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ABSTRACT: Carbon monoxide dehydrogenase reversibly catalyzes the oxidation of CO into CO,. The monofunctional enzyme
from Rhodospirillum rubrum (RrCODH) has been extensively characterized in the past, although its use and investigation by bioe-
lectrochemistry have been limited. Here, we developed a heterologous system yielding a highly stable and active recombinant
RrCODH in one-step purification, with a CO oxidation activity reaching a maximum of 26,500 U mg, making RrCODH the most
active CODH under ambient conditions described so far. Electron Paramagnetic Resonance was used to precisely characterize the
recombinant RrCODH, demonstrating the integrity of the active site. Selective CO,/CO interconversion with maximum turnover
frequencies of 150 s for CO oxidation (1.5 mA cm2at 250 mV overpotential) and 420 s for CO, reduction (4.2 mA cm™2at 180 mV
overpotential) are catalyzed by the recombinant RrCODH immobilized on MWCNT electrodes modified with 1-pyrenebutyric acid
adamantyl amide (MWCNTAPA), either in classic three-electrode cell or in specifically-designed CO,/CO-diffusing electrodes. This
functional device is stable for hours, and for at least 800,000 turnover numbers. The performances of recombinant RrCODH-modified
MWCNTAPAare closed to the best metal-based and molecular-based catalysts. These results greatly increase the benchmark for bio-
electrocatalysis of reversible CO, conversion.

Introduction

Ni-dependent carbon monoxide dehydrogenase (CODH) plays
a central role in carbon metabolism in anaerobic microorgan-
isms by reversibly catalysing the oxidation of CO into CO, for
a variety of metabolic purposes. It is able to produce CO from
CO, to synthesize diverse products (ethanol, acetate, methane,
formate, ...). In the reverse direction, the enzyme catalyzes the
oxidation of CO into CO,, CO serving thus as source of energy
and fixed carbon. Enzyme performances result from billion
years of evolution and selection, giving highly efficient cata-
lysts with high substrate and function specificity in response to
environmental demands. In the case of CODH, the enzyme
evolved as the most proficient catalyst in term of activity, se-
lectivity and ability to operate at mild conditions with CO and
CO,, known to be difficult to activate. X-ray structures of
CODH from R. rubrum (RrCODH) and CODH-11 from Carbox-
ydothermus hydrogenoformans (ChCODH-II) both revealed a
homodimer conformation with one active site per monomer,
namely C-cluster.? Three additional FeS clusters per dimer (2
B-clusters and 1 intermolecular D-cluster) are present, the B-
clusters mediating electron transfer between the active site and
the protein surface. The C-cluster, unigue in biology, is consti-
tuted of a Fe3S4Ni cluster, linked to a mononuclear Fe site (Fel).
Four different oxidation states have been proposed for C-clus-

ter: a catalytically inactive and EPR-silent C state; a one-elec-
tron reduced Cyeq State, which binds CO, a two-electron-re-
duced EPR-silent Ciy intermediate state; and a three-electron-
reduced form, Ciegz, Which binds CO2,% with Cregr and Cregz be-
ing the two catalytically important oxidation states (Scheme 1).*
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Scheme 1: Proposed mechanism of action of Ni-dependent CODH.
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The reaction mechanism of CODH has been extensively studied
in the past decades and even if details are still discussed,’ this
allowed to propose a common mechanistic model, postulating
that CO binds to nickel and H,O to Fel. After deprotonation of
water, a nucleophilic attack of OH" on CO gives a Fe1-Ni-bridg-
ing COOH intermediate. A second deprotonation yields a Fel-
Ni-bridging COO" species, before the release of CO, and the re-
duction of the cluster by two electrons (Scheme 1). Electrons
are subsequently transferred to an external electron acceptor via
FesSs clusters. CODHs are mostly inactive at redox potentials
higher than -300 mV vs. SHE.® The Cox/Cred1 redox couple and
the Crea1/Creq2 redox couple potential were reported to be -200
mV and -530 mV, respectively, the latter matching well with
CO/CO; redox potential.

In the field of catalysis for sustainable chemistry, interest in
CODH has dramatically increased in recent years in order to
develop new methods for CO, sequestration. CODH direct bio-
electrochemistry has been deeply investigated by protein film
voltammetry by Armstrong et al®”®9 or Léger et al, 1212, show-
ing the ability of these enzymes to behave as reversible electro-
catalysts and catalyze selective CO oxidation and CO, reduc-
tion with minimal overpotential. As in other types of metalloen-
zymes, this ability is achieved owing to low reorganization en-
ergies through multiple electron transfer, proton-coupled elec-
tron transfer and close values for redox potentials of the active
site and the CO,/CO couple. Several attempts have also been
made to integrate CODH in functional devices. When immobi-
lized at silver-nanoparticle-coated TiO, surfaces, CODH
achieves fast photocatalytic CO,-to-CO reduction.!® Their mix-
ing with graphite pellets along with the hydrogenase Hyd-2
from Escherichia coli allows the achievement of an enzymatic
Water-Gas Shift Reaction (WGSR).!* However, the achieve-
ment of stable and high electrocatalytic activity towards
CO,/CO interconversion has never been optimized in these sys-
tems, both in terms of CODH activity and interfacing with na-
nomaterials.

Despite the undeniable performances and specificities of
CODH, several challenges must still be addressed to make their
exploitation practical. Firstly, microorganisms that naturally
produce this complex enzyme often require specific growth
conditions (anaerobiosis, specific substrates and media, toxic
gases, ....).1516 Secondly, given its complexity, the biosynthesis
and insertion of the multimetallic active sites into the target en-
zyme is extremely challenging. It requires the identification of
all the protein partners involved in the intracellular metal traf-
ficking and maturation machinery, as well as the understanding
of the synchronization and the sequence of the different events
leading to the biosynthesis of the active enzyme.l” Thirdly,
while in nature, enzymes are spatially and temporally controlled
by intracellular conditions and physiological partners, once pu-
rified and isolated, they become more sensitive to their environ-
ment (pH, temperature, oxygen, solvents, ...). In order to con-
sider the relevance of complex redox metalloenzymes such as
CODH for future biotechnological applications, the develop-
ment of easy methods for their large-scale production is neces-
sary. The possibility to produce CODH in easy-to-grow bacteria
facilitates also mechanistic studies at the molecular level.

In the last decades, C. hydrogenoformans has represented a
model organism for the study of monofunctional CODH.This
thermophilic bacterium, able to use CO as a sole energy and
carbon source, possesses four CODH (I to IV) with distinct

functions.® Among them, fully active recombinant monofunc-
tional ChCODH-II and -1V have been successfully purified
from anaerobic E. coli cultures,**° and thoroughly structurally,
electrochemically and spectroscopically characterized. How-
ever, in term of performances for potential future applications,
the catalytic efficiencies of these thermophilic enzymes are lim-
ited under ambient conditions. On the other hand, CODH from
the mesophile bacterium R. rubrum has been largely character-
ized since the late 80s,2021222 glthough studies have been lim-
ited in the last decade. R. rubrum possesses a single monofunc-
tional CODH (homologue to ChCODH-1), involved in the water
gas shift reaction (CO + H,O - CO; + Hy), enabling the bacte-
rium to use CO as sole energy source. The reaction is catalyzed
by a multiprotein complex involving CODH, converting CO
into COg, a ferredoxin CooF transferring the electrons produced
to an energy conserving-[NiFe]-hydrogenase (ECH).%* In R.
rubrum, the structural gene of CODH, namely cooS, belongs to
the cooFSCTJ operon, where cooF encodes the ferredoxin
CooF,% cooC a Ni-dependent ATPase,?® and cooT and cooJ,
two nickel chaperones.?"2829% |n vivo, the three chaperones
CooC, CooT and CoolJ are required for the correct insertion of
nickel into the active site, shown to be a key step in the enzyme
activation 3132

Wiring of metalloenzymes at electrodes requires rational strat-
egies aimed at minimizing electrode-active site distances as
well as maximizing catalyst loading. In this respect, carbon
nanotubes (CNTSs) possess a set of abilities which make them
an ideal material for such purpose: thin nanowire morphology,
biocompatibility, high conductivity, high electroactive surface
and ease of functionalization.3**435% Fyrthermore, these bio-
functionalized nanomaterials can be further integrated in oper-
ational devices such as gas-diffusion electrodes of fuel
cells.343837 Specific functionalization of CNTs has taken ad-
vantage of noncovalent interactions such as enzyme dipolar mo-
ment, or hydrophobic/hydrophilic interactions to enhance the
immobilization of enzymes such as hydrogenases or laccases
and influence their orientation at CNTs.3®

In the present study, we developed a novel heterologous system
allowing the easy production of highly active recombinant
RrCODH (Rec-RrCODH) in good yields which was biochemi-
cally and spectroscopically characterized in details. Multi-
Walled CNT (MWCNT) electrodes were modified with 1-
pyrenebutyric acid adamantyl amide in order to optimize Rec-
RrCODH direct electrochemistry as well as enzyme loading at
electrodes for CO/CO, interconversion, either in classic three-
electrode cell or in specifically-designed CO,/CO-diffusing
electrodes.

Results and Discussion

Metallated RrCODH is produced in E.coli under aerobic con-
ditions

The structural gene of RrCODH (RrcooS) from Rhodospirillum
rubrum was expressed in E. coli. Two forms of the recombinant
enzyme were produced by transforming E. coli with either cooS
alone or with the three cooC, cooT and cooJ genes, yielding
Rec-RrCODH and Rec-RrCODHC™, respectively. One-step pu-
rification led to pure and homogeneous enzymes as shown by
SDS-PAGE (Figure S1A). The two enzymes were routinely pu-
rified with a yield of 14 to 17 mg of Rec-RrCODH and 4 to 6
mg of Rec-RrCODHC™ per liter of culture. SEC-MALLS-IR



experiments show the homogeneity and the homodimeric or-
ganisation (Figure S1B).

In addition, both CODH displays the typical brown coloration
due to the presence of FesS, clusters. This is also supported by
the UV-visible absorption spectra of the oxidized enzymes. The
typical broad shoulder from 350 to 480 nm (Figure S1C) and a
purity coefficient (A420/A280) of 0.37-0.38 are comparable to
that of wild-type RrCODH.*® Metal content determination on
Rec-RrCODH and Rec-RrCODH®™ revealed that iron content
is similar in both enzymes with approximately 9-10 atoms of
iron per monomer, in agreement with the expected 10 Fe atoms
per monomer found in the wild-type enzyme. As previously de
scribed for the three CODH |, 1l & IV from C. hydrogenofor-
mans,* %° the ISC machinery from E. coli appears then to be
able to build the B-and D-clusters and deliver the FeS moiety
of the C-cluster in RrCODH. In R. rubrum, the ISC machinery
is not present but is likely replaced by the SUF machinery,*
suggesting that ISC and SUF machineries are interchangeable
for FeS insertion into the C-cluster.

Nickel content is about 0.7 £0.1 and 0.8 £0.1 of Ni(Il) per mon-
omer for Rec-RrCODH and Rec-RrCODH®™, respectively cor-
responding to about 70 and 80% of the expected content in a
fully metallated enzyme. Consequently, the supplementing of
500 uM of Ni(ll) salt to the growth medium seems to be suffi-
cient to allow partial nickel insertion into RrCODH in cellulo,
without the requirement of the three chaperone CooCTJ. It is in
agreement with previous studies showing that a Ni excess can
compensate for the absence of the chaperones. More surpris-
ingly, aerated culture of E. coli in the absence of reducing
agents except L-cysteine and Fe(l) salts would allow Ni inser-
tion into RrCODH. This was not expected since the redox po-
tential of E. coli cytoplasm is estimated to be about -0.22 V
while C-cluster biosynthesis and especially Ni insertion mech-
anism, has been shown to require a reducing step at low redox
potential (below -0.3 V). Besides, the production of all active

recombinant CODH produced in E. coli described so far require
anaerobic conditions in the presence of highly reducing agents,
such as sodium sulfide.

CO oxidation activity of Rec-RrCODH and Rec-RrCODH €™
in solution

In order to determine their specific activity, the enzymes were
first diluted in 50 mM Tris-HCI, pH 8.5, 5 mM DTT with dithi-
onite (DTH) at 21°C prior to measurement. Interestingly, Rec-
RrCODH activity is strictly dependent on DTH concentration,
the enzyme requiring a reducing pre-activation step by adding
at least 15 mM DTH to reach a maximum specific activity of
2,500 U-mg? (Figure S2). In contrast, Rec-RrCODHC™ does
not require any reducing pre-activation and reach a specific ac-
tivity of 10,508 U-mg* in the presence of 1 mM DTH (Table
1). Moreover, the latter enzyme remains active for several days
at room temperature without the requirement of any additional
reactivation (91% of maximum specific activity after 140
hours). While the Fe and Ni contents are comparable in both
enzymes, the co-production of Rec-RrCODH with the three
CooCTJ proteins seems to play a significant role on the stability
and activity of the produced enzyme, although their role at the
molecular level has been not yet elucidated. This is in agree-
ment with previous studies on the CODH from Desulfovibrio
vulgaris, highlighting the plasticity of the C-cluster and the
identification of different reduced active or oxidized inactive C-
cluster states.”> Moreover, with a specific activity of 5,685
U-mg* at pH 7.5 (corresponding to 75% of the native enzyme
one purified from R. rubrum*), Rec-RrCODH®™ appears
roughly as active as the native enzyme (Table 1), considering a
Ni content of about 0.8 Ni atom per monomer. Therefore, we
consider that the expression system developed in this study al-
lows the production of a fully active and stable recombinant
RrCODH.

CO oxidation
1 U : 1 umol of CO oxidized - min
pH T (°C) U-mg!
Native RrCODH* 75 25 7,700
Rec-RrCODHC™ 7.5 25 5,685
8.5 25 10,508
9.5 50 26,016
Native ChCODH-14 20 1,300
80 70 15,756
' 95 37,949
Recombinant ChCODH-1 (+Ni(1l) & CooC)® 70 8,060
Native ChCODH-11#? 20 1,000
8.0 70 14,200
’ 105 40,666
Recombinant ChCODH-11 (+ Ni(l1))*® 70 12,229
Recombinant TspCODH-1 (+Ni(Il) & CooC)* 8.0 37 62
Recombinant TspCODH-2 (+Ni(ll) & CooC)* ‘ 262
Recombinant DvCODH (+ Ni(1l) & CooC)* 10.0 37 1,660

Table 1. Specific activities of monofunctional CODH



pH and temperature dependence of Rec-RrCODH €™ CO ox-
idation in solution

Several monofunctional CODH have been thoroughly charac-
terized over the last decades. Although CODH from the ther-
mophile C. hydrogenoformans have often been described as the
most active enzymes, there are many discrepancies about opti-
mum temperature and pH of CODH activity in the literature
(Table 1). We therefore decided to perform a pH and tempera-
ture dependence study of CO oxidation activity displayed by
Rec-RrCODHC™. First, the effect of pH and temperature on the
kinetics was evaluated (Figure 1A,B). Second, the enzyme sta-
bility according to pH and temperature was measured (Figure
1C,D). We determined an optimum pH and temperature of 9.5

and 50°C, respectively. Under these conditions, Rec-
RrCODHC®™ reaches a CO oxidation activity of 26,016 U-mg™.
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Figure 1. CO oxidation activity of Rec-RrCODH®™ in solution (4
nM dimer) A: pH titration from 4.0 to 11.5, with a maximum activ-
ity of 18,567 U mg* reached at pH 9.5 and 21°C B: Temperature
dependence from 21 to 60 °C, with a maximum activity of 17,221
U mg! reached at 50 °C, pH 8.5 C: Rec-RrCODH®™ stability ac-
cording to pH D: Rec-RrCODHC™ stability according to tempera-
ture.

By comparison with other CODH, we observed that CO oxida-
tion activities of Rec-RrCODH®™, Wild-type ChCODH-I and
wild-type or recombinant ChCODH-II are comparable at their
optimum temperature (50 °C and 70°C, respectively) (Table 1).
In contrast, recombinant, CODH from Desulfovibrio vulgaris
(DvCODH), and recombinant CODH from Thermococcus Sp.
(TspCODH-1 and -2) are much less active (Table 1), suggesting
that under these conditions, the enzyme may not be fully and
correctly maturated. The low activity of recombinant Tsp-
CODH produced in Desulfovibrio (Table 1) strongly suggests
that aside from CooC, other missing partners are likely required
for CODH maturation. In this latter case, we observed that two
not annotated genes present downstream CooC2 actually en-
codes two CooT proteins. Their presence in a common cluster
gene with cooS and cooC strongly suggest their implication in
the C-cluster biosynthesis. Another possibility would be that

some CODH are not directly involved in CO/CO; interconver-
sion catalysis but would have other functions, as illustrated by
ChCODH-1V, a CO scavenger in defence against oxidative
stress.’® The different specific activities of recombinant
ChCODH-I and ChCODH-1I when produced in E. coli in the
presence or absence of CooC and/or Ni salts (Table 1) also sug-
gest fundamental differences in their maturation pathways and
nickel-dependent enzyme activation. All these studies point out
that the mechanism of nickel insertion into the C-cluster appears
to be not straightforward and not common for all CODH.

EPR characterization of Rec-RrCODH ¢™

To further examine and characterize the metal cluster integrity
of Rec-RrCODHC™, redox titration of the recombinant enzyme
was performed and monitored by EPR spectroscopy at low tem-
perature (10 K). After buffer exchange, the enzyme solution
was prepared anaerobically in 100 mM MOPS buffer pH 8.0
and titrated in glove box with DTH.

Upon reduction of Rec-RrCODHC™, no significant signal was
observed above -250 mV. Below this value, a rhombic signal
develops at g = 2.029, 1.886 and 1.710 (Figure 2A-a). This sig-
nal is characteristic of the Crea: state of the C-cluster*#” and
reaches a maximum amplitude at about -450 mV (Figure S3).
Concomitantly a second rhombic signal appears below -350 mV
with g values at 2.041, 1.931 and 1.882. This signal is typical
of a reduced [4Fe-4S]** center and increase progressively upon
reduction with a significant broadening below -500 mV and
broad lateral bands around g = 2.09 (Figure 2A-c,d) likely due
to intercluster magnetic couplings.*®#° Interestingly, below -500
mV the Crq: signal decreases and additional features appear at
g = 1.757 and 1.970 which reveals the redox conversion of the
Crea1 State into the Creq2 One (g = 1.970, 1.887; 1.757), a conver-
sion reported as a two-electron redox process.*” All these sig-
nals exhibit fast relaxation properties typical of CODH metal
centers, the FeS signal being not saturated at 10 K with 1 mW
microwave power, while Creq1 and Creqz are not saturated up to
10 mW. Spin intensity measurements performed at 10 K by
double integration of the EPR spectra recorded in non-saturat-
ing conditions indicate that Crq signal corresponds to 0.6
spin/dimer (0.3 spin/monomer) at its maximum intensity
(around — 450 mV), and that the EPR spectrum of the most re-
duced sample represents 3.0 spins/dimer (1.5 spin/monomer).
Although the Creq, signal overlaps FeS and Ceq: signals, it has
been possible to estimate its spin intensity by performing spec-
tral differences between samples taken at different potentials. In
the more reduced state of the enzyme it corresponds to 0.34
spin/dimer (0.17 spin/monomer) suggesting that, within exper-
imental error, all the Creq State is converted into Creq. during
redox titration. Moreover, by weighting the spin intensity of
Crea1 and Creqz signals by the amplitude of the linesat g = 1.71
and 1.757, respectively, their contributions to the total spin in-
tensity of each sample could be subtracted to deduced that of
the FeS signal alone.
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Figure 2. EPR titration of Rec-RrCODHC™. A: EPR spectra of Rec-
RrCODHC™ poised at different potentials. a) -275 mV, b) - 396
mV; ¢) — 506 mV; d) -541 mV. Experimental conditions: tempera-
ture, 10 K; microwave power, 10 mW at 9.480 GHz; modulation
amplitude, 1 mT at 100 kHz. Red vertical dashed lines indicate the
position of the negative peaks of the Cred1 and Cred2 Signals at g =
1.710 and 1.757 respectively. B: Redox behaviour of the FeS signal
spin intensity. For each sample the spin intensity of the FeS signal
(black squares) was obtained by subtracting the Credq1 and Credz Sig-
nal contributions (see text). The curve is the sum of two Nernst
processes centered at E°1 = -400 mV and E°2 = -500 mV weighted
by spin intensity one and two, respectively. EPR conditions as in
panel A except microwave power 1 mW. C: EPR titration of Rec-
RrCODHC" in the presence of cyanide. a) -297 mV; b) -416 mV;

¢) -592 mV. EPR conditions as in panel A.

The redox behaviour of the FeS signal intensity so obtained is
well fitted by the superimposition of two Nernst curve centered
at E°, = -400 mV (£ 10 mV) and E°; = -500 mV (+ 10 mV),
corresponding to one and two spins/dimer, respectively (Figure
2B). This result is in good agreement with the FeS cluster con-
tent of RrCODH dimer which is composed of one intermono-
mer bridging D-cluster and two B-clusters. All these results in-
dicate clearly that the metal cofactor content and properties of
the Rec-RrCODHC®™enzyme are similar to that of the native en-
zyme.

Cyanide is a well know inhibitor of CODH which binds directly
on the catalytic C-cluster of the enzyme.* To address the ability
of this inhibitor to interact with C-clusters of the Rec-
RrCODHC®™ enzyme, EPR titration of the enzyme was also per-
formed anaerobically in the presence of an excess of NaCN
(~100 eq). Below — 250 mV a complex EPR signal can be ob-
served with a sharp peak at g = 1.969 and major features at g =
1.898, 1.848 and 1.70. Additionally, a broad line is also detected
at high field around g = 1.57 (Figure 2C-a). This signal is char-
acterized by fast relaxation properties, being not saturated at 10
K, 10 mW. This signal is reminiscent of other EPR signals ob-
tained upon treatment of other CODH with cyanide.>® Upon
more pronounced reduction its amplitude remains approxi-
mately unchanged, while the signatures of FeS center develop
at g =2.039, 1.932 and 1.88 (Figure 2C-h).

At very low potential, the FeS signal is similar to that detected
in absence of cyanide (Fig. 2C-c). In contrast to the titration
without cyanide, no Creg1 Or Cregz Signal was observed in the
whole potential range investigated which confirms that the Rec-
RrCODHC®" is fully inhibited by cyanide as the native enzyme.
In view of its characteristics, Rec-RrCODHC™ appears in our
opinion as the best compromise for future studies and applica-
tions, considering on the one hand its easy production and puri-
fication and on the other hand its high activity under ambient
conditions (physiological pH and room temperature) and its sta-
bility (several months at 4°C). These encouraging results urged
us to investigate its electrocatalytic properties towards both CO
oxidation and CO; reduction in a specifically designed gas-dif-
fusion enzymatic system

Direct Electrochemistry of Rec-RrCODH.

We have recently investigated the use of Direct Electron Trans-
fer (DET) promoters for metalloenzymes in order to favour their
immobilization and orientation at the surface of MWCNT elec-
trode. The adamantane moiety have proven its ability to
strongly interact with well-defined hydrophobic patches at the
surface of several metalloenzymes such as laccase® and NiFeSe
hydrogenases.®® In this respect, Rec-RrCODH and Rec-
RrCODH®™ were immobilized at MWCNT electrodes modified
with 1-Pyrenebutyric acid adamantyl amide. Electrochemistry
of pristine MWCNT and adamantane-modified MWCNT
(MWCNTAPA) were compared under Ar, CO or CO; after incu-
bation of the electrode in a 38 pM of monomer for 4 hours.
Figure 3 displays CV performed under argon at pH 8.5 for
MWCNT and MWCNTAPA electrodes. A reversible redox sys-
tem is observed at Ei» = —0.595 V vs. SHE (pH 8.5) for both
type of electrodes, corresponding to the Creq1/Creq2 redox sys-
tem. A potential/pH dependence was performed between pH 5.0
and 9.5. A 58.4 mV slope per pH unit is consistent with a pro-
ton/electron ratio of 1. Considering the fact that the observed
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redox potential is consistent with the redox potential of the
Cred1/Cred2 redox system (see above), this pH dependence likely
account for a two proton/two electron system. This is further
confirmed by the value of the potential width of AE, 1, =55 mV
at half-height, closed to the theoretical value of 90.6/2 = 45.3
mV accounting for a surface-confined bielectronic system.>2
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Figure 3. A: Schematic representation of CODH-modified
MWCNTAPA, B: CVs of the Rec-RrCODHCT-functionalized
(black) pristine MWCNT, (red) MWCNTAPA electrodes under Ar
at pH 8.5 before (straight line) and after (dotted line) addition of 2
mM NaCN (50 mM Tris-HCI, pH 8.5, v = 5 mV s?). C: Back-
ground-subtracted oxidation peak (in the presence of NaCN) and
reduction peak for Rec-RrCODH™-functionalized (black) pristine
MWCNT, (red) MWCNTAPA electrodes under Ar. D: potential/pH
dependence of E1/2 for the Rec-RrCODHC™-functionalized
MWCNT electrodes accompanied with linear fit (gray dashed line)
and standard CO/CO: redox couple pH dependence (red line).

Compared to the reduction peak current, a higher oxidation
peak current indicates the presence of residual catalytic activity
from the reduction of dissolved CO, traces and the oxidation of
as-formed CO at this highly-porous electrodes. CVs were per-
formed in the presence of 2 mM NaCN to inhibit the catalytic
activity corresponding to CO oxidation by forming the Cyeqi-CN
adduct. As expected from EPR studies (see above), the oxida-
tion peak current decreases, leaving the response of the electro-
chemically-irreversible Cq1-CN inactive species. On the con-
trary, catalytic CO- reduction do not contribute significantly to
the cathodic peak, as confirmed by CV performed in the pres-
ence of 5 mM KOCN (Figure S4). Having confirmed the non-
turnover redox signal of the immobilized Rec-RrCODH®™ | a
surface coverage of T'copn = 35 (+/-2) and 52 (+/-2) pmol cm™
was estimated for MWCNT and MWCNTAPA electrodes re-
spectively, calculated from the integration of the charge under
both the reduction peak or the oxidation peak. For comparison,
NiFeSe hydrogenases from Desulfomicrobium baculatum has
also been immobilized on similar MWCNT electrodes with
maximum surface coverages in the order of 10 pmol cm238

Considering the fact that the amount of MWCNT is approxima-
tively 40 pg per electrode, this corresponds to a mass loading
of 0.17 and 0.25 pg of enzyme per mg of MWCNT for
MWCNT and MWCNTAPA electrodes respectively. As far as
we know, no reversible systems have already been observed on
electrodes for CODH, further underlining the excellent direct
wiring of Rec-RrCODH®™ on both MWCNT and MWCNTAPA
electrodes.

Rec-RrCODH and Rec-RrCODHC™ were then investigated un-
der CO and CO,. Figure 4 displays CV performed in saturated
solutions of CO and CO; under quiescent conditions for
MWCNT and MWCNTAPA electrodes. Control experiments
were also performed on nonfunctionzalized MWCNTSs (Figure
S5). No redox activity nor electrocatalytic activity towards both
CO; reduction and CO oxidation were observed.

Under CO, an irreversible oxidation peak with a maximum cur-
rent density of 0.35 mA cm at -0.3 V vs. SHE was observed
for both MWCNT and MWCNTAPA respectively. Two main
factors are responsible for the fact that electrocatalytic
waveshapes exhibit a residual slope instead of reaching a plat-
eau: the diffusion limitations of gas at these highly-porous
nanostructured electrode and the presence of a statistical distri-
bution of enzyme orientation immobilized at the surface of the
electrode. %% It is important to note that lower current under
CO atmosphere is mostly due to the low solubility of CO at at-
mospheric pressure. Furthermore, substrate diffusion limita-
tions are commonly observed at these highly porous MWCNT
electrodes. Nonetheless, high electrocatalytic current densities
under CO, of 2.1 and 2.9 mA cm?2at-0.75 V vs. SHE was meas-
ured for MWCNT and MWCNTAPA electrodes, respectively.
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Figure 4. CVs of the Rec-RrCODHC™-functionalized (black) pris-
tine MWCNT, (red) MWCNTAPA electrodes under Ar, CO and
COz2 (50 mM Tris-HCI, pH 8.5, v=5mV s%).

Electrocatalytic activities were tested for both Rec-RrCODH
and Rec-RrCODHC™, Higher maximum electrocatalytic cur-
rents were observed for Rec-RrCODH®™, as compared to the
Rec-RrCODH which shows 1.2 and 2.1 mA cm towards CO;
reduction for MWCNT and MWCNTAPA electrodes respec-
tively (Figure S6). This likely accounts for the higher enzymatic
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activity and stability of Rec-RrCODH®™. As expected from sur-
face coverage measurements, MWCNTAPA electrodes exhibits
the highest electrocatalytic activity for CO; reduction. This is
caused by the higher amount of CODH immobilized on these
modified MWCNTSs. A study of RrCODH surface hydrophobi-
city (Figure S7) indicates that the D-cluster is surrounded by
two well-defined hydrophobic patches, which may contribute to
the enzyme affinity for adamantane, previously shown to inter-
act with proteins via hydrophobic interactions.* In this regard,
adamantane would play a significant role in the enzyme immo-
bilization and orientation, explaining the improvement of Rec-
RrCODH®-functionalized MWCNTAPA activity.

pH dependence measurements were performed and showed that
the immobilized enzyme follows the trend of the enzyme in so-
lution, showing the best performances above pH 8.5 reaching
maximum current densities of 3.15 mA c¢cm? at pH 9.5 (Figure
S8) Chronoamperometric measurements were performed to es-
timate the operating stability and the Turnover Number (TON)
of the immobilized Rec-RrCODH®™. TON was measured by
integration of the total charge passed during the chronoam-
perometry taking into account the estimated enzyme surface
coverage. A TON of 800,000 was measured by a one-hour
chronoamperometry (Figure S9) performed at a fixed potential
of -0.75 V vs SHE (overpotential of 0.13 V). This corresponds
to an average TOF of 224 s over one hour. TOF value was
calculated using the equation TOF = Iyax /(2XFXTcopn ). A par-
tial deactivation after one hour (35 %) likely arises from a leak-
ing of loosely-adsorbed CODH or the presence of O, traces in
CO; gas bottle (10 ppm).

CO2/CO interconversions in Gas-diffusion bioelectrodes

In order to optimize the electrocatalytic performances of these
bioelectrodes as well as to test their ability to operate in a func-
tional device, a specific gas-diffusion electrode was designed
allowing the constant flow of CO or CO, at CODH-modified
gas-diffusion MWCNT electrode. This type of electrode allows
the (bio)catalyst to operate at a three-phase boundary, circum-
venting gas substrate solubility and diffusion issues. This is es-
pecially challenging for enzymes which requires the presence
of a surrounding buffer solution with optimal pH.3* %6375 A
MWCNT film was deposited at the surface of a microporous
gas-diffusion layer and subsequently modified with 1-
Pyrenebutyric acid adamantyl amide and RecRrCODH®™ (Fig-
ure 5A and 5B). A graphite plate with a serpentine flow design
ensures a homogenous gas flow at the back of the bioelectrode
where the enzyme is in contact with a degassed 50 mM Tris-
HCI pH 8.5. Laser scanning microscopy (LSM) measurements
were performed showing a homogenous MWCNT film with an
average thickness of 3 pM on the microporous layer (Figure
S10A,B). Scanning Electron Microscopy of the surface of the
electrode underlines the high porosity of these functionalized
bioelectrodes (Figure S10C). CVs were performed with a con-
stant flow of CO, CO; or Ar (Figure 5C). Owing to the gas-
diffusion electrode, electrocatalytic current densities for CO ox-
idation reaches current density of 1.5 mA at -0.38 V while max-
imum current densities for CO, reaches 4.2 mA cm? at -0.8 V.
This corresponds to TOF values of 420 s for CO, reduction at
180 mV overpotential and 150 s for CO oxidation at 250 mV
overpotential. Comparing gas-diffusion electrode performances
with previous experiments with solubilized gas, an increase in
terms of current density is observed for both CO oxidation and

CO; reduction. While CO oxidation is mostly limited by low
CO solubility in solution, both catalyst loadings and substrate
diffusion are the limiting factors at these porous 3D MWCNT
films for gas-diffusion electrode experiments.
The products of the electrocatalysis were analyzed by gas chro-
matography. As expected, the immobilized enzyme produces
100 % CO from CO, reduction and 100 % CO, from CO oxida-
tion, either at MWCNT-modified GC electrodes or at gas-dif-
fusion MWCNT electrodes. (Figure S11).
For comparison, the state-of-the-art performances for molecu-
lar-based catalysts towards CO,-to-CO conversion have been
reported for CNT-modified azamacrocycle cobalt com-
plexes.®57%8 A cobalt quaterpyridine hybrid catalyst reaches
19.9 mA cm2 at overpotential of 440 mV with catalyst loading
of 8.5 nmol cm?, TOF of 12 s and maximum estimated TON
of 89 095.
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Figure 5. A: Schematic representation and B: photograph of the
gas-diffusion electrochemical. C: CVs (three cycles) of the Rec-
RrCODHCM-functionalized MWCNTAPA gas-diffusion bioelec-
trodes under Ar, CO and CO2 (50 mM Tris-HCI, pH 8.5, v=5mV
s1).

This work represents the first example of a CODH-based elec-
trode working at a gas-diffusion electrode. For comparison, the
only other CODH studied at nanostructured electrode towards
electrocatalytic CO; reduction is ChCODH-I which was immo-
bilized at nanostructured silver-nanocluster-modified TiO,
electrodes and achieved maximum current density of 0.26 mA
cm2.12 Other types of metal-based nanomaterials such as CNT-
supported copper phtalocyanines® reaches 6.9 mA cm at 300
mV overpotential while, in the case of mesoporous gold-based
electrodes,®® 22 mA cm2 can be reached at 240 mV overpoten-
tial. These results show that Rec-RrCODH™ -modified
MWCNTAP electrodes are closed to the best metal-based and
molecular-based catalysts in terms of current densities. In addi-
tion, Rec-RrCODH-modified MWCNTAPA outperforms state-
of-the-art catalysts for CO, to CO reduction in terms of overpo-
tential and exhibits higher TON values as compared to molecu-
lar catalysts for CO; reduction (Table S1).

Conclusion

The design of efficient electrocatalysts holds the promise to of-
fer new attractive strategies in sustainable energy. In this field,
anaerobic gas-processing metalloenzymes suffer from their
complexity and stability. However, bio-electrocatalysis affords
several advantages such as highly selective catalytic efficien-
cies under mild conditions (pH, temperature, aqueous solvent,
...) at low overpotentials and using non-noble metals. In this
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study, the easy production of a stable and fully active recombi-
nant RrCODH with a CO oxidation activity reaching up to
26,500 U-mg* in solution makes it an interesting candidate for
future applications. The electrocatalytic activity of
RecRrCODH®M-immobilized MWCNTAPA  electrodes for
CO/CO; interconversion, either in classic three-electrode cell or
in specifically-designed CO,/CO-diffusing electrodes surpasses
those reported earlier, when graphite or TiO, was used. Re-
markably, the high performances of Rec-RrCODHC™-modified
MWCNTAPA are fully demonstrated, with a stability over sev-
eral hours with at least 800000 turnovers. Its competitiveness
with molecular-based catalysts used in electrochemical CO; re-
duction paves the way for the development of new functional
enzymatic devices. Furthermore, taking into account the high
sensitivity of these enzymes towards oxygen, oxygen deactiva-
tion has to be tackled, through diverse approaches such as spe-
cific electrode engineering, % the screening of CODH biodi-
versity, site-directed mutagenesis'? or enzyme immobilisation.
Furthermore, the ability of Rec-RrCODH®™ to, reversibly, oxi-
dize CO at low overpotentials with similar high electrocatalytic
activity in mild conditions makes this type of biofunctionalized
nanostructured electrode a potent catalyst for applications such
as WGSR.
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