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Electrical communication of enzyme redox sites and electrodes 
is the basis for numerous amperometric biosensor devices.1,2 

Immobilization of redox enzymes in functionalized redox polymers3 

or chemical modification of proteins with electron-transfer me­
diators4 provides general means to establish electrical interactions 
between insulated enzyme redox centers and electrodes. Most 
of the presently developed, electrically communicated protein 
assemblies were utilized in an oxidative pathway. We have re­
cently shown that immobilization of enzymes in bipyridinium-
functionalized polymers311,5 or functionalization of proteins by 
bipyridinium components6 establishes electrically wired biocatalytic 
assemblies in reductive routes. Here we wish to report on the novel 
development of electrically communicated enzyme electrodes by 
organization of monolayer redox-functionalized enzymes on Au 
electrodes. We describe the stepwise construction of these elec­
trodes and reveal that the spatial structure of the redox func­
tionalization controls the effectiveness of the electron-transfer-
mediated process. 

The enzyme glutathione reductase (EC 1.6.4.2) has been co-
valently attached7,8 to a cysteic acid active ester monolayer that 
is chemisorbed to an Au electrode, according to Scheme I. The 
resulting electrode-immobilized protein has been treated by N-
methyl-./V'-(carboxyalkyl)-4,4'-bipyridinium (1) in the presence 
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Figure 1. Rate of reduced glutathione, GSH, formation using the mon­
olayer enzyme electrodes with different bipyridinium relays. The dif­
ferent curves correspond to bipyridinium units anchored by various spa­
cers to the enzyme: (a) la; (b) lb; (c) Ic. All experiments were per­
formed in a phosphate buffer, pH 7.2, and the applied potential on the 
working modified electrode was E° = -0.72 vs SCE; [GSSG] = 1 X 10"2 

M. 

of urea9 to yield an electron relay modified enzyme exhibiting 
electrical communication with the electrode. 
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The density of active ester spacer groups associated with the 
Au electrode monolayer formed after step i (Scheme I) was de­
termined to be 8 X 10"'' mol cm"2 by derivatization of the modified 
electrode with aminonaphthoquinone.10 The density of enzyme 
molecules associated with the electrode was determined to be 2 
X 10"" mol cm"2 by immobilization of radioactive labeled glu­
tathione reductase" to the electrode. The activities of bipyri-
dinium-modified glutathione reductase ((la-c)-gluthathione re­
ductase) and of nonmodified enzyme in similar monolayer con­
figurations on Au electrodes are identical, as revealed by the 
similar performances of all electrodes in the presence of solubilized 
methyl viologen radical as reductant. Glutathione reductase 
modified by lb or Ic exhibits reversible cyclic voltammograms12 

(£° = -0.58 V vs SCE; A£p = 30 mV at v < 1 V s"1). By 
assuming that all bipyridinium units anchored to the protein 
backbone are reduced in the voltammetric cycle, the charge passed 
in the reduction wave allows us to determine the average loading 
degree of the protein backbone by the redox component to be ca. 
8. Namely, out of the 39 lysine residues present in the glutathione 
reductase backbone,13 8 are modified by the bipyridinium redox 
groups. The rate constants14 for electron transfer from the 
electrode to lb or Ic units anchored to the protein are similar, 
fce, = 130 s"1. 

The bipyridinium-modified enzyme monolayer electrodes were 
examined as biocatalytic redox assemblies for electroreduction 
of oxidized glutathione, GSSG (Figure 1). The active site of 
glutathione reductase consists of a disulfide bond formed by two 
cysteine residues. Its reduction potential corresponded to E0 = 
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Scheme I. Sequence for Assembling the Monolayer of Glutathione Reductase Exhibiting Electrical Communication 
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-0.255 V at pH ''.O,'* and thus the bipyridinium units are ther-
modynamically capable of mediating electron transfer to the active 
site. 

It can be seen that electroreduction of GSSG proceeds with 
all bipyridinium-functionalized enzyme assemblies. Nevertheless, 
the rates of GSH formation depend on the alkyl chain length 
bridging the bipyridinium component with the protein backbone: 
As the chain length is increased, the electroreduction of GSSG 
is improved. Control experiments reveal that in the absence of 
functionalization of the protein by bipyridinium components no 
reduction of GSSG occurs. Similarly, when the modification of 
glutathione reductase by the bipyridinium components is per­
formed without unfolding of the protein with urea, an electrically 
inactive protein assembly toward reduction of GSSG is formed, 
although the bipyridinium units are electroactive. These results 
clearly indicate that the bipyridinium units covalently linked to 
glutathione reductase mediate electron transfer from the Au 
electrode to the enzyme redox site. Unfolding of the protein by 
urea9 during the redox modification is essential to substitute inner 
shell lysine residues with bipyridinium components acting as 
electron-transfer-mediating stations for electron tunneling to the 
active site. The improved electrical communication upon 
lengthening the alkyl chain bridges is attributed to enhanced 
intraprotein electron-transfer rates as a result of electron-donor 
distance shortening.'6 Namely, the flexible alkyl bridging "arms" 
generate shorter intraprotein electron-transfer distances, resulting 
in enhanced electrical communication (Scheme I). The fact that 
the electron-transfer rate from the electrode to the bipyridinium 
components is similar for lb and Ic implies that the effectiveness 
of the electrical communication in the protein assemblies is 
controlled by the intraprotein electron-transfer process from the 
reduced anchored relays to the enzyme active site. 

We thus conclude that tailored monolayer assemblies composed 
of redox-modified proteins linked to thiol-derivatized Au electrodes 
provide novel configurations for mediated electron transfer in 
enzymes. We find that other functionalized disulfides such as 
dimethyl 3,3'-dithiobis(propionimidate) can be applied as the 
monolayer microstructuring component for attachment of the 
enzyme to Au electrodes. 
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Further experiments to apply this concept to other redox en­
zymes and to design polymeric enzyme layers associated with 
thiolate monolayer structures are underway in our laboratory. 
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The synthetic importance of the Claisen rearrangement in 
organic chemistry and biochemistry has stimulated numerous 
mechanistic studies.1"6 A fundamental issue is the extent of 
dipolarity in the transition state (TS).5"6 Substantial rate increases 
are observed in protic solvents for substituted cases that enhance 
putative enolate/allyl cation character; however, solvent effects 
on Claisen rearrangements in general and especially for the parent 
allyl vinyl ether (AVE) are often thought to be modest.,A' The 
present results challenge this notion and the importance of ion-pair 
development. Enhanced hydrogen bonding that accompanies more 
subtle polarization appears as the alternative explanation, and a 
desirable feature for catalysts is noted. 
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