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The electrochemistry of metalloproteins 
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Abs t r ac t  - T h e r e  i s  now l i t t l e  d i f f i c u l t y  o b t a i n i n g  t h e  d i r e c t  
e l e c t r o c h e m i s t r y  of m e t a l l o p r o t e i n s ,  whether a t  modified e l e c t r o d e s ,  w i th  
a d d i t i o n a l  metal i o n s  i n  s o l u t i o n  o r  even a t  normal e l e c t r o d e  s u r f a c e s .  
R e c e n t l y ,  we h a v e  examined  t h e  e l e c t r o c h e m i s t r y  a t  m i c r o e l e c t r o d e s ,  
whether d e l i b e r a t e l y  des igned  e l e c t r o d e s  o r  t hose  a d v e n t i t i o u s  i n  s i z e .  
From t h e  e l e c t r o c h e m i s t r y  of p r o t e i n - p r o t e i n  complexes i t  a p p e a r s  t h a t  
mobile,  dynamic s t r u c t u r e s  a r e  more compat ib le  wi th  t h o s e  de t e rmined  i n  
s o l u t i o n .  I n d i r e c t  e l e c t r o n  t r a n s f e r  t o  v a r i o u s  enzymes was ach ieved  
u s i n g  f e r r o c e n e s  as m e d i a t o r s  and l e d  t o  t h e  maufac tu re  of a g l u c o s e  
senso r  f o r  home use  by d i a b e t i c s .  Recent ly ,  we have achieved  t h e  d i r e c t  
e l ec t rochemis t ry  of metalloenzymes, i . e . ,  wi thout  mediation. 

INTRODUCTION 

The e l ec t rochemis t ry  of m e t a l l o p r o t e i n s  has  developed ( re fs .1-4)  s i g n i f i c a n t l y  i n  t h e  p a s t  
few yea r s .  Condi t ions  now e x i s t  t h a t  permit t h e  e l ec t rochemis t ry  of redox p r o t e i n s  t o  
be expressed  a t  a range of e l e c t r o d e s ,  modified o r  no t .  For example, i t  has  proved p o s s i b l e  
t o  mod i fy  m e t a l  s u r f a c e s ,  p a r t i c u l a r l y  g o l d ,  s o  t h a t  t h e  e l e c t r o c h e m i s t r y  a t  t h e s e  
e l e c t r o d e s ,  having adsorbed so-ca l led  p romote r s ,  p roceeds  r a p i d l y  and r e v e r s i b l y .  Thus,  
whether t h e  p r o t e i n  i s  cytochrome 5, p las tocyan in ,  f e r r e d o x i n  o r  a z u r i n ,  t h e r e  i s  now no 
d i f f i c u l t y  i n  choosing a promoter a t  g o l d ,  o r  c o n d i t i o n s  under  which e .g . ,  a p y r o l y t i c  
g r a p h i t e  e l e c t r o d e ,  can  r e s u l t  i n  e x c e l l e n t  e l e c t r o c h e m i s t r y .  However, t h e r e  were many 
c i r c u m s t a n c e s  when t h e s e  e l e c t r o d e s  d i d  n o t ,  a p p a r e n t l y ,  behave  s o  w e l l .  The re  were a 
number of occas ions ,  which n a t u r a l l y  remained un- repor ted ,  where e .g . ,  a p romote r ,  which 
worked w e l l  under o t h e r  c o n d i t i o n s ,  d i d  n o t  a p p e a r  t o  f u n c t i o n  p r o p e r l y .  T r a d i t i o n a l l y ,  
t h i s  c o u l d  be  overcome by ,  e.g. ,  r e - p o l i s h i n g  t h e  e l e c t r o d e ,  add ing  more promoter  o r  
perhaps r e -pu r i fy ing  i t .  There  were, of c o u r s e ,  c o n d i t i o n s  unde r  which t h e  promoter  o r  
e l e c t r o d e  s u r f a c e  d i d  n o t  work a t  a l l  w i th  a g iven  p r o t e i n  b u t ,  a lmos t  a lways ,  t hey  were 
e x p l i c a b l e  i n  terms o f  t h e  cha rge  on t h e  p r o t e i n ,  t h e  s o l u t i o n  c o n d i t i o n s ,  e.g. i o n i c  
s t r e n g t h  o r  pH, o r  t h e  absence of t h e  r equ i r ed  metal i o n .  No, t h e  r e s u l t s  o b t a i n e d  were 
u n l i k e  those  i n  t h a t  t hey  were c h a r a c t e r i s e d  by a c e r t a i n  appa ren t  randomness.  Thus ,  t h e  
e l e c t r o c h e m i s t r y  a t  basa l -p lane  p y r o l y t i c  g r a p h i t e  was u s u a l l y  q u i t e  ‘poor’, almost absen t ,  
bu t  occas iona l ly  i t  would g ive  r easonab le  e l ec t rochemis t ry  of e.g., cytochrome 5 which was 
hard t o  r a t i o n a l i s e .  S i m i l a r l y ,  t h e  a d d i t i o n  of cys t e ine -con ta in ing  p e p t i d e s ,  o r  even  t h e  
normally r e l i a b l e  promoter,  4,4’-bipyridyl d i s u l p h i d e ,  t o  gold  would g i v e  t h e  appea rance  
of ‘poor’ e l e c t r o c h e m i s t r y .  Depending on c o n d i t i o n s ,  t h e  e l e c t r o c h e m i s t r y  of e .g . ,  t h e  
f e r r e d o x i n s ,  would be ‘time-dependent’; t h e r e  would be a n  ‘impersistence’ i n  i t s  behaviour  
t h a t  would be a s c r i b e d  t o  “ the  d e n a t u r a t i o n  of t h e  p r o t e i n  on t h e  e l e c t r o d e  s u r f a c e ” .  

A l l  t h e s e  r e s u l t s  are now i n t e r p r e t a b l e  ( r e f s .  5-7) i n  terms of e l e c t r o n  t r a n s f e r  r e a c t i o n s  
of such  redox p r o t e i n s  a t  mic roe lec t rodes .  The p r i n c i p a l  d i f f e r e n c e  between say ,  t h e  c y c l i c  
v o l t a m m e t r i c  r e s p o n s e  o f  e . g . ,  a p r o t e i n  a t  a m a c r o e l e c t r o d e ,  a s  o p p o s e d  t o  a 
mic roe lec t rode ,  is  t h a t  t h e  former i s  c h a r a c t e r i s e d  by a ‘peak-shaped’ cu rve ,  t h e  l a t t e r  by 
a ‘sigmoidal’ one. Depending on t h e  exac t  shape of t h e  mic roe lec t rode ,  i . e ,  whether i t  is  a 
d i s c ,  a c y l i n d e r ,  e t c . ,  t h e  c y c l i c  voltammogram w i l l  r e s u l t  f rom a p a r t i c u l a r  mode of 
d i f f u s i o n  of t h e  p r o t e i n  t o  t h e  e l e c t r o d e  su r face .  I f  t h e  dominant mode i s  t h a t  of r a d i a l  
motion, as it i s  when a mic roe lec t rode  is  used ,  t hen  t h e  r e s u l t i n g  c y c l i c  voltammogram a t  a 
d i s c  e l e c t r o d e  w i l l  be  s i g m o i d a l  i n  s h a p e :  i f  i t s  movement i s  l i n e a r l y  towards  t h e  
e l e c t r o d e ,  as a t  a m a c r o e l e c t r o d e ,  t h e n  a peak-shaped c y c l i c  voltammogram w i l l  r e s u l t .  
There is  no d i f f i c u l t y  a t  a l l  r a t i o n a l i s i n g  t h e  behaviour of u n i f o r m l y  cove red  macro- o r  
mic roe lec t rodes :  t hey  cor respond e x a c t l y  t o  t h e  expec ted  c y c l i c  voltammograms. However, 
what a b o u t  a m a c r o e l e c t r o d e  i n c o m p l e t e l y  cove red  w i t h  a p romote r?  I f  t h e  promoter  i s  
a r r a n g e d  o n  t h e  s u r f a c e ,  e .g . ,  on  p a r t i c u l a r  c r y s t a l  f a c e s ,  s o  t h a t  some a r e a s  a r e  
o c c u p i e d ,  o t h e r s  a r e n ’ t ,  t h e n ,  depend ing  o n  t h e  s i z e s  of  t h e  l o c a l  a r e a s  of adso rbed  
promoter,  t h e  supposedly macroe lec t rode  w i l l ,  i n  e f f e c t ,  behave as a mul t i -mic roe lec t rode .  
Consequently,  t h e  c y c l i c  voltammograms t h a t  r e s u l t  w i l l  conform more t o  those  expected from 
mic roe lec t rodes ,  w i t h  a consequen t  i n c r e a s e  i n  s e n s i t i v i t y ,  depending  on  t h e  amount of 
e f f e c t i v e  promoter p re sen t .  The i n a c t i v e  e l e c t r o d e  s u r f a c e  may be t h e  m e t a l  i t s e l f  o r  i t  
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may have adsorbed, de l ibera te ly  o r  not ,  an atom o r  molecule which provides no r e s t i n g  place 
f o r  a protein.  Similar ly ,  the condition of a freshly-cleaved surface of pyrolyt ic  graphi te ,  
where one would expect i t  t o  have, i d e a l l y ,  no exposed groups t o  which a p r o t e i n  might 
t rans ien t ly  a t tach  i t s e l f ,  might have a d v e n t i t i o u s l y  disposed small  a r e a s  of t h e  edge- 
plane, e i t h e r  formed i n  the  prepara t ion  of t h e  c r y s t a l  o r  a c c i d e n t a l l y  made dur ing  t h e  
preparat ion of the electrode,  which can cause the t rans ien t  binding of the protein through 
the oxygen-containing groups which rout inely r e s u l t  a t  such surfaces .  The time-dependence 
of the electrochemistry of proteins  a t  promoted s u r f a c e s  could e i t h e r  r e s u l t  from a re -  
d i s t r i b u t i o n  of promoter on the  surface from small ‘clumps’ t o  a more even d i s t r i b u t i o n  or  
vice versa  o r  the  protein could i t s e l f  adsorb on t o  t h e  e l e c t r o d e  s u r f a c e ,  perhaps with 
concomitant dena tura t ion ,  thus c r e a t i n g  from a macroelectrode,  a rnul t i -microelectrode.  
-- 

ELECTROCHEMISTRY OF PROTEIN-PROTEIN COMPLEXES 

With t h a t  major r e v i s i o n  of p r o t e i n  e lec t rochemis t ry  accomplished, we can d i r e c t  our 
a t t e n t i o n  t o  t h e  r o l e s  of such p r o t e i n s  i n  b i o l o g i c a l  systems. Obviously some a r e  co- 
f a c t o r s  f o r  enzymes ( s e e  l a t e r )  but  many have t h e  r o l e  of ‘simply’ a c t i n g  a s  e l e c t r o n  
t r a n s f e r  proteins .  Under both these condi t ions,  the i n t e r a c t i o n  between proteins ,  i.e.,  the  
formation of protein-protein complexes, is  c r u c i a l  t o  t h e i r  e f f e c t i v e  operation. How then, 
do the electrochemistr ies  of such systems behave? How does the cyc l ic  voltammogram of t h e  
complex formed between the heme protein,  cytochrome and the copper protein,  plastocyanin 
look? The short  answer i s  t h a t  i t  depends on the electrode surface.  A t  gold surfaces  ( r e f .  
8 ) ,  where one has e i t h e r  a promoter t h a t  gives good electrochemistry of cytochrome c and 
none of plastocyanin o r  the  reverse ,  the electrochemistry i s  consis tent  with some form of 
media t ion  between t h e  e l e c t r o d e  and t h e  non-active p r o t e i n  by t h e  e f f e c t i v e  one. The 
s i t u a t i o n  appears t o  be d i f f e r e n t  ( r e f .  9) a t  an edge-plane pyrolyt ic  graphi te  e l e c t r o d e .  
The e l e c t r o c h e m i s t r y  of cytochrome b5 i s  not  normally a p p a r e n t ,  nor  is t h a t  of 
plastocyanin, a t  an edge-plane electrode but becomes readi ly  apparent  i n  t h e  presence of 
cytochrome 5 So what? they a r e  j u s t  behaving exact ly  a s  d i d  the promoted gold surface. The 
s t r a n g e s t  r e s u l t  ( r e f .  9 )  was when t h e  s i t u a t i o n  was repeated except t h a t ,  i n s t e a d  of 
cytochrome 5, zinc cytochrome was used, i .e ,  where the  i r o n  i n  the cytochrome had been 
replaced by zinc. In  t h i s  case,  whereas, as  expected, the zinc cytochrome c w a s  obviously 
electro- inact ive,  i n  the the  complex formed between it  and plastocyanin (or  cytochrome bg), 
the  electrochemistry of plastocyanin (or  cytochrome h5) was readi ly  apparent. It therefore  
appears t h a t ,  i n  the complex, the cytochrome a c t s ,  i n  a way, l i k e  a co-promoter, i . e . ,  
i t ,  when bound t o  the electrode surface,  holds the other  par tner  proteins  a t  the e lec t rode  
surface i n  such a way t h a t  e lec t ron  t r a n s f e r  can take place. (Otherwise, one would have t o  
a c c e p t  t h a t  t h e  z inc  cytochrome c can provide a path f o r  t h e  e l e c t r o n  even though i t  
p r o v i d e s  no r e s t i n g  p lace  f o r  th; e l e c t r o n  i t s e l f ) .  Recent work ( r e f .  10) on t h e  NMR 
spec t ra  of proteins  adds another fea ture  t o  t h i s  s tory .  It appears t h a t ,  not only must we 
consider dynamics within pro te ins ,  but we must cons ider  them between p r o t e i n s ,  i . e . ,  i n  
protein-protein complexes. If the same f a c t o r s  a r e  a t  work a t  the electrode surfaces ,  then 
we have both t o  consider the movement of a s ing le  protein on the electrode surface and a l s o  
of the protein-protein complex, i.e.,  the  dynamics of a termolecular complex ( t r e a t i n g  t h e  
electrode surface a s  a quasi-molecule). It may be t h a t  we have t o  consider the  promoter as  
providing a surface s u i t a b l e  f o r  the  protein t o  d i f f u s e  across  with a t r a j e c t o r y  conducive 
t o  e lec t ron  t ransfer .  The s i t u a t i o n  with protein-protein complexes is much more complicated 
s ince we have t o  consider, not only the dynamics of the proteins’ movement with respect t o  
the  surface but with respect  t o  each other. 

ANALYTICAL ELECTROCHEMISTRY 

The development of t h e  fe r rocene-based  technology was e s s e n t i a l l y  based  on  t h e  
disappointment t h a t ,  i n  1981, we were unable t o  achieve t h e  direct e lec t rochemis t ry  of 
enzymes and d i s s a t i s f a c t i o n  w i t h  t h e  o r g a n i c  m e d i a t o r s  t r a d i t i o n a l l y  used t o  f e r r y  
e lec t rons  between electrode and enzyme. Their main d e f e c t  l a y  i n  t h e  s e n s i t i v i t y  of t h e  
reduced form of the  mediator t o  molecular oxygen. What was required was a mediator  whose 
o x i d a t i o n  was s low,  l i k e  cytochrome c.  Ferrocenes have many f e a t u r e s  i n  common with 
cytochromes but t h e  main one was t h e  r e l a t i v e  s t a b i l i t y  wi th  r e s p e c t  t o  r e a c t i o n  with 
dioxygen.  They gave e x c e l l e n t  e l e c t r o c h e m i s t r y  and t h e y  r e a c t e d  r e a d i l y  w i t h  t h e  
appropriate  s t a t e s  of the enzymes. It was soon shown t h a t  ferrocenes can be obtained which 
reac t  with a wide range of enzymes though, of t h e  l a t t e r ,  the  one which a t t r a c t e d  most 
a t t e n t i o n  was glucose oxidase ( r e f .  11) s i n c e  i t  was soon r e a l i s e d  t h a t  i t  o f f e r e d  t h e  
chance of developing a sensor which, provided the  development of the device encountered no 
new problems, could be used i n  a i r .  Af te r  much work, both i n  Oxford and Cranf ie ld ,  t h e  
system was passed over t o  a company i n  l a t e  1984 f o r  f u r t h e r  development and product ion.  
I n  1987, f o l l o w i n g  e x c e l l e n t  work, t h e  ExacTech device was marketed f o r  home-use by 
d iabe t ics .  It is expected t h a t  o ther  devices ,  based on s i m i l a r  technology, w i l l  fo l low 
soon. 
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Since the  i n i t i a l  work, there  have been a number of s i g n i f i c a n t  developments. The f i r s t  
concerned t h e  m o d i f i c a t i o n  of p r o t e i n s ,  e.g., g l u c o s e  oxidase  ( r e f .  12,13), with 
ferrocene, i .e . ,  a mediator-incorporated enzyme. The second ( r e f .  14) was the adaptat ion t o  
so-called immunoelectrodes, a s  i n  the assay f o r  l idocaine,  making use of t h e  f a c i l i t y  of 
ferrocene t o  be at tached t o  o ther  molecules without l o s i n g  t h e  a b i l i t y  t o  take p a r t  i n  
e lectrode react ions.  The problem t h a t  beset  these methods was the lack of s e n s i t i v i t y  which 
was p a r t i c u l a r l y  re levant  t o  immunoelectrodes s i n c e  many of the  ana ly tes  t o  which, i n  
theory, i t  was appl icable ,  were present i n  blood, o r  other  biological  f l u i d s ,  a t  very low 
c o n c e n t r a t i o n s .  One a t t e m p t  t o  overcome t h i s  h a s  been ( r e f .  15) by a s s o c i a t i n g  t h e  
ferrocene-based system with an enzymatic cascade. The improvement i n  s e n s i t i v i t y  observed 
w i t h  t h e  model sys tem,  a v i d i n - b i o t i n ,  i s  l i k e l y  t o  be of value i n  a system of more 
ana ly t ica l  importance. Certainly i f  such improvements can be made, i t  may well be possible  
t o  devise sensors  s i m i l a r  t o  the ExacTech but capable of the ana lys i s  of a wide range of 
c l i n i c a l l y  important substances. 

ENZYME ELECTROCHEMISTRY 

The success with pro te in  electrochemistry n a t u r a l l y  would lead  one t o  expect  t h a t  t h e r e  
should be l i t t l e  d i f f i c u l t y  achieving the same type of behaviour with enzymes. Of course ,  
there  w i l l  be addi t iona l  f a c t o r s  t o  take i n t o  considerat ion such a s  the  much g r e a t e r  s i z e  
of most enzymes, how they a r e  reputed t o  be much more ‘flexible’ i n  t h e i r  s t ruc tures  or  the 
needs of many f o r  co-factors. However, i t  soon became apparent t h a t  there  were two c lasses  
of redox enzymes: i n t r i n s i c  and e x t r i n s i c .  With t h e  former, no co-factor  was required 
(though obviously general  o r  s p e c i f i c  ions might a f f e c t  the r a t e ) ;  the c a t a l y t i c  r e a c t i o n  
took place a t  the  ac t ive  s i t e  and any e lec t ron  t r a n s f e r  between s u b s t r a t e ( s )  and enzyme 
took p l a c e  over  a s h o r t  d i s tance .  The l a t t e r  d id  have a co-factor  or  another  p r o t e i n  
involved i n  t ransport ing e lec t rons  ( i .e . ,  an oxidation or  reduction react ion)  and therefore  
a pathway f o r  such e lec t ron  t r a n s f e r  ex is ted  within the  protein,  connecting the ac t ive  s i t e  
t o  an area on the surface where, f o r  example, another pro te in  bound. If t h i s  s i t e  could be 
disposed towards an electrode,  it would be possible  t o  imagine t h a t  the electrochemistry of 
t h e  enzyme could  be observed ,  perhaps even wi thout  t h e  s u b s t r a t e ( s )  being present .  
I n t r i n s i c  enzymes, on t h e  o t h e r  hand, need not  t a k e  p a r t  i n  such e l e c t r o n  t r a n s f e r  
react ions unless the  a c t i v e  s i t e  was s u f f i c i e n t l y  c lose t o  the surface (and therefore  t o  an 
electrode surface)  or  could deform without i t s  a c t i v i t y  being perturbed. 

There had been a number of r e p o r t s  of d i r e c t  e lec t rochemis t ry  of enzymes b u t ,  i n  most 
c a s e s ,  t h e s e  involved  flavoenzymes i n w h i c h  t h e  p r o s t h e t i c  group was not  covalen t ly  
attached t o  the protein.  Since i t  was frequent ly  observed t o  d i s s o c i a t e  from the  enzyme, 
p a r t i c u l a r l y  on t o  t h e  e l e c t r o d e  s u r f a c e ,  i t  was d i f f i c u l t  t o  be s u r e  t h a t  i t  was not 
s i m p l y  ac t ing  a s  a mediator t o  the remaining i n t a c t  enzyme. The use of organic conductors 
a s  e lectrodes appeared ( r e f .  16), f o r  a time, t o  give such d i r e c t  electrochemistry but, as  
KUlys had f i r s t  suggested ( r e f .  17) ,  i t  was l i k e l y  t h a t  one component of t h e  organic  
conductor was s u f f i c i e n t l y  soluble  t o  a c t ,  over a very shor t  range, a s  a mediator  t o  t h e  
enzyme. The f i r s t  account which seemed t o  give enzyme electrochemistry was the report  ( r e f .  
18) concern ing  l y s y l  o x i d a s e  b u t ,  u n f o r t u n a t e l y ,  no mention of t h e  e f f e c t  of added 
s u b s t r a t e  was given. There then  followed two r e p o r t s  ( r e f .  1 9 , Z O )  of e lec t rochemis t ry  
involving cytochrome r peroxidase where, undoubtedly, e lec t ron  t r a n s f e r  t o  t h e  enzyme was 
taking place though the  e f f e c t s  could only be seen i n  the presence of the  s u b s t r a t e .  The 
f i r s t  au thent ic  example of d i r e c t  enzyme electrochemistry was reported ( r e f .  21) with p 
creso lmethylhydroxylase  (which had p r e v i o u s l y  been i n v e s t i g a t e d  ( r e f .  22) us ing ,  a s  
mediators t o  the  protein,  a z u r i n  o r  a fe r rocene) .  The flavocytochrome gave both d i r e c t  
e lec t rochemis t ry  of t h e  enzyme i n  t h e  absence of t h e  s u b s t r a t e  but a marked c a t a l y t i c  
current  when the  subs t ra te  was added. A number of promoters were successful  and the  system 
provided a useful  method f o r  the  ana lys i s  of 2-cresol ,  not ,  unfortunately,  a much-sought- 
a f t e r  pract ice!  However, the methodology was capable of being u t i l i s e d  with o ther  e x t r i n s i c  
enzymes and both l a c t a t e  dehydrogenase ( r e f .  23) and cytochrome 5552 ( a  hydrosulphide 
oxidoreductase) have proved ( r e f .  24) successful. It w i l l  not  be long  before  t h i s  f i r s t  
phase of enzyme electrochemistry is  over. Whether i t  w i l l  r e s u l t  i n  ana ly t ica l  devices o r ,  
perhaps, i n  those more useful  t o  molecular e lec t ronics ,  remains t o  be seen. 
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