions with limited amount ~)l' proteins which ar :  
scarce or unstable in certain pH-rangcs (both of ~hich 
apply to NO2-T¢r83 modified P('uL we have devdoped 
jointly with 11i.Tech Scientific. a new device for the 
stopped-flow sp=ctrophotometer, which allows simulta- 
neous mixing of three solutions. As slmwn m this work 
such a three-syringe slopped-flow >etup makes it possi- 
ble to mea~,ure the rate constants over a broad range of 
for example pil  wi,'h only one solution of each protein 
under investigation. 3"he three-syringe stopped-t'to,~ 
mode was obtained by placing a stopped-flow pre-mixer 
(Hi-Tcch Scientific. NA3~51) in front of the integral- 
mixer. This device (the stopped-llow pre-mixer) gives a 
dcad vol. of only 35 p.I between the pro-mixer and the 
integral-mixer. 

Kinetic measurements wcrc performed using the 
three-syringe setup in connection with a pH-jump pro- 
ccdure. The proteins under investigation wcrc made up 
in ! m M  Mcs (pH 6.7). I = 0.200 M(NaCI) for the 
kinetics experiments and mixed in the stopped-flo~ 
apparatus with a third buffer of 58 mM buffer concen- 
tration, the ptl of the solution after mixing being 
determined by pH of the latter. The kinetics were 
studied under first-order conditions, with the Cu-pro- 
tcins in at least lO-fold excess. The reactions were 
followed by monitoring ~he change in cytochrome f 
concentration at -r, 4 , ,  nm (_l~z 2 = 1.20. Ill ~ M i cm i 
determined by conventional spectmphotometry), ab- 
sorbance changes for NO,-T.vr83 modified PCu only 
affecting thc amplitude. To slow down rates sufficiently 
and enable rate constants to be determined by the 
stopped-flow technique, the measurements were per- 
formed at I0.(1 + 0.1:(" with the ionic strength adjusted 
to ().2t~l M(NaCI). The final buffer concentration v, as 
2(i mM and the c~tochromc f concentrations ((I.25- 
t).31t). 10 " M. 

In all cakes, second-order rate omstants  (k} ~cre  
obtained from experimental first-order xalues ~/~ ,~, )in 
accordance ~aith the rat,: law tEqn. I ). 

r a t e  = k , , , . , l c ~ , l o e h r ~ l m ~ :  I ] ~ k [ p J , t ' , h ' c ~ , , ~ n i r i . l t ~ h , ~ h r o ~ t l c  I ] ( t ) 

In no cakes did the pH-jump procedure cause any 
transient eft'eels due to interfering protonat ion/  
deprotonation events. Neither did the data sho~' any 
deviation from mono-exponemial behaviour due to. say 
slow eonform;monal changes of cytochrom~ t at high 
pH. Such ehangex would, ccrtainl}, ha~e been detected 
by our data acquisition procedure. The pv,teins ~ere 
brought to the desired oxidation state by use of 1(1-21t- 
fold molar excess of sodium ascorbate or [[--e(CNL,] ~ . 
followed by ultrafiltrathm (Amicon. membrane ~MSi 
against at least 1.5 - l(H-fold cxee~s of buffer. 
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Thc 5H rnM huflcrs used, v/ere at pit 4.()-5.(I, sodium 
acetate tr, h}thatc to vdfich (I.2 M I I ( ' l  wa. iitldcd to 
the required pit;  pit fi.0-7.(k Mcs hi which (!.2 M 
NaOH was added; p l l  7.5-£.5, Tris to which 11.2 M 
tt('1 was added: pit  q.3, it borate solution obtai:~cd 
from disodium telrahorale dccahydralc, to which 0.2 M 
NaOII  was added. 

Results 

The reactions between P('u a n t |  cylochronle .1 are 
very fast, a n d  must bc nlonitorcd at louver temperature 
(IIV(') and at higher ionic strength (tl.2 M (N;,CI)), 
compalrcd to studies of their individual kinetics wi~h 
small inorganic rcdox complexes ~,vherc 25'+( ̀ ap+d / = 

ILl M (Na('l) ha~,c conlnlonly been used. 
The pi t-dependence of the second-order ra,e con- 

s l i l n lh  l , r  the natural forv,'ard ( ( ' u ( l l ) /Fc( l l ) )  and for 
the rcvcrsc ( ( 'u ( I ) /} :c ( l l l l ) reac t ions  involving native 
anti NO:-TyrS3 modified P('tt arc shown in [:ig. 2 and 
Fig. 3, respectively. 

I)iffercnces in reduction potentials between cy- 
tochromc ,I + and its v+cactitm partners (native and NO,-  
Tyr83-nlodihcd i ;( 'u) ,rod diffcrc,wc~ in the reduction 
potentials between P('u and N()2-Tyr83-modificd P( 'u 
as a ftmction of ptt .  calculated from the second-order 
rate constants arc shown in Table i. Thc reduction 
potential differences obtained are in agreement with 
the pseudo-first-order reactit,ns studied proceeding to 
more than 90c÷ completion, which is also justified by 
the obse~'cd absorhancc changes (data not show'n). 
The rcductitm potential pattcrn furthermore agrees 
with the values ++b:ained in the studies with wile small 
inorganic rcdox complexes [12]. At ptt  7 the ruduction 
potential difference betv;een nativc and NO,-Tyr83 
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Fig. 3. The ~,,'iation ol lalc constants  k (HI°C) with pi t  for lhc 
c.~;.ochronlc LI'(III) o>:idation of native spinach P('u(1) re) and NO,-  

TyrS3-modificd PCuII)  ( •  k I - 0.2110 M (Na( ' lk  

modified PCu is flmnd to be 18 and lb mV for the 
[[:e(CN),,]4 /3 and the [Co(phen)s] ~+:'2+ couples re- 
spectively, which agrees very well with the value of  17.9 
mV obtained in the present study with cytoehrome f ,  
although the temperature  is lowered from 25°C to 
10°C. It therefore appears  that native and NO2-Tyr83- 
modified PCu follow the same trend on the tempera-  
ture change. 

Considering first the Cu( l l ) /Fe ( l l )  system, the over- 
all pattern in Fig. 2 appears  at first somewhat compli- 
cated but can bc resolved into thermodynamic, electro- 
static and electronic effects, when inserted into the 
framework of ET theory. In the pH-rangc 4 -6  the pH 
profiles reflect protonation at the negatively charged 
remote binding site (Fig. 1) on PCu, At high pH both 
NO+,-Tyr83-modified PCu and cytochrome f are fur- 
ther dcprotonated.  The pmtonat ion equilibria are re- 
tlcctcd in the reduction potentials and electrostatic 
interactions of the species involved and induce rate 
constant changes for ET in both directions which ei- 
ther reinfl)rce or oppose each other. This is the origin 

-IAt]I.I[ I 

(ah'tdutcd dtlti'remci ,r realm'iron potcntta!s between O'ten'hronle fl 
and react#on partno'~ and di]~elz'mt's in the redltction potential I~.tweetl 
I'f'u and .%'O.?-l[vr&?-m,d(ficd PCu as a filnction q f  p l l  f rom the 
react,ms between hattie and NO:-Tvr&Lmodified P('t+ with ~T- 
tochr+nne [ at lO~ (" and I = 0.200 ,11 eNaCt) 

pl I PCu NO.-Tyr83-PCu 

..IE ~mVI ..IE (mVl ..IAE tmV) 

7.11 211.~ 3g,7 17.9 
7,5 21.1 35.t~ 14,5 
&5 24.3 27.6 3.3 
9.3 32.3 33.1 IL8 



of the partly non-parallel rate constant variation with 
pH. 

Another interesting feature to be noted relates to 
the rate constant ratio k " ' " / k  ";'"'~'. The rate constant 
for the Cu( l l ) /Fc ( l l )  rcaction is virtually unaffcctcd by 
NO2-modification at low pH in spite of the 18 mV 
reduction potcntial inerc:~se. This behaviour differs 
from that of the small reaction partners, from which a 
ratio of 1.2-1.3 {cf. Table !i) might havc bccn ex- 
pected, it is, on the other hand, in accordance with 
reported observations for the reactions between cy- 
tochrome f ( l l )  and both PCu(il) and NO2-Tyr83 modi- 
fied PCu(ll) [33,34]. Moreover, from the reduction 
potential change of 18 mV alone, a ratio of 1.42 would 
have been expected (cf. Discussion section). Othcr  
than pure reduction potential effects must therefore 
accompany NO,-modification and providc a ratc con- 
stant decrease for the NO,-Tyr83 modified PCu(I IJ /  
cytochrome f ( l l )  ET reaction of approximately the 
same magnitud~ as the increase from the reduction 
potential change. Similar. notable but smaller effects. 
1.42/(1.2-1.3) = 1.09-1.18 (cf. Table 11) in addition to 
the reduction potential effects arc observed for the 
small reaction partners [12]. 

These observations are in fact what prompted the 
investigations of the reverse reactions, PCu(i) /cyto-  
chrome / ( l i d  and NO_,-Tyr83 modified PCu(l) /cyto-  
chrome ]'{111) where data for the latter have not bcen 
reported before. The effects which lead to a decrease 
of the rate constant for PCu(i l ) /cytochrome f ( l l )  on 
NO,-modification in addition to the reduction poten- 
tial effects would be expected to induce, jointly with 
the reduction potential change approximately twice the 
effect on the rate constant of the reverse reaction. 

This expePtation is completely bornc out by the data 
in Fig. 3 and Table 111. These data arc limited to pH 
higher than 6, duc to the rather endothermic nature of 

T A B L E  It 

Second-ordcr  rat(" ( 'ottstant ralllB (k ,+/tr,,/ ~ ,,a,t. , )  tl~ td [}¢llclloll o f  p l l  
]~)r Its(' ft}tl('llOlls bptwd,(,ll . X ' ( ) , - . F v r , ~ .  i' t~lodt~h'd a n d  na/rt ( '  l } ( u  wtlh 

xt~l¢lH iHorgtltll(' rt'd~,9. ('ot~ll}b'l~'~ 

Rale  constant.,, from Ref. 12. 

p t l  Reduct ion  wilh (}xidalion v, ith 

[Fe({'N},] 4 [{k}- [Fc(f 'N 1,,] ~ [Co- 
( phcn ), ]2. ( phcn } ~]~ " 

4.{~) 1.27 ¢1.53 1k57 
4.511 1.34 11.511 11.53 
5.(~1 1.19 11.5~ (l,h(l 

5.50 1.33 11.57 tl.54 
5.75 11,6.11 11.57 
631t I).6.4 11.611 
{},51t 1t.62 O.h2 

Average t.34 1.23 11.57 0.58 
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p l /  

pl l  

4.111} 

5.110 

f~ ! 111 

Avcr;=gc 

~'~Indmmlc t{lll ctt,~chmme /fill} 

. ( Iq  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

.(JI 

112 !1.51 

.114 11.51 

the reaction at lower pH. The observed ratio 
k " ' " ' / k  ""'i" at pH = 6.0 is 11.51. and very close to the 
expected value. An approximately similar rate constant 
decrease thus appears consistently in the forwa,d and 
reverse experimental PCu/cytoehromc f rate con- 
stants on NO~-modification, in addition to the reduc- 
tion potential effect. 

The rate constants for oxidation of PCu(i) and NO,- 
Tyr83-modificd PCu{ I) with cytochmme f( i I I) vab'  in a 
non-parallel fashion with pH. As for PCu(llJ/cyto- 
chrome f i l l )  and NO2:l'yrX3-modificd P('u{ ll}/eyto- 
chrome f( i l ) ,  this can bc traced to mutually rcinfl}rcing 
and counteracting reduction potential and surface 
charge variations in the differcnt pH regions. 

Discussion 

We have provided new experimental data for the 
ET reaction betv, cen PCu and cytoehrome ] .  and 
between NO2-TyrN3-modificd PCu and cytochrome f 
in both the natural forward and the reverse directions, 
as a function of pH. A key observation is that the 
k,"'t"'/k n'''i'': rate constant ratio takes low values l\}r 
both the fi~rward and reverse reactions, namely about 
two thirds of what could be expected solely from the 18 
mV increase in reduction potential on NO,-modifica- 
lion. 

The data can bc referred to reduction potential 
changes and to changes of the protein surface charges 
when ptl  is ~,aried, and to reduction potential effects 
and electronic structural changes of PCu on NO,-mod- 
ificalion. A suitable frame lor these observatinns is kT  
theory [35] which we shall use in the following way. 
The diabatic bimoleeular ET rate constant is given by 
[Yq: 

where the activation frec energy incorporates l£,, the 
overall molecular, protein and solvent reorganization 
free eaergy ,.IG,. the reaction free energ3, and the 
inter-reactant work terms in the reactants" and prod- 
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ucls" stale, i t  : l l ld w,,, respectively. /,~¢ N I }o l l / lnann's  
t'OllSt,illt and ] !he ICl l lpcral l i rc.  The IMC-c~,poncnlial 
l : iclor contain', the c l lcc l ive ni iciear ~ibral ional frc- 
qt ic l lCy,  uJ ;  t . a r id  the  ko l l l i l lU  i ) [  the  l ' t . 'aclRin /IIFIC, ~ l  '. 

precise prcscr ipi i ims for ~hich art" available [3<37]. hi 
adt l i l ion, it C~ultail> the c lcclronic transmission c~el l i -  
cicnl, ~, which lakc~,, small ~,altlt.'s. i l l  lhc diabatic l imi t  
o1 ~cak dollOr acccplOl COllier inlcracl ions, I'~111 :.lp- 
pioach¢', t ini l)  in thc adiahatic l imi t  ~I strong in lcrac- 
lions. ( )ur  general ctlnccption of  lhc reacl ion bctwecn 
P(' l i  and cylochromc f ix thai H '  proceeds al the 
remote Iqnding site of  P('u [21.24,26]. Recent ihc~lrel i- 
ca] caict l lal ions 1211] ]lave shown tl lat this path ix domi- 
nated by electronic coupling along the Tyrb~31(X. sS4/ 
( ' i t  s.Cqtlencc (Fig. t ) a n d  lhat t.." in l{q,l. 2 is small l ind 
clearly I~cIongs to t i lc diabaliC [ inl i l  (i,111r Ullpul}l ishcd 
dat;l). 

'~Vc" loeus here on (']lfl l l,T{", i l l  Ihc ta lc c~.~ns[;llll (il l 
p t l -var ia l ion  ihld N()>-n i l ld i f iea l i im.  "]'hc changes are 
rcl lceicd in _I f ; , ,  w, zind ll',. in /: , ,  i l l ld as il l l lrl ls. Otll, 
'also in the hilt lsl l l iSsion cocl l ic icnI .  ~,. We ltlcrcfol'e 
exl~hlil I(tin. 2 in lhc itprlr~/Xilll,ltC I]'~lln 

/' ....... ~: ~"' ...... ',-'\1"( I , ,  ...... /,' ) ...... 
,t '"" . . . . .  ' '" .1 /, ~ / 

Xcxp( I -lf;̀ <l ..... /,~1'3~""i ..... } 

I i t '~ + iI Illl:,~ .i],ilt*, l,l,lll~t 1 
" cXp : 13) 

I 

This fiwm is obtained lrom l:qn. 2 ~iih thc rcscrvalions 
,ahat ...ll" and ~o t; arc unchanged on surliic¢ group 
protonation ~z" N().-modilicalitm. and tile tluadralic 
A(;.- Ic i ' i l l  i l l  t{tln. 4 is oini t lcd, The lat ter is a gelid 
Lll)proxilTlalion when ~.('1" u 4 n), -- it', --< ;4/: , l ,#iT.  
"lhcsc conditions can he suhstz.ullialed by the following 
obscrv,itilms, l}y their definition [37.3~1 .11: and o)t~ 
arc little aflcetcd b5 the protein modilicatitm,,. The 
procc.~ses are approximatel.v lhcrnlonculraI,  lt(';f, being 
in the range 11-711 lnV (cf. r ab lc  I). E,.  w, and w., arc 
not dircctl.~ available hut can bc eslinl:.licd b) nl~leeu- 
lar and dielectric n:odc[s. For all i'casonablc parame- 
ters 14n.41] such models pnwidc /:,-~ahtcs in lhc range 
48-97 k.I/nlol for the l ice lCaclions with small reac- 
tion partners and 24-34 k.I/mol for the reactions with 
cyt~lchrornc f .  in crithcr case safely ensuring thai lhc 
condition ..l(i,, << . ,4t-.k- I ix valid. Screencd Coulomb 
work terms between local surface oh; :gcs on tw~ sol- 
~atcd spherical dielectric globules arc also small [41] 
and furthermore compcnsalc each other in the reac- 
lants" and products" states. The interactions would bc 
significant in at strongly nonlocal solvent region of low 
,;bert-range dielectric constant. Wc shall disregard such 
effects, which could, howcvel', be incorporated in a 

modified analysis [42]. With the above reservations the 
advantage of [:.qn. 3 ix then that the electronic, thcrmo- 
dsnanfic, structural and '-,,rtklcc charge effects are sep- 
arated ve~' simply. The reduction potential effects arc 
furthermore available from independent data. and the 
rate constant variations therefl~rc provide quantitative 
¢stim+Hcs o1 tilt: work term. and of structural or dcc-  
tronic changes, l£qns. 2 and 3 apply to the PCu and 
N().-Tyr~3 modified PCu E'I" reactions with both the 
small reaction partners and cytochrome J. 

Wc first refer briefly to our previous data [12] for 
the reactions of native and NO2-Tyr83 modified PCu 
with [ I :e ( ( 'N ) . ]  ~ '~ and [( 'o(phen)~] ~ ' ' '  Table I I  
summarizes k"'""/k"""" at pH < 7. The rat io arising 
solely from the 20 mV reduction potential increase on 
N().-modil'ication of P( 'u is 1).n8 fi~r oxidation and 1.48 
I~u reduction. The observed v;`iltleS ;,ire 0.58 for oxida- 
lion while it ix 1.34 and 1.23 for reduction with 
[Fc(('N),,I; a and IC.',~q3hen)~l ~ ' ' ' 2 ' ,  respectively. In 
additi~m to the redt,clion potential effect, NO,-modifi-  
cation of P( 'u therefore induces further rate constant 
decreases hy a fact~r of  11.83-11.g0 l~tr both oxidation 
and reduction of P('u. As no charge cvolves on NO 2- 
mttdification in this pH-range,  work term changes are 
insignificant and the additional rate constant decrease 
must bc dec to changes of either the transmission 
coefficient or the reorganization free energy. We shall 
shrew below that NO,-modif ication could in fact be 
accompanied by a small decrease of the transmission 
cocffieienl (up to a factor of two or so) for the remote 
site C u / C y s 8 4 / T y r 8 3  ET path. Since this path domi- 
nates a substantial part of  the [ ( 'o (phcn)~] : '  .3~ kinet- 
ics. ¢llangcs lit the transmission coefficient could be a 
possible origin of the ohscn.'cd effect for this complex. 
It is, however, striking lhal a notable rate constant 
decrease ix also found for [Fc(CN),,] ~ ''~ which most 
likely reacts exclusively at the adjaccnl site, far from 
the site of NO,-mt~dification. Other  effects, originating 
from small structural changes and formally represented 
by a rcorganizatum free energy increase of about 1.0 
k.l/mol must therefore bc invokcd for [Fc(CN),]a ,4 
Such effects would also apply to [(.'o(phcn)3] 2" ' '~ ' .  but 
arc not as clearly distinctive as to electronic transmis- 
sion coefficient effects ~r molecular structural effects 
a~, for [Fc(('N)<,] ~ i 

In eomparison, the ratio between the rate constants 
of dcprotonated NOe-Tyrg3-PCu at pH >_ 9 and its 
prottmalcd lorm tit pH < 7, k'l"Pr"/k p'''. is 1.48 for 
oxidation with [Fc(CN},,} ~ and 0.53 for rcduction with 
[Fc(CN),,] 'a [12]. Correction for the reduction poten- 
tial decrease of 25 mV on NO2-Tyr;S3 modified PCu 
dcprotonation [12] leaves a lllC~- decrease t~r k 'k ' °" ' /  
k ~ .... for both oxidation and reduction. In addition to 
small reorganization free energy changes, these effects 
can, however, bc caused by repulsive work terms Cram 
the negative charge evolved as the remote ET site on 



NO,-modification, even though [Fe(CN),,] ~ 4 k T  oc- 
curs at the adjaccnt sitc. Data for El '  between / |n-  
ahaena t'ariahilis PCu and [('o(phcn)3] ~` which occurs 
predominantly at the adjacent site (unpublished data), 
electrostatic models for the solvated globular protein 
[4 I], and numerical calculations [44] thus show that the 
potential from the remote site negative charge evolved, 
extends to the adjacent site and can bc of the observed 
magnitude. 

The PCu and NO2-Tyr83 modified PCu reactions 
with cytochromc f arc much fastcr (k ~ 1 0  7 M ~ s Zl 
than ET between PCu and the small reaction partners, 
where the rate constants are approximately I(13, 104 
and IO s M I s I for [Co(phen)~] 2+, [Fe(CN),] ~ and 
[Ru(NH3)~py]"' ,  respectively. Sincc all the reactions 
are almost thcrm~mcutral, these differences must arise 
from different reorganization free energies, work terms 
or transmission coefficients. [Co(phcn)3] 3'  :~  arc the 
only reaction partners that undergo major intramolcc- 
ular reorganization on ET. This effcct, rooted in the 
Co( l l l ) / ( ' o ( l i )  spin change, has been estimated to 
about 41) kJ / tool  [36,45] which explains thc ratc diffcr- 
cncc betwccn [Co(phen)3]'* and [Ru(NH~)spy]-" 
(Eqn. 2). " ~ Iikc [Ru(NH. ' .  ,~.,2+ [Fe((. N),,] ,.i O~PYJ un- 
dergoes insignificant intramolccular structural changes, 
but is accompanied by changes in the ion pair forma- 
tion pattern [46,47]. ]'his could well amount to the 24 
kJ /mol  needed to account for the rate constant diffcr- 
enccs. A similar quantity emerges, however, from re- 
pulsive electrostatic image forces when the strongly 
charged [Fe(CN)~,] 4 is close to thc protein [41]. Thcy 
are insignificant fi~r the doubly charged ions. In com- 
parison with both these cftects transmission cocfficicnt 
differences between [Fc(CN)e,] 4 and the doubly 
charged ions is insignificant, since the less favourablc 
transmission coefficients for the latter arc compen- 
sated by favourablc work terms at the negativcly 
charged remote binding site. The rate constants fi~r the 
three small reaction partners arc thus unde'standablc 
in terms of reorganization frcc energy and work term 
differenccs and are little dependent on the particular 
form of these quantities. 

Secondly, thc larger radius and dielectric nature of 
cytochromc f compared with the small reaction part- 
ners imply that the solvent /prote in  reorganization frcc 
energy is smaller. For example, if the two proteins arc 
represented as spheres ,ff radius 15 ,~ and diclectric 
constant e~r, = 5, E, = 25 k J / too l  emerges (larger if f,o 
increases). In comparison F,.  for the small reaction 
partners arc in the range 39-48 kJ /mol  if they arc 
represented by conducting spheres with their crystallo- 
graphic radii and PCu as a dielectric globule of radius 
15 A. This difference causes an order of magniludc 
larger rate for cytochrome ]" than for [Ru(NH 3)~py]2 +. 
The remaining difference is most likcly due to more 
attractive work tcrms, caused by favourable orientation 
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of complementary charges at the lfil,dmg ',ih:>, of the 
two pr¢iteins. 

We proceed ilext to tile i/exv ll('tl/Cyttlc'hronlc / :il+,t! 
NO Jlyr,'43-P(+u claim The snl:itl /, ,, i , ,//. ,+.,,,< i-;ilio 4.11 
I.II4 (Table I I I )  ol+hlinod for cylochrom+ / ' t i l t  rcduc- 
lion ill' lho ( 'u-prolcinx in lhc whole pH-range up to <l 
is striking both in view of lhe expeeled value of 1.48 
fronl the reduction potential effect and the values of 
t.2-1.3 for the small reaction partners, k ,,n.o/]~,,.,t,~,. 
for cytochrome ]11 Ii) oxidation of the proteins is 0.5 l, 
while as noted, the reduction potential cffi;ct would 
correspond to 0.68. As for the small reaction parlm:rs, 
NO,-modif icat ion thus induces similar rate COllS~illli 
decreases for P( 'u/cytochromc f ET in holh dircc- 
l ions, ill addition to reduction pOlClitilil effects, hut 
rlow anlounling to a factor of 0.7-0.75, llOlably larger 
than for the small reaction partners. 

It the reorganization effect observed li lr l i l t  small 
reaction partners is a.~socialod with small structural 
changes near the ( ' l l-alom on NO2-nlodificalion, i l len 
a similar effect is expected for the cylochrome f reac- 
tion3. This leaves a rate conslant ratio of I.tl4 ( 1.2.-1.31 

= I).N11-0.87 for the P( 'u/cy lochiome f reacli,/ns in 
both directions, most naturally associated with the 
electronic transmission coefficient K in Ecln. 3 since 
<'J,,1~, AI/" and the work terms are all insignificantly 
affected by N(),-modification. This supports that 
PCu/cytochrome f ET is at the remote binding site of 
PCu, as suggested also by ionic strength [24], protein 
modification [22], anti NMR data [13,14]. We have 
checked this (unpublished data) hy quanlunl chemical 
calculations of the eh.clron exchange matrix elements 
for the Cu/ ( 'ys~4/Tyr83  ILT path, analogous to our 
previous calculations for native P('u. The result sub- 
stantiatcs that there could in fact be a small decrease 
of the electronic factor (tip to a factor of two) on 
NO~-modification. Thc effect arises prinlaril.v from a 
smaller electron exchange matrix clement between 
Cys84 and l'yr83, but the magnitude is at the limit of 
what can be achicw:d by such calculations. A transmis- 
sion cocfficicnt change for the [('o(phen)~] ~' /2,  rcac- 
lions could also bc expected, but would bc smaller than 
for cytochrome ].  These reactions occur only partly al 
the remote binding silc which is the one sensitive to 
electronic effects of NO,-modificalion. The smaller 
radii also enable these reaction partners, without af- 
fecting the formal kinetics, to exploit different remote 
binding sites, such as implied by NMR data for the 
binding of positively chargcd reaction partncr ana- 
logues [48]. Such a pattern would cxhibit differcnt and 
overall less sensitivity of the donor-acceptor overlap to 
NO,-modification than for cytochrome f which is con- 
ceivably locked in a narrowcr intermolecular configura- 
tion range. 

Thc pH-profilcs of the PCu/cytochromc f and 
NO:-Tyr83 modified PCu/cytochromc .f reactions at 
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pl l  <: 7 arc delcrmincd bx prt Io11~ili~'11 el 1he laCt'.a- 
tivcl) charged rc~itluc'~ ;lnd (Ior i>(ti(1D the ilis~7 
ii7:ind, similar~,o I llo~c~t lhc l (O( l~hcn) ; i "  "" t'ouplc. 
At tiighcr p l l  the) alU', ho~c~cr, ditfcrcn{ b¢c'atisc 
N()_.-l)r83 PCu and cvlochroillC /' arc hcrc bolh cn- 
gaged in lWillon',ilion equilibria, rct]eclctt in itlcir rc- 
duclion polclllialn '<lnd ~irfat'c charges. The ru'dilclion 
potcnlial variaih~n in Ih¢ pl lqang¢ 7-tL3. oblaitlcd 
lr~tll 1117 obscrved I'orv~lrd allitl levels¢ r~ilc ciln,,i~tlll:~ 
of cytochrome ./. are shown in Table I. Subject to 
certain rescrvalitms :is to the possible conformationat 
e0uilibria of cytochromc f (c?. bclow), ihcsc dala en- 
able us 1o scparalc the reduction potential eftcots from 
s t i r f a c f  chzirgt2 elleels till the I';HC cof lMar l l  variation 
v, illi ptl. Slow inlercon'~¢rsion belwccil diHcrcnl cy- 
hichrlmle I' confoinlcrn in utilikcl.v :is lhis ~ttltiltl give 
rise to biphasic I~cha~iour in lilt? lal¢ paltcril. Ft.st 
inlercoiivcr~ion might imply Ihal IllOI'L Ihail ~i sinple 
co~;~rnlct i,~ prckcnl in ~,oh,lion. Ito'~¢\ci, lhc basic 
Ie~iltlre of ihc anal)sis bclo~ |leeds modifici~lion only i1 
oilier ralc palarnclci~ Ihan Ihc rcduclion polCiliial alld 
inlcr-reaClalll ,,,.ors Icrm,~ ar,_' ~lotably different for Ih¢ 
different COllltllitlcrs. With these reservations the over- 
all l)tt-depcndcncc of lhc rate COllM;.inls in the pH- 
range 7-<1.3 i:, lhus composed ,ll' the following specific 
oHeels on the individual reactants: 
(a) The rcduclion polcntial tit cytochromc / d e c r e a s e s  
with increasing pH by 12 mV in the p t |  range 7-9.3. 
This effect facilitates reduction of the P('u's and re- 
lards their oxidalioll. 
(b) l)osiiivcly ch;trged sulfate amino acids near the 
c.vlochronlc ,f home group arc dcprolonaicd in 1he 
same ptt  range (7-9.3). weakening clectroslalic allrac- 
lion between cylochromc f and the P('u's and thereby 
lowering the ralc const;mt. Rcduclion po[cnlial aild 
.surface charge effects :ui.sing from cytochrome .f de- 
proto:lalion therclorc reinforce each other in P('u 
oxidation but counteract in their reduclion. These arc 
tile only prolonation effects which determine the pH 
protile for lhe rcaclions of cyiochromc f witl~ nalivc 
PCu. From Figs. 2 and 3 the rate constants for both 
o×idation and reduction of native P('u arc noted to 
decrease with ~crcasing pli in this range, but more 

riii~idly for PCu(I )ox ida imn lhan for PCu(l l )  redttc- 
lion. lh i~  is fully in line wilh the points above thai the 
clJcl,-oslalic inlci-rcaclant work term effect i.~ stronger 
lhan lhe effecl from lhc" reduclion polenlial decrease 
lit the evlochrome f couple. From the cyloehromc f 
rcducli-n poleniial decrease of 12 mV in the pH-rangc 
7.1i- 9.3 4"Fable l) the expected raic constant ratio klpH 
0.3)/k(ptt 7./i) is 1.2o for reduction of PCu(ll) and 
(i.79 for o×idalion of PCu(I). The observed values are 
0.~0 and 0.50, respectively, Icaving for both fl, rward 
and reverse rale constants a decrease by a factor of 
0.~O due io the weakened electrostatic work terms, 
caused by dcprotonatioo of cytoehromc f surface 
groups. The corresponding frcc cncrgy change is 2.2 
k ! / n o l  which is cquiva[cn! to fully screer, cd intcrae- o 
lio,; bclxVCCll lWil single charges separated by 13 A. 
(c) Fhe reduction potential of NO:-Tyr83-modif icd PCu 
li¢cl'e~r, es ill tile pit-range 7-9.3 by 17 mV (Table I) 
duc to ttcprotonalion of NO,-modified Tyr83 at the 
remote binding site. This effect raises the rate constant 
for oxidation by cytochromc f( l l l ) ,  but lowers the rate 
constant for reduction by cytochromc ]'(!1). 
(d) The electrostatic interaction between dcprotonated 
NO_,-Tyr83-modificd PCu and local positive surface 
charges on cytochrome f increases in the pH range 
7-9.3, leading to more favourablc inter-reactant inter- 
aclion and higher rate constants for the NO~-Tyr83- 
modificd P( 'u /cytochromc f rcactions in the pH range 
7-9,3. The reduction potential decrease of 17 mV for 
NO,-Tyr83 modified PCu is partly compensated by the 
reduction polcntial decrease of 12 mV for cytoehromc 
f.  leaving a reaction frcc cncrgy increase of (),5 k J / r ee l  
for the oxidation tit' NO,-Tyr83 modified PCu(I) and a 
similar decrease for reduction of NOrTyr83-modif ied 
PCu(il). At the same time. since both cytochrome f 
and NO3-Tyr83-modificd PCu arc deprotonated, the 
work term changes arising from catch reactant an pH in 
increased from 7 to 9.3, arc also partly compcrtsaled, as 
long as ihc charge on lhc cylochromc f binding site 
remains positive. 

All these effects arc summariscd in Table IV. Thcy 
can be related to Figs. 2 and 3 in two ways. Fi,st, the 
intlial rise in the ralc constant for both the forward 
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and rcversc reactions in the pH range 7-9.3 suggests 
that electrostatic interactions dominate over reduction 
potential effects which would be reflected in opposite 
directions for the two reactions. Secondly, the fact thai 
thc rate constant increases indicate that NO,-Tyr83- 
modified PCu deprotonation is more important than 
deprotonation of cytochrome f in this pH range. At 
higher pH the rate constants decrease, and faster fi)r 
oxidation of NO,-Tyr83-modificd PCu(i) than for re- 
duction of NO:-Tyr83 modified PCu(ll). in this higher 
pH range, cytochrome f dcprotonation dominates, and 
the small reduction potential effects are only weakly 
reflected. 

The data finally offer the fi)llowing information. If 
the reduction potential and charge effects arising from 
cytochrome ] are the same for PCu and NO_,-Tyr83 
modified PCu, then the rate constant ratio k(pH 
9.3)/k(pH 7.0) of 0.80 and 0.50 for NOe-Tyr83 modi- 
fied PCu(ll) reduction and NO,-Tyr83-modified PCu(I) 
oxidation, respectively, arise from the cytochrome f 
part of the system. The reduction potcntial decrease of 
17 mV for NO~-Tyr83-modified PCu when going from 
pH 7 to 9.3 gives additional rate constant ratios of 1.41 
for oxidation of NO2-Tyr83-modified PCu(I) and 0.71 
for reduction of NO2-Tyr83-modified PCu(II). To- 
gether with the experimental rate constant ratios of 
1.20 for NO2-Tyr83-modified PCu(ll) reduction and 
1.51 for NO2-Tyr83-modified PCu(I) oxidat ion this gives 
a rate constant increase of about a factor of two for 
both NO,-Tyr83 modified PCu(ii)/cytochrome f(i l)  
and NO2-Tyr83 modified PCu(l)/cytochrome f( l l l )  ET 
reactions. This effect is associatcd solely with the addi- 
tional negative charge at the remote binding site of 
NO2-Tyr83-modified PCu on deprotonation and again 
supports the view that PCu/eytochrome f and NO2- 
Tyr83-modified PCu/cytochrome f ET is at the re- 
mote PCu site. The corresponding work term is 35 mV, 
i.e., larger than for the charges involved in cytochrome 
f deprotonation. The two kinds of proton must there- 
fore be exposed differently to thc electric field of their 
reaction partner. 

Conclusion 

it can be concluded that the comprehensive data for 
the reactions of PCu and NO+-Tyr83 modified PCu 
towards small reaction partners and cytochromc f from 
our present communication and Ref. 12 havc provided 
a detailed molecular ET pattern. Tyr83-NO+ modifica- 
tion is accompanied by reduction potential, structural, 
and electronic changes, while PCu, NOz-Tyr83 PCu, 
and cytochrome f protonation equilibria are accompa- 
nied by reduction potential and inter.-reactant interac- 
tion effects. All these effects have been consistently 
and quantitatively resolved by judicious use of ET 
theory, of which Eqns. 2 and 3 are general and model 
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insensitive Iormal representations, with little use of 
cxtcrt~ai parameters. A notable merit of this approach 
is thus that u n a m b i g u o u s  i n f o r m a t i o n  abo t l t  nlally ()f 
the crucial microscopic factors which determine the Eel" 
rates of metalh)protcins can he obtained using the 
whole set of data on p l l -  and Nee-modification ef- 
fects. 
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