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ABSTRACT: Some oxidoreductases can communicate directly and electrically with electrodes; this process is called direct 
electron transfer (DET)-type bioelectrocatalysis. Understanding its detailed mechanisms is essential for developing and im-
proving DET-based bioelectrochemical devices. In this study, we investigated the pH dependence of kinetic and thermody-
namic characteristics of a variant of an aldehyde dehydrogenase (ALDH) without the cytochrome c subunit (ΔC_ALDH) and 
compared it with that of a wild-type recombinant ALDH (rALDH). Owing to the pronounced DET activity of ΔC_ALDH at multi-
walled carbon nanotubes, the voltammograms were analyzed to obtain the enzymatic parameters. The potential difference 
between the electrode-active site of the enzyme and electron donor (EE – ED) and the limiting catalytic current density (jcat) 
exhibited an ideal linear free energy relationship (LFER), suggesting that the catalytic reaction of ΔC_ALDH was controlled by 
the thermodynamic driving force without any specific interactions. We also measured the ferricyanide reductase activity in 
solution (ksol) to investigate the effect of electron acceptors (electrode and ferricyanide) on the enzymatic properties. The ksol 
of ΔC_ALDH has a pH dependence similar to that of jcat; therefore, the experimental data were kinetically analyzed based on 
the LFER by considering the potential difference between the electron acceptor and electrode-active site of the enzyme (EA 
– EE). By integrating the analytical results obtained from the DET-type acetaldehyde oxidation using an electrode and ferri-
cyanide reduction in solution, the catalytic constant for the DET-type bioelectrocatalysis (kDET) and the surface concentration 
of the effective enzyme immobilized on the electrode (ΓE,eff) of ΔC_ALDH were calculated to be 5000 ± 2000 s–1 and 13 ± 7 
pmol cm–2, respectively. This study achieved a detailed evaluation of the multi-step catalytic reactions of redox enzymes and 
can help elucidate the reaction mechanisms of DET-type bioelectrocatalysis. 

1. INTRODUCTION 

In vivo, oxidoreductases are essential catalysts for biologi-
cal electron transfer (ET) reactions such as respiration, pho-
tosynthesis, and fermentation. These enzymatic reactions 
can be artificially coupled with electrode reactions, which is 
a process known as bioelectrocatalysis, and are classified 
into two types: mediated ET (MET) and direct ET (DET) re-
actions.1–8 Oxidoreductases can communicate directly with 
electrodes in DET-type reactions, while artificial electron 
mediators are additionally required for MET-type reac-
tions.9–14 Owing to advantages such as energy efficiency, bi-
ocompatibility, and design flexibility, the mediator-less 
DET-type reactions are expected to be applied to bioelectro-
chemical devices such as biosensors,15–27 biofuel cells,27–34 
and bioreactors.35–37 

To achieve more efficient DET-type reactions, their mech-
anisms have been studied from the perspective of structural 
biology, bioelectrochemistry, and computational sci-
ence.11,33,38–42 In particular, various types of enzymatic infor-
mation can be obtained by kinetically analyzing the DET-
type voltammograms. According to the simplest model for a 
DET-type reaction,43 the steady-state catalytic current den-
sity in oxidation (j) is given by Equation (1). 

𝑗 =
𝑗cat

1 + 𝜂−(1−𝛼) (
𝑘°

𝑘DET
)

−1

+ 𝜂−1

(1)
 

where jcat is the limiting catalytic current density; kDET is the 
catalytic constant in the DET-type reaction (note that kDET is 
not equal to the catalytic constant in solution); k is the 
standard rate constant of the heterogeneous ET reaction; 
and α is the transfer coefficient (typically 0.5). k depends 
exponentially on the distance between the electrode and 
electrode-active site of the enzyme (d), and is expressed us-
ing Equation (2).44 

𝑘° = 𝑘°max exp{−𝛽(𝑑 − 𝑑min)} (2) 

jcat and η are defined as shown in Equations (3) and (4), re-
spectively. 

𝑗cat = 𝑛S𝐹𝑘DETE,eff (3) 

𝜂 = exp {
𝑛′

E𝐹

𝑅𝑇
(𝐸 − 𝐸°E

′ )} (4) 

where kmax is the maximum k at the closest approach (d = 
dmin); β is the decay coefficient of the long-range ET (as-
sumed to be 1.4 Å–1 for proteins45); E,eff is the surface con-
centration of the effective enzyme on the electrode; nS is the 
number of electrons involved in substrate oxidation; nE is 
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the number of electrons in the rate-determining step (RDS) 
of the heterogeneous ET (typically 1); E is the electrode po-
tential; EE is the formal potential of the electrode-active 
site of the enzyme; F is the Faraday constant; R is the gas 
constant; and T is the absolute temperature. In Equation (3), 
both kDET and E,eff are critical parameters for improving jcat. 
However, it is difficult to evaluate these factors separately. 
They can be estimated from the non-catalytic signals of the 
enzyme; that is, the amount of charge derived from the en-
zyme accessible to the electrode is converted into E,eff.9 
This method is applicable only under the conditions that 
E,eff is large enough and that the orientation of the enzyme 
is suitable for DET.9,46–48 Although porous electrode materi-
als are somewhat effective in realizing such conditions,46,49 
distinguishing significant non-catalytic signals from back-
ground currents accurately is often difficult. Thus, a new an-
alytical model is required to evaluate kDET and E,eff sepa-
rately to further understand DET-type reactions. 

We focused on aldehyde dehydrogenase (ALDH) from 
Gluconobacter oxydans, which is a membrane-bound pro-
tein that catalyzes DET-type acetaldehyde oxidation.50–52 Its 
three-dimensional structure has been elucidated using 
cryo-electron microscopy analysis (PDB: 8GY3).53 ALDH 
comprises a large catalytic subunit (L subunit; AldH), a 
small subunit (S subunit; AldG), and a membrane-bound cy-
tochrome c subunit (C subunit; AldF) (Figure 1A). In vivo, 
electrons extracted from acetaldehyde are transferred to 
ubiquinone via the catalytic center (molybdenum cofactor, 
Moco) in the L subunit, two iron-sulfur clusters (FeSs) in the 
S subunit, and three heme c moieties in the C subunit, in this 
order. The ET associated with substrate oxidation via the C 
subunit is conserved in membrane-bound hemoproteins 
such as alcohol dehydrogenase (ADH),51,52,54,55 glucose de-
hydrogenase (GDH),56–60 and fructose dehydrogenase 
(FDH).40,61–64 Research on ALDH contributes to a compre-
hensive understanding of the DET-type reactions catalyzed 
by these membrane-bound hemoproteins, because these 
enzymes have similarities in their high DET activities. 

In previous studies, variants truncating the C subunit of 
ADH, FDH, and GDH, which are termed ΔC_ADH,65 
ΔC_FDH,66–68 and ΔC_GDH,69–72 respectively, have been in-
vestigated to clarify the functions of the C subunit. The sol-
uble ΔC variants are advantageous in shortening purifica-
tion processes and preventing the interference of deter-
gents with their catalytic reactions. The ΔC variants showed 
lesser catalytic activities than their wild-type heterotrimers, 

indicating the importance of the C subunits. These results 
suggest that the high catalytic activity can be attributed to 
the multi-step intramolecular ET via the heme c moieties. 
The structural characteristics of the ΔC variant of ALDH 
(ΔC_ALDH) are different from those of ΔC_ADH, ΔC_FDH, 
and ΔC_GDH; while ΔC_ALDH has three cofactors and two of 
these are present in the S subunit, the others have two co-
factors only in the L subunit (Figure 1B). Thus, research on 
ΔC_ALDH is advantageous with respect to the multi-step in-
tramolecular ET in the S subunit for elucidating the DET-
type reaction mechanism of ALDH. 

In this study, we constructed ΔC_ALDH, attempted to 
characterize its bioelectrochemical properties, and com-
pared them with those of the wild-type recombinant ALDH 
(rALDH). Both enzymes were quantitatively investigated 
using bioelectrochemistry, with the primary focus on the pH 
dependence of their kinetic and thermodynamic parame-
ters. In addition, their DET-type activities were compared 
with the activities of ferricyanide reduction in solution. By 
kinetically analyzing the two reactions with different elec-
tron acceptors (an electrode and ferricyanide), we propose 
a novel method for separately estimating kDET and E,eff with-
out non-catalytic signals.  

2. EXPERIMENTAL 

2.1. Materials and chemicals. Multi-walled carbon 
nanotubes (MWCNTs, O.D.: 10 ± 1 nm, I.D.: 4.5 ± 0.5 nm, 
length: 3~6 μm) were purchased from Sigma-Aldrich Co. 
(USA). Protein markers and 12.5% acrylamide gels for so-
dium dodecyl sulfate polyacrylamide gel electrophoresis 
(SDS-PAGE) were obtained from Nacalai Tesque Inc. (Japan) 
and Atto Co. (Japan), respectively. A P′ medium was pre-
pared with 1% yeast extract (Oriental Yeast Co., Ltd., Japan), 
1% hipolypeptone (Shiotani M.S. Co., Ltd., Japan), 0.5% glu-
cose, and 2% glycerol. All other chemicals were obtained 
from Wako Pure Chemical Industries Ltd. (Japan), unless 
otherwise stated. All aqueous solutions were prepared us-
ing ultrapure water. 

2.2. Construction of plasmids and strains. The bacte-
rial strains and plasmids used in this study are listed in Ta-
ble S1. A knockout G. oxydans strain lacking ADH and ALDH 
genes (adhAB and aldFGH, respectively) was constructed by 
homologous recombination using pK18mobsacB-based su-
icide plasmids.73 The homologous deoxyribonucleic acid 
(DNA) fragments located the upstream and downstream re-
gions of the target genes (approximately 1 kbp each) were 
amplified by polymerase chain reaction (PCR) from the ge-
nomic DNA of a wild-type G. oxydans strain using a thermal 
cycler (T100, Bio-Rad, USA), DNA polymerase (KOD One® 
PCR Master Mix, Toyobo, Japan), and primer pairs (ad-
hAB_up_f/adhAB_up_r, adhAB_down_f/adhAB_down_r, ald-
FGH_up_f/aldFGH_up_r, and aldFGH_down_f/ald-
FGH_down_r). The plasmid backbone was amplified by in-
verse PCR from pK18mobsacB using the primer pair 
(pK18mobsacB_inv_f/pK18mobsacB_inv_r). The primer se-
quences used in this study are listed in Table S2. To yield 
pK18mobsacB_ΔadhAB and pK18mobsacB_ΔaldFGH, the 
PCR products were assembled by in-fusion cloning using an 
NEBuilder® HiFi DNA Assembly Master Mix (New England 
BioLabs, USA). DH5α cells of Escherichia coli were used for 
plasmid construction. pK18mobsacB_ΔadhAB was first in-
troduced into the wild-type G. oxydans strain by triparental 

 
Figure 1. (A) 3D structure of rALDH (PDB: 8GY3) and (B) 
the putative structure of ΔC_ALDH; [green: L, magenta: S, 
and cyan: C subunits]. 
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mating with the E. coli HB101 strain, which includes the 
pRK2013 plasmid.74 A kanamycin-resistant transformant, 
obtained by first homologous recombination, was then cul-
tivated on an agarose plate with a P′ medium containing 
10% sucrose. A ΔadhAB variant was selected from sucrose-
resistant transformants obtained by second homologous re-
combination. Deletion of the adhAB genes was confirmed by 
colony PCR analysis and gel electrophoresis. pK18mobs-
acB_ΔaldFGH was then introduced into the ΔadhAB strain to 
obtain a ΔadhABΔaldFGH variant by repeating the above-
mentioned steps. The plasmids for overexpression of 
rALDH and ΔC_ALDH (pBBR1MCS-4-Padh-aldFGH and 
pBBR1MCS-4-Padh-aldGH, respectively) were finally intro-
duced into the G. oxydans ΔadhABΔaldFGH strain by 
triparental mating. Preparation and confirmation of 
pBBR1MCS-4-Padh-aldGH were outsourced to Vector-
Builder Japan Inc., Japan. 

2.3. Expression and purification of rALDH and 
ΔC_ALDH. rALDH was purified using an improved protocol 
based on previous reports.53,75 The pBBR1MCS-4-Padh-
aldFGH strain was cultivated in a P′ medium with 100 µM 
Na2MoO4 to overexpress rALDH. The cells were collected by 
centrifugation at 10,000 × g for 5 min at 4 °C, resuspended 
in 20 mM acetate buffer (pH 5.5), and disrupted twice using 
a French Press cell disruptor (FA-080R, Thermo Fisher Sci-
entific, USA) at 100 MPa. The suspension was centrifuged at 
12,000 × g for 5 min at 4 °C to remove cell debris, the super-
natant was centrifuged at 100,000 × g for 1 h at 4 °C, and the 
precipitate was collected as a membrane fraction. The pre-
cipitate was resuspended in 20 mM acetate buffer (pH 5.5) 
containing 50 mM benzaldehyde, 2% Triton® X-100, and 
10% sucrose, using a glass homogenizer. The suspension 
was stirred for 10 h at 4 °C to solubilize rALDH, and subse-
quently centrifuged at 100,000 × g for 1 h at 4 °C. The su-
pernatant was collected as a crude enzyme solution and 
loaded onto a TOYOPEARL® DEAE-650M column (approxi-
mately 20 mL, Tosoh Bioscience, Japan) equilibrated using 
a 20 mM acetate buffer (pH 5.5) containing 5 mM benzalde-
hyde, 0.1% Triton® X-100, and 10% sucrose. The column 
was washed with a 2.5-bed volume of the same buffer. The 
collected DEAE-passing fraction was loaded onto a 
TOYOPEARL® CM-650M column (approximately 20 mL, To-
soh Bioscience, Japan) equilibrated using the same buffer. 
The column was washed with a 5-bed volume of 20 mM ac-
etate buffer (pH 5.5) containing 0.1% Triton® X-100 and 
10% sucrose. A linear gradient elution with acetate buffer 
(pH 5.5) from 20 to 500 mM containing 0.1% Triton® X-100 
and 10% sucrose was conducted, and fractions with acetal-
dehyde oxidation activity were collected as a purified en-
zyme solution, which was finally concentrated using 100 
kDa ultrafiltration membranes and frozen in liquid nitrogen. 

ΔC_ALDH was purified as follows: The pBBR1MCS-4-
Padh-aldGH strain was cultivated in a P′ medium with 100 
µM Na2MoO4 to overexpress ΔC_ALDH. The cells were col-
lected by centrifugation at 10,000 × g for 5 min at 4 °C, re-
suspended in 20 mM acetate buffer (pH 5.0) containing 50 
mM benzaldehyde and 10% sucrose, and disrupted twice 
using the French Press cell disruptor at 100 MPa. The sus-
pension was centrifuged at 12,000 × g for 5 min at 4 °C to 
remove cell debris, while the supernatant was centrifuged 
at 100,000 × g for 1 h at 4 °C and collected as a crude enzyme 
solution. It was then loaded onto another TOYOPEARL® 
DEAE-650M column (approximately 20 mL) equilibrated 

using a 20 mM acetate buffer (pH 5.0) containing 5 mM ben-
zaldehyde and 10% sucrose. The column was washed with 
a 2.5-bed volume of the same buffer. The collected DEAE-
passing fraction was loaded onto a TOYOPEARL® CM-650M 
column (approximately 20 mL) equilibrated using the same 
buffer. The column was then washed with a 5-bed volume 
of the same buffer. A linear gradient elution with acetate 
buffer (pH 5.0) from 20 to 500 mM containing 5 mM benzal-
dehyde and 10% sucrose was conducted, and fractions with 
acetaldehyde oxidation activity were collected. Ammonium 
sulfate was added to the collected fraction at a final concen-
tration of 20% and gently stirred. The solution was loaded 
onto a TOYOPEARL® Butyl-650M column (approximately 
20 mL) equilibrated using a 20 mM acetate buffer (pH 5.0) 
containing 5 mM benzaldehyde, 10% sucrose, and 20% am-
monium sulfate. The column was then washed with a 5-bed 
volume of 20 mM acetate buffer (pH 5.0) containing 10% 
sucrose and 20% ammonium sulfate. A linear gradient elu-
tion with ammonium sulfate from 20 to 0% in 20 mM ace-
tate buffer (pH 5.0) containing 10% sucrose was conducted, 
and fractions with acetaldehyde oxidation activity were col-
lected as a purified enzyme solution, which was finally con-
centrated using 10 kDa ultrafiltration membranes and fro-
zen in liquid nitrogen. 

The concentrations of purified enzymes were estimated 
using a Pierce™ bicinchoninic acid (BCA) protein assay kit 
(Thermo Fisher Scientific Inc., USA), using bovine serum al-
bumin as the standard sample. SDS-PAGE analysis was con-
ducted to check the purity of the enzyme solutions (Figure 
S1). The band at 51 kDa corresponding to the C subunit was 
deficient in the lane of ΔC_ALDH, as expected. 

2.4. Electrode preparation. Glassy carbon electrodes 
(GCEs, 3 mm in diameter, BAS Inc., Japan) were polished 
successively with a 1.0- and 0.05-μm alumina slurry, and 
first sonicated in and subsequently washed with distilled 
water. A 0.1-wt% MWCNT dispersion was prepared using 
N-methyl-2-pyrrolidone (NMP) by sonication for 2 h. A 10-
μL aliquot of the MWCNT dispersion was applied onto the 
GCEs and dried at 70 °C. These electrodes were referred to 
as CNT/GCEs. NMP (2 µL) was dropped onto the electrodes 
to decrease the hydrophobicity of the electrode surface. Af-
ter excess NMP was removed, a 20-µL aliquot of the enzyme 
solution (1 mg mL–1) dissolved in 100 mM acetate buffer 
(pH 5.5 for rALDH and pH 5.0 for ΔC_ALDH) was applied 
onto the surface of the electrodes. The electrodes were 
placed in a water-saturated atmosphere for 2 h at 4 °C. 
These working electrodes were referred to as 
rALDH/CNT/GCE and ΔC_ALDH/CNT/GCE. 

2.5. Electrochemical measurements. Electrochemical 
measurements were conducted using an electrochemical 
analyzer (ALS650E, BAS Inc., Japan) and a rotating disk elec-
trode instrument (RRDE-3A, BAS Inc., Japan). A platinum 
wire and homemade Ag|AgCl|sat. KCl electrodes were used 
as the counter and reference electrodes, respectively. All the 
potentials in this study were recorded against the reference 
electrodes. All electrochemical measurements were per-
formed in McIlvaine buffer under Ar-saturated conditions 
at 25 °C, scan rate (v) of 10 mV s–1, and rotation speed (ω) 
of 4,000 rpm.  

2.6. Enzyme assay. The activities of rALDH and ΔC_ALDH 
in solution were investigated spectrophotometrically using 
ferricyanide as an electron acceptor, according to a 
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previously reported procedure50 with minor modifications. 
The enzyme assay was conducted using 800 µL of McIlvaine 
buffer containing 100 mM acetaldehyde and 50 mM potas-
sium ferricyanide for 5 min at 25 °C. Subsequently, 400 µL 
of ferric sulfate-dupanol reagent,50 which forms Prussian-
blue with ferrocyanide, was added to stop the enzymatic re-
action. After overnight incubation in the dark at 30 °C, the 
absorbance of the resulting Prussian-blue color was meas-
ured at 660 nm (A660) using a cell with a 1-cm optical path 
length. Based on the linear relationship between the con-
centration of ferrocyanide and A660 of Prussian-blue, the 
slope of the calibration curve was calculated to be 5.04 ± 
0.02 mM–1 in the concentration range below 10 mM ferro-
cyanide (Figure S2). One unit is defined as the amount of the 
enzyme that reacts with 1 µmol of acetaldehyde (or 2 µmol 
ferricyanide) per minute.  

3. RESULTS AND DISCUSSIONS  

3.1. Bioelectrochemical characterization of rALDH 
and ΔC_ALDH. Figure 2 shows the cyclic voltammograms 
(CVs) recorded at the rALDH/CNT/GCE and 
ΔC_ALDH/CNT/GCE. Both electrodes showed clear catalytic 
signals for the DET-type acetaldehyde oxidation, whereas 
non-catalytic signals derived from the adsorbed enzymes 
were not clearly observed. Based on the structural infor-
mation, the electrode-active site of ΔC_ALDH is possibly es-
timated as [2Fe-2S]1, because it is located closest to the sur-
face of the enzyme among its cofactors (Figure 1B). Figure 
3 shows the pH dependence of the DET activities of rALDH 
and ΔC_ALDH. The voltammograms were kinetically ana-
lyzed to determine the enzymatic properties. In this case, nS 
in Equation (3) is defined as 2. Considering the distribution 
of the enzyme orientation on the electrode, we assumed 
three k values (k1, k2, and k3),76,77 and the proportion of 
enzymes with these k values was set to p1, p2, and p3 (= 1 – 
p1 – p2), respectively. Therefore, Equation (1) can be rewrit-
ten as shown in Equation (5).  

𝑗 = 𝑗cat ∑ 𝑝𝑛 {1 + 𝜂−(1−𝛼) (
𝑘°𝑛

𝑘DET

)
−1

+ 𝜂−1}

−13

𝑛=1

(5) 

Considering that the long-range ET primarily occurs within 
14 Å,78 and that [2Fe-2S]1 is approximately 9 Å farther from 
the surface of the enzyme (Figure S3), the distribution of the 

orientation of the enzyme involved in DET appears to be 
limited within approximately 5 Å. Based on Equation (2), 
dmin, dmin + 2.5 Å, and dmin + 5 Å correspond to kmax, 
kmax/101.5, and kmax/103, respectively. Thus, we defined k1, 
k2, and k3 as kmax, kmax/101.5, and kmax/103, respectively. 
Although the electrode-active site of rALDH has not yet 
been identified, we applied the same assumption to rALDH 
for comparing the two enzymes.  

Using EE, jcat, kmax/kDET, p1, and p2 as adjustable parame-
ters, Equation (5) was fitted to the background-subtracted 
voltammograms by non-linear least-squares analysis in 
Gnuplot®. The refined parameters of rALDH and ΔC_ALDH 
are graphically summarized in Figures 4 and 5, respectively. 
The fitting results are shown in Figure S4. As the condition 
got basic, the EE values of both enzymes linearly decreased 
and reached a plateau. The jcat values also showed similar 
but slightly different pH dependence for both enzymes; the 
jcat values of rALDH increased as the pH conditions changed 
from acidic to neutral and reached a maximum at pH 7.5, 
while those of ΔC_ALDH exponentially increased with in-
creasing pH from 2.5 to 5.5 and reached a plateau between 
pH 6.0 and 8.0. In the case of rALDH, no significant changes 
were observed in the kmax/kDET values, and the proportion 
of p2 was the largest at all pH values investigated. In contrast, 
kmax/kDET decreased in the case of ΔC_ALDH, as the condi-
tions changed to basic, and the proportion of p1 was the 
largest. These results suggest that the distribution of the en-
zyme orientation is different in the cases of rALDH and 
ΔC_ALDH, possibly because of a difference in the sizes and 
shapes of the enzymes and interactions with the electrode. 
In addition, the rALDH enzyme solution contained Triton® 
X-100 as the solubilizer. A previous research reported that 

 
Figure 2. CVs for acetaldehyde oxidation at the 
rALDH/CNT/GCE (black) and ΔC_ALDH/CNT/GCE (red) 
in McIlvaine buffer (pH 5.0) in the presence of 100 mM 
acetaldehyde (solid lines). The broken lines represent the 
CVs at the rALDH/CNT/GCE and ΔC_ALDH/CNT/GCE 
without 100 mM acetaldehyde. The inset shows the en-
larged CVs. 
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Figure 3. Background-subtracted linear sweep voltam-
mograms for acetaldehyde oxidation at the (A) 
rALDH/CNT/GCE and (B) ΔC_ALDH/CNT/GCE at pH = 3.0 
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8.0 (grey). 

-2

0

2

4

6

8

10

12

14

-0.5 -0.3 -0.1 0.1 0.3 0.5

j
/ 

m
A

c
m

–
2

E vs. Ag|AgCl|sat. KCl / V 

(A)
pH

3.0

4.0

5.0
6.0

7.0
8.0

-2

0

2

4

6

8

10

12

14

-0.5 -0.3 -0.1 0.1 0.3 0.5

j
/ 

m
A

c
m

–
2

E vs. Ag|AgCl|sat. KCl / V 

(B)
pH

3.0

4.0

5.0

6.0
7.0

8.0

https://doi.org/10.26434/chemrxiv-2024-fb7hr ORCID: https://orcid.org/0000-0001-9767-4922 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2024-fb7hr
https://orcid.org/0000-0001-9767-4922
https://creativecommons.org/licenses/by-nc-nd/4.0/


5 

 

considering the detergent interference in the DET-type re-
action,79 Triton® X-100 might affect the adsorption and dis-
tribution of rALDH.  

3.2. Discussion on intramolecular ET based on linear 
free energy relationship (LFER). In this section, we have 
discussed the enzymatic properties (jcat and EE) in greater 
detail. The redox reaction of acetate/acetaldehyde can be 
expressed using Equation (6).50 

CH3CHO + H2O ⇄ CH3COO− + 3H+ + 2e− (6) 

Figure 6 shows a comparison of the EE values of rALDH 
and ΔC_ALDH and the formal potentials of the electron do-
nor (acetate/acetaldehyde; ED: –0.778 V at pH 7.080) and 
an artificial electron acceptor in solution (ferricyanide/fer-
rocyanide; EA: 0.171 V (independent of pH) 81). In the plat-
eaued region at neutral pH, the EE values of ΔC_ALDH and 
rALDH were –0.204 ± 0.001 and –0.125 ± 0.001 V, 

 
Figure 5. Graphical comparison of the refined parameters of ΔC_ALDH. (A) E°′E, (B) jcat, (C) k°max/kDET, and (D) p1, p2, and p3. Errors 
were determined using the Student’s t distribution at 90% confidence level (n = 6). 
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respectively, which indicated that ΔC_ALDH reduced the 
overpotential for acetaldehyde oxidation by approximately 
80 mV. In addition, Equation (6) suggests that the pH de-
pendence of ED is –89 mV pH–1, while the slopes of EE of 
rALDH and ΔC_ALDH are approximately –50 mV pH–1. Thus, 
EE – ED increases as the conditions become more basic. 
Based on LFER theory, we focused on the relationship be-
tween EE – ED and jcat. Using the empirical formula for the 
LFER, the relationship between EE – ED and kDET can be 
expressed using Equation (7).82,83 

log (
𝑘DET,𝑗

𝑘DET,𝑖

) =
𝛾𝑛RDS𝐹

2.303𝑅𝑇
Δ(𝐸°E

′ − 𝐸°D
′ )𝑗/𝑖 (7) 

where γ is the proportional constant in the LFER (ideally 
0.5); nRDS is the number of electrons in the RDS (assumed to 
be 1); and Δ(EE – ED)j/i is the difference between the EE 
– ED values of states i and j. Assuming that EE = ED and 
kDET,i = kDET,0 at the state i, Equation (7) can be rewritten to 
obtain Equation (8). 

log (
𝑘DET

𝑘DET,0

) =
𝛾𝑛RDS𝐹

2.303𝑅𝑇
(𝐸°E

′ − 𝐸°D
′ ) (8) 

We assumed that E,eff was constant at all pH values because 
the conditions for enzyme modification were uniform. 
Equation (8) can be rewritten to as shown in Equation (9).  

log (
𝑗cat

mA cm−2
) = 

𝛾𝑛RDS𝐹

2.303𝑅𝑇
(𝐸°E

′ − 𝐸°D
′ ) + log (

𝑛S𝐹𝑘DET,0E,eff

mA cm−2 
) (9)

 

Equation (9) shows that log (jcat / mA cm–2) depends linearly 
on EE – ED, and the slope (γnRDSF/2.303RT) has an ideal 
value of 8.45 V–1. Similar relationships were previously dis-
cussed for MET-type reactions, focusing on the formal po-
tential of mediators (EM), and an LFER between EM – ED 
and the bi-molecular reaction rate constant was demon-
strated.82–85 Equation (9) was fitted to the linear increasing 
region in the plot of log (jcat / mA cm–2) vs. EE – ED using 
the least-squares analysis in Gnuplot®. Figure 7 shows the 
fitting results for both enzymes. 

In the case of rALDH, the slope and γ were calculated to 
be 6.0 ± 0.4 V–1 and 0.35 ± 0.02, respectively, from the linear 

range (0.4–0.5 V), indicating that an ideal LFER was not ob-
served. There is a possibility that the catalytic constant of 
rALDH is controlled by multiple RDSs due to the compli-
cated ET pathway via the hemes c in the C subunit. Appar-
ently, in the case of ΔC_ALDH, a linear increasing region be-
tween 0.3 and 0.5 V was observed. The slope and γ were cal-
culated to be 8.3 ± 0.4 V–1 and 0.49 ± 0.03 (which is almost 
equal to 0.5 for an ideal LFER), respectively. This indicates 
that there are no specific interactions in the intramolecular 
ET, which is attributed to the simplification of the ET path-
way due to the deletion of the C subunit. In the LFER region, 
kDET was controlled by the potential difference in the ET 
pathway, and there was only one electron involved in the 
RDS. Apparently, log (jcat / mA cm–2) exhibited a constant 
value between 0.5 and 0.7 V, suggesting that E°′E – E°′D was 
sufficiently large and the RDS was controlled by non-ther-
modynamic factors. Based on the structural information of 
ΔC_ALDH, the RDS in the intramolecular ET pathway can be 
summarized as follows: 

1. In the LFER region, the RDS is estimated to be a 1-electron 
intramolecular ET process (Moco → [2Fe-2S]2 or [2Fe-2S]2 
→ [2Fe-2S]1).  

2. In the non-LFER region, kDET is limited by other factors, 
such as catalytic turnover in Moco, entry of the substrate 
into the catalytic site, and potential-independent intramo-
lecular ET. 

We attempted to investigate the LFER of ΔC_ALDH based 
on the serial resistance model.85 Assuming that kDET is con-
trolled by the potential difference between the LFER and 
non-LFER regions, kDET can be expressed using Equation 
(10). 

1

𝑘DET

=
1

𝑘DET,LFER

+
1

𝑘DET,non−LFER

(10) 

where kDET,LFER and kDET,non-LFER are the catalytic constants in 
the DET-type bioelectrocatalysis controlled by the potential 
difference and other factors, respectiv 

ely. The latter is the substantial limit of kDET. Using Equa-
tions (3), (8), and (10), jcat can be expressed using Equation 
(11). 

 
Figure 7. Plots of log (jcat / mA cm–2) vs. EE – ED for 
rALDH (black) and ΔC_ALDH (red). The circles and trian-
gles indicate the experimental values of rALDH and 
ΔC_ALDH, respectively. The broken lines indicate the fit-
ted lines (Equation (9)). Errors were determined using 
the Student’s t distribution at 90% confidence level (n = 
6). 
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𝑗cat = [
1

𝑛S𝐹𝑘DET,0E,eff
exp {

𝛾𝑛RDS𝐹
𝑅𝑇

(𝐸°E
′ − 𝐸°D

′ )}
+

1

𝑛S𝐹𝑘DET,non−LFERE,eff

]

−1

(11)

Using kDET,0 ΓE,eff and kDET,non-LFER ΓE,eff as adjustable parame-
ters, Equation (11) was fitted to the plot of jcat vs. EE – ED 
by non-linear least-squares analysis in Gnuplot®, fixing the 
value of γ as 0.5. The fitting results are shown in Figure 8. 
The values of kDET,0 ΓE,eff and kDET,non-LFER ΓE,eff were calculated 
to be 17 ± 2 and 60000 ± 2000 pmol cm–2 s–1, respectively. 
To separately evaluate the obtained parameters (kDET,0, 
kDET,non-LFER, and ΓE,eff), we investigated the enzymatic prop-
erties using another electron acceptor in the next section.  

3.3. Enzyme characterization considering ferricya-
nide reductase activity in solution. The solution activities 
of rALDH and ΔC_ALDH were investigated using ferricya-
nide as an alternative electron acceptor instead of an elec-
trode. Figure 9 shows the ferricyanide reductase activities 
of both enzymes in solution (ksol). Compared with the DET 
activity, the ksol of rALDH exhibited a completely different 
pH dependence, with a maximum value at pH 4.0. This sug-
gests that the ksol of rALDH does not follow thermodynamics 
and is controlled by specific interactions between the en-
zyme and ferricyanide, such as electrostatic and hydropho-
bic interactions. In contrast, the ksol of ΔC_ALDH has a simi-
lar pH dependence to the DET-type reaction.  

Assuming that the specific interaction between ΔC_ALDH 
and ferricyanide is negligible, we attempted to kinetically 
analyze the relationship between the potential difference 
and ksol of ΔC_ALDH based on the LFER. Based on the ping-
pong Bi Bi mechanism, the catalytic cycles of ALDH in the 
DET-type reaction and the coupled reaction of acetaldehyde 
oxidation and ferricyanide reduction are shown in Scheme 
1, in which, kD and kA are the catalytic constants for donor 
(acetaldehyde) oxidation and acceptor (ferricyanide) re-
duction, respectively. Based on the similarity of the electron 
donors and acceptors shown in Schemes 1A and 1B, kDET can 
be regarded as an upstream of ksol and equal to kD. ksol can 
be expressed using Equation (12).  

1

𝑘sol

=
1

𝑘DET

+
1

𝑘A

(12) 

We assumed that kA comprised potential-dependent and in-
dependent terms and that the potential-dependent term of 
kA followed the LFER and was controlled by EA – EE. As 
shown in Equations (8) and (10), kDET and kA are expressed 
using Equations (13) and (14), respectively. 

 
Scheme 1. (A) Catalytic cycles of ALDH in the DET-type 
reaction and (B) the coupled reaction of acetaldehyde ox-
idation and ferricyanide reduction based on the ping-
pong Bi Bi mechanism. EO and ER indicate the oxidized and 
reduced states of the enzyme, respectively. kf and kb are 
the surface ET rate constants expressed using the Butler‒
Volmer equation shown below: 

𝑘f = 𝑘°exp {
(1 − 𝛼)𝑛′

E𝐹

𝑅𝑇
(𝐸 − 𝐸°E

′ )}, 

𝑘b = 𝑘°exp {−
𝛼𝑛′

E𝐹

𝑅𝑇
(𝐸 − 𝐸°E

′ )} 

EO ER EO

Acetaldehyde Acetate Ferricyanide Ferrocyanide

kD kA

(B)
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kDET kf

kb

(A)

 
Figure 8. Fitting curve for the plot of jcat vs. EE – ED for 
ΔC_ALDH (broken line; Equation (11)). The open circles 
indicate the experimental values. Errors were deter-
mined using the Student’s t distribution at 90% confi-
dence level (n = 6). 
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1

𝑘DET

=
1

𝑘DET,0 exp {
𝛾𝑛RDS𝐹

𝑅𝑇
(𝐸°E

′ − 𝐸°D
′ )}

+
1

𝑘DET,non−LFER

(13) 

1

𝑘A

=
1

𝑘A,0 exp {
𝛾′𝑛′

RDS𝐹
𝑅𝑇

(𝐸°A
′ − 𝐸°E

′ )}
+

1

𝑘A,non−LFER

(14)
 

where γ and nRDS are 0.5 and 1, respectively, using the results in Section 3.2. Similarly, γ′ and n′RDS were assumed to be 0.5 and 
1, respectively. EE – ED and EA – EE changed with pH, as shown in Figure 6. Using Equations (12), (13), and (14), ksol can 
be obtained as shown in Equation (15). 

𝑘sol = [

1

𝑘DET,0 exp {
𝛾𝑛RDS𝐹

𝑅𝑇
(𝐸°E

′ − 𝐸°D
′ )}

+
1

𝑘A,0 exp {
𝛾′𝑛′RDS𝐹

𝑅𝑇
(𝐸°A

′ − 𝐸°E
′ )}

+
1

𝑘sol,non−LFER
]

−1

(15) 

ksol,non-LFER can be defined as shown in Equation (16). 

1

𝑘sol,non−LFER

=
1

𝑘DET,non−LFER

+
1

𝑘A,non−LFER

(16)

Using kDET,0, kA,0, and ksol,non-LFER as adjustable parameters, 
Equation (15) was fitted to a 3D surface representing the 
relationship among E°E – E°D, EA – EE, and ksol. The fitting 
results are shown in Figure 10. The kDET,0, kA,0, and ksol,non-LFER 
values were calculated to be 1.4 ± 0.7, 0.93 ± 0.08, and 1500 
± 100 s–1, respectively. ΓE,eff was calculated to be 13 ± 7 pmol 
cm–2 from the value of kDET,0 ΓE,eff provided in Section 3.2. The 
peak current density of the 1-electron reversible non-cata-
lytic signal (jp) is theoretically expressed as |jp| = 
F2vΓE,eff/4RT ;9 therefore, the ΓE,eff value corresponds to |jp| = 
120 ± 60 nA cm–2 at v = 10 mV s–1, which is consistent with 
the result that the non-catalytic signal of ΔC_ALDH could not 
be observed. kDET,non-LFER and kA,non-LFER were calculated to be 
5000 ± 2000 and 2200 ± 600 s–1, respectively. Because 
kDET,non-LFER was larger than kA,non-LFER, the catalytic activity in 
solution was partly affected by the non-LFER factors 

involved in the electron acceptor. kDET,non-LFER is the maxi-
mum catalytic constant that is independent of the thermo-
dynamic parameters, and its value is consistent with previ-
ous reports, in which, catalytic constants of 103 s–1 were ob-
tained for other metalloenzymes.86,87 The pH dependence of 
kDET and kmax was calculated separately, as shown in Figure 
11.  

From the comparison of the catalytic processes between 
the DET-type and ferricyanide reductase reactions, ΓE,eff and 
kDET were separately obtained without non-catalytic signals. 
Reactions involving an alternative electron acceptor (or do-
nor) are partly controlled by the kinetics between the en-
zymes and acceptor (or donor), as expressed in Equation 
(14). We conclude that DET-type reactions are effective for 
solely evaluating the kinetics of substrate oxidation (or re-
duction). 

 
Figure 10. Fitting surface for the 3D plot representing the 
relationship among EE – E°D, EA – EE, and ksol of 
ΔC_ALDH (red lines; Equation (15)). The open circles indi-
cate the experimental values. (A): Overall and (B): enlarged 
views. Errors were determined using the Student’s t distri-
bution at 90% confidence level (n = 6). 

E°′E – E°′ D / V
E°′A – E°′E / V

k
s
o
l
/ 
s
–

1

(A)

E°′E – E°′ D / V
E°′A – E°′E / V

k
s
o
l
/ 
s
–

1

(B)

 
Figure 11. pH dependence of (A) kDET and (B) k°max. Errors 
were determined using the Student’s t distribution at 
90% confidence level (n = 6). 
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4. CONCLUSIONS 

DET activity of ΔC_ALDH was evidently observed at the 
MWCNT electrodes. Compared with rALDH, ΔC_ALDH ex-
hibited advantages of decreasing the overpotential and sim-
plifying the ET pathway. Based on the aforementioned bio-
electrochemical discussions, the catalytic constant of 
ΔC_ALDH comprised potential-dependent and independent 
processes in both the DET-type and ferricyanide reductase 
reactions. The two reactions with the different electron ac-
ceptors were kinetically analyzed, and ΓE,eff and kDET were 
separately evaluated without non-catalytic signals. Moreo-
ver, the DET-type reaction was useful for evaluating the cat-
alytic cycle without considering the interactions with other 
electron acceptors or donors. We also demonstrated that 
the potential difference between the substrate and enzyme 
is an essential factor in determining catalytic activity. This 
study could be useful for developing novel methods for en-
zyme characterization and enzymes with high catalytic ac-
tivity. 
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