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Abstract

The immobilization of the mutants of L-lactate dehydrogenase (LDH) on poly(aniline) (PANi) composite films has been investigated.

Mutants possessing peptide tags of varying charge and nucleophilicity were created to probe the nature of the interaction between the protein

and PANi. These results are significant for the development of a ‘generic’ approach to the immobilization of enzymes and other proteins.
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1. Introduction

We have investigated a number of mutants of L-lactate

dehydrogenase (LDH) for their suitability as potential ano-

dic biocatalysts in a biofuel cell [1,2]. LDH from Bacillus

stearothermophilus is an NAD(H)-dependent oxidoreduc-

tase that catalyses the conversion of L-lactate to pyruvate

with concommitant reduction of the cofactor NAD + to

NADH [3,4]. The enzymes were genetically modified such

that a number of different immobilization strategies com-

patible with a poly(aniline)–poly(vinyl sulfonate) (PANi–

PVS) film could be investigated [5,6]. In particular, the

nature of the attachment of the enzyme to the PANi-

modified electrode was investigated through the introduc-

tion of peptide tags on LDH. The activities of the tagged

LDH enzymes, once immobilised, were investigated using

chronoamperometry.

The mutants that were constructed possessed either an N-

or C-terminal (poly)histidine tag (LDH–NHis or LDH–

CHis) to aid purification and immobilization [7]. Previously,

it has been reported that PANi films can be readily modified

covalently by thiol groups at the ortho-position with con-

commitant reduction to the leucoemeraldine state [8]. There-

fore, a mutant possessing an exposed C-terminal cysteine

(LDH–CCys) was created in order to facilitate the covalent

attachment of LDH to PANi. The wild type and the N-

terminal histidine-tagged LDH lack any solvent accessible

cysteine residues [4]. These enzymes were then immobilised

on PANi–PVS and their substrate-dependent currents were

recorded. A clearer understanding of this interaction may

lead to the development of more stable enzyme films on

electrodes through the engineering of the protein to comple-

ment the film chemistry and to be particularly useful in the

development of biosensors or other bioelectrodes.

2. Experimental

Sodium lactate, NAD + (98%) and poly(vinyl sulfonic

acid sodium salt) were purchased from Aldrich. Mutagen-

esis, protein expression and purification were performed as

described previously [9]. PANi–PVS composite films were

deposited and conditioned on a glassy carbon electrode with

an area of 0.38 cm2 as described previously [5]. The PANi–

PVS electrode was incubated in an enzyme solution (0.5
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mg/ml in Tris/HCl, 100 mM, pH 7.1) for 2 h at 4 �C. It was
rinsed extensively before placing in the electrochemical cell.

Chronoamperometric experiments were recorded using an

EG&G 263A. The electrochemical cell was thermostatted at

35 �C and contained 10 ml Tris/HCl, 1.0 M, pH 7.1 and 30

mM NAD + . A platinum gauze counter-electrode was used

and all potentials are vs. a saturated calomel electrode.

3. Results and discussion

The three mutants, LDH–NHis, LDH–CHis and LDH–

CCys, as well as the wild-type LDH were immobilised on

poly(aniline)–poly(vinyl sulfonate) films and placed in a

solution of the cofactor NAD + . Aliquots of lactate were

then added and the resulting currents were measured. These

currents were approximately proportional to the lactate

concentration of up to 0.4 M, which is consistent with

those arising from enzymatically generated NADH. The

catalytic current densities for each LDH variant are shown

in Fig. 1. The current obtained for LDH–CCys was the

highest and that of the wild type was the lowest, which is

opposite to the trend observed for the solution kinetics.

Previously, we have shown that the kcat values for LDH–

NHis and wild-type LDH are similar (140 and 135 s� 1,

respectively), while the introduction of a C-terminal hex-

ahistidine tag significantly reduced the specific activity to

90 s� 1 [9]. The specific activity of LDH–CCys was lower

still at 50 s� 1.

These amperometric results indicate that the peptide tags

play a role in the enzyme immobilization on PANi–PVS

composite films. The NADH-dependent current was much

higher for LDH–CHis than for the wild-type LDH despite

the latter’s (�33%) higher specific activity. This is consis-

tent with more LDH–CHis than wild-type LDH being

immobilised. It would be reasonable to assume that the

same immobilization chemistry would occur for both LDH–

NHis and LDH–CHis, and therefore, equal quantities of

these two would be immobilised on PANi–PVS. However,

the current for LDH–NHis was not as high as that predicted

from the differences in the activity between LDH–NHis and

LDH–CHis, assuming equal masses of the two were loaded.

The currents might indicate that relatively more LDH–CHis

than LDH–NHis was immobilised. Despite the considerable

lowering of the specific activity of the LDH–CCys, this

variant produced the highest catalytic current on immobili-

zation. This is consistent with the greatest mass load of LDH

onto the PANi–PVS being achieved with this mutant.

The greater mass loading of all three mutants compared

to the wild-type LDH may be due to the increased inter-

actions between the mutant LDH and the PANi–PVS

composite film. These interactions could be electrostatic

or covalent in nature. Scanning electron microscopy of

PANi–PVS reveals that the film is dense and fibrous [10].

The PANi polymers are extensively protonated when the

film is in the conducting emeraldine state, and the long PVS

counter-anions associated with PANi maintain the overall

electroneutrality across the film. However, regions of local-

ised charges exist throughout the film. Therefore, it is

reasonable to assume that the electrostatic interactions

between the LDH and the film play an important role in

immobilization. At pH 7.1, approximately 25% of the

histidine residues are protonated [11], corresponding to a

charge difference of + 1.5 between each hexahistidine-

tagged LDH monomer and the wild-type monomer. The

active form of LDH is a tetramer [4], so this charge differ-

ence is significant ( + 6) and consistent with more of the

histidine-tagged mutant than the wild-type LDH being

immobilised due to the increased charge on the protein.

The LDH–CCys also possesses an N-terminal hexahis-

tidine tag (to aid purification), and some of its increased

loading on the PANi–PVS film may be derived from this.

Fig. 1. Current recorded at + 0.1 V vs. SCE for PANi–PVS-coated glassy carbon electrodes (deposition charge �200 mC in all cases, area = 0.38 cm2) at

9 Hz in 1 M Tris/HCl buffer, pH 7.1, 35 �C. The enzymes immobilised on the electrodes are LDH–CCys E, LDH–NHis n, LDH–CHis x and wild– type

LDH � .
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However, the cysteine tag may also provide a means of

covalently attaching LDH–CCys to PANi via its nucleo-

philic thiol group. The wild-type LDH and the histidine-

tagged variants lack any highly nucleophilic surface resi-

dues. This introduced thiol group is readily oxidised

(causing the protein to form oligomers that readily precip-

itate) in the absence of high salt concentrations. Indeed, if

LDH–CCys is oxidised prior to immobilization on the

electrode, the resulting current is low (data not shown). In

addition, PANi composite films have been shown to be

modified at the ortho-position of the diiminoquinoid ring

[8] by organic thiol groups such as mercaptoproprionic

acid. Therefore, an additional covalent interaction between

the LDH–CCys and PANi–PVS may account for the

increased current (through increased protein loading) for

this mutant.

4. Conclusions

We have demonstrated that mutants of LDH can be

readily immobilised on PANi–PVS and retain their spe-

cific activities towards the substrate and NAD + . Further-

more, enzymatic loading can be dramatically improved by

the addition of either a polyhistidine or cysteine residue

despite the changes in the specific activity these mutations

cause. These PANi–enzyme electrodes are potentially of

great use in biosensor and biofuel cell applications, in

particular, where the efficient coupling of cofactor oxida-

tion and recycling are required at the electrode, for exam-

ple, to achieve high current densities and transport-limited

currents.
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