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Abstract

Light-dependent reduction of carbon dioxide (CO,) into value-added products can be
catalyzed by a variety of molecular complexes. Here we report a rare example of a
structurally characterized artificial enzyme, resulting from the combination of a heme binding
protein, heme oxygenase, with cobalt-protoporphyrin IX, with good activity for
photoreduction of CO, to carbon monoxide (CO). Using a copper-based photosensitizer, thus
making the photosystem free of noble metals, a large turnover frequency value of ~ 616 h™, a
turnover value of ~ 589, after 3 h reaction, and a CO vs H; selectivity of 72 % were obtained,
establishing a record among previously reported artificial CO, reductases. Thorough
photophysical studies allowed tracking reaction intermediates and provided insights into the
reaction mechanism. Thanks to a high-resolution crystal structure of the artificial enzyme,
both in the absence and in the presence of the protein-bound CO, substrate, a rational site-
directed mutagenesis approach was used to study the effect of some modifications of the
active site on the activity.



Introduction.

Electro- and/or photo-reduction of carbon dioxide (CO;) into energy-dense chemicals of
economic value, e.g. carbon monoxide and formic acid as primary targets, is emerging as a
key strategy for valorizing this carbon source in excess in our atmosphere.! It can also serve
as a process for storing renewable and intermittent energies, such as solar energy, into
chemical energy (the energy in chemical bonds). Development of this technology obviously
requests the discovery of cheap, stable, efficient and selective catalysts and a better
fundamental understanding of multi-electronic and multi-protonic mechanisms associated
with CO, activation.” Selectivity is a specifically challenging issue in the case of CO,
reduction, since different products can form at quite close redox potentials and since proton

reduction competes with CO, reduction.

Heterogeneous and homogeneous catalysts have been extensively explored during the last 20
years.>® In contrast, the enzymology approach has been underexplored even though
fascinating natural CO, reduction enzymes (CO,Rases), such as carbon monoxide
dehydrogenases (CODH) and formate dehydrogenases (FDH), catalyzing reversible CO,
reduction to CO and HCOOH, respectively, with very high efficiency and selectivity, have
been discovered.®” Unfortunately, these enzymes are very difficult to prepare in pure form as
their production depends on complex maturation machineries and they are extremely sensitive
to oxygen. Therefore, they seem quite inappropriate for biotechnological development so far.
We thus here consider a novel approach, aiming at designing, preparing, and characterizing
semisynthetic artificial CO, reductases (named ACRs hereafter). Artificial enzymology
currently enjoys increasing interest as a way to expand the repertoire of enzymes, via
anchoring a synthetic molecular catalyst into a protein host, not necessarily an enzyme,
through covalent or non-covalent interactions.® This strategy combines attractive features of
both molecular and enzymatic catalysis. The protein environment might give the synthetic
catalysts a new dimension, favoring catalysis: greater water solubility, greater activity,
selectivity, and greater stability (by isolating the catalyst, the protein prevents it from
bimolecular deactivating processes). Furthermore, such hybrid systems may rival natural
CORases with the following specific benefits: (i) much easier preparation; (ii) tunability via
both site-directed mutagenesis of the protein (in order to manipulate primary and secondary
coordination sphere interacting with the catalyst, the substrate, or intermediates) and synthetic
variations of the catalyst (ligand and metal); (iii) greater stability. Such an artificial
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enzymology strategy has been extensively used for a variety of hydrogenation, C-C bond

formation, and hydration and oxidation reactions.?

In contrast, there are, to our knowledge, only very few examples of ACRs reported so far
(Table S1). These are mainly light-driven photosystems achieving CO, photo-reduction in the
presence of a photosensitizer and a sacrificial electron donor, with the exception of an
artificial iron-sulfur protein, based on the well-known biotin-streptavidin approach, recently
reported for its catalytic activity for CO, reduction to hydrocarbons by a strong Eu-based
chemical reducing agent, in the absence of light.® In a first example, both Lehn’s catalyst,
[Re(bpy)(CO)3]Cl, and a Ru-based photosensitizer were covalently attached to a B-helical
protein nanotube, and the resulting assembly was poorly active (TOF ~ 1 h™) during
photocatalytic reduction of CO, in a 1:1 water:DMF solvent using 1-benzyl-1,4-
dihydronicotinamide as a sacrificial reducing agent.’® In a second system, [Ni(cyclam], a
well-known molecular catalyst for CO, reduction to CO, was attached to azurin, a copper
protein, through a histidine-nickel coordination bond. This hybrid system catalyzes the
photoreduction of CO, to CO in water, in the presence of ascorbate as the sacrificial reducing
agent and a Ru-based photosensitizer, however with very low activity (TON = 4.6 after 2
hours reaction).**"** As another example, a photosensitizing protein became photoactive for
CO; reduction to carbon monoxide (CO) or formic acid after attachment of either a
Ni(terpyridine) complex or iron-sulfur clusters, respectively, here also with limited reaction
rates (TON = 35-85 after 12 hours).”*** Finally, during the course of this work, an intriguing
class of metal-free proteins, selected for having a well-defined CO, binding pocket, was
reported to display a catalytic activity for CO, photoreduction (TON = 143 after 3 hours
reaction for phenolic acid decarboxylase)."

Here we demonstrate that the combination of a heme binding protein, heme oxygenase, with
cobalt-protoporphyrin 1X results in a highly active and selective ACR, named HmuO-Co"" in
the following. Also during the course of this investigation, Y. Deng and collaborators reported
an ACR based on myoglobin loaded with the same Co-protoporphyrin IX cofactor.® A Co-
porphyrin has also been covalently attached to a protein providing it with a weak activity for
CO, photoreduction.” Co-porphyrins have been selected as they are well-known as catalysts
for CO, photo- and electro-reduction to CO in organic and aqueous solvents, either in

homogeneous'®? or heterogeneous®* systems. Since our best results were obtained with a
water-soluble copper-based photosensitizer,® we report the first fully noble metal free light-

assisted CO, reduction catalyzed by an ACR. Finally, the determination of the first high-
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resolution crystal structure of HmuO-Co"', both in the absence and in the presence of the
protein-bound CO, substrate, provides a rare three-dimensional structure of an ACR, and
allowed studying the ACR-CO; interaction at the molecular level and preliminary rational
tuning of its reactivity via mutagenesis. Photophysical studies further allowed tracking

reaction intermediates and provided insights into the reaction mechanism.
Results.

Preparation and characterization of HmuO-Co''. The heterologous overexpression of
HmuO from Corynebacterium diphtheriae in Escherichia coli resulted in a large production
of the protein mainly in the apo-form. This behavior is frequently observed for hemoproteins
and has previously been described as an unequal rate of apo-protein production and heme
biosynthesis under overexpression conditions.”?® Homogeneous apo-HmuO was prepared
and purified as described in the supplementary information (SI) section, analyzed by SDS-
PAGE and evaluated to be >95% pure (Figure S1-A). The purified apo-HmuO was

" as described in the SI

reconstituted with cobalt-protoporphyrin IX to afford HmuO-Co
section. After desalting column, SEC-MALLS-RI analysis revealed one main elution peak
with a molecular weight around 24.1 kDa corresponding to a monomer (Figure S1-B). Metal
analysis of the reconstituted HmuO-Co'"', by Inductively Coupled Plasma Optical Emission
spectrometry (ICP-OES), showed the presence of ~ 1 Co atom bound to one monomer. The
UV-Visible absorption spectrum of the reconstituted protein displayed, in addition to the band
at 280 nm corresponding to protein absorption, three bands characteristic for the presence of
protein-bound Co-protoporphyrin IX: the Soret band at 420 nm and the « and S bands at 530
and 564 nm, respectively (Figure 1-A). This electronic absorption spectrum is similar to those
published for myoglobin loaded with the same Co-protoporphyrin IX cofactor.'® 272
Altogether, these data show that the apo-HmuO was correctly loaded with the
metalloporphyrinic cofactor. Apo-HmuO was also reconstituted with Mn-, Cr- and Zn-
protoporphyrin IX. The pure preparations were characterized by ICP-OES and by light
absorption spectroscopy. Metal quantification led to 0.63 (Mn), 0.93 (Cr) and 0.69 (Zn) per
monomer. UV-Visible spectra were comparable to those of myoglobin loaded with the same

metal ions (Figure S2).%

Crystal structure of the HmuO-Co'". We determined the X-ray crystal structure of HmuO-

Co" to highlight possible differences with that previously reported for HmuO-Fe'"' 3 and

more specifically to obtain structural information regarding the Co™-porphyrin active site.
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Optimization of the crystallization conditions is described in the SI section. Purple well-
diffracting crystals (typically 30 x 30 x 300 um®) were obtained using the best crystallization
condition (12-16% PEG 1000 and 0.1M citric acid at pH 3.5) (Figure S3). We used the helical
data-collection strategy to record a series of 7 identical datasets but at increasing X-ray doses
from 119 kGy to 2.44 MGy, in order to evaluate radiation effects on the protein (see Sl
section and Figure S4). The sequence of difference density maps (Fo'-Fo') calculated between
the i data-set (“i” ranging from 2 to 7) and the first one (of lower dose) revealed the dose-
dependent effects of X-ray radiation on the metal cofactor and its environment. First, it shows
that the Co-porphyrin-coordinated water molecule together with the water molecules in the
distal pocket move slightly away from the Co ion upon increasing X-ray dose. His20, the
second axial ligand in the proximal pocket, is also displaced from the Co ion. We observed
that the porphyrin ring remained unaffected even at the highest X-ray dose. These structural
changes are identical to those observed in the HmuO-Fe during the transition from ferric to
ferrous state.** This opens the possibility that the Co-porphyrin cofactor got reduced by
photoelectrons during exposure to high doses of X-rays, leading to a weakening of Co-OH,
and Co-His20 bonds. The dataset with the lowest dose (119 kGy) was thus used to solve the
HmuO-Co"' reference structure with the highest resolution and restricted X-ray induced
structural changes. A summary of diffraction data collection and analysis, and structure
refinement statistics are listed in the supplementary information Table S2. The structure of

HmuO-Co"' could thus be obtained with a remarkable resolution (1.15 A).

The HmuO-Co"" fold is a compact alpha-helix domain, as shown in Figure 2A and Figure S5,
is essentially identical to that of the wild type HmuO-Fe"' (pdb code 11W0) (Co r.m.s.d. of
0.34 A).*? Thus, the chemical environment of the metalloporphyrin cofactor is the same as in
the HmuO-Fe" structure.® First, the Co-protoporphyrin 1X is perfectly embedded into the
HmuO active site pocket, housed between the proximal “a” and the distal “h” helices (in
magenta and yellow respectively in Figure 2-A), in exactly the same manner as the heme
substrate in the native structure. In particular, the cobalt atom is liganded by the proximal

W state. This state was further confirmed

His20 and a distal water molecule, in line with a Co
by in crystallo optical spectroscopy icOS,* the UV-Vis absorption spectrum of crystals
displaying 3 bands peaking at 425, 534 and 566 nm, corresponding to the »Soret, « and S

absorption bands characteristic for a Co"

-protoporphyrin 1X, with His/H,O axial ligands
(Figure 1-B). Second, the protoporphyrin IX is oriented in this pocket by its propionate

groups exposed at the protein surface and forming strong ionic/hydrogen bond interactions
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either directly or via a water molecule with Lys13, Tyr130 and Argl77 for one of the groups
and with Glu24 and Lys13 for the other one, and thus closing the active site pocket (Figure
S6). Third, the protoporphyrin 1X macrocycle is embedded inside the active site owing to
important hydrophobic/Van der Waals contacts with residues Ala23, Leu33, Met29, Vall131,
Gly135, Ser138, Gly139, 1le143, Phe201, Asn204, and Phe208 that line up the pocket (Figure
S6). Fourth, as in the HmuO-Fe'"" structure,® an internal distal cavity (volume of 55 A?
calculated by BetaCavityWeb using a sphere probe of 1.4 A radius®) is filled with a cluster of
14 water molecules, including the water ligand bound to the Co'"" ion, stabilized by a complex
network of H-bonding interactions, to which hydrophilic residues, Asp136 and Argl32, as
well as Tyr161 participate (Figures 2-B and S7).*> The water molecules in this cavity extend
their H-bonding network to the surface of HmuO, so that the H,O ligand is connected to
Asp86 at the surface of the protein and thus accessible to the solvent. The water-filled cavity
is limited with predominantly hydrophobic residues (Met29, Phe208, Val207, and Leu45) on
one side and two glycines, Gly 139 and Gly140, providing some flexibility (Figure S8-A).
The water cavity is an interesting feature of the structure as it provides a proton transfer
pathway from the solvent to the active site, which is key for O, activation during heme
oxidation,*® the biological function of HmuO-Fe'", but also for CO, activation. It was also
proposed to be the target for binding inhibitors or small molecules that may modify the HmuO
oxygenase catalytic process.*®

Three-dimensional structure of HmuO-Co'™" in complex with CO,. To identify the pockets

that can host CO, molecules within HmuO-Co'", we used the facility of the High Pressure

(HP) Macromolecular Crystallography Laboratory (HPMX, ESRF, Grenoble, France).®’®
CO, molecules were introduced by soaking crystals in a pure CO; pressurized atmosphere. In
practice, to produce these HmuO-Co"'-CO, derivatives, crystals were pressurized and flash-
cooled within 58 bar of CO, using a specially designed pressure cell.® The diffraction data
collection, phase determination, and structure refinement statistics of the best derivative
crystal are described in the Sl section (Table S2). Despite the pressurization, the overall
structure of the HmuO-Co"'-CO, derivative is identical to that of the native enzyme.
However, a careful analysis of the electron density map revealed the presence of an additional
strong elongated peak at the vicinity of the cobalt-protoporphyrin 1X cofactor, accommodated
within the reorganized distal cavity (see the omit electron density map in Figure S9-A).
Several possible models were assessed, in which a single water (H,0), a diatomic (O, or CO)

and a tri-atomic (CO,) molecule were successively positioned and refined to explain this
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residual density (Figure S9-B to S9-E). Clearly, a triatomic molecule, most likely CO,, best
models the observed electron density, as demonstrated by the residual map (Fo-Fc, contoured
at 3.50 in Figures S9-A to S9-E), which disappears only when a CO, molecule is ideally
placed, while all other models failed to explain the electron density. Furthermore, by
calculating the inner distal cavity using a probe with a larger radius of 2 A (BetaCavityWeb,*
green mesh in Figure S8-B) to accommodate larger ligands such as CO,, the possible CO,
binding sites are indeed restricted around the proposed position. It is worth adding that this
precise site has already been described as capable of accommodating ligands such as a
dithiothreitol molecule (pdb 318R).* The CO, molecule is positioned close to the Co ion, with
a Co-O and Co-C distances of 3.3 and 3.8 A respectively, and confined within the distal
water-filled cavity now containing only six water molecules (Figures 2-C and 2-D). In the
HmuO-Co"'-CO, derivative, the Co ion is five-coordinated involving only the proximal His20
as axial ligand, since the water ligand is no longer present in this case, leaving de facto a free
coordination site for the possible binding and activation of a CO, molecule (Figure 2-D). This
figure details the bonding network extended from Co ion to Asp86 at the surface of the
protein. Interestingly one oxygen atom of CO, is H-bonded to a water molecule, which likely
favors C-O bond heterolytic cleavage during CO, reduction.

To get further evidence of the presence of CO, molecules in the HmuO-Co"-CO, crystal, we

used in crystallo Raman spectroscopy at the iCOS laboratory (ESRF, Grenoble)® * (S|

section). Figure 3 shows the Raman spectra measured on: (a) a native crystal of HmuO-Co""

without cryo-protection, (b) a cryo-protected native crystal of HmuO-Co""

, and (c) the cryo-
protected crystal of HmuO-Co"'-CO,. Although cryo-protection is unnecessary for Raman
spectroscopy, the addition of 25% of glycerol was required for the crystals on which both
diffraction and Raman data were collected. Spectrum (a) allows attributing typical vibrational
frequencies of HmuO amino acid residues on the basis of databases well-established in the
literature*: the band (1) at 760 cm™ corresponds to tryptophan vibrations, (2) the one at 1003
cm™ to phenylalanine vibrations, and (3) those between 1600 and 1700 cm™ to the amide |
bands. The comparison between spectra (a) at (b) allows deducing the typical Raman bands
due to glycerol vibrations (4, 5, and 6) peaking at 850, 1050, and 1470 cm™ respectively.
Conclusively, comparison of spectra (a), (b), and (c) reveals two prominent additional bands
peaking at 1280 and 1385 cm™ in the spectrum of the HmuO-Co"'-CO, derivative. This
doublet corresponds neither to protein nor to glycerol vibrations, but instead to the Fermi dyad
of the extremely Raman-active CO, stretching vibrations, the values of which are well

documented in the literature.** This confirmed the presence of CO, in the crystal and
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supported the assignment of the elongated electron density inside the HmuO-Co"' distal

pocket as a CO, molecule (Figure 2C).

Photoreduction of CO, catalyzed by HmuO-Co''. Light-dependent CO, reduction

catalyzed by HmuO-Co""!

was evaluated at 20 °C under anaerobic conditions using a water-
soluble copper-diimine-diphosphine complex, named Cu-PS in the following,
(Nas[Cu(L1)(L2)]BFy4, L1=2,9-dimethyl-4,7-diphenyl-1,10-phenanthroline-5,6-disulfonate,
L,=9,9-dimethyl-4,5-bis(diphenylphosphino)xanthene-2,7-disulfonate), as the photosensitizer
and sodium L-ascorbate as the sacrificial electron donor agent. Cu-PS was synthesized as
previously described® and its UV-Visible and *H-NMR spectra are shown in Figure S10-A
and B respectively. Considering that the Co-porphyrin is close to the surface of the protein,
we anticipated that Cu-PS in solution would be functional for electron transfer, in spite of its
large size. The reaction was carried out in an aqueous solution of 100 mM phosphate buffer,
saturated with CO, (pH 6.65), under irradiation with visible light using a Xe lamp (A > 400
nm). At time intervals, the headspace was monitored by gas chromatography and the liquid
phase by ion-exchange chromatography and NMR spectroscopy. This demonstrated that the
system was functional for CO, reduction as it produced CO as the major product, together
with H,, while no CO,-derived liquid product, including formate monitored by ion-exchange
chromatography, could be detected. In control experiments, no product could be observed
when Cu-PS or ascorbate was omitted from the reaction mixture (Figure S11-S14). No
product was formed either when the reaction was carried out in the dark. When HmuO-Co""
was absent, tiny amounts of H, and no CO could be detected (Figure S15-S16). This
demonstrated the strict requirement for the complete system and notably the catalytic role of
HmuO-Co"".

The photocatalytic activity of the HmuO-Co""

dependent system was optimized in terms of
CO production via a series of kinetic experiments in which the concentrations of each
component of the system were varied: the catalyst (0 - 20 uM), the photosensitizer (0 - 1.25
mM) and sodium L-ascorbate (0 - 0.3 M). Reaction products were monitored during 4 hours,
as their production reached a plateau after about 3 hours. The reaction was characterized by
the three following parameters: (i) the amount of CO and H, produced after 3 hours; (ii) the
initial maximal production rate or Turnover Frequency (TOF®); (iii) the selectivity of the

photosystem for CO, reduction vs proton reduction (Selco, (%) = TOF¢,°l [TOF¢o°+
TOFy,°]). The data of these investigations are shown in Figures S11-S17.



Figures S11-S12 show an increased production of CO and H,, using 5 pM of HmuO-Co"",

upon increasing Cu-PS concentration up to 0.75 - 1 mM, at which the total amount of
products and the initial reaction rate were maximal. One should note that the time at which the
plateau was reached decreased with decreased concentration of Cu-PS, suggesting that the
system was limited by the stability of Cu-PS. Thus, a Cu-PS concentration of 1 mM was used
for the following experiments. In Figure S18-A, we show that using the prototypical
organometallic photosensitizer, [Ru(bipyridine)s]Cl,, at the same concentration of 1 mM,
resulted in a lower production of CO, levelling off after 4 hours, together with a sustained
production of Hy, so that Selco was < 50% and decreased with time. This is likely to be due to
the well-known degradation of this photosensitizer, during irradiation, giving species highly
catalytic for proton reduction, as can be seen from an experiment in the absence of catalyst
(Figure S18-B).** No CO and H, production could be observed using HmuO-M preparations,
with M = Cr'", zn"", Mn"" under these conditions.

Figure S15-S16 show, as expected, increased production of CO and H, and increased initial

rates as a function of HmuO-Co™ concentration, varying from 0 to 20 uM. However, this

translated into a trend with TONs (TurnOver Numbers after 3 hours reaction) and initial

' concentration

TOF°s (TurnOver Frequencies in h™) decreasing as a function of HmuO-Co
(Figure 4). This is a typical behavior as the consequence of an increased
catalyst/photosensitizer ratio, which results into a decreased amount of reducing equivalents
that each molecule of catalyst can receive during a given period of time. Furthermore, no
effect of protein concentration on the time at which the reaction stops could be observed
(Figures S15-S16). Figures S13-S14 show that the optimal ascorbate concentration was 0.1
M, a value selected for the optimal photosystem. Interestingly, within such a broad range of
component concentrations, the selectivity of the photosystem for CO, reduction vs proton
reduction (Selco) was relatively constant between 70 and 80 % (Figure S17).

In Figure 4-C, we report the kinetics for the most efficient system in terms of TONs and
TOF°s, using 0.5 uM Hmu-Co", 1 mM Cu-PS and 0.1 M sodium L-ascorbate in 0.5 M
phosphate buffer, pH 6.65. Under these conditions, a TOF® value of ~ 616 h™, a TON value of
~ 589 after 3 h reaction, and a selectivity of 72 % were obtained. The quantum yield for CO
production was determined at 0.55 %, under these conditions and upon irradiation at 400 nm,
following the methodology described in the experimental section.

As generally observed the studied photosystem degraded during irradiation and stopped being
functional after about 3 hours reaction. In Figure S19, we show that the system could not be
repaired by a fresh addition of either Cu-PS or HmuO-Co"" or ascorbate after 2.5 hours
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reaction. However, CO and H; production resumed after addition of both Cu-PS and HmuO-
Co" together (Figure S20). This indicated that both the catalyst and the photosensitizer were
deactivated during the reaction.

Myoglobin was also loaded with Co-protoporphyrin IX, as described.'® The Myo-Co"" protein
was shown to contain 0.85 Co per monomer and its light absorption spectrum identical to that
previously reported'®. Under optimal conditions, this catalyst gave a TON¢o of 373, as
compared to 506 for HmuO-Co" and a TON, of 184, as compared to 201, after 1.5 h
reaction.

Site-directed mutagenesis effects on CO, photoreduction catalyzed by HmuO-Co'"".

Based on the structure of HmuO-Co"!

in complex with CO,, we selected amino-acids in the
vicinity of the Co cofactor and the molecule of CO; in the distal cavity for site-directed
mutagenesis, with the objective of modulating the activity of the artificial enzyme (Figure
S21). Specifically, the first coordination sphere was modified via mutation of His20 into
Cys20 and Tyr20, two alternative residues that can coordinate a metal ion as in cytochromes
P450 (e.g. pdb-2CPP)* and in catalases (e.g. pdb-2CAG),* respectively. Furthermore, the
close environment of CO,, constituted by Gly139 and lle143, was modified via the single
Gly139Ala, Gly139His, and lle143Lys mutations. Gly139Ala and Ile143Lys mutations were
selected as to modify the hydrophobicity of the CO, environment while Gly139His mutant
served to introduce a Histidine-based H-bond interaction with CO, potentially favoring C-O
bond dissociation. Figure S21 shows the model structures of the mutants based on HmuO-
Co"" structure with CO; in the position obtained after pressurization, which justify the choice
of mutations. All mutant proteins were purified and reconstituted with Co-PPIX. They were
characterized by ICP-OES (giving a Co content per monomer of 1.0, 0.7, 0.7, 1.1, and 0.9 for
His20Cys, His20Tyr, Gly139Ala, lle143Lys, and Gly139His, respectively) and by UV-
Visible spectroscopy (Figure S22). Interestingly, some mutants, His20Cys, Gly139Ala, and
lle143Lys could be crystallized and their structure determined with a sufficient resolution
(2.30A, 1.40A, and 2.85A, respectively) to assess the effects of mutations (Figure S23-A, C,
and E). Mutations had no effect on the overall structure. In Figures S23-B, D, and F, models
of the structures of the mutants in complex with CO, are provided, in which the CO, is
positioned as in the structure of HmuO-Co'"'-CO,. Figure S23 provides the following
outcomes: (i) the extra methyl group in Gly139Ala has no effect on the distal cavity and
comes close to the CO, binding site, as anticipated (Figure S23-A and B); (ii) as Cys20 side-
chain is shorter than that of His20, the S atom is not a ligand of the Co ion in the His20Cys
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mutant and, instead, Co is ligated by a proximal water molecule bridging S and Co (Figure
S23-C and D); (iii) in the 1le143Lys mutant, the new side chain occupies a larger space in the
distal cavity but with minor effect on the water molecules and the amine group comes close to
the CO; binding site, as anticipated (Figure S23-E and F).

The results regarding mutant activity are given in Figures S24-S25 and summarized in Figure
4-D, in which TOF¢o° and selectivity values are compared to those of the wild-type protein.
They show that mutations had only small effects on these parameters. In all cases, the
selectivity was slightly degraded by the mutations. It turned out that only Glyl139Ala
displayed a larger CO; reduction activity, while changing Gly139 to histidine had no effect,
suggesting a positive effect of increased hydrophobicity in the vicinity of the CO; binding
site. Changing the His ligand into Cys or Tyr had almost no effect, likely related to the weak
interaction between the cobalt ion and the axial ligand under reducing conditions. Finally, the
most degraded activity was observed with the lle143Lys mutant, which was twice less active
than the Gly139Ala mutant, the most active artificial system in this study. It is possible that
Lys introduces some steric hindrance that limits CO, binding.

Probing the photocatalytic mechanism. Nanosecond transient absorption spectroscopy and
in situ spectroscopy were used to track relevant chemical intermediates during catalysis.
Exciting the Cu-PS photosensitizer at 420 nm resulted in an emission at 552 nm (Figure S26-
A), with an excited state lifetime of 20 ps (Figure S26-C)%°. The excited state Cu-PS* is
characterized by a positive absorption band at 550 nm (Figure S26-B), attributed to the triplet
metal-to-ligand charge transfer (3MLCT). Emission quenching experiments were then
performed to determine the quenching pathway of the system. Reductive quenching occurs
when the excited state Cu-PS* is quenched by the electron donor (i.e., ascorbate) to give the
one-electron reduced species Cu-PS™ while oxidative quenching occurs when the excited state
Cu-PS* is quenched by the catalyst acting as the electron acceptor to give the oxidized Cu-
PS™ and the reduced catalyst. We experimentally determined a dynamic reductive quenching
rate of kqase = 2.2 x 10" M™s™ (Figure S27) and oxidative quenching constant of kg = 1.8 x
10° M?*s? (Figure $28), all within a diffusion limited regime. Using the optimized
photocatalytic conditions (concentration of 0.5 pM HmuO-Co"' and 100 mM ascorbate), the
reductive quenching pathway is dominant with a rate of kqasc[Asc] = 2.2 x 10° s | three
orders of magnitude faster than the oxidative quenching pathway (rate of kqcu[Cat] = 9.2 x
10° s,

12



Upon reductive quenching of the Cu-PS* excited state, a one-electron reduced species Cu-
PS" is formed, characterized by an absorption at 450 nm, with a lifetime of 595 ps (Figure
S29). This feature is consistent with a previously reported spectroelectrochemical study of the
same water-soluble photosensitizer.?’ Upon addition of the HmuO-Co'"' catalyst, we observed
a decay of this 450 nm-absorbing species to form a long-lived new species characterized by a
bleaching at 400 nm and a positive absorption at 425 nm (Figure 5-A). This was not
consistent with the reduction of Co(lll) to Co(ll), as previously observed for a similarly
embedded Co-protoporhyrin IX* characterized by a bleaching at 425 nm and absorption at
400 nm. Suspecting an effect of the probe light, we spectrally followed the changes in the
solution without laser excitation. As can be seen in Figure S30, we clearly observed that the
probe light was responsible by itself for the accumulation of Co(ll) species, characterized by a
bleaching at 423 nm and a positive absorption at 396 nm. This probe-induced background
thus caused the observed artifact, since the starting state would already contain Co(ll) species.
Nevertheless, the decay kinetics at 450 nm and 400 nm at increasing catalyst concentrations
(Figure S31) were sufficient to estimate the rate of electron transfer for the reduction of
Co(111) to Co(11) by the reductant Cu-PS™ to be ket = 1.0 x 108 Mis™.

We performed in situ spectroscopy on a CO,-saturated solution of Cu-PS and HmuO-Co"' to
get insight into relevant intermediates involved during photocatalysis. In Figure 5-B the
immediate reduction of Co(lll) to Co(ll) happened within 30 seconds, characterized by the
bleaching at 422 nm and a new absorption at 397 nm. This is one of the rare in situ
spectroscopic studies that shows the successful photo-reduction of Co protoporphyrin
embedded in artificial proteins, as most have relied on chemical reduction with sodium
dithionite.?” % It is important to underline that even though CO; was found near the Co(lIl)

metal center in the crystal structure of HmuO-Co"

, this did not influence the spectral
characteristic of neither Co(lll) nor Co(ll). This suggests that neither of these species are
catalytically active to capture the CO, substrate. With further irradiation of the solution, we
see a slow photodegradation of the Cu photosensitizer, characterized by the bleaching of its
ground state spectrum (Figure 5-B). As this time scale is that of catalysis, we can infer that the
Co(Il) species is the cofactor steady state during catalysis and that the reduction of Co(ll) to a
formal Co(l) state is rate limiting, the latter state being the catalytically active species, as
previously reported for similar Co macrocylic systems.*®*” All these photophysical results
help establish a proposed photocatalytic cycle (Figure 6) for the photo-induced CO; reduction

activity of an artificial CO reductase based on HmuO-Co"".
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Discussion

While artificial hydrogenases have been extensively studied for photoreduction of protons
into Hy,% “® the field of artificial enzymology for CO, photoreduction has been much less
explored. In Table S1 we provide a complete list of previously reported ACRs which proved
catalytically active during light-induced CO, reduction to CO or formic acid. The system we

report here, based on the artificial HmuO-Co""

enzyme, differs from the listed systems as it
uses a Cu-based photosensitizer, in place of benzophenone and the usual [Ru(bpy)s]Cl,
complex. With a maximal TOFco® of 616 h™ and a TON of 589 after 3h reaction, it is greatly

superior to most previously reported systems and comparable to the Myo-Co"

system.
Furthermore, it is unique as the artificial enzyme component could be exquisitely
characterized thanks to a high-resolution crystal structure in complex with the CO, substrate,
providing clear insights into the structure of the active site and the appropriate information for
a rational design of site-directed mutants.

Some previously reported ACR systems have also used a Co-porphyrin as the active catalytic
component within different host proteins, cytochrome b562, aRep, or myoglobin (Table S1),
as we did here. This is due to the fact that Co-porphyrins are good catalysts for CO,
photoreduction and that hemoproteins have good affinity for Co-protoporphyrin IX. The
mechanism has been well established: it involves reduction of Co(lll) to Co(l), which then
binds and activates CO,, and subsequent electron transfer to CO; results in proton-assisted C-
O bond cleavage generating CO.***" “*® Thanks to detailed time-resolved photophysical
studies, allowing tracking catalytic intermediates, we have established that the same
mechanism is likely to operate here.

Interestingly, the choice of the host protein is very critical since, for the same molecular
catalyst, namely Co-protoporphyrin 1X, great differences in terms of catalytic activity were
obtained from one system to another, as shown in Table S1, thus reflecting the great
sensitivity of this catalyst to the protein environment. On this basis, we expected a larger

effect of mutations on the catalytic activity of HmuO-Co""

, but only a factor of 2 was
observed, in terms of initial catalytic rate, between the most and least active mutant. This is
possibly due to the fact that the natural water molecules network provides an efficient
mechanism of CO, activation and that a single mutation is insufficient for changing the CO,
environment and modifying activation barriers. It suggests that more complex mutagenesis
approaches, with multiple mutations, should be explored.

A special discussion should concern the related ACR, Myo-Co", derived from the

combination of myoglobin and Co-protoporphyrin IX, which was reported during the course
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of our study.® Also in that case, single mutation of the distal site had limited effects on the
activity, with a factor of 2 between the unmodified protein and the most active mutant.

Comparison with HmuO-Co""

is difficult since the conditions used were significantly
different, in particular with respect to the concentration of the enzyme and the use of
[Ru(bpy)s]Cl, as the photosensitizer, which perturbed the system significantly: selectivity
varied extensively upon modification of the catalyst concentration and formate was also

formed as a consequence of degradation of [Ru(bpy)s]Cl,. As a consequence, using

comparable concentrations of ACR, 0.5 - 1.3 uM, HmuO-Co™ and Myo-Co" gave
comparable TONs but the former was much more selective for CO. Using Cu-PS as the
photosensitizer and identical reaction conditions, for a more relevant comparison, we show
here that HmuO-Co"" gave slightly higher TON and selectivity.

In conclusion, the HmuO-Co'""

-dependent system provides a unique platform for exploring the
reactivity of an ACR. Further structural and mutagenesis studies should be carried out and
other photosensitizers should be evaluated since this field continues to suffer from an
excessive instability of current organic dyes and organometallic complexes.

Supplementary information. The atomic coordinates and structures factors for HmuO-Co"",
HmuO-Co"'-CO,, HMuO-H20C, HMUO-G139A and HmuO-1143K obtained in this work are
deposited in the Protein Data Bank, under accession codes: 9F5U, 9F66, 9FW4, 9FVS and
9FY4 respectively. Tables and Figures explaining more extensively the results reported in this
article and additional figures presenting structural and photocatalytic investigation are found

in the Supplementary Material.
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Figure 1. UV-visible spectroscopy of HmuO-Co'"'. (A) Spectrum was recorded with 10.3
M of HmuO-Co" solution in 100 mM phosphate pH 7. The concentrations of proteins was
estimated by Bradford assay using bovine albumin as standard. (B) Spectrum in crystallo
recorded in HmuO-Co"' crystal measured at the iCOS laboratory (ESRF, Grenoble).
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Figure 2.

Figure 2. Structures of HmuO-Co"' and HmuO-Co'"'-CO,. (A) Overall structure of
HmuO-Co"', represented as a ribbon. The different helices are colored and labeled (from a to
j) as previously defined®. In particular, the proximal and distal helices are shown in magenta
(b) and yellow (h), respectively. The cobalt-protoporphyrin IX cofactor bound to HmuO is
shown in stick (green) and water molecules are shown as red spheres. (B) A close-up view the
2Fo-Fc electron density maps (blue mesh) contoured at 1o around the cobalt-protoporphyrin
IX cofactor and the water molecules. (C) Close-up view of the active site with 2Fo-Fc
electron density maps contoured at 1o (blue mesh) of the HmuO-Co'"'-CO; structure obtained
from a crystal pressurized with 58 bar of CO,. A CO; molecule was suitably modeled in the
electron density in the distal cavity. (D) Representation of the CO, environment in the distal
cavity of HmO-Co""'-CO,. Hydrogen bonds network are shown as blue dotted lines, extended
from cobalt to D136 at the protein surface. Red spheres represent the two water molecules
involved in the interaction with CO,.
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Figure 3.
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Figure 3. Raman spectra of HmuO-Co"" crystals. Spectra were recorded at 100 K for with

a 785 nm laser at the icOS laboratory (ESRF, Grenoble). (a,b) Raman spectrum of HmuO-
Co" crystal frozen in its crystallization solution without glycerol (a) and with glycerol (b) as
cryoprotectant (black). The Raman bands (1), (2) and (3) correspond to vibration of
tryptophan (760 cm™), phenylalanine (1005 cm™) and amide I (1650 cm™) respectively of the
HmuO-Co"' protein. (4), (5) and (6) Raman bands attributed to the glycerol molecule. (c)
Raman spectrum of HmuO-Co'"'-CO; frozen with glycerol, which was used for the X-ray data
collection. The Raman doublet-band (7*) corresponds to the Fermi dyad of CO, peaking at
1272cm™ and 1380cm™, which confirms the presence of CO, in the crystal.
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Figure 4.
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Figure 4. Photocatalytic activity of HmuO-Co"" and mutants on CO and H, production.

CO (A) and H, (B) production as a function of the concentration of HmuO-Co"" after 3h of
irradiation (red dots) and maximum rates determined from the first 20 minutes of irradiation
(blue triangles). (C) Optimal photocatalytic CO and H, production using the HmuO-Co'""/Cu-
PS/L-AscHNa system. (D) Selectivities for CO, reduction (Selcq, (%) = TOF¢o°/ [TOFo°+
TOFy,°]) (green bars) and relative TOF°co of the protein derivatives with respect to the
TOF°co of the wild type protein (purple bars). Data represent mean values from triplicates.
Experimental conditions: photocatalysis was carried out in a 2 ml CO,-saturated solution with
0.5-20 uM HmuO-Co" (A and B), 0.5 pM HmuO-Co"" (C), 1.3 uM (D) containing 1 mM
Cu-PS, 100 mM L-AscHNa, 0.5 M potassium phosphate buffer (pH 6.65), T = 20 °C, using
Xe lamp irradiation (> 400 nm).
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Figure 5
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Figure 5. Spectral tracking of intermediates. (a) Transient absorption spectroscopy of 95
UM Cu-PS with 33 mM Asc and 7 pM HmuO-Co"" catalyst in Ar-saturated phosphate buffer
(pH 7) at different time delays (Zexc = 420 nm, E = 8 mJ). (b) In situ spectroscopy of 173 uM
Cu-PS with 43 mM Asc and 2.5 uM HmuO-Co"" catalyst in CO,-saturated phosphate buffer
at different time delays (white LED irradiation, 200 W m™). Inset shows the differential

absorption for the orange, green and violet traces.
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Figure 6

- [CuPS|"™~
Asc [CuPS] ' Co(IN)
‘ 43 () nm 397 nm
ky~22 % 107 M-1s steady state
Asc 4 [CuPS]
-+

[CuPS]* er~ 1.0 x 108 M 1s

Asc
( Co(I)

Asc

550 nm
\ CO, +2H"
. 3(%’ nm 7!
C uPS] f:'(;(ﬁig
. Ph Ph

;a}::-

Ph Ph

Figure 6. Proposed photocatalytic cycle for the photo-induced activity of artificial CO,
reductase based on HmuO-CO"'/Cu-PS/Asc system. All colored intermediates were
spectrally tracked in the study while intermediates in black are not followed but hypothesized
to occur based on previous studies.*®*’
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