
Biophysical Chemistry 308 (2024) 107217

Available online 11 March 2024
0301-4622/© 2024 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

H2 production under stress: [FeFe]‑hydrogenases reveal strong stability in 
high pressure environments 

Kristina Edenharter a, Michel W. Jaworek b, Vera Engelbrecht a, Roland Winter b,*, 
Thomas Happe a,* 

a Photobiotechnology, Faculty of Biology and Biotechnology, Ruhr-University Bochum, 44801 Bochum, Germany 
b Physical Chemistry I - Biophysical Chemistry, Department of Chemistry and Chemical Biology, TU Dortmund University, Otto-Hahn-Straße 4a, 44227 Dortmund, 
Germany   

A R T I C L E  I N F O   

Keywords: 
Enzymatic reactions 
High pressure 
Hydrogenases 

A B S T R A C T   

Hydrogenases are a diverse group of metalloenzymes that catalyze the conversion of H2 into protons and elec
trons and the reverse reaction. A subgroup is formed by the [FeFe]‑hydrogenases, which are the most efficient 
enzymes of microbes for catalytic H2 conversion. We have determined the stability and activity of two 
[FeFe]‑hydrogenases under high temperature and pressure conditions employing FTIR spectroscopy and the 
high-pressure stopped-flow methodology in combination with fast UV/Vis detection. Our data show high tem
perature stability and an increase in activity up to the unfolding temperatures of the enzymes. Remarkably, both 
enzymes reveal a very high pressure stability of their structure, even up to pressures of several kbars. Their high 
pressure-stability enables high enzymatic activity up to 2 kbar, which largely exceeds the pressure limit 
encountered by organisms in the deep sea and sub-seafloor on Earth.   

1. Introduction 

[FeFe]‑hydrogenases are fascinating enzymes that play an important 
role in the reversible conversion of molecular hydrogen (H2) into pro
tons and electrons, making them essential players in microbial H2 
metabolism. The use of readily available earth-abundant metals and 
their impressive turnover rates, reaching up to 10,000 molecules per 
second, make these enzymes perfect candidates for the production of 
sustainable H2 [1,2]. [FeFe]-hydrogenases are found in fermentative 
anaerobic organisms and some eukaryotes (e.g., green algae), where 
they are part of the H2 metabolism [3]. The catalytic center of 
[FeFe]‑hydrogenases, called the H-cluster, is composed of a cubane 
[4Fe–4S] subcluster and a unique [2Fe–2S] cluster, which are coupled 
through a coordinating cysteine residue. The two Fe atoms of the 
[2Fe–2S] cluster, termed proximal iron (Fep) and distal iron (Fed) ac
cording to their location to the [4Fe–4S] cluster, are coordinated by an 
azadithiolate (adt) ligand, three carbon monoxide (CO) and two cyanide 
(CN− ) ligands. [4–7] The Fed has already been identified as the actual 
site of catalysis [8–10]. The H-cluster is part of a highly conserved 
domain (H-domain) formed by two four-stranded β-sheets and several 
α-helices. This M1-subtype is the simplest form and has only been found 

in Chlorophycean green algae [9,11,12]. In addition to the H-domain, 
further iron‑sulfur (Fe–S) cluster-containing domains can occur, which 
serve as electron relays and transport electrons from the electron donor 
to the H-cluster, the site of catalysis (M2-, M3-subtype) [13,14]. A 
representative of the M2-subtype is the homodimeric [FeFe]hydroge
nase CbA5HWT from Clostridium beijerinckii, which has been studied 
extensively in recent years due to its oxygen (O2) stability [15,16]. 
CbA5HWT is mainly characterized by the fact that the O2-protected state 
(Hinact) is reversible, i.e., after removal of O2, CbA5HWT can be reac
tivated (Hox). This process can be repeated several times without sig
nificant loss of activity [14,15]. Responsible for this O2 tolerance is a 
conserved cysteine residue C367 in the immediate vicinity of the H- 
cluster, which approaches the Fed under oxidative conditions by struc
tural rearrangement of the hydrogenase and thus prevents the binding of 
O2 to the H-cluster. Furthermore, it was shown that the flip of the 
cysteine residue could only be made possible by the increased flexibility 
of the so-called TSC peptide loop compared to other standard hydrog
enases, such as CpIWT from Clostridium pasteurianum [16]. 

M3-subtype [FeFe]‑hydrogenases, such as CpIWT, are probably the 
most common form of [FeFe]‑hydrogenases in Clostridia. [17,18] When 
comparing CpIWT and CbA5HWT on a structural level, it has already been 
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shown that in the case of CpIWT, the interaction of different residues 
ensures that the cysteine residue C299 cannot protect the active site Fed 
from damage under aerobic conditions. An exchange of the corre
sponding amino acid positions of CpIWT in CbA5HWT ensured that the 
conformational change occurred more slowly and an increased O2 
sensitivity of the variants compared to the WT was observed [16]. 

As the field of high-pressure enzymology continues to evolve, the 
study of the effects of high pressure on [FeFe]‑hydrogenases has become 
a fascinating area of research, providing crucial insights into their 
structure, stability and function under extreme environmental condi
tions. High hydrostatic pressure (HHP) effects on enzyme activity and 
stability have already provided valuable insights into the behavior of 
enzymes towards extreme conditions [19–28]. These studies showed 
that high pressure can lead to conformational changes, alter protein 
dynamics and significantly affect the stability and catalytic properties of 
enzymes. Catalytic activity can be directly enhanced by HHP if the 
activation volume associated with the reaction is negative, and HHP can 
alter the substrate specificity and stereoselectivity of an enzyme [25,26]. 
Further, given that the rate of an enzymatic reaction is often limited by 
the thermostability of the enzyme, superimposing pressure-induced 
thermostabilization of the enzyme with an accelerated substrate con
version at increased temperatures can lead to improved overall reaction 
rates. This holds true for proteins exhibiting elliptic-like phase diagrams 
in the p, T-plane [25–27]. A study on α-chymotrypsin showed an 
increased catalytic activity and stability against thermal denaturation. 
At 20 ◦C and an applied pressure of 4.7 kbar, the catalytic activity 
increased by a factor of 6.5 compared to measurements under atmo
spheric pressure. The accelerating effect at a pressure of 1.8 kbar at 
55 ◦C was shown to be almost 20 times higher than at 1 bar and the same 
temperature [27]. The activity of designed catalytic amyloid fibrils 
revealed not only a remarkably high pressure and temperature stability 
of the systems, but also enhanced esterase activity at high pressure as a 
consequence of a negative activation volume at all temperatures [22]. 
Gerringer et al. examined the muscle tissue of various fish species living 
at different ocean depths to investigate lactate dehydrogenase (LDH) 
and malate dehydrogenase (MDH) [28]. The deep-sea fish exhibited an 
elevation in LDH activity in response to pressure, while the enzymes in 
shallow-water species displayed a decrease in activity [29]. Whereas 
monomeric proteins are generally rather pressure stable up to 4–8 kbar, 
oligomeric proteins are often prone to pressure-induced dissociation of 
the protein complex in the kbar pressure regime [25,26]. Markandeswar 
and Horowitz showed dissociation of single ring heptameric GroEL 
chaperone by hydrostatic pressures up to 3 kbar [30]. 

Despite their enormous importance, the stability and activity of 
[FeFe]‑hydrogenases from mesophilic organisms at extreme tempera
ture and pressure conditions are still largely terra incognita. In this study, 
we investigated the influence of temperature and pressure on two wild- 
type [FeFe]‑hydrogenases, CbA5HWT and CpIWT (Fig. 1), focusing in 
particular on their structural and functional responses to elevated 
pressures up to the kbar regime. For this purpose, Fourier-transform 
infrared (FTIR) spectroscopy and the high-pressure stopped-flow 
(HPSF) methodology in combination with fast UV/Vis spectroscopy 
were employed. To follow the hydrogenase reaction, the formation of H2 
was measured in a direct and an indirect way using methyl viologen. 

2. Experimental section 

2.1. Protein expression and isolation 

The pET21b vector containing either the CbA5HWT gene codon- 
optimized for E. coli (NCBI GenBank: KX147468.1) or the CPIWT gene 
(GenBank: M81737.1) served as the expression plasmid. Heterologous 
expression of the apo‑hydrogenases was performed under anaerobic 
conditions in an anoxic tent under a N2/H2 atmosphere (99:1) as pre
viously described [31]. For isolation of the proteins, 2 mM sodium 
dithionite (NaDT) was added to all buffers used. Protein purification was 

performed by affinity chromatography by C-terminal StrepII tag. Protein 
solutions were concentrated using Amicon Ultra centrifugal filter (30 
kDa) and stored in 0.1 M Tris-HCl (Tris(hydroxymethyl)-amino
methane), pH 8.0, supplemented with 2 mM NaDT at − 80 ◦C. Concen
tration determination according to Bradford was followed by 
determination of the purity and molecular weight of the protein solution 
by polyacrylamide gel electrophoresis (SDS-PAGE) [32]. 

2.2. In vitro maturation 

To complete the active site of the hydrogenases, in vitro maturation 
was performed [5]. For this purpose, the purified apo-protein, which 
possessed only the [4Fe–4S] cluster, was incubated with a 5× molar 
excess of adt cofactor in 0.1 M KPI (potassium phosphate buffer), pH 6.8, 
for 1 h on ice. Size exclusion was used to separate the holo-protein from 
the unbound adt cofactor. 

2.3. Temperature dependent H2-production assay 

To determine the H2 production activity of the hydrogenases in a 
temperature-dependent manner, 400 ng of holo‑hydrogenase was 
incubated in 2 mL test mixtures consisting of 100 mM NaDT, 10 mM MV 
(methyl viologen) and KPI buffer, pH 6.8, in 8 mL vessels (Suba). After 
purging the sample with 100% argon for 5 min, the test mixtures were 
incubated for 20 min at 25–75 ◦C at 100 rpm in a shaking water bath. 
Subsequently, H2 production could be verified by analyzing 400 μL of 
the gas phase by gas chromatography (Shimadzu). 

2.4. Fourier-transform infrared (FTIR) spectroscopy measurements 

Before investigating the structural stability of the hydrogenases as a 
function of temperature and pressure, an H/D exchange was carried out 
on the respective apo-protein. To this end, the hydrogenase was dialyzed 
against D2O using Amicon Ultra centrifugation units with 30 kDa cutoff, 
and subsequently lyophilized and purified by dialysis to remove the 
additives, respective water molecules. The pD (pH +0.4 = pD) for each 
solution was adjusted to 8 by adding DCl to the Tris (D2O) buffer solu
tion. The final protein concentration amounted 5 wt%. 

Temperature- and pressure-dependent FTIR measurements were 
performed using a Nicolet 6700 (Thermo Fisher Scientific) spectrometer 
equipped with a liquid‑nitrogen cooled MCT-detector (HgCdTe). 20 μL 
of the sample was placed between two CaF2 windows separated by a 
mylar spacer, which was integrated in the temperature cell. An external 
circulating water thermostat with a digital thermometer placed in the 
sample controlled the required temperature. The temperature was 

Fig. 1. Cartoon structure of CpIWT (PDB ID: 4XDC; purple) and CbA5HWT (PDB 
ID: 6TTL; chain A presented in teal and chain B presented in light blue) and the 
H2-production reaction. The H-Cluster and accessory FeS clusters are depicted 
as ball-stick model. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.) 
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equilibrated for ~10 min before spectra were collected. 128 scans per 
measurement (3 min) were recorded and averaged in the wavenumber 
range between 4000 and 650 cm− 1 with a spectral resolution of 2 cm− 1. 
High pressures up to 10 kbar could be achieved using a membrane- 
driven diamond anvil cell (Diacells VivoDac, Almax easyLab), equip
ped with type IIa diamonds (Almax easyLab), which were connected to 
an automated pneumatic pressure controller (Diacells iGM Controller, 
Almax easyLab). Here, a 50 μm thick brass gasket was placed between 
the two diamond windows, holding 3 μL of the sample (effective sample 
volume ~ 10 nL). The stretching vibration of SO4

2− in crystalline BaSO4 
was used as an internal pressure calibrant [33]. 

Data analysis was carried out using the Thermo Grams 8.0 software. 
After buffer subtraction and smoothing of each spectrum, the area of the 
amide I′ band (1700–1600 cm− 1) was normalized to 1. The numbers and 
positions of the subbands could be determined by using two mathe
matical operations, Fourier self-deconvolution (FSD) and 2nd derivative 
analysis, to identify the position of the secondary structure elements and 
to evaluate conformational changes [34]. In addition, the secondary 
structure components from the pdb database (CbA5HWT: 6TTL & CpIWT: 
6GM2) were used for assistance. The amide I′ band region of the proteins 
could be decomposed into six subbands, and mixed Gaussian–Lorentzian 
line shape functions were used to the fit the peak areas and to determine 
the relative changes in the population of secondary structure elements 
[35]. 

Assuming a two-state unfolding process for the hydrogenases, the 
sigmoidal curve progression of the secondary structure elements could 
be fitted by using the Boltzmann function. In the case of temperature- 
induced unfolding, the infrared absorbance intensity is given by 

I =
If − Iu

1 + e− (T − Tu)•(ΔH◦

vH/R)
+ Iu (1)  

where If and Iu are the plateau intensity values for the folded and 
unfolded state of the protein, respectively, and Tu describes the 
unfolding temperature at the midpoint of the transition. The standard 
van’t Hoff enthalpy change, ΔHo

vH, can be directly obtained from the 
slope of the curves. All measurements were done at least in triplicate. 

2.5. High-pressure stopped-flow measurements of enzymatic activity 

A high-pressure stopped-flow (HPSF) instrument (HPSF-56) was 
used to measure the enzyme activity at different pressures [36]. The 
pressures assayed were 1, 1000 and 2000 bar. Both the substrate solu
tion, containing 160 μM methyl viologen and NaDT each in 0.1 M Tris- 
HCl pH 8.0 buffer, and the protein solution (0.6 μM of the protein of 
interest in 0.1 M Tris-HCl, pH 8.0 buffer) were prepared under strict 
anaerobic conditions and sealed airtight in 20 mL vessels. Before in
jection of the solutions into the measuring cell, the sample cell as well as 
the chamber were purged with nitrogen and the cell immediately sealed 
with sticky tape. To inject the substrate or protein solution, syringes 
were first rinsed with 0.1 M Tris-HCl, pH 8.0, containing 2 mM NaDT to 
prevent contamination with O2. Subsequently, syringes were rinsed 
again with 0.1 M Tris-HCl pH 8.0 buffer to remove NaDT from the sy
ringe. The enzyme concentration was maintained at 0.3 μM post-mixing 
for all activity assays with post-mixing substrate concentrations of 80 
μM. The initial velocity of the enzyme reaction, v0, was monitored for 
1.5–15 s post-mixing and was determined by calculating v0 = d[P]/dt, 
where [P] represents the formation of the oxidized methyl viologen, 
from the slope of the linear fit of the time dependent absorbance data at 
604 nm, which has a molar extinction coefficient of 13.600 M− 1 cm− 1 

[37]. Temperature was controlled and maintained at 25 ◦C by a 
thermostat. 

3. Results and discussion 

3.1. Temperature dependent H2-production activity assay 

To investigate the influence of temperature on the H2 production 
activity of the tested proteins, the in vitro test mixtures were incubated 
at different temperatures before the H2 content in the gas phase was 
measured by gas chromatography. The measurements show that both 
enzymes have similar activity profiles with an optimum between 45 and 
65 ◦C (Fig. 2). However, it is noticeable that the temperature optimum of 
CpIWT is slightly lower (45–55 ◦C) in contrast to CbA5HWT (55–65 ◦C). 
As expected, the enzymatic activity increases with increasing tempera
ture, by a factor 2–3 over a temperature range of 30 ◦C. The comparison 
with the unfolding temperatures, Tu, of the different enzymes (see 
below) reveals that the maximum activity is limited by the temperature- 
induced unfolding of the enzymes. 

3.2. Temperature and pressure dependent analysis of the secondary 
structure 

To explore the temperature- and pressure-induced conformational 
changes of the hydrogenases, FTIR spectroscopy measurements were 
employed in Tris (D2O) buffer. The amide-Í band region was analyzed by 
using a fitting procedure that yields quantitative information about the 
respective fractions of secondary structure elements of the proteins. The 
normalized amide Í band of CbA5HWT as a function of temperature 
(Fig. 3A) shows a broad band at ~1650 cm− 1, which decreases slightly 
with increasing temperature. Above a certain temperature, two peaks 
appear, at ~1617 cm− 1 and ~1683 cm− 1, respectively, indicating 
unfolding and subsequent aggregation of the protein forming intermo
lecular β-sheets. The secondary structure elements determined are in 
good agreement with crystallographic data obtained by Winkler et al., 
which show a dominance of the fraction of α-helices [16]. Small per
centage differences in α-helix and intramolecular β-sheet contents are 
supposed to be due to different absorption coefficients of the secondary 

Fig. 2. Temperature dependent H2 production activity of CbA5HWT and CpIWT. 
The H2 production activity was determined for different temperatures between 
25 and 75 ◦C. Relative values correlate with the percentage of maximum ac
tivity (CbA5HWT: 2794.94 ± 216.49 μM H2 mg− 1 [E] min− 1; CpIWT: 3027.04 ±
357.42 μM H2 mg− 1 [E] min− 1 achieved across the entire temperature range). 
All data points are mean values ± standard deviation from two biological 
replicates and three technical replicates for each measurement. Additionally, 
spectroscopically determined unfolding temperatures, Tu, were inserted in 
boxes, where the widths of the box indicate the error bar in determining Tu. 
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structure elements. Beyond a temperature of ~50 ◦C, temperature- 
induced unfolding and denaturation sets in, which can be seen in a 
decrease of the amount of α-helices (~ − 3%) and unordered structures 
(~ − 7%), with concomitant formation of antiparallel intermolecular 
β-sheets taking place (~ +6%). The unfolding temperature of CbA5HWT 
is at ~60 ◦C (using eq. 1). As a consequence, a drastic reduction in the 
activity of the enzyme is observed, as shown in Fig. 2. Similar results 
were obtained for CpIWT (see Figs. SI 1 and Table 1). Furthermore, the 
van’t Hoff enthalpy change of the unfolding process, ΔHvH, could be 
obtained from the Boltzmann fits. The van’t Hoff enthalpy change of 
CpIWT amounts ~130 kJ mol− 1 and is only half as large as for the 
CbA5HWT, pointing to a decreased cooperativity of the transition. These 
values must be handled with caution due to the irreversibility of the 
heat-induced protein unfolding and subsequent aggregation process, i. 
e., they reflect no true thermodynamic data and serve only for the 
comparison. 

Figs. 3C-D highlight the pressure dependence on the amide Í band 

and the fraction of secondary structures of CbA5HWT as a function of 
pressure at ambient temperature. The amide Í band of the hydrogenase 
is shifting slightly towards lower wavenumbers upon compression, 
which is due to the pressure-induced compression of the chemical bonds, 
equivalent to changes of the force constant of the C––O stretching vi
bration. The fraction of secondary structures changes by a few percent 
only (± 4%) even up to pressures as high as 10 kbar (Fig. 3D), revealing 
high pressure stability of the protein structure. 

3.3. Pressure dependent enzyme activity followed by oxidation of methyl 
viologen 

HPSF-measurements were used to investigate pressure effects on the 
H2-production activity of CbA5HWT and CpIWT by indirectly tracking the 
oxidation of methyl viologen at 604 nm. The spectrum of the substrate 
solution was monitored over a period of time (0–15 s) to track the initial 
velocity of the enzyme reaction. In order to determine the catalytic ac
tivity of the enzyme, the linear segment of the time-dependent UV/Vis 
absorbance at 604 nm was analyzed (Fig. 4A, inset). As can be clearly 
seen, the catalytic activity of CbA5HWT remained stable even under 
elevated pressures up to 2000 bar, the pressure limit of the HPSF 
apparatus. The pressure-independent activity indicates an activation 
volume of the reaction that is essentially close to zero. The activation 
volume is the difference in the partial molar volumes of the transition 
state (#) and the ground state of the enzyme–substrate complex (ES), i. 
e., ΔV# = V# - VES. In other words, the structure of the transition state is 

Fig. 3. Temperature- and pressure-dependent FTIR absorption data of CbA5HWT in Tris (D2O) buffer (A–D). Left: Normalized amide I′ band, right: respective sec
ondary structure elements of temperature- and pressure-induced changes. The temperature-dependent measurements were recorded at ambient pressure (1 bar), the 
pressure dependent measurements at T = 25 ◦C. β-sheets (1680 cm− 1, black), turns and loops (1672 cm− 1, blue), α-helices (1654 cm− 1, red), random coils (1642 
cm− 1, green), intramolecular β-sheets (1636 cm− 1, orange), intermolecular β-sheets (1617 cm− 1, purple), and side chains (1610 cm− 1, gray). Lines display the 
Boltzmann fits to the experimental data using eq. (1) and the dashed line represents the midpoint of Tu. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.) 

Table 1 
Spectroscopically determined unfolding temperatures, Tu, and accompanying 
van’t Hoff enthalpy changes, ΔHvH, of the investigated hydrogenases at ambient 
pressure.  

Hydrogenase ΔHvH / kJ mol− 1 Tu / ◦C 

CbA5HWT 228.1 ± 25.4 60.2 ± 3.7 
CpIWT 132.8 ± 20 54.3 ± 2.3  
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similarly compressible as the ES complex in this case. A similar catalytic 
activity was observed for CbA5HWT. In contrast, CpIWT exhibits an about 
25% increased catalytic activity compared to CbA5HWT. The increased 
activity of CpIWT also persists up to 2000 bar, mirroring the behavior 
observed for the other hydrogenase (Fig. 4B). The activity appears to 
decrease slightly with pressure in this case, only. It can be concluded 
that there were no significant changes in either the activity or the sta
bility of the secondary structure of these hydrogenases in the whole 
pressure range covered. 

4. Conclusions 

The deepest oceans on Earth are populated by organisms that are 
constantly exposed to high hydrostatic pressure, which reaches values of 
up to about 1000 bar in the deepest ocean trenches, such as the Mariana 
trench in the western Pacific Ocean, and in regions below the seafloor 
[38–41]. Life itself may have been created under pressure, such as in 
hydrothermal vent environments in the deep sea. Hence, knowledge of 
HHP effects on biological systems is fundamental to our understanding 
of life exposed to such harsh conditions, and of the pressure limit of life 
in general [41]. Of note, microbial communities driven by H2 have been 
found in deep-sea settings where other sources of energy, for example 
from photosynthesis, are not available. Here, we determined the sta
bility and activity of different [FeFe]‑hydrogenases from mesophilic 
bacteria, the CbA5HWT from Clostridium beijerinckii and CpI from 
C. pasteurianum, CpIWT, at high temperature and pressure conditions 
employing FTIR spectroscopy and the high-pressure stopped-flow 
methodology in concert with fast UV/Vis detection. The two enzymes 
differ regarding protein structure, stability in the presence of O2, and in 
their oligomerization state. While CbA5HWT is a dimer [16], the CpIWT 
variant acts as monomer. Our data show high temperature stability and 
a drastically increasing activity up to the unfolding temperatures of the 
enzymes, which lie at 54–60 ◦C. Remarkably, both enzymes show a very 
high structural pressure stability, revealing a high packing density and 
the absence of a large fraction of internal voids [26,42]. Of note, most 
proteins unfold at pressures between 2 and 8 kbar, oligomeric ones often 
also at lower pressures [25,26]. The high pressure stability of the two 

hydrogenases allows high enzymatic activity up to the 2 kbar range, 
which largely exceeds the pressure limit encountered by organisms in 
the deep sea and sub-seafloor on Earth. In future studies, the exploration 
of hydrogenases from extremophilic microbes that thrive under ex
tremes of temperature and pressure could help answer further questions, 
such as how protein molecules adapt to function well under such harsh 
conditions, while their counterparts in mesophiles fail. Furthermore, the 
understanding of these adaptations could be used in biotechnology to 
modify enzymes through bioengineering so that they function optimally 
under specific process conditions [26,41,43]. 
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Fig. 4. A) Time dependent absorption spectra of the substrate oxidized by CbA5HWT. A wavelength of 604 nm was chosen to follow the time course of the reaction. 
Inset: Time dependent UV/Vis absorbance at 604 nm of methyl viologen oxidized by CbA5HWT at 1 bar, 25 ◦C. B) Pressure dependence of the catalytic activity of both 
hydrogenases at a constant methyl viologen concentration of 80 μM. 
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Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.bpc.2024.107217. 

References 

[1] F.A. Armstrong, J. Hirst, Reversibility and efficiency in electrocatalytic energy 
conversion and lessons from enzymes, Proc. Natl. Acad. Sci. USA 108 (2011) 
14049–14054. 
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