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A. INTRODUCTION 

The functions af the electron-transfer proteins of bialogicai systems are 
not understood in any detail. This is a long-standing problem, fur the exis- 
tence of such prateins was clearly recognised some fifty years ago. In this 
a.rticXe we shall re-appraise the facts about their nature before indulging in 
any specuktion as to their mode of action. This re-appraisal is necessary for 
the accumulation of new data even in the fast, two or three years has been 

very Gd, The article starts with a summary of the existing ideas about 
electktin-adsorbing sites and their relative ener&es (redox potentials) and 

* The substance of this review was given at the Harden Conference, England, 1974, 
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then describes in a geneA way the theories of electron mobility which 
physicists have found useful. A few chosen systems are mentioned showing 
to which systems the particular theories have been applied, The evidence is 
mostly firam small ‘imodel” systems. 

In subsequent sections there is a description of the different types of 
electron-transfer proteirls and in these sections reference is made to the above 
facts and theories. The first electron-transfer proteins to be described are the 
cytochromes. Major weight is put on those of known structure but, in view 
of the effects of minor changes in amino acid sequence, the structural data 
will be considered critically in the light of a large number of sequences. 
Another family of proteins which is becoming weU. known is that of the 
iron-sulphur proteins. Here again we shall start from structures but we shall 
also keep t;he variations in sequences strongly in the furefrunt of our descrip- 
tion. Turning to less w&known proteins we tackle the copper ccblue” cen- 
tres, Structures of these proteins are not known and even the coordination 
site is in doubt. Finally recent NlMR work indicates that proteins quite gen- 
erally may well be much more dynamic than Is commonly conceded. 

Given this limited knowledge of the character of the different groups of 
electron-transfer proteins the obviaus property that we shall try to explain 
fit is their redox potentials_ Thermodynamic data should be understood 
more easily than kinetic data. We shall show in each section that our under- 
standing remains relatively poor_ The difficulty of discussion is not so much 
the immediate surrounds of the metal in the protein, that is the ligands and 
the “solvent” in which the complex might be thought to be dissolved, but 
arises frum the interaction of the metal coordinatior; sphere with the rest of 
the protein, There is no doubt that the redox potential of a metal in a protein 
can be controlled by a large number of factors involving large parts of the 
structure. 

It is against the background of structure, structural dynamics and redox 
potentials that we must then examine the electron-transfer pracessess in 
me&Ho-proteins. Again in each section an attempt is made to highlight the 
best ideas [and their difficulties) we have. The ideas are generatzd from a 
study of 8 large number of srnd molecule (model) and solid-state systems. 
More cannot be done at the present time. 

The problem of electron transfer in biology cannot be left here. For a 
biologi4 system the transfer must be directed and in many cases the system 
has evolved ways of controlling, increasing and decreasing, the transfer rate 
depending upon demand, Direction can be understood from the following 
scheme. 

source of electron way in - trap - way out sink 
The enclosed block represents the electron-transfer protein and at ieast two 
channels are needed, This is very different from a model fsolution) electron- 
transfer problem as it provides directed electron transfer, The exercise of 
control can be achieved by a mechanism which “gat&” either the entering or 
leaving channel. 
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B, GENERAL REVLEW OF ONE-ELECTRON REDUX ENERGIES AND REACTIONS 

(i) R edox po ten tiuls 

{a) Simple molecuiar sysEems in water 
The redox potential at f25”C and at pH = 7.0 of a biological redox couple 

in vivo lies fur t.he most pa.rt between --U,S voits (at which potential 
Hz0 3 Hz) and +X85 volts fat 3vhich potential E&U + 0,). Most biokq+ 
icd and model complexes have been studied over a range of PHI values in 
water, i.e. in vitro. This has allowed a clear description of the factors affect- 
k-~g redox potentials of the complexes in this solvent. The factors which are 
separable in theory though nut always clearly in practice are as follolvs: 

(i) Electrostatic fnegative) charge on the Iigand which favours the higher 
oxidation state; the higher the negative charge, the lower the redox potential, 

(ii) The donor power of the @and, using the pK, values as a guide to donor 
power of a series of closely related ligands. A higher pK, gives rise to a lower 
redox potential. 

(iii) The acceptor ppwer of the ligand using unsatuation as a guide, The 
weater the n-acceptor power of the ligand the higher the redox potential. 

(iv) Changes of spin state which can alter the importance of (ii) and (iii) 
radically. 

(v) Steric factors which can be chosen so that one or other oxidation or 
spin state is favoured when (ii), (iii) and (iv) could be overridden. 

TABLE 1 

Redax potentials for some biochemical and chemical couples 

system Eo (volts) 

Cu (2,9-B&, I,10 phen)2z+-Cu (2,9-Me2 I,10 phen)2* 
Cu (2,Cl-I,10 phen)22+-Cu (Z,Cl-1,lO phenj2+ 
Cu (imidazole)e 2+-Cu (imidazole)2” 

Cu (NH& 2+-Cu (NH,),+ 
Cu (pyridinejg2*--Cu (pyridinef%+ 
Cu (imidaz&)2+--Cu (imidazole)’ 
Cu (pyridine)@-Cu (pyridine)* 
Cu (I,10 phex& 2+-Cu (l,lO phen)2+ 
Cu2+ (aq)-Cu+ (aq) 
Cu( ala)2 2+-CU(di%)z+ 

CU(dY )~2+-w& )2+ 
Lactase cu2+-cu+ 
Cerulopl~min cu~+-cE* 
Azurin Cu*~-Cu* 
Plastocyanin cu=-Cu+ 

+u.59 

+0.40 
HI.35 
+0.34 
w.27 
+a26 
+u.197 
+0.174 
+0.167 

-0.130 
-Q.160 
HI.415 
+0.390 
+0,380 
+0.370 

phen, phenanthroline. 
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The literature contains many reviews of model systems where these paints 
are described 1.X-31 _ However, the effect of geometric or steric consttraints is 
nut often stressed sufficiently, This factor takes on special sigMficance in 
biology. 

Geometric (s&ricj fuctors. If a model ligand isdesigned so that it cannot 
give the stereochemistry most favoured by a metal cation, then the redox 
potential reflects the resulting loss of stability of one of the oxidation states. 
The clear example of sterically hindered orthaphenanthrutines, which give 
hi& Ea dues with the copper(I)/copper( II) couple, is shown in Table 1 141, 
The cake of iron is made more complex by spin-state changes. 

Spin&&? changes. The iron[II)/ironfIII) potential is controlled partly by 
the sp’in states of the ttvo oxidation states i 51, No*maUy the &and field 
strength required ta drive iron to low spin is lower than that required to 
drive Mn(III) to low spin, for the spin-pairing energy is much greater fey 
iron[IIf). 

A clear series of examples are the phenanthroline complexes where iron 
goes low spin in the tris-ortho-phenanfhroiine complexes {EO = LOO volts) 
with a much greater stabilisation energy than the ironlI1Ij ccmplcxes. This 
example is a case of the use of neutral ligands to produce low-spin systems. 
A negatively charged ligand even when unsaturated, such as cyanide, makes 
both oxidation states low spin but stabilises the iron(III) st;:t$o most. When 
we turn to the porpbytin ligands the situation is far more c~rnplicatecl, 
&though the KU& immediat&y obvious effect is that the unsaturated anion, 
porphyrin, has a similar effect ta cyanide. 

Ho*;vever, porphyrin is itself a stereochemically constrained ring. The 
stability of complexes based upon ring ligands is known to depend upon the 
ionic radius of the metal in a critical fashion, for the best binding must be 
given by a metal ion which is not too large to go inho the ring, and yet is not 
so small that it cannot form good bonds to all the donor grcwps of the ring 
simultaneously [6,7]. A ligand such as porphyrin offers 8 hole whicfi fits the 
cations better in the order low-spin Fe”‘>low-spin Fe”> high-spin FelI1> high- 
spin YeI’, The oxidation state which gains most from a spine&ate change can- 
not be predicted. Once again the biological ligards, both porphyrin and 
protein, are too complicated for US to be able ta make simple statements 
about the cause of a given effe& 

161 Simple motecu!ar systems in &her sol~ztts [S] 
The redox potential in a solvent other than water can be treated by refer- 

ence to partition coefficients. 

where pl and pz refer to the partition coefficients from water into the solvent 
S of the reduced, pl, and oxidised, ~2, forms respectively. JJ~/& is also depen- 
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dent upon well-known factars: 
(i) The higher the overah charge on a complex the less the extraction into 

non-polar media. Thus the absolute charges, the sign of the charge difference 
(i.e. whether it increases or decreases with increase in redox state of the 
central metal), decide the direction of change E’s - E0H20 going from water 
to solvent 53, 

(ii) The nature of the complexes of the two states is such that they can 
differ in number of ligands bound or in stereochemistry. It should be remem* 
bered that water is a coordinating solvent but not all other solvents can coor- 
dinate- Some solvent molecules are ligands. 

Generally extraction coefficients are very dependent upon the nature of 
the second solvent (S) but no simple rules, other than the above general 
statements, appear to be vatid- 

(c) Thermodynamic pruperties of complicated iigunds 
A iigand such as a protein is not easy to understand for it is not a rigid 

body. Thus the energy of a metal atorn inside a protein can be adjusted by 
changes remote from the atom which force changes in the environment of 
the metal. Just as &he affinity of hemoglobin for oxygen is under all sorts of 
control associated with the adjustment of bond length and bond angle 
[6,9,10] owing to distortions of the protein, so a redox potential is under 
similar controi ES]. l’he two redox states of a metal ion demand different 
geometries, bond lengths and/or bond angles, and it is a matter of major 
concern how well the prc\tein accommodates tt2e two different oxidation 
sta&, Strain built into the astive site in this way bar; been tentatively dis- 
cussed by different authors for sev :ral years but it WCS only given general 
,-ind definite consideration by VaYee and Wiliiams in their paper on the 
entatic state [ll] l If such control over redox potentials can be exerted by 
the protein, then there should be little surprise if we fail to understand these 
potentials in detail. 

Apzrt from the problem of strain at the metal the protein provides a 
pocket of ill-defined chemical structure and physical propeLties. Clearly, as 
we shall see, some pockets are like organic solvents, others less so. In some 
the metal ion is surrounded very closely by organic groups while in others the 
site is more open. Definite knowledge of the effect of these faci;ors on redox 
potentials cannot be claimed and we must look fur large changes associated 
with particu2.r structural features. The essence of a biologicat molecule is its 
function and we must expect d priori that anjt observed property has a func- 
tional significance, i.e. it may have arisen through evolutionary pressure, 
r&her than that it was the obvious result of stabilisation by chemical and 
physical interactions, Evolution is a drive which can go against a thermody 
namic free energy gradient. 

Despite these caveats some general trends in the redox potentials of bio- 
logical molectiles can be discerned. 
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(d) Biological examples 
This section summarises our knowledge of the effect of charge, o-donors 

srnd z~acceptors upan tk redox pot~~ntials of metallo-proteins plus small 
ligands as well as of the proteins themselves. Obviously if one oxidation state 
is klawn to bind a small ligand L with a binding constant K while the &her 
oxidation state cannot be shown to bind that &and, then we can calculate a 
limiting value of the redox potential of the complex ML from the minimum 
redox potential change 

where Ea is-*he potential in the absence of the ligand L. U&rating the point 
with mya@obin we have the following: 

(i) Anions such as CM-, F-, acetate-, N3-* SCN- and CNO- only bind 
to the high-spin oxidised state (III) and therefore they lower the redox poten- 
tial. This suggests that low-potential high-spin heme proteins such as catiase 
and peroxidase, see Table 2, may well have an anion as a &and (catatase) ar 
at least w a next-nearest neig:hbour (peroxidase). 

(ii) Neutral molecules such as imidazole, ammonia or pyridine cause rather 
little change in redox potential of myoglobin (imidazole, water ligands) as they 
bind nearly equally to both oxidation states of heme proteins. Thus cyto- 
chromes b (two imidazole ligands) have a redax potentid quite close to myo- 
globins. 

(iii) n-acceptors such as CO, NO, RNC and to a lesser degree R2S (thia- 
ethers) bind the lower oxidation state much more strongly. Thus cyto- 

TABLE 2 

Redox potentials for same biochemical and chemical couples 

Sy&?m 

Fe3+ (phen)3-Fe2f (phenj3 
Fe3+ (dipy ) --Fez+ (dipy ) 
Fe3+ (aq)-$e2’ (aq) 

3 

Fe ( CXQ3--Fe(CNJP4- 
Fe3+ (or,alate)3-Fe (oxalate)2 
Fe3+ (oulme)3-Fe2+ (oxime)g 

EO (volts) 

+I.10 
Ml.96 
+0.77 
+0.22 
+a.02 

-u-25 

Cykochrome c F&-Fe2+ HI.25 
Hemoglobin F’e3+-Fe*’ M.17 
Myoglobin Fe3+-Fe2+ +0.05 
Rubredoxin Fe3+-Fe*+ -0.06 
Horseradish peroxidase Fe3+-Fe2+ +I.17 

CEosfridial ferredoxin (cluster) -0-42 
CataIase Fe3+-Fe2+ C-0.42 

phen, phenanthroline; dipy, dipyriciyl. 
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chromes c (imidazole thioether ligands) have a higher redox potential than 
myoglobins, 

Another way of changing the heme rrtdox potentia2. involves change in 
polarity of the environment. A comparison between the heme proteins myo- 
globin, cytochrome b and cytochrome c does not show a pronounced differ- 
ence between them. In fact all these redax centres are in a “hydrophobic” 
medium. In itself this means that the redox potentials will be higher than in 
water as nearly all redox potential active proteins have a neutral lower oxida- 
tion state, though catalase dues not. One way of seeing the importance of a 
given aminalacid side-chain in contrast to the constant environment is to study 
the redox potential of point mutations affecting either the distant neighbours 
or the actua!. donor ligands, In hemoglobins it is known that the introduction 
of an anion, either carboxylate or phenolate, very close to the heme depresses 
the redox potential by as much as -U.5 volts. The method of using point 
mutations could also be used to assess environmental effects. 

A much harder feature to estimate is the steric factor. In gene4 as the 
lower oxidation state has longer bonds and often a less rigid stereochemical 
demand steric factors are thought to raise met&lo-enzyme redox potentials 
[5] _ Foxt,unately the effect of steric hindrance can often be Seen by exam- 
ining the splittings of the d-d absorption spectra of metallo-enzymes by 
absorption, EPR or other forms of spectroscopy. It is easy to show that 
amongst copper proteins Cu” is rmely in a site of high symmetry. Usually 
it is in a distorted tetrahedron or tetragonal environment [ll,lZ] l This 
would appear to be a major factor raising the copper(II)/copper(I) potential 
in proteins above that of the potential of the aquo cuuple, see Table 1, 

The steric factor also shows its importance in the iron-sulphur proteins of 
the rubredaxin type where one Fe-S bond length differs from the other 
three in the Fe-S4 tetrahedron [13]. The exact distortion is not known but 
is clearly seen in the split d-d absorption spectrum of the reduced state [14] 
and the rhombic EPR spectrum of the iron(LI1) state, The distortions in the 
Fe&& dimers and the FeaSa cubes of ferredoxins cannot be described as 
yet - see Sect. C although they too have been observed by spectroscopy. 

The iron-sulphur proteins raise the general problem of the acceptance of 
more than one electron. Thus Carter et al. [15] proposed the series of two 
one-electron steps 

EU = -0.5 EU = +a2 

Although the absolute redox energies of these clusters can be readily con- 
trolled by environment, spectroscopic differences, given no change in spin 
state as revealed by magnetic evidence, should define the overall oxidation 
states clearly enough [16]. The redox potential of this particular series of 
complexes returns the discussion to the functional significance of E” values 
in proteins. 
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The factors conttohing the xedax potentials in the series 

ferredoxins HiPIP 

must be partly ones of the medium, the higher the charge the less stable the 
state. However, whatever the causes it must be noted that the adjustment of 
redox potential is to a biological need (i.e. evo3utionary pressures demand 
inerease in usefulness) . The potentiti -0.5 may well be designed to be the 
lowest energy trap possible which will avoid the danger of running reduction 
to generate H, gas. Thus in nitrogenases if N2 reduction is blocked I-I2 is 
generated slowly but this is a non-physiological reaction. Normally when 
reducing power builds up in a biological system there is a contruHed stvitch- 
off to avoid Hz evafution. We return later to the problem of the controfs 
noting that the range of biological redox potentials is as in Table 3, 

(ii) Electron-transfer mechanisms 

There are two well-described solid-state election-transfer mechanisms, the 
delacalised band model and tile localised hop model [17] . En the first, elec- 
tron wave functions me lattice-constrained, activation energy is associated 
with the gap between filled and unfilled lattice states, and mobilit-y is high. 
In tht; second, electron wave functions are constrained to atoms, excitation 
is to a high vibronic state of the atoms and mobility is low. This second 
model is closely related to solution electron-transfer models. Both solid-state 
models are really limiting approximations, and polaron theory allows exten- 
sion of the atom model to local. groups of atoms which can pick up lattice 
rather than site vibrational energy. Tunnelling is common to all mechanisms 
where there is sn energy bzrier, for an electron will always tunnel so long as 
the distance between sites of minimum potential energy is not too great (i-e. 
<-I5 a). &fore wfs look at sume elaborations upon such ideas the new factors 
actLng rin solution systems should also be enumerated. In salution these are 
additional considerations due both to thermal collisions and exchange of 
partners [IS-205 l Obviously an electron can pass from one atom to another 

TABLE 3 

Biolagical redox potentials E* (voh~) -. 

-0.5 0.0 +0.4 +0.8 

Ferxedoxin Fhvin b-heme HiPIP c.a3-hemes Cu( blue) ECU12 
Rubredoxin [FefS), cs-heme jFG3, &In(?) 
EM&? Hb 
H,O -I+ Ii2 Myo,dIobin H,O + 0, 
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in an atomic collision in the gas phase or in an inert solvent with fittIe energy 
fess or gain except the thermodynamic redox potential energy, Orbital over& 
lap then gives the electron-transfer probability but even a small overlap of 
orbitals gives a high transition probability. 

When the process is examined in solution then the atoms, ta and from 
which electron transfer is to occur, are surrounded by other atoms and direct 
orbital overlap is very srna.!l or requires too large a rearrangement of the 
coordination sphere. This rearrangement is likely to be energetically unfa- 
vourable and two other electron-transfer mechanisms are then found to be 
overwhelmingly important. The first requires the removal of the coordina- 
ting atoms from one reacting atom, which may still be quite energetically 
expensive, when electron transfer occurs through one bridging group, while 
in the second electron transfer ucc~u”s across both caordination spheres. If 
the atoms are separated by one “insulating” atam, M-,. X - A$ (inner sphere 
complex) then not only is the overlap, direct or through X, much reduced 
but relaxation of MIX and &X to new bond lengths is required during 
reaction. This would seem to restrict electron transfer to the probability af 
a vibrational frequency multiplied by an exponential term eAaEJRT where 
-AE is the energy of the vibration, This is the “Fran&-Condon” energy of 
activation first discussed by Marcus (for a review of this work, see r&s. 18 and 
20). Obviously the greater the relative charge difference between MI and M2 
the higher is the activation energy while the greater the ligand covalence the 
better the electron-transfer possibili&y_ X should be I- rather than F- and S3- 
rather than 02-_ In fact in all circumstances ligands which are able to distrib- 
uk the electron (which is to be transferred) or the hole (to which it is to be 
tisferred) are advantageous for electron transfer, The size of th;e Iigand gives 
the electron-transfer distance. Note that I- (4.6 A) has nearly twice the diam- 
eter of 02- (2.8 A). In cytochromes [porphyrin12- is an ideal ligand for the 
spread of charge away from the central metal, and orbital overlap with a 
neighbour may be reasonable with such a large conducting Iigand uver at least 
15 A diameter fin pfane), In the other biologica &zctron-transfer systems, 
which we shall describe, either RS-, S2- or an organic radical allows the elec- 
tron charge to spread over a large distance. We not+? that this has the follow- 
ing advantages for electron transfer: 

(a) Smaller local charge changes on transfer. 
(b) SmaBz bond length changes on redox change, 
(c) Less requirement for close approach of reacting metal atoms. 
(d) As a consequence of (a) and (b) the electrun lies in a broad potential 

energy minimum (see later) rather than a very steep one. 
(e) The centres can provide an -15 A path by the inner sphere electron- 

transfer mechanism, i.e_ the need to pravide electron channels through a 
protein is already partially overcome+ 

The next stage of separation of the reacting metal &urns (outer sphere) is 
the interaction M,X--YM2. There is no change in the general argument from 
the M, . X . M2 electron-transfer situation. The points made above are simply 
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exaggerated : 

(a) lX%mce between Ml and Mz is ficreased so that direct overlap is 
reduced. 

(b) Indirect overlap as it invalves both X and Y orbit& may be reduced, 
but this depends an the nature of X and Y. If both are sulphur the sitization 
is very different from the case where X = Y = oxide- 

(C) The ligands of biology, porphyrin and RS- are more obviously re- 
quired and again low-spin states rather than high-spin states are preferred as 
overlap in them is increased. 

(d) The major activation energy may well be associated with the vibronic 
energies needed to “equilibrate” oxictation states in the two coordination 
spheres, 

Some model examples make it clear that exchange of electrons can stilf 
be very fast, e.g. between Iow-spin phenanthroline, cyanide, thiol l&and and 
porphyrin complexes in solution. 

Given the rates of electron transfer required by biological systems either 
of the above two mechanisms are adequate if collision is possible. Many 
metal complex systems in both classes have electron-transfer rate constants 
in the range 1U* -+ XUzu Thus biological electron transfer can be by diffusion. . 
It could well be that this is the biological function of freely diffusing e&ties 
such as quinones which are well-known in vitro mediators of electron transfer 

between electron-transfer proteins. The real problem in biology is that diffu- 
sion of one molecule f;o another is not always possible and it is necessary to 
look at other t;yp~~ of model in glasses, orde::ed liquids and the solid stats. 
We shall not resati to a delocalised model as the properties of proteins do 
not make this a feasible mechanism. Thus it is the hop and polaron ideas to 
which we turn. 

Solution electron transfer is a random cullision process, Solid-state transfer 
is essentially directional, Biolrlgical transfer must be directional to some 
degree but it also is at a controlled rate. (We shali see that biological electron 
transfer is not strictly a solid-state nor a solution problem, however.) The 
three snlution~ases,discrssed above, i.e. M1 -+ M2 (no control possible), 
Vm2, M1 l X-Y 9 M2 would provide very little opportunity for control 
of electron transfer. Clearly more complicated ligands which restrict colli- 
sions are required for this reaSon alone, Making the figand large, e.g. a 
protein, is not adequate if the coordination sphere is at all exposed, for 
given the ligands af iron and copper observed in the proteins we would 
expect fast transfer of either the inner or outer sphere type. In fact we shall 
show that electron transfer between pairs of centres is fast even in non- 
c%zlectrun-transfer” proteins, e,g, between myoglobin and cytochrome c, 
when collisional processes provide the necessary random pathways, e-g+ in 
vitro. In vivo the situation is very different for the packing of large protein 
molecules usually prohibits the pair-wise collisions. By same mechanism 



electrons must be transferred over ~ppi&dAe distances, say 10 8, f&urn zi 
metal through organic matrices, when overfap is very small, so that electrons 
go to and from centres far apa&_ ft is this separation which generates the 
possibility of control. Recent experiments in model systems show in fact 
that electron transfer between metai atoms in frazen matrices need not be 
very slow. Unfortunately we have too little evidence to genera&e but the 
foIlowing points deserve notice. 

(6) Media in which electrons travel 
Ice. Harm 1191 showed in 1963 that the rates of electron transfer between 

hydrated Fe” and Fe”’ were as fast in ice as in water. This indicated that 
electron transfer could occur over considerable distances by a mechanism 
not unlike that of proton transfer. Thus it is conceivable that electron tras- 
fer in biology utihses a net of hydrogen bonds. The description of the elec- 
tron-transfer proteins below shows that a proton or hydrogen atom migra- 
tion is improbable, however, for the channels to the electron-transfer centres 
in proteins are hydrophobic. 

Ionic media: channels. Small &aged particles are able to move in a lattice 
such as that of sodium chloride. The particles that have been examined 
include the proton, the a-particle and the electron [Zl]. The particles do not 
migrate randomly but move selectively down lines in the structure following 
certain well-defined crystal directions. This effect has been called channel- 
ling. In a channel the particle avoids aXI regions of high electron and positive 
charge density. It is obvious that this helps motion as the repulsions and 
attractions between fixed charges hinder movement of a charge in a given 
direction. Channelling by electrons is not well studied and in particular we 
lack studies on the channels in hydrocarbon matrices. Note that most of 
these studies are of highly energised particles and are at unlikely energies 
fur electron transfer in biology. 

Hydrophobic media. A number of electron-transfer steps have been obser- 
ved in low-temperature matrices. It is now known that electron transfer can 
occur in helium, argon, carbon dioxide and methane at temperatures well 
below 100°K and at reasonable rates, Reactions such as 

FeQX& + I% + Na* + Fe@&- 

have been examined [ZZ]. The distance of transfer can be as large as 5-10 A_ 
Note that the reactants have large, highly polarisabIe orbitals, SW also refs, 
23-27. 

Recently a number af papers have appesed which discuss the mobihty of 
efe&rons in such very inert (very clean) media [28,29). It appears from the 
results of these studies that electron mobility is high in a material such as a 
short-chain hydrocarbon or benzene and that there is only a very small acti- 
vation energy associated with electron movement within the solvent. Corres- 
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ponding studies in more polar media indicate that once again mobtiity can 
high - see liquid ammonia (below) or water, These are imp&ant observa- 
tiions when we come to discuss proteins for it is n& usual to consider a 
hydrocarbon or a simple polar medium as a possible redox path. The con- 
ventional treatment looks for “hopping” redox media. 

From the above it is seen that electron transfer may not be inhibited by 

be 

solvents as strongly as one might th%k and the real problem for such transfer 
then becomes the release of an dectron from the hop or poison centre; 
compare the injection energy from an electrode. 

RC~OX media. It is pixsible ta consider electron motion over ZI long- 
distance via a rapid series of hops. Thus transfer from metal atom to metal 
atom would involve the jumping af an electron from one organic group to 
another along a chain cf molecules such as quinones. The hop mechanism is 
well known and it is obviously related to the mechanism of Dickerson et al. 
[30,31] for cytochrome c, The essential features of the hop are that the 
“hopping electron” must be in a fairly weak potential energy though for 
otherwise its probability of movement is too low for conduction. Table 4 
gives possible(?) electron hop centres in proteins, We return to the validity 
of this concept later. 

Liquid ammonia. The case of liquid ammonia deserves attention as elec- 
trons are highly mobile in this medium 1X?]. The reason liquid ammonia is 
not a good electron exchange medium is, however, not one of electron 
mobifity but of getting the electron into the medium. The potential required 
to introduce the electron is about -2.0 volts (as fur the free electron in 
water), At this patential the electron attacks benzene! In fact this is a general 
problem witli most af the solvents. It would seem that electrons must be 
injected into them at considerable voltages. As this is the case a path must be 
present in the internal medium of proteins at much lower potentials, i.e. 
some injection method 2 required so that the electron is not trapped on the 
met& sites. Yet on leaving the site there must be a preferred path to the next 
centre. 

TABLE 4 

CIassification of amino acid residues for electrode-transf~~r purposes f37 ] 

Donor/acceptors 

Tyrosine (phenol) 

Tfiiol 

-S-S-- 
T’ryptophan (indole) 

Neutral Electron repelling 

Alkyl chains Wydroryl 

Phenylalanine AXklU 
Ether residues Carkoxyla~e 



It would seem that a pathway has to be described by either (i) a sufficient 
ease of excitation of an electron into the solvent matrix or (ii) a discreet 
series of well-placed low-lying traps which the electron hops along- 

Now in either case the electron must enter the system, leaving its metal 
redox centre. Experimentally in order to study electron mobility in the 
different media described above electrons are injected into the media. This 
process usually requires very considerable energy (volts) and wc must ask 
how is this barrier overcome in biology? In biological systems the origin& 
source of electrons is usually an organic reducing agent (H-R) and the 
reaction Is 

H - R + R‘ + H’fbound); H’ -+ Hf + e 

Or: 

H - R + RC f H-(bound); H- + H’ + 2e 

Thus injection is by chemical reaction at a site [33]. Now once on a specific 
metal or other site the electron flows downhill in the thermodynamic sense 
so that it Is usually gaitig to a site of higher redox potential (more positive) 
and is eventually picked up by molecules such as oxygen. The minimum 
energy opposing electron transfer is the thermodynamic redox energy of 
transfer and in biology this is generally favourable (actually oftan close to 
zero) and represents no problem, see the electron-transfer chains below. 
Thus the energy of injection is the activation energy required to free the 
electron from its trap, 

A trap can be of any depth. The reason that NiU for example is a poor 
conductor is that, I%*’ is a very good trap relative to the ions Nixu + Nir_ Pure 
Fe0 and Fe,O, are also good insulators for the same reason while Fea04 is 
a very good semiconductor as the trap Fe” is able to “see” the hole Fe”’ 
1341. Exckmge of hole and electmn kvhere there is some direct averlap as 
here gives relatively law-energy mability. However, if these ions are placed 
far apart in a silicate lattice or in a mixed Crl” h Fenr - Mgn - I?@ oxide the 
activation energy for conduction becomes very high for the oxide anions do 
not provide any suitable acceptor/donor energy levels, nor a possible charm4 
1351, The combinations of the ligands and the channels in a protein must 
supply a much easier path and it could wefl be necessary to have both easier 
electron release from the metal and a better pathway. The problem can be 
illustrated by a further comparison of solution and solid-state electron trans- 

(d) Activation energy of electrun trarrsfer 
The activation energy for electron transfer in solution reactions must be 

considerably fess than 20 kcal if the reaction rate for electron transfer is to 
be fast assuming that the entropy term is not exceedingly favourable. For 
small molecule reactions many cases of lower activation energies have been 
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observed fl$]. In those solid-state conducting lattices which most resemble 
solutions, those to which modified atumic wave functions apply3 there is a 
large density of charge carriers ad it is the activation energy of mobility 
which controls conductivity_ For a typical example such as FesOd the activa- 
tion energy for charge carrier mobility is Iow, around 5 kcal, and Fe304 has a 
high room-temperature conductivity [34J of about 102 mho cm. When the 
iron atams are diluted in the lattice the tiansfw is that of an outer sphere 
conductor I%? - O,Fe ‘I’. Despite considerable effort using this and a variety 
of other types of materials Williams and his colleagues faiIed to produce a 
good solid-state conductor using compounds in which only outer-sphere 
&.nsfer was possible [34 J. Conductivities usually fell well below 10-l’ mho 
cm with activation energies of >15 kc&l. The conclusion *was drawn that 
electron transfer in a rigid matrix of outer-sphere complexes could not 
account for the electron-transfer rates and activation energies in biological 
systems, Proteins in biologically arganised systems must be different from 
these ordered systems. The obvious difficulty in a lattice is that atoms in a 
lattice must lie in deep potential wells. It is at this point that we must return 
to the nature of a protein and why it can be said to be unlike both a solid or 
m ideal solution. It has limited cooperativity which is to be contrasted with 
total cooperativity (perfect crystal) and non-coaperativity (gas or perfect 
solution). The inside of a protein is probably closer to an ordered liquid. 

(e) The nature afpruteins - kinetic properties 
Many studies of proteins have suggested that the protein has a high degree 

of internal fluctuations in structure. The work of LinderstigSm-Lang on 
deute-;ium exchange was outstanding in this respect f36]. Recently we have 
been able to study structural fluctuations by observing the spin-state changes 
of heme proteins, and the rates of rotation of tyrosine and phenyl-alanine 
rings about their long axes. In both cases considerable fluctations in structure 
of the protein would appear to occur and to be of the order [38] of 
>1U4 s-‘. Such fluctuakiuns me of the right order to influence electron- 
transfer probdbilities. Tney suggest that the general internal motions of a 
protein could alter b?nd lengths of, say, Fe-N (histidine) in a protein very 
rapidly. Thus the equalisation of energy states of two oxidation states - a 
major b-tier to electron-transfer rates (see above) - may be achieved. Again 
there is a variety of evidence which suggests that in catalytic proteins the 
lowest energy state of the protein may be t’lat which places the surrounds 
of the metal close to the geometry of the transition state for electron trans- 
fer. Some insight can be had into this postulate by examination of enzyme 
action. 

For a long time it has been considered that a protein in an enzyme was of 
such a structure that it matched the transition state of the substrate. This 
means in effect that the binding of the transition state is greater than the 
ground state of the substrate. This is Haldane’s and Pauling’s view of sub- 
strate activation. In the case of metal ions in enzymes a very different pos- 



139 

tuhte has been made which is applicable to non-metal atoms too - that the 
enzymes groups are in the transition state fur attack on M3e substrate before 
substrate enters f 113. The folding of the protein generates the heightened 
attacking power of the protein group in a L‘purposeful” manner. This is 
demonstrated in the hemoglobin structure by the preparation of five-coor- 
dinate Fe” [IO]. However, a very remarkable example has been discovered 
recently in the chemistry of the trypsin inhibitors [393, The inhibitor is a 
protein which we shall fook upon as carrying the attacking group; an efectro- 

0 
philic carbon, --CzNH-, attacking a serine hydraxyl of the substrate, here 

the protein trypsin. The attack is energised in part by a good match of the 
overall geometry of the proteins, but it is observed that the geometry of the 

-CZ~H- group is already close to that of its unimolecular transition state 

*<;,_ as seen by its considerable distortion. Protein folding can thcre- 

fore distort normal geometries of local groups so as to lower activation ener- 
gies, There is hardly a better example af an activated (entatic) group [Ill 
(Fig. I)_ Now here the cooperative energy provides a “designed” ground 
state for activity but it is also possible that the protein is “designed” to 
supply cooperative energy by lattice changes. This is obviousiy true for an 
enzyme which catalyses a multi-step process. Electron transfer may require 
either bond length or bond angle changes to lower the activation energy of 
reactiun as well as to adjust E ? Thus the interest in electron proteins is that 
they must provide the foilowing: 

(I) A site of low injection energy fur ready donation and acceptance of an 
electron. 

(2) A source of vibronic energy which may be cooperat& in the lattice. 

-> 

Fig. 1. Activated nature af functional groups in proteins: 
inhibitor protein. 

(a) hemoglobin; (b) trypsin 
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(3) A path for the electron whickl is directional and open to control. 
It is the structure of the protein that has supplied tklese features, for the 

electron, unfike other substrates, has no structure. 
We conclude this introductory section with the following summary state- 

ments abost biological electron transfer. 
(1) The path from metal to metal may involve organic amino acid side- 

chains, 
(2) The state of a metal may be such that it is activated, energised, so as to 

be near in geometry to the transition stale for electron trmsfer. Such an 
effect; will be s&kected in redox potentials as well as electron-transfer rates. 

(3) The state of organic groups may be energised too. 
(4) The protein is not to be viewed as a cooperative lattice in which caop- 

erativity inevitably opposes changes of the coordinates of individual atoms 
(as in a perfect crystal) but is more related to a liquid in w&h fluctations 
can aid reactivity and these fluctuations need not be of high energy [40]. 

Before turning to the organic groups in proteins and their possible role in 
electron transfer there is a further point about the nature of electron con- 
ductivity in solids which is relevant to th.z discussion of mechanisms. It is 
frequently observed in the study of semiconductors that the electrical con- 
ductivity of a material undergoes a sudden change both in absolute value and 
in activation energy at a phase transition temperature. TLe transition temper- 
ature corresponds to either a first-arder phase change when there is a change 
in structure in the solid lattice or to a second-order phase change when there 
is only a change in lattice order, The fist-order phase change would corres- 
pond in protein chemistry to a considerable stru~turak change and clearly we 
might look for control of electron-transfer rates by such a mechanism. The 
structure change need be nc greater than that observed in going from a mono- 
clinic to a rutile form of, say, VOz which is associated with the centring of 
the metal atom in the roughiy octahedral unit. A parallel movement is that 
from high-spin to low-spin Fe”’ in heme proteins, which generates a well- 
known “phase-ohage*’ in many iltrerne proteins. A more probable pa_ralfek 
between inorganic semiconductors and proteins can be drawn from systems 
showing second-order phase changes. Such changes can be brought about by 
the introduction of cooperative (lattice) modes which may be based upon 
rotational movements locally or vibrations. The latter have been called mode- 
softening transitions, A protein is a small cooperative unit and could well 
show para& cooperative effects which can greatly influence electron trans- 
fer and its control, (We thank Prof. C, N. Rao for drawing our attention to 
these observations.) 

(f) Hop efectron-transfer cenhzs it2 biology 
The electron-transfer centres with which this articke is concerned are metal 

ions. They form tkre overwhelming majority of such centies and occur as 
single atoms, clusters and atoms linked through non-metal atoms. The only 
other electron-transfer centres which are known to be present in biolo&cal 



142 

the foflowing way, The redox potential of FeLz/FeI” in aqueous acidic media 
3s arrourrd WI.7 voIt;s. There are good measurr?ments of the redox potentials of 
phenols giving values of around -t-l.1 volts f4J.j. Thus, as obsened experi- 
ment&y, Fern will not oxidize phenol in acid media. In atkaU media the 
couple [Fe(CN)c; 14-/ [ Fe(CN), ] ‘- has a potential of about +-CL5 volts amI ti 

capable of produckg sume of thr; ttis+butyl phenol radical 1421. Let us 
assume that the redox potentidl af tris-t-butyl phenolate (in alkali) is mound 
+Q.5 volts. The redox potential at pH 7-O wiU then be 0.4 + (RTj9) ln(K+ 
[N*])/K. For K (the dissociation constant of the phenol) is lW1l and [H’l 
is IO-“7 M, the redox potential of a simpIe piwnol, e.g. tyrosine, will be 
>+0.75 volts. We note that the Ferr/Ferfr potentials of cytochromes range 
&om -XI,3 to 0.4 volts, Thus reaction of phenols and E’eEX1 cytochrome~ is 
opposed by a thermodynamic barrier whkh could be very considerable. In 
order to+get high &es of electron transfer through the phenol side-chain of 
tyrosine a minimum redox potential of the metal couple could be set at +W 
volts. 

Turning back to TabIe I. we see that in fact the Cu’JCu” patential can be 
as high as HI-7 volts in proteins sa that here t;he oxidation af phenols both 
inside and outside (substrates) proteins is possible by Cu”. Iron on the other 
hand has couples af sufficient oxidising power only in the F’errr/Fe*v and 
Fe’V/FeV states. These are states produced by oxygen or hydrogen 
peroxide on addition to iron enzymes. The idea that electrons could be 
transported through proteins by phenol, indole and benzene is now seen to 
have a&en from a confused comparison of &&run transfer by Ferl’ and 
oxidation by higher oxidation states. We have inspected these ideas recently 
by an experimentail examination [43] of a series of situations in which elec- 

TABLE 5 

Inspection of possibIe electron-tramfer centres 143 j 
- - 
Oxidised centre Fhduced centre Obswvation 

Fern heme per oxidase Phenols 
Fern heme peroxidase Lndofes 
Fe * in oxygenases Phenols 
Cu” in oxidases Phenols 
Phenol radicals Xndoles 
FeN in peroxidases I Phenol) 

Indofe 
FeV in peroxidases E Fhenui 

Zndofe 1 

Few l~lr FeV in peroxidases Benzene 
Few or FeV1? in P-450 cytochrames tAlkyI chains 

Benzene 1 

No reaction 
No reaction 
No reaction 
Reaction 
LittIc? reaction 
Reaction 

Rf%M%iOXl 

Na reaction 

Reaction 
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systems are flatins, quinmxs and thiol groups, The properties of these organ- 
ic centres which make them suitable fur electron transfer are very similar to 
those of the metal complftxes, Thus the metals are bound to &her sulphur, 
porphyrin or even peptide nitrogen and are therefore ‘3.msaturatec.I organic” 
systems in that thi>y base low-lying acceptar states in the oxidised farm. This 
is also true of fIatin+, quinone and disulphide -S-S-. Again they, like the 
metal centres, have rather unstabfe electrons in their reduced states. The two 
groups of campounds resemble one another furthe: in that they have extend- 
ed molecular orbit& which are highly polarisable, Thus the centres provide 
a path of 5-15 A through a protein without further assistance. Finally the 
redox potentials fall in the range -CL5 * -HI.4 volts which makes them ideally 
suited to the exchange of electrons with one mother. It is very noticeable 
that an electron-transfer centre is usually “chosen” in biofogy so that it 
closely matches the mean potential of its donor and acceptor centre 

donor =+ transfer * acceptor 
unit 

This ensures that there is Ettle thermodynamic barrier to electron transff?r in 
either dire&ion and many electron-transfer systems are almost reversible, e.g. 
in oxidative phosphorylatian. 

It will be noticed that none of these centres except -S-S- are side-chains 
of amino acids. In the nex$ section wft point to the problems of carrying out 
redox reactions with any such side-chains. The most likely side-chains as 
candidates for a role in electron transfer are phenol, indole and benzene 
groups of tyrosine, tryptophan and phenylalanine. We shall refer to these 
groups only and ignore the other common side-chains of amino acids. 

Possibk electron trunsfer tuffrom phenol, indote and benzene. As we shaU 
see the channels in the electron-transfer proteins are hydrophobic and often 
have several aromatic amino acids associated with them. The possibility of 
electron transfer to or from these groups must be considered. It is known 
that in aqueous solution Fe”’ will oxidise phenol provided that the phenol 
is ion&d as phenolate, i,e_ the Fe”’ phenolate complex is required. How- 
ever, in proteins this oxidation is not known. High spin Fe’r’ in hemoglubin- 
H mutants and in condlbumin does not oxidise its phenolate ligands. Pre- 
sumably trapping in the protein prevents dissociation of the phenolate radi- 
cal from the metal. (Note that even R5 - is not oxidised in the RS- com- 
plexes of ‘Lron in ferredoxins,) Phenolate is of course a much better electron 
donor than phenol itself, indole or benzene so that the very fact that phe- 
nolate is nut readtiy oxidised makes it unlikely that these other groups will 
be attacked. 

The thermodynamic potentials uf these redox reactions can be estimated in 
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trun kansfer from F&’ or Cu*’ might have been supposed to occur on the 
bask of the mechanism proposed by’ Win&Id 1333 and Morpugu and 
Williams 1373 and strongly supported by the interpretation of the stictural 
studies on cytachrame c [30]. Table 5 lists some of these systems, where the 
supposed electron-transfer path has been generated and which are described 
fully in the research literature f431. In no case is there any evidence for elec- 
tron-tiansfer, Xn line with knowledge af the relative redox potentials it must 
be assumed that electron transfer to and fium these groups is not possible. 
Only in the higher oxidation states of FeIv and FeV or of high potential Cur’ 
is there a possibility of electron acceptance from organic groups. We stress 
t;his paint by a short digression to the pexoxidases and oxygenates. 

The peroxidases can axidise their substrates, phenols and indaltes, to the 
free radicals. The reaction mechanism is known to be f44f 

substrate + substrati’+ + e 

The redox potentials of the Fe couples in peroxidases are [45] 

(? high) > HI.8 Z :0.8 --CL2 - -0.4 
I 

phenol and indole oxidation ‘I no reaction 

Thus FeXfL in the peruxidases produces no measurable amount of phenol free 
radicals. We shall present NMR evidence elsewhere f46f as to the binding 
location of the phenol substrate relative to the iron porphyrin showing it to 
be just s near to the heme (-10 A from the iron) as are the phenols (tyrosine) 
and indoles (tryptophan) of amino acid side-chains to heme in cytochromes. 
We note ais0 that the copper(II)/copper(I) potentk& in the copper proteins 
which oxidise phenol substrates se very high. Now nune uf these proteins even 
in the high potential states can readily uxidise benzene (compare phenylalanine) 
which requties very special activation as in cytochrume P-450 in a high oxidation 
state. Indale is intermediate between phenol and benzene. We conclude that 
in all cases af phenol, benzene or indole oxidation a, high potential is essential 
and it woufd appear that even in the best case in biu’iogical molecules Fe”’ 
cannot be bruught to this potential. 

Another very interesting demonstration of these facts is in cytochrome c 
peruxidase where cytochrame c can be oxidised by the peroxidase [47 3. The 
action of the hydrogen peroxide is to generate FeQfv plus a free radical in 
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the protein (probably phenol of tyrosine) from an LnitiaI F&l. The reaction 
requires an intermediate Fev state. Cytochrume e reacts with this “tyrusine” 
rack& This proves that radicals (probably tyrcasWe) csln be produced in pro- 
teins and hence electran transfer via such radicals in possible at high redox 

ILI potentials [48]. The Fe form of the enzyme does not oxidise the side-chain 
to a radical. It is therefore a good mechanism for the electron transfer from 
M - Cl2 or &I l HzOz complexes or from other high potential redox centm in 
proteins af I?-’ > +Q,6 v&s. Moreover once the radical is formed it can trans- 
fer ekctrons through to a second heme (cytochrome c peroxidase to cytoe 
chrome c) readily_ No such reactions would appear possilole with Fe”’ inside 
proteins, however. 

Thus phenol is inadequate as an electron donor and indole and benzene are 
progressively poorer, In the reverse reaction as electron acceptors from iron- 
{II), these groups must be exceedingly poor. Any electron which can escape 
-Erom Fen must have such an energy that it can have negligible resting time 
cn benzene, indole or phenol. Since these views were generated and in keep- 
ing with the above points new sequences of cytochromes, ferredoxins and 
other elec&on-transfer prot&ns show that the electron channels of proteins 
do not require such aromatic groups to be conserved even though they ZB% 
favoured over aliphacic side-chains. 

The contrast between phenol, irrrdole and benzene and the organic groups 
which do transfer electrons in biology is also informative. They are all two- 

electron systems which have stabilised intermediate radicals. 

-_S-_S--+eG--$-S’-+e* 2SH 

flavin + e + flavin’ + e + flavin l H 

The potentials of the two steps are closely matched so that reactions back- 
wards or forwards zux possible; I?/ is from --O,Z to t-O.2 volts. 

We canclude tha% the thermodynamics of the redox potentials of phenol, 
indole and benzene argue against a possible use in electron transfer for FeXLr/ 
Fe” reactions. Again the kinetic barrier especially in the case of benzene 
must be very high. _4t the same time we note that electron transfer is possible 
via RS-, quinones or flavins. 

In the second part of the article we shdl turn to a detailed description of 
the ellectron-transfer proteins. The point of interest which we shall stress is 
the expression of evolutionary drive in the physicochemical properties of ths 
protein, Evolution is expressed in the choice of metal, its coordinating atoms 
and the Men&ion of the coordinating centre with the whale protein. In the 
COUTS~ of the description we shall look for explanations of thermodynamic 
properties (redox potentials) and kinetic properties (activation energies and 
channels for electron movement) and for possible modes of ejecting electrons 
from the metal ions which act as their traps. Increasingly it appears that the 



special feature of proteins is tI&r internal cooperativity which albws both 
s&tic and dynamic features to be generated which are not possible in much 
smalkr molecules. Our thinking about protein acGvities requires knowledge 
of ideal gas and solution processes but addition;tiiy zrt are forced to examine 
these large molecules in the context of properties of condensed phases. 

C. SPECIFIC ELECTRON-TRANSFER PROTEBX 

{i) Cytochromes c 

Cytochrames c are character&d by possession of a heme group covalently 
bound to protein through thioether linkages [49]_ Most cytochrames c are 
low spin, the fifth and sixth iron ligands being histidine (his) and methionine 
fm&) (e.g+ c and c2) [49) or his and his [e-g. c3 ) [%I], but a few high-spin 
cytochrornes c are also known (e.g. c’) 1491. Their fifth and sixth iron 
ligands are not known although one of them is probably histidine. 

A large number of cyt~chromes c have been isolated and purified. They 
possess a wide range of properties (Table 6) and function in a Iarge number 
of different redox processes. Owing to limitations of space we shall confine 
ourselves to a discus&a of a small number of thesrz, mainly those for which 
detailed structural analysis is avaiIab!e, and accordingly first turn our atten- 
tion to cytochrome c itself. 

Cytochrome cs from about sixty different sources have been sequenced 
and comparisons of the proteins from eukaryotic sources highlight the con- 
servative evolutionary nature of this protein 1511. Bacterial cytochrome cs 
are more variable in composition but there have been successful attempts to 
demonstrate homology between them and eukznyotic cytachromes c [52]. 
We are mure concerned, however, with what these comparisons can tell us 
about the structure and functiuning af cytochrome c rather than iti evolu- 
tion. 

AImost invariably cytochromes c perform the rale of electron-transfer 
agents, though it has been suggested that they may also act in ion transport 
f53f, They are the connecting link in a chain 

reduction -+ e + cytochrame c + e + 
oxidising 

centre centre 

The reduction centre can be hydrogen gas or a hydride and the oxidising 
centre can be oxygen or a group such as nitrate. The other electron-transfer 
proteins to be described below have a very similar role though sametimes in 
very different ~~idati~n~red~cti~n chains. Clearly one intiresting t;est of the 
functional specialisation of the electran carriers both within the class and 
bebveen classes is their ability to replace one another in a given electron- 
transfer chti. As we shall see it is fomd that replacement of one .cytochrome 
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TABLE 6 

Physicalpropertiesofcytochromes 

Source Molecular No. of Redox Ref. 
weight hemes potential (mV) 

Cytochrome c 
OX 

HOkWZ? 

Yeast 
Turkey 
Tuna 

Cytochrome cl 
Beef 

Cytockx?le c2 
Rhadospirikun rubrum 
Rhodospiriilum molischicznum 
Rhodomicrobium uannicli 

Cytachrome cfi 
Azofobncfer vinetundii 

Cytochrome CT6 (- f) 
Pea 

Cytocl-wome c’ 
Rhodopseudomono palustrk 

Ekcterial’b cytochrome c’s 
Baciitw subfilus c-550 
EkxStus subS.S c-554 
Pseurfomo.~S flf.wrescens c-551 
Psetidomonao- denitrificans a-552 
Bardatella pertusik c-550 
Bordafella pertusis c-553 
E. coli str. McElroy c-E52 
Chbrobium thiosu~fatuphilum c-551 

Cytozhrome b, 
Rabbit Liver 

Cytocbrome b,,, 

&x!herichiu coli 

Cytochrcrme P 450 
Rabbit liver 

13500 1 +255 119 

13500 1 -1-255 119 
13500 1 +260 120 
13500 1 *260 121 
13500 1 ~265 121 

n.d.n f c220 122 

13000 1 +320 123 
13400 1 +290 124 

n-d. n-d. +305 125 

14700 4 -205 126 
26 000 8 n.d. 93 

24000 2 +300 127 

110000 2 +350 128 

14800 1 +lU5 129 

13uoo 1 +2fO 130 
14 300 1 -80 130 
9000 f +286 131 

n.d. 1 +300 132 
n-d. n-d. +260 133 
n.d. n-d, +19u 133 
n-d_ n.d, -150 134 

45000 2 +135 135 

l15UU 

11000 

45000 

+20 136 

+113 137 

-400 138 

a n-d., not determined. 
b This class’ lficatian system is based QZI the position of the band of the reduced protein. 
&me of these cytochromes will belong to the c and c2 classes. 
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e by another Ts often possible [_54,55]* Thus specificity of action must not be 
over-stressed. A favourite test system is the ekctron &ansfer system of oxida- 
tive phosphorylation where the oxiriation of hytides (from substrates such 
as malate) by molecular oxygen is coupled with the reaction 1563 

adenoelne diphosphate@DP) + phosphate(P) + acienpsine triphosphatefATP) 

AU cytochrome cs firom eukzyotic sources SO far investigated are capable 
of restoring oxidative phosphorylation to cytochrome c deplet& mitochon- 
dria from another source and they are indistinguishable, in terms of rate and 
maximum activity 1541. This latter point may be because cfiachrome c is 
not involved in the rate determining step of mitochondrial electron transport. 
Recently ultra-pure preparations of different eukaryotic cytochrumes c have 
been oxidised in v&u with a cytochrome uxidase preparation and shown ta 
be indistinguishable here as weil [ 57]- Thus, in spite of different amino acid 
sequences these eukaryotic cytochrame cs a& functionally the same. With 
prokaryatic cytochrome cs the situation is more complex. Few bacterial 
cytochromes are functional in the eukaryotic mitochondrial system [SSj. 
This is par&Iy because eukaryotic cytochrume c is basic, whilst; most bactirial 
cytoctrrames c are acidic and the interaction with cytochrume oxidase is an 
electrostatic one. Far a similar rea,son eukqotic cytochromz c is not oxi- 
dised by the basic Pseudorm ws aeruginosa cytochrome oxidase in isolated 
preparations of the proteins k%]. 

Sfructurcl, The s&uctures of various cytochrumes c h different oxidation 
st&eshave been elucidated by a combination of: K-ray crystalilography and 
NMR spectroscopy. 

The heme group and crevice. The porphyrin group is attached to the pro- 
tein via two thioether linkages in aU cytochromes c sequenced to date apart 
Tom those from the protozoa Crithidia oncopettii 1601 and E;ug&na grclcilus 
f613+ fn these, the previously invariant residue cysteine (cys) 14, which pro- 
vides one thioether linkage, is replaced by alanine. This loss of a thioether 
bond does not appear to materially affect these protetis: Crilhidia oncope~tii 
cytochrome c is functional in the electron transport chain of beelf heart 
mitochondria 1623. NMR spectroscopy shows f63] that the spin density 
distibution in f;he heme and axial. lir;ands, and the bond angles and Ien@hs 
of the iron axid Iigands, must also be virtually the same as fur mammalian 
cytochrome c. 

X-r;iy analysis of horse 1301, tuna [65] and bonito 1661 cytochromes c 
have shown that the fifth and sixth iron ligands his 18 and met 80 1641 are 
z&l in both oxidation states, The X-ray data for the closely related * 
RhodaspirulEum rubrum cytochrmne c2, however, have been interpreted 
1673 iis showing that the Fe--S-Met bond is nut anti in Ehe uxidised protein 
but is displaced by about 0.5 A from an axial position. In the reduced form 
NMR spectroscopy shows [68] that this bond is axial; the Fe-S-CH, PMR 
resonance is ring current shifted to the same pa&ion as the Fe-S-CH, 
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resonance of horse cytochrome c indicating that both methyl ~froups possess 
-the same alignment with respect to the porph;rin ring. ComparriFon of NMR 
spectra of oxidised horse cytoch~ome c and oxidised R. &NWITZ cytochrome 
c2 are not helpful in this context because all the contact shifted PMR reso- 
nances are in different positions [69]- probably reflecting 8 difference in 
the electronic structures of their heme groups. It is not yet passlble to USO- 
ciate this difference with any structural feature of the protein. One appaxent- 
1y conflictiig result is that the X-ray data indicate f67f there ean be but a 
very small conformational change upon reduction of cyk~chrume c2_ Xf the 
Fe-S-Met bond were to become axial some other changes in structure might 
be expected. 

In both oxidised (horse ar,d tuna) [TO] and reduced (tuna [65] and bonito 
1663) cytochrume c the heme crevice is blocked by a phenyldlanine, phe 82. 
Previausty f3U] the heme crevice had been thought to be open in horse 
ferricytochrume c with phe 82 pointing into the solvent. The heme crevice 
of R. rubrum cytochome c2 is also blocked in both oxidatian states [67] by 
phe 91. 

Left and right YTd-mznels”. A striking feature of the structure of oxidised 
horse cytochrome c is a “channel” leading to the heme group from the 

(df right &and viewed from the right side elf the mofecule. (- - - - ), baundaries of 
channels. S is :r,ethionine, N is histidine. 
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TABI i’ 

Aminu acid side cfiains forming the right channel of cytochrume c 

Source 9 a 10 11 20 32 35 36 65 94 95 97 98 

Horse lb 
Human I 
Snapping turtle I 
Bullfrog 1 
Carp V 
Dog fish V 
Lamprey V 
Tuna T 
Fruitfly L 
Silkworm moth I 
Tobacco ham worm 

moth I 
Mung bean 1 
Candida ki*usei L 
Debaryam:,ces 

fhecker: 111.7 3 L 
EugL?na gtvlcI!us 

WI L 
CriUz.~&u 

oncqxfEii [SO] I 
Neurosporu crassu L 
Humicola 

languinosa [1181 L 

Alternatives I 
V 
T 
L 

I? 
F 
F 
F 
F 
F 
F 
F 
F 
F 

F 
F 
F 

F 

F 

F 
F 

F 

F 

V 
I 
V 
V 
V 
V 
V 
V 

V 
v 

V 
K 
K 

K 

E 

K 
K 

K 

V 
I 
E 
K 

V 
V 
V 
C 
V 
V 
V 
V 
V 
V 

v 
V 
I 

V 

A 

G 
E 

E 

c” 
I 
A 
c 
E 

L 
L 
L 
L 
L 
L 
L 
L 
L 
L 

L 
t 
L 

L 

L 

L 
L 

L 

L 

:: 
L 
L 

L 
L 
L 
L 
IA 
F 

F 
L 
I 

V 

V 

I 
L 

L 

L 
F 
1 
V 

: 
f 
1 

F 
F 
F 
F 
I 
Y 

F 
F 
F 

V 

Y 

V 
F 

F 

I” 
Y 
V 

ii 
M 
M 

M 

F 
M 
F 
F 

F 
Y 
S 

S 

H 

D 
F 

F 

M 
R 
F 
Y 
S 
I3 
D 

’ Numbering for horse cytochrumc: c 
b One-letter m’ a mo acid code recommended by the XWPAC-WE3 International Commis- 
sion on Biochemical Nomenclatuw 
At least 50 other cytochrorne cs plxsess one af the above right channels. 
Ref. 116 apart from those prokae olic proteins marked- 

mckcultar surface [303. This channel, the right channeI, is so characterised 
as there is a hydrophobic “hole” in the right-hand side of the protein (Fig. 
2). The channel itself is Lined with the side-chains of hydrophobic amino 
acids (Table 7) but as the area in the centre of the channel is not compIeteIy 
taken up with these groups, there is room for a smash group in the channel 
[303, On GE left-hand side of the molecule (Fig. 2) is another hydrophobic 
region extending to the molecular surface from the heme, This has been 
termed the kft channel (Table 8) although it is not solvent accessible but is 
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TABLE 8 

Amino acid side-chains forming the lefk channel of cytacftro~e c 

Sourct* 4W 49 51 52 57 59 64 67 74 75 78 
~___ 

Hor?X! Tb ‘I’ I WL 
Silkwsrrm moth T S 

: E 
:: ; : ; 

Mung bean S S A N kYYIT 
Bakers’ yeast STANVWMYYIT 
lYumicota tunguinosa 

I=81 TTANIWLYFI 
Euglena gracilus s SANIWLFYV ; 
Crithidia oncopeltii [60 J S S A N V W L Y F M T 

Akrnatives TTANIWLYYIT 
ri S V M F F V 

M 

a Numbering for horse cytochrome c. 
b One-letter amino acid co& recommended by IUPAC-IWB International Commission 
on Biochemicd Nometnclature. 
At least 50 other cytochrome cs possess one of the above left channels. 
Ref. IX6 apart frum those prokaryatic proteins marked. 

completely filled in with hydrophobic side-chains [30]. The hydrophobic 
nature of these channels is conserved throughout all mitochondrial and some 
bacterial (e.g. R. Rubrum cytochrome c2 and Micrucoccus denitrificons 
cytuchrume c660) cytochromes cs (Tables 7 and 8). 

Conformational differames of cyEuchrumes C. A comparison of the X-ray 
structures of oxidised horse [3U] and reduced tuna [65] cytazhromes c has 
revealed that fhere are extensive conformational differences be$ween them. 
This difference has been attributed 1711 &o oxidation state rather than 
sequence differences becaus, 9 oxidised tuna, bon20 and horse cytochromes c 
are isomorphous. However, reduced tuna [653 and reduced bonito 1661 cyto- 
chromes c also hatye different conformations. A:I three proteins, i.e. oxidised 
horse 1301, reduced tuna [65], and reduced bonito [66] cytachromes c, crystallise 
in different space g~~oups (P43, PZIZ1 21 and P2%2,2 respectively) and it is prob- 
able that cry&al packing forces are partly responsible for these differences in 
conformation. Amino acid sequence changes could a&o bt% responsible far 
some sf the changes observed between uxidised horse and. reduced tuna cytu- 
chromes c. The amino acid sequences of these proteins are given in T&le 9. 
Tuna cytochi-ome c differs from harcse cytochrome c in 19 residues and from 
bonito in only 2, Also tuna and bonito cytochrome c are 103 residues long 
wIzereas horse cytochrome c is 104 residues long. 

Comparing oxidised horse 1301 and reduced tuna f65] cytochromes c, 
the most extensive conformation& difference is in the region of the right 
channe!; residues 18-29 mtxe so as to block partly the channel in the re- 



TABLE9 

Amino ncidssquenceofcytochrome cs 

1 40 
Horse EDVEKGKKIFVQKCAQCHTVEKGGKHKTGPNLHELFGRKT 
Tuna GDVAKGKKTFVQKCAQCWTVENGGKHKVGPNLWGLFGRKT 
BonitaGDV~KGKKT_FVQgCAQCHTVENGEIEHKVGPNL_WGLFGRRT 

41 80 
Horse GQAPGFTYTDANKNKGITWKEETLMEYLENPKKYIPCTKM 
Tuna EQAEGYSYTDANICSKGIVWNNDTLMEYLENPKKYIPGTKM 
BonitoGQAEGYSYTDANICS_KGI~W~ENTLMEYLENPKKYIPGTKM -_I 

81 104 
Horse 1 FAGIfC:KKTEREDLIAYLXfKATNE 
Tuna I[ FAG;IKKKGRQ~aVAYLLIc.SATS 
Bonito1 FAGI KKKGERgDLxAYLKS_ATS 

-_ 
From ref. 126,Differcncesin sequence underlined. 
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Hydrogen bcmding pattern of some amino acid residues in cytochrome c: 

Horse f erri- Bonito ftxri- 
cytochrome c B cytochrome c = 

Banito ferro- 
cytochrome c b 

Tuna ferro- 
cytochrome c c 

His 36 Pro 44 Gly 45 Clu 44 Gly 45 
Asn 52 ip iP aP w 
‘fip 59 ip iP iP ip 

ip, inner propionic acid group of the heme; op, outer propionic acid group of the heme. 
a Ref. 30. 
b Ref. 66. 
c Ref, 65. 

duced tuna cytochrome c- Ln electron density difference maps between axi- 
dised bonito and horse cytochrames c, a different hydrogen bonding pattern 
was observable for [30] residue 44. This is glutamate (glu) In 50th bonito 
and tuna cytochromes c but pxoline (pro) in horse cytochrome C. The 
ami acid sAbstitutisn at this position af&ct;s t;he hydrogen bonding pattern 
[72j sf his 26, shown in Table IO. The different hydrogen bonding pattern 
within the oxidised molecules causes a perturbation zlong the chain which 
involves [3Oj residues 37-43. A different hydrogen bonding pattern is ab- 
served [723 in comptisons of reduced tuna and oxidised horse cytochrome 
c and it could be the cause of the difference in conformation between 
oxidised horse and reduced tuna cytochrome c which involves residues 
18-29, However, the oxidised horse cytochrome c hydrogen bonding pat- 
tern of his 26 is re-established in [663 reduced bonito cytachrome c. The 
structure of the reduced bonito molecule in this region resembles the oxi- 
dised horse r&olecule rather than the reduced tuna -molecule. Thus a combi- 
nation of crystal packing forces and sequence differences appears to be re- 
spqnsible for these differences irr eonformation. 

Another region of conformatianal difference between oxidised horse and 
reduced tuna cytochrome c involves the left channel. A tryptophan residue, 
trp 59, which is in the centre of this channel, is 5.0 A away from the rear 
methyl group of the heme in horse ferricytochrome c but only 3.5 A awzly 
from this methyl group [65f in tuna ferrocytochrome c. Agtin, there is a 
different hy&ogen bonding pattern (Table Itf) invulving trp 59. The ir~~par- 
tance of the trp 59 hydrogen bond to the heme propionic acid group can be 
judged from the facts that if trp is replaced 1731 by phe or the trp indole 
nitrogen formyl;ated [ 74], SO that the trp 59-heme propianate hydrogen 
bond cannot form, the Fe--S-Met bond breaks, Thus, a different hydrogen 
bonding pattern involving trp 59 might be expected to a&& the heme 
group. In fact, the heme has a different orientation with respect to the pro- 
tein chain in these two proteins 1651. The alignmE& of trp 59 in reduced 
bonitc cytochrame c is midvray between its alignment [66] in oxidised 
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horse zmd reduced tuna cytochromes c. The hydrogen bonding pattern 
(Table 10) for the reduced bonito trp 59 is the same m for the oxidised 
horse trp 59 but whether the different alignment of trp 59 is an effect of 
oxidation state or crystaI packing forces cannot yet be deciaed, 

Recent NMR studies [78] of horse and tuna cytochrome c confirm that 
there is some move,ment of the trp 59 group upon oxidation state change. 
These studies [38,78] also suggest that to a limited degree cytochrorne c is 
a flexible protein undergoing rapid fluctuations in solution of some parts of 
its structure. Some perturbation of the tertiary structure of cytachrome c 
by crystal packing forces can now be readily understood. 

Again, a comparison of cytochrome c with R. rubrrrm cytochrome c2 is 
interesting, Cytochrome c2 does not appear to undergo a confarmationd 
change upon reduction [75f. In the cryskI state bonito cytochrome c can 
be oxidised without a major conformationA change [76] but crystals of 
cytochrome c cannot be reduced because they shatier on contact with 
reducing agents [ 77 ]- 

Redux ~u~e~~~~~s. The redox potentials for a number of cytcchromes c 
are given in Table 6. The hydrophobic environment of the heme group and 
the methianine ligand has been consirler4 to be a major factor in deter- 
mining the redox potential [79,80]. This has beert. discussed in Sect. B in 
relation to other redox proteins. It is difficult to assess the affect of other 
factors upon the redox potentials but a comparison of cytochrome c and 
cytochrome c2 can be made. 

The stjructura.l studies indicate that the heme group of both cytochromes 
c snd c2 have a similar environment. IIowever, in ferricytochrome c2 a 
hydrogen bond net_Nork involving the non-axial Fe-S bond is operative [67] * 
If the Fe-S bond of c2 becomes axial upon reduction, then the reduced 
form should be more favoured than the uxidised form with respect to cyto- 
chrome c. The relat%e redox potentials Support thi!L 

Mechanism of electron transfer. A mechanism of action for cytochrome c 
has been suggested based on the X-ray studies of horse and tuna cytachrome 
c. The aromatic rings in the left channel have been suggested ta function as 
a charge transfer pathway for an electron into the protein [65f and the 
aromatic rings of the right channel to function as a pathway out of the 
protein [81]. Both channels are surrour,ded by a region of amine groups 
which could serve as a binding site for the reductase and oxidase complexes, 
Fig, 2. Chemical modification experiments have shown that the oxidase activ- 
it;y caf3. be reduced, withrout af&cting the reductase activ-iiy, by blocking 
ambe groups on the right side of tfie molecule 1721, Other Hocking experi- 
ments, e.g, with antibodies {82] and pyridoxal phosphate [83], have also 
shown that the re=luctae and oxidase act at different sites on the molecule. 

The charge transfer mechanism [3O] for reduction is then said to involve 
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the fo’ilowing hop series: 

reductase % phejtyx 74 % trp 59 % pheftyr 67 % heme 

Exact coplanarity of tbe aromatic rings is necessary for this and X-ray data 
for horse sued tuna cytockomes show that they can he correctly aligned but 
not al1 in the same oxidation state [65]. When X+ray data for the reduced 
bonito prctein [66] ;ue also considered the aiignmenf of fhe rings is nof; 
suitable fbr this charge transfer, however. Tyrosine ftyr) 74 and trp 59 are 
coplanar, as are tyr 67 and the heme group in oxidised horse cytochrome c, 
and trp 59 and tyr 67 are coplanar in reduced tuna cytochrome c. However, 
trp 59 and tyr 67 are not coplanar in reduced bonito cytochrome c. Pre- 
liminary X-ray dafz fur Micrococcrts der&r~jcicans cytochrome c35u &so 
provide evidence aga.inst this mechanism [%I]. The corresponding group 
to phe/tyr 74 is a leu residue. it is also important to note that recent NMR 
spectroscopic da+.a for horse cytochrome c show that a number of aromatic 
groups are flipping 1383. This should be contrasted with the static picture 
presented by X-ray crystallography. 

A.n alternative mechanism fbr cytochrome c and cytochrome c2 has been 
proposed based upon the electron entering the protein through the exposed 
edge of else heme 1753. However, in a cytochrome c--cytochrame reductase 
complex the cytochrame c heme is still exposed to solvent [S4], We would 
emphasize the hydrophobic nature of the left channel and suggest that this 
generates an effective conduction path. We have discussed this in more detail 
in Sect, B and will return later to the general point that it is a path or channel 
of hydrophobic residues which is required for electron transfer and not a 
path of aromatic groups, The mechanism of transfer is not by hopping 
through the channel bat by tunnelling in a preferred direction. 

Before passing to the next group of proteins we draw attention to the 
other impotiant features of the protein from a mechanistic point of view, 
The enexgy for rekase or uptake af an electron at the iron centre can come 
from the vibrational energy of the protein and It may well be that there is 
very little activation energy for the process owing to the compromised bond 
lengths to the iron generated by the protein. Finally the conformationsi 
mobility may assist not anly in the electron-transfer process itself but in the 
control of that process, so-called eating. 

These are cytochromes which pcssess similar visible absorption spectra, at 
room temperature and pH = 7.0, tc\ myoglabin and hemoglobin [49]. De- 
pending upon the isolation procedure proteins containing one heme each 
have been isolated, with a malecuk weight of X0-15000 (q&chromes e’) 
or two hemes each with a molecular weight of 2Q-3UUOU fcytochromes 
cc’). Partly because the diherne proteins can be dissociated into identical 
monoheme subunits, the c’-cc’ nomenclature system is no longer favoured 
1491. we? shall name ZI.U such proteins cytochrome c’ and make it clear in the 
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text of how many units the protein consisted fur the p&&z&r exp&ment 
being described- 

The biological function of these prateins is not yet known. 

Structure. The o&y data we have concerning the stllvcture of cytochromes 
c’ cume from spectroscopic measurements and chemical inves’iigatkms. A 
cys-X-X~ys-his seq~~~e prorides tkw heme binding site 1851, There is 
no complete sequence available for a cytochrome cf but the amino acid com- 
positior! of some are known. The one heme (13’7 amino acids) cytachrome c’ 
from Xhodapseudomonas palustris contains few aromatic amino acids; one 
tyr, five phe and no trp [S6]. The diheme (molecular weight 29000) cyto- 
chrome c’ from Rhodosp&~~Ifum Mourn on the other hand, contains seven 
tyr (?I, eight pile and twa trp residues [I37 f _ 

The similarity of the visible spectrum of cytochrome ct to myoglobin 
indicates that the iron has a great deal of high-spin character I885 Hawever, 
EPR measurements [SS] anzi resonance Raman spectroscopy [89] have 
shown that there are major differences in electronic structure between the 
heme groups of myoglobin and cytochrorne c’_ 39th ferrocytocfirome C* 
and feticytachrome c’ of Chromatr’u~ (dibeme protein) exist in different 
molecular states. Transitions ‘between the different states can be induced by 
changing the pH of a solution of the protein [88]. Faur states were charac- 
terised by EPR spectroscopy for the diheme (molecular weight 24 000) 
Chr~matt’um ferricytochrorne c’, the transitions between these states being 
compfetefy r~ers~bk [8&l. 

The magnetic properties of the herne groups in twa of these states, the 
extreme pH forms (pH = 1 state B1 and pH = 3.1 state B,), are simtiar to 
those of acid mefmyoglobin and methemoglobin. However, the pIj[ &-ability 
and EPR spectral properties of state B2 make it unlikely that either Hz0 OIZ 
OH- is the sixth iron liga;nd [SS]. 

At pH = 7,O EPR signals are observed fur two species, states Al and AZ_ 
An interpretation fEG3J of these signals concludes that there is a quantum- 
mechanica admixture of spin states of the heme iron electronic states. The 
iron electronic state correspondins to siEfnal AI consists of an admixture of 
65% of the intermediate-spin state (S = 3[2) and 35% of the high-spin state 
(S = 5/Z), whilst th e iron electronic state corresponding to signd Az consists 
af an admixture of 65% of the hi&-spin state and 35% of the int;erm~diaIx- 
spin state. The protein state giving rise to signal AI has the spin quartet lying 
below the spin sextet whilst for the state A2 the sphtt*ing ia reversed. EPR 
studies of other ferricytochromes c’ at pH = 7.0 and 100°K all show a 
similar pattern suggesting that this quantum-mechanical admixture of spin 
states is a commun feature [SS] of cflachromes c’- The rnonoheme protein 
from Rhodapseudomonas pnlus~fs also exhibits this mixing of spin states 
indicattig that the mixing is not a result of dimerisation [SSj. That states 
Al and A2 represent different conformational states of the protein has been 
confirmed by visible [90] and CD speckmxcopy [91]. 
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Although both monoheme and diheme cytochromes c’ from a wide 
variety of sources bind SO aGd CO in %he reduced furm they do not bind 
F-, CN- cr Ns - in the oxidized form f92j. It seems more likely that the 
environment of the heme preven”ts anion binding rather than Iack of access 
because NO binds [92] to ferricytochro&e c’. This is in agreement with 
solvent perturbation studies which indicate that there is a hydrophobic 
region surrounding the heme [88$ 

Me&an&m of eiecfrun transfer. The low content I36 3 af aromatic amino 
acids of these proteins is significant in view of proposed mechanisms of elec- 
tron Canker based upon charge transfer [65]. 

It is nok possible to make t=ro electron-transfer chains of hopping centres 
based uporr @r and txp fur there is only one tyr and no trp in the sequence 
[86] oFR. paiustris cytuchrome c’. The peculiarly poised electronic states 
(a cl&r example of an ent;atic state [Ill of a heme moiety) has advantages 
for the ejection of electrons into the protein matrix, as discussed in the intro- 
ductory se&ions. 

Cytochromes c3 are .a class of hemoproteins containing several cov&ntiy 
bound mesohemes and having a negative redox potential 1933 at pH = 7. 
Such proteins have been isolated with a molecular weight of 13000 contain- 
illg four hemes and with 2 molecular weight af 26000 containing eight hemes 
from the Desulfuuitrio species 02 bacteria [93]. The amino acid composition 
of the 26000 molecular weight proteins shows that they are nut merely 
dimers of the 13QO0 molecular weight protains. In addition cytochrome 194) 
c7, which con&ins three hernzs, from ChIorupseudomonas etkyZicum is can- 
sidered to be a member of this group 1931. 

The four heme cytochromes c3 function as both an electron donor ta,, and 
an electron acceptor from, hydragenase 1931. 

Structure, There are at least three redox states of the protein; fully reduced, 
fully oxidiseci and an intermediate state [SO], with the protein being reduced 
in two two-electron steps separated in midpoint potentid by about 50 mV. 

Worn a combination of sequence comparisons and NMR spectroscopy a 
secondw st~c”tuze has been proposed 1501 for the 13000 molecular weight 
cytochrome cQ frum D, uuigarti, Fig. 3. The @mazy struct~es of ali the 
&ocfirames cg are simrtar, contining two cys-X-X-cys-his and two 
cys-X-X-X-X-cys-his regions which provide the hene binding sites. 
There are also four invariant his residues WI&h, from the EPR and NMR 
data, have been assigned [50] as the sixth iron ligands. The hemes are there- 
fore low spin. 

The mtin feature of the propased model is the four heme groups which 
Zorm 8 box with two pairs of hemes rougkdy planax to each other and about. 
10 A apart. Each heme has at least one arom&.ic amino acid’associated with 
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Fig;. 3. OutIine structure of Desutfovibrio t.tuZgaris cytochrome c3. 

it. As there are only Gve (out of 84) aromatic amina acids there clearly can- 
not be a cytochrume c type aIignmen% of them, Only three of these aromatic 
amino acids are conservatively replaced (Table I>)* 

All of the hemes are relatively exposed at the surface of the protein for 

TABLE I.1 

Aromaticamino acidsafcgtochrumesc3 

20 31 49 55 78 79 82 89 

D. gigas F F P Y W Y V A 
D. uulguris - F V Y Y Y M F 
D. desuQ%&~ns - F w I F Y F - 
D. su~exigens F w Y F Y F - 

To maxim& homology deletions ( - ) have been invoked. 
From Ref. 50. 
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there are insufficient amino acids to completely cover tlxem. There are 17 
lys residues which are grouped on the molecular surface where two of the 
hemes are exposed, 

Mechanhu72 of eZectmn transfsr. An interesting: feature of the protein is 
that despite the fact that the heme groups are only 10 Bi apart there is rela- 
tively slow electran exchange between them [ 501. The model shows that the 
hemes are only separated by a single polypeptide chain, In fact it is impossi- 
ble to get a geater number of chains between them, and therefore a peptide 
chain per se cannot r_ravide a path for rapid electron transfer, 

Pruteins of this group contain the prosthetic group protoheme, which is 
not covalelltfy bound to the protein via heme substituents [49]. Such pro- 
t&s function as electron carriers (e.g. mitochondrial cytochrome b j and 4 
terminal axidases (e _g. cytochrome P-450). Cytochrome b of the mitochon- 
drkJ respiratory chain was the first protein of this type to be reported but 
bzause of the difficulties in its preparation and purification little is known 
of its stntcrture. This paint also applies to most cytochrumes b which have 
been reported and we shall therefore confine oursekes to a discussion of 
cytochromes b5 and bz which have been extensively studied [49]. 

(a) Cytochrume b5 
Cytochrome b,, a membrane 3und protein, functions as an etectron- 

transfer protein in a number of electron-transport systems, including those 
for steroid hydroxylation {95], fatty acid desatumtion 196) and methem- 
oglobin reduction [97j. The method for purification of this protein, invol- 
ving treatment of a crude preparation with proteolytic enzymes, yields a 
water-soluble protein, fully active with cytochrome-b5-reducte, in which 
approximately 44 amilia acid residues have been lost from the N-terminus 
of the protein [98]. 

The heme group. X-ray structural studies 198,991 have been carried out 
with the protein from calf-liver treated in the manner described. The modi- 
fied protein ccnsists of 93 amino acids and one heme which is attached to 
fhe protein via two Fe-his bonds in the axial position. The hydrophilic edge 
of the heme is exposed to the solvent, rather than one of tile hydrophobic 
edges as in cytochrome c, Fig_ 4. 

EPR and absorption spectral datz show that the heme is readily brought 
into zn equilibriuti between highand loFv-spin states on minor changes of 
pH even though the iron atom has six nitrogen ligands [lOO]. The environ- 
ment of the hems group is hydrophobic [993, a recurring featwe of heme 
proteins. The he&e group 1:; situated in a box whose base is pruvided by a 
P-pleated sheet with sides made of tz&elices (993 (Fig. 4). 
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Fig. 4. Schematic diagram of liver microsomal cytochrome b5 (from ref. 262). Cylinders 
are a-helices, wavy lines with P are propionic acid groups from the heme. and the ‘four 
heavy rods with shading below are ihe &pleated sheets. 

Chanrreis. There is a na.rrcnv hydrophobic groove on the surface af the 
molecule leading to the heme group [98]. The residues lining this groove are 
essentially hydrophobic and are conserved throughout the cytochromes bB 
of known sequence (see ref, 116). 

Conformathm. NMR spectraI data indicate that there is not an extensive 
conformation change upon reduction af the protein [lOI]_ This is i..zz agree- 
ment with preliminary X-ray data, 

Mechanism of electron transfer_ The spin-state eqtiibrium of the heme 
group has been taken to suggest that the iron ligands can alter their bond 
distances very rapidly [lOU$ Such a situation Lvould facilitate electron 
transfer_ 

The hydrophobic groove [98] leading to the heme could functiion as a 
track for the transfer of electrons iilto and O\IT; of the protein. Such 8 model 
requires some degree of movement of the cytochrome F.15 molecule so that it 
can interact with both a reductase and an oxidase. There is some evidence to 
show that cytochrome & has a high degree of mobility when membrane 
bound and that the hydrophobic tail, which binds cytkhrome b, to the 
membrane, is hinged at its point of attachment to the bs hydrophilic portion 
[lQZ]. This model also requires cytochrome b5 reductase to bind to cyto- 
chrome b, reduce it and the complex to dissociate. The oxidase could then 
bind. Such a ping-pong kinetic mechanism has been observed fur the NADH- 
cytochrome-c-reductase activity [103f of cytochrume b+ A region of acidic 
groups by the mouth of the channel and around the heme group cor;ld tihen 
act as a binding site 1991. 



Hemoglobin and myaglabin are usually only cunsidered as oxygen transport 
and starag~ proteins respet=fiveIy [1.06i], However, they f&E1 sr[)me ~,f OUT 
requirements fur electror?--transport capability, In fact both proteins, which 
bind malecular oxy@~~ in the ferrous state, form stable ferric proteins, 
m~th~rn~~~ob~n mcX metmyogfabin, whose respective E* vakes ffU?j aye 
-i-f?% mV and +46 zN* Their capacity for redox Eictivity is demonstr&XXI by 
the fact that ~lanf; ferredoxins can reduce both methemog1ok.W and metmyo~ 
gfobti f IUXSf. Myo&obin czm dfso be oxidised [IO9f by feticytoehrume c. 

The redox capability of hemo@obin is physiofogica!ly important. in red 
blood c&k -3% of the hemogfobin of a normal adult nv& becames otidi+sed 
to m&hemoglobin during the course of a day. To reduce this methemoglobin 
XE!d bloud c&s contain a methemog’iobin reductase systen?. This redox chain 
h%s been demonst&X?d E97-j to be 

NADH + c~toe,“lrame& -+ cytochrclme -+ methemogfobin 



bacterial electron-transfer proteinJZ. colr’ cytochrome bs62, is considered to 
have an homologous aminv acid sequence to myoglobin [1X1]. In addition 
chemical and spectral studies suggest that it has a similar structure, although 
it is much smaller [HZ]+ 

Str~ctttrtz. Myoglobin is a monomer of mokcuks.r weight f6QO0 whilst 
hemoglobin is a tet;ramer (cr&) of molecular weight 54000. The individual 
hemoglobin subunits resemble myoglabin; they are in fact homologous pro- 
teins [106] ad we shall therefore only discuss the structure of rnyoglobin. 

Heme group. The iron is five coordinate in myoglabin, the Egands being 
the porphyrin nitrogens and a his, and six coordinate in metmyoglobin, the 
additional l&and being I&U, OH-, etc, [113], Deoxymyoglobin is high spin 
whilst oxymyoglobin is lath spin. There is also a thermal equili’orium between 
high- and low-spin forms of metmyogIobin at room temperature [I- 141. 

The heme group is located 151 a hydrophobic pocket of the protein which 
extends to the molecular surface. The polar edge of the heme group is ex- 
posed at the surface. This is a very open structure allowing 02, CCI, No, etc., 
to en&r and coordinate to the iron in myog’fobin, and N3-, CN-, SCN-, 
OH- to enter and bind with metmyaglobin. No ionic ligands bind to myo- 
globin, partly reflecting the requirement for electra-neutrality in the hydrv- 
phobic pocket [114]. The heme crevice can also bind small organic mvle- 
cules, e.g. cyclvprvpane. Large hgands cannot enter the pocket and it is very 
unlikely that large water-soluble reagents such as those used in making elet- 
tron-transfer rate measurements could reach within bond distance of the 
iron atom, 

Structure of the protein, The protein chain provides a box for the hsme 
group consisting of eight stretches of a-helix [ 1061. About 80% of the amino 
acid residues are involved in this. There are no hydrophobic or aromatic 
channels of the cytochrome c type leading to the heme and no regions of 
high positive or negative charge on the surface of the molecule. 

Me&a&m of electron transfer. As with cytochrome b5 the heme groups 
of metmyaglvbin and m&hemoglobin are in equilibrium between high- and 
low-spin forms. The relevance of this to electron tmsfer has already been 
discussed (Sect. IS)_ Table 12 lists those heme proteins exhibiting such an 
eqUilibrium* 

The interaction of myoglobin with cytochrome c is interesting [ lU9]. 
Cytochrome c oxidises deoxymyoglabin; 02 is an inhibitor of the reaction. 
Ferricytochrome c also oxidises milk xanthine oxidase [1X5] and for this 
reaction both myoglobin and myoglobin globin, although nut hemoglobin, 
are potent campetitive inhibitors. Denaturation of the globin removes the 
inhibition. Thus there appears to be a specific region of the cytachrome c 
molecule which reacts with 5oth milk xanthine oxidase and myoglobin. By 
analogy with the proposed route for reduction of cytochrome c this could 
include the left chzumet of cytochrome c. However, a complex between 
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TABLE 12 

Spin equilibria in hemoproteins a 

Protein Spin states 
-- - 

Ref. 

Cytochrome a3 

Cytochrome b 5 
Cytochrome P 450 
Myagiobin 
Hemoglobin 
Peroxidase 
Cytochrume c’ 

s = 312 

fmking)? 
+ mixed --f 

ii Some NMR resoniurces of the heme groups of these pro&ins possess unusual temperature 
dependencks (cliemicai shift increases with tenpexature rather than decreases). This behav- 
iour is not possessed by ‘model’ low-spin heme compounds and is possibly a consequence 
of the spin equilibria. Similar behaviour is exhibited by some of the heme NMR resonances 
of cytochrome c indicating that this protein may also possess a spin equilibration. 

cytochrome c and myoglobin has been soughti using spectroscopic, gel Cltra- 
tion and sedimentation methods [IOS]. All experiments falJed to demon- 
strate the existence of a complex, 

3[won~~1fphur proteins have been defined as proteins containing non-heme 
iron bonded to sulphur 11431. We shall concentrate on the bacterial and 
plant type ferredaxins, and rubredaxins but we note that some iron-sulphur 
proteins do not readily fall into these classes, e.g. the FeeSG protein from 
Rhodosp~rE’Ilum rubrum 1144 1. 

Irun-a~phur centres are not r&&ted ta the above proteins; many pro- 
teins contain iran-suiphur centres in association with other prosthetic 
graups: such as heme, MO (ref. E42), FMN axxl FAD (ref_ 145). Little is 
known of fhe structure of these multi-headed proteins and we shall there- 
fore not consider them here. A review of these proteins has appeared in 
Cuordinatk~~ Chemis#zy Reviews 11451 and we shall precent only a summary 
of points rekvant to the generaI theme of this article. 

(a) Bacterial fewedoxins 
The characteristic features of these proteins are a negative E” (Table 13) 

assaciakd with a cubane type Fe/S” centre (Fig, 5). This differentiates them 
fram the high-pate&al iron p’roteins (HiPIPs) which also cantain a cubane 
l?e/S* centrz but have a pasitive E* (Table 13). 

Bacterial ferredaxins fur&ion as electron-transfer proteins carrying one 
electron per cubane centre in a wide range af reactions [146]. 
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TABLE 13 

Physical properties of ironsuIphur proteiiis 

Protein source No. of Fe No, of $* Molecular Redox Ref. 
atoms atoms weight potential 

t=W 

Rubredoxins 
Clustridium pustsurianum 1 - 

Chioro biurrr fhiusulfa top Mum 1 - 

Psrrudomonas oleouaruns 2 

6000 -57 197 
6000 -61 198 

19000 -40 173 

Ferredoxins 
Cfustrrdium ~~~~~~~~~~~~ 
Azotobacter vinefandii f 
Azo to batter vinelandif II 
Bacillris polymyxa f 
Brrcillus polymyxa 11 
Chruma Cium 
Spinacfi 
PSSkY 
Pseudomonas putida 
Esch eri& iu coji 
Beef adrenals 
Beef mitochondrial 
Rhodospitillum wbrufn I 
Rhodospirikm rubrum IX 

8 
8 
8 
4 
4 

; 
2 
2 
2 
2 
2 
6 
$! 

8 6008 
8 14400 
8 n-d. 
4 9000 
4 9000 
8 8600 
2 11600 
2 n-d. 
2 12000 
2 12500 
2 15000 
2 26000 
Ei 8700 
2 7 500 

High-potential iron proteins 
Chromatium uinosum 4 4 
Rhiadopseudomonas gefatinosa 4 4 

n-d., not determined; 5*, inorganic sulphur. 

-415 199 
-420 200 
-460 200 
-390 201 
--420 202 
-490 203 
-420 199 
-420 204 
-260 143 
n.d. 205 

-270 143 
+230 164 
n-d_ 144 
n-d. 144 

lOOOU +35u 206 
9600 +33O 206 

Sh-u&we_ An X-ray crystallographic study of the oxidised form of the 
8Fe/8S* ferredoxin from Pephxmcczls aerogmes (Fig, 6) has been carried 
out El475 

Fig. 5. Structure of the Fe/S* cluster of HiPIP and bacterial ferredoxin. The iron atoms, 
represented by the filled spheres, are coordinated each to one cysteinyl and three inorgan- 
ic sulfides (empty sphces) in a tetrahedral manner (from ref. 166). 
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Fig, 6. Skuchre of P_aor~genes ferreduxin showing the relationsfiip between the tWr;t 
iron dusters (from ref. 13). 

Rabx centre_ The Fe a-d inorganic d (S*) atoms form two redox centres 
each consisting of a cube of 4Fe and 45* at alternate corners (Fig. 7). These 
cubes are aMached to the protein via fctur cyst&~ (cys) residues per cube 
which provide a sulphur ligand to each iron El47 J. 

The cubes are placed at opposite ends of the protein (l&l.2 A apart), 
just below the molecular surface, with the end face of each centre incom- 
pletely covered by the protein, The immediate environment af each centre 
is hydrophobic (Table 14) with a tyr residue 3.5 A away from one face of 
the cubes 11471, The Fe/S* centres of bacterial ferredoxins resemble those of 
the plant ferredoxins and oxidised HiPIPs; in the reduced form the electran 
is not delocalised over the entire centre. NMR spectroscopy shows that, for the 
oxidized ferredozin, t-he contact. shifts of the cys P-C& resanances increase 
with temperature [I481 _ This is because of the antiferromagnetic coupling be- 
tween the iron atoms. With the reduced 8Fe/$S* proteins, however, the can- 

Envirsnment of the Fw-S* centre af P~ptcxmccus aerogenes ferredoxin 

I 8-2X-14 Tyr 28, G1y 22 
8-I 1-45 Ile: 9, Val 47 
8-14-45 Ala 9, IIe 4 <Pro ES) 

1;-14-45 Val44, Ala “13, Pm 46 
n 35-38-41 Tyr 2, Gly E9 

35-38-18 lfe 36, Val 23 
35-41-18 lie 22, fle 3C 
38-41-18 (Pro 19) 

From rctf. 147. 



Fig. 7. Schematic diagram of Pmzrugenes ferredoxin showing the channel between the 
Fe/S* centres: (- - - -), peptide chain; (*- ), Fe/S* cubes and cysteine ligands. 

tact shifts of four of the @-CHs resonances increase with temperature whikt 
those of the remaining four decrease with temperature. A similar study with 
the 4Fe/4S* BaciU’lus polymyxa ferredoxin and oxidised Chromatr’um HiEW 
reveals that two of the four @-cH2s of each group are associated with each 
ccnke. This can only be rational&d if the additional electron is unevenly 
shared I3y the iron atoms /148]. 

ChanneL There is 3 channel running between the two centres (Pig. 7)_ This 
channel is bounded by the two Fe/S* centres and the peptide chain, and con- 
tains the side groups of proline (pro) 50, isoleucine (ile) 4 and iie 9 as w~U as 
Some p-CH2 groups of the cys residues. The channel continues on to the 
molecukr surface after the end face of each Fe/S* cube, where it terminates 
in a ckster of hydrophobic residues. For Fe/S* centre I these are pro 16, tyr 
28, iie 9, Wine (val) 47, pro 46 and val44. There are two regions of surface 
negative charge to either side of the hydrophobic patch of centre I. One 
region is composed of four carboxyl groups (glu 23, glu 24, asptite (asp) 
31 and asp 33), and the other is composed of three carboxyl groups (glu 
52, asp 53 and the C terminus). These acidic groups, as well as the hydro- 
phobic groups, are present in all 8FeJSS* ferredoxins whose sequence is 
available [J16]* 

Conforma~iun~ The amino acid sequences of a number of 8Fel&S* bac- 
terial ferrdoxins have been determined and there is considerable homology 
between them (Table 151, especially among those residues placed near the 
Fe-S* centres [1161. Homology is also evident between the two halves of the 
protein [149]_ Each hti conk&s four cys residues and instead UP the struc- 
ture (Fig, 8) which might have been expected crossuver occurs (Fig, 8). One 
result of this is that there is an approximate two-foid axis of symmetry 
within the molecule. It x1= been suggested that this crossuver ~ccu.rs to 
maxim& any conformational change between the two oxidation states 
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Fig. 8. Structure of P.aerogenes ferredoxin. The cysteine iigands are numbered The 
cross-over structure A occurs rather than the linear structure B (from ref. 166). 

[150]. There is some evidence, in the form of T-II equilibration experiments 
with Clostridium acidi-urici ferredoxin, to suggest that a conformational 
change dues occur on axidatiun-reduction [ 1511. 

Mechanism of electron transfer. A possible role for the two ty-r residues af 
Ciostridium acidi-urici ferredoxin in electron transfer has been suggested 
based on NIMR data. T&se data show that for the Clostridium acid&urici 

ferredoxin the tyr ring protons 2’ and 6’, as well as 3’ and 5’, a.~ equivalent 
in both oxidation states and are shifted from their resonance pa&ions in 
N-aceby! tyr by a smaher amount than the cosesponding Cl3 resonances, 
which are also equivalent. To account for the relative C13-I-11 shifts some 
kind of interaction with the Fe/S* centre was postulated [152]* Wowever, 
the relative magnitudes of the shifts could be due to the environment of the 
tyr residue. The equivalence of the 2’ and 6’, and the .3’ and 5’, lpositiuns 
indicates that, as with cytochrome c 1381, these ammatic rings are able to 
rotate with a frequency XU4 s-‘. 

It should also be remembered that these proteins can function with phe in 
place of tyr 28 (ref. 153) and with both phe (ref. 154) and his (ref. 155) in 
pke of tyr 2. If Chromatium ferredaxin is also considered to be homologuus 
leucine (leu) can repface tyr 2 as wezi (Tabfe 15)_ Recent experiments with 
modified f~~~~cocc~s aerogenes ferredoxin (Ieu instead of tyr 2) show that 
a tyr in this position is not essential for activity 11563. This modified pro- 
tein was indistinguishable from the native protein in enzymic assays. With 
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this ferredoxin, however, it was not possible to exchange both tyr for leu. 
However, a ferredojrin from Clostiidium M-E has been obtained in which 
position 28 is occupied by arginine (arg), There is o&y one ;tromz&ic residue, 
fyr 2, in the molecule. After modification (tyrleu) this protein was fully 
active in the phosphoraclastic reactions [ 1571. Aromatic residues are there- 
fore not essential for electron transfer, in ferredoxins at least. 

I3acterial ferredoxins form 1 : 1 complexes with ferredoxin-NADP reduc- 
tascs and these complexes are inactivated by high ionic strength [lSS]_ Thus, 
it appears as though there is an electrostatic interaction between the two 
proteins. The two regions of surface negative charge near cluster I could 
therefore provide for a binding site for ferredoxin-NADP reductase. 

From the crystallographic study 11471 we have a picture of Peptococcus 
aerogenes ferredoxin which is essentially 2Fe/S* centres separated by a hy- 
drophobic channel (Fig_ 7). This can &so be viewed as a hydrophobic channel 
running through the protein with 2Fe/S* centres placed in it_ Where the 
channel meets the molecular surface the electrbn injection/ejection sites are 
formed, probably at cluster I. This channel could function as a very effective 
conduction path. Both Clostridium pas~euriunum and Clositridizm acidi-urici 
a~ in f=k exchange between uxidised and reduced forms on the NMR time 
scak (i.e. z+Yj s-f ) whereas the 4Fef4S* Ekzci~lus &ymyxi ferredoxin and 
Chromatium HiPIP are in slow exchange fl48j. Thus, the 8Fef8S* ferredoxins 
are probably in fast exchange via an intrarnokcular transfer [ 1481. 

(b) High-poten#iul iron pruteins 
These prcteins, known as IIiPIPs, derive their name frum their high redox 

potentiak 11431 (Table 13). They possess similar cubane Fe/S* centres to 
the bacterial ferredoxins. In fact bond angles and lengths axe nearly the same 

(Table 16) [15,147]. There is no homology between their sequences, how- 

TABLE IF 

Dimensicms of Fe-S* dusters 

Bond lengths (A) 
Fe-Fe 
F&!-S 

Fe--S 

Ekmd angles tdeg) 
I%- -s*--Fe 
S”-Fe-S* 
E3*---Fe--s 

Oxidised Reduced 
CIwomatium Chromatium 
HiPIP I iiPIP 

2,68--2,?8 2.74~-2.87 

2.10-2.39 2.18-Z-45 

Z-17-2.22 2.19-2.26 

72-76 ?!a--I30 
IOI-109 99-101 
107-120 X06--126 

Oxidised 
i? A4erogenes 
ferredoxin 

2-77~2.93 

2.24-2.34 
2.05-2.31 

75-79 

98-l 04 
112-120 

is*, inorganic sulphur; S, cysteinyl sulphur. 



ever [llG]_ Despite being one of the most abundant proteins in C%rumaifium 
celfs the function of HiPIP is nut known. 

Strcrcture. X-ray analysis [159,160] of the HipIP from Ch~~~~tiurt~ irr 
both oxidised and reduced forms (states C+ and C) reveal that the redox 
centre is not access&lie to solvent; it is bound in a hydrophobic pocket 
(Table 17;_ Upon reduction of the protein (C* -+ C) there is a sma.II expan- 
sion of the Fe/S* cube [Ml]. Although this does not cause a gross change 
in the protein conformation there may be smaII changes in the arrangement 
of the immediate side-chains [161], 

The overall structure of the HiPIP molecule does have some gross similar- 
ities to the P~~pfococcrts aemgenes ferredoxin. The molecules appear to be 
constructed of two haIves, one region binding the Fe/S* centre, the other 
shielding it. In Chrom~tium IIiPfP there is an aromatic group, tyr 19, located 
near “,he cubt: as well [160]. 

Redox potential. The fact that the Fe/S* centres of HiPIP and bacteridi 
ferredoxin are similar appeared to pose a problem. Why do ISPIP and bacte- 
rial ferredoxin have redox potentials differing by 0.75 V (Table 13) when 
they possess simikx redox centres? The paracrfax was reserved when it was 
established that the proteins were being compared for different redox reac- 
tions; the oxidation of the spin paired state (C) fc~ HiPIP and the reduction 

TABLE 17 

Environment of the Fe--S* centre of HiPIPs 

Tlhcupsa p fennigii Rhodopseudomonas gelatimsa 

Leu 17 
Tyr 19 
cys 43 
Cys 46 
Phe 48 
Met 49 
np 60 
cys 63 
Leu 65 
Phc 66 

cay 68 
Ile 71 
Gly 75 
Trp ‘76 
CYS 77 

Trp 80 

LW 
TY~ 
CYS 
CYS 
Phe 
Ilk 
TrP 
CYS 
Leu 

TY~ 
GlY 
Val 
GlY 
Trp 
CYS 
TrP 

Leu 
7['Yr 
CYS 
CYS 
LeLl 
Phe 
- 

From ref. 162. 



of this state for bacterial ferredoxirrs E 151: 

HipIP C*+e*C EG=+35UmV 

ferredoxin C -f-e* Cc E* =-4400mV 

I-GPIP can be obtained in the C- state when it possesses similar spectral 
properties to bacterial ferrelioxin in the C- state [162]- 

Mechrmissm afeEectrult transfer. Tyr 19 has been Implicated in a mechanism 
of electron transfer [161]. Near to the tyr are two trp residues which extend 
the region of aramaticity to the surface of the protein. However, peptide 
chain is located between the tyr and trp residues and it is difficult to envis- 
age any charge transfer pathways being operative. On the other hand there 
are no w&-defined rq$ona of the protein corresponding to the channels 
observable in bacterial ferrodoxin and cytachrome c. There is, however, one 
face of the hydrophobic pocket exposed at the molecular surface. This is 
bounded by leu 17 and leu 65. The peptide chain does not block this 
approach to the redox centre. As the Fe/S* cube (S* 2 and S* 4) is only 
4.5 A away from the molecular surface f161], this region could represent a 
possible track fur electron flow. There is no region of the molecular surface 
abundant in either amine groups or carboxylate groups, Any site for inter- 
action with reductases 2nd oxidases must therefore have a more complex 
recognition mechanism. 

As their name sugges% pknt type ferredoxins were f&f, isolated from 
plants but since then such proteins have been obtained from bacteria and 
animals as well [f43] (Table 13). In addition, Fe&* proteins have recently 
been isolated with spectral properties and xedox potentials characteristic of 
the Wl?IPs. WC shall not discuss these further, These proteins are classd to- 
gether because they possess 2Fe and 2S* atoms per molecule with similar 
absorption and ORD spectra. They function as electron-transfer proteins 
carrying one electron per molecule [ 143 ]. 

Structure. 

Redox cenfre. Plant type ferredoxins have not yet been characterised by 
X-ray crystallography but on the basis of spectroscopic measurements a 
structure fur the redox centre has been proposed [164X (Fig. 9). Suppart 
for this proposal comes from an iron-sulphur compound which possesses 
similar spectroscopic properties to the proteins [165] and possesses the strut- 
ture of Fig. 9. 

The nature of the redox centre in both oxidation states has been described 
in terms of the proposed model 11641. In the oxidized protein the redox 
centre consists af two highspin ferric ions antiferromagneticall~ coupled 
whilst in the reduced state it consists of one high-spin ferrous ion and one 
high-spin ferric ion antiferromagnetically coupled. The ligand symmetry 



Fig. 9. Proposed model for the Fe/S* centre of plant ferredoxins. The iron atoms are 

Fig. 10. Geometry of the Fe/§ centre of C.pasteurianum rubredoxin (from ref. 13). The 
irregularities of the structure are obvious. 

around the iron atoms does not appear to be affected by reduction [ 164], 
Con@rmaHun. Measurements of g-values have been taken, in conjunctian 

with URD and CD data and the effect of denaturants, to suggest that adreno- 
di-xin and spinach ferredoxin have different conformations [J_66]. These 
deta point to adrenodoxin possessing the same protein conformation in both 
ox:idation states whikt spinach ferredoxin undergoes a conformation change. 
Tkre amlno acid sequences of these proteins show that, where= the ferree 
d-;;lxins from plants funn an homoXogous group, adrenodoxin bears littIe 
similarity to it f ll~,lI?] . 

Mechanism of action. As no detailed structural analysis has yet been 
carried out for these proteins it is not possible to discuss possible mechanisms 
in any detail. Of the five plant ferredoxins which have been sequenced 
(Spinach, Alfalfa, Scenedesmus, Lettcerrrr &zrrca and Tare) all possess six 
aromatic groups in the same position (out of 97 residues), apart from 
Scenedeatzus which possesses five aromatic groups, the sixth position being 
occupied by leu [116]. 

In accord with the suggestion that adrenodoxin has a different structure 
to spinach ferredoxin are the results of replacement experiments; spinach 
ferredoxin cannot replace adrenodoxin in the adrenal hydroxylation system, 
A 2Fe/2S* protein from pig tesbs can, however, substitute for adrenodoxin 
[168]. This specificity, which is not apparent with bacterial ferredoxins, ex- 
tends to the putidaredoxin hydroxylase system as well; adrenodoxin will not 
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substitute fur putidareduxin, even though they appear to be humologous 
proteins [lSS]* 

(d) Ru breduxins 
These proteins, characterised by possession of Fe-(SC&& centres (Fig. 

IO) can be divided into two classes: those of molecular weight 6000 con- 
taining one centre (type I) and thuse of molecular weight 19000 containing 
two centres (type 11). 

Type I. Proteins of this class have been isolated from a number of bacterial 
sources. Their biological. function is not known although they can replace 
ferredaxin in some reactions [143]. 

Redux centre. The crystal structure of the oxidised C~usltridium pcrs~eur~- 
num rubredoxin has been carried through to a resolution 11701 of l-5 A, 
This work shows that the redox centre is a distorted tetrahedxun (Fig. 10) 
Spectrascopic data confirm that this distortion is maintained in solution 
1141. The geometry of this redox centre, in terms of angular distortions, is 
intermediate between that which would be expected for isolated ferrous and 
ferric camplexes [XXI]. Prehminary X-ray data indicate that upon reduction 
the coardinates of the Fe/S centre are practically the same as for the oxidized 
protein [37]. This is in agreement with a large body of chemical evidence 
showing that the oxidation and reduction of rubredoxin is nat accompanied 
by a large conformational change f172]. 

The redux centre is exposed to the solvent at one end of the molecule 
[170] (Fig. 11) Hydrophobic amino acids are piaced around it and there is 
some degree of conservation of these residues among rubredoxins of this 
group 1116) (Table 18). 

rukedoxin (from ref. 166). 



TABLE 18 

Rubredoxin amino acid saquences n 

32 
Peptostreptococcus (&HJECSI CGYf YD -EAEGDDCNVAAGTK-FADL- 
elsdenii 

Peptococcus aerogenes (M1) Q L F E C T L C G Y I Y D -PALVGPDTTDQDDA-FEEV- 
Pseudomonas ofeovorans 1 32 

N. terminus frngment b ASYKCPDCNYVYD -ESAGNVHEGFSPGT-PWHLI 
Pseudomonas o~eooomns 119 161 
c-terminus fragment LLWXCITCGHIYDWEALGDEAEGFTPGTRFEDI.- 

Peptmhq?tmoccus 33 52 
eltxknii PADWVCPTCGADKDAF-VKMD 

Peptocaccus aerogenes SENWVCPLCGAGKEDFEVYEA 
Pseudomonas aleovorans 33 52 

N4erminus fragment PEDWDCPCC -AVRDKLDFMLI 
Pseudomonas oleouorans 152 174 

Gterminus fragment P -DWDCCWCBPGATKENYVLYEEK 

a One-letter amino acid codr! recommended by the IUPAC-IUB International Commission on Biochemical Nomenclature. 
b Tha central portion of the P oleouoruns rubredoxin (63-118) is not given, *: 
From ref. 116. 
(M), fornzylmethiunine, 
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Type 11. Proteins of this class have only been found in PseudamonadS, 
where they function as one-electron carriers in the electron-t;ransport chain 
for W-hydroxyfat&~n of afkanes [173]. The rubredoxin from R o~eovorons 
has been must studied [174& 

Structure. No X-ray crystallographic study has been carried out with these 
proteins but we can discuss their structure in terms of the type I rubredoxin 
s&.zcture_ 

As isolated i;he P. ofeo~~=~ns mbredoxin only contains one iron atom but 
it readily takes up a second [ 1741, The environment of these two iron atoms 
appears to be similar to that of the type rubredoxin; EPR and absorption 
spectra are identical [ 1741. Chemical studies have revealed that the basic strut- 
ture is that in Fig. 12, i.e. crossover does not occur [ 1743 _ 

Mechanism of &&run transfer. The nature of the Fe/S redox centre is 
again wc9.I suited for rapid electron transfer. We discuss electron transfer to 
and from this site in the section dealing with flavadoxins. 

Although the type TI rubredoxin can have two redox centres it only uses 
one_ The protein can be cleaved to yield an N-terminal fragment (5U amino 
acids) ant? a C-terminal fragment (124 amino acids), each possessing one 
redox centre [1753_ Only the C-terminal fragment is active with the o-hy- 
droxylase. This is the redox centre the protein possesses when isolated [ 1,741, 
All the type I rubredoxins are also inactive with the a-hydroxylase but they 
are active with the.NADH-rubredoxin reductase [175]_ (Nqter In view of the 
similtity in the type I smino acid sequence to the N-terminal and C-terminal 

Fig. 12. Structure uf tkre P.oleauorcrns mbredoxin, A is a schematic representation of the 
poiypeptide chain showing the positions of the cysteinyf and methionyl residues. Struc- 
ture C rather than B appears to be adopted by the protein (from ref. 14), 
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54 amino zu2ids 11761 of P. o I e~vurarz~ rubredoxin (Table 18) the possibility 
that type T rubrredoxins are degradation products of larger proteins has t0 be 
considered.) 

(v) FLavodaM~s 

FIavodoxins are proteins of molecule weight about 15000 containing one 
FMN group (Table 19) fI77,178]. They function in vivu a5 replacements fur 
bacteriaI ferradoxins reaction therefore likely to be the biologically 
important reaction f 1771: 

I fully oxidised flavodaxin + semiquinone E0 = +.I5 mV 

If semiquinone * fulfy reduced flavodoxin E0 = -370 mV 

BacteriaI ferredoxin’ possesses an E * = -400 mV. 
Such flavoproteins have been isolated from algae and bacteria [ 178]- 

(a) Clussificatim 
On the basis of chemical and spectroscopic data flavodoxins have been 

divided into two classes [X9]; one for which the Desulfuvibriu vulgar&s 
protein is characteristic and the other for which the Clostridium MP protein 
is typical [178]. X-ray data show that these two proteins have similar overall 
structures (Fig. 13) despite the difference in sizes (Table 19), but that they 
differ in the amino acid composition of the FMN binding region E 180,182]. 

Comparisons of their amir-o acid sequences confirm that these proteins 
are homologuus [ IL83 3. Thus, the different properties exhibited by these 
proteins appear to be associated with tt*le redox centre. 

The flavopratein from &otobacter winelundii, azotoflavin, is placed in a 
separate group (Table 19) from the flavodoxins because it is inactive in the 

TABLE 19 

Physical properties of flavodoxins and related proteins 

Source Molecular 
weight 

Redo,u 
potential (mV)” 

Ref. 

Ctustridium pasteuriarmm fiavodoxirt 14 600 
Clostridium MJ? flavodoxin 13800 
Peptos~reptucoccus ekdenii fbvodoxin l.5UUf3 
Escherichin coli K 12 flavodoxin 14500 
Desulfouibrio gigas flavodoxin 16000 

A~oto~acter vinelcrrrdii “azotaflavin” 23 000 

Anacysh nidukms “phytoflavin” f2UUU 

-132; -419 178 
-90; -399 178 

-115;-373 2U? 
-285; -455 205 
n.d.” 185 

-270; -460 178 
n-d_ 208 

a First potential is for fufly axidised * semiquirrane aad the second ptent;iai is fur scmi- 
quinone + fully reduced. 

b n-d_, not determined. 
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Fig. 13, Stereo diagrams of ffavodoxin. (a) The radical form of Cbstridium M.P, ffavo- 
doxin, The h~lices are labelkd (H-l, etc.) from the N-terminus. (b) Tfie oxidized form 
of l3. uulgwis fiavc@oGn (from ref. 181). 

phosphorockstic reactions and NADP reduction, akhough it is active in N2 
fixation [1783. The electron-transport chain for A. uinekmdii N2 fixation is 

different to other Na fixation schemes; azobfla~irk appears to be an essenbd 

component fl793. This prot& a&a differs from the flavodoxins in the stabi- 
My of its free radical to 0,; half-life tl12 = 2000 min as opposed to tl,z = 80 
and 115 min for the C. pasteuriunum and P. elsdenii flavodoxins [184]. 



A. vinebmdii is an aerobic bacterium and this difference in stability may 
reflect the fact that it livt?s in an &-rich environment [178]. The other 
bacteria are fermentative bacteria. 

(b) Ftavin group 
A number of experimenls have shown that these Qavoproteins can func- 

tion with fiavin gruups other than FMN. Apo~avudox~ns have been prepared 
and flavopruteins reconstituted from them. The flavadoxin from D, &igcrs 
reconstituted with FAD passesses 28% of the initial activity (as compared 
with ‘75% irn controls with FMN) of flavodoxin [185), whilst the flavodoxin 
from P. elsdenli reconstituted with iso-FMN possesses 31% of the initial 
activity of flavodoxin in enzymic assays [186]. Part of the decrease in 
activity in the latter case was atttibuted to the higher redax potential of 
iso-FMN rlavodoxin; -260 mV for ssmiquinone reduced form as opposed to 
-370 mV for the native protein. P. etsdenii flavodoxin reconstituted with 
3,4-dihydro FMN was inactive, probably because 3,4_dkhydro FMN cannot 
undergo one-electron reduction [186], 

Structure. The FMN groups in both the I?. gigas [18U] and ClusEridr’wm 
M-P. fl81,182] proteins me planar in all three oxidation states, and almost 
buried near the surface of the molecule. Note that planarity indicates a 
highly strained conformation of at least one oxidation state_ For the 
CIoshridr’unz protein the methyl groups of the flatin, one edge of the flatin 
and the ribityl group are exposed at the surface /18I,X82~. The FMN is 
bound non-covakntly via hydrogen bonds between the pyrimidine carbonyls 
and the protein as well as between the phosphate group, which is extended 
into the molecule, and the protein. A met residue is located on one side of 
the flavin whilst a trp residue is placed on the other side [ISZ]. 

The FMN of the D. vulg~is protein is buried in a pocket extending into 
the protein [lSO& On one side of the F’I?VIN, nearly coplanar with it, tyr 98 
is located&whilst on the other side trp 60 is situated (Fig. 14). The pyrimidine 
ring of the FMN is buried most deeply in the protein and hydrogen bonds 
between it and the peptide amide and carbonyl functions are formed. The 
Z’-hydroxyl af the ribityl group is also buried in the protein where it is 
hydrogen bonded, as is the phosphate group. The remainder of the ribityl 
group lies at the surface of the protein. The two methyl groups af the flavin 
also lie on the surface [XSO], 

NMR spectroscopy I187 J and X-ray crystallography [I791 show that 
there are no major conformational differences between the three stable 
flavodoxin oxidation states. 

Mechanism of etechm tmzsfer. The location of the redox centre of these 
flavoproteins [ESU,I_L82] is similar to &at of rubredaxin fl?O]; they are 
positioned at one end of the protein near the surface. Both rubredoxin and 
flavodoxins bind to ferredoxin-NADP rFiductase (FNR) [ES], possibly at 
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Fig, 14, Lkuulgaaris f’kwodoxin: orientatian of Trp 60 and Tyr 98 relative to the flavin 
plane. Lorver projection is rotated SO0 relative tu the upper (from ref. 183), 

the same site as bacterial ferredaxins. All three complexes, electron-transfer 
protein plus FNR, are dissociated by high ionic strength and the changes in 
the absorption spectrum of FNR on complex formation are r&her similar ti 
each cast;_ [158]_ We suggest th% flavodoxin and rubredoxin bind a% the 
mouth of 8 channel kasfing to f9e redox centrrz of FNR, Such binding would 
totally enclose the FMN group :Isrd Fe-(%X& centre by protein. 

The copper-containing electron-transfer proteins we shall be considering 
(Table 20) only contain t3pe 1 Cu” centres. They possess a characteristic 
blue colo~lr which is associated with an intense charge transfer band [ISS] 
in the absorption spectrum, -600 nm. 
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TABLE 20 

Physical properties of type f copper prokeins 

Protein Molecular 
xveight 

No. of Redox Ref. 
Cu atoms potential 

WW 

Burdeteila pert&s azurin I.4600 
Fseu~omonas aerugirrosa azurin 14 600 
CJzlor~lk d~ipsoideu pktstocyanin n.d.a 
Spinach plastocyanin 21000 
French bean plastocyanin 11000 
Pseudomonas demlrificans he protein 16300 
RAus uerntcifera steilacyanin n-d. 
Ilorseradisfi ummyanir;” 14600 

+395 209 
+300 210 
+390 213, 
+37Q 212 
n.d. 213 
+230 214 
+X84 215 
n-d. 216 

a n.d., not determined. 
b AIso contains three giucasamine residues per mokcuIe. 

Structure. No crystallographic data are available fur these proteins so we 
shall briefly discuss relevant spectroscopic and chernicaf data. In v&w of the 
experiments with thiol blocking agents there appears to be a Ma1 ligand to 
the Cu” ion [190]. This has been confirmed from spectral studies of Co” 
st.eUacyarh (Co’I instead of Gun). The electronic absorption spectrum re- 
sembled that of model Cd’ thiol complexes [191] II 

Measurements of water spin-lattice relaxation times show that these CU” 

centres, unlike the type II Cu” centres, are nut accessible to solvent [192f, 
Aztin contains six phe and two tyr residues but only one trp [12.6]. The 
fluorescence emission associated with this trp residue is not only partly 
quenched by the Cu’r ion but is also anomalous in terms of emission wave- 
length [ 193j. This anomalous behaviour has been shown to be due to the 
trp being in a hydrophobic envkonment. Fluorescence perturbation studies 
are consistent with this; the trp is nut accessibIe to the solvent [X94], Studies 
with the apoenzyme and. heavy metal ions place this trp near the CU’~ ion 
[195], Stellacyanin contains three trp residues [f96] but only two of these 
are solvent accessible; the third is located near the Cur’ ion [ 1941. The two 
Cur’ ion containing plmtocyanins (e.g. spinach) possess three tyr but no trp 
residues [X94]. The tyr residues e.re not solvent accessible 21943. 

The EPR and absorption spectra indicate that these type I Cur’ centxes are 
of low symmetry [lOU]. A stereochemisfry intermediate between tetrahedral 
(preferred for four coordinate CIA*) and square planar (preferred for Cur’) has 
been suggested for them. The high redax potentials are in accord with this 
[loo] (Table 20). 

Mecizanism of electron trmsfer. The evidence points to these proteins 
possessing a redox centre in a strained configuration located in a hydrophobic 
environment. This is similar to the heme and Fe/S proteins. 
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Sequence comparisons of azurin El161 (BordeM!a ~roncMse@za and 
Pseudomonas fkamxmms) and the one Cu” ion containing plastocyanins 
(French bean [Zl?], ch~uret~~ fusca [218] and Ancrbaene uuriabi& fZ19]I) 
show that these are reklted proteins. There is some homology between azurin 
and plastocyanin, particularly around the free cys residue, 85 in plastocyanin 
and 112 in azurin. Although there are nine aromatic residues common to 
both azurins and six aromatic residues cumman to the plastocyanins, com- 
parisons of the sequences indicate there are only five conserved aromatic 
residues for azurin and three for plastocyanin, 

D. ORGANISATION OF ELEmRON-TRANSFER CHAINS 

Extraction and purification of electron-transfer proteins is a formidable 
task because mc$sst af these proteins are membrane bound. It is fur this r~asun 
that the majority of proteins in electron-transfer chains have not been iso- 
Iated in. a pure form. The major purificatiori problem is obtaining an active 
preparation free of extraneous protein and contaminating phospholipid. 
This is a difficult operation as many of these proteins are lipo-proteins. The 
proteins we consider in this article are, in most cases, small and fairly readily 
p-&&d, 

ft is known that membrane binding dues nat greatly alter the protein can- 
furmation; tine visible spectra of most cytochromes 1491 are the same whether 
the proteins &c membrane bound or in aqueous solution. Thus the inner core 
of the protein is not perturbed although little can be said about the surface. 
Again t&e proteins function with their respective oxidases and reductases 
in aqueous solution, although usually at much lower r&es of reaction (e.g. 
cytGchrome+reductase activif;y of cytochrome bs) f1033. It is possible that 
membrane binding sr;ffects their relative redox potentials, however [2213. 

There are a number of possible ways for proteins to be bound into or onto 
membranes, for example as follows: 

(1) Vree” protein cm bind ta membrane-bound proteins, 
(2) A prutein can have a large proportion of its molecular surface taken up 

with hydrophobic amino acids and so become soluble in lipids. 
(3) A protein can have a hydrophobic peptide ‘tail’ which binds to the 

fatty re&ons of membranes (e.g. cytochrome be) [102]. 
(4) Proteins can form complexes with phospholipids, based on electrostatic 

interactions, and such complexes then interact with membrane structural 
proteins mdfor the lipophilic tails of phosphalipids. 

Femedoxin has ii large amount of its surface occupied by hydrophobic 
groups and cytochrame c forms complexes fZ22] such as those described in 
(4), but it is not known whether these are the ,mechanisms by which they are 
bound by membranes. 

The sWi&ure of the different possible posit&m of electron-transfer pra- 
teins in membranes is shown in Fig. 15. Given any one of these locations and 
knowing the electron transfer is between components X and Y which can 
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Fig, 15, Protein binding to membranes. Hatched region representi membrane, circies 
reprtzsents protein: (a) cytochrome oxidase; (b) cytochrome c; (c) cytochrome b5_ 

also bind to the carrier or which are also fixed in the membrane, it is highly 
probab’ie that there are two channels; one for electron entry from X and one 
from Y, Thus each prokin must be examined fur minimtiy two channels. 
In some cases an impression of the relative location of the two entrances has 
been obtaihed, e.g. in the _cytochrome c-cytochrome cl complex [84] (Fig* 
16). 

Why are these systems involving electron transfer usually integrated with 
membranes? There appear to be a number of reasons for $his: 

(1) Many of the reactions coupled to electron transfer (e.g, ATP syntksis) 
are dehydration reactions and would be best carried out in a non-aqueous 
environment. 

(2) The proteins constituting the redox chain will be held in the correct 
juxtaposition for reaction. A lipid may be highly organised resembling a 
liquid crystal rather than a simple liquid. 

This urganisational facet (2) of membrane bindtig is very important_ It 
means that the rate of electron transfer need not be diffusion controlled. 
Also it prevents short-circuiting of the chain by one protein Al, transferring 
its electrons to protein A, instead of AZ. In the case of oxidative phospho- 
ryIation pathways the phosphorylatian centres must not be bypased, 

Electron-transfer chains appear La have evolved so that there is a small 
difference in redox potential, -80 mV, between adjacent proteins, This may 
be for reasons of control or efficiency but as a consequence there are often 
a large number of redax centres in an electron-transport chain, approximately 
fifty ‘in the mitochondrial oxidative phosphorylation chain [56]. 

In order to separate the primary electron donors from the terminal elec- 
tron acceptors some redax chains are ~urnp~rn~~~ised~ fhe mitochondrial 

Fig. 16. The cytochrome ~-cytochrome e complex. 
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specificity is an advantage to biological systems. The presence of cytochrome 
b5 in the electrun-transfer chains involving cytochrome P-450 f95], fatty 
acid desaturase [96] and methemoglobin [97] has already been mentioned, 
as has the involvement olE cytochrome c in many electron-transfer processes. 

We therefore use the ferredoxin-flavodoxin replacement as an example for 
this discussion, 

Certain bacteriai species grown on an iron-zontaining medium contin low 

kvels of flavodoxin and utilise ferredoxin for many prucesses involving elec- 
tron transfer, When these species are grown on an iron-deficient medium 
flavodoxin is produced and utihsed in those processes formerly using ferre- 
doxin [ 227 j. As flavodoxin can replace ferredoxin in ceILfree extracts of 
bacteria grown on an iron-containing media for some activities (such as 
NADP reduction) [Z2811 it seems as though the ferredoxin oxido-reductases 
are nut specific for ferredoxin. In fact complexes between such proteins and 
fIavodoxin have been isolated (Table 21) [X8]. 

Proteins capable of transferring electrons to each other include HiPIP and 
cytochrome c (ref. 235) adrenodoxin Etnd cytochrome c, (ref. 234) ferre- 
doxin and xanthine oxidase, and rubredoxin, flavodoxin and ferredoxin with 
ferredoxin NAIX reducta~e (see also Table 22). The exceptional examples of 
“specific” electron-transfer reactions are the reaction of rubredoxins with the 
alkane u-hydroxylases 11761, the reactions of plant type ferredoxins 
[177,178] and the reaction of cytochrome-c-peroxidase [ 188,229]. 

There is a built-in specificity,for aIlI protein-protein interactions, namely 
will the proteins form a complex? If they can, then, providing the require- 
ments previously mentioned are fuIfilIed, reaction can take place, Exa=-@es 

TABLE 21 

Q (Ml at/~ Ref. 
-_____l 

Spinach ferredoxin Spinach ferredoxin 5 X 10-8;o 158 
NADP-reductase 7.6 X HY+, 0.08 158 

C. pasteuriffnum ferredoxin n-d, 158 
P. elsdenii fkwodoxin 5 x IO-8;u 158 
P. e;fsdmii rubredoxin 5 X JO-*;0 158 
Adrenodoxin n.d. 3.58 

P. oleovarms P. olemorans rubredoxin 2.1 X 10-7; n.d. 175 
ferredoxin 
NADH reductase 

Cytochrome c Cytochrome-c-oxidase 03-l X 10”; n,dw 233 
Cytochrome-c-peroxidase I-2 X IO+ ; n.d. 233 
Adrwodoxin n-d, 234 
Cytochrome cl n-d. 84 

n-d., not determined. fl = icrnic strength. 
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TABLE 22 

Rates of electron transfer between proteins and sma.lZ inorganic redox agents 

system 

-- - 

Rate PH Temp Ref. 
(M-l s-l) (“C) 

( a) Protein oxidation 
MyagkMn + [Fe@Njt; ] 3- 

Hemoglobin + [Fe(CN& ] 3- 

Beef cytochrbme cl + [Fe(CN)B ] 3- 
Horsci cytochrome G + [ Fe(CN)B ] 3- 

Pseudomanas aeruginosu cytocfirome 
c-551 + fFc[CN),] 3- 

Rhodospirilhn diheme cytochrome c’- 
+ [Fe(CN)GJ3- 

Chrclmatium diheme cytochrome c’ 
+ [Fe(CN),]3- 

Fu:lgal Iaccase type f Cu2 centre 
+ [Fe(CN),13- 

Ckomaiium HiPIP.red + [Fe(CN)G]3- 
Horse cytochrome c + [Co(pkr~)~]~~ 
Candida krusei cytochrome c 

tb) Protein reductiun 
Horsecytochrome c + [Fe(CN),]4- 
Beall leaf plastocyanin + [Fe(CN)6] ‘- 
Spinach leaf plastocyanin + [Fe( CN), ] * 
Chrumatium HiPIPox + [Fe(CN),]*- 
Clostridium pizsteurirJnum rubredoxin 

Hurse cytochrume C + [cr&0)G]2’ 
Horse cytochrome c * [Ru(NH,),J~~ 
Chromatium H’ZTPox f [Ru(NH~)~ ] 2* 

2 x 106 
1-4 x 10G 
7 x UJ* 
8 X IO3 
3.6 x lo* 

1.6 X 107 
8.4 x 106 

8 x x0* 

NlO” 

1.2 x 104 

1.1 x 10” 
4.2 x 103 
1.5 x lo5 

2.6 X IO4 
1.6 x lo4 
2.1 X IO4 
1.8 x IO2 

9-5 x ZUQ 
I.9 x 10” 
4.2 x x0* 
3.1 x 10" 

1.2 X 10” 

1.6 x ru+ 
2.8 x 1uq 

+906 

“10” 
“105 
1.5 x 10~ 
I_8 x lo* 
2 x IO2 

6-O 
9.2 
6.0 
9.2 
7.4 

7.0 

19 
19 
19 

19 
23 

7.4 26 

7.4 26 

7.0 

7-O 
6.0 
6.0 

6.3-7.0 
4.0 

7.0 
7.0 

3.6-4.0 

3.5-4,s 
3.5-4-5 

25 
25 

25 

20 

20 

25 

25 
25 

25 
25 

25 

25 
25 

25 

25 

25 

238 
238 
238 

238 
242 
243 
244 

248 

247 

247 

248 

245 
235 
246 

246 

244 

235 

235 

235 

251 
236 
250 
235 

251 

251 
249 

252 
252 

252 
235 
235 
235 
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of complexes of electron-transfer proteins which have been obtained are 
given in Table 24. The data in this table show that the interaction between 
two proteins is inhibited by high ionic strength. The rates of reaction are also 
affected by ionic strength. This strongly suggests that the interaction between 
two proteins is electrostatic in origin. In the case of cytochrome c there is 
a substant;id body of chemical evidence to support this. 

Cytochrome c (Sect, C) possesses two lysine-rich regions on il;F molecular 
s&ace [3U]. Succinylatian, introducing a negative charge in place or” the 
positive charges, results in a protein inactive with cytochrome oxidase where- 
as guanidation, introducing an additional positive chazge, enhances the rate 
of reaction with cytochrome oxidase [230 3. More specifically, if lys 13 is 
triphenylated the rate of reaction with cytochrome axidase is reduced f231f 
by 50%. These modification experiments implicate the amine groups of cyto- 
Arome c in its mechsnisr~ of action, The reaction of cytochrome c with 
cytochrome oxidase and cytochrome reductase is also inhibit. by poly- 
lysine [232]. 

This simple approach to specificity ignores differences in eiectron transfer 
between proteins shown by the kinetics of electron transfer. We discuss the 
kinetics of electron transfer in the next section, 

F. KINETICS OF ELECT’RON-TRANSFER REACTIC?NS OF ELECTRON-TRANSFER 
PROTEINS 

Some factors affecting rates of electron transfer, such as tne spin state, 
stereochemistry and entionment of m&al centres, have been described in 
Sect. B. The purpose of this section is to show that electron transfer between 
proteins can be rapid. In addition we shall use the kinetic data to clarify some 
points concerning biological electron 5ransfer. 

Results of kinetic experiments with electron-transfer proteins and small 
inorganic reagents are summarised in Tables 22 and 23, Although such experi- 
ments are nut biologically significant, a number of interesting paints emerge 
from them, 

(I) Reactions between electron-transfer proteins and small inorganic redox 
agents are, in many cases, as fast as reaction between the inorganic redox 
agents themselves. The majority of such reactions can be described in terms 
of inner- and outer-sphere mechanisms [235]. 

(2) In the majority of cases the oxidised and reduced proteins produced 
via these reactions are identical with those produced from reaction with pro- 
tein oxidases and reductases (Cr” reactions, see below, are an exception). 
Apparently, if a conformation change occurs upon reaction, it is caused 
solely by the electron entering or leaving the protein and not by some phy- 
sical interaction with other proteins, 

(3) There% more than one route for electrons to enter and leave the pro- 
tein. The reactions of cytochrome c brave been mast studied in this respect 
and therefore we shall confine ourselves to a discussion of this protein. On 
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TABLE 23 

Rates UP reaction between electron-transfer proteins 

Oxidase Reductase Rate Ref. 
(M-l s-I) 

Parslay plastocyanin 

Azurin 

Fungal lactase 

Pseudomonas aerugimxn azurin 

Bovine cytochrome c 

Parsley cytochrome f 
I&& &al cyto&rome C-553 
~~~~~u~u~~~ cytochrome c-551 
Mammalian cytochrume c 
Parsley cytochrome f 
Red algal cytochrame c-553 
Horse cytochrome c 
Pseudomonas aerugitmu 
cytochrome ~-551 
Pseudumanas ~~r~~~~~~~ azurin 
Pseudomonas oerugifiosor 
cytochrome c-551 
Norse cytochrome c 
Bovine cytochrome cl 

Mofes of acceptor reduced per mole of reductase per minute 

02 Pseudomonas oleauoruns 
02 + Pseudomonas NADH-ruhredoxin 

oleouorans rubredaxin reductase 
Horse cytochrome c 
Pseudomunas oleouorans 

xubredoxin 

Mcdes of xanthine oxidised per mole of ?Zlavin per minute 
Ferxedoxin ~Wcracoccus lactily ticus 

02 Xanthine dehydrogenase 

3.6 X IO7 253 
5 x IO5 253 
7.5 x 105 253 
1.0 x 10” 253 
6 X 106 253 
2 x107 253 
1.7 x 104 254 

5.7 x lo4 
8.2 x ICI4 

-106 248 
4.9 x 104 255 
3.3 x 106 242 

254 

175 
<U*l 

41000 

0 

12900 

256 
1210 

150 
Cytochrome c (two flsvin groups per molecule) 43 

MoEes of cytochrome reduced (oxidised) per minute per milligram of reductase (oxidase> 
Horse cytochrome c Bavine mitochondrial 24.6 232 

complexes I-111 
Rhodospirillum rubrum 

cytachrome c2 13.6 
Euglena gradus 

cytochrume c-558 16.1 
Clor0bium ~~~US~~f~~~~~~~~~ 

cgtachrome c-555 0.5 
Pwphyra Senera cytochrome f 0.4 
Rhadospirillum rubrum 

cytochrome c’ 0 
Rhodqweudomonos 

cytochrome cr 0 
Horse cytochrume c XSovine DPNH-dehyclrogenase 3G.3 232 
RhcldospiriIIum rubrum 

cytochrokne c2 19.5 

Rhodospirillum rubrum 
cytachrome c’ 0.5 

Ritodupseudomonas 
cytnchrumc C’ 0.2 



Oxidase Redactas@ Rate Ref. 
(W-1 s-l) 

Moles of cytcrchrome reduced (oxidised) per minute per milligram of reductase (oxidase) 
Bovine cytachrome oxidase Horse cytvchrome c 16-6 232 

RhadospiriIlum rubrrrm 
cytachrome c2 0.9 
Rnphyra fenera cytvchrome f 0 

red~tion of ferricytcschrome c with Cr” some of the ferrocytochrome c 
produced has a CJ? ion bound to it [236,231]. All of the ferrocytochrome 
c produced can be reoxidised with Ka(Fe(CN),) and then reduced again with 

sodium dithionite, but riot all the reoxidised cytochrome c can be completely 
reduced again lvith Cr” 12361. The cytochrome c with Crm bound to it is not 
reduced. These findings suggest that, as expected, K3Fe(CN)6 md sodium 
dithionite do not act at the same site as Cr”‘_ 

Biolo@al oxidases and reductases will use different rouks but even w&h 
these there may be more than one feasible biological route for electron 
transfer in a protein. 

(4) Myoglobin and hemoglobin, proteins not normally thought of as 
electron-transfer proteins, are oxidised by K3 Fe( CN)s at comparable rates 
f1238] to cytochrome CL 

Pulse radiolysis techniques have also been used to study electron-transfer 
proteins. Proteins with a solvent accessible redox centre (e.g. cytocilrome c 
(ref. 239)) are reduced in a direct reaction which is diffusion controlled. 
Where the redox centre is not solvent accessible the proteins are either not 
reduced (e.g. xanthine oxidase f240’J) or reduction occurs with the electron 
entering the protein via functional groups (e.g_ histidyl radicals fur CHU~O- 
plasmin [241] )_ It, should be emphasised that these reactions with high- 
energy electrons are not biologically significant+ 

The majority of studies of reactions between electron-transfer proteins 
have been carried out by biochemists and the results presented (Table 23) in 
the form of turnover numbers. Such data have usually been obtained from 
reactions in which enzymes were involved as this yielded a readily measurable 
factor to follow reaction. However, for our purposes, there are a number of 
drawbacks to this approach. 

If the reaction is 

efectron-transfer + enzyme -+ etp - en 3 kb etpe - en* 
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We are interested in k, but are measuring k,. If hz < kl the data obtained will 
not be a true meas~e of the rate af electron transfer &hough it will repre- 
sent, a minimurn value of k,. Also it, and/or k, could represent rate-deter- 
mining stips. 

Despite these comments the data do demonstrate that reaction between 
electron-transfer proteins can be rapid. 

G. LONG-RANGE METAL-METAL INTERACTIONS 

If the electron transfer between metal centres is direct over a fairly long 
distance, then the evidence for such a path will be hard to find. Examination 
of the physical properties of the groupings which line the path is not likely 
to be profitable. One possibility is to look for effects, small pertmbations, of 
the presence of one metal centre upon another in the same multi-headed 
metallo-enzyme. In a few proteins such interactions have been seen but as 
yet we are insufficiently sure of their origin or even of the distance between 
the centres to say what these effects mean in terms of electron-transfer 
mechanisms. Table 24 @ves one or two esamples where some of the metals 
are now known to be in a simple c:luster_ 

H. CONCLUSIONS 

We are now able to make some conclusions about biological electron- 
transfer processes: 

(1) The process of electron transfer can be via ligands in the coordination 
spheres in direct outer-sphere collisional processes. An example is the hemo- 
giobinlcytochrome b reductase system. Both the proteins contain exposed 
heme groups and both are soluble in the cytoplasm of red cells, 

(2) In many cases, either in single polypeptide chains or in multi-chain 
units, electron-transfer centres are organ&d with respect to one another in 
space and there is na possibility of direct collisan between the coordination 
spheres in the way it is possible in solv.tion. 

(3) Electrorl transfer can occur via intermediate organic groups such as 
tyrosine srnd tryptophzm. Possible examples are the high potential Cu” blue 

TABLE 24 

MetaP-metal interactions in proteins 

Protein Metnls Distmce A Ref. 

Cytochrome oxidase Cu _ _ * Fe 
Eight iron ferredoxins Fe _ _ _ Fe 
LXCZiSi? cu * * ” 433 

Xanthine oxidase Mo a.. Fe 
Hemcrythrin Fe . _. Fe 

IQ? 251 
10 - 12 148 
l.O? 189 
m-330 258 

5 - lo? 259 



proteins, cytochrome oxidase and cytochrome c peruxidase. ft is highly 
unlikdy that flavins, quinones or Ferrr proteins undergo such reactions. Some 
electron-i;ran&?r proteins do not have such aromatic residues_ 

(4) Electrans cannot travel across peptide chains very easily. Cytochromes 
c3 provide exausples. 

(5) Electrons probably can pass through hydrophobic regions of proteins, 
This is exceedingly likely in the fFe4S& proteins and appears to be the 
likely path in cytochromes li, and c, especi&y where these proteins have fixed 
positions in membranes. AU these proteins possess hydrophobic channels where 
the electron moves in a vacuum effectively. 

(6) The distance between centres for eIectron transfer postulated in (5) 
must be small, A maximum distance between meti atoms, even given the 
large conducting ligands of the metal ions, could be -15 A. This may explti 
why electron transfer chains are so rich in electron-transfer centres. Electrun- 
transfer proteins are usually small and in general we would suppose that one 
metal (or other transfer centre) is necessary per 20000 molecular weight. 

(7) The thermodynamic barriers to reversible electron flow are kept small 
by arranging urganised redux centres in thermodynamic sequence. 

(8) The uptake and loss of electrons by the metal centres is made of very 
low activation energy by the protein-metal ion interaction which is in two 
p&s, thermodynamic and kinetic: (a) a controlled campromise coordination 
sphere to overcome the Franck-Condon energy of electron transfer; (b) a 
bulk vibronic: term which permits electron movement through coupling of 
phonon energies with electron movement. The phonun energies rresd not be 
conventional localised vibrations as in small molecules, The motions of 
residues in both cytochromes and ferredoxins have been observed. The COU- 
pling of particular “lattice modes”, vibrations of the protein as a unit and 
not bond vibrations, ccjuld generate a condition of the sites between which 
electron transfer was to occur, such that they had the same potential. Such 
a condition is required for tunneling. It is very probnbfe that tunne2l~ng w% 
be favoured in a medium or low rather than high dielectric cunstant. To- 
gether these features generate an unusual condition of the electron-transfer 
centres when compared with simple models. One of the many points which 
remain unexplained in the spectroscopy uf the electronic ground states of 
these proteins is the temperature dependence of the contact-shifted reso- 
nances. E&en in cytochromes c where the evidence for d&&on Erwm a pure 
low-spin state is weakest this temperature dependence is quite different fiorn 
that seen in model porphytis. 

(9) A feature of the structures of proteins is that they are more Eke liquid 
crystals than true crystals and cooperative order/disorder transformations 
may well exi;end through the molecule, The energy wf the disorder!order 
“phase’* changes can assist the election-transfer step, This is shown by the 
relative ease of smail conformation changes mentioned above- 

(10) The presumed channels of electron transfer and the injection energies 
of electrons from meti sites can be controlled by conformation changes in 
obvious ways, 



Xf the above poin4~ are axrect there is considerable danger in attempting 
to understand ekctror, kzmsfsr in biology frarn small molecule behavkur in 
su2ution. Thus we may finish by stuessing khe message uf the inkoduction. 
Electron transfer is a biologically required process and inspt;ction of a given 
protein must keep iwz mind the evalutionary drive which can result in ex- 
quisite b&mce of physicab-cbemicz~I interactions so as to aptimalise a pro- 
tE!in for a pr0cess. 

No&?. We have not discussed phoCo-actid ele&ron &i0&X. In such bk9- 
~ogicaf reactions the electrons are elevated to a high energy by the abscrrbed 
photon, Thus the proMem of the inject;ion energy has been overcome by a 
supply of energy in excess af 25 kc& The situ&ion is now similar to that in 
an electron pulse experiment or to Lhat in the liquid ammonia or hydrocmbm 
systems, Se&, EL The eb2tron has high mobifity in such solvents, fn effect 
tkrere is only a vew low barrier to ele&ron movement- The major probkm is 
to supply a guide for the e3,ectron so that it does go t;o the correct election 
trap, is, tjhe trslp at lowest E O. This path could well be a hydrophobic chslln- 
~1. It is .reasonabte to suppose that, after this EM& step the photon energy 

will have been dissipakd. Our &Me is concerned witfi the subseqmnt mave- 
ments of the ekctxon in the biologicaf system, see &IS example x& 24X!- In 
this system and in certain oxidases [26X] there are iron proteins of an un- 
known coordination acting in ebctrun %rzmsfer. 
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