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Structure-guided engineering of membrane-binding regions for 

surfactant-free solubilization of direct electron transfer-type 

alcohol dehydrogenase

Konatsu Ichikawaa, Taiki Adachi*a, Tomoko Miyatab,c, Fumiaki Makinob,c,d, Keiichi Nambab,c, Yuki 
Kitazumia, Osamu Shiraia, and Keisei Sowa*a 

Membrane-bound alcohol dehydrogenase (ADH) from 

Gluconobacter oxydans is a direct electron transfer-type biocatalyst 

for ethanol oxidation. To improve its bioelectrocatalysis, 

membrane-binding regions of ADH were predicted, resulting in the 

construction of a soluble ADH variant by enzyme engineering. The 

variant was purified and characterized using structural and 

bioelectrochemical approaches.

Biocatalysts, such as microbes and enzymes, offer high 

selectivity in chemical reactions and operate under mild 

conditions (neutral pH, room temperature, and normal 

pressure). In bioelectrocatalysis, biocatalysts are artificially 

integrated into electrochemical systems, enabling efficient 

conversion between chemical and electrical energies.1–8 In 

particular, directly coupled reactions between oxidoreductases 

and electrodes are called direct electron transfer (DET)-type 

bioelectrocatalysis.9–17 Because artificial electron mediators are 

not required, DET-type reactions are ideal systems with high 

biocompatibility and energy efficiency. Therefore, the reaction 

is considered a promising core technology for applications in 

biosensors,18,19 bioreactors,20,21 and biofuel cells.5,6,22–24 

Among enzymes involved in DET-type reactions (DET 

enzymes), membrane-bound dehydrogenases from acetic acid 

bacteria have particularly been investigated. To metabolize 

extracellular substrates, acetic acid bacteria possess various 

membrane-bound respiratory chain dehydrogenases on the cell 

membrane.25,26 In previous studies, the DET activities of alcohol 

dehydrogenase (ADH),27 aldehyde dehydrogenase (ALDH),28 

fructose dehydrogenase (FDH),29 gluconate dehydrogenase,30 

and lactate dehydrogenase31 have been reported. They 

commonly have a membrane-bound cytochrome c subunit 

containing hemes c (C subunit), which is responsible for electron 

transfer to a biological electron acceptor, ubiquinone (UQ), in 

vivo or to the electrode in the DET-type reaction. 

However, DET-type membrane-bound enzymes have 

several limitations in industrial applications. First, heterologous 

overexpression of membrane-bound enzymes using alternative 

hosts such as Escherichia coli and yeast is challenging, because 

membrane-bound enzymes generally have high hydrophobicity 

and frequently inactivate due to misfolding.32 Moreover, high-

yield expression of membrane-bound proteins requires 

optimization of signal sequences and membrane-binding 

regions. Secondly, the solubilization of membrane-bound 

enzymes using surfactants often requires prolonged incubation, 

sometimes extending overnight, leading to increased 

purification costs and adverse effects on the enzymes. 

Additionally, surfactants coexisting with enzymes complicate 

DET-type reactions. A previous study reported that surfactants 

could affect surface concentration of enzymes and enzyme 

orientation in DET-type reactions.33,34

Effective methods for addressing these problems are the 

deletion of membrane-bound subunits or regions, aiming to 

construct solubilized variants. For ADH, ALDH, FDH, and glucose 

dehydrogenase from Burkholderia cepacia, the variants 

truncating the C subunits were constructed.35–38 However, 

deletion of the C subunit decreased enzyme activity because the 

intermolecular electron transfer in the C subunit is important to 

enhance catalytic activity.38 Therefore, in the solubilization of 

the DET enzyme, deletion of the minimal membrane-binding 

region is more desirable. Membrane-bound DET-type 

hydrogenases have been solubilized using trypsin, which digests 

the membrane-anchoring site, allowing purification without any 

surfactants.39 An FDH variant with a double deletion of the two 

membrane-binding regions was also constructed.34 To rationally 

design soluble enzymes focusing on the membrane-binding 

regions, it is essential to understand the structural and 

sequence information related to membrane binding. 

We focused on ADH from Gluconobacter oxydans, which is 

one of the most important membrane-bound respiratory chain 

dehydrogenases involved in acetic acid fermentation. The 

entire structure of ADH was elucidated using cryo-electron 

microscopy (cryo-EM) in 2023 (Fig. 1A).40 ADH consists of three 
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