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Structure-guided engineering of membrane-
binding regions for surfactant-free solubilization
of direct electron transfer-type alcohol
dehydrogenase
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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 bioelectrocata-
lysis, 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 elec-
tron mediators are not required, DET-type reactions are ideal
systems with high biocompatibility and energy efficiency. There-
fore, 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 extra-
cellular 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 fruc-
tose 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 biolo-
gical 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 over-
expression of membrane-bound enzymes using alternative hosts
such as Escherichia coli and yeast is challenging, because
membrane-bound enzymes generally have high hydrophobicity
and are frequently inactivated due to misfolding.32 Moreover,
high-yield expression of membrane-bound proteins requires opti-
mization 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 coexist-
ing with enzymes complicate DET-type reactions. A previous study
reported that surfactants could affect the surface concentration of
enzymes and enzyme orientation in DET-type reactions.33,34

Effective methods for addressing these problems are the dele-
tion of membrane-bound subunits or regions, aiming to construct
solubilized variants. For ADH, ALDH, FDH, and glucose dehydro-
genase from Burkholderia cepacia, the variants truncating the C
subunits were constructed.35–38 However, deletion of the C sub-
unit decreased enzyme activity because the intermolecular elec-
tron 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 desir-
able. Membrane-bound DET-type hydrogenases have been solu-
bilized 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
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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 subunits: a
large subunit (L subunit) containing a pyrroloquinoline quinone
(PQQ) and heme c (heme cL), a C subunit containing three hemes c
(referred to as hemes 1c, 2c, and 3c from the N-terminus), and a
small subunit (S subunit). Furthermore, the UQ-binding pocket in
the C subunit was identified via structural analysis. However, the
membrane-binding regions of ADH have not yet been identified.

In this study, we aimed to elucidate the membrane-binding
regions in ADH and to construct a surfactant-free solubilized ADH
variant (sADH) without decreasing the original DET activity. We
focused on the structure of ADH (Fig. 1A) and predicted three
membrane-binding regions in the C subunit. Single and multiple
variants lacking these regions were constructed. The localization
of enzyme activity was investigated using soluble and membrane
fractions. The variant with the highest solubilization efficiency
was defined as sADH and purified without surfactants. Further-
more, sADH was characterized by structural analysis using cryo-
EM and electrochemical measurements.

To predict the membrane-binding regions in ADH, we
focused on the following three points: (1) surfactant-derived
noise in the cryo-EM map, (2) hydrophobic amino acid residues
around the UQ-binding site, and (3) hydrophobic side chains
facing outward. Fig. S1A shows the cryo-EM map of ADH; the
dotted circle indicates the noise attributed to the surfactants
used for solubilization. Moreover, UQ was located near the
surfactant-derived noise (Fig. S1B). This result indicates that
the corresponding part of the C subunit is hydrophobic and is
involved in membrane binding. Near the UQ, there are many
hydrophobic amino acid residues whose side chains face out-
ward (Fig. 1B), whereas hydrophobic residues are generally
located inside the enzyme. Based on the structural character-
istics of ADH, three candidate membrane-binding regions
(region 1: P77–I78, region 2: W159–F174, and region 3: G212–
M215) were selected. The overall sequence of the C subunit and
the predicted membrane-binding regions are shown in Fig. S2.
Because the deletion of membrane-binding regions could result
in unexpected structural changes and a decrease in enzymatic
activity, glycine linkers were used to replace the deletion. Based

on the predicted structure by AlphaFold3,41 the following three
mutations were designed to minimize significant impact on the
backbone structure of the original template: D1, P77–I78
replaced with a di-glycine linker; D2, W159–F174 replaced with
a tetra-glycine linker; and D3, deletion of G212–M215 without a
glycine linker (Fig. S3).

Wild-type recombinant ADH (rADH) and the single- and
multiple-deleted ADH variants (D1, D2, D3, D1D2, D1D3, D2D3,
and D1D2D3) were constructed. The total activities of ethanol
oxidation in the soluble fractions and membrane fractions solu-
bilized by Triton X-100 were investigated. Localization of the
enzyme activity was evaluated using a crude enzyme solution
(Fig. 2). Relative activity was calculated as the activity of each
fraction divided by the total activity (soluble + membrane frac-
tions). The ADH variants were arranged in order of increasing
activity in the soluble fraction. While 77 � 4% of the total activity
was originally located in the membrane fraction of rADH, the D2
variant lacking the hydrophobic helical structure had 90 � 3% of
the total activity in the soluble fraction. In the D1 variant, the
relative activity in the membrane fraction increased, indicating
stronger binding between the enzymes and the membrane. This
may be due to changes in the enzyme orientation on the
membrane. Although theD1 andD3 variants exhibited no increase
in relative activity in the soluble fraction, the solubilization effi-
ciency of the D1D3 variant was higher than that of rADH. There-
fore, regions 1 and 3 were only slightly involved in membrane
binding. Among all the variants, the D1D2D3 variant showed the
highest relative activity in the soluble fraction (95�3%). Molecular
dynamics (MD) simulations using the ADH–lipid complex also
supported this discussion. After an adequate simulation period
(300 ns), region 2 was located inside the lipid membrane, and
regions 1 and 3 also faced the lipid membrane (Fig. S4). It should
be noted that the present simulation does not include a quantum
mechanical description of electrostatic interactions.

The variant exhibiting the highest relative activity in the
soluble fraction (D1D2D3) was designated as solubilized ADH
(sADH). We successfully purified it from the soluble fraction
without any surfactants, whereas rADH was purified from the
membrane fraction with 1% Triton X-100. The sodium dodecyl
sulfate–polyacrylamide gel electrophoresis (SDS-PAGE) results

Fig. 1 (A) 3D structure of ADH (PDB: 8GY2). (B) Enlarged view of predicted
membrane-binding regions around UQ and heme 1c.

Fig. 2 Localization of the ethanol-oxidizing activity in the crude enzyme
solution, obtained from strains expressing rADH and constructed ADH
variants (D1, D2, D3, D1D2, D1D3, D2D3, and D1D2D3). Errors were deter-
mined using the Student’s t distribution at 90% confidence level (n = 5).
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are shown in Fig. S5. Structural analysis of sADH was conducted
using cryo-EM single particle image analysis. The analytical
process is illustrated in Fig. S6. As shown in Fig. 3, two sADH
structures were elucidated, and a conformational change in the
structure around heme 1c was observed (Fig. S7). The region was
suggested to be structurally flexible and unstable, given its lower
local resolution compared with the rest of the structure (Fig. S6D
and E). By contrast, most C subunits around hemes 2c and 3c were
completely conserved. The specific activities of rADH and sADH
were investigated using ferricyanide as an electron acceptor. The
specific activity of sADH was 114 � 5 U mg�1 and decreased to
approximately one-third of that of rADH (323 � 8 U mg�1). This
can be attributed to the structural changes around heme 1c
observed in the cryo-EM analysis which may have affected the
redox reaction between the enzyme and ferricyanide.

Electrochemical measurements were performed on rADH
and sADH. Multi-walled carbon nanotubes functionalized with
carboxylic acid groups (CNT-COOH) were employed as porous
electrode materials because carbon materials decorated with
carboxylic acids have been reported to exhibit good compat-
ibility with the DET-type reaction of ADH.40 A 10 mL aliquot of
each enzyme solution (10 mg mL�1) was dropped onto CNT-
COOH-modified glassy carbon electrodes (enzyme/CNT-COOH/
GCE). As a control experiment to evaluate the effect of surfac-
tants on sADH, sADH in the presence of 0.1% Triton X-100 was
also adsorbed on electrodes using the same method. Fig. 4A
shows the cyclic voltammograms (CVs) recorded at the enzyme/
CNT-COOH/GCE. The statistical results are shown in Fig. S8.
sADH/CNT-COOH/GCE showed clear DET activity, indicating
that sADH was constructed and purified with maintaining its
high DET activity. The current density of sADH/CNT-COOH/
GCE was higher than that of rADH/CNT-COOH/GCE. This result
indicates that the enzyme orientation of sADH on the electrode

was improved compared with that of rADH owing to the muta-
tion, which led to an increase in the surface concentration of the
enzyme effective for DET. The trend in specific activity between
rADH and sADH was reversed in the DET-type reaction. However,
these two measurements involve different acceptors (ferricyanide
and electrode) and electron transfer processes. Therefore, they
cannot be directly compared.38 Focusing on the effect of surfac-
tants, sADH/CNT-COOH/GCE prepared with an enzyme solution
containing 0.1% Triton X-100 exhibited a slight increase in
catalytic current density compared with sADH/CNT-COOH/GCE
prepared without Triton X-100. An increase in specific activity of
sADH in the presence of Triton X-100 was also observed in
solution (Fig. S9), suggesting that the catalytic constant of sADH
changes in the presence of Triton X-100. As shown in Fig. 4B, the
stabilities of the electrodes were also investigated. The stability of
sADH/CNT-COOH/GCE was slightly lower than that of rADH.
This result suggests that the structural flexibility of sADH caused
by mutations may lead to a decrease in the stability of catalytic
current density. Moreover, sADH dissociation may be promoted
by the co-adsorption of Triton X-100 on the electrode, resulting
in a further decrease in stability. By contrast, the storage stability
of the three enzymes was the same (Fig. S10). These results
indicate that the mutation had no negative effects on the
structural stability of sADH in solution.

Fig. 3 (A) Cryo-EM maps of sADH form 1 (left, EMDB: EMD-66439) and
form 2 (right, EMDB: EMD-66440). Dotted red circles indicate structural
changes of sADH. (B) Enlarged view of structural changes in sADH form 1
(left) and form 2 (right).

Fig. 4 (A) CVs for ethanol oxidation at rADH/CNT-COOH/GCE (black),
sADH/CNT-COOH/GCE (red), and sADH/CNT-COOH/GCE prepared with
0.1% Triton X-100 (blue) in 100 mM acetate buffer (pH 5.5) in the presence
of 100 mM ethanol (solids lines). The broken lines represent rADH/CNT-
COOH/GCE, sADH/CNT-COOH/GCE, and sADH/CNT-COOH/GCE pre-
pared with 0.1% Triton X-100 without 100 mM ethanol. CVs were per-
formed at the scan rate (v) of 10 mV s�1. (B) Stability of the relative current
density at rADH/CNT-COOH/GCE (black circles), sADH/CNT-COOH/GCE
(red squares), and sADH/CNT-COOH/GCE prepared with 0.1% Triton X-
100 (blue crosses) at E = 0.5 V. j0 is the catalytic current density at t = 5 s.
Enlarged view is shown in the inset. Errors were determined using the
Student’s t distribution at 90% confidence level (n = 6).
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To confirm the versatility of the solubilization approach used
in this study, we investigated the sequence and structural homol-
ogy between ADH and other DET enzymes from Gluconobacter sp.
Here, we focused on ALDH and FDH, whose structures have
already elucidated. The C subunits in ADH, ALDH, and FDH
commonly have three hemes c and a UQ-binding site. The values
of root-mean-square deviation (RMSD) with ADH were 1.142 and
1.534 Å for ALDH and FDH, respectively. As shown in Fig. 5, the
structures of ADH, ALDH, and FDH exhibited high homology
around their UQ-binding sites. Moreover, the structures corres-
ponding to regions 1, 2, and 3 in ADH were highly conserved in
ALDH and FDH, although they had additional clear membrane-
bound helical structures. Structural conservation is generally
considered to reflect functionally important regions.42 Therefore,
the three regions investigated in this study may also play impor-
tant roles in membrane binding of other DET enzymes.

In conclusion, three membrane-binding regions of ADH were
predicted using the structural information. Based on the localiza-
tion of enzyme activity and MD simulations, all regions were
shown to be involved in membrane binding. sADH was success-
fully purified from the soluble fraction without surfactants, and
structural and electrochemical characterizations were conducted.
Although the C subunit has partial structural flexibility, sADH
maintained the ethanol oxidation activity. Moreover, the sADH-
modified electrode exhibited approximately twice the activity of
the rADH-modified electrode. This study will lead to functional
improvements in DET enzymes for industrial applications. This
solubilization method will also help clarify the physiological
functions of membrane-bound enzymes based on their structural
homology. Moreover, incorporating additional computational
approaches, such as density functional theory (DFT) calculations,
would enable a more detailed discussion of the enzyme–lipid and
enzyme–electrode interactions.
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