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INrIU:::UCTICN 

All organic natural products and most synthetic organics are 
susceptible to micrcbial degradation. In the case of hydrocarbons 
we have quite a detailed understanding of the biochemical 
rrechanisms involved and these were discussed at a recent rreeting 
of the Institute of Petroleun (Higgins & Gilbert, 1978). Microbial 
hydrocarbon degradation is largely an aerobic process and a group 
of enzyrres, the oxygenases, play an :iJrq:ortant role in initiating 
many degradative sequenoes of biochemical reactions involved and 
in sore other catabolic steps. These enzyrres in=rporate 
rrolecular oxygen into their substrates, thereby effecting highly 
sj:ecific, =ntrolled partial oxidation to products which are in 
sore cases carrrercially valuable. Many of the reactions involved 
are difficult, expensive or even :iJrq:ossible to effect by 
=nventional chemical catalysis. The organic chemist has a 
general, seEmingly insoluble problem in =ntrolling oxidation 
reactions involving molecular oxygen. For example, the simplest 
=rrercially :iJrq:ortant hydroca.J:bon oxidation process, the 
industrial =nversion of rrethane to rrethanol , involves oxidation 
of the hydrocarbon to carbon monoxide follcwed by hydrogenation 
over a catalyst at 2700C and 50 atmospheres pressure. Same 
recently dis=vered mi=bial enzyrre systems discussed in this 
volurre (Dalton

6 
1980) =nvert rrethane to rrethanol in a single step 

reaction at 30 C and 1 atmosphere pressure with a yield 
approaching 100%. 

There is a wide range of oxygenase enzyrres found in a variety 
of aerobic organisms including microorganisms, plants and animals. 
They fall into several different classes which between them 
catalyse a vast range of Sj:ecific oxygen addition or insertion 
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TABLE I. Canrron oxygenase enzymes which introduce molecular oxygen into hydro
carbons and related canpounds 

Monooxygenases (incorporate one atom of an O2 molecule into the substrate) 

~ 

Cytochrome-P 450 

Flavoproteins 

Copper enzyme 

~on-haem iron enz.yme 

Examples 

Mammalian liver 

Pseudomonas put ida 
camphor hydroxylase 

Corynebacterial and yeast alkane 
hydroxylases 

Methylococcus aapsuZatu8 (Bath) 
methane monooxygenase (iron sUlphur 
protein also involved) 

Cyclohexanone monooxygenase 

p-Hydroxybenzoate hydroxylase 

Orcinol hydroxylase 

Salicylate hydroxylase 

Methylosinus tl'ichospol'iwn 
methane monooxygenase (possibly) 

Pseudomonas 0 lp.ot)ol"ans 
alkane hydroxylase (also contains 
flavoprotein component) 

Diox)'genases (incorporate both atoms of an O2 moleCUle into the substrate) 

~ Examples 

Non-haem iron enzymes Catechol-l j 2-dioxygenase (pyrocatechase) 

Reactions catalysed 

Steroids j polycyclic hydrocarbons j drugs j 

pesticides + hydroxylated derivatives 

Camphor + 5-(exo)-hydroxycamphor 

Variety of alkanes + alkan-I-ols 

Methane + methanol. Also hydroxylates extremely wide 
range of other compounds 

Cyclohexanone + caprolactone 

p-Hydroxybenzoate + protocatechuate 

Orcinol + trihydroxytoluene 

Salicylate -I- catechol 

Jvlethane -I- methanol. Also hydroxylates extremely wide 
range of other compounds 

Alkanes -I- alkan-I-ols 

Reactions catalysed 

Catechol -I- cis .. cis ITDJconate 

Catechol-2
j 
3-dioxygenase (metapyrocatechase) Catechol + et-hydroxy-muconic semialdehyde 

Flavoprotein enzymes Benzene dioxygenase 

Toluene dioxygenase 

Benzoate dioxygenase 

Benzene + dihydroxycyclohexadiene 

Toluene· -I- 2, 3-dihydroxy-2, 3-dihydrotoluene 

Benzoate + 2-hydro-l, 2-dihydroxybenzoic acid 

OJ 

'" 

;-
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reactions. The rrore irrportant oxygenases that act on hydrocarlxm.s 
and closely related canpounds are sh= in Table 1. For a 
detailed a=unt of these enzyrres see Hayaishi (1974) and Gunsalus 
et al. (1975). Clearly, they are of great potential value to the 
chanical and phannaceutical industries either as rrodels for the 
developrent of new catalysts or for direct catalysis using 
microbial cultures, imnobilised organisms or cell-free enzyme 
preparations. They have already made a major inpact in steroid 
and antibiotic synthesis. A classical exarrple of the irrportance 
of these enzyrres in synthetic chanistry involves the production of 
cortisone which has been used in the treatrrent of rheunatoid 
arthritis since 1949. The drug was originally made fran 
deoxycholic acid by a pnxcss involving 37 steps giving a 0.16% 
yield. The discovery that the rrould, Rhizopus 02'Y'hizus, could 
sfeCifically hydroxylate the readily available steroid J;0Dnone, 
progesterone, to ll-a-hydroxyprogesterone (Peterson & l1urray, 
1952) made synthesis of cortisone much sinpler and reduced its 
cost fran $200/grn to 68c/grn. This reaction is catalysed by a 
rroncoxygenase and it is this type of oAygenase "'hich offers the 
most potential for hydrocarbon biotransformation. 

ELECI'ROENZYl-VU:X;Y 

Moncoxygenases (mixed function oxidases) incorporate one atan 
of an oxygen rrolecule into the substrate "hllst the other is 
reduced to water. There are two major classes of rnonooxygenase 
def€Dding upon the source of reducing pcwer. Internal 
rnonooxygenases catal yse the reaction:-

SH2 + O2 ~ S - 0 + H20. 

External rronoxygenases require a reduced cofactor (DH2 ) , usually a 
pyridine nucleotide (NADH or NADPH), and catal yse the reaction:-

S + 02 + DH2 ~ S - 0 + 0 + H2 0. 

Most rronooxygenases are of the latter type, reqtllrlIlg reduced 
pyridine nucleotide ccenzyrres and this has constituted a major 
inpedirnent to their exploitation using cell-free preparations. 
The reduced ooenzyrres are expensive and unstable but, although the 
reaction consumes stoichianetric amounts of reducing agents, they 
can be regenerated in cyclic fashion by ooupling to an enzymic 
reaction requiring oxidised ccenzyrre. A particularly suitable 
enzyrre is fonrate dehydrogenase since fonnate is relatively 
inexpensive, the product is CO2 and quite stable :i.rrrrobilised 
preparations of this enzyrre have been obtained. The two enzyrres 
operate thus:-

Monooxygenase Fonnate dehydrogenase 
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Hewever, this introduces a further cx:rnplexity into the 
systEID, the initial =factor charge remains expensive and there 
may still be a fairly rapid loss of =factor with tirre, 
necessitating replenishrrent. It might prove possible to 
regenerate the reduced =factor !FlectrcchEIDically, e.g. the 
electrcchEIDical reduction of NAD to NADH has recently been 
Oanonstrated (Aizawa et a"l., 1976). Indeed, electrochEIDical 
regeneration of NADPH has new been used to drive a cytc:x:::hrare P" 5 0 

m)l1ocxygenase fran rabbit liver (Scheller et al., 1977) altJ,ough 
the enzyme Sho..ied only 30% of nonnai activity. Of course, tJus 
does not solve the prcblEID of the inherent instability of the 
reduced CC>eP.zyme. 

An alternative potential solution is to reduce the prosthetic 
groups of monocxygenases (and indeed other enzymes) directly using 
electrcchEIDical techniques (Higgins and Hill, 1978; 1979). For 
tJUs approach to be of value, SystEIDS which effect rapid, 
efficient electron transfer beb.,'ee11 enzyrre active centres and 
electrodes are required. There are Tho main approaches to this 
problEID. Either a readily diffus~le mediator which shuttles 
electrons between enzyme and electrode may be employed or in sane 
cases it is proving possible to effect direct electron transfer 
between enzyme and electrode, if necessary employing a cherdcal 
pranoter which binds to the electrode in such a way as to 
facilitate electron transfer to the active site. 

Until very recently attempts to reduce proteins directly at 
an electrode have either failed or the reduction has proved 
irreversible. It has been assumed that the peripheral protein 
structures hinder facile electron transfer between electrode and 
protein redox centre. Hcwever, techniques which allew rapid 
reversible electron transfer fran electrodes to proteins are new 
being developed in several laboratories. Generally, these 
techniques involve the use of a three-electrode cell ccrrprising a 
cathode (working electrode), anode (se=ndary electrode), and a 
reference electrode; potential is then controlled by a potentia
stat. Electrcn transfer to proteins in such systEIDS has been 
facilitated in two main ways:-

i) By using a lc.wer molecular \\eight intemediary electron 
carrier in solution. Such mediators include ascorbic 
acid, methylene blue or a viologen dye. 

ii) By using an electrode modified in sane way by permanent 
or transient binding of a conjugated molecule such as 
4,4 '-bipyridyl which 'pranotes' (lcwers the overpotential 
for) electron transfer. 

To date, most work has been concentrated on two proteins, 
cytochrane-c (Eddewes and Hill, 1977; Yeh and Kuwana, 1977) and 
ferredoxin (Landrum et al., 1977). In the case of cytcx::hrane-c, 
the use either of a gold working electrode and 4,4 '-bipyridyl as 
prcmoter or of an indiun oxide electrode yield rapid electron 
transfer, the rates being lirni ted only by chEIDical diffusion. In 
addition, hcwever, a nunber of other proteins have proved amenable 
to electrochemical reduction using a variety of electrochemical 
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TABLE II. Proteins for which direct electrochemical oxidation and/or reduction 
of the prosthetic group have been demonstrated 

Type of prosthetic Working electrodes 
group/metal ion used Protein 

Haem Modified gold Variety of cytochromcs-c 

Inditnn oxide 

Gold Pseudomonas putida 

Cytochrome-P .. 5 0 

Camphor hydroxylase 

Gold Cytochrome oxidase 

Copper Modified gold Azurin 

Laccase 

Flavin or Gold MethyZosinus trichosporium 
haem/copper 

Methane monooxygenase 

Gold Vibrio fischeri luciferase 

Non-haem iron Mercury Variety of ferredoxins 

WORKING 
ELECTRODE 

REFERENCE 
ELECTRODE 

AUXILIARY 
ELECTRODE 

ENZYME + 

SUBSTRATE 
IN BUFFER 

C POTENTIOSTAT 

HIGH SURFACE AREA 

I:t:--+-PLA TI NUM ANODE 

GLASS FRIT 

GOLD-COATED ----~~~~~~~~J 
MESH WORKI NG 

ELECTRODE (CATHODE) MAGNETIC STIRRER 

Figure 1. E:>q:erim2,utal arrangcr:ent for electroc;n",,'ITOlogy 
(sche.'Tatic) 

techniques (Table II). Of particular relevance to this discussion 
are the rrethane rnon=xygenase and camphor cytochrane-P4 50 enzynes. 
In both cases a gold w::>rking electrode, platinun anode and calorel 
reference electrode ~e used and prodocts were generated in the 
presence of substrate (Figure 1). In the former case, rrethane was 
oxidised to rrethanol and ethylbenzene to phenylethyl al=hol and 
p-hydroxyethylbenzene at about 10% of the NADH-dependent rate and 
with about 15% electrochemical efficiency. Hydroxycamphor (5-exo) 
was generated fran camphor in the latter case. It is expected 
that rates and efficiencies will be imp=ved by develO]:n'El1ts in 
electrode and cell design. The rrethane oxygenase is of particular 
significance as it has beccrne clear in recent years that this 
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enzyme and those from closely related species have extremely 
wide substrate specificities (see article by Dalton in this 
volume). A wide variety of products could therefore be generated 
from hydrocarbons using this enzyrre and these techniques. 

The only other clear demonstration of product generated by 
, electro-enzyr:ology to date is light formation using Vibrio fisc):eri 

luciferase (Table II). Ho-lever, product formation fran benzphet
amine, arriinopurine and p-nitroanisole as a result of the dem2thy
lase activity of rabbit liver microsanal cytochrane-P450 has been 
reported in which a related electrochemical prooedure was used to 
generate hydrogen peroxide electrocherrd..cally, thereby replacing 
the reduoed C02llZyme (Scheller et al., 1976, 1977; Mohr et al., 
1978). Hydrogen peroxide destroys cytochrane-P450 activity but 
its electrochemical generation may avoid this highly active 
cOllp:lUnd acC\.ID1Ulating to damaging concentrations. The cytochrane
P450 class of rronooxygenases constitutes an important group of 
enzymes widely distributed in nature and capable of oxidising 
hydrocarbons, steroids, drugs and a variety of natural products. 
A number of them have nail been purified and imrobilised (Mohr 
et al., 1978). This, together with the dem:mstration of electro
chemical reduction techniques, bodes well for their future indus
trial exploitation. The various m2thods of supplying reducing 
pOiler electrochemically to cytochrane-P450 enzymes are sumnarized 
in Fig.2. 

Approaches involving direct electrochemical reduction of 
enzyme prosthetic groups offer a unique advantage over other 

"
CATHODE 

NAD (P) + 

NAD(P)H 

1 
OR NAD(PlH-REDOXIN 

}----""-'----7 R EDUC T ASE 

1 
l __ ---'O::..:R-'--__ -'t) REDOX IN 

OR t 
I-------~ CYT. P450 

0/ r SUBSTRATE. 0, 
OR 

PRODUCT + H20 

Figure 2. Possible routes by v.>hich reducing pOiler may be 
supplied electrochemically to drive a cytocDxane P-450 
rronooxygenase 
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rrethods in that by the ac=ate centrol of potential it should prove 
possible to select a particular enzyrre in a mixture. There is, 
therefore, the opportunity for high efficiency without high levels 
of enzyrre purity, indeed, in sene cases, crude extracts may be 
suitable. Any practical applications of protein electrochemistry 
for synthesis of chemical products will depend upon the developrrent 
of suitable high surface area electrodes perhaps with adsorbed enzyme 
and the design of suitable electroenzyrrology reactors. The use of 
precious rretal working electrode!:, if they prove rrost suitable, is 
not in itself prohibitive. Extrerrely high surface areas can be 
obtained by application of ultra-thin layers to suitable supports. 
The source of electrons for electroenzyrrology need not be mains 
electricity. Hydrogen or water may also be used and both these 
configurations have been achieved using horse heart cytochrare-c 
as acceptor. 

BIOFUEL CELLS 

The successful developrrent of electroenzyrrology as a technique 
for biotransformation of hydrocarbons depends upon the developrrent 
of rapid, efficient electron transfer between electrode and enzyrre 
and of high surface area electrodes. This is also true if there is 
to be a· future for biofuel cells. The conventional hydrogen -
oxygen fuel cell is nON beginning to make a major contribution in 
the pc:Mer industry in the United States as well as having a variety 
of s:p=cialist uses. It seems likely that the fuel cell will play 
increasingly inportant roles in the energy industry in caning years. 
Its great asset is that it converts the free energy of a chemical 
reaction into electricity with high efficiency. Since the 
reactions involved are ones of charge transfer and not heat trans
fer, they are not subject to the lirni tations of the Camot cycle and 
practical efficiencies of 50-70% are =mon. The simple hydrogen-

-

~----1LOAD f--------, 

L 4e 4e~ 
'j' • 

. ·1' 

(·1°,) 
·ZH2!2H20: 

" ('--- °2 
ANODE CATHODE 

MEMBRANE ELECTROLYTE 
Figure 3. The basic hydrogen-oxygen fuel cell (schematic) 
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oxygen cell is shown in Fig.3. Oxidation occurs at the anode and 
reduction at the cathode, the two electrode compartments being 
separated by a membrane. As the hydrogen gas passes over the anode 
surface it is electrochemically oxidised to hydrogen ions which 
enter the electrolyte and migrate towards the cathode, where oxygen 
~is reduced to water. The electrons flow through the external 
circuit from anode to cathode, thus providing useful work. (For 
detailed discussion of fuel cells see Bockris and Reddy, 1970; 
Bockris and Nagy, 1974; Brieter, 1969.) 

At present, the hydrogen-oxygen cell is the only one with an 
:irmediate co;:rrercial future; this is because of lack of effective, 
stable catalysis of .electron transfer fran other fuels. For 
example, although lCM' te.lTlj?2rature rrethanol fuel cells have been 
developed, they are not particularly stable. Cells employing 
hydrocarbons including rrethane require very high operating te.rrp
eratures as a result of the lCM' electroactivity of these fuels. 
Such cells suffer corrosion prOblems and are inefficient. 

Many biofuel cells have been derronstrated over the last seventy 
years in which various microorganisms have been used to supply elec
trons to the anode using a wide variety of substrates including 
waste carbohydrate, plant material, water (in the presence of 
light), hydrocarbons and alcohols (lewis, 1966; Sisler,. 1970; 
Williarrs, 1966). Bacteria-containing biofuel cells have been mark
eted cormercially, one producing 40 rnA at 6v., fuelled by pCM'dered 
rice husks (Williarrs, 1966). Of particular relevance are biocells 
using rrethane (Van Hees, 1965) or higher hydrocarbons (Young, 1965) 
as fuels. 

There are three major types of biofuel cells, i.e. product 
cells, depolarizer cells and regeneration cells. 

Product Cell 

In this type of cell, organisms or enzyrres derived therefrom 
are used to convert cCiTIJX>unds, which are not electrochemically 
active, into electroactive species. The rrost well kn= exanple 
(Table III) is the production of hydrogen from e.g. gluoose. 

Gluoose HZ 

+ 2e (Anode) 

+ 2e ->- H20 (Cathode) 

Sene other exanples are given in Table III and clearly many possib
ilities exist for the conversion of inexpensive surplus materials 
into electroacti ve species. Whether or not these processes can be 
CCi!lf€titive with other rrethods of hydrogen production is specula
tive at this stage but in sane situations they may prove attractive. 

Depolarizer Cell 

In this type of cell, organisms or enzyrres act as depolarizers 
or catalysts of sirrple electrochemical reactions such as Hz oxidat-
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TABLE III. Product type biofuel cells 

Substrate Organisms 

Glucose 
Clostridium we Zchi i 

t-1altose 

Glucose Yeast 

Hydrocarbon NOCaI'dia salmonicolol' 

Clost;r>idiwn butyriown 

Escherichia co li 

Bacillus pasteUI'ii 

Urease 

L-amino acid oxidase 

Aeromonas formicans 

Escherichia coLi 

Hz S fanning bacteria 

Hexadecane Micrococcus cerificans stram 

See p. 193 for references 

Electroactive 
product 

H, 

H, 

H, 

H, 

NH, 

NH, 

NH, 

HCOOH 

1 HCOOH 

H,S 

H, 

Remarks 

3.SW 

Vopen =O.lhO.8V 

=O.24SV (with 
H acceptor) 

4QnA/ an' 

Vopen=O·2V 

max 3. SmA/an' 

Ref. 

ion or 02 reduction. Hydrogenase, as a hydrogen oxidation reaction 
catalyst is the IlDst obvious exarrple (Berezin et aZ., 1975; 
Kimura et aZ., 1972). 

Hydrogenase 

H2 + 2H+ + 2e 

2H+ + ~02 + 2e 

(Anode) 

H2 0 (Cathcx::ie) 

This system has been used as an assay rrethod for hydrogenase 
activity (Ki.r(1.ura et al., 1972) since the activity is proportion
al to the shm:t circuit current of the cell. It will be irnp::Jrt
ant to isolate enzyrres with high turnover nurrbers that are 
thel."Tffilly stable if they are to be eJtIlloyed in fuel cells. 
~~ether they can be immobilized to provide enzyme ITDdified 
electrodes remains to be demonstrated. 

Regenerative Cell 

In such devices, organisrrs, disrupted cells or enzymes are 
used to regenerate the redox compounds which in turn carry out 
the electr=hemical reaction. In one example (Takahashi et aZ., 
1970) the follCNJing reactions are involved:-

189 
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TABLE IV. Regenerative biofuel cell 

Substrate Organisms Redox System Remarks Ref. 

Glycolic Mnll I, IV /1>fnI I O·2mA/an' 8(a) 
acid or 
Glucose 

Glucose Fe (CN)?Fe(CN);- O.SmA/ an' 8(b) 

Glucose Escherichia coli } Fe (CN) '7Fe (CN) ,- 40mA/ an' , , 
EtCH Acetobacter 

See p. 193 for references 

Glucose-6-P + NADP G-6-P dehydrogenase) D-Glucono-o-lactone-6-P + NADPH 

NADPH + NADP+ + H+ + 2e (Anode) 

other examples are given in Table IV. 

In addition, there have been atterrpts to convert light into 
electricity by rreans of biofuel cells or rather r;notoassisted 
biofuel cells. For example, light is used to initiate the 
bacterial r;notoreaction, 

hv 
COz + 2HzR ) (CHzO) + HzO + 2R 

'!hen (CHzO) may be used as the fuel for a biofuel cell (Helmuth, 
1967; Sisler, 1971). 

Practical applications of biofuel cells include irrplantable 
cells to supply pc:wer for cardiac pacemakers (Coltan and Orahe, 
1969; Foutenier et al., 1975; Ahu et al., 1976) and use in space 
vehicles (McNeil, 1969). '!he use of i.rrJ:robilised bacteria has 
also been applied to biofuel cells. For example, gel--entrapped 
CZostridiurn butyricum ~gapisms have been' used to convert glucose 
to hydrogen which is used as a fuel, 0.6 rnA and 0.4 V being 
achieved by using 0.4 g wet weight of bacteria (Karube et al., 
1977) • 

All examples given so far have been concerned with the anodic 
reactions. Ho.vever, the main inadequacy· in the electrochemistry 
of the hydrogen-oxygen fuel cell concerns the higher overvoltage, 
i.e. slaY reaction of oxygen reduction at the cathode. Since we 
have derronstrated the reversible electrochemical reduction of 
cytochrare-c at a 4,4 '-bipyridyl modified gold electrode (Eddo.ves 
and Hill, 1977, 1979), we have applied this system to a depolar
izer cell for oxygen reduction, using cytochrome oxidase, thus:-

4 Cyt -c + 4e ----7 4 Cyt-c (RED) (Cathode) 

4 Cyt-c (RED) + Cyt-ox ----7 4 Cyt-c + Cyt-ox (RED) 

Cyt-ox (RED) + 0z + 4H+ ---7 Cyt-ox + 2HZO 

+ 2Hz ----) 4H + 4e (Anode) 
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OVERALL REACTION: 2CH4 + 202 -- CH30H + HCOOH + H20 

H20 

"P)(1 
4e 

~4H+ 
I 

+ ELECTRICAL ENERGY 

4e 

20
2

) (2CH
4 
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HCOOH 
PRODUCT S ~~ --,--::=------

: 2H20 2CH30H 
SUBSTRATES 

I MEMBRANE I 
ANODE INCORPORATING 

METHANOL DEHYDROGENASE 
CATHODE INCORPORATING 
METHANE MONO-OXYGENASE 

Figure 4. Hypothetical enzyrre fuel cell (C is a hydrcgen 
ca=ier) 

In this way we have achieved an q;en circuit potential of 6COnV, 
although the cu=ent obtained is still lew. v;e have also applied 
the electrochemical reduction of cytochrame-c to a photoassisted 
biofuel cell. Electrons were derived fran water using illuminated 
titanium oxide:-

4 Cyt-c + 4e ~ 4 Cyt-c (RED) (Cathode) 

4 Cyt-c (RED) + Cyt-ox -----74 Cyt-c +- Cyt-ox (RED) 

+ Cyt-ox (RED) + 02 + 4H ----7 Cyt-ox + 2H20 

This is, of =urse, an enzyrre photocell rather than a biofuel 
cell. An q;en circuit potential of 3CCmV was achieved and the 
current was proportional to the light intensity. 

The developrrent of lew terrperature cells using enzyrres to 
catalyse electron transfer between electrodes and fuels with lew 
electroactivity, especially hydrocarbons and particularly rrethane 
which can be generated fran waste material by ferrrentatio~would 
be an exCiting project. It may even prove possible to caribine 
electricity generation with biotransformation as depicted in 
Fig.4 . Here rrethanol dehydrogenase (an enzyrre widely distributed 
in rrethylotrophic bacteria) at the anode would oxidise rrethanol 
via formaldehyde to formate, yielding four electrons for the 
circuit (possibly via a carrier) and four protons which would 
diffuse to a cathode in=rporating rrethane rroncoxygenase. Oxygen 
would be reduced to water and rrethane would be oxidised to rreth-

- anol. The overall process would generate two useful products and 
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electricity. Although these ideas are attractive, the only 
really viable biofuel that can be constructed with existing. tech
nology is a conventional hydrogen-oxygen cell, the fuel being 
produced microbiologically fran waste material or via biophoto
lysis. 

Future developrrents in this field and in electroenzyrrology 
will depend upon advances in electrode technology and an under
standing of the processes involved in electron transfer between 
enzyrres and electrodes. 
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