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Abstract. 

Orange Protein (Orp) is a small bacterial metalloprotein of unknown function that harbors a 

unique molybdenum/copper (Mo/Cu) heterometallic cluster, [S2MoS2CuS2MoS2]
3−

. In this 

paper, the performance of Orp as a catalyst for the photocatalytic reduction of protons into H2 

has been investigated under visible light irradiation. We report the complete biochemical and 

spectroscopic characterization of holo-Orp containing the [S2MoS2CuS2MoS2]
3−

 cluster, with 

docking and molecular dynamics simulations suggesting a positively charged Arg, Lys-

containing pocket as the binding site. Holo-Orp exhibits an excellent photocatalytic activity, 

in the presence of ascorbate as the sacrificial electron donor and [Ru(bpy)3]Cl2 as the 

photosensitizer, for hydrogen evolution with a maximum turnover number of 890 after 4 

hours irradiation. DFT calculations were used to propose a consistent reaction mechanism in 

which the terminal sulfur atoms are playing a key role in promoting H2 formation. A series of 

dinuclear [S2MS2M’S2MS2]
(4n)−

 clusters, with M = Mo
VI

, W
VI

 and M’
(n+)

 = Cu
I
, Fe

I
, Ni

I
, Co

I 
, 

Zn
II
, Cd

II
 were assembled in Orp, leading to different M/M’-Orp versions which are shown to 

display catalytic activity, with the Mo/Fe-Orp catalyst giving a remarkable TON of 1150 after 

2.5 hours reaction and an initial turnover frequency (TOF°) of 800 h
-1 

establishing a record 

among previously reported artificial hydrogenases.   
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INTRODUCTION 

Electro- and photo-reduction of water into H2 or of CO2 into energy-dense organic 

chemicals of economic value are key strategies for storing renewable and intermittent 

energies, such as solar energy into chemical energy (the energy in chemical bonds). The 

development of this technology obviously requires the discovery of cheap, stable, efficient 

and selective catalysts and better fundamental understanding of multi-electronic and multi-

protonic mechanisms associated with the reaction at work. Besides largely developed solid
 

and molecular catalysts, the enzymatic approach has mainly been explored for proton 

reduction to H2 through in-depth studies of hydrogenases (H2ases) and their biotechnological 

applications.
1-3

 In contrast, enzymes selectively converting CO2 into CO and formic acid, here 

named CO2 reductases (CO2Rases), such as carbon monoxide dehydrogenases (CODH) and 

formate dehydrogenases (FDH), respectively, using unique active sites based on non-noble 

metals, exist in nature but have been much less explored.
3-4

 This is mainly due to the fact that 

these enzymes are very difficult to prepare in pure form as their production depends on 

complex maturation machineries and may be extremely sensitive to oxygen.
5
 However, there 

have been successful attempts to couple them to electrodes or semiconductors.
6-12

 Artificial 

enzymology comes up as a powerful alternative, as it provides the opportunity to combine 

attractive features of both molecular and enzymatic catalysis and expand the repertoire of 

enzymes. This is achieved by anchoring a synthetic molecular catalyst, such as an 

organometallic complex or an inorganic cluster, into a protein host, not necessarily an 

enzyme, through covalent or non-covalent interactions.
13

 It is expected that, within an 

appropriate protein environment, the catalytic species might benefit from greater water 

solubility, activity, selectivity and stability. While the artificial enzymology strategy has 

begun to be explored for proton reduction catalysis, opening the way to artificial 

hydrogenases, ArH2ases,
13-17

 there are only few such hybrid systems for CO2 reduction 

reported in the literature.
18-22

 

Intrigued by the remarkable structural resemblance of the Mo-S-Cu cluster bound to 

the orange protein (Orp), a small monomeric protein of low molecular mass (~12 kDa, ~120 

residues), and the heterodinuclear Mo/Cu active site in CODH (scheme 1), we have started a 

program aiming at studying the catalytic potential of the holo-Orp protein.
23

 As shown by 

crystallographic structures, one class of bacterial CODH uses a unique Mo-S-Cu center in 

which the Mo ion enjoys a sulfur-rich coordination with one bidentate dithiolene ligand, 

namely molybdopterin, one oxo and one hydroxo ligand and is linked, via a sulfide bridge, to 

a Cu ion (scheme 1).
24

 The Cu itself is coordinated by a cysteine ligand from the polypeptide 
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chain.
24

 On the other hand, the inorganic species bound to the Orp, isolated from extracts of 

sulfate-reducing organisms, Desulfovibrio gigas (Dg), by the group of José J. G. Moura, and 

of as yet unknown function, has been defined as an EPR-silent linear mixed-metal sulfide 

[S2MoS2CuS2MoS2]
3-

 cluster (scheme 1).
23

 The central Cu ion, in the Cu(I) state, is linked to 

two terminal Mo(VI) ions by sulfide bridges, as shown by metal quantitation, X-ray 

absorption fine structure (XAFS) spectroscopy
25

 and comparison with a synthetic model 

compound.
26

 While only the three-dimensional structure of the apo-protein is available,
27

 

NMR data obtained on the holo-OrpDg suggests that the cluster is stabilized inside the 

protein, in a rather well-identified position, by a combination of electrostatic and hydrophobic 

interactions, excluding covalent binding to protein residues.
28

 Yet, the structure of the cluster-

binding pocket remains elusive. Finally, J. J. G. Moura and collaborators nicely established 

that the cluster could be appropriately assembled into apo-Orp simply by reaction with tetra-

thiomolybdate and a copper salt, using the appropriate stoichiometry.
29

 Furthermore a 

[S2MoS2M’S2MoS2]
3-

 cluster, with M’= Fe, Co, Ni,
30

 as well as a [S2WS2CuS2WS2]
3-

 cluster, 

in which W was substituted for Mo, can be assembled as well.
28

 In the following, the different 

metalloprotein versions will be named M/M’-Orp in order to indicate which metals are 

present in the protein, M for the terminal atoms and M’ for the central atom of the linear tri-

metallic cluster. 

While we investigated its catalytic properties and did not find any CO2 photoreduction 

activity in water, we discovered that holo-Orp with a [S2MoS2CuS2MoS2]
3-

 cluster is an 

efficient catalyst for proton reduction. Here, we report the characterization of a series of 

M/M’-Orp preparations and their evaluation as artificial hydrogenases using optimized visible 

light-driven proton reduction assays as well as DFT calculations aiming at giving atomic-level 

insight into the reaction mechanism of this unique catalytic cluster.  

 

Results. 

Preparation and characterization of the holo-OrpDg form containing a 

[S2MoS2CuS2MoS2]
3-

 cluster. The apo-OrpDg (from Desulfovibrio gigas) and apo-OrpTm 

(from Thermotoga maritima) were purified as described in the supplementary information 

section. After the final step of purification, the purity was evaluated by SDS/PAGE to be 

>95% (SI, Figure S1). As shown by analytical gel filtration chromatography the protein is a 

stable monomer in solution as reported previously (SI, Figure S2).
23

 The Mo/Cu-OrpDg, 

containing a [S2MoS2CuS2MoS2]
3-

 cluster, was prepared as described previously by 

reconstitution of the apo-form with a mixture of CuCl2 and tetrathiomolybdate (TTM, 
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[NH4]2MoS4) salt.
28

 After desalting, metal analysis of Mo/Cu-OrpDg showed the presence of 

~ 2 Mo and 1 Cu atoms bound to a monomer.  

The structural integrity of the [S2MoS2CuS2MoS2]
3-

 cluster in Mo/Cu-OrpDg was 

substantiated by UV/Visible and XAFS spectroscopies. In Figure 1 is shown the light 

absorption spectrum of Mo/Cu-OrpDg, which displays absorption maxima at 340 and 480 nm 

and a shoulder at 430 nm characteristic of S→Mo charge-transfer bands.
25

 The optical 

properties described here are in excellent agreement with those of both native and 

reconstituted Mo/Cu-OrpDg that had been previously described.
23, 30

 The presence of a 

[S2MoS2CuS2MoS2]
3-

 cluster into Mo/Cu-OrpDg was further supported by Cu K-edge 

XAFS
 
spectroscopy (Figure 2). The features of the near-edge region (X-ray Absorption Near-

Edge Structure, XANES) of the spectrum are similar to those reported for native Mo/Cu-

OrpDg isolated from D. gigas.
25

 A weak pre-edge peak at approximately at ~ 8982 eV is 

indicative of Cu(I) oxidation state
31-32

 (Figure 2A). The extended region of the spectrum 

(Extended X-ray Absorption Fine Structure, EXAFS), Fourier-Transformed into the real 

space or as extracted in the reciprocal space, is shown in Figure 2B and 2C, respectively. The 

former (Figure 2B) displays two major features between 2 and 3 Å (black dashed curve), 

which were initially fitted with a simple two-components model to account for an atomic shell 

of S atoms and one of Mo atoms around the Cu absorber. The simulated Cu-S and Cu-Mo 

contributions are reported as green and blue curves, respectively, in Figure 2B, and the best 

fitting curve given by their sum as a red curve. The latter was obtained with a number of S 

neighbors of 3.5±0.3, slightly less than the expected number of 4, and a number of Mo atoms 

of 2.0±0.3. The distances and Debye Waller factors are in good agreement with previously 

reported values.
25

 We observed a slight difference in the Cu-S distance, which is estimated as 

2.32±0.02 Å , longer than the value of 2.21 Å reported for the as-isolated Mo/Cu-OrpDg 

protein,
25

 but still in the expected range for a Cu-S bond length, while the Cu-Mo distance is 

fully consistent with that reported for the as-isolated Mo/Cu-OrpDg protein.
25

 In order to 

corroborate the integrity of the [S2MoS2CuS2MoS2]
3-

 cluster, we fitted the EXAFS spectrum 

directly in the reciprocal space, using the full cluster as a starting model for ab initio 

calculations. We included in the fit all the single scattering paths (Cu-S first neighbors, Cu-

Mo, Cu-S2 with outer-shell S) and the 7 most intense multiple scattering paths. The 

theoretical signal (red curve) was fitted to the experimental EXAFS spectrum (black, dashed 

curve), providing a fair agreement (Figure 2C). The resulting best-fitting values are accurate 

and physically meaningful, as reported in Tables S1 and S2. They include interatomic 

distances (R) and Debye-Waller factors (σ
2
) for the three atomic shells around the Cu 
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absorber, and a Debye-Waller factor common to all multiple scattering paths (σ
2

MS). All these 

data, reported for the first time for the reconstituted Mo/Cu-OrpDg, nicely demonstrate that 

the [S2MoS2CuS2MoS2]
3-

 cluster is correctly assembled within the protein. Mo/Cu-OrpTm 

was prepared similarly, with the presence of a [S2MoS2CuS2MoS2]
3-

 cluster, as shown by 

metal quantitation and UV-Visible spectroscopy (Figure S3A). 

 

A structural model of Mo/Cu-OrpDg: [S2MoS2CuS2MoS2]
3-

 cluster docking into apo-

OrpDg. Since all our efforts to crystallize Mo/Cu-OrpDg and Mo/Cu-OrpTm proved 

unsuccessful so far, we conducted an ”in silico” docking approach, using the program 

Molegro Virtual Docker (MVD), in order to predict the most probable binding modes of the 

[S2MoS2CuS2MoS2]
3-

 cluster into apo-OrpDg. The docking calculations, described in the 

experimental section, were carried out using the crystal structure of apo-OrpDg (Figure 3A1 

& A2) deposited in Protein Data Bank with entry 2WFB
27

 and that of the compound 

[PPh4][Et4N]2[S2MoS2CuS2MoS2] (Figure 3B) deposited in Cambridge Crystallographic Data 

Centre with the entry RADWUP-224742.
26

 For the sake of simplicity, we settled a symmetric 

structure for the cluster [S2MoS2CuS2MoS2]
3-

 defined as the average of its resonant forms. 

Thus, the global charge is homogeneously distributed over the 4 terminal sulfur atoms so that 

each one bears an apparent charge of -3/4e and linked to Mo atoms by bonds of mixed hybrid 

breed (Figure 3-B). The MVD program first computed the electrostatic potential surface of 

the protein (Figure 3C1 and 3C2). It showed a unique well-delimited excavated area of the 

protein bearing a strikingly positive charge (in dark blue in Figures 3C1 & C2), well designed 

for interacting with the negatively charged metal-cluster. Consistently, positively charged 

residues, Arg-23, Arg-26, Lys-79 and Lys-120, border that pocket (Figure 3A2). The software 

was also able to identify an empty volume (~ 41 Å
3
) at the surface of the protein (Figure 3D) 

having the appropriate size to accommodate the metal-cluster, furthermore exactly matching 

the positive area computed at the previous step. It is worth mentioning that, in the apo-OrpDg 

structure 2WFB, this pocket hosts a cluster of 3 phosphate anions (PO4
-
) arising from the 

crystallization buffer. Altogether, these data constitute a set of indicators strongly suggesting 

that this pocket is the binding site of the metal-cluster.
27

 Then, a sequence of 10 independent 

runs of docking simulations was carried out using the MolDock algorithm.
33

 The 

computational procedure and the associated parameters are described with more details in the 

supporting information document, “Molecular Docking” section. The structure of the best 

docking pose is shown in Figure 3E, 3F and 3G). It confirmed that the metal-cluster fits 

perfectly in the volume of the positively charged surface pocket. In this structure, Arg-23, 
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Arg-26, Lys-79 and Lys-120 side chains have slightly moved in the pocket allowing them to 

interact with the metal-cluster via hydrogen bonds and electrostatic interactions.  

 

Molecular Dynamics Simulation Study. Molecular dynamics simulations (see experimental 

section for details) starting from the docked structure revealed that the [S2MoS2CuS2MoS2]
3-

 

complex was stable within the predicted binding pocket during the whole simulation time of 1 

μs (Figure 4, top). Interestingly, placing the complex far away from this binding pocket and 

running a new simulation led to spontaneous displacement of the complex into the same 

pocket within 15 ns, where it remained for the rest of the 1 μs simulation (Figure 4, bottom).  

Shown in Figure 4 are representative structures of that simulation highlighting the 

conformation of the complex within the binding pocket, surrounded by the cationic residues: 

Lys-79, Arg-23, Arg-26 and the neutral His-53. While the C-terminus Lys-120 residue is part 

of the binding pocket (containing 3 PO4
-
 anions) in the apo-OrpDg X-ray structure,

27
 the 

highly flexible
28

 C-terminal peptide (residues 113-120) was absent from the binding pocket 

during most of the simulation. In a simulation without the complex, the Lys-120 residue was 

also predicted to be mostly absent from this pocket. Whether Lys-120 is involved in the 

binding of the [S2MoS2CuS2MoS2]
3-

 complex is hence unclear at present. 

While these classical simulations only give an approximate representation (see DFT section 

for electronic structure calculations) of the complexity of the inorganic electronic structure of 

the [S2MoS2CuS2MoS2]
3-

 complex (described by a simplistic nonbonding model of atomic 

charges and Lennard-Jones parameters) as well as of the electrostatic interactions with the 

protein, they clearly suggest that a [S2MoS2CuS2MoS2]
3-

 complex is likely to bind and remain 

in the identified positively charged binding pocket. 

 

Photocatalytic hydrogen evolution catalyzed by Mo/Cu-OrpDg. The ability of holo-Orp to 

catalyze the reduction of protons into hydrogen was carried out in water under anaerobic 

conditions and visible light irradiation using a three-component homogeneous system, 

comprising the catalyst (holo-Orp), a photosensitizer ([Ru(bpy)3]Cl2), and a sacrificial 

electron donor (sodium L-ascorbate). An initial reaction was carried out by mixing 5 µM of 

Mo/Cu-OrpDg containing 0.1 mM of [Ru(bpy)3]
2+

 and 100 mM sodium L-ascorbate in 100 

mM phosphate buffer, pH 6.8 and irradiated with visible light using a Xe lamp (as described 

in the experimental section).  

H2 evolution was monitored by analysis of the headspace with gas chromatography. As shown 

in Figure 5A (red circles), the system is functional and photocatalytic production of H2 
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proceeds linearly for about 30 min, corresponding to an initial turnover frequency (TOF°) of 

about 127 h
-1

. From then, the reaction rate slowly decreased, reaching a plateau after four 

hours reaction, yielding a turnover number (TON) of 266. In a control experiment, omitting 

Mo/Cu-OrpDg from the reaction mixture, much lower amounts of H2 were produced, 

demonstrating the catalytic role of Mo/Cu-OrpDg (Figure 5A black circles, and Figure S5). In 

the absence of [Ru(bpy)3]
2+

 or sodium L-ascorbate, no H2 was formed (Figures S4 & S6). 

 

Photoreaction Conditions Optimization. An extensive series of experiments were carried 

out to optimize the system in terms of H2 evolution catalytic activity. For that purpose, 

various reaction mixtures were studied using different concentrations of the catalyst (0 -15 

µM), the photosensitizer (0 - 1500 µM), the electron donor sodium L-ascorbate (0 - 0.3 M) 

and different buffer pH (4.7 - 7.8). The data are shown in Figures S4-S7. They showed: (i) 

increased activity upon increasing photosensitizer concentrations up to 700 M (Figure S4); 

(ii) increased activity upon increasing catalyst concentration (Figure S5); (iii) the need of 

sodium L-ascorbate for photocatalysis but with little effect between 50 - 300 mM 

concentration range (Figure S6). Finally, decreasing the pH, i.e. increasing the proton 

substrate concentration, had a large stimulatory effect on the activity, with citrate-based buffer 

giving higher activity than phosphate-buffer at the same pH (Figure S7). The largest TOF° (~ 

700 h
-1

) and TON4h (~ 890) values were obtained in this study using 5 µM Mo/Cu-OrpDg, 0.7 

mM [Ru(bpy)3]
2+

, 0.1 M sodium L-ascorbate in pH 5.2 citrate buffer (Figure 5B).  

Figure S8 furthermore shows a clear trend in which it takes a longer time for the production of 

H2 to start to level off as pH is increased: 20 min (pH 5.2), 30 min (pH 5.8); 50 min (pH 5.8), 

150 min (pH 6.8); while no inactivation could be observed during 4 h at pH 7.8. This reflects 

a pH-sensitivity of the protein. Thus, at the most acidic conditions allowing the largest 

activity, the system suffers from a significant instability. As a further confirmation, at pH 5.2, 

once the catalytic plateau is reached, H2 production only slightly resumed upon addition of a 

fresh solution of [Ru(bpy)3]
2+

 (by 18% with respect to the initial TOF of the first run, Figure 

S9A). However, other sources of inactivation at this pH have to be considered since addition 

of both Mo/Cu-OrpDg and [Ru(bpy)3]
2+

 after 2 h only led to a TOF value corresponding to 

40% of the initial TOF of the first run (Figure S9B).  

Another source of inactivation proved to be Orp sensitivity to light irradiation. This was 

observed in an experiment where Mo/Cu-OrpDg was irradiated during 3 h before addition of 

[Ru(bpy)3]
2+

. This pre-irradiation resulted into a less active enzyme (Figure S10). In a control 

experiment, pre-incubation of the protein during 3 h in the dark had only a very slight effect 
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on the activity (Figure S10). Note that ascorbate had no effect on the results whether it was 

added before or after the pre-irradiation step. The fact that the activity was much higher with 

no pre-irradiation indicates that Mo/Cu-OrpDg is protected from light-inactivation by the 

photosensitizer.  

A previous report has shown that the ascorbate/[Ru(bpy)3]
2+

 system can be improved by 

addition of tris-(2-carboxyethyl)phosphine (TCEP), which serves to recycle oxidized 

ascorbate.
34

 Figure S11 shows that this is also applicable here since a great increase of initial 

TOF (TOF° ~ 1200 h
-1

) and TON after 4 h (TON ~ 2140) were obtained upon addition of 

TCEP. 

 

Photocatalytic hydrogen evolution catalyzed by M/M’-OrpDg. Following the perspective 

opened by J. G. Moura regarding the possibility to assemble different dinuclear 

[S2MS2M’S2MS2]
3-

 clusters within the binding pocket of OrpDg, we have prepared a series of 

holo-OrpDg proteins containing such clusters with M = Mo and M’ = Cu, Fe, Ni, Co, Zn, Cd 

as well as with M = W and M’ = Cu. The characteristic UV-visible spectra are shown in 

Figure S3 and are identical to those previously reported.
30

 Following the optimized assay 

conditions developed above, we have evaluated their catalytic activity during photoreduction 

of protons and the results are given in Figure S12 & S13, showing clear differences between 

the different artificial enzymes. In Figure 6, the data are summarized in terms of TON at 2.5 

hours and the initial rate (TOF°) value. The results show that the most active combination is 

the one with M = Mo and M’ = Fe, followed by those with M = Mo and M’ = Cu, Ni and Co. 

As shown in Figure 6, Mo/Fe-OrpDg achieves a remarkable TON of ~1150 after 2.5 hours of 

reaction. Orps carrying clusters with M’ = Zn or Cd and M = Mo as well as with M’ = Cu and 

M = W are much less active than Mo/Cu- and Mo/Fe-OrpDg. Mo/Ni-OrpDg displays very 

good TOF° (~ 680 h
-1

), however, it seems to be less stable than Mo/Co- and Mo/Fe-OrpDg as 

shown by the much lower production of H2 after 2.5 hours reaction (TON2.5h ~ 650). Finally, 

Mo/Cu-OrpTm proved as active as Mo/Cu-OrpDg (Figure S14). 

Table S3 displays the maximum quantum yield for the various M/M’-OrpDg samples (see 

estimation details in the SI). The highest value, 0.29 %, was obtained for Mo/Fe-OrpDg. 

While very few artificial hydrogenase systems have been evaluated for their quantum 

efficiency, the value obtained here compares reasonably with a previous study reporting a 

quantum efficiency of 1 % using a ferredoxin-based Ru-Co hybrid system.
35

 

Cyclic voltammetry experiments carried out under anaerobic conditions using a variety of 

M/M’-OrpDg preparations immobilized on pyrolytic graphite electrodes showed a large 
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catalytic wave at pH 5, corresponding to H2 evolution reaction, with currents depending on 

the nature of the cluster (Figure S15). We could not detect non-turnover signals resulting from 

the stoichiometric reduction and oxidation of the protein, but these are often too faint. Control 

experiments with unmodified electrodes showed no redox activity indicating that the catalytic 

process was due to the protein at the surface of the electrode. The catalytic onset potential was 

in the range of -0.9 to -1.0 V vs NHE, consistent with the mechanism involving [Ru(bpy)3]
+
 

(E= -1.23 V vs SHE) as the electron donor in the photosystem (see below).
36

 

 

Computational Investigation of Hydrogen Evolution Reaction (HER) Mechanism. To 

better understand the photocatalytic HER properties of the Mo/Cu-OrpDg, we next 

investigated the reaction mechanism by performing Density Functional Theory (DFT) 

calculations. For the sake of computational efficiency, this mechanistic exploration was 

conducted using a model system that consists of a [S2MoS2CuS2MoS2]
3-

 cluster, which was 

polarized by an implicit solvent model with a dielectric constant (ε) of 20 to account for the 

dielectric environment of the cluster at the protein-solvent interface
37

 (see Computational 

Details section in the SI). Still, some key steps of the reaction mechanism were further 

analyzed by means of a larger cluster model obtained from a snapshot of the MD simulations 

(vide supra). This comprises, aside from the [S2MoS2CuS2MoS2]
3-

 cluster, the OrpDg residues 

that were predicted to interact with the cluster in the holo form of the protein, including two 

positively charged amino acids (arginine and lysine), a polar tyrosine and other regions of the 

protein main chain that can establish hydrogen bonds with the cluster (see Figure S16). 

Figure 7 shows the proposed catalytic cycle, which consists of three main steps, namely, the 

first and the second single electron transfer (1
st
 and 2

nd
 SET in Figure 7) of the 

[S2MoS2CuS2MoS2]
3-

 cluster, and the H2 formation step. The reaction begins with the 

photoexcitation of the [Ru(bpy)3]
2+

 photosensitizer by a visible light photon that leads to the 

triplet MLCT state, labeled as [Ru(bpy)3]
2+,

*.
38

 This can be reductively quenched in a 

spontaneous manner (ΔG = -7.6 kcal mol
-1

) by ascorbate (HAsc
–
) to generate [Ru(bpy)3]

+
, 

which is a stronger reducing agent than [Ru(bpy)3]
2+,

*,
39

 and an oxidized ascorbyl radical 

(HAsc
•
). The first SET from [Ru(bpy)3]

+
 to the [S2MoS2CuS2MoS2]

3-
 cluster was predicted to 

be endergonic by 16.8 kcal mol
-1

 and to occur through a moderate free-energy barrier of 20.6 

kcal mol
-1

, which was estimated by means of the Marcus theory (see Computational Details 

section). Nonetheless, this process is rather sensitive to the chemical environment of the 

cluster. Specifically, when the cluster is embedded into the protein pocket, the energy of its 

LUMO, which is the molecular orbital accepting the extra electron, is lowered by ca. 0.8 eV 



11 
 

due to the stabilization of the polyanionic structure granted by the formation of hydrogen 

bonds with polar and positively charged residues of the protein. As a consequence, the SET 

from [Ru(bpy)3]
+
 to the cluster becomes much more favorable, being exergonic by 12.7 kcal 

mol
-1

 and exhibiting a significantly lower free-energy barrier of 4.8 kcal mol
-1

 (see values in 

parentheses in Figure 7). The extra electron in the one-electron reduced cluster is 

accommodated in one of the Mo centers, forming a Mo(V) species. Upon reduction, the 

terminal sulfide groups bound to the Mo(V) ion become more basic due to the increase of 

charge density and the π*Mo=S nature of the populated molecular orbital, triggering the 

spontaneous association of a proton to a terminal sulfido group at neutral pH (see estimated 

pKa values in Figure 7 and stability comparison with other isomers in Figure S17). 

Remarkably, the protonation of the cluster prevents undesired back electron transfer events 

from the reduced catalyst to the oxidized electron donor. It should be pointed out that 

although the [S2MoS2CuS2MoS2]
3-

 cluster can be photoexcited under visible light irradiation, 

the resulting excited states are not expected to be involved in the reaction mechanism as no H2 

is experimentally observed in the absence of [Ru(bpy)3]
2+

 (vide supra). 

Then, the [H{Mo
V
Cu

I
Mo

VI
}]

3-
 species can be further reduced by [Ru(bpy)3]

+
 through a 

second SET step, the free-energy barrier of which is estimated to be similar to that of the first 

SET (see Figure 7). This yields a mixed-valent Mo(IV)/Mo(VI) intermediate where both extra 

electrons are localized on the same Mo center in a triplet ground state configuration, albeit the 

most stable singlet state is only 5.6 kcal mol
-1

 higher in energy. This is caused by the effect 

that protonating a terminal sulfido group has on the electronic structure of the cluster, which 

stabilizes unoccupied molecular orbitals centered on the Mo(V) ion below those centered on 

the Mo(VI) (see Figures S18 and S19) The protonation of the resulting [H{Mo
IV

Cu
I
Mo

VI
}]

4-
 

species is more favorable than that of the one-electron reduced species and, therefore, 

expected to occur spontaneously at the experimental pH. Again, the doubly protonated species 

is stabilized as a triplet, the lowest singlet being 0.6 (or 6.3 within the protein pocket) kcal 

mol
-1

 higher in energy (see Figure 7). 

The [H2{Mo
IV

Cu
I
Mo

VI
}]

3-
 species was found to be able to evolve H2 through a stepwise 

process that begins with thermally-activated internal conversion from the triplet ground state 

(
3
H2[{Mo

IV
Cu

I
Mo

VI
}]

3-
 to the lowest singlet excited state (

1
H2{Mo

IV
Cu

I
Mo

VI
}]

3-
), in which 

one of the terminal H atoms supports a slightly higher electron density than the other, as 

suggested by the analysis of atomic charges (see Table S6). This is followed by the attack of a 

terminal sulfur hydride to the proton of the neighboring thiol group in the singlet state, which 

occurs through 
1
TSHER (see Figure 7 and Figure S20 for a 3D representation of the optimized 
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geometry) and readily releases H2, regenerating the fully oxidized form of the cluster and 

closing the catalytic cycle. The latter process requires overcoming a very low free-energy 

barrier of 4.3 kcal mol
-1

 from 
1
[H2{Mo

IV
Cu

I
Mo

VI
}]

3-
, which accounts for an overall free-

energy barrier of 4.9 kcal mol
-1

 from the triplet ground state configuration. Note that the H2 

formation step is significantly less sensitive to the environment compared to SET and 

protonation processes, although we observed an increase of the overall free-energy barrier 

from 4.9 to a still very smooth barrier of 10.5 kcal mol
-1

 upon embedding the cluster into the 

protein pocket. This mainly arises from the stabilization of the triplet ground state with 

respect to the reactive singlet state, which is more pronounced within the protein scaffold 

(Figure 7). 

Similar HER mechanisms where a metallothiol plays the role of hydride donor have been 

proposed for both Mo-based molecular
40

 and heterogeneous catalysts,
41-43

 on the basis of DFT 

and experimental spectroscopic analyses. Still, alternative HER mechanisms whereby a Mo-

hydride is formed from the [H2{Mo
IV

Cu
I
Mo

VI
}]

3-
 species were also explored, although they 

were found to be much higher in energy (see Figure S21). It is worth mentioning that a 

Mo(III)-hydride has been recently proposed as a key intermediate in the electrocatalytic HER 

by amorphous MoSx.
44

 However, it is rather unlikely that such a low redox state is formed in 

the Mo/Cu-OrpDg system, considering that the doubly-reduced cluster can already attain the 

formation of H2 through a free-energy barrier that can be readily overcome at room 

temperature. 

Finally, we sought to rationalize the observed lack of CO2RR activity of the Mo/Cu-OrpDg 

enzyme. On the basis of the hydride-transfer reactivity responsible for the HER, we evaluated 

the feasibility of a hydride transfer from [H2(Mo
IV

Cu
I
Mo

VI
}]

3-
 to an incoming CO2 molecule 

to generate formate (see Figure S22 for a representation of the transition state structure). In 

agreement with the experimental results, this process was found to entail a free-energy barrier 

of 16.7 kcal mol
-1

, significantly higher than that governing the H2 formation (4.9 kcal mol
-1

), 

thus rendering the CO2RR pathway unable to compete with the much faster HER pathway. 

 

Finally, we performed additional DFT calculations seeking to rationalize the experimental 

reactivity trends observed along the M/M’-OrpDg series. To this end, we characterized the 

whole HER mechanism for a set of representative, experimentally-tested clusters 

([{MoFeMo}]
3–

, [{WCuW}]
3–

 and [{MoCdMo}]
2–

) and compared their thermodynamic and 

kinetic features with those of [{MoCuMo}]
3–

 in Table S7.  
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In agreement with the experimental results, [{WCuW}]
3–

 is significantly more difficult to 

reduce compared to [{MoCuMo}]
3–

 and therefore, less active for HER. This can be explained 

by the higher energy of unoccupied molecular orbitals of the W-based compound (ELUMO = -

1.48 vs -1.83 eV for [{WCuW}]
3–

 and [{MoCuMo}]
3–

, respectively).  In fact, the higher 

electron affinity of Mo(VI)- compared to W(VI)-based analogues is a well-known feature in 

other fields, such as in polyoxometalate chemistry.
45

 On the opposite end, the [{MoCdMo}]
2–

, 

bearing a less negative overall charge, can be more easily reduced (see Table S7). However, 

this cluster also exhibits a significantly lower basicity (see Tables S7 and S8), which 

decreases the ability of the reduced complex to bind protons, being thus detrimental to 

catalysis. Finally, in line with the similar reaction rates observed experimentally for 

[{MoFeMo}]
3–

 and [{MoCuMo}]
3–

, these were found to exhibit very similar barriers both for 

SET and H2 formation steps, lying within the limits of computational uncertainty, along with 

a basicity that enables their protonation under experimental conditions (see Table S7). Further 

details on the electronic structures of M/M’ clusters and their calculated reaction mechanisms 

can be found in the SI (Figures S23 - S26). 

 

Conclusions. 

While artificial enzymology has emerged as a very attractive approach to understand key 

aspects of catalysis and to find out new classes of catalysts for a variety of reactions, artificial 

hydrogenases, having the potential to catalyze light-driven proton reduction into hydrogen, 

are more recent. In Table S9, we provide the list of previously studied artificial systems which 

proved catalytically active during light-induced HER (hydrogen evolution reaction). 

Surprisingly, the previously reported examples are, almost exclusively, based on dinuclear 

iron complexes, mimicking one class of natural hydrogenases, and cobalt CoNx complexes 

(Co-porphyrins, cobaloximes and Co-triazacyclononane). The very few exceptions are 

proteins engineered for binding one Ni ion. Here we have described our discovery of a new 

class of HER catalysts, namely a trimetallic cluster, [S2MoS2MS2MoS2]
3−

, with M = Fe, Cu, 

Co, Ni, which, upon binding to the Orange Protein (Orp), a protein of unknown function, 

converts it into an active hydrogenase. To our knowledge, the MoFeMo version (Mo/Fe-

OrpDg) is by far the most active artificial hydrogenase reported so far, with an initial turnover 

frequency of 890 h
-1

 and reaching a TON of 1150 after 2.5 hours reaction (Table S9). DFT 

calculations have not only confirmed that photocatalytic HER by such clusters within the 

protein is feasible but also established a possible reaction mechanism, in which the MoS4 

moiety is the catalytic redox site and the sulfur ligands function as proton-binding sites 
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(Figure 7). They also show that the nature of both central and peripheral metal ions is critical 

for tuning the electronic structure of the cluster, explaining the differences between the 

various clusters in terms of catalytic activity, which is determined by the delicate balance 

between the ability of the cluster to accept electrons and that of its reduced form to associate 

protons and activate them. The detailed characterization of the Mo/Cu-OrpDg version, by a 

variety of spectroscopies, structure modeling with in silico docking and molecular dynamics, 

following a previous NMR characterization,
28

 led us, in the absence of X-ray three-

dimensional structure of the holo-protein, to get a clear knowledge of the cluster binding site 

and of the amino acid residues interacting with the cluster. This information provides a strong 

basis for further studies of the reaction mechanism aiming at tuning the reactivity of this 

fascinating system. 
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Figures and legends. 

 

 

Scheme 1. 

 

 

 

 

 

Scheme 1: Left: structure of Mo-Cu active site of carbon monoxide dehydrogenase. Right: 

structure of the [S2MoS2CuS2MoS2]
3-

 cluster of OrpDg. Mo is in red, Cu in blue and sulfur in 

orange. 
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Figure 1. 

 

 

Figure 1: UV–visible spectrum of the Mo/Cu-OrpDg. The spectrum was recorded with 117 

µM of Mo/Cu-OrpDg in 50 mM Tris-Cl pH 7.5. The arrows indicate the 338-nm, 430-nm and 

478-nm S→Mo charge-transfer bands. 
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Figure 2. 

 

 

Figure 2: Cu K-edge X-ray absorption spectra of Mo/Cu-OrpDg. (A) Experimental X-ray 

absorption near edge structure (XANES) spectrum. (B) Fourier-Transformed EXAFS spectra: 

experimental (black, dashed curve) and simulated signal (red, solid line) based on a two-shell 

model including the single scattering contributions from Cu-S and Cu-Mo (green and blue 

line, respectively, shifted for clarity). (C) Experimental (black, dashed) k
3
-weighted EXAFS 

spectrum and best-fitting theoretical curve (red, solid) generated ab initio based on a 

[S2MoS2CuS2MoS2]
3-

 cluster model. 
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Figure 3. 

 

 

Figure 3: Docking simulation of the metal complex [S2MoS2CuS2MoS2]
3-

 in the apo-OrpDg 

using Molegro Virtual Docker (MVD). A1 and A2: Crystallographic structure of the apo-

OrpDg drawn as cartoon representation. Side chains of Lys-79, Arg-23, Arg-26, Lys-79 and 

Lys-120, defined as flexible in MVD, are highlighted in stick representation. B: structure the 

metal-complex in stick representation. C1 and C2: Electrostatic potential surface of the apo-

Orp, red and blue colors reveal the negatively and positively charged area respectively. D: 

Volume of the single pocket at the surface of the apo-OrpDg calculated by MVD. E: 

Structure of the best docking pose selected on the basis of MVD energy score. F and G: Best 

binding position of the metal-cluster at the protein surface fitting the positive electrostatic 

potential zone and the pocket volume. 
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Figure 4. 

 

 

 

 

Figure 4: Snapshots taken from classical simulations, starting from docked (top) and non-

docked (bottom) structures. Initial minimized structures shown (left), after 250 ns (middle) 

and after 1000 ns (right). 
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Figure 5. 

 

 

 

 

Figure 5. Photocatalytic activity for H2 evolution by holo-OrpDg.   

(A) Amount of H2 produced in presence (red circles) and in absence (dark circles) of Mo/Cu-

OrpDg. Conditions: photocatalysis was carried out in a 2 ml N2-saturated solution containing 

5 µM Mo/Cu-OrpDg, 100 µM [Ru(bpy)3]Cl2, 100 mM L-AscHNa, 100 mM potassium 

phosphate buffer (pH 6.8).  

(B) Optimal conditions for H2 evolution using Mo/Cu-OrpDg (red circles) and Mo/Fe-OrpDg 

(blue circles): TON (nmol of H2 produced / nmol of catalyst). Conditions: photocatalysis was 

carried out in a 2 ml N2-saturated solution containing 5 µM Mo/Cu-OrpDg or Mo/Fe-OrpDg, 

700 µM [Ru(bpy)3]Cl2, 100 mM L-AscHNa, 100 mM sodium citrate buffer (pH 5.2), T = 20 

°C, using Xe lamp irradiation (  > 415 nm).  
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Figure 6. 

 

 

 

 

 

Figure 6. Plot of the activity for H2 evolution versus the holo-Orp derivatives. Red dots: 

TON at 2.5 hours of irradiation; blue triangles: TOF°. Conditions: photocatalysis was carried 

out in a 2 ml N2-saturated solution containing 5 µM holo-Orp derivatives, 700 µM 

[Ru(bpy)3]Cl2, 100 mM L-AscHNa, 100 mM sodium citrate buffer (pH 5.2), T = 20 °C, using 

Xe lamp irradiation (  > 415 nm). 
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Figure 7. 

 

 

 

 

 

 

Figure 7. Proposed reaction mechanism for the photocatalytic HER promoted by the 

[S2MoS2CuS2MoS2]
3-

 cluster of holo-OrpDg. Standard-state reaction Gibbs free energies 

and free-energy barriers are given in kcal mol
-1

. Bolded values in parentheses were obtained 

from calculations on a larger cluster model system that explicitly incorporates the protein 

residues surrounding the [S2MoS2CuS2MoS2]
3-

 cluster in the holo-ORPDg (see 

Computational Details and Figure S16 for a graphical representation of the models). The 

‘n.d.’ notation stands for ‘not determined’, as only key steps of the mechanism were analyzed 

on a larger cluster model.  
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ToC graphic. 

 

 

 

 

 

 

 

 

 

 


