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ABSTRACT 

ELECTROCHEMI CAL AND SURFACE ENHANCED RESONANCE RAMAN STUDY 

OF HEME PROTEI NS AT BARE METAL ELECTRODES . 

David E .  Reed 

Virginia Commonwealth Univers i ty , 1 9 8 8  

Ma j or Director : Dr . F .  M .  Hawkridge 

D i r e c t  h e t e r o g e n e o u s  e l e ctron transfer reactions 

between horse heart cytochrome � and s i lver e lectrodes we re 

inve st igated by e l ectrochemical and spectroe lectrochemical 

methods . The kinetics of the se react ions were establi shed 

as be ing quas i - rever s ible , with a formal heterogeneous rate 

constant ( k O ' s , h ) ranging between 0 . 1 8 - 1 . 5  x 1 0 - 3  cm/ s , 

for both po lished and e lect rochemically roughened s i lver 

surf aces . such react ions we re stable and reproduc ible for 

over ten hour s at room tempe rature . The se results c lear ly 

demonstrate that ne i ther e lect rode surface modi f icat ion nor 

the inc lusion of mediator s is neces sary to study e lectron 

transfer react ions of heme proteins at me tal e lectrodes . 

A cruc i a l  f actor in obtaining the qua s i - revers ible 

heterogeneous e lec tron trans fer kinetics descr ibed above is 

the use of  highly purif ied , never lyophi l i zed , cytochrome � 

s amples . When s amples were lyoph i l i zed after pur i f ication , 

i r r e v e r s i b l e  e lectron t ransfer kinetics were observed . 

The se results show the profound negative impact that lyophi ­

l i z ation has on the rates of e lectron trans fer at bare metal 



xiv 

e lectrode s . The lyoph i l i zation process was indicated to 

produce sma l l  amounts of o l igomer ic mate r i a l  which rapidly 

and i r revers ibly absorbs on the e l ectrode surf ace prevent ing 

further solution cytochrome c molecules f rom reacting . This 

denatured form , a long with other solut ion impurities , i s  

be l ieved to b e  the reason f o r  the lack of stable fac i le 

re sponses towards me tal e lectrode s . 

Surface enhanced re sonance Raman spectroscopy was used 

to monitor conformational changes a s soci ated with the di rect 

e lectron trans fer react ions of pur i f ied cytochrome c at 

s i lver e lectrode s . The results of this study indicated that 

cytochrome � exists in a penta -coordinate high spin configu­

rat ion , with a formal potential = 0 . 3 5 0  vo lts more negative 

than its corre sponding bulk so lution va lue when adsorbed . 

This suggests  that cytochrome � i s s t i l l  capable of exchan­

ging e lectrons in a quasi -reve r s ible f ashion even though 

there is strong i rrever s ible adsorption of a denatured form 

on the e lectrode surf ace . 



A .  Overview 

I .  I NTRODUCTION 

Ove r  the years there has been great inte rest in stud­

ying the the rmodynamic s , kinetics and mechani sms of direct 

heterogeneous e lectron transfer react ions of metal loproteins 

at various e lectrode surface s . I nterest i n  these studies is 

due to the possibi l i ty of gaining better ins ight into the 

interact ive behavior of such proteins at biological interfa­

ces . Phys io logic a l ly , a number of metal loprote ins are known 

to transfer the i r  e lectrons in a heterogeneous f ashion at an 

e n z ym e / c y t o p l asm inter f ace . Although an e lectrode in 

so lut ion is sure ly not as comp l icated as such interface s ,  it 

can provide donor or acceptor c apabi lities to the act ive 

si te in the prote in much like its en zyme redox partner . 

The refore , the advantage of di rect heterogeneous e lectron 

tr ans fer at e lectrode s is that it might provide a way of 

investigating and mode ling some of the important features of 

in vivo e lectron t rans fer systems . 

One important feature of in vivo e lectron transfer 

systems invo lves enzyme -meta l loprotein redox intermediates 

formed prior to the e lectron transfer step ( referred to as 

" precursor complexes " ) .  These complexes occur dur ing the 

colli sion process of the reaction partners  and are formed by 

way of spec i f ic binding inte ract ions for one another . Like -

1 
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wise , the pathway by which a dif fusing metal loprotein can 

donate or accept e lectrons heterogeneous ly at an e lectrode / 

so lution i nterface c an be viewed as involving a s imilar type 

of intermediate . I n  this c ase , the intermediate wi l l  be 

between the e lectrode surf ace and the particular protein of 

inte re st and can be perce ived a s  a spec i f i c a l ly adsorbed 

i n t e r m ediate . I ndeed , protein adsorption on e lectrode 

sur faces seems to be a general  phenomenon . Therefore , 

features such as proteins adsorbing at e lectrode surfaces 

might a lso be viewed as being ana logous to the i r  physio log­

ical binding interact ions with e i ther membrane or protein 

interfaces . 

Howeve r ,  the role pl ayed by prote in adsorption ( bind­

ing ) in heterogeneous e lect ron trans fer react ions of metal­

loprote ins at  e lect rode sur faces i s  not yet fully under­

stood . Genera l ly ,  it has been accepted that the strength of 

protein as sociat ion ( adsorption ) and dis soci ation ( desorp­

tion ) might play a major part in the e lectron transfer proc-

e s s . The rate of e lectron t rans fer would then depend on 

the d i f fus ing protein ' s  abi l i ty to bind transiently ( neve r 

irrever sibly ) to the e lectrode surf ace . However ,  the sur-

face adsorpt ion properties of proteins at e lectrode s are not 

a lways in agreement with the preceding concept . For exam­

ple , an e lectron transfer heme protein l ike cytochrome � i s 

known to react i n  a rapid dif fus ion control led manne r with a 

tin-doped indium oxide e lectrode in the presence of an 
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adsorbed l ayer of this protein on its sur face ( 1 ) . F i lm 

t rans fer exper iments indeed indicated that this protein does 

not readi ly desorb f rom the e lectrode surf ace , sugge st ing 

that the presence of adsorbed protein at the e lectrode does 

not have an adverse e f fect on the e lectron transfer rate . 

The adsorption behavior observed was i ndicated a s  being due 

t o  h i g h a f f inity binding s ites resulting f rom surf ace 

defects ( 1 ) , s ince later studies ( 2 ) indicated weak adsorp-

tion at such e lectrodes . I n  contr ast , when adsorption of 

this same protein is  present on var ious bare metal  electrode 

sur faces such as s i lver ( 3 )  and gold ( 4 ) , more s luggish 

e l e c t r o n  trans fer kinetics have been reported . The se 

findings c learly indicate that other factor s be sides the 

necess ity for rever s ible adsorpt ion must be cons idered when 

mode l l ing e lectrode react ions of dif fus ing proteins . 

A factor that might have a critical effect on the 

e lec tron trans fer rate , is the extent of conformational 

change s attending adsorpt ion of prote in on the e lec trode 

sur f ace . I n  fact , surf ace denaturation of cytochrome � has 

long been reported to occur at bare me tal e lectrode s such as 

s i lver ( 3) and gold ( 4 ) . This has been indicated by its 

large negative shift i n  forma l potenti a l  when adsorbed on 

such sur f aces . The f act that this same prote in i s  in its 

nati ve state when adsorbed on metal  oxide e lectrodes ( 1 ) , as  

i ndicated by the sma l l  negative shi f t  ( = 0 . 0 1 5  volts ) in the 

formal potential relative to that in solut ion , might explain 
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its faci le e lectron trans fer reaction with such surface s . 

Theref ore , the nature of this adsorbed laye r wi l l  be of 

inte rest in determining heterogeneous e lectron t ransfer pro­

perties of  metal loprote ins at various e lectrode sur f ace s . 

Cytochrome £.. has been the most wide ly studied of a l l  

t h e  m e t a l l o p r o teins , most ly because it can be easi ly 

isolated in a pur i f ied form , its structure and chemical 

reactivity are we l l  char acte r i zed , and i t  i s  relat ively 

stable under in vitro conditions . The pre sent study was 

aimed at characte r i z i ng the inte rfacial behavior of cyto­

chrome c at bare me tal e lectrode sur face s , s ince they have 

been found to exhibit neg l igible re sponses with thi s prote in 

in the past . As was ment ioned above this i s  pos s ibly due to 

the nature of the adsorbed layer and this is  the focus of 

the pre sent study . 

I n  thi s  work , convent iona l e l ectrochemical technique s 

w e r e  c o u p l e d  w ith a st ructure sensitive spectroscopic 

method , surf ace enhanced re sonance Raman scatter ing ( SERRS ) 

spectroscopy , s ince this combination can give st ructural  as 

w e l l  a s  t h e r m o d ynamic and kinetic informat ion on the 

reaction of proteins at an e lectrode / so lution interface . 

Bare s i lver e lectrodes were used in this study since they 

have been shown to increase the Raman scattering cross 

sectiona l area of  mo lecu les adsorbed on the i r  surf ace ( 5 ) , 

thus giving r i se to the enhancement obse rved in SERRS . 

Therefore , SERRS spectroscopy was used in this study as a 
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means for ident i fying and c lari fying the various structur a l  

features of cytochrome � upon adsorption at such inte rfaces . 

Be fore discuss ing the outcome of the present research a 

br ief description of cytochrome � s  role in the mi tochon­

drion , its properties and reactions wi l l  be given in the 

remainder of this chapter . 

B .  Phys io logical Reactions of Cytochrome c 

The mi tochondrial  respir atory chain cons i sts of several 

biological components which ult imately cata lyze the reduc ­

tion of molecular oxygen to water . As Figure 1 i l lustrates , 

this e lectron t ransport chain is  locali zed in the inner 

mi tochondrial  membrane . This membr ane is  be lieved to fix  

the associated bio logical subs trates in a proper orientation 

for transporting e lect rons down the respi ratory cha in . By 

succe s s ive ly trans ferring e lectrons down this chain , the 

m e m b r a ne bound substrates drive the phosphorylation of 

adenos ine diphosphate ( ADP ) to adenos ine triphosphate ( ATP ) , 

produc ing a tota l of three ATP mo lecules for each pair of 

e lectrons trans fe rred f rom nicoti namide adenine dinuc leot ide 

( NADH ) to dioxygen . 

In the e lect ron transfer pathway a long the inne r mito­

chondrial membrane , i l lustr ated in Figure 1 ,  comp lexes I - IV 

represent a s imp l i f ied view of more than a dozen individua l 

e lectron carriers embedded in this membrane . Complex I and 

complex I I  in the f i r s t  portion of this chain are known as 
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Figure 1 .  S c h e m a t i c  r epresentation of the mitochondrial 
r espir atory chain . I n  this figure complex I 
r e p r e s e n t s  N A D H  d e h y d r o g e n a s e , complex I I : 
succinate dehydrogenase , complex I I I : cytochrome 
bCl , complex I V :  cytochrome aa3 and UQ : ubiqui­
none . ( Adapted f rom Palme r , G .  Pure & Appl .  Chern . 
1987 , � 7 4 9 - 7 5 8 ) .  
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NADH dehydrogenase and succinate dehydrogenase , respective­

ly . In the l atter portion of the chain , complex I I I  is  

referred to as e i ther cytochrome £.. reductase or cytochrome 

bCl , whi le comp lex IV i s  referred to as cytochrome £.. oxidase 

or cytochrome aa3 ' These last two complexes are involved in 

reactions with cytochrome c .  

Ubiquinone ( UQ )  in this diagram is  a l ipophi lic quinone 

with s ix 5 - carbon i soprenoid uni ts , which l inks comp lexes I 

and I I  to comp lex I I I  ( 6 ) . By oxidation of NADH and succi­

nate on the matrix s ide , comp lexes I and I I  reduce the UQ 

poo l in the inner mitochondrial membrane . Following reduc ­

tion , the UQ molecules succe s s ive ly trans fer the i r  reduc ing 

e q uivalents to complex I I I . Controve rsy exists as to 

whethe r the qui none mo lecu les are able to dif fuse within the 

l ipid membr ane , or rema in attached to the large mu ltiprotein 

comp lexe s .  Based on studies which have directly measured 

the kinetic re sponse of the quinone mo lecule with complexes 

in the inne r membrane , Rich ( 6 )  sugge sts that they are able 

to move f re e ly between the membrane associ ated components . 

Complex I I I  or cytochrome bc] i s  a transmembrane pro­

tein , t ight ly bound to the inner mitochondrial membr ane , 

which funct ions in reduc ing oxidi zed cytochrome c .  Thi s  

complex i s  a multi subunit enzyme which contains three heme 

proteins , one £1 and two b '  s 

located on the cytosol side 

( 7 ) . The se redox center s  are 

of complex I I I , between the 

inne r and outer mitochondrial membr ane s .  The cytochrome bc] 
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comp lex a l so contains a UQ unit and an i ron sulfur prote in 

known as a Rieske c luster ( 8 ) . The diff iculty in iso lating 

this complex in a relative ly pure and s table form , has 

prompted inves tigators to examine e ach of the individua l 

components separate ly . Bosshard et � ( 9 )  have isolated 

cytochrome £1 and cytochrome £.- of this comp lex and found 

that cytochrome £1, unlike cytochrome � binds with high 

a f f inity to cytochrome c .  Erecinska et � (10) using 

photoaf f ini ty- labe led 1 251 -cytochrome c showed that cyto­

chrome bCl contains a binding s i te for cytochrome � The se 

two studie s  suggest that the interact ion s i te of cytochrome 

� wi th comp lex I I I  is  located on cytochrome £1 .  

Comp lex I V  or cytochrome aa3 i s  also a transmembrane 

prote in as soc iated with the inne r mitochondrial  membrane in 

the termina l portion of the respiratory cha in . I t s  physio­

logical function i s  to cata lyze the reduction of dioxygen to 

water on the matrix s ide of the membrane , whi le oxidiz ing 

reduced cytochrome c on the cytosol s ide . This complex 

contains between ten and thirteen subuni ts per monomer and 

four redox- active prosthetic groups ( 1 1 ) . Two of the se 

redox - active groups are i ron containing hemes , whi le the 

other two are copper atom centers (1 2). The two redox-

acti ve heme groups in this enzyme are cytochrome a and 

cytochrome � .  They differ only i n  the ir axial  ligands and 

both contain the heme �prosthetic group . Both cytochrome a 

and � are six-coordinate complexe s ,  cytochrome � be ing a 
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low spin b i s - imida zole complex ( 1 3 )  whi le the s ixth l igand 

of cytochrome � has yet to be ident i f ied . 

The two copper prosthetic groups i n  this enzyme are 

refer red to a s  CUa and CUb . CUb is magnetically undetec­

table when the enzyme i s  in the tot a l ly reduced or oxidi zed 

state , however an e lectron paramagne tic re sonance ( EPR ) 

s igna l has been obtained dur ing catalytic turnover ( 1 4 , 1 5 ) . 

Although the exact distance between the metal centers of 

cytochrome � and CUb has not been f i rmly establi shed , it 

has been reported to range be tween 3 - 4 A ( 1 6 , 1 7 ) . A shared 

l igand between the se two me tal centers has long been suspec­

ted to mediate the i r  magnetic interaction , thus giving r i se 

to the undetectable coppe r center . Although the ident i ty of 

this br idging l igand has not been f i rmly establi shed , an 

imidazole ni trogen f rom a hi stidine res idue ( 1 8 ) , a cys teine 

sulfur ( 1 9 ) , or an oxygen atom ( 2 0 )  have been proposed . Two 

other meta l s , z inc and magne s ium , have recently been found 

in complex IV ( 2 1 , 2 2 ) . Both z inc and magne s ium have been 

dete rmined to be tightly bound in a 1 :  1 :  1 stoichiometric 

ratio with cytochrome aa3 . The role of these two metals , in 

the functioning of the oxidase , has yet to be estab l i shed . 

The exact location of the four prosthet ic groups of 

cytochrome aa3 mentioned above is not known . However , Figure 

2 i l lustrates the most accepted view of where these groups 

are located . Cytochrome a and CUa are located on the 

cytoso l s ide of the inne r mi tochondrial membrane , whereas 
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Figure 2 .  I nteract ion of cytochrome aa3 with cytochrome � 
a n d  d i o x y g e n . ( Ad a p t ed f rom Colos imo , A . ; 
Antonini , E .  I n  "The Bio logy and Chemi stry of 
Ac tive Oxygen" , Banniste r ,  J . V . ; Banni ster , W . H . , 
Eds . ; E l sevier Sc ience Pub l i shing Co . :  New York , 
1 9 8 4 ; Vo l . 2 6 ,  Chapter 3 ,  pp . 4 5 - 6 7 ) .  
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cytochrome � and CUb res ide on the matrix side of this mem­

brane . As depicted in this figure , the subuni ts of the 

cytochrome aa3 monomer give a "Y" shaped appearance , the 

base of the Y being on the cytosol side and the arms on the 

matrix s ide . The dimens ions of  this monomer are such that 

it spans the entire inner membrane , protruding approximate ly 

5 5  A on the cytosol s ide and 20 A on the matr ix s ide ( 2 3 ) . 

As Figure 2 i l lustrate s , reduced cytochrome � donates one 

equivalent per mo lecule to the cytochrome � and CUa s i tes 

located on the base s ide of the Y of complex IV . Also shown 

in thi s  figure i s  the catalytic reduc tion of dioxygen to 

water by this comp lex. This react ion takes place within the 

area surrounded by the protruding arms of the cytochrome aa3 

monome r , on the matrix s ide of the inner memb rane . A binu­

c lear center is be lieved to be the catalytic s i te for this 

react ion which i nvolves two of the redox-active prosthetic 

groups previous ly mentioned , cytochrome � and CUb (1 2) .  

Whereas the exact pos i tions o f  the four prosthetic 

groups in cytochrome aa3 have not been we l l  de fined , the 

geometrical re l ationship between these redox centers has 

been established through var ious indirect methods of analy­

s i s . One of the methods that has proven to be more success­

ful in this approach i s  that of EPR spectroscopy. The ap­

proximate di stance s  of the se redox cente rs f rom one another , 

obtained in several  laboratories by means of  EPR methodol ­

ogy , have been recently summar i zed by Palmer ( 24) . Accord-
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ing to this report , the calculated dis tance between the 

cytochrome � and CUa centers ranges between 8-13 A. The 

distance separating cytochrome �and cytochrome � i s  less 

than 15 A whi le that between CUa and the binuc lear center , 

formed by cytochrome � and CUb , i s  less  than 10 A.  

I n  cons idering the react ion scheme shown i n  Figure 2 ,  a 

tota l  of  four reduced cytochrome c molecules are required to 

fully reduce one oxidi zed cytochrome aa3 monomer . A concer­

ted four e lectron/ four proton catalytic reduction of a diox-

ygen mo lecule to two water mo lecules , then fol lows . I n  a 

comp lex sequence of events , the four e lectrons donated by 

the dif fus ing cytochrome £... mo lecu les are interna l ly trans­

fe rred f rom the cyto sol s ide of cytochrome aa3 to the oxygen 

binding s ite , located on the matrix s ide . The inte rnal 

e lectron trans fer , which occurs in the del ivery pathway 

between the cytochrome £... and dioxygen binding s i tes on the 

enzyme , is the rate limiting step in thi s cata lytic reduc -

tion cyc le .  The initial e lec tron f rom fer rocytochrome £...is  

be l ieved to enter at the cytochrome � s i  te of the enzyme , 

p o s s ib ly be ing shared with the CUa s i te . The second 

e lectron i s  then accepted more s lowly with the complete 

r e d u c t i on of cytochrome a and CUa . The intramolecular 

e lectron trans fer rate from the reduced cytochrome �to CUa 

s i te has been e st imated to have ket := 40-100 s - l ( 2 5 ) . 

F o l l o w i n g  t h e  i ntroduc tion of the second e lectron by 

f e r r o c y t o c h rome � an intramo lecular e lectron exchange 
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invo lving the cytochrome �-Cub center i s  be lieved to occur . 

The interna l reduc tion proce s s  of cytochrome � with the 

resting ( i . e . , the fully oxidi zed ) enzyme was indicated to 

have ket = 0. 5 s - l ( 2 6 ) . Therefore , the complete reduct ion 

o f  the c ytochrome aa3 enzyme neces sary to suppor t  the 

overa l l  catalyt ic reduct ion of dioxygen to water , is l imited 

by the f i na l  e lectron trans fer to cytochrome � .  

A l t h o ugh the intramolecular e lectron transfer rate 

between the e lectron accepting and donating s ites of this 

complex have been shown to be quite s low , its reaction with 

ferrocytochrome � i s known to be very fast . The bimo lecular 

rate constant for the react ion of cytochrome c with pur i f ied 

oxidi zed cytochrome aa3 has been observed to vary f rom 1 0 6 

M-1 s - l  ( 26) to greater than 2 x 1 0 8 M-1 s - l ( 2 7 - 3 0 ) .  Such 

bimo lecular rates are c lose to the dif fus ion control led 

rates , observed be tween reactants in which every collis ion 

leads to a react ion . Just as the reaction of cytochrome � 

wi th cytochrome aa3 is shown to occur in a fac i le manner , 

the e lectron trans fer of cytochrome aa3 in the tota l ly 

reduced state with the dioxygen molecule has a l so been shown 

to be very fast . I n  fact , the oxidation of ferrous cyto -

chrome aa3 by oxygen i s  comp lete wi thin 2 0  �sec . in vitro 

( 2 4 ) • 

A point of controve rsy in the phys iological reactions 

of cytochrome a a3 ' has been the incompatibi l ity of the 

internal e lectron t ransfer rate with the turnover rates of 
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dioxygen and fer rocytochrome c .  A s  previous ly ment ioned , 

the intramo lecular e lectron exchange rate in the resting 

enzyme i s  several  orders  of magnitude s lower than its reac­

tion with e ithe r dioxygen or ferrocytochrome S Al though 

this should lead to a rate l imiting step in the ove r a l l  

reduct ion proce s s  of dioxygen t o  water b y  fer rocytochrome � 
it does not. Studies have sugge sted that cytochrome aa3 

goe s into what i s  cal led a " pul sed state" upon reaction with 

ferrocytochrome � and dioxygen ( 3 1 - 3 3 ) .  The pulsed state is 

bel ieved to be an intermediate species formed irrunediately 

after reaction of the tota l ly reduced cytochrome aa3 enzyme 

with a dioxygen mo lecule . The is sue he re is  that the four 

equivalents donated to the dioxygen mo lecule by the reduced 

enzyme should leave the enzyme in the tota l ly oxidi zed 

" re s ting" state . Howeve r ,  studies have indicated that an 

intermediate or pulsed state , different f rom the rest ing 

state , exi sts  j ust after the dioxygen reaction of this 

enzyme. 

In the pul sed state of this enzyme an increase of 4 - 5  

t ime s i n  the rate o f  reduc tion o f  cytochrome � ove r the 

resting enzyme has been indicated ( 3 4 ) . This pul sed state 

results in a higher dioxygen turnover and has been shown to 

have a higher reactivity towards the oxidat ion of cytochrome 

c ( 2 3 ) . Although details  of the overall  mechanism of the 

pu lse state have not been c learly e stabli shed , it is this 

state that i s  be lieved to provide cytochrome aa3 with the 
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means f o r  obtaining such high turnover rates o f  dioxygen and 

ferrocytochrome � under respir ing conditions . 

Along with e lectron t ransport cytochrome aa) has the 

c apab i l ity of proton trans location . Thi s  capabi l i ty a l lows 

cytochrome aa) to transport or pump protons f rom the matr ix 

space to the cytosol s ide of the inner mitochondr i a l  mem­

brane . The exact mechanism by which cytochrome aa) pumps 

p r otons acros s the inner membrane i s  sti l l  not c lear . 

Palmer ( 2 4 )  has sugge sted that proton pumping may be direct­

ly re lated to conformationa l change s in the enzyme dur ing 

redox react ions . The importance of proton pumping has been 

related to the chemiosmotic hypothe s i s  proposed by Mitche l l  

( 3 5 )  • According to thi s hypothe s i s , the proton gradient 

across the inne r mi tochondrial membrane supplies the energy 

which drive s  the phosphorylation of ADP to ATP . 

I n  considering the phys iological react ions of cyto­

chrome c with its membrane bound redox partners , cytochromes 

bCl and aa) , it i s  gene r a l ly accepted that rapid e lectron 

trans fer between the se two can occur by a dif fus ion medi ated 

mechani sm . I t  has been shown by Brown and WUthrich ( 3 6 ) , 

that cytochrome � i s  weakly associated with the negative ly 

charged outer portion of the phospho l ipid membrane . As 

proposed by Roberts and Hess ( 3 7 ) , this weak assoc i ation 

a l l ows cytochrome c to shuttle e lectrons between i t s  two 

redox partne r s  by two -dimens ional l ateral dif fus ion a long 

the inne r membrane ' S  sur f ace . The lateral dif fus ion coe f f i -
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cients o f  cytochrome � a long the inne r membrane have been 

determined to r ange between ( 3 . 5  - 7 . 0 )  x 1 0-1 0  cm2 / s  ( 3 8 ) . 

From this study , i t  was estimated that cytochrome � s  mobi l ­

i t y  i s  not suf f i c ient t o  account f o r  the random dif fus ion 

mediated mechan i sm observed under norma l steady- state condi-

tions in the mitochondr ia . Hochman et � ( 3 8 )  have pro-

posed a mode l ,  in accordance with these dif fus ion coe f f i­

c ients , in which more rapid rates can be achieved by phys­

ical as soc iation of cytochrome � between cytochrome s bCl and 

aa3 ' Such associat ion was then indicated to restrict the 

movement of cytochrome � between i ts redox partner s ,  thus 

making e lectron conductance more e f f ic ient in comparison to 

the r andom dif fusion mode l. 

Cytochrome bCl and aa3 are be l ieved to have e lectro­

static groups which are comp lementary to those of cytochrome 

c .  The se complementary groups are thought to invo lve the 

negatively charged carboxyl res idues ( g lutamic and aspartic 

acids ) on cytochrome s bCl and aa3 ' and a numbe r of posi­

tively charged lys ine res idue s on cytochrome c '  s surf ace. 

Electrostatic interact ions between these groups are be lieved 

to bind cytochrome � in a proper or ientat ion for e lectron 

e xchange with its phys iological redox partners. These 

e lectrostatic properties have been indicated by the exi s­

tence of high a f f inity binding sites ( K  � 1 0 - 7 ) for cyto­

chrome c on both cytochromes bCl ( 3 9 )  and aa3 ( 4 0 ) . 
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The p r  imary structure ( i .  e . , the complete amino acid 

res idue sequence ) of horse heart cytochrome £... i s  shown to 

consist of  a s ing le po lypeptide chain of 1 0 4  amino acids 

attached to a s ing le heme i ron unit ( 4 1 ) . The mo lecular 

we ight of the nat ive protein was ca lculated and found to be 

= 1 2 , 4 0 0  ( 4 2 ) . Figure 3 shows the heme group in this 

prote in , heme c .  Thi s  porphyrin i s  very s imi lar to proto-

porphyrin IX found in several other i ron porphyr in complexes 

( e . g . , myog lobin , hemog lobi n ,  catalase , and the peroxidases ) 

wi th the exception that the vinyl groups are saturated in 

this particular prote in . The only two cys teiny l  res idue s in 

this mo lecule , cysteine res idue s 14 and 1 7 , se rve to cova­

lently l ink the po lypeptide to the heme . This occurs 

through thioe the r linkage s to the two vinyl s ide chains of 

the porphyr in . Thi s  subsequently makes cytochrome £... a more 

rigid structure when compared to the previous ly cited iron 

porphyr in complexe s .  

The iron atom i s  bonded to four pyrrole nitrogens in 

the p lane of the porphyr in . The re are two othe r po ints of 

attachment of the heme i ron to the po lypeptide ( not shown in 

this diagram ) which occur at the f i f th and s ixth coordinate 

pos i t ions at neutral  pH . The compact folding of the globin 

portion of the mo lecule around the heme furni she s these two 

axi a l  l igands . One of the se coordinat ion bonds i s  formed 

with an imida zole nit rogen of histidine 1 8  of the 
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F igure 3 .  Heme c .  
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po lypeptide . The other heme i ron coordinat ion s ite i s  

furni shed b y  a sul fur atom of the methionine 8 0  res idue . 

Most g lobin type proteins can give rise to a higher 

ordering of the amino acid sequence due to its f requent 

folding pattern . Thi s  higher ordering of the g lobin i s  

known a s  the prote in ' s  secondary structure . The fo lding 

pattern of the polypeptide can c reate a he lical configura­

tion known as an a-he l i x .  The a-he lix conf iguration gives 

rise to a r ight -handed turning sequence of the po lypeptide . 

I n  othe r cases the folding of the polypept ide wi l l  assume a 

r ipp led conf iguration instead of an a-he l ix and this conf ig­

uration i s  known as a �- sheet . Since the po lypeptide chain 

in hor se he art cytochrome � i s so tight ly wrapped around the 

heme group there is very l i t t le room for a-he lix or �- sheet 

conf i guration of the globin . I n  this regard horse heart 

cytochrome � was shown to contain only f ive short a-he lical 

segments ,  res idue s 1 - 1 1 , 4 9 - 5 5 , 6 0 - 6 8 , 7 0 - 7 5 ,  and 8 9 - 1 0 1 , 

which compr i se = 4 5 % of the total protein structure ( 4 3 ) . 

This mo lecule was a l so shown not to have a � - sheet configu­

rat ion . Thi s  is unl ike some of the i ron porphyrin comp lexes 

that were referred to ear l ier , such as myog lobin which 

contains = 8 0 %  a-he lix conf iguration ( 4 4 ) . Evidently , the 

globin structure in myog lobin needs this extra f lexib i l ity 

to a l low insertion of oxygen dur ing its phys iologic a l  t rans -

portat ion in mamma l i an t i s sue . The a-he lix content in both 

ferr icytochrome � and ferrocytochrome � were indicated as 
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being o f  about the s ame magnitude ( 4 5 ) . Therefore , provid­

ing evidence of very l i t t le change in the secondary s truc ­

ture upon oxidat ion and reduction . Howeve r ,  there have been 

s t u d i e s  w h i c h  provide some evidence of conformational 

changes upon e lectron transfer . 

later in this section . 

This wi l l  be discussed 

The X - r ay crystal structure of horse heart cytochrome � 

has been carried out to a resolut ion of 2 . 8  A ( 4 5 ) . Only 

the X- ray crystal  structure of the oxidi zed or ferri- form of 

this particular protein has been pe r formed , its a-carbon map 

is i l lustrated in F igure 4 .  Cytochrome c has been shown to 

be a pro late sphe roid having dimens ions of  3 0  x 3 4  x 34 A. 

The se dimensions inc lude a l l  the amino acid res idues but 

exc lude any so lvent mo lecules which sur round the protein . I n  

Figure 4 each amino acid of the po lypeptide chain , not in­

vo lved in bonding to the heme , is  represented by its a-

carbon atom ( c i r c les ) . Only those amino acid groups at-

tached directly to the heme are shown , a l l  the amide l ink­

age s ( - CO-NH - ) are represented by a line between each a-

carbon atom . A more detai led c rystal structure of tuna 

cytochrome � has been obtained by Takano and Dicker son ( 4 6 )  

at 1 . 5  and 1 . 8  A reso lut ion for both the reduced and oxi­

dized state s , re spect ive ly . 

Due to the insuff icient detai l of the crystal struc ­

ture , much of the conformational analysis of hor se cyto­

chrome c has been taken f rom the l atest X- ray crystal 
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Figure 4 .  M o l e c u l a r  S t r u c t u r e  of cytochrome c .  This 
standard f ront view of horse heart cytochrome S 
in the oxidi zed state , i l lustrates the so lvent 
expo sed heme edge in the center of the mo lecule 
fac ing towards the reader . Only those amino acids 
attached directly to the heme ( met - 8 0 , hi s - 1 8 , 
cys- 1 4 , cys - 1 7 ) are shown , a l l  others  are repre­
s ented by c i rcles depicting a-c arbon atoms of the 
po lypept ide backbone . A l l  amide linkages are 
represented by a l ine between each a-carbon atom . 
The left and r ight sides of  the mo lecule are as 
viewed . ( Adapted f rom Dicker son , R . E .  Sci . Amer . 
1972 , Apr i l ,  5 8 - 7 2 ) .  
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structures of tuna cytochrome c .  
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Although the pr imary 

structures of the two protein spec ies d i f fer to some extent , 

their tertiary s tructures have been shown to be the s ame . 

The dif ferences in primary s tructures between these two 

proteins i nvolves only 1 2  res idues . Evident ly , the amino 

acid res idues respons ible for holding these two proteins 

together in their compact conf iguration have been conserved . 

Thi s  leads to the s imi lar packing arrangement of the amino 

acid s ide chains around the heme in both proteins . Moore 

and Wi l l iams ( 4 7 )  have indicated that the denaturat ion tem­

perature of horse cytochrome � i s approximately 1 0 ° C  higher 

than that of tuna . Thi s  indicates a s l ight dif ference in 

secondary structure between the two spec ies , pos s ib ly a 

higher a-helix content for horse cytochrome � 

As shown in Figure 4 ,  the po lypeptide chain folds 

around the heme group ( represented by the dark circles in 

the center of the diagr am )  caus ing i t  to res ide in a nearly 

hydrophobic envi ronment , leaving only a sma l l  portion of the 

heme exposed to the more polar so lvent . Thi s  exposed seg­

ment is located at the edge of the heme , which contains 

pyrrole r ings II and I I I  as shown i n  Figure 3 .  As shown in 

this f igure , the thioether l i nkage at cysteine 17 attached 

to pyrrole ring I I  and the methyl group at pyrrole ring I I I  

are both exposed t o  the solvent . Thi s  region of the heme i s  

the so-cal led solvent exposed heme edge . Based on the X- ray 

crystal lographic structure of horse heart cytochrome � 
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Ste l lwagen ( 4 8 )  ca lcu lated that the amount of surf ace area 

of the heme acce s s ible to the solvent forms only = 0 . 6  % of 

the total surf ace of  the protein . Therefore , the micro-

environment of the heme i s  such that i t  can be viewed as 

be ing a lmost ent i r e ly i nsulated f rom the sur rounding solvent 

by this po lypept ide layer . 

One of the important features of this protein i s  that 

the only so lvent acce s s ible s ite occurs at the heme edge . 

WUthr ich ( 4 9 )  was the f i r s t  to recogni z e  this area of  the 

protein as a pos s ible s i te for e lec tron transfer . I t  has 

been emphasi zed that faci le e lectron transport to and f rom 

the i ron center in cytochrome � can occur as a result of 

mixing of the t 2g - orbi tals ( i . e . , dxy ' dyz , dxz ) on the Fe 

cof actor with the n*- orbi tals of the porphyrin r ing . Such 

mixing then e f fective ly de loca l i zes some of the metal d-

e lectron dens ity to the outer per ipheral portion of the 

heme . Thi s  de loca l i z at ion is  then be l ieved to render cyto -

chrome � more suscept ible to per ipheral  e lectron transfer 

react ions . Using nuc lear magnetic resonance ( NMR )  spectros -

copy Ke ller  and WUthr ich ( 5 0 )  were able to calculate the 

amount of charge de loc a l i z ed over the porphyr in per iphe ry of 

this prote in . I t  was e s t imated that approximate ly 2 % of 

the e lectron density of the Fe cof actor is delocali zed on 

pyrrole r ings I I  and I V ,  whi le only = 0 . 5  % was found at 

pyrrole r ings I and I I I . Therefore , i t  is  sugges ted that 

the locat ion of pyr role r ing I I  at the so lvent exposed heme 
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edge a long with the extra e lect ron dens ity found a t  this 

r ing are important features in e lectron transfer reactions 

of  this prote in . 

Attachment of the po lypept ide to the heme ( Figure 3 )  

orients i t  i n  such a way that the thioethe r linkage at 

p y rrole r ing I and the two propionate carboxylates at 

pyrrole r ings I I I  and IV are bur ied ins ide the hydrophobic 

heme pocket . According to Moore et a l . ( 5 1 ) , this feature 

is be lieved to be of  phys iological importance in preventing 

the propionates f rom ioni z ing over a neutral  pH range . This 

structural fe ature is  c learly evident f rom the NMR data of 

Gupta and Koenig ( 5 2 )  which shows that the se groups do not 

ioni ze over the pH range 4 . 6  to �9 at 27 °e. The stabi l i z ­

ing e f fect o f  the hydrophobic interior o f  the prote in i s  

also in general  agreement with the redox potential be ing 

considered pH- i ndependent ove r much of this pH range ( 5 3 ) . 

The restr icted propionate ioni zation may also be a 

c r u c i a l  e n v i r o nm e n t a l  factor for ho lding the protein 

together in its compact conformational state . The high 

reso lut ion crysta l structures ( 4 6 )  have revea led an exten­

sive network of interact ions of the se unioni zed heme pro­

pionates with the var ious portions of  the interior of the 

protein cavity . The inte rior propionic group on pyrrole 

ring IV was shown to be hydrogen bonded to tyros ine 48 and 

tryptophan 5 9  of the po lypeptide backbone . The more exposed 

propionic group on pyrrole r ing I I I  was a l so shown to be 
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hydrogen bonded t o  tyros ine 4 8 . Recent ly , Moore et a l .  ( 5 4 )  

h a v e  p r oposed an intramo lecular interaction between an 

arginine 3 8  res idue and the i nner propionate group of the 

heme . They c laim that the internal ly located arginine 3 8  

lies  c lose enough to the inner propionate group t o  form 

e i ther a hydrogen bond or poss ibly a s a lt br idge . This s a lt 

br idge i s  be lieved to result from the inte raction between 

the pos it ive ly charged arginine residue and the parti a l ly 

ionized inner propionate . This part i a l ly ioni zed inner 

propionate group i s  a result of the bur ied water mo lecule 

that has been found to res ide in this region of the protein 

as determined f rom the c rystal structures ( 4 6 ) . 

The view pre sented of cytochrome � in Figure 4 is  that 

of a prote in consti tut ing two ha lve s of a s ingle polypeptide 

chain wrapped around the heme group . 

res idue s 1 to 4 7  to the r ight s ide 

One ha lf contains 

and the othe r half 

contains res idue s 48 to 91 to the le f t . Re siding between 

these two ha lves sits  this heme group with its so lvent 

exposed heme edge fac ing outward . 

heme i n  the po lypept ide gives rise 

Such submers ion of the 

to what is f requent ly 

referred to a s  the " heme crevice " . Thi s  folding sequence 

around the heme therefore make s the heme crevice a hydropho­

bic pocket . Such appearance gives the prote in a c lam shape 

image which has led some researchers  to addre s s  cytochrome � 

in this f ashion . The remaining res idues 9 2  to 1 0 4  form an 

a-he l i x  conf iguration extending to the far back right side 
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o f  the prote i n . 

The standard f ront view of cytochrome � shown in 

Figure 4 ,  indicates that the right s ide of the mo lecule is  a 

more r igid structure when compared to that of the lef t . 

This anal ogy c an be explained f rom the fact that the right 

side of the polypeptide is phys ica l ly bonded to the heme by 

three points of attachment whi le the left is bonded by only 

one point . Cysteines 1 4  and 1 7  and hist idine 1 8  attach the 

heme to the po lypeptide on the right s ide of the heme 

crevice , whi le on the left i t  i s  only attached by methionine 

8 0 . The two axi a l  bonds that make -up the left and right 

s ides are also involved in hydrogen bonding to certain 

portions of the polypeptide chain which surrounds them . The 

o-ni trogen atom of histidine 1 8  i s  hydrogen bonded to the 

carbonyl oxygen atom of pro line 3 0 . Thi s  bond i s  be l ieved 

to stabi l i z e  the imidazole r ing in a r igid conformation 

whi le the E - nitrogen of the histidi ne can coordinate with 

the heme i ron ( 4 5 ) . A hydrogen bond is  also formed between 

the hydroxyl groups of tyros ine 6 7  res idue and the sulfur 

atom of the methionine 8 0  res idue . Thi s  last bond i s  

b e l ieved t o  he lp s tabi l i z e  the l e f t  s ide of the heme 

crevice . 

The native fold of cytochrome £.. i s  not only regulated 

by the bonds which form between the polypeptide and heme , 

but a lso by the intramo lecular forces within the po lypeptide 

itse lf . Horse heart cytochrome £.. contains no sulfhydryl 
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groups which could form an i nt r amolecular covalent l i nkage 

( i .  e . , disulf ide bonds ) as seen in other g lobular prote in 

structures .  Therefore , the forces which hold this g lobular 

s tructure toge the r are not due to covalent interactions . 

One such interaction would be the result of intramolecular 

e lectrostatic bonds between oppositely charged res idue s . 

These bonds would be stab i l i zed in regions of  high concen­

trat ions of hydrophobic groups where they would be part i a l ly 

shie lded f rom the high die lectric so lvent medium in which 

they res ide . A good example of this type of e lectrostatic 

bond i s  seen at the top f ront f ace of the heme crevice . The 

pos i t ive ly charged 8 - amino of lys ine res idue 1 3  has been 

shown to form a salt  br idge with the negative charge on the 

y - carboxyl of g lutamine residue 9 0  in both the solid and the 

so lution states ( 5 5 , 5 6 ) . This particular e lectrostatic bond 

he lps to s tabi l i ze the c losed heme crevice region in the top 

f ront f ace of the mo lecule . The stabi li ty of the c losed 

heme crevice structure is a l so maintained by a hydrogen bond 

that is formed in the lowe r region of the heme crevice . 

Thi s  hydrogen bond i s  formed between the 8 - amino of lys ine 

res idue 7 9  and the a-carbonyl of threonine res idue 4 7  ( 5 6 ) . 

The hydroxyl groups of the var ious threonine , ser ine , 

and tyrosine res idue s a lso appear to play an important role 

in maintaining the tertiary fold in this protein . The se 

res idue s c an potent i a l ly j oin and hold togethe r certain re­

g i ons of  the mo lecule through an extensive network of 
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hydrogen bonds . One othe r force that holds the looped po ly­

p e p t i d e  i n  i t s  package - l ike conformat ion invo lves the 

hydrophobic inte ractions that occur between the various 

res idues a long the chain . The hydrophobi c  res idue s ( i . e . , 

alanine , vali ne , leuc ine , iso leuc ine , phenyla lanine , and 

methionine ) are mos t ly found locali zed in c lusters  around 

the polypept ide chain . I n  order to avoid the more po lar 

so lvent ( L e . , water ) they have a tendency to associ ate 

towards the inter ior of  the prote in . 

shie lded from the so lvent and are 

In do ing so , they are 

able to unde rgo hydro-

phobic - hydrophobic interact ions with each other . 

D .  Properties of Cytochrome c 

Cytochrome � i s  a highly bas i c  water so luble prote in 

wi th an isoe lectric po int of = 1 0 . 0  ( 5 7 ) . The basic charac ­

ter mainly stems f rom the relat ive ly high lys ine content in 

the mo lecu le . Hor se heart cytochrome c contains 1 9  of these 

pos itive ly charged basic res idue s ( 4 1 ) . At neutral pH 

arginine res idue s contr ibute two more monopo si tive charges 

to the protein . Only a sma l l  amount of this ove r a l l  pos i ­

t ive charge o n  the mo lecule i s  compensated f o r  by the neg­

at ive ly charged aspartic and glutamic acid res idues . A 

maximum of 1 3  negative ly charged groups can be accounted 

for : 3 aspartates ,  9 glutamates , and the negat ive charge 

which res ides on the carboxy l - te rminal end of the prote in 

( 4 1 )  . Al lowing for the + 1  charge on the heme in the 

oxidi zed state , horse ferricytochrome c has an ove r a l l  net 
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charge o f  + 9  at neutral  pH when ca lculated f rom the amino 

acid sequence ( 4 2 ) . S ince the charge on the reduced heme i s  

zero , fer rocytochrome � should have a n  ove r a l l  net charge o f  

+ 8 . However ,  i t  must be noted that the net charge on ferr i ­

and f e rrocytochrome c can b e  ef fect ive ly a ltered in the 

presence of binding anions and c ations . 

One of the s t r i king features about cytochrome � i s that 

the posit ive and negative charge s are distinctly segregated 

on its surf ace . The basic res idues are mainly located on 

ei ther s ide of the heme crevice with only a sma l l  segment 

being concentr ated towards the back r ight s ide , near the 

carboxy l - te rminal end of the chain . The acidic res idues on 

the othe r hand tend to be more concentrated towards the top 

left rear of the mo lecule . The refore , it appe ars as though 

the bas ic residues are more homogeneous ly distr ibuted over 

the surf ace of the prote in than are the acidic res idues . 

Of spec i a l  interest i s  the two basic patche s that lie 

to the left and r ight side of the so lvent exposed heme 

crevice region , whe re most of the pos itive ly charged lys ine 

res idue s are c lustered . One or both of the se surf ace 

patche s are be l ieved to play a cruc i a l  role in recognition 

a n d  b i n d i ng of cytochrome c with its redox partner s .  

Howeve r ,  i t  should be noted that most of the positive charge 

f rom the lysine res idue s lies to the left s ide of the heme 

c revice . 

When viewing the a-carbon map of cytochrome c in Figure 
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4 i t  appears  that the r i ght side o f  the heme c le f t  i s  more 

open than the left s ide . Dickerson et a l . ( 4 5 )  have c a l led 

this opening a channe l .  Thi s  channe l extends into the 

inter ior of the prote in , however ,  s ince the channe l contains 

a number of hydrophobic groups it i s  not acces s ible to the 

so lvent . The re i s  a second channe l , not seen in the f ront 

face view of F i gure 4 ,  which extends f rom the top left 

portion of the molecule . The signif icance of these two 

channe l s  i s  at the pre sent time unknown . However ,  Dicker son 

et a l . ( 4 5 )  have ment ioned the se channe l s  could p lay a role 

in providing an a l te rnate route for binding . They propose 

that a hydrophobic s ide chain of anothe r macromo lecule could 

s l ip into one of the se channe l s  and hold the mo lecule in a 

prope r or ientation for e lectron transfer . 

The highly asymmetric distr ibut ion of charges over 

cytochrome C I S  surface leads to a calculated dipo le moment 

of 3 1 2  and 3 0 0  debye for ferri- and fer rocytochrome � res-

pective ly ( 5 8 ) . Koppeno l et a l .  ( 5 9 , 6 0 )  have ca lculated 

that the pos i t ive end of this dipole lies approximate ly 

midway between lysine res idue s 1 2  and 1 3  located on the left 

f ront f ace of the mo lecule . Thi s  region i s  near the �-

carbon of phenylalanine 8 2 . The negative end of this dipole 

is near the � -carbon of phenylalanine 3 6 . Although the left 

front f ace contains most of the positive charge , the ma j or 

contr ibution to the dipole moment i s  related to the very 

high concentration of negative charges located at the back 
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I n  this area i s  located a 

charged acidic groups . The 

si gnif icance of this negative patch is  unc lear . However , 

the l arge contr ibut ion of this patch to the dipole moment 

indicates that it plays a role in the strength and direction 

of the dipole ' s  pos i t ive end , near the interaction domain of 

the mo lecu le . 

The so lvent exposed heme edge is  surrounded by lys ines 

8 , 1 3 , 2 7 , 7 2 , 7 9 , 8 6 ,  and 8 7 . This is  sometime s cal led the 7 2 -

8 7  loop and is  conse rved in a l l  cytochrome £... specie s .  I t  

has been proposed that e lectrostatic interact ions o f  the se 

charged lysine res idues and the corresponding dipole are of 

phys iological importance in reactions of cytochrome c with 

its redox partne r s  ( 5 9 , 6 0 ) . Koppenol et a l . ( 5 9 , 6 0 )  have 

de scr ibed a react ion mechani sm scheme in which the pos it ive 

e n d  of the dipole of cytochrome c interacts with the 

e lectric f i e lds generated by its redox partners . This is  

be l ieved to guide the mo lecule into proper orientation for 

e lectron trans fer and therefore increases the number of 

productive encounters . Once a product ive encounter occurs , 

the surf ace complementary groups on either redox partner are 

be lieved to bind e lectrostatically with lysine res idues 

s u rrounding the exposed heme edge . Formation of such 

p r e c u r s or comp lexes is then sugge sted to minimi ze the 

distance between redox centers . I n  doing so , this lowers 

the activat ion energy required for e lectron transfer and 
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increases the rate o f  the reaction . 

A multi tude of studies have used inorganic complexes as 

probe s for redox reactivity and as a means of assess ing the 

s i te s  for e lectron transfer in cytochrome c .  Var ious 

charge s , s i zes , and sur f ace properties of the se reactants 

have been used to ascertain the nature of the redox site on 

this prote in . By employing Marcus theory ( 6 1 )  i t  has been 

pos s ible to ca lculate the se l f -exchange rate constant for 

cytochrome � f rom the corre sponding crossreact ion rates of a 

number of metal  comp lexes . Whe rland and Gray ( 6 2 )  calcu-

lated cytochrome c t  s self -exchange rate cons tant us ing a 

variety of inorganic reagent s and found them to react in 

dec reas ing order according to Fe ( CN ) 6
3 - > Co ( phen ) 3

3+ > 

RU ( NH 3 ) 6
2+ > Fe ( EDTA ) 2 - . This order was shown to directly 

c o r  r e  1 a t e  w i t h  the inorganic reagent ' s  abi l ity to be 

aff ected by the e lectrostatic , hydrophobic , and porphyrin n 

system upon penetrat ion of cytochrome � s  heme edge surf ace . 

When the se e lectrostatic and none lectrostatic contributions 

are accounted for the ca lculated s e l f -exchange rates are 

seen to agree reasonably we l l  with that obse rved directly by 

Gupta e t  a l . ( 6 3 , 6 4 )  us ing NMR . Us ing this exper imenta l  

approach Gupta et a l . ( 6 3 )  have ca lculated f rom the diffu­

s ion l imited s e l f -exchange rate constant that = 7  A2 of cyto-

chrome c t  s surface is avai lable for se l f - exchange . This 

value is  re lat ive to a total acce s s ible surface area of  

5 , 3 0 7  A2 ( 4 8 )  for this protein and is  the refore in general 
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agreement with the amount o f  exposed heme area o f  3 2  /1..2 

c a l c u l a t e d  b y  S te l lwagen ( 4 8 )  f rom the X-ray crystal 

structure of cytochrome c .  There fore , f rom such studies 

cytochrome � appears to use the s ame e lectron transfer 

pathway with metal  complexes as it does in its s e l f -exchange 

reaction . I nvestigations with such inorganic probes support 

the hypothe s i s  that e lectron transfer of cytochrome c takes 

place by an oute r - sphere mechani sm in c lose proximity to the 

par t i a l ly exposed heme edge ( 6 5 - 6 7 ) . 

A l l  of the above methods used NMR spectroscopy to map 

out the region in which the sma l l  inorganic reagents bind to 

cytochrome c .  More recent studies with inorganic comp lexes 

have been conduc ted using rapid f low kinetics a long with 

s ingle s i te mod i f icat ion of lys ine res idues on cytochrome � 

( 6 8 - 7 0 ) .  Aryl ation of lys ine res idues with CDNP ( 4 -c arboxy-

2 ,  6 -dini tropheny l ) and TNP ( 2 , 4 , 6 - trini trophenyl ) has been 

shown to be quite e f f ective in mapping out cytochrome £.:. s 

interact ion sur face . Modif ication of cytochrome � with CDNP 

changes the charge of the lys ine res idue s f rom +1 to - 1 .  

Thi s  i s  due to the s ingle negat ive charge located at the 

carboxy l ic acid group on CDNP . Modification with TNP chan-

ge s the charge only f rom + 1  to O .  Therefore , CDNP modifica­

t ions have been used most f requently on cytochrome � since 

it decreases the net posit ive charge on the mo lecule by 2 

units whi le being less  bulkier and hydrophobic than the TNP 

modif ication . 
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I t  i s  gene r a l ly as sumed that the modif ied cytochrome � 

funct ions in the s ame intrinsic manner as the native pro­

tein . Although the redox potent i a l s  are very s imilar , Moore 

et a l . ( 7 1 )  have questioned i f  one can interpret changes in 

o b s e r v e d  rates after modi f ic at ion in terms of binding 

strength . This i s  due to the f act that some of the lys ine 

res idues are invo lved in stabi l i z ing the protein st ructure , 

as mentioned ear l ier , with the top and bottom heme crevice 

bonds . I n  spite of this view i t  has been pos s ible to iden-

tify which res idue s are involved in interactions with sma l l  

inorganic comp lexes . For example , i t  was found that the 

negative ly charged [ Fe ( CN ) 6 ] 3 - i s  most influenced by lysine 

72 mod i f ication with CDNP , whi le on the cont rary the pos i ­

tive ly charged [ Co ( phen ) 3 ] 3 +  is  most inf luenced by lys ine 2 7  

modi f ic at ion ( 7 0 ) . As di scussed earlier , most of the pos i -

ti v e  charge o n  cytochrome � lies  t o  the l e f t  of the heme 

crevice . Lys i ne 7 2  i s  found on the left f ront f ace whi le 

lysine 2 7  is  located toward the right of the heme crevice . 

The methodology of i ndependent s ingle lys ine modi­

f icat ion has  also enabled a detai led assessment of the s i tes 

invo lved on cytochrome � interact ing with much large r reac­

tants , such a s  cytochrome � oxidase and cytochrome � reduc ­

tase . Using a var iety of s i ng ly modif ied derivatives of 

cytochrome � ( 7 2 - 7 8 ) ,  s tudies have shown that the r ing of 

lys ine res idues surrounding the heme c revice i s  a l so in­

volved in interact ions with the protein ' s  phys iological 
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A compari son o f  reaction rates and binding 

constants of these various modif ied forms with nat ive cyto­

chrome � supports the analogy that binding occur s with 

oxidase and reductase large ly by an e lectrostatic mechani sm 

( 7 9 )  . Thi s  type of mechani sm i s  be lieved to involve the 

sur f ace complementary c arboxyl groups on oxidase and reduc ­

tase in hydrogen bonding with certain lysine res idues sur ­

rounding the heme c revice of cytochrome £.! The particular 

lys ine res idues invo lved in binding with oxidase and reduc ­

tase in a l l  the se studies have been de fined as the fol low-

ing : lys ines 8 , 1 3 , 2 7 , 7 2 , 7 9 , 8 6 ,  and 8 7 . The se particular 

res idue s make up the so - cal led " act ive site" in this prote in 

and are among those lys ine res idue s which are c lustered 

around the exposed edge of the heme c revice . 

Modif icat ion studies have indicated that the inte r ­

action domain o n  cytochrome � f o r  both redox partners  i s  

large ly overlapping . The center of this domain is  rela­

tive ly c lose to the �- carbon of phenyla lanine 8 2  which is  

prec isely where the pos it ive end of the dipole moment lies . 

The se facts led Koppenol et a l . ( 5 9 , 6 0 )  to sugge st some kind 

of phys io logica l  importance to the dipole moment in reac­

tions of  cytochrome � with its two redox partners . However ,  

overlapping binding domains on cytochrome � s  surface for 

both oxidase and reductase doe s not � se describe the same 

sites for e lectron transfer . Both redox partners are very 

large in compar i son with cytochrome £.! There fore it is  
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possible that both redox partners can bind in the same 

location whi le s t i l l  being capable of donating or accept ing 

e lectrons at dif ferent s i tes on cytochrome c ' s surf ace . 

E xperiments using antibodies of cytochrome c ( 8 0 )  have 

indeed i ndicated that there are dif ferent and distinct s i tes 

on cytochrome � s  surface for e lectron trans fer with oxidase 

and reductase . 

E .  Conformat iona l Change s of Cytochrome c with pH 

Cytochrome � i s known to undergo various conformational 

change s with pH . Five pH conformat ions have been shown to 

exi st for ferricytochrome � and three for ferrocytochrome c 

( 8 1 ) . The iron in both oxidat ion states remains low spin 

at neut ral pH . Fe rricytochrome � at neutral  pH i s  referred 

to as the s tate I I I  form . Recent inve st igat ions have 

p articularly focussed on the trans i tion neut ral I I I  to 

a lkal ine IV state where the s ixth l igand of the heme iron , 

me thionine 8 0 , is  rep laced by anothe r st rong f ie ld ligand , 

probably lys ine 7 9  or 7 2  ( 8 2 ) .  The pK of this alkal ine 

isome r i z ation can range f rom 9 . 3 5 to 7 . 8  depending on the 

presence of certain anions in so lution ( 8 1 , 8 3 - 8 6 ) . Anions 

such as phosphate and perchlorate are known to bind to cyto­

chrome c in both the ferrous and ferric state ( 8 7 ) . In the 

pre sence of such anions the pK for the state I I I  to IV tran­

s ition i s  shifted to lowe r pH va lue s indicating stabi l i z a ­

t ion of the former structure upon binding . 

Controversy s t i l l  exi sts as to lys ine replacing methio-
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nine a s  the s ixth coordination s ite in the low spin complex 

of state IV . Bosshard ( 8 8 )  te sted this proposition by mea s ­

ur i ng the relat ive rates of  acetylat ion of var ious lys i ne 

res idues at neutra l  and a lkali ne pH for the intact oxidized 

cytochrome � and the f ragment 6 6 - 8 0  of  this protei n  moiety . 

He observed no s i gnif icant d i f f erence in acetylation r ates 

between these two species  i n  the pH range 7 to 1 1 . Accor -

ding to Bosshard , thi s  contradicts any invo lvement of lys ine 

7 9  or 7 2  dur ing a lka l ine i some r i z ation as the reactivity of 

t h e s e  t w o  r e s i d u e s s h ou ld decrease dramatica l ly upon 

entering the coordination sphe re of the heme i ron . 

A more detai led descr iption of the alkaline conforma­

t ional change is be l ieved to invo lve two of the three water 

molecules that have been revealed in the X- ray crys tal 

structures of tuna cytochrome � ( 5 5 )  . One of these water 

molecules has been shown to be bur ied deep ins ide the heme 

crevice , ne ar methionine 8 0  to the left s ide of the heme . 

The othe r water mo lecule i s  located external to the heme 

crevice , between pyrrole r ings 3 and 4 and the isoleuc ine 8 1  

s ide chain of the polypeptide . The a lkal ine i some r i zation 

i s  f ir s t  be l i eved to i nvo lve weakening of the Fe-S bond 

formed by the methionine 8 0  res idue upon deprotonation of 

the bur ied water mo lecule . The weakening of the heme 

crevice a l l ows the second external water mo lecule , now in 

the OH- form , to enter the heme crevice region . Thi s  second 

water mo lecule i s  then proposed to be e lectrostati c a l ly 
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attracted b y  the + 1  charge o n  the ferr iheme caus ing the now 

weakened Fe - S  bond to break . 

The above mode l might explain why methionine 8 0  remains 

the s ixth l igand i n  reduced cytochrome c even up to pH 1 2  

( 8 1 ) . S ince the ferrous heme i s  neutral , there wou ld not be 

a tendency for the external OH- to be e lectrostatica l ly 

attracted into the heme crevice region . Thi s  lack of e lec­

trostatic attract ion could explain why the methionine-to­

i ron bond in the reduced form of cytochrome � i s about 1 0 0 0  

fold stronge r than i n  the oxidi zed s tate ( 8 1 ) . Whether the 

hydroxyl group actua l ly assi sts in the replacement of methi ­

o n i n e  b y  another strong f i e ld l igand remains unc lear . 

Kinetic studies have indicated a trans ient form of ferri-

cytochrome � j us t  prior to breaking of the Fe - S bond ( 8 1 ) .  

Myer et a l . ( 8 9 )  have differentiated an intermediary form 

between the s tate I I I  to state IV trans i tion which they have 

labe led s tate I I I b using re sonance Raman ( RR )  spec troscopy . 

Thi s  study indicated a tightening of the outer domain of the 

pyrrole r ings whi le the porphyr in core dimens ions remained 

unchanged dur i ng this transition . 

The stab i l i ty of the c losed heme crevice form of cyto­

chrome c can be monitored by the absorption band at 6 9 5  nm . 

Thi s  absorption band i s  not due to a n�n* trans it ion as ob­

s e rved in othe r porphyrin type complexes . Rather , it 

results f rom a porphyr in a 2u ( n )  to Fe a 1g ( dz 2 ) promotion . 

Thi s  type of promot ion i s  refer red to as a charge -trans fer , 
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and i s  re l ated t o  the sulfur atom of methionine 8 0  coor­

dinating to the heme i ron in oxidi zed cytochrome � ( 9 0 , 9 1 ) . 

I t  i s  a relative ly weak absorption band with a calculated 

6€ 6 9 Snm ( reduced minus oxidi zed ) of 8 0 0  M- 1  cm- 1  ( 9 2 ) .  

The 6 9 5  nm band i s  related to the ove r a l l  conformation 

of the protein moiety of ferr icytochrome � and is  absent for 

the reduced form . As a result i t  can and has been used as a 

sens i t ive indicator of the native structure of ferr icyto -

chrome c .  When the conformation of the protein I s heme 

crevice region i s  suff ic ient ly disturbed so that this bond 

is broken , there i s  a concomi tant loss of the 6 9 5  nm absorp­

tion band . Thi s may be accompli shed in ferr icytochrome � by 

extreme s of pH ( 8 2 ) , high temperatures ( 5 1 , 9 3 , 9 4 ) ,  and the 

addition of denaturants such as trichloroacet ic acid ( 9 3 ) , 

urea ( 9 5 , 9 6 ) , guanidinium hydrochlor ide ( 9 7 ) ,  and a lcohols 

( 9 8 , 9 9 )  . Thi s  band i s  a l so absent in the dimer and higher 

o l igomer s  of ferr icytochrome � ( 1 0 0 ) and in comp lexes formed 

with ionic ligands such as CN- and N3
- ( 1 0 1 , 1 0 2 ) . The 

c losed heme c revice conformat ion of ferrocytochrome c is  

less suscept ible to change s in environmental conditions . 

Circular dichroism ( CD )  spectra of ferrocytochrome � both 

with and wi thout 9 . 0  M urea were in excel lent agreement with 

one another ( 1 0 2 ) . Such agreement in CD spectra indicates 

t h at the conf ormation of reduced cytochrome c in high 

concentrations of urea are indi stinguishable f rom the native 

prote i n .  I n  the s ame study , however , CD spectra o f  ferri-



4 4  

cytochrome � indic ated l arge conformational change s i n  the 

presence of urea , which are in direct corre lation with the 

loss of the 6 9 5  run absorption band . The stabi l ity of the 

ferrous s tate has been shown to exi st under such extreme 

conditions as 9 5 °C ( 5 1 ) , pH 1 2 . 0  ( 8 1 ) , and the addition of 

reagents such as CN- , N3
- and imidazole ( 8 1 ) . 

When the pH of ferr icytochrome c i s  rai sed to 1 3  

another low spin complex ( state V )  i s  produced with a pK of 

1 2 . 7 6 ( 8 1 ) . This state i s  be l ieved to be cons ider ab ly 

unfo lded whi le sti l l  retaining the strong f ie ld ligand of 

state IV . Lower ing the pH of the neutral form be low = 3 

produces a high spin comp lex ( s tate I ! ) with a pK of 2 . 5  

( 8 1 )  . Thi s  trans ition of ferr icytochrome � f rom low spin 

( state I I ! ) to high spin ( s tate I ! ) upon acidi f ication is 

be l ieved to i nvo lve replacement of at least one of the axi al 

l igands by a water mo lecule . From NMR relaxation expe r i ­

ments , Gupta and Koenig ( 5 2 )  confirmed that water molecules 

were rapidly exchanging with at least one of the axial 

ligands as the pH was lowered be low = 4 . Myer et a l e ( 8 9 ) , 

us ing RR spectroscopy to study the core s i ze of the por ­

phyr i n ,  i ndicated that the i ron lies  in the heme p lane in 

s tate I I . Based on thi s  inve stigation they conc luded that 

the acidic s tate I I  form of ferr icytochrome � consi sted of a 

hexacoordinated high spin comp lex with two water molecules 

as the axial  ligands . I f  only one water molecule was coo r ­

dinated , a mixed conf iguration ( one weak and one s trong 



4 5  

f ie ld axial l igand ) would have existed causing the i ron atom 

to lie  out of the heme plane . Therefore , RR spectroscopy 

has conf i rmed the coordination conf igurat ion water - Fe -water 

for ferr icytochrome � at pH va lue s be low 3 as was f ir s t  sug­

ges ted by Harbury and Loach ( 1 0 4 ) . 

Both the far-ultraviolet absorption band at 1 9 0  rum and 

the u ltraviolet re sonance Raman ( UV  RR )  spectra showed a 

hypochromic enhancement upon ac idi f ication of state I I I  

( 1 0 5 ) . Thi s  hypochromism was associated with di sordering of 

the polypept ide backbone in going f rom state I I I  to state 

I I . However ,  the amide I f requency at 1 6 5 0  cm- l  i n  the UV 

RR spectra rema ined unchanged between the se two states 

( 1 0 5 ) . If subs tant i a l  unf o lding of the he lices we re to 

occur , this band wou ld have been expected to shi ft to a 

highe r f requency upon acidi f i cat ion . I t  thus appears that a 

ma j or a l teration of the heme i ron spin state occurs with 

only mi nima l dis ruption of the prote in ' s  secondary and ter­

t i ary structure in this state I I I  to I I  trans it ion . 

According to RR spectral  ana lys i s  of Myer et a l . ( 8 9 )  

an addit ional conformational form occurs for ferr icytochrome 

� prior to format ion of state I I . They have labe led this 

precursor to the acidic form as state I l I a ' having a pK of 

3 . 6 • E n e r g e t i c  change s in certain vibrational modes 

ref lected that the low spin hexacoordinate st ructure of the 

native s tate I I I  conformation was maintained with s l i ght 

shr inking of the porphyr in core dimensions in the trans it ion 
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Using RR analys is Mye r et � ( 8 9 )  ca lculated 

heme core dimensions for ferricytochrome £.. both with and 

wi thout 4M urea added at pH 7 . 0 .  The former indicated a 

s light compress ion of the heme core of = 0 . 0 1 A whi le s t i l l  

r e taining a l l  other structural features of a low spin 

hexacoordina te heme £.. compound . Ferr icytochrome £.. is known 

to undergo a s l ight loosening of the heme crevice region 

upon addition of 4 M urea ( 9 5 , 9 6 ) . Thi s  led Myer et � 

( 8 9 )  to conc lude that shr inking of the heme core upon going 

from s tate I I I  to I l I a was due to a dis ruption of prote in­

heme interactions caused by weakening of the heme crevice 

region . Likewi se , this behavior was suggested by proton NMR 

studies in this s ame acidic pH range ( 1 0 6 ) .  

I n  cont rast to the state I I I �II  trans ition further 

ac idif icat ion of ferricytochrome c gives r i se to a form 

( state I )  that i s  tota l ly denatured . The pK for the state 

II to I trans it ion is = 0 . 4 2 and results in another high- spin 

complex ( 8 1 ) . The axi a l  ligands in this state I form are 

presumably the s ame as those in state I I , water mo lecule s .  

I n  summar i z i ng , Mye r et � ( 8 9 )  have es tabli shed a l l  of the 

var ious pH-dependent conformational states of ferricyto-

chrome c at both l imits of the pH scale . Fo llowing i s  a 

schematic representat ion of the se conformational states : 

I ++ I I  

< 1  

++ I l I a ++ I I I  

2 . 5  3 . 6  

++ I I I b ++ IV ++ V 

8 . 4  1 0  > 1 2  
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B y  analyzing heme energetics , core s i ze , planar i ty ,  and 

coordination conf i guration with the aid of RR spectroscopy 

Myer et a l e  ( 8 9 )  have e lucidated two addit ional s tates over 

and above the f ive given by Dickerson and Timkovitch ( 8 1 ) . 

RR spectroscopy has been shown to be a powerful probe for 

monitor ing conformat ional and conf i gurational trans i tions 

occurr ing in cytochrome � unde r var ious condit ions . 

F .  Redox Conformational Change s of Cytochrome c 

I ntense acti vi ty has deve loped concerning any observ­

able conformational changes that might exi st between the 

oxidi zed and reduced states of cytochrome � The idea of a 

dr astic conformational change between the two redox states 

was be lieved to explain such i ndirect observations as the 

reduced state being mor e  highly resi stant to thermal dena-

turation ( 8 1 )  and tryp s i n  dige stion ( 1 0 7 ) . Such evidence 

sugge sted that the reduced state was much more compact when 

compared with the oxidi zed s tate of this prote in . With 

the se and many other l ines of evidence , i t  was proposed that 

s u c h  l arge state-dependent conformational changes might 

account for the dif ferent binding properties of this prote in 

for i t s  two redox partners ( 1 0 8 ) . 

The extent of the se conformational changes was not 

k n o w n  w i  t h  certainty unt i l  1 9 8 0 , when the f i r s t  high 

r eso lut ion X- ray c rystal structures of these two redox 

states were pub l i shed for tuna cytochrome � ( 4 6 ) . Surpr i ­

sing ly , the ref ined X-ray ana lys is indic ated very l i t t le 
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structural dif ference between the two states . Functiona l ly 

one would expect this to be the case , cons idering that any 

large energy consuming conformational change might impact 

on the rates at which cytochrome � donates and accepts e lec-

trons i n  vivo . -- --- More recent ly , Mayo et a l . -- -- ( 1 0 9 ) have 

exper iment a l ly determined the energy requi red for internal 

reorgani zation of cytochrome � upon reduction . I n  a unique 

expe r imental approach , they used a modif ied ruthenated form 

of cytochrome � and determined the long-range intramo lecular 

e lectron transfer rate between the surface bound ruthenium 

complex and the heme i ron in cytochrome � Such long-range 

i n t r a mo lecular e lec tron trans fer rates were tempe rature 

independent , sugges t ing a relative ly sma l l  ( � 0 . 3  eV ) reor -

gani zation energy between the two redox states . 

Al though the energet ics between redox states indicated 

very little inte rna l reorgani z ation , sma l l  but signi f icant 

conformational change s over large portions of the protein 

have been obse rved upon reduction . The occurrence of such 

sma l l  structura l  changes were seen in the X- ray c rystal 

a n a l y s i s  i n v o l ving the bur ied water mo lecule that is  

hydrogen bonded to d i f ferent parts of the po lypeptide ( 4 6 ) . 

I n  the oxidi zed s tate , this water mo lecule was shown to be 

1 . 0  A c loser to the heme with the heme itself moving 0 . 1 5 A 

out of i t s  heme c revice . Such mot ions cause a few of the 

residue s , whos e  s ide chains are invo lved in hydrogen bonding 

with this water molecule and the herne , to unde rgo a s l ight 
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X- ray ana lys i s  showed that 

the hydrogen bond formed between the inner propionate group 

on the heme with t ryp tophan 5 9  and tyros ine 4 8  causes the se 

residues to move towards the inter ior of the protein upon 

reduction . 

h yd r o g e n  

Anothe r res idue , tyrosine 6 7 , was shown to be 

bonded to this bur ied water mo lecule and i t  

underwent a s imilar type of motion . 

have a l so indicated a s imultaneous 

The X- ray st ructures 

downward movement of 

asparagine 5 2 , which i s  located at the bottom left port ion 

of the prote in . The s l ight movement of tryptophan 5 9  

between oxidation states has also been evident i n  studies 

of the f luore scence spectrum of this protein in solution 

( 1 1 0 , 1 1 1 ) . F luorescence spec tra obtained upon reduction 

indicated a movement of the t ryptophan towards the heme by 

0 . 7  ± 0 . 3  A ( 1 1 0 ) . 

Bosshar and Zlir rer ( 1 1 2 ) , using a dif ferential  chemical 

modif ication approach , compared the chemical reactivity of 

the var ious lysine res idues between the reduced and oxidized 

forms of hor se heart cytochrome � When this compar i son was 

made , only 3 of  the 19 lys ine res idues ref lected any ma j or 

d i f f e r ence s  in acetylation rate with acetic anhydr ide . 

Lys ine res idue s 5 3 , 5 5 ,  and 3 9  we re a l l  shown to be less 

reactive towards acetic anhydr ide for ferrocytochrome � when 

compared to the ferri  form . The rationale for such a de­

crease was based upon the increase of pK ' s  of the se partic­

ular lys ine res idue s caused by them becoming more exposed to 



5 0  

the aqueous medium o n  reduction . 

Lys i ne res idue s 5 3 , 5 5  and 3 9  are a l l  grouped together 

in the lower left portion of the molecule , j ust be low the 

heme pocket . Studies in solution with NMR spectroscopy have 

a l so demonstrated that this region of the prote in is very 

f lexible upon oxidat ion state change , particular ly around 

iso leuc ine 5 7  ( 1 1 3 ) . I n  addition , NMR studies have a l so 

indicated that this f lexibi l i ty extends to the surf ace of 

the protein i n  the region around phenyla lanine 1 0 . 

Dickerson et a l . ( 4 5 )  recogni zed the pos sible dynamic 

features of surf ace groups when using Kendrew mode l s  of 

cytochrome � derived f rom X- ray c rystal structures for this 

prote in . They demonstr ated from such mode ls , that it was 

pos s ible to swing the phenyla lanine 82 res idue to the right 

s ide in such a way that it blocks the heme crevice opening . 

Such a local conf ormational change at that time was sugge s -

ted t o  b e  inst rumenta l in mediating e lectrons between the 

heme edge of cytochrome c and the e lectron transfer s i te of 

its redox partner s .  Recent computer mode ling studies on 

docking of cytochrome c and cytochrome b5 X- ray crystal 

structures have revealed ins ight to this motion ( 1 1 4 ) . In 

these mo lecular dynamics s imulations phenylalanine 82 was 

shown to be quite f lexible , s ampling many regions before 

bridging between the two heme groups in this precursor 

comp lex . What s igni f icance this br idging has on e lectron 

trans fer react ions of  cytochrome c with its physiological 
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redox partne r s  remains unc lear . However , a s  pointed out by 

Wendo loski e t  � ( 1 1 4 ) it could be of importance in coup­

l i ng the heme e lectronic sys tems or di splacing so lvent at 

the mo lecular inte r f ace . I ndeed , f rom the resulting gain in 

entropy on precursor comp lex formation between cytochrome � 

and cytochrome � oxidase , water i s  be l ieved to be expe l led 

within the interaction domain ( 7 8 ) . 

More recently , Li ang et � ( 1 1 5 ) have indicated the 

b i o l o gical s igni f icance of the evolutiona r i ly conserved 

phenyla lanine 8 2  res idue by replacing it with a nonaromatic 

amino acid . In compar i son with the nat ive protein , replace­

ment of this group led to a 1 0 4 decrease in the intramole­

cular e lectron trans fer rate of the comp lex formed between 

cytochrome � and z inc - subst i tuted cytochrome � peroxidase . 

At this t ime it can only be speculated that such differences 

are not caused by the disruption of the prote in structure 

upon repl acement of this res idue . From the se and othe r 

studies ( 5 1 ) , the most dynamic changes are seen to occur at 

the surf ace of the mo lecule whe re exposed mobi le res idue s 

are not l imited by the packing constraints that exist in the 

inter ior of the protein structure . 

Surface f lexib i l i ty has been proposed for some t ime to 

be necessary for prote in-protein recognition and binding 

between cytochrome c and its two membrane bound react ion 

partners . Lys ine res idues surrounding the heme edge are 

qui te f lexible , thus a l lowing them to bind more ef fective ly 
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with the var ious c arboxy lates o f  cytochrome � s  redox part­

ner s . Change s i n  the binding a f f inity of cytochrome c 

towards i t s  redox partners  upon oxidation- reduction have 

been indicated through graphical docking exper iments ( 1 1 6 ) . 

Thi s  study sugge sted a l arge movement ( = 0 . 5  A ) of  lys ine 

2 7  away f rom the binding face of its redox partner upon 

oxidation . According to Rackovsky and Go ldstein ( 1 1 6 ) , this 

mot ion leads to a change i n  binding aff inity which provide s 

a d i ssociation s igna l to the cytochrome c-redox partner 

comp lex . 

G .  Electrode Re act ions of Heme Proteins 

Although the means of determining thermodynamics , kine­

tics , and mechani sms of he terogeneous e lectron transfer have 

been known for quite some t ime , it wasn ' t  unt i l  after the 

mid 1 9 7 0 ' s that the use of the se techniques began to gain 

populari ty for l arge biological mo lecule s .  The reason for 

this s low deve lopment was the inherent lack of communication 

between bio logical mo lecules and e lectrode substrates . Such 

lack of communication led to s low and often negl igible rates 

of direct e lectron trans fe r , thus prevent ing the use of con­

vent ional e lectrochemical technique s involving current mea s ­

urements ,  i n  the i r  character i zation . 

Slow and i r reversible heterogeneous e lectron transfer 

rates were attr ibuted to the insulat ing properties of the 

prote i n  surrounding the mo lecule ' s  active s i te , making this 

site inacce s s ible to the e lectrode . However , in 1 9 7 7  three 
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groups reported more we l l  def i ned e l ectrochemi stry o f  two 

redox prote ins , cytochrome � ( 1 1 7 , 1 1 8 ) and fer redoxin ( 1 1 9 ) . 

Since then , a substant i a l  amount of knowledge has been gath­

e red concerning the interfacial behavior of heme proteins at 

various e lectrode sur f ace s . 

A prope rty viewed as nece s sary in order to achieve we l l  

behaved diffus ion control led rate s , i s  the rever s ible bind­

ing and dis soc iat ion of the e lectrode sur face towards heme 

proteins ( 1 2 0 ) . Funct ional groups at the e lect rode solution 

inte r f ace that are c apable of binding directly or indirectly 

with the prote i n  are therefore be l ieved to be neces sary for 

the above conditions to be met . E lectrodes with such char­

acte r i s tics were f i r s t  used by Yeh and Kuwana ( 1 1 7 ) in ex­

per iment s invo lving hor se heart cytochrome � at a tin-doped 

i ndium oxide e lectrode . such e lectrode s contain oxide 

groups which c an potent i a l ly bind with the protein , thus 

placing the mo lecule in a prefer red orientation for e lectron 

transfer . 

At the s ame t ime that tin-doped indium oxide e lectrodes 

were be ing used , work on gold e lectrode s was be ing carr ied 

out by two separate groups . Landrum et � ( 1 1 9 ) reported 

that a polyme r i c  f orm of methyl vio logen adsorbed on a gold 

m i n i g r id e lectrode was capable of d i rect heterogeneous 

e lectron transfer with fer redoxin at rates faster than 

previou s ly reported for thi s  prote in . Eddowe s and Hi l l  

( 1 1 8 ) we re l ikewise able t o  enhance the e lectron trans fer 
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rate o f  cytochrome � a t  a gold e lectrode substrate , by the 

addit ion of 4 , 4 ' - bipyr idine to the so lution . such compounds 

were d i f ferent f rom the e lectroactive organic molecules used 

be fore this t ime , c a l led " mediators" , whose formal potent ial  

had to be  within the s ame range as the bio logical mo lecule 

of interest ( 1 2 1 , 1 2 2 ) . The 4 , 4 '  -bipyr idyl 'compound , when 

added to solution , was one of the f i r s t  molecules known to 

accelerate the e lectron t rans fer rate of redox prote ins 

whi le be ing e lectroinactive in the potent ial  window of the 

mo lecule being s tudied . Based on the structure and the 

vo ltammetric re sponses of such compounds H i l l  et � ( 1 2 3 ) 

h a v e  s u g g e s t e d  t h a t  t his mo lecule is  perpendicular ly 

oriented towards the e lectrode , having a nitrogen atom of 

one pyr idyl ring adsorbing onto the e lect rode sur face whi le 

the othe r r ing i s  di rec ted out into solution . Therefore 

according H i l l  et a l . ( 1 2 3 ) , this so-called " sur face promo -

ter" type e lectrode contains weakly basic pyr idyl groups 

which are be l ieved to be capable of binding with cytochrome 

c .  Howeve r ,  the exact or ientat ion of this promoter on the 

e lectrode sur f ace is sti l l  not certain and is current ly an 

area of intense inve s tigation . 

The opinions regarding the mechanism by which surf ace 

promote r s  might funct ion are divided . As mentioned earlier , 

Albe ry et a l . ( 1 2 0 ) be l ieve such promoters increase rates 

through the i r  spec i f ic binding interactions with the protein 

in so lut ion at the e lectrode inter face . According to Chao 
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e t  a l .  ( 1 2 4 ) , promoters might also play a role i n  preventing 

e lectrode foul ing by i rrever s ible adsorption of prote in . 

I ndeed , throughout the l i te rature adsorption of prote ins 

onto e lectrode sur f aces seems to be a general  phenomenon . 

However ,  the se two concepts of  prote in e lectron exchange are 

contradicted i n  the case of cytochrome £3 ,  a po lyheme - type 

prote in s imi lar to the monoheme cytochrome � In this pro­

tein , fast e lectron exchange rates are known to occur at 

go ld e lectrode s in the absence of such promote rs , even 

though strong irrever sible surf ace adsorption has been indi­

cated ( 4 ) . Such bare e lectrode surfaces lack the functional 

groups that are nece s s ary , according to the mode l proposed 

by Albe ry et � ( 1 2 0 ) , for protein binding inter actions . 

H owever , Bianco and Ha ladj ian ( 1 2 5 )  have more recent ly 

proposed that e lectron exchange in thi s  mo lecule might occur 

due to the interactions between oppos ite ly charged sites of 

adsorbed and f ree cytochrome £3 mo lecules in so lut ion . 

type of mechanism wou ld support the original mode l 

This 

for 

p rotein binding interact ions proposed by Albery et a l . 

( 1 2 0 ) . Therefore , the action of these modifiers  i s  s t i l l  

unc lear . 

Modi fying e lect rode surfaces with an e lectron promoter 

opened up a new area in e lectrochemi stry , by providing a 

c o n v e n i e n t  w a y  o f  i n v e s t i g ating direct heterogeneous 

e lectron t rans fer react ions of heme proteins . S ince the 

initial report by Eddows and Hi l l  ( 1 1 8 ) many e f f ective 
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promoter s  have now been found which can enhance the e lectron 

t r a n s f e r  reactions of l arge biologica l molecules at a 

variety of dif f erent e lectrode surf aces . Taniguchi et a l . 

( 1 2 6 ) were the f i rst to report the use of a pre- adsorbed 

promoter ,  bi s ( 4 -pyridy l ) disulphide , which exhibited a we l l  

de f i ned quasi - rever s ible rate of e lectron trans fer for cyto­

chrome c at a gold e lectrode , without the need for any 

promoter in s o lution . 

Al len _et _ _ a 1_._ ( 1 2 3 ) have more recently de f ined the nec -

essary structure- function relat ionship of various promoter 

mo lecules that wi l l  f a c i l itate the transport of e lec trons 

between e lectrode and redox sys tems . After investigating 

some f i f ty- f our e lectron trans fer promoters , they have pro-

posed that in order to achieve a successful modi f ication , a 

bi funct ional mo lecule of the X�Y type is  neces sary . In such 

a mo lecu le , X represents a functional group which adsorbs or 

binds to the metal  surface , whi le Y represents a functional 

group pos i t ioned away from the e lectrode sur f ace , out into 

solution . The sur f ace active end , X ,  must be an e lectron 

pai r donor group having e i ther a nitrogen , phosphorous , or 

sulfur atom . The functional end , Y ,  on the other hand must 

be an ionic or weakly basic group capable of forming a salt 

br idge and/or  hydrogen bond to posi tive ly charged lysine 

res idue s on cytochrome � s  sur f ace . Bifunc tional promoters 

containing weakly basic pyr idyl and ani line - like nitrogen 

groups were shown to be capable of hydrogen bonding to ly-
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s ine res idue s . Whi le promoters containing groups like car­

boxylate , sul f onate , and phosphate were found c apab le of 

forming salt bridges with such res idue s . 

Al len e t  � ( 1 2 3 ) have a lso indicated in the i r  study 

that promoter s  should maintain l imited conf ormat iona l f lexi ­

b i l i ty i n  order to react more e f fective ly with cytochrome � 

mo lecules in s o lution . such f lexibi l i ty must be l imited in 

order to prevent the Y end of the promoter f rom adsorbing 

onto the e lectrode sur f ace . The consequences of extreme 

conformational f lexibi l ity were demonstrated with 1 ,  2 - bis 

( 4 -pyridyl ) e thane ( 1 2 3 ) . This mo lecule was shown to be able 

to f l ip ove r and adsorb both of the pyr idyl nitrogens onto 

the metal  e lect rode surface . Such a conformational change 

prevented the Y groups from providing an e lectrode / so lution 

inter f ace c apable of prote in binding interact ions , thus 

g i v i n g  n o  o b s e rved e l ect rochemi stry for cytochrome c .  

Howeve r ,  1 ,  2 - b i s  ( 4 - pyridyl ) ethylene , a more r igid mo lecule 

due to its doub le bond character , was shown to promote 

d i rect heterogeneous e lectron t rans fer for thi s protein . 

Therefore the observed e lectrochemis try of the se two surf ace 

adsorber s  towards cytochrome S supports the necess ity for 

l i m i t e d conformational f lexibi l i ty and r igidity o f  the 

promoter . 

Par a l l e l  to the deve lopment of modi f ied e lectrodes has 

been the rapid growth in inte rest towards unmodi f ied e lec-

trode systems . Such interest sprang f rom the early report 
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o f  Yeh and Kuwana ( 1 1 7 ) descr ibing the direct e lectrochemis­

try o f  horse heart cytochrome � at tin-doped indium oxide 

and f luor ine - doped tin oxide semiconductor e lectrode s in the 

absence of surface modi f iers . The e lectrode reaction of 

cytochrome c at tin-doped indium oxide was a we l l  behaved 

qua s i - reversible reaction whi le that of tin oxide was of a 

lower degree o f  reve rs ibi l i ty . Upon further inve st igation 

( 1 2 7 - 1 2 9 ) o f  the se two e lectrode systems , e lectron trans fer  

react ions were f ound to proceed in a we l l  behaved d i f f us ion 

c o ntrol led manne r but with s lower rates than had been 

o r igina l ly reported . Not on ly were the kinetics much 

s lower , but the e lectrode react ions were a lso f ound not to 

obey But ler-Vo lmer theory ( 1 3 0 - 1 3 2 ) for a s imple one e lec-

tron transfer system . Thi s  d i f f e rence was later attr ibuted 

to the impur ity of cytochrome � s amples used in the latter 

studies ( 1 3 3 )  . 

The e lectrochemistry o f  cytochrome � at metal oxide 

semiconduc tors has more recent ly been found to be strongly 

dependent upon e lectrode pretreatment procedures ( 1 ) . I n  

the case o f  tin-doped indium oxide semiconductor s , high ly 

reve r s ible vo ltammetric re sponses ( k O ' s , h  > 1 0 - 1 cm/ s ) were 

observed for cytochrome £! Such responses were obtained 

when the e lectrode was s ub j ected to a standard pretreatment 

procedure , i . e . , sonication in e thano lic detergent mixtures 

and then highly pur i f ied deioni zed water , f o l lowed by pre ­

equi l ibrat ion i n  a buf fer  so lution containing t r i s / cacody-
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The e lectrode reaction was indicated t o  be 

highly reproduc ible even in the presence of an adsorbed 

l ayer of cytochrome � ( ca .  1 0 %  of a mono layer ) .  

I n  contrast with the indium oxide e lectrode , f luor ine ­

doped tin oxide e lectrode s subj ected to the s ame standard 

pretreatment procedure gave e l ectrochemical re sponses for 

cytochrome � that were much less reversible , yie lding con­

s ide rably lower rate cons tants ( k O ' s , h  < 1 . 0  X 1 0 - 3 cm/ s )  

( 1 ) . The tempor a l  dependence o f  the heterogeneous kinetics 

for cytochrome � at the tin oxide e lectrode was interpreted 

as be ing due to non -equ i l ibrium sur face condit ions of the 

e lectrode when subj ected only to the standard pretreatment 

procedure . Vo ltammetric cycling of the e lect rode al lowed 

equi libr ium to occur as the re sponses became more reproduc ­

ible , though with poorer kinetics than the f i r s t  few cyc les . 

This study the refore indicated that the hydration state of 

the oxide sur f ace may play an important role in obtaining 

stable rates of hete rogeneous e lectron trans fer towards heme 

proteins . 

E lectrostatic interactions between the sur f ace of the 

metal  oxide e lectrode and heme protein are a l so be lieved to 

be important in contro l l ing rates of heterogeneous e lectron 

trans fer  ( 1 ) . Metal  oxide e lectrodes contain a high concen­

t r ation of surf ace oxygen spec ies which c an be e ither 

protonated , neutral ,  or negative ly charged depending on the 

particular meta l oxide used and the pH of the solution that 
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i t  i s  in . Such acid-base equi libria can contro l coulombic 

and hydrogen bonding i nteractions between the protein mole ­

cule and the metal  oxide sur f ace , much l ike that requi red in 

prote in-prote in interactions . The surf ace charge f or a 

particular metal oxide e l ectrode i s  related to what i s  

c a l led the point o f  zero zeta potent i a l  ( pz zp ) . The p z z p  i s  

the p H  at which adsorbed H+ and OH- a r e  equa l o n  the e lec­

trode sur f ace . The pzzp i s  a lso refe r red to as the point of 

zero charge ( pHpzc ) when no other e lectrolyte ions , bes ide s 

H+ and OH- , are spec i f ic a l ly adsorbed . The ref ore , the 

charge on the e lectrode surf ace would depend on its partic­

ular p z z p , be ing e i the r attract ive or repu l s ive with re spect 

to this va lue for a particular charged protein . 

A n o t h e r f actor that c an pre sumably a f fect surface 

charge on semiconductor type e lectrode sur f aces is the f lat-

band potent i a l  ( Ef b ) ( 1 ) . Excess charge in a semiconductor 

is distr ibuted in the space charge region , unlike that of a 

pure metal  in which excess charge res ides on the surf ace or 

so-cal led He lmho l t z  layer . As the potent i a l  o f  a pure 

semiconduc tor is changed , excess charge in this region a long 

with that r e s iding at the e lectrode solution interface , 

c auses band bending i n  the semiconductor .  The semiconduc tor 

bands are bent upwards , towards the so lution inte r f ace , when 

the charge on the semiconductor i s  posit ive with re spect to 

that in solution . The e l ectrode potent ial  at which the 

bands are not bent i s  the Efb . With the high doping leve l s  
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used i n  the semiconductor type e lectrode s descr ibed here , 

the e lectrode wi l l  have both semiconductor and metal type 

c h a r a c t e r i s t i c s . T h eref ore , us ing such highly doped 

e lectrodes might o f f set or reverse the sign of a particular 

semiconductor i f  its Efb i s  very much dif f erent from that of 

its p z z p . Thi s  last point has been used to explain the 

apparent pos i t ive sur f ace charge obse rved for the quasi­

reve r s ible rates  of cytochrome c at the f luor ine-doped tin  

oxide semiconductor ( 1 ) . 

The avai lab i l i ty of diff erent kinds of me tal oxide 

s u r f a c e s  has now made the se e lectrodes attractive for 

studyi ng hete rogeneous e lectron transfer react ions of a 

var iety o f  biological mo lecule s .  Harmer and Hi l l  ( 1 3 4 ) have 

found direct qua s i - revers ible e lectrochemistry for cyto­

chrome � ferredoxin and rubredoxin at ruthenium dioxide and 

iridium dioxide e lectrodes . Tin- doped indium oxide e lec­

trode s have now been succe s s f u l ly used to  obtain quasi­

r ever s ible rates  for proteins like myoglobin ( 1 3 5 )  and 

cytochrome � 5 3  ( 1 3 6 ) . Therefore , the hydrophi l ic and near 

neutral  acid-base properties o f  the se kinds of inter f aces 

appe ar to be compatible with a variety of dif fe rent pro­

teins . 

Non-me tal  e lectrodes such a s  carbon have a l so shown 

direct e lectron t r ans fer with cytochrome � as we l l  as other 

prote ins ( 1 3 7 , 1 3 8 ) . Differences between c leaved , po l i shed 

and edge oriented pyro lyt ic graphite have been de scr ibed 
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( 1 3 7 ) .  Electrochemistry of cytochrome c at a freshly 

c leaved basal plane graphite e lectrode was rather poor . The 

f act that such surfaces were indicated to be hydrophobic 

could probably explain such results . However ,  upon po l i sh­

ing with a lumina s lurry more product ive e lectrochemi stry was 

achieved for thi s  prote in . The fastest of the pyrolytic 

graphite results was with an edge or iented e lectrode . such 

an e lect rode was shown to give qua s i - rever sible rates for 

cytochrome � The rate enhancement in going from c leaved to 

edge oriented graphite was shown to be due to the formation 

o f  ( C - O )  f u n c t i ona l groups on the carbon e lectrode ' s  

surface . The principle of cutt ing the graphite across the 

aromatic r ings in the edge oriented case was bel ieved to 

rupture C - C  bonds which could then possibly recombine with 

oxygen to form c - o . The s ame principle was be l ieved to 

occur upon po l i shing . The various ( C -O ) funct iona lities 

t h e r e f o r e  c o nst itute reve rs ible and product ive binding 

d om a i n s  s imilar to the metal oxide and modif ied type 

e lectrodes . 

Bare ( unmodi f ied ) metal and mercury e lectrodes , unl ike 

t he e lect rode s mentioned above , have shown very little 

succe s s  in obtaining direct and near reve r s ible rates of 

heterogeneous e lectron trans fer with most heme proteins . An 

exception here i s  noted in the case of cytochrome £3 ,  which 

is  known to exchange e lectrons in a reversible manner with 

both mercury and bare solid e lectrode s ( 4 , 1 2 5 ) . Cytochrome 
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£J i s  a protein with the s ame dimens ions as cytochrome c but 

u n l ike this mo lecule , cytochrome £J contains four heme 

groups . Even though an exact mechani sm for this protein is  

s t i l l  rather vague , a possible explanation for the reac t i -

vity o f  cytochrome £J might b e  based o n  the re lative pos i -

t ion o f  the heme groups in re lation t o  the protein ' s  sur -

f ace . S ince the heme groups in cytochrome £J are c loser to 

the mo lecular surf ace , when compared to the position of 

c ytochrome c ' s  heme group , the probabi lity of e lectron 

exchange is expected to be highe r for cytochrome £J due to 

shorter dis tance between the heme s and the e lectrode . 

Polarographic studie s  of cytochrome � at mercury , indi-

cated that the reduct ion o f  this  protein occurs through an 

i rrever s ibly adsorbed layer ( 1 3 9 ) . Later studies with cyto-

chrome c at me rcury indicated the strong e f fect adsorption 

played on the e lectron trans fer  rate . Serre et a l . ( 1 4 0 ) ,  

among others , demonstrated that cytochrome � s  reduct ion can 

be polarographica l ly rever s ible if its concent ration is  kept 

be low 3 0 � .  Howeve r ,  with higher concentrat ions adsorpt ion 

became evident by the increas ing irreve r s ibly and negative 

shi fts  in the polarographic ha l f -wave potentia l . Strong 

adsorpt ion e f fects we re also indicated in the c a lculat ion of 

dif fusion coe f f ic ients for this protein at mercury . I n  this 

regard , polarographic currents where shown to be dif fus ion­

control led whi le the dif fus ion coe f f ic ients ca lculated from 

them were shown to be f ar less « 1 / 2 ) than by hydrodynamic 



6 4  

methods . 

Seve r a l  mode l s  have deve loped over the years to explain 

the s luggish e lectron trans fer proces s  for the reduction of 

cytochrome c on mercury . I n  the Kuznetsov ( 1 4 1 ) mode l ,  

native cytochrome � mo lecules are be l ieved to be c apable of 

exchanging e lectrons with the e lectrode in the pores o f  an 

i rrever s ibly adsorbed monolayer o f  f l attened and denatured 

mo lecules on the e lectrode surf ace . I n  this type of mode l , 

i n c r e a s es i n  e lectrode overpotent i a l  were shown to be 

direc t ly corre lated with the energy spent in pore expansion 

as the nat ive cytochrome � mo lecules squeezed into the pores 

of the f lattened mono l ayer of prote in . It was indicated 

that f i lm pres sures i n  the mono l aye r increase with concen­

trat ion making i t  more di f f icult for the nat ive molecules to 

squeeze into the pores , thus increas ing the dis tance of 

e lectron trans fer  to the e lectrode sur f ace . Therefore , 

rates of e lectron trans fer  abruptly s low down as the bu lk 

concentration o f  cytochrome c is rai sed due to this dis tance 

e f fect . Higher overpotent ials  are then needed in orde r to 

compensate for the s l ower rates of e lec tron trans fer . 

Sche l ler ( 1 4 2 )  proposed a mode l in which at low concen­

trations a nat ive conformation exists for the adsorbed cyto­

chrome c mo lecules . When the concentration i s  increased 

e lectron transport i s  then be l ieved to occur by two s imulta­

neous pathways . One involving an exchange type mechanism 

with already reduced mo lecules on the e lectrode sur f ace and 
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the othe r by way o f  a hoppi ng mechanism through the adsorbed 

l ayer of mo lecules .  A s imi lar , but somewhat different , 

mechani sm was proposed by Haladj i an et a l . ( 1 4 3 ) . I n  the i r  

mode l a highly f lattened and denatured adsorbed l aye r i s  

be l ieved t o  exist on the mercury e lectrode sur f ace , s imi lar 

to the Kuz netsov model mentioned e ar l ier . However ,  e lectron 

trans fer  i n  this mode l i s  be l ieved to proceed by way of an 

exchange between the denatured adsorbed layer and the native 

cytochrome c mo lecules in solution . I n  such a case , an 

e lementary e lectrochemical mode l wou ld be of the type : 

e lectrode / adsorbed denatured prote in / prote in in solu­

t ion . That adsorbed cytochrome � was actua l ly denatured 

could be demonstrated by Ha ladj ian et � ( 1 4 3 ) us ing f i lm 

trans fer  expe r iments in both the presence and absence of 

oxygen . The adsorbed layer in that study was indicated to 

be eas i ly oxidized by oxygen .  However ,  i n  the case of 

native cytochrome � this i s  known not to happen . The extent 

of this denaturation is s t i l l  a point of controversy and is 

part of the work that wi l l  be reported in this dis sertation 

using s i lver e lectrode s . 

I n  the case o f  bare me tal e lectrode s , studies of direct 

heterogeneous e lectron t rans fer of heme proteins have been 

even s l ower to deve lop . Kano and Nakamura ( 1 4 4 ) in 1 9 5 8  

were the f i r s t  t o  demonstrate direct reduction o f  cytochrome 

c at solid bare metal e lectrodes when using p lat inum . How­

ever , l arge overpotentials ( n >  0 . 5  volts ) were necessary in 
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order t o  dr ive the reduction process . Even larger overpo-

tent ia l s  ( n > 1 . 2  volts ) have been reported for both go ld and 

platinum e lectrode s for the oxidation process of cytochrome 

c ( 1 4 5 ) . Such i rrever sible e lectrode responses for cyto-

chrome c we re also noted for bare metal substrates such as 

nicke l ( 1 4 6 ) and s i lver ( 3 , 1 4 7 ) . Lack of voltammetric redox 

peaks at such bare me tal e lectrode surfaces have therefore 

l imi ted the i r  use in determining direct hete rogeneous e lec­

tron trans fer  parameters for heme proteins . 

The general  lack of hydrophilic chemical functional 

groups ( 1 4 8 ) and strong i r reve r s ible surf ace adsorption of 

protein and/or solution impurities ( 1 , 1 2 4 ) are thought to be 

the main reason for neg li gible re sponses of metal e lectrodes 

t ow a r d s  h eme proteins . The requi rements for a c lean 

hydrophilic bare e lect rode sur f ace have been substant iated 

in the work reported by Bowden et a l . ( 1 ) . With a spec ial  

pretreatment procedure on a go ld e lect rode , i .  e . , exposing 

the metal  to a soft hydrogen f lame prior to study , they were 

a b l e  t o  a c h i e v e  nearly revers ible heterogeneous rates 

( k O ' s , h  > 8 . 0  X 1 0 - 2  cm/ s )  of e lectron transfer with cyto-

chrome c .  Such pretreatment was reported to remove organic 

contaminants , which made the e lec trode surf ace hydrophobic , 

result ing a more hydrophilic type surface . Although the i r  

r e sponses d i d  not l a s t  very long , calculated dif fusion 

coe f f ic ients were consi stent with known hydrodynamic values , 

unl ike those o f  mercury ment ioned ear lier . 
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The tempor a l  dependence o f  the voltammetric responses 

c ited above we re be lieved to be due to s low contamination of 

the gold surface by irreve r s ib le adsorption of so lution 

impurities or prote in . Cytochrome � s amples used in that 

work we re chromatographica l ly puri f ied and then lyophi l i zed . 

I n  a more recent report from our laboratory ( 1 4 9 ) ,  which 

wi l l  be e laborated on later in this dissertation , it is 

c lear that lyoph i l i z at ion has a dramatic e f fect on both the 

rate and stabi l i ty of direct heterogeneous e lectron transfer 

o f  cytochrome � at bare meta l  e lectrode s . Lyophi l i z ation 

d e natures some of the cytochrome c sample , which then 

irreve r s ib ly adsorbs onto the e lect rode sur f ace caus ing 

e lectrode foul ing with t ime . Thi s  pos s ibly exp lains the 

lack of temporal  stabi li ty for cytochrome c at go ld ci ted by 

Bowden et � ( 1 ) . 

H .  Resonance Raman Spectroscopy of Heme Proteins 

In the pre sent section a s imple int roduction wi l l  be 

g i ven to the f ie ld of re sonance Raman ( RR )  scatter ing 

spectroscopy . Since the bas is o f  the work pre sented has 

been with heme containing proteins , the discuss ion of the 

technique of RR wi l l  be l imited to this area . This section 

is not meant to be comprehensive but rather it is  designed 

to estab l i sh a start ing point from which the reader may 

proceed in unde rstanding some of the points to be made later 

under the sect ion entit led surf ace enhanced resonance Raman 

scattering ( SERRS ) spectroscopy . 
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By empl oying RR spectroscopy i t  i s  pos sible t o  obtain 

s t r uc t u r a l  i n f o r m a t ion f rom deep within very complex 

biological mo lecules . The nature of the RR e f fect i s  such 

that only vibrational mode s assoc iated with the chromophoric 

group , i .  e . , the heme in this case , o f  the molecule are 

enhanced ( 1 5 0 ) .  The consequences of this e f f ect are very 

i mportant s ince the remainder of the vibrational modes 

associ ated with the heme prote in are not enhanced and there­

f ore do not comp l icate the spectra . This i s  re levant from a 

p hysio logic a l  standpo int s ince the technique is  both a 

h i g h l y  s e lective and extreme ly sens itive probe of the 

chromophoric group , which i s  of ten the s i te of bio logical 

activity . 

A Raman spec trum can be obtained when incident photons , 

usua l ly from a vi sible light source such as a laser , are 

ine lastica l ly scattered from a s ample . Various mo lecular 

trans i tions o f  the s ample cause the se scattered photons to 

gain or lose a quantum of energy . Those photons which gain 

a quantum of energy are ref erred to as ant i-Stokes scatte ­

ring , whi le those which lose a quantum o f  energy are known 

as Stokes scatter ing . Whi le both type s of Raman scattering 

provide the s ame informat ion , Stoke s scattering i s  the one 

mos t  often used due to its higher intens ity .  The mo lecular 

trans i tions often observed in the Raman scatter ing process 

c a n be o f  t r a n s l a t i o n a l , rotationa l , vibrat iona l ,  or 

e lectronic origin . For large biologi cal molecules the 
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transi t ion o f  greatest interest i s  vibrationa l . Such a 

vibrational spectrum in Raman spectroscopy wi l l  be displayed 

as a f requency shift ( 6v )  between the inc ident and scattered 

radi ation . Thi s f requency shi ft corresponds to the energy 

trans fer red between mo lecules and photons upon scattering . 

I t s  measurement ref lects the character i stic vibrations of 

the mo lecule . For heme proteins , the se characteristic Raman 

vibrational bands wi l l  undergo spec i f ic changes in both fre­

quency and intensity when the chromophoric unit of the 

mo lecule is a lte red . 

Polar i z at ion properties of the mo lecular light scat­

ter ing proce s s  can a l so be used as a diagnostic too l in 

Raman spectroscopy of heme proteins . By measuring the 

intensity of the scattered radiation in the parallel ( I I I ) 

and pe rpendicular ( I� ) modes , e s timates of the po lar i z at ion 

ratios p = 11 / 1 1 1  can be made . The se ratios are useful in 

structura l  studies of heme prote ins si nce the symmetry of a 

particular vibrationa l mode can be determined f rom them . 

Vibrational bands with po lar i z ation ratios of 0 . 7 5 ± 0 . 1  are 

de signated as depolari zed ( dp ) , those with polar i z ation 

ratios lowe r than 0 . 7 5  as po lari zed ( p ) , and those with 

r atios greater than 0 . 7 5  as anomalous ly po lari zed ( ap )  

( 1 5 1 ) . Using the se establi shed po lar i z ation ratios porphy­

rin r ing modes c an be ass igned in the Raman spectrum . 

Totally symmetric vibrations give r i se to polar i z ed bands 

which are ass igned to A1g modes . The B1g and B2g mode s are 
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a s s i g n e d  t o  n o n - t o ta l ly- synunetric vibrations produc ing 

depo lar i zed Raman bands . Ant i - synunetric vibrations of  the 

porphyr in r ing are assi gned to A2g modes . The se last modes 

are only act ive in resonance Raman scattering and give r i se 

to anomalous polar i z ation . 

I n  addition to po lariz ation properties , re sonance Raman 

scatter ing can a lso provide insight into the normal mode s of 

vibration . Re sonance Raman scatter ing w i l l  occur when the 

exc i ti ng laser l i ne is tuned into an e lectronic absorption 

band . Upon resonance with an e lectronic absorpt ion trans i-

tion some of the Raman bands wi l l  be great ly enhanced . 

Figure 5 i l lustrates the most prominent opt ical absorption 

bands for cytochrome c .  In the case of reduced cytochrome 

s two absorption trans it ions are obse rved in the vis ible 

region ( a  and � ) , and one in the near ul traviolet ( Soret ) . 

In this f igure , the Soret band appears at 4 1 6  nm whi le the a 

and � bands occur at 5 5 0  and 5 2 0  nm ,  re spect ive ly . For a 

heme protein such as cytochrome S the non-total ly- synunet ric 

( B 1g ' B2g ) and ant i - synunet ric ( A2g ) mode s are enhanced upon 

re sonance of the laser line with e i ther the a or � e lectro­

nic absorption bands ( 1 5 2 , 1 5 3 ) .  On the other hand , when the 

laser l ine i s  in resonance with the Soret band po lari zed 

scatter ing f rom tot a l ly synunetric A1g modes are the most 

predominant vibrations in the spectrum . The re fore , the fact 

that only certain Raman vibrational bands are enhanced 
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imparts a se lectivity to the re sonance Raman ef fect . 

Another d i s tinct feature of RR spectra obtained unde r 

e ither Soret or a , �-band exc itation i s  the magni tude of the 

enhancement e f fect . Under Soret exci tation , enhancement is  

greate r s ince i t s  e lectronic trans ition i s  approximate ly ten 

t ime s stronger and much nar rower than e i ther the a or � 

absorption bands . Such strong enhancement a l lows both lower 

concentrations and lowe r incident laser powers under Soret 

excitation . More important ly , in re lat ion to the pre sent 

work , is that the main oxidation state marker band ( v4 ) is a 

p o l a r i z ed mode which i s  strongly enhanced under Soret 

exc i tation ( 1 5 4 ) . Enhancement of the v4 band the refore 

a l lows one to monitor change s in the oxidation state of heme 

proteins . Anothe r Raman band of importance in the present 

di scuss ion involves the spin- state marker band v3 ( 1 5 4 ) . 

This i s  a lso a po lari zed band and i t  is  strongly enhanced 

d u r i n g S o ret exc itation , thus it provide s a means of 

monitor ing change s in the spin state of heme proteins . For 

principal mo lecu lar mot ions contr ibut ing to the obse rved 

normal v ibrational modes of the RR indicator bands ( v3 and 

v4 ) see Appendix I I . Further assignments of heme protein 

vibrational Raman bands are avai l able in the l i terature 

( 1 5 4 , 1 5 5 ) . 

The fol lowing di scuss ion concentrates on two of the 

pr imary RR indicator bands ( v3 and v4 ) .  The f i r s t  is v4 , an 

oxidation state marker mode whose frequency is sensitive to 
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e lectron dens i ty i n  porphyr in n* - orbi tals . Thi s  band i s  

sens it ive t o  both the oxidation s tate of the metal ion , and 

the presence of axi a l  l igands having n- acid character ( 1 5 6 ) . 

Figure 6 i l lustrates shi f ts in f requency corre sponding to 

change s in cytochrome � s  oxidation state . I n  particular , 

the v4 band shifts f rom 1 3 6 0  cm- 1 in the reduced state to 

1 3 7 3  cm- 1  in the oxidi zed state . This has been interpreted 

in terms of n back donat ion f rom the Fe eg ( dn ) orbitals to 

the porphyr in eg ( n* ) orbitals ( 1 5 4 ) . In the oxidi zed state , 

n back donation i s  dimini shed due to the lowe ring of the Fe 

eg ( dn ) energy leve l .  This causes an increase in the force 

constants of porphyr in st retching modes , thus leading to the 

observed upward shift in frequenc ies . 

Whe reas the v4 band i s  only dependent on oxidation 

state , the v 3 band is sensit ive to change s in oxidation 

state , spin-s tate , and coordinat ion of the heme i ron . Thi s 

po lari z ed mode , found in the region of 1 4 8 0 - 1 5 1 0  cm- 1 , is  a 

common fe ature in Soret exc itation Raman spectra of heme 

prote ins . As i l lustrated in Figure 6 ,  for a s ix-coordinate 

low spin heme protein such as cytochrome � the v3 f requency 

is found at 1 4 9 3  cm- 1 in the reduced state and 1 5 0 3  cm- 1  in 

the oxidi z ed state . This change in f requency of the v3 band 

can be interpreted in a s imi lar fashion to the f requency 

shi f t  of the v4 band . Thi s  is due to the fact that both the 

coordination and the spin state of the heme i ron rema in the 

s ame . Howeve r ,  i n  cases whe re the spin-state and coordina-
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F igure 6 .  Re sonance Raman spec tra of cytochrome c :  ( a ) : 
r e d u c e d  f o r m , ( b ) : oxidi zed form . ( 4 1 3 . 1  nm 
exc i tation wave length ; 6 0  � solutions ; pH 7 . 0 ) . 
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t ion o f  the heme i ron change , somewhat different f requency 

shifts occur . I n  the case of  a six-coordinate high- spin 

complex i n  the oxidi zed s tate , v3 occurs at 1 4 8 2  cm- l and 

shi fts to 1 4 9 2 - 1 4 9 6  cm- 1 for a f ive -coordinate high- spin 

species ( 1 5 4 , 1 5 7 ) . According to Spiro and Strekas ( 1 5 4 ) 

these f requency shifts of the v3 band are due to structural  

changes of the heme protein , with pos s ib le doming and ruf -

f l ing of the porphyri n  r ing . I n  such a case , f requency 

shi f t s  are be l ieved to arise f rom a lterations in the n-bond 

order due to less  e f f ective overlap of porphyr in n orbitals 

( 1 5 8 ) . 

I .  Surf ace Enhanced Re sonance Raman Spectroscopy 

I n  this sect ion some very basic background wi l l  be 

pre sented for the technique of sur face enhanced resonance 

Raman scatter ing ( SERRS ) spectroscopy of heme proteins . 

SERRS i s  s imi lar to the technique of resonance Raman ( RR )  

scatter ing mentioned i n  the previous section . Howeve r ,  in 

the case of SERRS spectroscopy , a higher enhancement f actor 

is observed in the Raman scatter ing cross- section f rom mo le­

cules adsorbed on or placed near rough metal sur f aces such 

as coppe r , gold and s i lver ( 1 5 9 ) .  Not only can intense 

s igna l s  be obtai ned at rough metal sur f aces , but a lso at 

such metal  s tructures as gratings , l ithographical ly produced 

metal spheroids , i s land f i lms , and col loidal particles . Of 

these surface s , s i lver has been obse rved to give a greater 

spectral enhancement ( = 1 0 6 ) and is therefore the sur f ace 
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used i n  the present s tudy . Howeve r ,  the main concern of 

this s tudy wi l l  be with SERRS at e lectrode interf aces . Thi s  

l arge enhancement f actor provides the means f o r  obtaining 

h i g h r e s o l u t i o n  v i b r ational spectra of heme proteins 

adsorbed on these particular metal sur face s . Such spectra , 

l ike RR , enable one to character i ze in s i tu the interfacial 

and conf ormat iona l behavior of a heme prote in such as 

cytochrome � at an e lectrode sur f ace . 

Although both SERRS and RR spectroscopy give s imi lar 

Raman spectra , the re are some diff erences between them . One 

exper imenta l anomaly observed in SERRS is the complete de­

po lari zation of all vibrational mode s . Thi s  effect is  

p r e s um a b l y  d u e  to mu ltiple scatter ing ef fects at the 

roughened surface ( 1 6 0 ) . Whe reas p values are approximately 

zero for symmetric vibrat ions in RR , this value l ies in the 

range of 0 . 6 0 to 0 . 7 5  for a l l  SERRS bands . Since a l l  bands 

are e s sent i a l ly depo lari zed , it is not poss ible to use 

po lari zation measurements to dete rmine mode symmetries of 

vibrational bands . I nstead , bands must be corre lated with 

previous ly a s s igned RR bands whose norma l mode symmetry has 

been we l l  establi shed . The extens ive l i terature on heme 

prote in RR spectra provides a means for making struc tur al 

inferences f rom the SERRS spec tra of such prote ins . The 

f act that a l l  SERRS bands are depolar i z ed i s  a good crite­

r i on for proving that the observed spectra are indeed 

surf ace enhanced . 
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Another feature i n  the surface enhanced mechani sm i s  

the departure f rom v4 intens ity dependence which applies to 

norma l but not resonance Raman scattering ( 1 6 0 , 1 6 1 ) . The 

s ur f ace enhanced mechani sm i s  instead dependent on the 

p a rticular surf ace and the state or roughnes s  of that 

surf ace . Thi s  mechanism ' s  intens i ty pro f i le has been shown 

to fol low the exc itation of local surf ace p lasmon resonances 

f rom surf ace protrus ions ( 1 6 2 ) . The se protrusions give the 

surface its roughne s s , a crucial  f actor for the adsorbate ' s  

enhancement f rom the substrate . Formation of s i lver micro-

structures , known as adatom complexes , on the scale larger 

than 2 5 0 - 5 0 0  A are deemed nece s s ary in order to obse rve sig­

nif icant enhancement . The se adatom comp lexes can be formed 

on a s i lver e lect rode sur face by a typical oxidat ion/ reduc ­

t ion cyc le ( ORC ) ( exp lained in the Exper imenta l  section ) . 

T h i s  s u bmicroscopic scale roughne s s  i s  be l ieved to be 

involved in the long - range enhancement e f fects predicted by 

e lec tromagnetic ( EM )  theor ies ( 1 6 3 ) . 

Although the f i nal mechanism of the enhancement is  

sti l l  undetermined , most groups now ope rate with the working 

hypothes i s  that coupl ing of sur f ace plasmon waves i n  the 

metal and the adsorbed species by way of an EM mechanism , i s  

re sponsible at least t o  a large measure f o r  the ef fect . 

S imultaneous ly with the EM mechani sm a short range enhance­

ment mechanism ( 1 6 4 ) , based on chemic a l  theory , is  be l ieved 

to occur . I n  this mechani sm direct contact between the 
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adsorbate and spec i a l  sur f ace sites on the metal ,  referred 

to as " SERRS act ive site s" , are be l ieved to be necessary for 

the short range enhancement . This chemical mechani sm give s 

r i se to estimated enhancement f actors of ca . 2 orders  of 

magnitude ( 1 6 4 ) . Watanabe et � ( 1 6 5 )  have indicated these 

s i  tes to consist of Ag+ complexes which occupy a rather 

sma l l  f r action « 1 0 % ) of the ent ire surf ace , at the end of 

e lectrode ORC pretre atment . Calculations by Roy and Furtak 

( 1 6 6 , 1 6 7 ) have more f i rmly es tabli shed the nature of the se 

active s i tes by suggest ing a pyramidal Ag4
+ c luster . 

I n  the chemical enhancement mechanism a weak chemical 

bond i s  formed be tween the positive ly charged Ag 4
+ c luster 

and the lone pa i r  of the adsorbate . This bond might also be 

formed by either a bridging anion , a spec i f ic a l ly adsorbed 

anion ( ion pai r ) , or a IT bond inte rac tion between the adsor-

bate and the active s i te . A chemic a l  enhancement mechani sm 

was f i rst env i s ioned by Otto ( 1 6 4 ) us ing a charge - transfer 

exc itation process between the sur face Ag+ comp lex and the 

adsorbate . I n  the charge -transfer process the incident 

photon is  be l ieved to promote an e lectron f rom the s i lver 

Fermi leve l ( Ef ) to the excited state of the chemi sorbed 

mo lecule leaving a hole in the meta l . The e lectron then 

c h a r g e  t r a n s f e r s back into the metal and radiat ive ly 

recombine s with the hole whi le the adsorbed mo lecule is left 

in the exci ted vibrat ional state . Therefore the charge -

transfer process resemb les a RR process in which the photon 
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directly excites the e lect ron f rom the ground state o f  the 

molecule into the f i r s t  exc ited e lectronic s tate . This 

transit ion can a lso occur in a reve rse manner in which the 

e lectron i s  charge transfer red f rom the ground s tate of the 

chemi sorbed molecule into the Ef of the meta l .  The energy 

a l i g nm e n t  between Ef and the mo lecu lar states of the 

adsorbed molecule is a funct ion of chemi sorption and of the 

app l ied potenti a l  at the e lectrode / e lec trolyte interface . 

Thi s  type of mechanism has reasonably accounted for the 

observed potent i a l  dependence of the sur face enhancement , 

s ince change s in potential wi l l  shi ft the relative pos i t ion 

of the s i lver Ef against the vacant leve l of the adsorbed 

mo lecu le . 

Anothe r impo rtant prope rty of SERRS in relation to RR 

spec troscopy invo lves f luorescence . I t  has been found that 

the metal surface can ef fective ly quench the f luorescence of 

adsorbed mo lecules ( 1 6 8 ) . This i s  e spec i a l ly important when 

one is dea l i ng with chromophoric sys tems s ince most are 

highly f luore scent . The pre sence of even a sma l l  amount of 

f luore scence or phosphore scence contaminant could easily 

wipe out the spectrum . Thi s  i s  due to the fact that RR 

scatter ing i s  several  orders of magnitude weake r relative to 

e i ther the f luorescence or phosphore scence and is therefore 

cons i s tent ly plagued with s ignal to noise diff icultie s . 

However ,  in the case of SERRS the signa l to no ise is  much 

higher s ince f luore scence is ef fect ively quenched . 
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The preceding paragraphs were directed towards presen­

ting the f undamenta l mechani sms of surf ace enhancement . The 

mu ltiplicity of e f fects and the diff iculties in dist ing­

ui shing between them , have not led to the e stabli shment of a 

mechanism which explains a l l  the exper imenta l observations . 

However , even wi thout knowledge of its prec ise mechanism , 

SERRS c an be appl ied to the e luc idation of many important 

i n t e r f ac i a l  phenomena . The conformat ion of bio logical 

mo lecules in the adsorbed state i s  j ust one of its promis ing 

areas . 



CHAPTER I I  - EXPERIMENTAL 

I n  a previous report f rom our l aboratory ( 1 3 3 ) atten­

tion has been drawn to the ef fects of s ample purity on the 

voltanunetric response of cytochrome � at solid metal oxide 

e lectrode s . I n  that report i t  was c lear that impur ities 

found in high qua l ity commercial s amp les of cytochrome � 

could affect the heterogeneous e lectron trans fer kinetics at 

e lectrode s . The se impurities were recogni zed by Brautigan 

et a l . ( 1 6 9 ) when commercial s amples of cytochrome � were 

a p p l i e d  t o  a C M - cel1ulose ion exchange chromatography 

co lumn . Impurities preceding the native band we re referred 

to as deamidated and those after as polyme ric ( o ligomeric ) 

forms . Only the central band is  the native form of cyto-

chrome c s ince the othe r two f ractions have been shown to 

react with both CO and 02 ( 1 7 0 ) . In addit ion , the o ligo-

me ric form of cytochrome � has been shown to be enzymatical-

ly inactive with the cytochrome � oxidase sys tem ( 1 7 1 , 1 7 2 ) . 

As can be seen cytochrome � can exist in multiple forms only 

one of which , nat ive cytochrome S occurs in vivo . There-

fore , in order to mode l in vivo e lectron transfer react ions 

it is neces s ary to avoid contamination of the s ample by 

deamidated and o l igome r ic forms . 

8 3  
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Cytochrome � f rom commercial sources arrive s i n  lyophi ­

l i zed ( dr ied ) form . Both magnetic susceptibi l i ty ( 1 7 3 ) and 

EPR ( 1 7 4 ) type measurements have detected a high- spin dena­

tured component i n  lyophi li zed ferricytochrome � Thi s  com­

ponent , however , has been indicated to disappear ( in = 2 0  

sec . ) upon redisso lving dehydrated ferricytochrome c i nto 

aqueous media ( 1 7 5 ) . This observation that denaturation of 

c y t o c h r o me � upon drying i s  a reversible process has 

therefore led mos t  laboratories to use lyophi l i z ation of 

cytochrome c as a convenient means of  storing this protein 

for long pe riods of t ime af ter chromatographic pur if icat ion . 

However ,  a more recent report ( 2 )  has indicated that a sma l l  

amount of thi s denatured ferr icytochrome � doe s not return 

to its native state when reint roduced into aqueous media . 

U p o n  r e p u r i f i c a t i o n ,  three chromatographic bands we re 

observed for s amples lyophi l i z ed after pur i f ication but only 

one band was observed for non- lyophi l i zed pur i f ied s amples . 

T h e  t h r e e  bands obse rved in s amples lyophi li zed after 

pur i f icat ion e luted in a s imi lar f ashion to that reported by 

Braut igan et � ( 1 6 9 ) in non-pur i f ied commercial s amples . 

The refore , the proce s s  of lyophi l i z ation generates various 

amounts of deamidated and o ligome r ic forms of cytochrome � 

which do not return to the i r  nat ive form when redi sso lved . 

A l  t h o u g h  the amount of these impurities has not been 

quant i f ied , chromatogr aphic observations indicate that it  is 

certainly less  than 0 . 1  % of the native mater ial . Even 
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though thi s quant i ty o f  impur ities may seem sma l l , i t  can 

have dramatic ef fects on the heterogeneous e lectron trans fer 

of native cytochrome c at s i lver e lectrodes , as wi l l  be 

shown later in thi s  s tudy . 

I n  the pre sent s tudy , horse heart cytochrome � ( type VI 

f r o m  S i gm a  C h e m i c a l  C o mp a n y )  was chromatogr aphical ly 

pur i f ied as previous ly desc ribed ( 1 3 3 , 1 6 9 ) us ing a carboxy­

methy lce l lu lose ( CM- 5 2 , Whatman ) co lumn . Approximate ly 1 0 0  

mi l l igrams o f  this cytochrome � s ample were dissolved i n  4 

mL of 4 0  roM phosphate buf f er , pH 7 . 0 .  This so lution was 

then care f u l ly pipeted onto a 50 mL buret containing 4 0  mL 

of carboxymethylc e l lu lose equ i l ibrated with the same 40 roM 

phosphate buffer . After the s ample was loaded on the 

co lumn , separation was begun by e luting with 9 0  roM phosphate 

buf fer , pH 7 . 0 .  The entire pur i f ication process was carr ied 

out in a refr igerator at 4 ° C .  The e luent was col lected in 

5 mL a liquants by a f raction col lector ( Redirac mode l 

# 2 1 1 2 ) . The central chromatographic band was poo led and 

then concentrated us ing an Amicon ultrafi ltration cell  with 

a YM5 f i lter . Phosphate ions were removed from this portion 

of the pur i f ied cytochrome � s amp le by chromatography on a 

de s a lting co lumn ( Bio-Rad # P - 6DG )  with wate r as the e luent . 

A f raction of this pur i f ied desa lted cytochrome � was then 

lyophi li zed and s tored at - 4 ° C for use in later expe r i ­

ments . Solutions of cytochrome � in 0 . 0 5 M Na2 S04 and i n  

0 . 0 5 M Tr i s / cacody l ic acid buf fer p H  7 . 0  we re prepared by 
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adding an appropr iate amount o f  the corre sponding e lectro­

lyte to the non- lyoph i l i zed aqueous pur i f ied cytochrome £.. 

solution . S imi lar solutions were made by adding appropr iate 

a mounts of the lyoph i l i zed material  to the e lectro lyte 

solut ions . A l l  Na 2S04 solutions used in this work had a 

measured pH of 6 . 3 .  I n  this study , best results were 

obtained when cytochrome £.. s amples were used within a short 

per iod of t ime after chromatographic pur i f ication . This 

w a s  found to be particularly important in cases where 

cytochrome c is in so lution with either Na 2 S04 or phosphate 

buf fer so lutions s ince these s amples are eas i ly contaminated 

by bacteria within 3 or 4 days after purif ication . However ,  

s amples of cytochrome £.. in Tris/ cacodylic acid were found to 

give good results after a longe r pe riod of time ( = 2 weeks ) .  

Thi s  i s  probab ly due to the ef fect cacodylic acid has in 

inhibit ing bacte r i a l  growth thus l imiting the amount of 

contamination in such s amples with t ime . Cytochrome c 

concentrations we re dete rmined using a Beckman Acta MVII 

spec trophotometer at 5 5 0  rum using a reduced minus oxidi zed 

difference mo lar absorptivity , M = 2 1 , 1 0 0  M- 1  cm- 1  ( 1 7 6 ) . 

Absorbance spectra were recorded for fully reduced cyto­

chrome £.. bY addit ion of solid sodium di thionite ( ACS grade ) 

to the aqueous pur i f ied ferricytochrome £.. s ample . 

T r i s ( h y d r o x ym e t hy l ) a m i n o me t h a n e  ( S i gm a  C hemical 

Company , Tr i zma Base , reagent grade ) and sodium sulf ate 

( Fi sher Scient i f ic Corp . , ACS gr ade ) were used as rece ived . 
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Cacodylic acid ( S igma Chemical Company , 9 8 %  pure ) was r e ­

crystal l i zed twice f rom isopropano l .  All  solutions were 

prepared in water pur i f ied with a Mi l l i -RO- 4 /Mi l l i -Q system 

( Mi l l ipore Corp . ) which exhibited a res istivity of 1 8  MQ on 

de livery . Samples were deoxygenated prior to use by passing 

water - saturated nitrogen over the sur face of the solution 

whi le s t i r r ing gent ly ove r night at 4 D C  in a sea led serum 

bot t le . Ni trogen used in each exper iment was deoxygenated 

prior to water s aturat ion by passage over hot copper tur ­

nings ( ca .  5 0 0 D C ) . 

The spec troelectrochemica l ce l l  used , s imilar to the 

design of pyun and Park ( 1 7 7 ) , is shown in Figure 7 .  Spec ­

ular re f lectance f rom the si lve r e l ect rode surf ace was ob­

tained with a glass f iber opt ic bundle ( Bi furcated , 1 2  inch , 

Cata log No . 2 2 - 0 2 8 5 ,  Eal ing Opt ical Co . ) .  The combined end 

of the par a l l e l  pair of the f iber opt ic bundle was inse rted 

ins ide a quartz  tube which had been sea led at one end by a 

f lat quartz disc . Thi s  prevented the contamination that 

would result f rom liquid seepage between the glass f ibers . 

The open end of the quar t z  tube was epoxyed to the top of 

the ce l l  cover plate so that the sea led f lat end of the tube 

was pos i tioned ca . 0 . 6  rom above the si lver e lectrode sur ­

face . Thi s  maintained a dis tance which ensured that semi ­

inf inite l inear d i f fusion conditions would exist during each 

expe r iment . Wrapping Te f lon tape around the combined end of 
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Figure 7 .  Spec troe lectrochemical ce l l  des ign ( a ) : bi furc ated 
f iber opt ic light guide , ( b ) : quart z  tube , ( c )  
n i  t r o g en bl anket purge tube , ( d ) : c e l l  cover 
plate , ( e ) : reference e lectrode , ( f ) : platinum 
aux i l iary e l ectrode , ( g ) : quartz disc window , ( h ) : 
plastic c e l l  body , ( i ) : O- ring , ( j ) :  brass shim , 
( k ) : s i l v e r  working e lect rode , ( 1 ) : retainer 
plate . 
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the f iber optic bundl e  a l l owed the ferruled end to f i t  snug­

ly inside the quartz tube and f i rmly against the sea led 

quartz window at the end of the tube . Thi s  arrangement made 

it e asy to remove the f iber optic bundle f rom the c e l l  for 

safe storage between exper iments .  The s i lver e lectrode was 

mounted on the bottom of the cell  us ing a retainer plate . 

Connect ion to the working e lectrode was made by a bras s shim 

isolated f rom the solut ion by an O-r ing seal . The geometric 

area of the working e l ect rode , determined by the ins ide dia­

me ter of the O- r i ng , was ca . 1 . 2 3 cm2 . The cell cover plate 

a l so conta ined a nitrogen blanket /purge tube , a sample in­

j ection port , a reference e l ectrode and a plat inum aux i l iary 

e lectrode . The reference e lec trode probe tip was po sitioned 

ca . 2 mm above the working e lectrode . All  potentials in 

this disse rtat ion are reported ve rsus the normal hydrogen 

e lectrode ( NHE ) and we re obtained with a Ag/ AgC l ( 1 . 0  M KC 1 )  

refe rence e lectrode cal ibrated against satur ated quinhydrone 

( Eastman ) s o lutions of known pH ( 1 7 8 ) and found to be 

0 . 2 2 9 ( ± 0 . 0 0 5 ) V vs . NHE . A l l  exper iments in this work were 

carried out at room tempe rature , 2 2 ( ± 2 )  D C .  

P o l y c r y s t a l l ine si lver foi l , 1 . 0  mm thick ( Alfa , 

9 9 . 9 9 9 % ) , was used as the working e lectrode in cyc lic 

vo ltammetry ( CV )  ( 1 7 9 , 1 8 0 ) , de rivative cyclic  voltabsorpto­

metry ( DCVA ) ( 1 2 7 , 1 2 8 , 1 3 3 , 1 8 1 ) , and single potential step 

chronabsorptome try ( SPS / CA ) ( 1 8 2 , 1 8 3 ) experiment s .  Prior to 

each exper iment the s i lver e lectrode was poli shed to a 
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mirror f i nish us i ng success ive ly f ine r grade s o f  alumina : 

F i s he r 0 . 3 ,  0 . 1 ,  and 0 . 0 5 � .  The e lectrode was then 

sonicated in copious amounts of Milli-Q water . Immediate ly 

after sonicat ion , the s i lver e lectrode was preconditioned by 

continuous voltammetric cyc ling f rom + 0 . 3 8 0  to + 0 . 1 0 0  V vs . 

NHE in deaerated e lectrolyte for ca . 3 0  minutes at a scan 

rate of 20 mV/ s .  After precondit ioning of the e lectrode , 

b a c k g r o u n d  C V  a nd SPS / CA re sponses were acqui red for 

e lectro lyte a lone unde r the s ame exper imenta l  condit ions 

that wou ld later be employed for the cytochrome � sample at 

that same e lectrode in a given e lectrolyte . Solut ions of 

cytochrome � were transferred by a glass syringe f rom the 

sea led se rum bot t le to the ce l l  anaerobically . The ce l l  was 

kept deoxygenated af ter s amp le inj ect ion and during expe r i ­

ments b y  a blanke t of nitrogen . 

Optical monitoring in the spec troelectrochemical expe r ­

iments ( DCVA and SPS / CA )  w a s  performed with a single-beam 

spectrometer configurat ion ( 1 8 4 ) . The spectrome ter ' s  conf i ­

guration cons i s ted o f  a quart z -halogen source , a Heath mono ­

chromete r , a photomultiplier tube and a Heath photomul t i -

p l i e r  module . After pas sing through the monochrometer , the 

source image was focused onto one arm of the f iber opt ic 

bundle by a 6 3  mm focal length lens . The other arm of the 

f iber opt ic bundle was positioned direc t ly in f ront of a 

photomu ltiplier  tube . The current f rom the photomultiplier 

tube was conve rted to a voltage signa l by a current - to-
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voltage converter us ing a Phi lbrick 1 0 2 6  operat ional ampli-

f ier . A series of  additional operationa l amplif iers we re 

used to amp l i fy and o f f set this s igna l to f a l l  within the 

0 . 0 - 1 . 0  vo lt r ange of the ana log-to-digital ( A/ D ) conve rter . 

The e lectrode potent ial  was contro l led with a loca l ly cons­

t ructed potentiostat of convent iona l three -e lectrode de sign 

( 1 8 5 ) . The potentiostat and spectrometer signals were both 

trans f e r red to an integrating 1 6 -bi t A/D converter inter­

f aced to a dedicated UNC ZM8 0 based microcomputer ( 1 8 6 ) . As 

i t  wi l l  be explained in the Appendix , the data acquisition , 

instrument cont rol and subsequent data proce ssing were d i ­

rected b y  a UNC microcomputer with programs wr i tten in 

BASI C .  Al l c a lculations were performed with this system . 

For a numbe r of reasons , the 5 5 0  nm absorbance maximum 

for ferrocytochrome c was monitored instead of the more 

robust maximum at 4 1 6  nm . Absorpt ion by the metal surf ace 

( 1 8 7 ) , the sharp drop-off in the tr ansmi ttance of the glass 

f iber optics used i n  this work , and the weaker source 

intensity at 4 1 6  nm were cons idered . Moreover , a wider s l it 

width c an be used at the broader 5 5 0  nm absorption maximum 

compared with the sharp maximum at 4 1 6  nm . Special concern 

for the s igna l - to-noise ratio is be l abored here because of 

the s igna l corruption that occurs upon taking a derivative 

of the optical s i gna l in DCVA ( 1 2 7 , 1 2 8 , 1 3 3 , 1 8 1 ) . Although 

the 4 1 6  nm d i f f erence mo lar absorptivity , M; = 5 7 , 0 0 0  M- 1 

cm- 1 ( 1 7 6 ) , i s  a lmost three times larger than the diffe rence 
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mo lar absorptivity a t  5 5 0  nm ,  the latter has been used here 

for the reasons given above . 

The d i f fusion coe f f i cient ( Do ) of cytochrome � used in 

all digit a l  s imulations and kinetic analyses was 1 . 1  x 1 0 - 6  

cm 2 / s ( 1 8 8  ) . The forma l potential  ( E  ° ' ) used in each 

ca lculation was determined f rom the midpoint be tween the 

forward and reverse peak potentials t aken f rom s low scan 

DCVA expe r iments for each exper imental condit ion . Forma l 

heterogeneous e lect ron transfer rate constants ( k O ' s , h ) were 

calculated f rom DCVA and CV peak potential separations after 

the method of Nicho lson ( 1 7 9 ) . The e lectrochemical transfer 

coe f f ic ients ( a )  were dete rmined f rom ( Ep / 2  - Ep ) values 

taken f rom the forward potential scans of DCVA and CV 

expe r iments ( 1 8 9 ) . For compar i son , the se kinetic parameters 

were a lso determined f rom SPS / CA expe r iment s ( 1 8 3 ) . The 

formal heterogeneous e lectron transfer rate constants in the 

SPS / CA expe r iments were calculated f rom the intercept of a 

p lot of log kf ,  h vs . overpotential  ( n )  and the e lectroche ­

mic a l  trans fer coef fic ient was calculated from the s lope of 

these plot s . 

Digital s imulation a lgorithms for CV , DCVA and SPS/CA 

re sponses have been previous ly reported ( 1 2 8 , 1 8 1 - 1 8 3 ) .  These 

s imulat ions are based on a s imple one e lectron transfer 

But ler -Volme r system ( 1 3 0 - 1 3 2 ) .  A compar ison between the 

s imul ated and exper imental responses was carr ied out for 

h t S ( a ,  k O ' s , h ' E O ' )  each experiment us ing t e sys tem parame er 
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For the CV digital s imulation program 

refer to reference 1 9 0 . Thi s  program was modif ied for DCVA 

s imul at ion by conve rting the current , i ,  of the s imul ated CV 

into a der ivative of absorbance with respect to potential , 

dA/dE . Thi s  conve rs ion was carried out by using the f o l ­

lowing equation ( der ived f rom refe rence 1 8 1 ) : 

( dA/dE ) = 2 X i ( 1 0 3 �€ / nFAv ) ( 1 )  

where n i s  the numbe r of e lectrons trans ferred , F i s  the 

Faraday constant , A is the e l ectrode area in cm2 , and v i s  

the v o l  tammet r  ic scan rate in mV / s . Eve rything e l se i s  as 

usua l . The f actor 2 in equation 1 i s  due to the 2 / s in e 

dependence of the optical re sponse as it transverses the 

dif fus ion laye r . I n  this correct ion factor to the optical 

re sponse , e i s  the ang le between the inc ident l ight beam and 

the e lect rode sur f ace . The dA/ dE re sponse i s  multiplied by 

two in thi s s tudy s i nce the optical light beam i s  fixed at a 

9 0 °  ang le by the f ibe r opt ic waveguide s .  Thi s  configurat ion 

a l lows the optical beam to traverse twice through the 

d i  f f u s  i o n  l a y e r . Therefore , contrary to transmiss ion 

exper iments at opt ica l ly transparent e lectrode s , where the 

light beam trave r se s  only once through the dif fus ion layer , 

t h e  r e s p o n s e  o b t a i n e d  by re f lec tance spectroscopy is  

increased by a f actor of two . For the SPS / CA and DCVA data 

acqu i s i t ion programs refer to the Appendix . 

I n  order to conve rt the DCVA response ( dA/dE ) to its 

corre sponding current ana log ( i ) , the dA/dE f i le was divided 
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by the fac tor ( 2  X 1 0 3 6 E / nFAv ) i n  equation 1 .  Such a dA/dE 

f i le would correspond only to the current due to the fara­

daic proce s s , unl ike that in CV where both faradaic and non­

f aradai c  proce sses occur at the s ame t ime during a potential 

scan . Therefore by acquir ing CV ' s  and DCVA ' s  s imultaneous ly 

i t  was pos s ible to subtract the faradaic response whi le the 

s am p l e  w as in solution , leaving only the non- faradaic 

component of the total current . By compar ing the background 

of e lectrolyte potent ial  scan with this no- f aradaic compo­

nent , derived f rom the CV /DCVA subs tract ion technique , it 

was possible to determine ef fects of the e lectroactive 

species on the doub le layer capac itance . 

E l e c t rochemical roughening of the s i lver e lectrode 

sur face fol lowed a previous ly descr ibed procedure ( 3 ) . I t  

consi sted of a n  oxidat ion reduct ion cyc le ( aRC ) pretre atment 

with a double potential step wave form f rom - 0 . 3 7 0  V to 

+0 . 6 8 0  V in 0 . 1  M Na 2S04 ' The current passed in the oxida­

tion s tep was digitally integrated using the computer and 

then the potent i a l  was returned to - 0 . 3 7 0  V after ca . 2 5  

mCoul /cm2 of  anodi zation charge had passed ( = 5 sec ) . The 

ce l l  was then r insed and a degas sed cytochrome £... solution 

was inj ected into the c e l l  with a glass syr inge as de scr ibed 

earlier in thi s sect ion . 

S i lver sols  were made according to the preparat ion 

reported by Suh et a l . ( 1 9 1 ) . A si lver nitrate ( MCB ) 

solut ion ( 2 2 mL of 1 . 0  mM )  was added dropwise to a stirr ing 
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sodium borohydr ide ( Al f a  I norganic ) solution ( 6 0 mL of  2 . 0  

roM ) ; both solutions were chi l led to ice temperature . Such 

solutions produced a ye l low col loid suspension which changed 

to blue upon addit ion of cytochrome c .  The quanti ty of 

cytochrome £... added was ca lcu lated so as to give an overall  

solution concentrat ion of 1 0 - 7 M .  SERRS measurements of 

this cytochrome £... col loid solution were made in a spinning 

quar t z  cylindr ical ce l l . 

The e lect rochemical ce l l  used for SERRS in this work 

has been descr ibed by Bi rke et a l . ( 1 5 9 ) . The e lectrode 

used for these exper iments was a thick si lver wire ( 2  rom in 

diame ter ) inserted into an insulating tef lon rod which was 

then cut at a 4 5 °  ang le . This tef lon rod was inserted in 

the c e l l  f rom the bottom . With this conf iguration the laser 

beam was focused on the si lver e lectrode from the top of the 

ce l l  with the scatte red radiation being col lected at a 9 0 °  

angle to the inc ident radiation . Both the top and the s ide 

of the c e l l  we re made with an optically f lat quartz window . 

The reference e lectrode was a Ag /AgC l ( 1 . 0  M KC 1 )  e lec trode 

which was i so lated f rom the ce l l  by an agar ge l saturated in 

1 . 0  M Na 2 S04 solution . Thi s  isolation prevented chlor ide 

from contaminating the s i lver e lectrode due to leakage f rom 

the Ag/AgCl reference e lect rode . The aux i l iary e lectrode 

u s ed was a p latinum wire . The e lectrode po li shing and 

roughening ( ORC ) procedures were carr ied out as previously 

de scribed . 



9 7  

T h e  e x c i t at ion source used i n  both SERRS and RR 

exper iments was a krypton ion laser ( Spectra Physics mode l 

1 7 1 ) equipped with an ultra-high-field magnet .  The excita­

tion wave length used in all expe r iments was 4 1 3 . 1  run to 

observe Soret enhancement . Scattered light was col lected at 

9 0 °  by a Canon f / 1 . 2  50 mm lens and focused onto the s li t  of 

a 0 . 5  m spectrogr aph ( Spex mode l 1 8 7 0 ) equipped with an 1 8 0 0  

groove /mm grating . Glass f i lters ( Corning or Schott ) were 

used when necessary to attenuate scattered laser light . The 

d e t e c t i o n s y s tem was an opt ical mu lt ichanne l ana lyz er 

( Prince ton Applied Re se arch Corp . Mode l 1 2 1 5 / 1 2 1 6 ) with a 

Mode l 1 2 2 4  s i l icon- intens i f ied vidicon detector head in a 

cooled ( - 5 0 ° C )  housing . All  s amples were exc i ted at low « 

5 mi l l iwatt s ) laser power as measured by a power meter 

( Liconi Mode l 4 5  PM ) .  The beam wai s t  at the sample was 1 0 0  

� .  A l l  spec tra we re cal ibrated with the known f requenc ies 

of indene ( 1 9 2 ) . The reso lut ion was 2 cm- 1 and band 

f requenc ies are accurate to ± 1  cm- 1  for s trong isolated 

bands . No smoothing was pe rformed on any of the spectra 

shown in thi s d i s ser tat ion . 



CHAPTER I I I  - RESULTS AND DI SCUSSION 

A .  I n t e r fering Faradaic and Non-Faradaic React ions at 

S i lver Electrode s . 

C y c l i c  voltammet ry ( CV )  has been one of the most 

powe rful and wide ly used voltammetric techniques for obtain­

i n g  t h e r m o d y namic , kinetic and mechanistic information 

attendant to an e lectron transfer react ion at an e lectrode 

( 1 7 9 ) . The shape of the current voltage curve s obtained from 

CV expe r iments can be used as a diagnostic cr iter ion for the 

e lectron transfer react ion of a species . The vo ltammogram 

of a s imp le hete rogeneous e lectron transfer react ion , one 

with no complications such as adsorpt ion or homogeneous 

r e a c t i o n s  p r e c e d i n g  or fol lowing the charge transfer 

proce s s , w i l l  give rise to two vo ltammetric peaks or waves . 

One on the forward ( cathodic ) scan , which occur s at some 

potent ial  Ep , c ' and anothe r on the reve rse ( anodic ) scan , at 

some va lue Ep , a . The peak potenti a l  separat ion , 6Ep , ( where 

6Ep= Ep , a  - Ep , c ) c an be one of the most prominent features 

for c l a s s i fying the mechanism of the reaction , as we l l  as 

obtaining e lectrochemical and chemical parameters of the 

system . By measuring 6Ep for a given sweep rate of the 

potent ial  it is possible to c a lculate the rate constant , 

k O '
s , h ' of the e lectron trans fer reaction in terms of theo­

retical va lues of  6Ep given by Nicho l son ( 1 7 9 ) . Large 

9 8  
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values o f  6Ep i ndicate a charge transfer process which is  

i r reversib le on the t ime scale of  the experiment . I n  this 

case the charge transfer process is s low in compari son to 

the rate of d i f fus ion of the spec ies to the e lectrode , thus 

becoming the rate l imit ing step in the e lectrode reaction . 

The s impl ic i ty of varying the potential  scan rate in CV ' s  

make s i t  pos s ible to study the e lectrochemical sys tem unde r 

d i f ferent t ime sca les in an exper iment . 

Therefore , the power of CV expe r iments i s  that a lmost 

any e lectrochemic a l  rate constant can be obtained by s imply 

varying the potent ial  sweep rate of the cyc lic voltammetric 

scan . Although it is  theoretic a l ly pos sible to obtain a 

wide range of rate constants , exper imenta l ly it is  not so 

straightforward . Certain exper iment a l  constraints can limit 

the abi lity to extract and interpret information f rom di rect 

heterogeneous e lectron transfer react ions when us ing cyc lic 

voltammetry . An exper imenta l  constraint related to the 

present invest igation is the abi l ity to discr iminate between 

the farada ic cur rent due to the e lectron transfer reaction 

of the spec ies of interest and any othe r current re sponses 

observed dur ing a cyc l ic scan of a CV . Complications arise 

w h e n t h e  d i f ference between the se voltamme t r i c  current 

re sponses are sma l l . I n  such a case i t  i s  d i f f icult to 

s e parate the purely faradaic cur rent , due to a charge 

trans fer proces s  invo lving solution redox species , f rom that 

of the other components of the current . I n  the limiting 
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case o f  s low e lectron transfer kinet ics there i s  greater 

diff iculty in obtaining this separation s ince the faradaic 

component is only a sma l l  f ract ion of the total current . 

There fore , before discuss ing the outcome of the present 

i n v e s t i gation it i s  appropr iate to f i r s t  cons ider the 

dif ferent current components obtained without the e lectroac-

t i ve spec ies pre sent in solution . From the se current 

voltage curve s , infe rences can be made as to whether it wi l l  

be pos s ible t o  observe the voltammetric re sponse due exclu­

sive ly to charge transfer of the e lectroactive species . 

Figure 8 represents a typical set of cyc lic voltam­

mograms for a smooth s i lver e lec trode in a degassed 0 . 0 5 M 

Na 2 S04 solution . The lowe r potent ial  l imit ( + 0 . 3 8 0  volts ) 

was chosen to minimi ze the dissolution of si lve r which takes 

place at the more posit ive potentials . The se oxidation­

reduc tion cyc les are typical background e lectrolyte scans 

for both smooth and roughened si lve r e l ectrode surfaces . 

The current aris ing f rom such voltammograms is  a result of 

two components . One i s  a farada ic component , which results 

from the part i a l  oxidat ion and reduc tion of the s i lver e lec-

t rode surface and pos s ib ly an oxide layer . The othe r is  a 

non- f aradaic component which results f rom the change of the 

e lectrostatic charge on the metal and the corre sponding 

charge in the s o lution ( i .  e . , ions and mo lecules at the 

e lect rode / solution interface ) .  This last component is  
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F igure 8 .  Cyc lic  vo ltammetry of a smooth s i lver e lectrode in 
degas sed 0 . 0 5 M Na 2 S04 e lectrolyte . Electrode 
area = 1 . 2 3 cm2 . Potential  scan rates in mV/ s  are 
as f 0 11 ow s : ( a ) 1 0 0 ; ( b ) 5 0 ; ( c ) 2 0 ; ( d ) 1 0 ; ( e ) 
5 .  
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analogous t o  that of the charging current of a capacitor and 

i s  known as the doub le layer charging current . Such current 

is observed with or without an e lectroactive spec ies present 

in solution . The detai led shape and the magnitude of the 

doub le l ayer charging current depends on numerous exper imen­

t a l  variable s , among them are : solvent , temperature , pH , 

e lectrolyte composition , adsorpt ion , type of e lectrode used , 

e lectrode area and the scan rate of the potential excur s ion . 

Na 2s�4 i s  the pr imary e lectrolyte in this inve st igation and 

was used to obtain the results in Figure 8 ,  since it is the 

mos t  commonly uti l i zed e lectro lyte in SERRS spectroscopy ex­

per iments of cytochrome � at this metal  surf ace ( 3 , 1 4 7 , 1 9 3 ) . 

T h e  n a r r ow range of pos itive potent ials for this 

e lectrode seve rely restricts its use in electrooxidation 

react ions . Thi s  would certainly be the case when the forma l 

potent i a l , E O I ,  of the e lectroactive spec ies lies c lose to 

that of the s i lver dis so lut ion potential . I n  such case , the 

anodic current for the e lectroactive species on the pos it ive 

( anodic ) scan of a CV would be severely masked by the very 

l arge anodic current obtained f rom the s i lver e lectrode 

disso lution . Thi s  s i tuation would be further aggravated 

when e l evated rates of potential  scan are initiated , since 

the current for the s i lve r dissolution increases linearly 

with the scan rate whi le that of the e lectroactive dif fusing 

species i ncreases by the square- root of the scan rate . 

Another component of the current which increases linearly 
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with the scan r ate i s  the non- f aradaic capac ity current 

( i . e . , doubl e  l ayer charging current ) ,  which as previous ly 

mentioned results f rom the charging of the e lectr ical double 

l ayer at the e lectrode / so lution interface . The magnitude of 

this component wi l l  therefore be anothe r maj or factor in the 

abi l i ty to discriminate the faradaic current for the species 

f rom that of the total current . 

Hence in cons ide ring the current voltage curves at a 

s i lve r e lect rode for a mo lecule such as cytochrome S the 

faradaic cur rent for the charge transfer process could be 

severely obscured by the additional current components in a 

cyc lic voltammetric scan . 

formal potent i a l , E O ' ,  

I t  i s  important to note that the 

of cytochrome c i s  +0 . 2 6 0  vo lts 

( 1 9 4 ) . There fore , the close as sociation of this potent ial 

wi th the region of s i lve r dissolution wi l l  limit how much 

information can be obtained f rom cyc lic vol tammetry . This 

i s  j ust one of the diff iculties which had to be ove rcome in 

the early part of this investigat ion . Other problems such 

as the low concentrat ions of cytochrome � normal ly uti li zed 

in voltammetric exper iments a long with the s low kinetics 

observed in the past ( 1 , 2 )  at this e lectrode , made the 

f a r a d a i c  current due to a charge trans fer proce s s  by 

cytochrome � not c lear ly distingui shable f rom the background 

voltammetric re sponse s .  

I n  order to eva luate the kinetics of this sys tem it i s  

necessary t o  correct the exper imentally obtained CV peak 
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current responses f o r  the ef fects o f  the se inte rfer ing fara-

daic and nonf arada ic proce sses . Usua l ly the se currents can 

be e l iminated by acquir ing CV ' s  us ing only supporting e lec­

trolyte and subtracting this cur rent f rom that obtained in 

the presence of cytochrome .£.! Under the se conditions the 

shape of the current voltage curve wi l l  be due to only the 

faradaic charge transfer current of thi s prote in . This 

expe r imenta l  approach as sume s that addit ion of cytochrome � 

to the e lectro lyte so lut ion doe s not a lter the current res ­

ponse that would be obtained in its absence . I n  cases where 

it doe s affect the background subtracted CV responses severe 

di stort ions such as broadening and lowe ring of the voltamme -

tric peaks c an occur . Thi s  last i s sue i s  of concern since 

such an impact make s it diff icult to de termine the exact 

peak potent ials  that wi l l  be used in the determination of 

kinetic parameters of the system . 

The species se lect ivity and the freedom from interfer­

ence s due to nonf aradaic and other farada ic reactions are 

w i d e l y  r e c o gni zed advantage s of spectroe lect rochemis try 

( 1 9 5 ) . A spect roe lec trochemical technique known as deriva­

t ive cyc l i c  vo ltabsorptome try ( DCVA ) ( 1 27 , 1 2 8 , 1 3 3 , 1 8 1 ) pro­

vides re sponse morpho log ies exactly identical to those of 

cyc l i c  voltanune try and c an be used in kinetic analys i s  of 

he terogeneous e lectron trans fer react ions . The s ame method­

o logy used in determining kinetic parameters f rom CV ' s  

( 1 7 9 , 1 8 9 ) can be used in DCVA exper iment s .  One of the main 
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advantage s o f  the DCVA technique is  that it i s  unneces sary 

t o  c o r r e ct for the background contributions since the 

optical probe i s  insensit ive to such processes . Therefore , 

the DCVA technique i s  more spec i f ic to the faradaic reaction 

of i nte rest than its counter part CV . Another aspect of the 

DCVA technique is that the optical peak responses , ( dA/dE ) p ' 

increase by the i nverse square root of scan rate , thus the 

re sponses become larger as the scan rate i s  decreased ( 1 8 1 ) . 

This behavior i s  un like that observed for CV re sponses for 

the dif fus ing e lect roact ive spec ies whe re the peak currents 

are directly proportional to the square root of the scan 

r ate for reve r s ible systems . For quasi- reversible and 

i r r e v e r s ible systems , DCVA has an important ana lytical 

advantage ove r CV . For such systems the advantage of trying 

to obtain l arger current re sponses by us ing faster scan 

rates in CV expe r iments wi l l  not be reali zed . 

B .  Effects of  Lyophi l i z ation on the E lectron Trans fer 

Kinetics of  Cytochrome c 

1 .  Evidence of a Contaminating Component After Lyophi l i z a ­

t ion . 

At the beginning of this investigation very little in­

format ion had been obtained f rom direct heterogeneous e lec­

tron trans fer react ions of  cytochrome � at bare metal e lec -

trodes ( 3 , 4 , 1 4 4 - 1 4 7 ) . The se e lectrode reactions were seen 

to proceed s low ly and i rreve r s ibly with voltammetric cur­

rents not much different f rom that obtained from background 
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responses . An except ion was noted i n  the case o f  gold where 

u nd e r  c e r t a i n  e x p e r imental condit ions ( L e . , hydrogen 

f l aming of the gold e lectrode ) reversible voltammetric ( CV )  

responses for cytochrome c were obtained ( 1 ) . However , 

these re sponses we re only transitory leading to more irre­

versible behavior with each succeeding cyc lic scan of the 

p o t e n t i a l . T h e refore , fac i l itat ing stable and nearly 

rever s ible re sponses for cytochrome £.. at bare metal elec­

trode s had not been succe ssfully achieved unt i l  this study . 

Such conditions can be accomplished by using cytochrome £.. 

s amp les that have been chromatographic a l ly purif ied , but not 

lyophi li z ed , prior to the voltammetric study ( 1 4 9 ) . The 

fol lowing is a report of how lyophili zation can ef fect the 

hete rogeneous e lectron trans fer react ions of cytochrome £.. at 

si lve r e lectrode s . 

Figure 9 shows f i r st scan DCVA re sponses at 1 . 0 4 mV/ s  

for two dif ferent ly prepared ferricytochrome £.. samples in 

0 . 0 5 M Na 2 S04 at a smooth po lyc rys ta l l ine si lver e lectrode . 

The DCVA response for chromatographica l ly pur if ied s amples , 

Figure 9 a , i s  highly reproduc ible and profoundly dif ferent 

f rom the re sponse obtained for s amp les that have been lyo­

phi li zed after chromatographic pur i f ication , Figure 9b . 

D C VA re sponse shown in Figure 9a was reproduc ible 

The 

p e riods of  t ime exceeding twe lve hours , with k O ' s , h  

1 . 5 ( ± 0 . 4 ) x 1 0 - 3 cm/ s ,  a nearly reversible rate cons tant . 

for 

= 
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Figure 9 .  De r ivat ive cyc l i c  voltabsorptometry of cytochrome 
� at a smooth s i lver e lectrode in 0 . 0 5 M Na 2 S04 ' 
( a ) : 1 9 9  � chromatographically pur i f ied cyto­
chrome � ( b ) : 98 � chromatographica l ly pur i f ied 
a n d  t h e n  1 y o p h i  1 i z e d  c y t o c h r om e  c s ample . 
Elect rode area = 1 . 2 3 cm2 . Potential scan rate 
for both : 1 .  0 4 mV /s I using 5 5 0  run single wave ­
length monitoring . 



109 

1 0 .2 0  A U / V  

b .  
o 

o 

I 0 05 A U/ V  

0 · 3 5 0  0 · 2 0 0  0 · 0 5 0  - 0 · 1 00  - 0 · 2 50 

E ( V v s N H E ) 



1 1 0  

However , the DCVA re sponses for the pur if ied and then lyo­

phi l i z ed s ample , shown in Figure 9b , decayed with time 

leading to no observable re sponse after ca . 3 0  minute s . 

The results f rom this study c learly show that direct 

e lectron trans fer between cytochrome � and s i lver e l ectrodes 

can occur at f ac i le ( quas i - revers ible ) rates when s amples 

are highly pur i f ied and neve r lyophi l i zed . I r rever sible 

e lec tron trans fer occurs with lyophi l i zed samples , indicat­

ing fouling of the e lectrode surf ace by ir rever sible adsorp­

tion of a denatured form ( s )  of cytochrome � caused by the 

lyophi l i zation proce s s . This i s  consi stent with a report 

( 2 )  which stated that lyophi li zation of chromatographically 

pur i f ied ferr icytochrome � gave a sma l l  amount of denatured 

mater ial . New bands we re evident about the nat ive band when 

lyoph i l i zed s amples we re redisso lved and subj ected to ion 

exchange chromatogr aphy . Espec i a l ly convinc ing evidence for 

the irreve r s ible adsorption of a denatured form of cyto­

chrome c on a smooth si lver e lect rode is  shown in Figure 1 0  

with background CV ' s  a t  1 0 . 4  mV / s .  Figure l O a  shows the CV 

re sponse obtained for a 

that had been cyc led in 

f re sh ly c leaned s i lver e lect rode 

deaerated e lectrolyte for ca . 3 0  

minute s .  Figure l O b  indic ates the CV re sponse obtained for 

that exact s ame s i lver e lectrode and e lectrolyte system 

after pe r forming 1 0  cyc lic scans with a lyophi l i z ed s ample 

of cytochrome � f o l lowed by thorough ly rins ing the ce l l  and 
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Figure 1 0 .  Cyc l i c  voltammetry of a smooth s i lver e lectrode 
in degassed 0 . 0 5 M Na 2S04 e lectrolyte . ( a ) : 
Background cyc l i c scan of e lectrolyte be fore 
adding cytochrome c ( so l id line ) . ( b ) : Bac k­
ground cyc l ic scan of e lectrolyte a lone after 
adding 2 0 0  � of pur i f ied/ lyophi l i z ed cytochrome 
� pe r forming 1 0  scans , fol lowed by r insing cell  
and adding the degassed e lectro}yte ( dashed 
l ine ) . Electrode area = 1 . 2 3 cm . Potent ial 
scan rate for both : 1 0 . 4  mV/ s ·  
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adding the s ame deaerated e lectrolyte . The dramatic reduc ­

tion in the c apac it ive charging cur rent after addit ion of 

the lyoph i l i zed cytochrome � Figure l Ob ,  sugge sts irrever ­

sible adsorption of a contaminating component generated by 

the lyoph i l i z at ion procedure on the e lectrode surface . This 

behavior is  absent for cytochrome � samples that are studied 

immedi ate ly fol lowing chromatogr aphic purif ication . 

2 .  Ident ity of the Contaminat ing Component 

The ident ity of the contaminating component , caused by 

the lyophi l i zation step , is not known . However , ion 

exchange chromatogr aphy ( 1 6 9 ) of lyophi lized samp les that 

had been previou s ly pur if ied shows three bands ( 2 )  that are 

simi lar to bands obse rved in initial pur if ication proce­

dure s . The se bands have been ascr ibed to deamidated and 

o l igomeric forms of cytochrome c ( 1 6 9 ) . The deamidated 

forms have shorter retention time s whi le o l igome ric forms 

have very long retention t ime s . Figure 1 1  shows that the 

o l igome r ic forms c ause the decrea sed e lect ron transfer rate 

for lyoph i l i zed cytochrome � s amples . The se DCVA I S were 

obtained at 2 . 0 6 mV/ s  after po l i shing and c leaning the same 

smooth s i lver e lec trode used in Figure 9 .  The DCVA re sponse 

obtained for the 1 1 2  � deamidated form of cytochrome � 

F igure 1 1 a ,  i s  quite s imi lar to that obtained for the 

pur i f ied ( native ) form shown earlier in Figure 9 a . The only 

diffe rence between the se two results is the s l ightly larger 

separat ion observed between forward and reverse peaks of the 



1 1 4  

Figure 1 1 . De r ivat ive cyc lic voltabsorptome try of denatured 
f o r m s  o f  c y t o c h rome c at a smooth si lver 
e 1 e c t r o d  e i n  O .  0 5 M 

-
N a 2 SO 4 . ( a ) : 1 1 2  � 

deamidated cytochrome S ( b ) : 79 � ol igomeric 
c y t o c h r ome c .  Electrode area = 1 .  2 3 cm2 . 
Potent i a l  scarl rate for both : 2 . 0 6 mV/ s ,  us ing 
5 5 0  nm single wave length monitoring . 
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DeVA i n  the deamidated f orm o f  cytochrome S Figure 1 1 a . 

Thi s  l arger separat ion i s  due to the s lower kinetics of this 

system , k O ' s , h  = 2 . 8 ( ± 0 . 6 )  x 1 0 - 4  cm/ s .  However , it should 

be noted that the DeVA response pre sented in Figure 9a is 

the best s i tuation obta ined for the native f orm of cyto-

chrome c at thi s e lectrode . The re fore , s l ightly slower 

kinet ics result ing in larger peak separations in the deam i ­

dated case , Figure 1 1 a ,  represents no dist inction between 

the native and deamidated forms of cytochrome � 

Whe reas the nat ive and deamidated forms of cytochrome c 

give r i se to rapid and ne ar reversible re sponses at a c lean 

smooth s i lver e l ectrode , the re sponse of the o l igome ric form 

is highly i rreve r s ible and non - reproduc ible . Figure 1 1b 

i l lustrates the f i rst scan neVA re sponse obtained for a 7 9  

� o l igome r ic form o f  cytochrome � With continuous vo lt­

ammetric cyc l ing ove r this potent ial range the cathodic peak 

obtained in thi s  f igure shi fts to more negat ive potentials . 

This type o f  re sponse is s imi lar to that obtained earl ier in 

Figure 9b for the lyophi li zed cytochrome c s ample . A 

s imi lar s i tuation occurs when the o l igomeric form i s  added 

to a solution of pur i f ied cytochrome � In this case , the 

e lectron t rans fer  kinetics rapidly decay giving simi lar 

responses to those of Figure 9b . On the other hand , upon 

addition of the deamidated �orm the re is no observable 

e f f ect on the e lect ron trans fer kinetics . 

The preceding s tudy indicates that the oligome ric form 
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o f  c y t o c h r om e  c leads to s low heterogeneous e lectron 

trans fer at metal  e lectrodes . Thi s  form i s  very strongly 

adsorbed onto the e l ectrode surf ace . Although the amount of 

this denatured mate r i a l  is  quite smal l  after the lyophi l i ­

zation proce s s , l e s s  than 0 . 1 % f rom chromatographic puri f i ­

cation , i t  de f i nite ly has a drastic ef fect o n  the e lectron 

transfer rate . This was c learly i l lustrated in Figure 9 

with the DCVA dif ferences between the purif ied and lyophi ­

li zed cytochrome � s ample s .  

3 .  M e c h a n i s m  f o r  D e c r e a s e d E l ectron Trans fer After 

Lyoph i l i z at ion . 

The s low i r rever s ible kinetics observed for cytochrome 

� after lyoph i l i zation may now be explained by the previous 

informat ion given about this sys tem . One obvious interpre -

tat ion i s  that the irrever sible adsorption of the o l igome ric 

form on the e lectrode surf ace might prevent the nat ive cyto ­

chrome c mo lecules in so lution f rom di rect ly interacting 

with the e lec trode . The o l igomeric form would block acce ss 

to the e lectrode causing large e lectron trans fer di stances . 

The dec reased rate of e lectron trans fer can then be ex­

plained based on the Hopf ield ( 1 9 6 ) equation which predicts 

that thi s  rate varies exponent ially with the separation 

distance . Thi s  requires a high surf ace coverage of the 

oligome r ic form . 

The surf ace coverage of adsorbed o ligomer ic cytochrome 

c could not be dete rmined due to the high background cur -
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r e nts observed for this e lectrode system . However ,  a 

maximum l imit of 1 2 %  can be as sumed based on SERRS adsorp­

t ion i sotherm mea surements by Hi ldebrandt et a l .  ( 1 9 3 ) us ing 

commercial  cytochrome £... s amp les in s i lver hydroso l s . Even 

though the amount of o ligomer ic form is greater in commer ­

c i a l  than i n  lyoph i l i zed s amples , surf ace coverage by the 

o l i g o m e ric form at the s i lver e lectrode should remain 

approximately the s ame in the concentrat ion range used in 

Figure 9 ( 9 8 � ) . Thi s  is due to specific adsorption s ites 

which have been i ndicated , by measurements of Hi ldebrandt et 

a l . ( 1 9 3 ) , to be saturated at concentrations of commercial 

cytochrome £... s amples lowe r than 1 0  � .  Unde r such condi-

t ions , it can be  estimated that the amount of  ol igomeric 

cytochrome c adsorbed on the e lectrode surface in lyophi ­

li zed s ample s ,  Figure 9b , is  a l so minima l ( ::: 1 2 %  of  the 

total surf ace are a ) . Consequent ly , the low concentration of 

o l igomer ic form pre sent on the e lectrode surface in the 

lyophi l i zed s amples would leave a large portion of the 

e lectrode surf ace free to react with native cytochrome £... 

mo lecule s in so lution . Therefore , the mode l of surface 

b lockage seems highly unlike ly in exp laining the e lectron 

trans fer rates of the different s ample preparations obtained 

in this work . 

A n o t h e r  p o s s i b le explanation for the decrease in 

k i n e t i c s  after lyophi l i z at ion could be related to the 

hydrophobic/hydrophi l ic character of the e lectrode / solution 
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interf ace upon adsorption o f  the o l igomer ic form . Chemi ­

sorbed water molecule s at c lean hydrophilic surfaces are 

expected to have preferent i a l  orientation in re lation to the 

bul k  water mo lecules ( 1 9 7 ) . The interfacial water molecules 

are a l igned so that the oxygen atom i s  di rected towards the 

e lectrode surf ace . Hydrogen bonding within this f irst 

layer , as we l l  as the f i r s t  few l aye rs of  wate r molecule s ,  

creates an immobile inte r f ac i a l  zone of oxygen atoms at the 

e l e c t r o d e . S i n ce cytochrome c ' s  lys ine res idue s are 

be l ieved to hydrogen bond to the oxygen atom of the water 

mo lecu les in the hydration l ayer ( 1 ) , di sruption of this 

laye r by strong adsorption of the oligome r ic form could 

l imi t the reve r s ible binding interaction of cytochrome � 

t ow a r d s  t h e  w a  ter mo lecu les at the e lectrode / so lution 

interface . However in order for thi s mode l to be operat ive 

it is necessary to consider if a surf ace coverage of 1 2 %  by 

the o ligomer ic form wi l l  disrupt thi s water layer ( L e . , 

inner hydration l aye r ) .  I n  other words , doe s such a low 

sur f ace coverage make a large diffe rence in the hydrophi l ic 

char acter of  the e lectrode / so lution inte rf ace in compari son 

to a c lean s i lver surf ace ? I n  order to answe r this que s ­

tion , i t  i s  necessary t o  study the wettabi l i ty of the 

e lectrode both with or without the o l igomeric f rom pre sent 

in order to further c larify the hydrophi l i c / hydrophobic 

properties of the s i lver inte r f ace . 

A third pos s ible reason for the decreased e lectron 
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transfer i n  the presence o f  the o l igomer ic form can be 

attr ibuted to an e lectrostatic e f fect . The o l igomer ic form 

has a very high positive charge , as evidenced by its s low 

chromatographic mobi l i ty in relation to the other forms of 

cytochrome c .  Due to this high charge the re wi l l  be an 

e lectrostatic repul s ion interaction between adsorbed o ligo-

meric and the positive ly charged cytochrome c molecules 

diffus ing towards the e lectrode surf ace . Such repulsion 

wi l l  therefore l imit the dis tance at which a dif fusing 

cytochrome � mo lecule c an approach the e lectrode surf ace , 

resulting in lowe r e lectron transfer kinetics . 

C .  D e t e r m i n a t i o n o f  H e t e r ogeneous Electron Trans fer 

Kinetic Parame te rs for Pur if ied Cytochrome c .  

1 .  DCVA and Background Subtracted CV Responses of Pur if ied 

Cytochrome � at Smooth S i lver E lectrodes . 

Upon e s tabli shing conditions that provided reproduc ible 

e lectrochemical responses between bare si lver e lectrode s and 

pur if ied cytochrome � samples , heterogeneous e lectron trans-

fer kinetic parameters , k 0 '  h and a ,  were dete rmined for s ,  

this sys tem . Figure 1 2  i l lustrates CV and DCVA re sponses 

obtained for a 1 9 9  � cytochrome � s ample using a smooth 

s i lver e lect rode in degassed 0 . 0 5 M Na 2 S04 solution . These 
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Figure 1 2 . A .  Background subtracted cyclic  vo ltammet ry of 
1 9 9  � pur i f ied cytochrome � in 0 . 0 5 M Na 2S04 
at a smooth s i lve r e lectrode . E lectrode area 
= 1 . 2 3 cm2 . Circles indic ate s imulated CV 
responses with E O ' =  0 . 2 5 0  volts , n = 1 . 0 � d i f f u s ion coe f f ic ient ( D� ) = 1 . 1  x 1 0 -
cm2 / s ,  k O ' s h = 1 . 5  x 1 0 - cm/ s ,  a = 0 . 5 5 .  
Potent ial  sc an rates in mV/ s  are as fol lows : 
( a ) 1 0 . 4 0 ;  ( b )  5 . 2 0 ;  ( c )  2 . 0 4 ;  ( d )  1 . 0 4 .  

B .  D e r i v a t i v e  c y c l i c  v o l t a b s o r p t ometry of 
pur i f ied cytochrome c .  Same e lectrode and 
so lution conditions as descr ibed in Figure 
1 2 A .  C i r c l e s  i n d i c a t e  s i mu lated DCVA 
re sponses with dif ference mo lar absorpt ivity 
( I'l £ )  a t  5 5 0  nm = 2 1 , 1 0 0  M- 1cm- 1 ; other 
parameters s ame as given in Figure 1 2 A .  
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results are for scan rates ranging f rom 1 . 0 4 to 1 0 . 4  mV I s  

and represent typical CV and DCVA re sponses for this system . 

Broadening of the background subtracted anodic CV peak cur­

rent responses with faster scan rate s , shown in Figure 1 2 A ,  

made i t  diff icult t o  obtain e lectron transfer kinet ics f rom 

these re sponses by the convent ional method of using t.Ep 

value s . Howeve r ,  as shown in Figure 1 2B this broadening was 

not observed in DCVA re sponses . Therefore these der ivat ive 

optical peak re sponses , ( dA/dE ) p ' were used to determine the 

kinetics of this system and then subsequently used to s imu­

late both DCVA and CV responses . 

The c i rcles in Figure 1 2  represent the se s imulated res­

ponses which are based on But ler -Volmer theory ( 1 3 0 - 1 3 2 ) . 

They we re obtained us ing a dif fus ion coe f f i c ient ( Do ) of 1 . 1  

x 1 0 - 6 cm2 / s  ( 1 8 8 ) , an e lectrode area of 1 . 2 3 cm2 and a mid-

point potent i a l  va lue ( E O ' )  of + 0 . 2 5 0  volts . This latter 

va lue was determined f rom the DCVA ' s  us ing the formula E O ' = 

( Ep , a + Ep , c ) 1 2 . The va lue of E O ' obtained is  in c lose 

agreement with the l i te rature va lue of + 0 . 2 6 0  volts ( 1 9 4 ) , 

indicating a f ai r ly symmetrical re sponse for the DCVA ' s .  

The formal heterogeneous e lectron trans fer rate constant 

( k  a ' s ,  h ) ,  determined f rom the scan rate dependence of the 

DCVA- t.Ep 

1 . 5 ( ± 0 . 4 )  

responses in F igure 1 2 B , was calculated to be 

x 1 0 - 3 cml s f rom the method of Nichol son ( 1 7 9 ) .  

The e lectrochemic a l  t ransfer coe f f ic ient ( a )  was ca lculated 

to be 0 . 5 5 ( ± 0 . 0 5 )  us ing the method of Matsuda and Ayabe 
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( 1 8 9 ) f rom the forward potential  scans o f  the DCVA re­

sponses . Therefore , the reaction of cytochrome c at this 

p o l y c r y s t a l l ine s i lver e lectrode is  defined as quas i ­

reve r s ible based o n  the c r i teria of Matsuda and Ayabe ( 1 8 9 ) . 

Theoretica l ly the peak currents obtained i n  cyc lic 

vo ltammet ry under both a dif fus ion control led or a kinetic 

control led proces s ,  are directly proportiona l to concentra­

tion and the square root of scan rate . For quas i - reversible 

systems , however ,  thi s l inear relationship only ho lds at 

re lative ly s low scan rates « 2 0 0  mV/ s ) .  Unlike the pro­

cesses mentioned above , adsorption currents are directly 

proportiona l to scan rate ( a long with the amount of adsorbed 

mate r i a l ) .  Therefore , an expe r imental plot of the peak cur ­

rent against the se variables ( square root of scan rate and 

c o n c e n t r a t i o n ) wi l l  be of importance in de f ining the 

characte r i s t i c s  of the charge transfer proces s .  In this 

inve s tigation c athodic peak current s , shown in Figure 1 2 A ,  

increased l inear ly with the square root o f  scan rate in the 

range up to 1 0  mY/ s o  At higher scan rates however , a devi-

ation in linearity was  observed . This deviation was indi-

c ated by the lower current responses observed in re lation to  

the s imul ated re sponses of this  system . Thi s  lower ing of 

the current at faster scan rates could pos s ibly be due to 

kinetic e f fects . However ,  a more p laus ible reason for this 

deviation may be re lated to the inabi lity to accurately sub­

tract , f rom the cathodic peak current s ,  the large background 
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currents obse rved at thi s e lectrode ( shown in Figure 8 ) . 

Therefore , such behavior severely l imits the abi lity to 

accurate ly assess  the dependence of current on scan rate . 

However ,  by comparing the exper imenta l  and s imulated peak 

current re sponses for the cathodic wave , the magni tude of 

the expe r imenta l response was a lways lowe r at scan rates 

higher than 10 mY/ s o  I f  substantial  adsorption were present 

at the e lectrode , higher currents than in the s imulated case 

would be expected , due to the direct dependence of the 

e x p e  r i menta l response on scan rate . Since adsorption 

currents are gene r a l ly more pronounced at large r scan rates , 

the lower expe r iment a l  cur rents observed in the se s tudies do 

not indicate adsorption of thi s protein in this potential  

range . Of equal importance i s  the dependence of this 

cathodic peak cur rent on the concentrat ion of cytochrome � 

Figure 1 3  shows the background subt racted peak currents 

obtained for various concentrat ions of pur if ied cytochrome � 

at 1 0 . 4  mY/ s o  The straight l ine in this diagram represents 

the s imulated cathodic peak current re sponses obtained for 

the kinetic par ame ters given in Figure 1 2 . The l inear rela­

tionship between peak current and concentrat ion is  c lear ly 

evident . The di agnostic s ignif icance of the se plots is that 

the reduct ion process appears to be tota l ly control led by 

dif fus ion of thi s protein to the e lectrode surf ace . 
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Figure 1 3 . Plot of  background subtracted cyc lic voltamrnetry 
cathodic peak currents ( ip ) versus concentration 
of pur i f ied cytochrome c at a smooth s i lver 
e lectrode . Scan rate was--

he ld constant at 1 0 . 4 
mV/ s  as the concentrat ion was increased . Solid 
l i ne represents s imulated re sponses us ing the 
parameters given in Figure 1 2A .  



(J)
 

-> E 
> � 
u

 0
 �
 «)

 
� 

N
 

0
 

(dw
V'

rl
 ) d! 

o
 

o
 

N
 

0
 LD
 

�
 

0
 

0
 �
 

0
 If) 

0
 

12 7 

,.
....... 

2: ::l.
. 

-.
.-

U
 

C
 

0
 

U 



1 2 8  

However ,  i t  mus t  be noted that both adsorption and dif fus ion 

components o f  the current could be occurring s imultaneous ly 

at this s low scan rate , with the adsorption process not 

being observed due to its sma l l  contr ibution . 

The l ack of agreement between exper iments and s imulated 

re sponses on the reverse anodic sweep in F igure 1 2A is pro­

bably due to errors c aused by shifts in the s i lver oxidation 

proce s s . The useful l imit of voltammetry due to disso lution 

of s i lve r from the e lectrode sur f ace is  approximate ly 50 mV 

more posi tive than the forma l potential ( E O ' ) for cytochrome 

c .  Therefore , sma l l  change s in the dissolution cur rent with 

potential for the s i lver e l ectrode in the pre sence of cyto ­

chrome c can cause errors in background subtracted CV ' s  in 

the anodic region . Since the anodic dissolution of s i lve r 

i s  a sur f ace proce s s , errors at anodic potentials  are ex­

pected to be more pronounced at higher scan rates when cyto -

chrome c i s  added . Thi s  e f fect i s  more evident in the CV ' s  

at the highe r scan rates as shown in Figure 1 2A .  

A s  i l l u s t rated i n  Figure 1 2B the DCVA ' s are not 

af f ected by the d i s s o lution of the s i lver e lectrode sur f ace , 

at least within this particular potent ial excur s ion . This 

is  an impor tant advantage of DCVA compared with CV ( Figure 

1 2 A ) . No interference of the s i lver dissolution is evident 

in the DCVA ' s  in Figure 1 2 B ,  unlike the CV ' s  obtained with 

this system ( F igure 1 2 A ) . However , with increas ing appl ied 

pos i tive potent i a l  ( >  + 0 . 3 8 0  vo lts ) it should be noted that 
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t h e  d i s s o l u t i o n  become s quite evident i n  the opt ical 

response and therefore restricts the anodic potential  l imit 

f o r  t h i  s p ar ticular e lectrode . Again , the DCVA peak 

r e sponse increases as the scan rate is  dec reased, the 

opposite of that which is observed in CV ( 1 8 1 ) . Thi s  l inear 

dependence was observed for scan rates up to 5 0  mV/ s  under 

the condit ions specif ied in Figure 1 2 B . At higher scan 

rates it  bec ame more diff icult to dist inguish the DCVA peak 

re sponses f rom the no ise of the sys tem . Thi s  latter beha ­

vior i s  a consequence of the sma l ler dif fus ion layer ( i . e . , 

the concentration gradient of the e lectroactive species ) 

deve loped at the e lectrode at higher scan rates and i s  com­

pounded by the derivat ive required of the opt ical re sponse 

in DCVA . 

2 .  Reduc tive SPS / CA Re sponses of Pur i f ied Cytochrome c at 

Smooth S i lver Elec trodes . 

The heterogeneous e lectron transfer kinetic parameters 

for the react ion of cytochrome c at si lver e lectrode s have 

also been de te rmined by s ingle potential s tep chronoabsorp­

t o m e t r y  ( S P S / C A )  ( 1 8 2 , 1 8 3 ) .  Thi s  method is  direct ly 

analogous to chronocou lometry ( 1 9 8 ) but aga in the advantage 

of spec ies s e lecti  vi ty is provided by the optical probe . 

The SPS / CA technique i s  s imi lar to DCVA expe r iments wi th the 

exception that the potent i a l  perturbations appl ied to the 

working e lectrode are of s tep f ashion as opposed to be ing 

linea r ly scan in DCVA . SPS / CA methods for the determination 
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of heterogeneous e lectron transfer kinetic parameters have 

been reported for i r reversib le ( 1 8 2 ) and quasi - reve r s ible 

( 1 8 3 ) case s . From the ana lys is of the temporal dependence 

of the absorbance ve rsus t ime response f or e ach overpoten-

t i a l  ( n ) , whe re n = ( Es tep - E O ' ) ,  it  is possible to obtain 

kinetic results by using the method of B lount et a l . ( 1 8 3 ) 

for a quasi - reve r s ible sys tem . 

The SPS / CA technique can be unde rstood by cons idering 

the fol lowing e lec trode react ion 

Ox + ne 
kf , h  

'
kb , h  

>- Red ( 2  ) 

whe re kf ,  h and kb ,  h are the forward and back heterogeneous 

e l e c  t r  on t r a n s  f e r  r a te constants , respect ive ly . The 

oxidi zed species in thi s equation is  represented by Ox and 

the reduced form by Red . Using But ler -vo lme r formulation 

( 1 3 0 - 1 3 2 ) ,  kf , h  and kb , h  can be re lated to the forma l 

hete rogeneous rate constant , k O ' s , h , by the equations 

kf , h  = k O ' s , h  exp [ -anFn /RT ]  ( 3  ) 

and 

kb , h  = k O ' s , h  exp [ ( l -a ) nFn /RT ] ( 4  ) 

where n i s  the overpotenti a l  appl ied to the working e lec -

trode ( E  ) and a i s  the e lectrochemical trans fer coe f f i -
s tep , 
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cient . Eve rything e l se is  as usua l .  At the formal poten-

t i a l , E O ' ,  of the system kf , h = kb , h  = k O ' s , h . Both kf , h 

and kb , h  vary with e lectrode potential , whereas k O ' s , h  i s  

potent i a l  independent and i s  the rate constant used t o  des -

cribe the e lectrode kinetics o f  the system . 

As can be seen i n  equations 3 and 4 ,  at l arge negative 

n -values ( negative E s tep ) kf , h wi l l  increase and kb , h  wi l l  

decrease . I n  cases where the e lectrode kinetics o f  the reac -

t ion in equation 2 are irrevers ible ( sma l l  k O ' s , h ) ,  the f lux 

of oxidi zed mate r i a l  arr iving at the e lectrode under large 

negative n - va lues wi l l  be e s sent i a l ly independent of kb ,  h . 

Under such condit ions the back react ion of thi s e lectron 

transfer proce s s  can be neglected in the determination of 

the e lectron transfer kinetic paramete rs . The extraction of 

kf ,  h with n can be fac i l i tated by using a s ingle working 

curve that has been deve loped for the irreversible case 

( 1 8 2 ) . The relationship of the forward But ler -Vo lme r equa-

tion , equat ion 3 ,  c an then be used to dete rmine the formal 

heterogeneous rate constant , and the e lectrochemical 

transfer coe f f ic ient , a ,  of thi s sys tem . However , in cases 

where the e lectrode reaction i s  qua s i - revers ible ( moderate 

k O ' s , h ) the impact of kb , h  on the eva luation of k O ' s , h  and a 

from such a working curve i s  inaccurate . Working curves 

which consider the back react ion are avai lable ( 1 8 3 ) . A 

theoretical plot of  such working curves i s  shown in Figure 

14 for the norma l i zed absorbance , AN ' ve rsus log ( kf , ht 1 / 2  
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/Do
1 / 2 ) using var ious n -va lues . These curve s accurate ly 

de scribe systems which exhibit any degree of reversibly , 

unlike those for the i rreve r s ible case ( 1 8 2 ) . 

Using these working curves the opt ical responses which 

are kine t i c a l ly control led are norma li zed to the dif fus ion-

control led opt ical absorbance re sponse . The dif fus ion-

control led opt ical re sponse is obtained when the absorbance 

ve rsus t ime dependence no longe r increases as the potential 

i s  s tepped to hi ghe r n - values . This absorbance re sponse , 

6A,  is  given by the fol lowing equation ( 1 2 2 ) 

6A = ( 5  ) 

whe re C O  i s  the bulk mo lar concent rat ion of the oxidi zed 

e lect roact ive spec ies and t is the time in seconds . Every-

thing e l s e  i s  as previous ly def ined . The va lue of kf h is  , 

o b t a i n e d  f o r  e ach exper imental absorbance versus time 

transient by f i t t i ng the norma li zed absorbance versus log 

( t / Do ) 1 / 2  response to the working curves shown in Figure 1 4 . 

The va lue of kf , h  i s  then ca lculated f rom the difference in 

abscissa log va lue s ( log kf , h = log ( kf , h t 1 / 2 /Do
1 / 2 ) - log 

Kine tic parameters can then be obtained by 

plott ing log kf , h versus n fol lowing the rearranged form of 

equation 3 



Figure 1 4 . 
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Norma l i zed absorbance versus log [ kf h ( t /Do ) 1 / 2 ] 
working curves for SPS/CA exper iments . Numerical 
values on the far r ight hand s ide of this f igure 
corre spond to the overpotential ( n )  expressed in 
mV . ( R eprinted from Bancroft , E . E . ; Blount , 
H . N . ; Hawkr idge , F . M . , Ana l . Chern . , 1 9 8 1 , � 
1 8 6 2 - 1 8 6 6 ; with permi s s ion from the Ame rican 
Chemi cal  Society ) . 
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log k f , h  = log k O ' s , h  - ( 2 . 3 0 3anFn /RT )  ( 6  ) 

The s l ope of this plot wi l l  embody a and the intercept 

yields k O ' s , h ' Thi s  i s  a more sensit ive way of obtaining a 

than either the DCVA or CV techniques . The peak potent ial 

separations , �Ep ' are a lmost tota l ly invar iant with respect 

to a ( 0 . 3  < a < 0 . 7 )  in DCVA and CV for quasi-reversible and 

reversible sys tems . 

Figure 1 5  shows the initial SPS / CA results obtained for 

a 1 9 9  ).l.M pur i f ied cytochrome � sample at a smooth si lver 

e lect rode in 0 . 0 5 M Na 2 S04 electrolyte solution . The c i r ­

c l e s  a r e  the ca lcul ated dif fus ion control led SPS / CA respon ­

ses f rom equation 5 .  Equation 5 was mu ltip lied by two to 

take into account the fact that the optical beam pas ses 

through the dif fusion layer twice in norma l ref lectance 

expe r iments . Figure l S b indicates what should be a di f ­

fus ion contro l led SPS / CA re sponse for this protein . However 

as this f igure i l lustrate s , the results for this step do not 

agree with the s imu lated re sponse . Figure l Sc shows the 

response for only the e lectrolyte and explains this lack of 

agreement . Changes in the reflectivity of the si lver metal­

e lectrolyte inte r f ace we re shown to occur when potential 

step perturbations were app l ied to the e lec trode yielding an 

in i t i a l  dec rease in absorbance . The se changes were most 
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Figure 1 5 . Absorbance versus time re sponse for a sing le 
potential step ( SPS/CA ) reduction of pur if ied 
c y t o c h rome c at a smooth s i lver e lectrode . 
Samp le conditions and e lectrode are the same as 
those in Figure 1 2 . Circles indicate a ca lcu­
l a t e d  di f fus ion cont ro l led absorbance versus 
t ime re sponse for a 1 9 9).J.M cytochrome c samp le 
with Do = 1 . 1  x 1 0 - 6 , n = 1 . 0 ,  and tiE at 5 5 0  nm 
= 2 1 , 1 0 0  M - 1 cm- 1 . The initial potential , in 
vo lt s , was stepped from +0 . 3 8{) to - 0 . 3 7 0 . ( a ) : 
represents a background subtracted cytochrome c 
r e s p o n s e ; ( b ) : represents the cytochrome c 
r e s p onse be fore background subtract ion ; ( c ) � 
r e p r e sents the re sponse for the e lectrolyte 
a lone . 
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dramat ic as the potential step perturbation ( n )  increased . 

At potential s teps , Es tep , less positive than +0 . 1 5 0  vo lts 

t h i s  b a c k g r o u n d  r e f l ectance change was not observed . 

McCreery e t  a l .  ( 1 9 9 ) have reported a s imi lar e f fect when 

using an external ref lection geometry at a platinum f iber 

e lec trode . Thi s  e f fect has been attr ibuted to changes in 

e l e c t r o r e f l e c t a n c e  ( 2 0 0 , 2 0 1 ) in combinat ion with the 

reduc tion of a surf ace oxide f i lm when the e lectrode is  

s tepped to more nega ti  ve potent ials . The refore , background 

c o r r e c t e d  S P S / CA results we re obtained by taking the 

d i f f e rence be tween SPS / CA results acqui red for the cyto­

chrome � solut ion , Figure 1 5 b ,  and the e lectrolyte alone , 

Figure 1 5 c .  The usefulness of this subtract ion technique is  

c learly demonstr ated by the c lose agreement between the 

background subtr acted f i le , Figure 1 5 a ,  and the s imu lated 

re sponse . The refore this subtract ion technique was appl ied 

to a l l  the SPS / CA results pre sented in this work . Such 

b ackground cor rected f i les we re then used to determine 

heterogeneous e lectron trans fer kinetic parameters . 

Figure 1 6  shows a series of SPS / CA results obtained on 

the same cytochrome c sample and e lectrode used to obtain 

the CV and DCVA results shown in Figure 1 2 . Figure 1 7  shows 

the dependence of the exper imenta l ly dete rmined log kf ,  h 

va lues on the i r  corre sponding ove rpotentials , n ·  As can be 

seen in Figure 1 7 , a l ine ar relat ionship is obtained with a 
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Figure 1 6 . B a c k g r o u n d  subtracted s ing le potent ial step 
chronoabsorptometry ( SPS/CA ) responses , for the 
reduct ion of pur if ied cytochrome c at a smooth 
s i lver e lec trode . Samp le conditions and e lec­
t r ode are the s ame as those in Figure 1 2 . 
C i rc le s  indicate s imulated re sponses with Do = 
1 . 1  x 1 0 - 6 , n = 1 . 0 ,  68 at 5 5 0  rum = 2 1 , 1 0 0  M- 1  
cm - 1 , k 0 ' s h = 9 .  1 x 1 0  - 4 cm/ s , and a = O .  5 2  . 
The initia i potent ial be fore each step was + 3 8 0  
mV . Step potentials  i n  mV are a s  fol lows : ( a ) -
3 7 0 ; ( b )  + 1 5 5 ; ( c )  + 1 8 1 ; ( d )  +2 1 5 ; ( e )  + 2 4 0 ;  ( f )  
+ 2 6 0 . 
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Dependence o f  log kf h on overpotent ial  ( n )  for 
SPS/CA exper iments Shown in Figure 1 6 . Circ les 
represent log kf h va lue s eva luated from the 
working curves in

' 
Figure 1 4 . E O ' = 2 5 0  mV , n = 

1 .  0 , Do = 1 .  1 x 1 0  - 6 cm 2 / s , /:;€ at 5 5 0 run = 
2 1 , 1 0 0  M- 1cm- 1 . Corre sponding overpotentials  
and log kf , h  values are as f o l lows : n = - 9 5  mV , 
log k f h = - 2 . 1 4 ( ± 0 . 0 7 ) ; n = - 6 9  mV , log kf h = 
- 2 . 3 6 ( £ 0 . 0 6 ) ;  n = - 3 5  mV , log kf , h = - � . 6 9 
( ± 0 . 0 5 ) ;  n = - 1 0  mV , log kf h = - 2 . 9 4 ( ± 0 . 0 3 ) ; n 
= + 1 0  mV , log kf h = - 3 . 0� ( ± 0 . 0 4 ) . From these 
values equation 6 was used to ca lculate k O ' s h = 
9 . 1 ( ± 0 . 4 )  x 1 0 - 4 cm/ s and a = 0 . 5 2 ( ± 0 . 0 2 ) . 

' 



142 

L���5 __ 50 

t'\ ( mV ) 



1 4 3  

f o r m a l h e t e r o g e n e o u s  e l e c tron transfer rate constant 

determined at n = 0 ( +0 . 2 5 0  volts ) of k O ' s , h  = 9 . 1 ( ± 0 . 4 )  x 

1 0 - 4 cm/ s . The transfer coe f f ic ient , a ,  f rom the s lope of 

thi s p lot was c a lculated to be 0 . 5 2 ( ± O .  0 2 ) .  The se va lues 

we re then used to s imulate the SPS / CA responses shown in 

Figure 16 ( c i r c le s ) and the agreement with exper imental 

responses is  good . 

Table I summa r i z e s  the heterogeneous e lectron transfer 

kinetic parameters dete rmined for the reaction of different 

pur i f ied cytochrome s::-.- s amples at f reshly po l i shed s i lver 

e lectrode sur face s . Al l of the kinetic parameters reported 

for the var ious concent rat ions of cytochrome c in both 

Na 2 S04 e lectrolyte and Tr i s / cacodylic acid buf fer conform to 

the c r iteria set forth by Mat suda and Ayabe ( 1 8 9 ) for quasi-

revers ible e lec tron transfer systems . As indicated in Table 

I the agreement between DCVA and SPS / CA expe r iments is  good . 

Reproduc ible results we re obtained for more than twe lve 

h ours with very l i t t le diffe rence in e lec tron transfer 

kinetics  between exper iments . The differences in kinetic 

parameters that are evident in thi s table are probably due 

to the use of a newly po l i shed s i lver e lectrode surf ace in 

each exper iment and new s ample solutions . 
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Table I .  Hete rogeneous e lec tron transfer kinetic parameters 
for  chromatographica l ly pur i f ied cytochrome c at a 

smooth s i lver e lectrode . 
--

Cytochrome c k O  , a s , h  ( � )  ( cm/ sec ) 

1 9 9 a 1 . 5 ( ± 0 . 4 ) c x 1 0 - 3 0 . 5 5 ( ± 0 . 0 2 ) c 

1 9 9 a 9 . 1 ( ± 0 . 4 )  x 1 0 - 4  0 . 5 2 ( ± 0 . 0 2 )  

9 1 a 6 . 0 ( ± 0 . 4 )  x 1 0 - 4 0 . 5 2 ( ± 0 . 0 3 ) 

9 1 a 4 . 7 ( ± 0 . 2 )  x 1 0 - 4  0 . 5 2 ( ± 0 . 0 2 )  

1 8 1b 2 . 8 ( ± 0 . 4 )  x 1 0 - 4  0 . 6 9 ( ± 0 . 0 2 )  

1 8 1 b 3 . 7 ( ± 0 . 1 )  x 1 0 - 4 0 . 6 5 ( ± 0 . 0 l ) 

9 8b 1 . 6 ( ± 0 . 4 )  x 1 0 - 3  0 . 6 7 ( ± 0 . 0 7 )  

9 8 b 1 . 6 ( ± 0 . 4 )  x 1 0 - 3 0 . 6 7 ( ± 0 . 1 2 )  

5 1b 2 . 2 ( ± 0 . 6 )  x 1 0 - 3 0 . 7 1 ( ± 0 . 0 8 )  

( a ) solutions prepared in 0 . 0 5 M Na 2 S04 · 

Technique 

DCVAd 

SPS / CAe 

DCVA 

SPS / CA 

DCVA 

SPS / CA 

DCVA 

SPS / CA 

DCVA 

( b )  s o l u t i o n s  p r e pared in 0 . 0 5 M Tris/ cacodylic acid 
buffer , pH = 7 . 0 .  

( c )  Parenthe se s  contain s tandard deviations based on 4 - 5 
d i f ferent scan rates or potenti a l  s tep values for the 
same s ample . 

( d )  Derivat ive cyc lic voltabsorptometry . 

( e )  S ing le potenti a l  s tep chronoabsorptome try . 
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3 .  DCVA Response o f  Pur if ied Cytochrome c a t  a Rough 

S i lve r Electrode . 

The work presented to this point has dealt with smooth 

s i lver e lectrode sur f ace s . The original reason for us ing 

s i lve r as an e lectrode i s  that it  is  one of the sur f aces 

which c an increase the Raman scattering cross section by 

some s i x  orders of magni tude for mo lecules adsorbed on or 

near its  surface ( 1 5 9 ) . This technique , surface enhanced 

re sonance Raman scatter ing ( SERRS ) spectroscopy , has been 

extens ive ly used to s tudy adso rbed cytochrome � ( 3 , 1 47 , 1 9 3 , 

2 0 2 , 2 0 3 ) .  I n  order to obtain such large enhancement 

e f fects , the s i lver sur f ace must be roughened . DCVA was 

used in order to e s tablish the e f fects of this roughening on 

heterogeneous e lectron transfer kinetic parameters . Figure 

1 8  shows DCVA results obta ined for a pur i f ied cytochrome � 

s o lution at a s i lve r e lec trode roughened by a typical 

oxidation reduction cyc le ( ORC ) pretreatment . A scan rate 

of 1 . 1 0 mV / s  and a concentration of 2 8 4  � were used due to 

the l ow ref lect ive proper ties of the roughened e lec trode 

surface . Although thi s sur f ace is  not very ref lective good 

DCVA responses were sti l l  observed . A midpoint potential 

value of + 0 . 2 6 2  vo l t s  was determined for thi s e lectrode 

react ion . The c i rcles in thi s f i gure represent s imu lated 

re sponses with a k O '
s , h  of 1 . 8  x 1 0 - 4 cm/ s  and an a of 0 . 6 5 .  

As can be seen in thi s f igure , the exper imental results are 

in c lose agreement with the s imulated response . The se 
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Figure 1 8 . De r ivat ive cyc lic vo ltabsorptometry of 2 8 4  � 
pur i f ied cytochrome c at a roughened s i lver 
e lect rode in O .  0 5M T r i s / cacodylic acid buf fer I 

p H  = 7 . 0 .  C i r c l e s indic ate s imu lated DCVA 
re sponses for 2 8 4  � cytochrome S E O ' = 0 . 2 6 2  
vo lts  I n = 1 .  0 I l'I8 a t  5 5 0  run = 2 1  I 1 0 0  M- 1 cm- 1  I 
k O ' S / h = 1 . 8  x 1 0 - 4 cm/ s ,  a = 0 . 6 5 . Scan rate = 
1 . 1 0 mV/ s .  
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results also indicate a quas i - reversible reaction based on 

the c r iteria of Mat suda and Ayabe ( 1 8 9 ) . Therefore , the 

r o u g h e ned s i lver surface provide s a set of conditions 

n eces s ary for fac i le e lectron transfer s imi lar 

obtained for a smooth s i lver e lectrode surf ace . 

to that 

Fol lowing 

this s tudy it has been pos s ible to use SERRS to study direct 

e lectron trans fer reactions of cytochrome c at s i lver e lec­

trode s . 

D .  Adsorption Effects of Pur i f ied Cytochrome c at a Smooth 

S i lver Electrode . 

Another advantage of the DCVA technique with regard to 

thi s study l ies in the 

b u t ion of the current 

evaluation of the background contri­

after cytochrome c is  added to 

solution ( 1 9 0 , 2 0 4 ) .  By simultaneously acquir ing CV ' s  and 

DCVA ' s  of cytochrome � a subtraction technique can be used 

to obtain a background re sponse of the e lectrolyte so lution 

in the presence of thi s  prote in . This can then be compared 

t o  t h e  o r igina l background re sponses obtained for the 

e lectro lyte in the absence of cytochrome c .  Thi s  technique 

can provide a convenient and qua litative method for deter­

mining the prec ise state of the e lectrode / so lution interf ace 

and the impact of cytochrome � on it . 

Equat ion 7 represents the total current , iT ' that can 

be obta ined for a CV exper iment . 

( 7  ) 
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I n  this equat ion , iF i s  the faradaic current due to the 

s p ecies  of interest ; iADS ' is current due to adsorbed 

mater i a l ; and iDL , is current due to double l ayer charging 

( i . e . , current due to the e lectrolyte a lone ) . A re lation­

ship for the faradaic response , iF ' can be obtained f rom 

DCVA expe r iments by rearr anging equat ion 1 in the expe r imen­

tal  sect ion to give the fol lowing : 

iF = 2nFAv dA 

dE 

( 8  ) 

The ( dA/dE ) response can be converted into a purely faradaic 

cur rent response , iF ' s ince the other parameters in this 

equat ion are constant duri ng an exper iment . The re fore , f rom 

the re lationship of equat ions 7 and 8 the fol lowing equation 

can be derived : 

2nFAv dA 

dE 

( 9  ) 

The doub le layer charging current , 

w h en the DCVA response , dA/dE , 

iDL , can be determined 

is subtracted f rom the 

s imultaneous ly acqui red current , iT ' of a CV . In cases 

at least minima l adsorption , iADS where the re i s  weak 

wi l l  approach zero . 

or 

I n  these cases the exper imenta l  iDL 
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f rom equation 9 wi l l  equal the double layer charging current 

obtained i n  the absence of the e lectroact ive species . I f  

st rong i rreve r s ible adsorption were t o  occur , a lterations i n  

t h e  d o u b l e  l a y e r  s t r u cture a t  the e lectrode / so lution 

inte r f ace would be observed by a lack of agreement between 

iDL and the background current . 

Figure 1 9  i l lustrates the application of this back­

ground subtract ing technique for a 1 0 7  � sample of pur i f ied 

cytochrome � at a smooth si lve r e lect rode us ing a scan rate 

of 5 . 6 7 mV/ s .  Figure 1 9A represents the DCVA response which 

has been conve rted to a current re sponse using equat ion 8 .  

Th is f igure also i l lustrates a simu ltaneous ly acquired CV 

re sponse which has not been corrected for background cur­

rents ( doub le l ayer charging current ) .  Figure 1 9B compares 

the original background current obtained in the absence of 

e lect roact ive spec ies to the current obtained when the two 

re sponses in Figure 1 9A are subtracted . In Figure 1 9B the 

agreement between the original and subtracted backgrounds 

c learly i l lustrates the sma l l  impact that pur if ied cyto ­

chrome c has on the doub le layer at this electrode . The 

sma l l  d i f f e rence observed on the anodic scan of this figure 

i s  m o s t  l i ke ly due to the s i lver dis so lution problem 

di scussed ear l ier in this chapter ( Figure 1 2A ) . I t  can be 

conc luded that adsorpt ion of puri f ied cytochrome c at a 

smooth s i lver e lectrode sur f ace i s  minimal . 
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Figure 1 9 . A .  D e  r i v a  t i v e  c y c  1 i c  v a  1 t a bsorptometry and 
c y c l i c  v o l t a mme t r y o f  1 0 7  \.LM pur if ied 
cytochrome c at a smooth s i lver e lectrode in 
degas sed Na 2s04 so lution . Potent ial scan rate 
for both : 5 . 6 7 mV/ s .  fiE at 5 5 0  rum = 2 1 , 1 0 0  M-
1 cm- 1 , e lectrode area = 1 . 2 3 cm2 , n = 1 . 0 .  
Using the se parameters in equation 8 ,  the 
DCVA was conve rted to a current re sponse . 
( a ) : represents the CV without background 
s u b t r a c t i o n ;  ( b ) : represents the current 
conve rted DCVA . 

B .  D C V A  s u b t r a c t ed f rom CV in Figure 1 9 A .  
S ample conditions and e lectrode are the same 
as Figure 1 9 A . This corrected re sponse is  
o v e r l a i d  o n  t h e  b a c k ground re sponse of 
e lectro lyte a lone , Figure 1 9B .  
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E .  S u r f a c e  Enhanced Resonance Raman Spectroscopy of 

Cytochrome c 

1 .  S t u d i e s  a t  S i l v e r  S o l s  Suspensions for Pur i f ied 

Cytochrome £.: 

T h i s  i nve st igation next examined the conformations 

as soc i ated with the oxidation/ reduction reaction of cyto -

chrome � using SERRS spectroscopy . Information which com-

p lements the thermodynamic and kinetic de scr iptions pre­

viously determined for this prote in using c lassical e lectro-

chemical technique s was sought . Surf ace enhanced re sonance 

Raman scattering ( SERRS ) spectroscopy was used since it has 

b e e n  s h o w n  ( 3 , 1 4 7 , 1 9 3 , 2 0 2 , 2 0 3 ) to be a good too l for 

examining structura l  a lterations of cytochrome � adsorbed on 

s i lver sur f aces . The results de scribed in this section are 

for pur i f ied cytochrome c s amples and conf i rm the SERRS 

spec troscopy f indings of previous studies ( 3 , 1 47 , 1 9 3 , 2 0 2 ,  

2 0 3 ) with non-pur i f ied cytochrome £.: 

F igure 2 0  shows SERRS spectra of a 1 � pur i f ied 

ferricytochrome � sample , in a s i lver sol so lution , taken 

with 4 1 3 . 1  nm laser exc itation . The spectrum in Figure 2 0 a  

w a s  taken within 2 minutes after addit ion of ferricytochrome 

c to the s i lver s o l  so lution . This spectrum is s imi lar to 

that previous ly reported by Smu levich and Spiro ( 2 0 3 ) for 

this protein with 4 0 6 . 7  nm laser excitation . Of particular 

inte rest in this figure i s  the band at 1 4 9 2  cm- 1 , ass igned 



Figure 2 0 . 
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SERRS spectra o f  pur i f ied 1 � ferricytochrome c 
adsorbed on s i lver sol  at 4 1 3 . 1  nm exc itation 
w a v e l e n g t h . ( a ) : Initial  spectrum , taken 2 
minutes af ter addition of cytochrome c to s i lver 
s o l . ( b ) : S p e c trum taken 1 5  minutes after 
ini t i a l  spectrum . 
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to the porphyri n  ske leta l mode v3 ' The frequency a t  which 

this band appears is characteristic of high- spin penta ­

coordinate ferriheme comp lexes ( 1 5 4 , 1 5 7 ) . Native cytochrome 

c on the other hand i s  a low- spin hexa-coordinate heme 

prote in in both the oxidi zed and reduced state s . The 

resonance Raman ( RR )  spectrum of the native ferricytochrome 

£L Figure 6 b  i n  Chapter I ,  shows a band at 1 5 0 3  cm- 1  also 

a s s igned to the v3 porphyr in skeletal mode . Thi s  f requency , 

c h a r a c teristic  of  a low spin hexa-coordinate ferr iheme 

complex , is pre sent in the SERRS spectra of F igure 2 0 a . 

Therefore the SERRS spectrum in Figure 2 0 a  indicate multiple 

forms of cytochrome � upon addit ion to the s i lve r sol 

solution . 

According to Smulevich and Spiro ( 2 0 3 ) the high- spin 

ferriheme s ignal at 1 4 9 2  cm- 1  is due to sur face - bonded �- oxo 

br idged i ron porphyr in dimers , formed when the thioether 

l inks in cytochrome c are hydro lyzed by the Ag+ ions coating 

the s i lver so l .  This dis ruption of cytochrome � s heme -

binding pocket i s  be l ieved to cause the re lease of the heme 

groups , leading to the �- oxo dimer formation on the s i lver 

surf ace . Thi s  analogy was based on observations by Paul 

( 2 0 5 ) where unde r mi ld conditions s i lve r salts promoted 

splitting of the thioether bond of cytochrome £L resulting 

in the l iberat ion of the heme group f rom the protein part . 

However i t  must be noted that Paul ' s  observat ions we re 

carr ied out in an acid medium , pH 4 ,  using an acid acetone 
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solut ion . The refore a comparat ive s tudy was necessary in 

order to determine i f  the interact ion of the Ag+ ions with 

thi s protein leads to the formation of the �-oxo dimers . 

The results of such study are shown in the RR spectra of 

Figure 2 1 , in which 0 . 2  roM AgN0 3 was added to a 6 0  JJ.M 
ferr icytochrome � solution . As can be seen in this f igure 

the addi t ion of Ag+ ions did not have an e f fect on the cyto­

chrome � solution , indicating that the high- spin \1 3 f requ­

ency at 1 4 9 2  cm- 1  is not a result of �-oxo dime r formation . 

Therefore , f rom the preceding s tudy the pos s ibi lity must be 

cons idered that s tructura l  alterations of this protein upon 

absorption onto the si lver surf ace mus t  be due to e f fects 

o the r than j us t  a chemical interaction . E lectrostatic 

surface forces at the s i lve r / so lution interf ace , rather than 

chemic a l  inte raction , is now a more appropriate mode l to 

explain the drastic difference s between so lution RR and 

SERRS spectra of thi s protein ( 1 9 3 ) . 

The reproduc ibi l i ty of SERRS spectra at s i lver sols was 

very poor . An indicat ion of this behavior i s  shown in 

Figure 2 0 , where the s ame cytochrome c / so l  mixture was 

monitored with t ime . Figure 2 0 b shows the spectrum obtained 

1 5  minutes af ter the initial spectrum in Figure 2 0 a . The 

temporal dependence of the \13 band indicated that the native 

hexa-coordinate low spin form of cytochrome � ( 1 5 0 4  cm- 1  

band ) dec reased i n  relat ion t o  the penta-coordinate high 

spin form ( 1 4 9 2  cm - 1  band ) . The higher intens i ty of the 
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Figure 2 1 .  E f f e c t  o f  Ag+ ions on the resonance Raman 
spectra of 6 0  IlM pur i f ied ferricytochrome c at 
4 1 3 . 1  nm exc itation wavelength . ( a ) : Spectrum 
of cytochrome c a lone . ( b ) : Spectrum of cyto­
chrome � upon addi tion of 0 . 2  roM AgN0 3 . 
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1 4 9 2  cm- 1  band pos s ibly indicates the t ime course o f  protein 

denaturation obse rved at this metal sur f ace . The increased 

intens ity of additional bands at 1 5 7 8  cm- 1  ( "2 ) and 1 6 2 5  

cm- 1  ( "1 0 ) ,  character istic f requenc ies o f  penta-coordinate 

high- spin ferr iheme complexe s ( 1 5 4 , 1 5 7 ) , are also indicative 

of i ncreased prote in denaturation with t ime . The rapid 

dec ay of SERRS spectra with t ime , due to si lver sol prec i ­

pitation , a long with the lack o f  reproduc ibi l i ty between 

exper iments l imited the usefulness of this approach for 

further app l ication to this investigation . 

2 .  Studies at E lectrochemic a l ly Roughened Si lver 

Elect rode s for Pur i f ied Cytochrome � 

Figure 2 2  pre sents SERRS results for purif ied cyto-

chrome c at an e lectrochemic a l ly roughened si lve r surf ace . 

This f igure shows SERRS spectra at app l ied potentials of 

- 0 . 3 7 0  vo lts ( F ig . 2 2 a ) and - 0 . 1 2 0  volts ( Fig . 2 2c ) for 1 uM 

cytochrome � in 0 . 1  M Na 2 S04 ' The spectra in this f igure 

are compared with resonance Raman ( RR )  spectra for 6 0  uM 

so lutions of pur i f ied cytochrome � in the reduced ( Figure 

2 2b )  and oxidi zed ( F igure 2 2 d )  states . The 1 3 7 3  cm- 1  oxida-

tion s tate marke r band , "4 ' in Figure 2 2 c  indicates that the 

adsorbed protein is mostly in the oxidized state at an 

applied potent i a l  of - 0 . 1 2 0 vo lts . This i s  evident by com­

pari son with the "4 band at 1 3 7 2  cm- 1  of the oxidi zed RR 

spectrum , Figure 2 2d .  The "4 band of the adsorbed prote i n ,  

Figure 2 2 c , is  s hown t o  shi f t  t o  1 3 6 0  cm- 1  as the app l ied 
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F igure 2 2 . Compar i son of SERRS and re sonance Raman spec tra 
of pur i f ied cytochrome � in 0 . 1  M Na 2S04 at 
4 1 3 . 1  run exc i tat ion wave length . Laser power : 2 
mW at the s i lver e lectrode sur face . ( a ) : SERRS 
spectra at - 0 . 3 7 0  volts adsorption potential . 
( b ) : RR spectra of 6 0  uM fer rocytochrome c .  ( c ) : 
S E R R S  s p e c t r a  a t  - 0 . 1 2 0  v o l t s adsorption 
potenti a l . ( d ) : RR spectra of 60 uM ferr icyto­
chrome c .  
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potenti a l  i s  changed to - 0 . 3 7 0  volts , Figure 2 2 a . This 

f requency i s  indicative of a reduced form of the adsorbed 

protei n  at this potent ial  by compar i son with the v4 fre­

quency at 1 3 6 1  cm- 1  of  the reduced RR spectrum , Figure 2 2b .  

I t  i s  c lear that the prote in adsorbed on the roughened 

s i lver surface i s  undergoing oxidation and reduction as the 

potent i a l  of the working e lectrode is varied . Extens ive 

denaturation is indicated for the adsorbed cytochrome c 

s ince i t  exists in the oxidi z ed state at an appl ied poten-

t i a l  of - 0 . 1 2 0  volts , Figure 2 2 c . This is conc luded because 

the app l ied potent i a l  in Figure 2 2 c is  more than 0 . 3 5 0  volts 

negative of cytochrome � s  forma l potent ial  in so lut ion at 

pH 7 ( E O I  = + 0 . 2 6 0  volts ( 1 9 4 ) ) .  I f  adsorbed cytochrome � 

we re in the nat ive state i t  would have been reduced at the 

poised potent ial  of - 0 . 1 2 0  volts . Although highly pur i f ied 

cytochrome � s amples were used in this study the results 

that are given with re spect to potential in Figure 22 are 

the s ame as those obtained by Cotton et a l . ( 3 )  using non­

pur i f ied comme r c i a l  cytochrome � sample s . 

A n o t h e r observation in relation to the compar i son 

between RR and SERRS spectra in Figure 2 2  is the spin state 

of the protein after adsorption . As was shown earlier in 

F igure 2 0 , with s i lver sols suspens ions of cytochrome � the 

spin state marker band , v3 , is very sensitive to change s in 

protein al tera tions . Thi s  f requency is  dependent on the 

oxidation s tate , spin- state , and coordination of the heme 
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i ron ( 1 5 4 , 1 5 7 ) . Such dependence o f  \)3 is  very useful in 

establi shing disturbance s  of the nat ive protein structure 

upon binding to the s i lver e lectrode surf ace . A compar ison 

of the nat ive RR spectra and SERRS spectra of Figure 2 2  

i n dicates that both the reduced and oxidized forms of 

adsorbed cytochrome � are in the penta-coordinate high spin 

s tate . Thi s  is evident by the shi f t  of  \)3 bands to lower 

f requency upon adsorpt ion of this protein at the s i lver 

e lectrode sur face . Thi s  band shi f ts from 1 5 0 2  cm- 1  for the 

oxidi zed RR spectra ( F igure 2 2d )  to 1 4 9 1  cm- 1  in the SERRS 

spectra ( F igure 2 2 c ) . A s imilar shi f t  in this band is  also 

seen in the reduced form of the adsorbed protein . In this 

case \) 3 shifts f rom 1 4 9 2  cm- 1  for the reduced RR spectra 

( F igure 2 2b )  to 1 4 7 3  cm- 1 in the SERRS spec tra ( 2 2a ) . The 

spin state conve r sion , f rom low spin in aqueous so lution to 

high spin when adsorbed , would be cons istent with the SERRS 

spec tra taken at low temperature by Hi ldebr andt and 

Stockburge r ( 1 9 3 ) us ing s i lver hydrosols . They observed a 

reve r s ible therma l spin state dependency as the temperature 

was changed . At c ryogenic tempe rature , - 1 9 6 ° C ,  adsorbed 

cytochrome � was predominantly in the low spin state , whi le 

at room tempe rature it was partially populated by the high 

spin form .  F rom such behavior i t  i s  was suggested that the 

two conf ormat ional states of adsorbed cytochrome � exis ted 

in equi librium on the s i lver sur f ace . 

Potent i a l s  less negative than those given in Figure 2 2 ,  
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wi l l  b e  nece s sary i n  order to effect ively eva luate the 

conformational dynamic s  associated with the quasi- rever s ib le 

e l e c t r on trans fer react ions of cytochrome � previous ly 

described by the vo ltammetric exper iments in Figure 1 8 . I t  

i s  important t o  note that the exper iments of both Figure 1 8  

and Figure 2 2  were carr ied out a t  a roughened s i lver e lec­

trode using pur i f ied cytochrome � samples . Since the SERRS 

signa l became ve ry weak at potentials  less negative than 

- 0 . 0 7 0  vo lts , in order to carry out SERRS exper iments at 

such posi ti ve potentials  it was neces sary to increase the 

c o n c e n t ration of pur i f ied cytochrome c .  However , the 

weakening of the SERRS s ignal at positive potentials was not 

obse rved for comme r c i a l  and o l igome ric forms of cytochrome 

£..r p r o v i d i n g c o n v i n c ing evidence of the ir reversible 

adsorption of the o l igomeric form at this e lectrode . 

The results of SERRS exper iments for 6 )..1M pur if ied 

cytochrome � at potentials ranging from - 0 . 3 7 0  to +0 . 2 8 0  

vo lts  in 0 . 1  M Na 2 S04 are shown i n  Figure 2 3 . The s ame 

features that we re observed in Figure 2 2  can be seen in this 

f igure as we l l .  Both the reduced ( Figure 2 3 a )  and oxidized 

( Figure 2 3 f ) adsorbed cytochrome � mo lecules are shown to 

c ontain the s ame two conf ormationa l states observed in 

Figure 2 2 .  Despite the presence of the se two conformational 

state s , it was pos s ible to obtain Nernst p lots for this 

adsorbed prote i n , Figure 2 4 . This f igure i l lustrates the 
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Figure 2 3 . Potent ial  dependence of SERRS spec tra for 6 � 
pur i f ied cytochrome � in 0 . 1  M Na 2 S04 at 4 1 3 . 1  
run exc i tat ion wave length . Laser power : 2 mW at 
t h e  s i l v e r  e l e c t r o d e  s u r f a c e . Ad sorption 
potentials  in volts are as fol lows : ( a ) - 0 . 3 7 0 ; 
( b )  - 0 . 2 7 0 ; ( c )  - 0 . 1 7 0 ; ( d )  - 0 . 0 7 0 ; ( e )  +0 . 0 3 0 ; 
( f )  +0 . 2 8 0 . 



(0 ) 

( b )  

0\ 
'" 
.., 

'0 
� . 
0 '0  
o � 
u 0 
"' �  
.. "' 

6 ;; M 
P u r i f i e d  

C y t  c 

- 370 mV \ : :  0 - 2 7 0 mV , � : �  
" , 

) ��'7o mv (c ) / I .. rv "  \ 

./ " "j�'" 
.. 

N _ , � lD CTl v . . / 

( d ) 

! 

( e  ) 

( f ) 

? : : : - 7 0 m V 
\ • •  N ev: : , :\ .. 3 0 mv 

" 
' : " 
' .  

.. 2 8 0m V 

161 



Figure 2 4 . 
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Fract ional reduc tion o f  adsorbed cytochrome c as 
a f u n c t ion of e lec trode potent ial  of SERRS 
spectra f rom Figure 2 3 . Circ les in this figure 
represent exper imental re sponses ca lculated f rom 
v4 intens ity rat ios at 1 3 5 9  cm- 1  and 1 3 7 4  cm- 1 , 
solid l ine represents Nernst i an re sponse with 
E O ' =  - 0 . 0 6 5  volts . 
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f ractional reduct ion o f  surf ace species , a s  est imated f rom 

the SERRS intens i ty rat ios of the v4 bands ( 1 3 5 9  cm- 1 and 

1 3 7 4  cm- 1 ) of Figure 2 3 , as a funct ion of e lectrode poten­

t i a l . The c lose agreement of the exper imental  ( c ircle s ) and 

s imulated ( so lid l ine ) Nernstian response with E O ' = - 0 . 0 6 5  

vo lts  indicates that the adsorbed protein i s  denatured . 

Thi s  Nerns tian re sponse can now be compared to the DCVA 

re sponse of pur i f ied cytochrome � in Figure 1 8 . From this 

c ompa r i son i t  can be conc luded that a quasi- reversible 

e lectron t rans fer reaction is  occurring for cytochrome � at 

a s i lver e lectrode in the pre sence of an irreversibly and 

strongly adsorbed l ayer of denatured cytochrome £.! These 

observations are crucial  s ince they are contrary to previous 

studie s  which have as soci ated i rrevers ible e lectron t ransfer 

kinetics  with strong i rreversible adsorption of this protein 

( 1 3 3 , 2 0 6 ) . 

3 .  Effect of  Electric Field on Spin State of Cytochrome � 

Cytochrome c '  s structura l  change upon adsorption has 

been inte rpre ted by Hi ldebrandt and Stockburger ( 1 9 3 ) in 

terms of e lectrostatic forces at the s i lve r e lectrode / solu-

tion inte r f ace . The se e lectrostatic forces occur due to 

charge d i f f e rences between the e lectrode and e lectrolyte 

solution resulting in what is cal led the inne r or compact 

double layer . The thicknes s  of this layer can vary between 

� 0 and 1 0 0  A depending on the charge and concentration of 

e lectro lyte so lut ion , with more compact doub le layers  resul-
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ti ng a t  highe r e lectrolyte concentrat ions . The intens i ty of 

e lectric f ie lds across this double l ayer is relat ively high 

( up to 1 0 6 vo lts / cm )  and decays exponential ly with d i stance 

f rom the e lectrode surface . Such e lectric f ie lds were be -

lieved to be as sociated with the drastic conformat iona l 

distortions observed for cytochrome £... upon adsorption at 

s i lver surfaces ( 1 9 3 ) . Since the e lectric f ie ld gradient in 

the double l ayer c an be var ied with e lectrolyte concentra­

tion , i t  shou ld be pos s ible to examine the interact ion of 

cytochrome £... with thi s layer . The interaction of cytochrome 

£... wi th the e lectrostatic forces of the double layer i s  i l -

lustrated i n  the SERRS spectra of Figure 2 5 .  

e lectrolyte concentrat ion was var ied from 1 . 0  rnM to 1 . 3  M in 

order to alter the s trength of the e lectric f i e ld deve loped 

at the doub le layer . The cytochrome £... s ample ( 1  � ) , e lec-

trode and e lectrode potent ial  ( - 0 . 3 7 0  vo lts ) remained the 

s ame in order to l imit pos s ible errors be tween SERRS spectra 

in this exper iment . By comparing the intens i ty of the spin 

s tate marker bands , shown at 1 4 7 1  cm- 1  and 1 4 9 2  cm- 1  in 

Figure 2 5 , it is evident that the adsorbed cytochrome c is 

af fected by the change in e lectrolyte concentrat ion . The 

highe r intens ity of the 1 4 7 1  cm- 1 band in Figures 2 5 a  and 

2 5b i ndicates that the SERRS spectra observed at low to 

moderate e lectrolyte concentrations are predominate ly that 

of a penta- coordinate high spin denatured form of cytochrome 



Figure 2 5 .  
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SERRS spectra for 1 � pur i f ied cytochrome c at 
a si lver electrode as a func tion of e lectrolyte 
concentration . Al l spectra were obtained with 
the s ame e lectrode at the fol lowing conditions : 
4 1 3 . 1  run exc i tation wave length , laser power 2 
mW , a n d  - 0 . 3 7 0  v o l t s  e lectrode potential . 
N a 2 S 0 4 e l e c t r o l y t e  c o n c e n t r a t i ons are as 
f o l lows : ( a )  1 .  0 roM; ( b )  0 . 1  M ;  ( c )  1 . 3  M .  
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c .  However a t  higher e lectro lyte concentrations , F igure 

2 5c , the sma l l  d i f f erence in the intens ities of the 1 4 7 1  cm-

1 and 1 4 9 2  cm- 1  bands indicates the presence of both native 

and denatured forms of cytochrome c .  Therefore i t  can be 

conc luded that the spin state of cytochrome £... i s  c lear ly 

sens i t i  ve to the charge distr ibution wi thin the e lectr ical 

double layer . When high e lectrolyte concentrations are 

used , the ef fect of the double layer on the prote in decrea­

ses . Thi s  i s  due to the increased compactnes s  of the charge 

distribution within the double layer at such concentrations . 

Howeve r ,  at low to moderate e lectro lyte concentrat ions this 

charge d i s t r ibution is more diffuse , affect ing hydrogen 

bonds and e lectrostatic forces between amino acid res idues 

holding cytochrome £... together . The dis ruption of such 

intramo lecular e lectrostatic forces can cause the protein to 

lose some of its nat ive fold , thus destabi l i z ing the c losed 

heme c revice ' s  conformat ion . This destabi l i z ation of the 

heme c revice may c ause the prote in to lose an axi a l  ligand , 

most l i ke ly methionine 8 0 , resulting in the penta- coordinate 

high spin s i gnals obtained in SERRS spectra for cytochrome 

c .  

4 .  Impor tance of Sample Pur i f ication on SERRS Exper iments . 

The preceding studies have dealt only with pur i f ied 

cytochrome £.t howeve r ,  in this section results of  SERRS 

studies  performed on puri f ied and non-pur i f ied s amples wi l l  

be de scribed . Such s tudies can establish the integr i ty of 
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F igure 2 6 . Effects of s amp le pur if ication on SERRS spectra 
of cytochrome � in 0 . 1  M Na2 S04 at a si lver 
e lectrode , us ing 4 1 3 . 1  rum exc i tat�on wavelength 
a n d  laser powe r of 2 mW . All  spectra were 
obtai ned with an e lectrode potential  of - 0 . 1 2 0  
vo lts . The s amp les used are a s  fol lows : ( a )  
pur i f ied ; ( b ) : o l igomer ic ; ( c ) : commercial ( as 
rece ived ) . 
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the cytochrome � samples used . Figure 2 6  i s  a compari son 

1 7 7  

o f  SERRS spectra for pur i f ied ( native ) ,  o l igomer ic and 

commercial  ( non-pur i f ied ) s amples of cytochrome � obtained 

at an app l ied potent i a l  of - 0 . 1 2 0  vo lts . The 1 3 7 3  cm- 1  

oxidation state marke r  band in Figure 2 6 a  i ndicates that the 

puri f ied form is 9 0 %  oxidi zed . On the other hand , the 

o l igomer ic form i s  in the reduced state as evidenced by the 

1 3 5 9  cm- 1 band in F igure 2 6 b . I n  the commercial ( non-

pur i f ied ) s ample , Figure 2 6 c , the bands at 1 3 7 3  cm- 1  and 

1 3 5 9  cm- 1  are of the s ame magni tude indicating the pre sence 

of both native and o l igomer ic forms . I t  i s  imperative to 

note that the amount of o l igomeric form present in comme r ­

c i a l  s amples i s  = 1 %  o r  less . The strong intens ity of the 

1 3 5 9 cm- 1  band in Figure 2 6 c , is the refore indicative of 

st rong adsorpt ion of the o l igomer ic form as compared to the 

native form ( Figure 2 6 a ) . The pre sence of the o l igomeric 

form in non-purif ied cytochrome � s amples should therefore 

be taken into account in previous SERRS studies ( 3 , 1 4 7 , 1 9 3 , 

2 0 2 , 2 0 3 ) .  



CHAPTER IV - SUMMARY AND CONCLUSIONS 

Thi s  inve stigation has now establi shed that s table 

qua s i - reve r s ible heterogeneous e lectron trans fer can occur 

for cytochrome £.. at bare s i lver e lectrode s . The lack of 

f a c i l e  responses previous ly observed at thi s e lectrode 

( 3 , 1 4 7 ) has been attr ibuted to the sma l l  amount of o ligo­

me ric form pre sent in both comme rcial and pur i f ied/ lyo­

phi l i zed cytochrome £.. samples . Oligomeric cytochrome £.. was 

shown to rapidly and ir revers ibly adsorb on the s i lver 

e lectrode surface preventing further e lectron transfer with 

the nat ive cytochrome £.. in solution . The se findings agree 

wi th later s tudies of cytochrome £.. ( 2 0 7 ) which show that 

qua s i - reve r s ible he terogeneous e lectron trans fer at metal 

e lectrodes i s  not unique to bare s i lver e lectrodes . I ndeed , 

s table qua s i - reve r s ible heterogeneous e lectron transfer of 

cytochrome £.. , using pur i f ied/non- lyoph i l i zed s amples , has 

been observed at gold , platinum and mercury e lectrodes . 

SERRS spectroscopic s tudie s , conducted under the s ame 

exper imental conditions as  

h a v e  i n d i c a t ed that the 

e lectron transfer  reactions 

the voltammetric s tudies above , 

qua s i - reve r s ible heterogeneous 

of cytochrome c occur in the 

presence of an i r reve r s ibly adsorbed layer of protein . The 

adsorbed protein has been shown to be denatured based on the 

1 7 8  
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more than 0 . 3 0 0  volt negat ive shi ft i n  the formal potent i a l  

relati ve to native cytochrome � in so lution . The spin state 

change , f rom low spin hexa-coordinate in so lution to high 

spin penta-coordinate upon adsorpt ion , i s  also indicative of 

a denatured form res iding on the e lectrode surf ace . Such 

c onformational change s are possib ly due to the intense 

e lectric f ie ld gradient at the e lectrode / so lution inter f ace , 

c a u s i n g d i s r u ption of the intramo lecular forces which 

stabi l i ze the native conformation of cytochrome � 

The intense e lectric f i e ld observed at the e lectrode / 

s o lution i nter face has been descr ibed by Hi ldebrandt and 

S tockburger ( 1 9 3 ) as be ing comparable strength to that 

obse rved at the mi tochondrial membrane . Since the e lectric 

f ie ld st rengths at the e lectrode and mi tochondr ial  membrane 

are of  the s ame magni tude , Hi ldebrandt and Stockburge r ( 1 9 3 ) 

have conc luded that the change s in cytochrome c '  s spin 

state , c aused by the intense e lectric f ie lds at the e lec­

trode , are ana logous to changes occurr ing at the mitochon­

drial  membrane . According to this interpretation , e lectron 

trans fer reactions of cytochrome c at the mitochondrial 

membr ane may be aff ected by changes in this prote in ' s  spin 

s tate . However ,  contrary to Hi ldebrandt and Stockburger ' s  

interpretation ( 1 9 3 ) , the work presented in this disserta­

t ion indicates that the denatured ( i . e . , high spin ) protein 

adsorbed at a s i lver e lectrode has no adve rse ef fect on the 

e lectron trans fer rate with nat ive cytochrome � in solution . 
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Therefore this work has shown that the spin state and coor­

dination change s observed for  heme proteins upon adsorption 

( binding ) , may not have a critical  ef fect on the i r  e lectron 

trans fer rate . 

The detai led mechani sm by which cytochrome S as we l l  

as other heme proteins , can transfer e lectrons in vivo is 

s t i l l  a matter of di scuss ion . However ,  based on the results 

presented and the l i ter ature di scus sed in this dis sertation 

it i s  now pos s ible to examine several proposed mechani sms 

for e lectron trans fer of heme proteins . The first  few 

mechani sms are based on e lectrostati c / or ientational interac­

t ions which we re be l ieved to be nece ss ary in orde r to 

ove rcome the steric restrictions placed upon the heme group 

by the protein enve lope . The last mechanism to be di scussed 

is based on the results obtained in studies which have shown 

that s i z e  rather than or ientation i s  the contro l l ing factor 

in e lect ron trans fer react ions of heme prote ins . 

According to the mechanism proposed by Koppeno l et a l . 

( 5 9 , 6 0 ) , the interact ion be tween the positive end of cyto­

chrome � s  dipole moment with the e lectric f ie lds generated 

b y  i t s  p h y s  i o  l o gical redox partners , cytochrome bCl 

( reductase ) and cytochrome aa3 ( oxidase ) ,  prope r ly guides 

c ytochrome c i nto an or ientation suitable for e lectron 

trans fe r . After cytochrome � s  solvent exposed heme edge is 

di rected towards the reductase and oxidase comp lexes , the 

negative ly charged carboxyl groups on the se complexes can 
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i n t e r a ct by e lectrostatic attraction with the pos i tive 

lys i ne res idues surrounding cytochrome c '  s heme crevice . 

such an orientational mechani sm i s  thought to be nece s sary 

in order to increase the numbe r of product ive encounters  of 

cytochrome � wi th its phys io logical redox partners . 

Based on thi s  mechani sm of in vivo e lectron transfer , 

Albery e t  a l . ( 1 2 0 ) have a lso proposed a s imi lar mechanism 

for the e lectron transfer react ions of cytochrome c at 

e l e c t r o de surface s . I n  Albery ' s  mechanism ( 1 2 0 ) , the 

e lectrostatic interaction between an e lectrode and the ring 

of pos i tive charged lysine res idue s sur rounding the so lvent 

exposed heme edge of cytochrome S is the rate determining 

step . According to this mode l , functional groups on the 

e lectrode surf ace are neces s ary in order for the protein to 

a c h i e v e the proper or ientation j ust prior to e lec tron 

transf er . Anothe r important feature in Albery ' s  mode l ( 1 2 0 ) 

i s  the abi l i ty of the se groups to bind trans iently with 

cytochrome � Such weak binding interactions were be lieved 

t o  b e  nece s s ary in order for cytochrome c to readi ly 

dissociate f rom the e l ectrode surf ace after the e lectron 

t rans fer step . Thi s  was thought to be neces s ary in order to 

descr ibe a process which ref lects the turnover rates obser­

ved in vivo for this protein ( 2 6 - 3 0 ) . 

More recent results quest ion the impor tance of orienta­

t ion e f fects i n  descr ibing rates of  e lectron trans fer of 

heme proteins . According to Mathews ( 2 0 8 ) , the variation of 
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cytochrome � s  dipo le moment upon der ivat i z ation o f  var ious 

l ys i ne res idue s doe s not account for the l arge differences 

in reaction rates observed by Koppenol and Margo liash ( 6 0 )  

for in vivo e lectron transf e r  react ions . I n  l ater studies 

( 2 0 7 ) at indium oxide e lectrodes heterogeneous e lectron 

trans fer react ions of severa l  heme proteins of s imilar size  

( cytochrome £.t cytochrome £3 ,  and cytochrome £5 5 3 ) we re 

compared . These studies f ound no differences among the 

e lectron trans fer rates of the three cytochromes even though 

the i r  dipole moments are not the s ame . such results provide 

addi ti ona l evidence that a particular orientation of the 

prote in is not nece ssary in order for an e lectron transfer 

reaction to take place . 

From the studies mentioned above it seems more l ikely 

that e lect ron trans fer rates are control led by the protein ' s  

s i ze rather than its or ientation . This dependence is  

observed when e lec tron transfer rates of cytochrome £.. and 

cytochrome £5 5 3  we re compared to the rates for myog lobin 

( 2 0 7 ) . I n  thi s study the e lectron trans fer rate obtained 

for myoglobin was three orders of magnitude lower than that 

o b se rved for the two cytochromes . The difference s  in 

e l e c t r o n t r a n s fer rates among heme prote ins has been 

explained by a tunne l ing mechanism . Thi s  mechanism predicts 

that a 2 - 3  A change in the dis tance f rom the heme group to 

the e lectrode sur f ace wi l l  result in an order of magni tude 

change in e lect ron transfer rate ( 2 0 9 ) . Since the distance 
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f rom the heme group to the sur face o f  the mo lecule i s  ap­

proximately 2 2A i n  myoglobin , whereas in the cytochrome s it 

is less than 15 A, the three order of magnitude difference 

in e lectron trans fer rates is in agreement the difference 

predicted by the tunne ling mechanism . 

I n  conc lus ion , the work presented in this dis sertation 

has shown several aspects that need to be considered when 

mode l i ng heterogeneous e lectron transfer reactions of heme 

proteins at e lectrode surfaces . First , the integr i ty of the 

s amp le must be estab li shed , particularly when using bare 

me tal e lectrode s , s ince they have a tendency to be easily 

fouled by so lution impur ities . Second , e lectron transfer 

can occur in the pre sence of an i rreversibly adsorbed l ayer 

of denatured prote in on the e lectrode surf ace . This is  

cont rary to the general be l ief that strong i rrevers ible 

adsorpt ion leads to s low , ir reversible e lect ron transfer . 

Third , e lectrostatic/or ientational ef fects are not nece ss ary 

s i nce e lect ron transfer rates are more dependent on s i ze 

rather than charge . The refore f rom the s i z e  dependence of 

e l e c t r o n  t r a n s fer rates , a more current mechanism of 

e lectron trans fer might be related to a tunne ling ef fect . 
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APPENDIX I 

DATA ACQUISITION SYSTEMS 

A .  Setup of the Spect roe lect rochemical Sys tem . 

I n  both DCVA and SPS/CA exper iment s ,  acquisition of 

opt ical s igna ls was carried out with the aid of a UNC 

computer inte r f aced to a s ing le-beam spectroelectrochemical 

sys tem . Figure 2 7  shows the schematic diagram used for 

conve rt ing the opt ical intensity into an absorbance prof i le . 

The f i r s t  s tep i s  to conve rt the PMT current to a vo ltage 

s igna l us ing the current fol lower , �Al . 

then pas sed to a gain amp l i f ier , OA2 . 

This s igna l was 

A capac itor was 

placed in par a l l e l  with the feedback resistor of OA2 in 

order to par t i a l ly f i lter the no i se of the system . How much 

f i lter ing i s  perf ormed on the s igna l is re lated to the RC 

t i m e  c o n s t a n t  ( c a p a c i  t a n c e  times feedback resistor ) .  

I ncreases in the RC t ime constant wi l l  lead to smoother 

s igna l s . Howeve r ,  the magnitude of the RC constant should 

be l imited s ince exce s s ive smoothing wi l l  cause severe 

s ignal di stortion . The RC t ime cons tant used for DCVA and 

SPS/ CA expe r iments were 0 . 1  and 4 . 3  x 1 0 - 3 seconds , respec-

t ive ly . The par t i a l ly smoothed signal is  then inve rted and 

amp l i f ied by pass ing through OA3 . 

1 9 8  



Figure 2 7  
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S c h e m a t i c  d i a g r a m f o r  c o n v e r t i n g  optical 
i nten s i ty i nto absorbance . OA in this diagram 
re spresents oper ational amp l i f iers . 
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A t  the beginning o f  a n  exper iment the voltage s ignal of 

OA3 is adj usted , by the gain on thi s ampl i f ier , to equal = 

1 . 0  vol t . Thi s  amp l i f ied voltage of the PMT now represents 

the initial  intens ity of the s amp le , PO , j us t  prior to 

applying a potent ial  perturbation to the working e lectrode . 

Thi s vo ltage i s  then pas sed by a coaxial cable to the port 

of A I D  convertor # 3  on the computer interface card and is 

used in the calculat ion of the sample absorbance in DCVA and 

SPS / CA programs . The initial s ignal ensuing from OA3 is  

inver ted and off set to = 5 0  mV by applying a bias potential 

to the gain amp l i f ier OAS . During an exper iment , this 

conf igurat ion wi l l  cause the voltage from OAS to increase , 

whi le that f rom OA3 to decrease . By ad j usting the res istors 

on OA S , it  is pos s ible to amplify the s igna l in order to 

cove r the 0 - 1  volt range of the AID convertor . I n  DCVA 

expe r iments this s ignal is f i l tered prior to enter ing AID 

port # 1 , us ing an analog fourth-order Butterworth act ive 

f i lter with a cutoff f requency of ca . 50 Hz . 

The data proce s s ing , acquisit ion and control of DCVA 

and SPS / CA expe r iments was carr ied out by the use of two 

programs written in BASI C  for the UNC computer : DCVA and 

SPSCA7 . I n  order to ca lculate the absorbance in these 

programs the tot a l  gain , G ,  f rom OA4 to the input of the AID 

conver tor # 1  needs to be ca lculated with the bias on OAS 

o f f . In addition the dark current , D ,  mus t be determined 

for the se ca lculat ions . This i s  carr ied out by turning a 
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f i lter whee l placed i n  f ront o f  the monochrometer .  Thi s  

wheel contains a n  opaque f i lter in posi tion one and no 

f i lter in position three . By rotat ing the f i lter wheel f rom 

pos i  t ion three to pos i tion one , the dark current can be 

measured at OA3 . 

B .  Computational Algorithms for DCVA and SPS/CA Experi­

ments 

I n  DCVA exper iments ,  once the data has been acquired 

and conve rted to an absorbance s igna l ,  it is  pas sed twice 

through a 5 - point moving average smoothing routine before 

taking the de r ivative ( 1 ) . The de rivat ive in this program 

i s  obtained f rom the dif ference , in both the absorbance and 

potent i a l , between two neighboring data points . Fol lowing 

der ivat i zation , the signal is passed through a 2 5 -point 

smoothing rout ine ( 1 ) . The se computations for DCVA experi­

ments are based on publ i shed a lgor ithms of Bancroft et a l . 

( 2 )  • 

For SPS / CA expe r iments it was nece ssary to correct the 

results for change s in reflectivity of the meta l - e lectrolyte 

inte r f ace . Thi s  general procedure for obtaining background 

c o r r e c t e d  S P S / CA responses i s  as fol lows : First , the 

absorbance spectra of the e lectrolyte a lone i s  obtained . 

The s ame potential perturbat ions are then appl ied to a 

s amp le containing both e lectrolyte and cytochrome £.! The 

d i f f e rence between the se two responses is  the background 

cor rected SPS / C A .  The se background corrected f i les can then 
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be used t o  dete rmine heterogeneous e lectron transfer kinetic 

parameters . In order to ca lculate such parameters I kf I h 

must be determined for each overpotential . These va lues are 

obtained f rom working curves generated by the SPSCA7 program 

us ing equat ions der ived by Banc roft et a l . ( 3 ) . 



PROGRAM TITLE SPSCA7 

1 0  CLEAR i PLOT ( 0 , 1 , 1 )  

2 0  DIM A ( 2 0 0 ) , A1 ( 2 0 0 ) , A2 ( 2 0 0 ) , I ( 2 0 )  , A4 ( 2 0 0 ) , D4 ( 2 0 0 ) , 

T ( 2 0 0 ) , B ( 3 2 0 0 ) , C ( 3 2 0 0 ) , $ F ( 3 0 ) . $ F1 ( 3 0 )  , S 9 ( 2 0 )  

3 0  REM THI S  I S  A BACKGROND CORRECTED SPSCA PROGRAM 

2 0 4  

4 0  REM THI S  PROGRAM TAKES DATA POINTS AT A RATE OF 2 0  

pts . / sec . 

5 0  REM THI S  PROGRAM I S  DESI GNED FOR THE UNC LAB 

COMPUTER . 

6 0  REM INITIAL CURRENT VOLTAGE OUTPUT MUST BE BI ASED TO 

APR . 

7 0  REM 0 . 0 5 VOLTS POS ITIVE . ALL CURRENT TO OUTPUT MUST 

BE BETWEEN 

8 0  REM 0 TO 1 VOLTS . 

9 0  REM CHANNEL 1 

1 0 0  REM DAC CHANNEL 3 

ABSORBANCE 

E INPUT TO POTENTIOSTAT 

1 1 0  REM 1 INDI CATES YES RESPONSE , 0 INDICATES NO 

1 2 0  PRI NT " I F  YOU WANT TO RETRIEVE A DISK FILE ENTER 1 "  

l 3 0  INPUT X6 

1 4 0  I F  X6=1  THEN GOSUB 8 7 0  

1 5 0  I F  X 6 = 1  THEN GOTO 3 4 0  

1 6 0  PRINT% % " INPUT MONTH , DAY , YEAR , RUN NO . "  

1 7 0  I NPUT C1 , C 2 , C 3 , C 4 

1 8 0  PRINT " INPUT INITIAL VOLTAGE IN MV" i INPUT V1 

1 9 0  DAC ( 3 ) =V 1 * 5E- 5+ . 5  



2 0 5  

2 0 0  PRINT" INPUT TIME LIMIT FOR DATA ACQUISITION ( SEC ) " ;  

INPUT T 

2 1 0  REM TIME INCLUDES 1 SEC DELAY TO FIRST TIME 

2 2 0  PRINT%%" PLOT HAS MAX DIM OF 5X5 INCHES" 

2 3 0  PRINT" I NPUT SECONDS PER DIVI SION" 

2 4 0  I NPUT S 

2 5 0  S l =S * 1 0  

2 6 0  ERAS ; PRINT" INPUT DARK CURRENT ( IN VOLTS ) " ;  INPUT D 

2 7 0  PRINT" INPUT VOLTAGE I N  MV FOR STEP" 

2 8 0  INPUT V 

2 9 0  V2=V* 5 E - 5 + . 5  

3 0 0  PRINT " INPUT VOLTAGE I N  MV TO RETURN TO" 

3 1 0 I NPUT V 3  

3 2 0  V 3 =V 3 / . 9 9 6  

3 3 0  GOSUB 7 5 0  

3 4 0  PRINT"WANT ABSORBANCE VERSUS TIME PLOT? " 

3 5 0  INPUT N1  

3 6 0  I F  N=l THEN GOSUB 9 3 0  

3 7 0  ERAS ; PRINT"WANT THI S DATA STORED ON DI SK? " 

3 8 0  I NPUT N 8  

3 9 0  I F  N 8 = 1  THEN GOSUB 1 9 7 0  

4 0 0  ERAS ; PRINT"WANT TO CORRECT POTENTI AL STEP FOR 

BACKGROUND REFLECTANCE? " ; INPUT N 3 1  

4 1 0  I F  N3 1 = 1  THEN GOTO 4 3 0  

4 2 0  GOTO 5 4 0  



4 3 0  Q4=K i FOR N=O TO Q4 i A2 ( N ) =A ( N ) i NEXT N 

2 0 6  

4 4 0  E R A S  i P R I N T "  I N P U T  F I L E N AME TO RETRIEVE BACKGROUND 

REFLECTANCE STEP" i INPUT $F1  

4 5 0  GET ' $ F 1  ON ( l )  

4 6 0  GET S 9 ( B )  A ( Z )  END 4 7 0  

4 7 0  C 1=S9 ( 0 ) i C 2=S 9 ( 1 ) i C 3=S9 ( 2 ) i C 4=S9 ( 3 ) i S=S9 ( 4 ) i 

S l=S 9 ( 5 ) i T=S9 ( 6 ) i V=S9 ( 7 ) i V1=S9 ( 8 ) i V2=S9 ( 9 ) i 

V 3 = S 9 ( 1 0 )  i K=S9 ( 1 1 )  i W=S9 ( 1 2 )  

4 8 0  FOR N=O TO Q4 i A ( N ) =A2 ( N ) - A ( N ) i NEXT N 

4 9 0  W=Q 4 

5 0 0  ERAS i PRINT"WANT ABSORBANCE VERSUS TIME PLOT FOR 

REFLECTANCE CORRECTED STEP ? " i INPUT N 3 2  

5 1 0  I F  N3 2 = 1  THEN GOSUB 9 3 0  

5 2 0  ERAS i PRINT"WANT THI S  DATA STORED ON DISK? " i INPUT N3 3 

5 3 0  I N  N 3 3 = 1  THEN GOSUB 1 9 7 0  

5 4 0  ERAS i PRINT"WANT ABSORBANCE VERSUS SQUARE ROOT OF T I M  E 

PLOT? " i INPUT N 1 0  

5 5 0  I F  N 1 0 = 1  THEN GOSUB 1 1 4 0  

5 6 0  E R A S  i P R I N T " W A N T  C A L C U L A T I O N O F  N A B S V S . 

LOG 1 0  ( SQR ( TID ) ) ? " i INPUT N 9  

5 7 0  I F  N9=1  THEN GOSUB 1 3 4 0  

5 8 0  E R A S  i P R I N T " W ANT N ABS VS . LOG 10 ( KF (  SQR ( T/ D ) ) )  FROM 

WORKING CURVE ? " i INPUT N l l  

5 9 0  I F  N 1 1 = 1  THEN GOSUB 1 5 5 0  



2 0 7  

6 0 0  ERAS i PRINT" INPUT 0 TO STOP O R  1 TO CONTINUE TO NEXT 

CALCULATION" i INPUT 0 

6 1 0  I F  0=0 GOTO 2 1 4 0  

6 2 0  I F  0=1 GOTO 1 2 0  

6 3 0  ERAS i PRINT" PRESS SPACE BAR TO INITIATE EXPERIMENT" 

6 4 0  X=KEY ( K ) i IF X< > 1 6 0  GOTO 6 4 0  

6 5 0  ERAS i PRINT" * * * * * * * * * *  ACQUIRING DATA * * * * * * * * * * " 

6 6 0  K= ( ( ( T ) * 2 0 ) + 9 ) 

6 7 0  I = I ADC ( O ) ( O )  i PO=I ADC ( 3 ) ( . 1 )  

6 8 0  FOR N=O TO 9 

6 9 0  A ( N ) =IADC ( l ) ( . l )  

7 0 0  NEXT N 

7 1 0  A ( 0 ) = I ADC ( 0 ) [ l ] ( 0 ) i DAC ( 3 ) =V2 

7 2 0  FOR N= 10 TO K 

7 3 0  A ( N ) =IADC ( 1 ) ( 0 . 0 5 )  

7 4 0  NEXT N 

7 5 0  DAC ( 3 ) =V3 * 5E- 5+ . 5  

7 6 0  B= ( A ( 0 ) +A ( 1 ) +A ( 2 ) +A ( 3 ) +A ( 4 ) +A ( 5 ) +A ( 6 ) +A ( 7 ) +A ( 8 ) + 

A ( 9 )  ) / 1 0  

7 7 0  FOR N=O TO K 

7 8 0  A ( N )  =A ( N ) -B 

7 9 0  NEXT N 

8 0 0  ERAS i PRINT" INPUT GAIN FOR ABSORBANCE" i INPUT G 

8 1 0  FOR N=O TO K 

8 2 0  A ( N ) = -LOG1 0 ( ( ( PO - ( A ( N ) * ( 1 / G ) ) ) -D ) / ( PO -D ) ) 



8 3 0  NEXT N 

8 4 0  W=K 

8 5 0  ERAS 

8 6 0  RETURN 

8 7 0  PRINT" INPUT FILE NAME TO RETRIEVE" 

8 8 0  INPUT $ F 1  

8 9 0  GET ' $ F 1  

9 0 0  GET S 9 ( B )  A ( Z )  END 9 1 0  

9 1 0  C 1 =S9 ( 0 ) ; C 2=S 9 ( 1 ) ; C 3=S 9 ( 2 ) ; C4=S 9 ( 3 ) ; S=S9 ( 4 ) ;  

S l =S 9 ( 5 ) ; T=S9 ( 6 ) ; V=S9 ( 7 ) ; V1=S9 ( 8 ) ; V2=S 9 ( 9 ) ;  

V3=S9 ( 1 0 ) ; K=S 9 ( 1 1 ) ; W=S9 ( 1 2 )  

9 2 0  RETURN 

9 3 0  REM ABSORBANCE VERSUS TIME PLOT 

9 4 0  PRINT%%" MAXI MUM ABSORBANCE= " , A ( W ) , " AU" 

9 5 0  PRINT% % " INPUT ABSORBANCE UNITS PER DIVI SION" 

9 6 0  INPUT U 

9 7 0  U1=U* 1 0  

9 8 0  PLOT ( 0 , ( 0 . 0 5 / S 1 ) * 1 0 , . 1+A ( 1 0 ) /U1 ) 

9 9 0  PLOT ( 1 , ( 0 . 0 5 / S 1 ) * 1 0 , . 1+A ( 1 0 ) / U1 ) 

1 0 0 0  FOR N=10  TO K 

1 0 1 0  PLOT ( 1 , ( 0 . 0 5 / S 1 ) *N , . 1+A ( N ) /U 1 ) 

1 0 2 0  NEXT N 

1 0 3 0  PLOT ( 0 , ( 0 . 0 5 / S1 ) *K , . 1 +A ( K ) / U1 ) 

1 0 4 0  PLOT ( O , l , l )  

1 0 5 0  PRINT"WANT TO FRAME GRAPH" 

2 0 8  



1 0 6 0  I NPUT W 1  

1 0 7 0  I F  W1=1 THEN GOSUB 2 0 3 0  

1 0 8 0  I F  W1=0 THEN RETURN 

1 0 9 0  PLOT ( 0 , . 0 5 , . 9 ) ( 3 ) " A  VS . T" 

1 1 0 0  PLOT ( 0 , . 0 5 , . 8 5 ) ( 3 ) " X=" , S , " SEC / DIV" 

1 1 1 0  PLOT ( 0 , . 0 5 ,  . 8 0 )  ( 3 )  "Y=" , U ,  " AU /DIV" 

1 1 2 0  PLOT ( O , l , l )  

1 1 3 0  RETURN 

1 1 4 0  REM ABSORBANCE VERSUS SQUARE ROOT OF TIME PLOT 

1 1 5 0  PRINT%%" MAXIMUM ABSORBANCE=" , A ( W )  , " AU" 

1 1 6 0  PRINT%%" INPUT ABSORBANCE UNITS PER DIVIS ION" 

1 1 7 0  INPUT U2 

1 1 8 0  U 3 =U2 * 1 0  

1 1 9 0  PLOT ( 0 , SQR ( ( 0 . 0 5 / S 1 ) * 1 0 ) , . 1+A ( 1 0 ) /U 3 ) 

1 2 0 0  PLOT ( 1 , SQR ( ( 0 . 0 5 / S 1 ) * 1 0 ) , . 1 +A ( 1 0 ) /U 3 ) 

1 2 1 0  FOR N= 1 0  TO K 

1 2 2 0  PLOT ( 1 , SQR ( ( 0 . 0 5 / S 1 ) *N ) , . 1+A ( N ) /U 3 ) 

1 2 3 0  NEXT N 

1 2 4 0  PLOT ( 0 , SQR ( ( 0 . 0 5 / S 1 ) *K )  , . 1 +A ( K ) / U3 ) 

1 2 5 0  PLOT ( O , l , l )  

1 2 6 0  PRINT"WANT TO FRAME GRAPH" i INPUT W8 

1 2 7 0  I F  W8=1 THEN GOSUB 2 0 5 0  

1 2 8 0  I F  W8=0 THEN RETURN 

1 2 9 0  PLOT ( 0 , . O S ,  . 9 ) ( 3 ) " A  VS . SQR ( T ) " 

1 3 0 0  PLOT ( 0 , . 0 5 , . 8 5 ) ( 3 ) " X=" , SQR ( S ) , " SQR ( SEC ) /DIV" 

2 0 9  



1 3 1 0 PLOT ( 0 , . 0 5 ,  . 8 0 )  ( 3 )  "Y=" , U2 , " AU /DIV" 

1 3 2 0  PLOT ( O , l , l )  

1 3 3 0  RETURN 

1 3 4 0  REM CALCULATION OF NABS VS . LOG1 0 ( SQR ( T/ D ) ) 

1 3 5 0 PRINT" INPUT DI FFUSION COEFF . " ; INPUT D 

1 3 6 0  FOR N=O TO K 

1 3 7 0  A1 ( N ) =A ( N )  

1 3 8 0  NEXT N 

2 1 0  

1 3 9 0  PRINT" INPUT FILE NAME TO RETRIEVE DI FFUSION CONTROL 

STEP" ; INPUT $ F 1  

1 4 0 0  GET ' $ F 1  

1 4 1 0  GET S 9 ( B )  A ( Z )  END 1 4 2 0  

1 4 2 0  C 1 =S9 ( 0 ) ; C 2=S9 ( 1 ) ; C 3=S 9 ( 2 ) ; C 4=S9 ( 3 ) ; S=S 9 ( 4 ) ; 

S l =S9 ( 5 )  ; T=S9 ( 6 )  ; V=S9 ( 7 ) i V1=S9 ( 8 )  i V2=S9 ( 9 )  i 

V3=S9 ( 1 0 ) i K=S9 ( 1 1 ) ; W=S9 ( 1 2 )  

1 4 3 0  FOR N= 1 0  TO K 

1 4 4 0  A4 ( N ) =A1 ( N ) / A ( N )  

1 4 5 0  D4 ( N ) =LOG1 0 ( SQR ( ( ( N - 9 ) * ( 0 . 0 5 ) ) /D ) ) 

1 4 6 0  NEXT N 

1 4 7 0  TYPE TAB ( 2 )  , "TIME ( INSEC . ) "  , TAB (  1 6 ) ,  "NABS" , TAB (  2 6 ) ,  

" LOG 1 0 ( SQR ( T/ D ) ) " 

1 4 8 0  TYPE 

1 4 9 0  FOR T1=1 TO ( 2 *T ) 

1 5 0 0  N= ( T1 / . 1 ) +9 

1 5 1 0  T2=T1 / 2  



1 5 2 0  TYPE%Z%TAB ( 2 )  , T2 , % Z 4 %TAB ( 1 5 ) , A4 ( N ) , TAB ( 2 5 )  , D4 ( N )  

1 5 3 0  NEXT T1  

1 5 4 0  RETURN 

1 5 5 0  REM WORKING CURVE CALCULATION 

1 5 6 0  PRINT" INPUT STANDARD POTENTI AL ( IN VOLTS ) " ; INPUT EO 

1 5 7 0  PRINT" INPUT STEP POTENTIAL ( IN VOLTS ) " ; INPUT E 1  

1 5 8 0  PRINT " INPUT TEMP . ( IN DEG KELVIN ) " ; INPUT T3  

1 5 9 0  TYPE "WORKING CURVE CALCULATIONS" 

1 6 0 0  TYPE 

1 6 1 0  TYPE" STANDARD POTENTI AL=" , EO , "VOLTS" 

1 6 2 0  TYPE" STEP POTENTIAL=" , E1 , "VOLTS" 

1 6 3 0  TYPE" OVERPOTENTI AL= I , ( E1 - EO ) , "VOLTS" 

1 6 4 0  TYPE " TEMPERATURE =" , T 3 , "KELVIN" 

1 6 5 0  TYPE 

1 6 6 0  TYPE TAB ( 2 )  , " TIME ( INSEC . ) "  , TAB ( 1 6 )  , "NABS" , TAB ( 2 6 )  , 

" LOG1 0 ( KF * ( SQR ( T / D ) ) ) " 

1 6 7 0  TYPE 

1 6 8 0  FOR Q=O TO 1 5 0 0  

1 6 9 0  S 2=EXP ( 2 . 3 0 2 5 8 * ( Q/ 8 0 0 - 2 ) ) 

1 7 0 0  R=S 2 * ( 1 +EXP ( 9 6 4 8 5 * ( E1 -EO ) / ( 8 . 3 1 4 4 1 *T3 ) ) )  

1 7 1 0  Z l = l / ( l + (  . 3 2 7 5 9 *R ) ) 

1 7 2 0  Z= ( . 2 5 4 8 2 * Z l - . 2 8 4 4 9 * Z l - 2+ 1 . 4 2 1 1 4 1 * Z l - 3 - 1 . 4 5 3 1 5 * Z l - 4 

+ 1 . 0 6 1 * Z l - 5 )  

1 7 3 0  B ( Q ) = ( S 2 * 1 . 7 7 2 4 6 / ( 2 *R*R ) ) * ( ( 2 * R/ 1 . 7 7 2 4 6 ) + ( Z ) - 1 ) 

1 7 4 0  C ( Q ) =LOG 1 0 ( S 2 )  

2 1 1  



1 7 5 0  NEXT Q 

1 7 6 0  FOR T1=1 TO ( 2 * T )  

1 7 7 0  N= ( T1 / . 1 ) +9 

1 7 8 0  T2=T1 / 2  

1 7 9 0  FOR Q=O TO 1 5 0 0  

1 8 0 0  I F  B ( Q » =A4 ( N )  GOTO 1 8 2 0  

1 8 1 0  NEXT Q 

1 8 2 0 TYPE%Z %TAB ( 2 ) , T2 , % Z 4 %TAB ( 1 5 ) , B ( Q ) , % 4E%TAB ( 2 5 ) , C ( Q )  

1 8 3 0  NEXT T1 

1 8 4 0  TYPE 

1 8 5 0  TYPE TAB ( 2 )  , "TIME ( IN SEC ) " ,  TAB ( 1 6 )  " LOG1 0  ( KF ) "  

1 8 6 0  TYPE 

1 8 7 0  FOR T1=1 TO ( 2 *T )  

1 8 8 0  N= ( T1 / . 1 ) + 9 

1 8 9 0  T2=T1 / 2  

1 9 0 0  FOR Q=O TO 1 5 0 0  

1 9 1 0  I F  B ( Q » =A4 ( N )  GOTO 1 9 3 0  

1 9 2 0  NEXT Q 

1 9 3 0  LOGKF=C ( Q ) -D4 ( N )  

1 9 4 0  TYPE%Z%TAB ( 2 ) , T2 , %4E%TAB ( 1 6 ) , LOGKF 

1 9 5 0  NEXT T1 

1 9 6 0  RETURN 

1 9 7 0  PRINT " INPUT FILE NAME FOR THI S  DATA" 

1 9 8 0  INPUT $ F  

2 1 2  



1 9 9 0  S 9 ( 0 ) =C 1 ; S 9 ( 1 ) =C2 ; S9 ( 2 ) =C 3 ; S 9 ( 3 ) =C4 ; S 9 ( 4 ) =S ; S 9 ( 5 ) =  

S l ; S9 ( 6 ) =T ; S 9 ( 7 ) =V ; S9 ( 8 ) =V1 ; S 9 ( 9 ) =V2 ; S 9 ( 1 0 ) =V3 ; 

S 9 ( l l ) =K S 9 ( 1 2 ) =W 

2 0 0 0  PUT ' $ F  

2 0 1 0  PUT S 9 ( 2 0 )  A ( 2 0 0 ) END 

2 0 2 0  RETURN 

2 0 3 0  PLOT ( O , O , O )  

2 0 4 0  M= . 0 2 5  

2 0 5 0  FOR L=l TO 4 

2 0 6 0  FOR N=l TO 1 0  

2 0 7 0  I F  L=l THEN PLOT ( 1 , N / 1 0 , 0 ) ; PLOT ( 1 , N / 1 0 , M ) ; 

PLOT ( 1 , N / 1 0 , 0 )  

2 0 8 0  I F  L=2 THEN PLOT ( 1 , 1 , N / 1 0 ) ; PLOT ( 1 , lM , N / 1 0 ) ;  

PLOT ( 1 , 1 , N / 1 0 ) 

2 0 9 0  I F  L= 3 THEN PLOT ( 1 , 1 -N / 1 0 , 1 ) ; PLOT ( 1 , M , 1 - N / 1 0 ) ; 

PLOT ( 1 , O , l -N/ 1 0 ) 

2 1 0 0  I F  L=4 THEN PLOT ( 1 , O , l -N/ 1 0 ) ; PLOT ( l , M , 1 -N/ 1 0 ) ;  

PLOT ( 1 , 0 , 1 -N/ 1 0 ) 

2 1 1 0  NEXT N ; NEXT L 

2 1 2 0  PLOT ( O , l , l )  

2 1 3 0  RETURN 

2 1 4 0  STOP 

2 1 3  



2 1 4  

PROGRAM TITLE " DCVA" 

1 0  E R A S i P L O T ( O , l , l )  i D AC ( 3 ) = 0 . 5 i D I MA ( 1 5 5 0 ) , E 5 ( 1 5 5 0 ) , 

A1 ( 1 5 5 0 ) , 0 ( 1 1 ) , P ( 3 0 ) , $ F 5 ( 7 )  , $ F6 ( 7 )  

2 0  PRINT "WANT TO RETRIEVE DATA FROM DISK? ( YES=l ) " i  

I NPUT N 

3 0  I F  N=l THEN GOSUB 3 5 0  

4 0  I F  N=l THEN GOTO 4 1 0  

5 0  ERAS i PRINT " I NPUT INITIAL POTENTI AL ( IN MV ' s ) , 

A P P R O X IMATE SCAN RATE ( IN MV/ SEC ) ,  AND ABSORBANCE 

GAIN" i INPUT E1 , S 5 , G  

6 0  I F  S 5 = 1  THEN Z=0 . 5  

7 0  I F  Z=0 . 5  THEN GOTO 1 5 0  

8 0  I F  S 5 = 2  THEN Z=0 . 2 5 

9 0  I F  Z=0 . 2 5 THEN GOTO 2 0  

1 0 0  I F  S 5 > 2  THEN Z=0 . 1 0 

1 1 0  I F  Z=0 . 1 0 0  THEN GOTO 1 5 0  

1 2 0  ERAS i PRINT " PUT P O  CABLE I N  A/D 3 AND TURN FILTER WHEEL 

TO POS ITION 1 . "  

1 3 0  PRINT"WHEN POTENTIAL HAS STABILI ZED PRESS SPACE BAR TO 

OBTAIN DARK CURRENT . " i Q=KEY ( 1 6 0 ) 

1 4 0  I = I ADC ( 0 ) ( 0 ) i D=IADC ( 3 ) ( . 1 )  

1 5 0  ERAS i PRINT" LEAVE PO CABLE IN A/D 3 AND TURN FI LTER 

WHEEL TO POSITION 3 . "  



2 1 5  

1 6 0  PRINT"WHEN POTENTI AL HAS STABILI ZED PRESS SPACE BAR TO 

OBTAIN PO . " ; Q=KEY ( 1 6 0 ) 

1 7 0  I = I ADC ( 0 ) ( 0 ) ; P ( 0 ) =I ADC ( 3 ) ( . 1 )  

1 8 0  ERAS ; PRINT" * * * * * * * * * *  ACQUIRING DATA * * * * * * * * * * " 

1 9 0  I = I ADC ( 0 ) ( 0 ) ; E5 ( 0 ) =I ADC ( 2 ) ( . 1 )  

2 0 0  DAC ( 3 ) = 0 . 7 5 

2 1 0  FOR V5=0  TO 1 5 5 0 ; T5=V5+1 

2 2 0  A ( V5 ) =I ADC ( 1 ) ( Z ) ; E 5 ( T5 ) =I ADC ( 2 ) ( Z )  

2 3 0  I F  E 5 ( T5 » =E 5 ( 0 )  GOTO 2 5 0  

2 4 0  NEXT V 5  

2 5 0  DAC ( 3 ) = 0 . 5 ; ERAS ; PRINT" FINISH ACQUI RING DATA" 

2 6 0  QE=ABS ( E 5 ( 1 0 ) - E 5 ( 1 1 ) ) ; S 5= ( QE* 1 0 0 0 ) / ( Z * 2 . 0 )  

2 7 0  E 3 =MINX ( T 5 ) E 5 ( 0 ) ; E 2= ( E1 / 1 0 0 0 ) - ( E 5 ( 0 ) - E5 ( E 3 ) ) ; E2=E2 * 1 0 0  

2 8 0  ERAS ; PRINT ; " DO YOU WANT TO STORE DATA? " ; INPUT N ; I F N=l 

THEN GOSUB 3 0 0  

2 9 0  GOTO 4 1 0  

3 0 0  ERAS ; PRINT" INPUT FI LENAME FOR THI S  DATA" ; INPUT $F5  

3 1 0 0 ( 0 ) =E1 ; 0 ( 1 ) =E2 ; 0 ( 2 ) =E 3 ; 0 ( 3 ) =S 5 ; 0 ( 4 ) =T5 ; 0 ( 5 ) =G ;  

0 ( 6 ) =PO ; 0 ( 7 ) =Z ; 0 ( 8 ) =D 

3 2 0  PUT ' $ F 5  ON ( l )  

3 3 0  PUT 0 ( 1 1 ) A ( 1 5 5 0 ) E5 ( 1 5 5 0 ) END 

3 4 0  RETURN 

3 5 0 REM ROUTINE TO RETRIEVE DATA 

3 6 0  ERAS ; PRINT " INPUT FI LENAME TO RETRIEVE DATA" ; INPUT $F6 

3 7 0  GET ' $ F 6  ON ( l )  



3 8 0  GET O ( B )  A ( D )  E5 ( D )  END 3 9 0  

3 9 0  E 1 =O ( O ) ; E2 =O ( l ) ; E 3=O ( 2 ) ; S 5=O ( 3 ) ; T ( 5 ) =O ( 4 ) ; G=O ( 5 ) ; 

PO=O ( 6 ) ; Z=O ( 7 ) ; D=O ( 8 )  

4 0 0  RETURN 

4 1 0  AO= ( A ( O ) +A ( l ) +A ( 2 ) +A ( 3 ) +A ( 4 ) +A ( 5 ) +A ( 6 ) +A ( 7 ) +A ( 8 ) +  

A ( 9 ) ) / 1 0  

4 2 0  FOR V5=0  TO T5 ; A ( V5 ) =A ( V5 ) -A ( O ) ; NEXT V5 

2 1 6  

4 3 0  F O R  V 5 = 0  T O  T5 ; A ( V5 ) =-LOG1 0 « ( P O - ( A ( V5 ) / G ) ) -D ) / ( PO ­

D )  ) ; NEXT v 5  

4 4 0  SUM=O . O  

4 5 0  FOR M= O TO E 3 - 1 ; SUM=SUM+ « ABS ( E 5 ( M ) E 5 ( M+ 1 ) ) )  

* 1 0 0 0 ) ; NEXT M 

4 6 0  DE=SUM / E 3  

4 7 0  E R A S ;  P R I N T " WANT TO P L OT A B S O RBAN C E  C O N V E R T E D  

CVA? " ; INPUT N ;  I F  N=l THEN GOTO 4 9 0  

4 8 0  GOTO 5 2 0  

4 9 0  FOR V5=1  TO T5 ; E 5 ( V5 ) =E5 ( V 5 ) - « S 5 * Z ) / 1 0 0 0 ) ; NEXT V5 

5 0 0  GOSUB 8 7 0  

5 1 0  ERAS ; PRINT" WANT TO SMOOTH CVA? " ; INPUT N ; I F N=l GOSUB 

5 9 0  

5 2 0  E R A S ; PRINT"WANT TO CALCULATE DCVA? " ; INPUT N ; I F N=l 

THEN GOSUB 5 4 0  

5 3 0  ERAS ; PRINT"WANT TO PLOT DCVA7 ( YES=1 ) " ; INPUT N ; I F N=l 

THEN GOSUB 8 7 0  

5 4 0  REM SUBROUTINE FOR 1 s t  DERIVATIVE 



S S O  

S 6 0  

S 7 0  

S 8 0  

FOR VS=O TO T S  

A ( VS ) = ( A ( V S + 1 ) -A ( VS ) ) /DE 

NEXT V S  

RETURN 

REM SUBROUTINE FOR S - POINT MOVING AVERAGE 

2 1 7  

S 9 0  

6 0 0  

6 1 0  

ERAS ; PRINT" INPUT NUMBER OF TIMES YOU WOULD LIKE TO 

APPLY S - POINT MOVING AVERAGE TO eVA" ; INPUT QS 

ERAS ; PRINT " NOW SMOOTHING DATA WITH S -POINT MOVING 

AVERAGE" 

6 2 0  FOR Z S = l  TO QS 

6 3 0  FOR V S = S  TO T S - 4  

6 4 0  A 1 ( V S ) = ( A ( V S + S ) +A ( VS+4 ) +A ( V S+3 ) +A ( VS+2 ) +A ( VS+ 1 ) +A ( VS ) 

+A ( V S - 1 ) +A ( VS - 2 ) +A ( VS - 3 ) +A ( VS - 4 ) +A ( VS - S ) ) / 1 1  

6 S 0  NEXT V S  

6 6 0  FOR V S = S  TO T S - 4 

6 7 0  A ( VS ) =A1 ( V S )  

6 8 0  NEXT V S  

6 9 0  NEXT Z S  

7 0 0  RETURN 

7 1 0  REM 2 S - POINT SMOOTHING ROUTINE 

7 2 0  ERAS ; PRINT " NOW SMOOTHING DeVA WITH 2 S -POINT SMOOTH" 

7 3 0  M=TS - 2 4  

7 4 0  FOR Z 6 = 1  T O  2 S  

7 S 0  FOR L=l TO 2 4  

7 6 0  J=L- l ; P ( L ) =A ( J ) ; NEXT L 



7 7 0  FOR L=O TO M ; J=L+2 4 ; FOR K=O TO 2 3 ; K1=K+1 

7 8 0  P ( K ) =P ( K+ 1 ) ; NEXT K ; P ( 2 4 ) =A ( J )  

2 1 8  

7 9 0  W = 4 6 7 * ( P (  1 2 ) ) +4 6 2 * ( P ( 1 l ) +P ( 1 3 ) ) +4 4 7 * ( P ( 1 0 ) +P ( 1 4 )  ) +4 2 2  

* ( P ( 9 ) +P ( 1 5 )  ) 

8 0 0  W = W  + 3 8 7  * ( P ( 8 ) + P ( 1 6  ) + 3 4 3  * ( P  ( 7 ) + P ( 1 7 ) ) + 2 8 7 * ( P  ( 6 ) + P ( 1 8  ) 

+ 2 2 2 * ( P ( 5 ) +P ( 1 9 ) ) 

8 1 0  W=W+ 1 4 7 * ( P ( 4 ) +P ( 2 0 » + 6 2 * ( P ( 3 ) +P ( 2 1 » 

8 2 0  W=W- 3 3 * ( P ( 2 ) +P ( 2 2 » - 1 3 8 * ( P ( 1 ) +P ( 2 3 » - 2 5 3 * ( P ( 0 ) +P ( 2 4 »  

8 3 0  A1 ( L+ 1 2 ) =W / 5 1 7 5 ; NEXT L 

8 4 0  FOR J= 1 2  TO M ; A ( J ) =A1 ( J ) ; NEXT J 

8 5 0  NEXT 2 6  

8 6 0  RETURN 

8 7 0  REM PLOT ROUTINE FOR CVA AND DCVA 

8 8 0  A2=MAXX ( E 3 )  A ( 2 5 ) ; PRINT" CATHODI C  PEAK MAXIMUM=" , 

% 4 E%A ( A2 ) , " ABSORBANCE /MV" 

8 9 0  A4= MINX ( E 3 - 1 0 0 ) A ( E 3 ) ; PRINT"ANODIC PEAK MINIMUM= " ,  

% 4 E%A ( A4 ) , " ABSORBANCE/MV" ; PRINT" " 

9 0 0  PRINT " INPUT DA/ DE UNITS PER INCH" 

9 1 0  INPUT Y ; Y1=Y* 1 0 ; X=E5 ( 0 ) E 5 ( E 3 + 1 ) ; PLOT ( 0 , 0 , 0 . 5+ 

A (  0 )  /Yl ) 

9 2 0 FOR R5=0 TO T5 ; PLOT ( 1 , ( E 5 ( 0 ) E 5 ( R5 » /X , 0 . 5+ 

A ( R5 ) /Y1 ) ; NEXT R5 

9 3 0  PLOT ( 0 , 1 , 1 ) ; PLOT ( 0 , 0 , 0 ) ; PLOT ( 0 , 0 . 0 4 , 0 . 9 0 ) ( 3 ) , % 3E%Y , 

" ABSORBANCE/MV" PLOT ( 0 , 0 . 0 4 , 0 . 8 5 )  ( 3 ) , % 2 2 % S 5 , "MV/SEC" 



9 4 0  PLOT ( 0 , 0 , 0 ) ; PLOT ( 1 , 0 . 0 5 , 0 . 0 5 ) ; PLOT ( 0 , 0 . 0 5 , 0 . 0 5 ) ( 3 ) , 

% Z 3 % E 1  

9 5 0  PLOT ( 0 , 1 , 0 ) ; PLOT ( 1 , 0 . 9 5 , 0 . 0 5 ) ; PLOT ( 0 , 0 . 8 0 , 0 . 0 5 ) ( 3 ) , 

% Z 3 % E 2 ; PLOT ( 0 , 1 , 1 )  

9 6 0  RETURN 

9 7 0  STOP 

2 1 9  



APPENDIX I I  

VI BRATIONAL MODES CORRESPONDING TO v3  AND v4 

RR INDICATOR BANDS 

2 2 0  

The diagrams included i n  this appendix i l lustrate the 

mo lecular motions of the porphyrin which contribute to the 

observed norma l vibrational mode s of the RR indicator bands 

( V 3 and v4 ) ' As shown 

tot a l ly symmetric ( Alg ) 

in Figure 2 8  both v 3  and v4 are 

vibrations . The v3  vibrat ion is  

sens i t ive to change s in both oxidation s tate and spin s tate 

of the heme i ron , whi le the v4 vibration is  mainly sens it ive 

to changes in oxidat ion state . 



Figure 2 8  

2 2 1  

Mo lecular motions contributing to the obse rved 
norma l vibrat ional mode s of the v3 and v4 bands . 
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