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Abstract

A series of artificial metalloenzymes containing a ruthenium chromophore and [NiII(cyclam)]2+, 

both incorporated site-selectively, have been constructed within an azurin protein scaffold. These 

light-driven, semisynthetic enzymes do not evolve hydrogen, thus displaying complete selectivity 

for CO2 reduction to CO. Electrostatic effects rather than direct excited-state electron transfer 

dominate the ruthenium photophysics, suggesting that intramolecular electron transfer from 

photogenerated RuI to [NiII(cyclam)]2+ represents the first step in catalysis. Stern-Volmer analyses 

rationalize the observation that ascorbate is the only sacrificial electron donor that supports 

turnover. Collectively, these results highlight the important interplay of elements that must be 

considered when developing and characterizing molecular catalysts.

Graphical abstract

An artificial metalloenzyme reduces CO2 to CO using light, suggesting intramolecular electron 

transfer and secondary sphere effects modulate catalytic selectivity.
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The continued rise in atmospheric carbon dioxide levels has resulted in renewed focus on 

developing efficient catalysts for CO2 conversion into chemical feedstocks.1–3 Of these, the 

two-electron reduction of CO2 to carbon monoxide (CO) is of particular interest for use in 

downstream industrial applications. While performing these reactions in aqueous media 

would be environmentally benign, selectivity remains a primary challenge for this field 

owing to similar thermodynamic potentials for proton reduction to hydrogen and CO2 

conversion into C1 products.4 A variety of approaches spanning biological, synthetic, and 

materials science fields have been employed to tackle this problem.5–9 Recently, engineering 

proteins has emerged as a viable strategy to combine specific advantages of many of these 

approaches, including manipulation of defined primary and secondary coordination spheres, 

natural cofactor substitution,10,11 water solubility, and construction of tailored interfaces.
12–17

We have elected to employ a semisynthetic approach by incorporating a well-characterized, 

small molecule catalyst into an existing metalloprotein scaffold. [NiII(cyclam)]2+, (([1]), 

cyclam = 1,4,8,11-tetraazacyclotetradecane) has received a great deal of attention because of 

reported catalytic selectivity for CO2 reduction to CO in water. While much of the early 

work was conducted using a mercury-based electrode, recent literature reports indicate that 

CO2 can also be reduced to CO by [1] using a glassy carbon electrode under aqueous 

conditions.18–21 Since those initial studies, a variety of approaches have been explored to 

improve the catalytic properties of [1], including attachment to a conducting polymer,22 

semiconductor,23,24 and ruthenium phototrigger.25 Variations on the ruthenium 

photosensitizer used have also been reported.26 In our own lab, incorporation of [1] into 

distinct sites within the azurin (Az) protein scaffold was used to yield active constructs with 

decreased catalytic overpotentials, higher turnover numbers, and increased selectivity for 

CO2 reduction.17 To further develop this system towards solar fuel applications, a 

ruthenium-based chromophore has been covalently attached to azurin in a site-selective 

fashion (RuAz). A single, surface-accessible histidine residue at position 83 was then used 
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to incorporate [NiII(cyclam)]2+ into the protein via axial coordination of [1] to histidine.17,22 

The resultant ternary RuMAz-[1] constructs are highly selective catalysts for CO2 reduction 

to CO. Gas chromatography (GC), luminescence, time-correlated single photon counting 

(TCSPC), and Stern-Volmer (SV) quenching experiments were performed on all RuMAz-[1] 

systems to characterize catalytic activity. Ultimately, study of these and related 

semisynthetic enzymes can provide insight into the catalytic mechanism of CO2 reduction 

by [1] and reveal key molecular interactions controlling catalyst selectivity.

It was previously shown that coordination of [1] to the native His83 residue in Az resulted in 

the greatest selectivity increase for CO production over H2 evolution relative to free [1] 

when measured via solution-phase, light-driven assays.17 Following from this observation, 

scaffolds containing this native histidine were further developed. Three Az variants were 

engineered (S66C, S78C, and S100C), each containing a single, surface-exposed cysteine 

residue located ~11, 12, and 19 Å from His83, respectively (Figure 1A, Figure S1). Using 

methodology developed by the Cheruzel group, in which metal-based polypyridyl 

compounds bearing an epoxide functional group can be selectively and quantitatively 

attached to the sulfhydryl moiety of a cysteine residue,27 a ruthenium(II) phototrigger 

(Figure 1B, [Ru(bpy)2(epoxy-phen)]2+ = [Ru(2,2’-bipyridine)2(5,6-epoxy-5,6-dihydro-

[1,10] phenanthroline)]2+) was covalently coupled to Az, generating a series of ruthenium-

labelled constructs (RuAz) (Figure S2). The resultant RuMAz proteins were then incubated 

with [1] to generate ternary RuMAz-[1] complexes. Desalting columns were used 

immediately prior to running all of the protein-based experiments in order to remove excess 

[1] from solution. To verify the incorporation of [1] into each scaffold, cyclic voltammetry 

was performed, monitoring the position and intensity of the NiIII/II couple of [1] at 

approximately +700 mV vs. NHE (Figures S3-S5, Table S1). The integrated area of this 

transition relative to the area of the CuII/I couple was used to estimate the efficiency of [1] 

incorporation into the protein, which was found to be approximately 40%, consistent with 

our prior report (Figure S5).17 Because Az also has an endogenous metal binding site that 

typically contains copper but can be substituted with other divalent metals,11 both the Cu- 

and Zn-bound derivatives (RuCuAz, RuZnAz) were studied to probe the effects of including 

a redox-active metal center within the scaffold.

Enzyme activity was characterized with a light-driven assay coupled to gas chromatography 

(GC) analysis, using ascorbate as a sacrificial electron donor.16 Following irradiation with 

447 nm light, all RuMAz-[1] constructs were shown to catalytically reduce CO2 to CO 

(Figure 2). Catalysis was only observed when all reaction components were included. 

Control assays lacking ascorbate, light, [1], or CO2, including assays with RuMAz in the 

absence of [1], did not produce any detectable amounts of CO (< 50 pmol) over the 2-hour 

irradiation period. This suggests that the CO produced is exclusively due to reduction of the 

added CO2 by [1] and cannot be attributed to other carbon sources in the reaction mixture. It 

is noted that after approximately two and a half hours, trace amounts of CO began to appear 

in the control experiments, which may be attributed to degradation of the Ru phototrigger 

and/or Az protein (Figure S6, Table S2). To eliminate any possible contribution of 

background CO signals, all assays were restricted to two hours.
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The most active variant was S78C-RuCuAz-[1], which converted 23 +/− 1 nmoles of CO2 to 

CO over the two-hour irradiation period; this corresponds to a turnover number (TON) of 

4.6 ± 0.2 when the ~40% labelling efficiency of [1] to Az is considered.17 A moderate 

dependence of activity on distance between the Ru chromophore and [1] is observed, as the 

78 position is closest to the His83 attachment site. Correspondingly, the S100C-RuAz-[1] 

variants, which place the Ru compound and His83 at the greatest separation distance, exhibit 

the lowest levels of activity. Interestingly, while our prior study found the Cu-substituted 

scaffolds to be substantially more active than their Zn-substituted counterparts, metal 

identity in the native Az binding site does not affect activity of RuMAz-[1]. This suggests 

that intramolecular electron transfer (ET) from the Ru center dominates over ET from Cu, a 

feasible hypothesis considering the relative reduction potentials (Figure S7).17

The protein-based constructs were slightly less active for CO production than control assays 

containing [1] and stoichiometric amounts of [Ru(bpy)3]2+, with absolute quantum yields for 

CO production by the enzymes ranging from 6.9 × 10−5 to 1.4 × 10−4 (Table S3).28 

However, during the entire irradiation period, the control experiments with free [1] displayed 

poor product selectivity, with a selectivity ratio (SR = TONCO/TONH2) of ~0.1 (Figure S8). 

This low degree of selectivity is consistent with previous reports on light-driven, solution-

phase catalysis for CO2 reduction by [1] in aqueous solutions,17,28–30 though short bulk 

electrolysis experiments on [1] show greater relative efficiencies for CO2 reduction.19 In 

contrast, all ternary RuMAz-[1] complexes exclusively produce carbon monoxide, with no 
measurable amounts of hydrogen detected even after two hours of irradiation! While prior 

studies demonstrated that increased SRs can be obtained by synthetically linking [1] to 

[Ru(bpy)3]2+, co-immobilising [1] with a photosensitizer on an inert support system, directly 

attaching [1] to ZnSe quantum dots, and installing [1] within Az,17,29,31,32 these results on 

RuAz-[1] indicate that both an intramolecular electron transfer pathway and a carefully 

constructed outer coordination sphere are required to generate a catalyst that is completely 

selective for CO2 reduction to CO in water. This remarkable observation highlights the 

complex interplay of factors contributing to catalytic selectivity. Moreover, the activity of 

these constructs can be related to the behaviour of native Ni-containing carbon monoxide 

dehydrogenase enzymes, which are highly selective for CO2 over H+ reduction and feature a 

chain of iron-sulfur clusters to promote rapid ET as well as a conserved secondary 

coordination sphere around the active site.33

To further characterize the RuMAz-[1] systems, steady-state and time-resolved 

luminescence studies were carried out on the ternary constructs and corresponding RuMAz 

controls. The presence of Cu in the Az active site quenches the Ru emission intensity 

slightly (Figure S9), either via energy transfer or rapid excited-state ET.34,35 The addition of 

[1] to His83 in RuMAz perturbs not only the emission intensity but also the emission energy. 

A hypsochromic shift in the peak luminescence wavelength is observed for all constructs 

(Figures 3A, S10-S11, and Table S4). The most pronounced change, from λmax = 614 nm to 

λmax = 608 nm, is observed for S78C-RuAz-[1] in both the Zn- and Cu-bound systems, 

which likely stems from the close proximity between [1] and the Ru chromophore. Model 

studies on [Ru(bpy)3]2+ indicate higher dielectric constants are correlated with lower energy 

transitions;36 thus, the shifts to higher energy upon addition of [1] likely reflect an overall 
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decrease in local polarity for the ternary constructs. The molecular basis for this change 

remains under active investigation but may be associated with charge levelling of Az upon 

addition of a divalent cation or increased local shielding.37 Along with the shift to higher 

energies, emission intensities are also slightly greater for the RuMAz-[1] systems than 

RuMAz under non-catalytic conditions (Figure S12).

Time-correlated single-photon counting experiments were used to probe the photophysics of 

these systems. Simple exponential functions were used to fit the data: a monoexponential 

function was used for [ru(bpy)3]2+; the ruznaz samples required two components, with 

increased dynamics as previously seen for attachment of a phototrigger to a protein,38 and 

triple exponential decay functions were used to fit the rucuaz traces (figures 3b, s13-s16, and 

tables s5-s6). the addition of [1] did not affect the number of components required to 

accurately fit the data, so additional elements were not added. unexpectedly, but consistent 

with the higher emission energies and intensities, increased lifetimes were observed upon 

the addition of [1] to the rumaz scaffold in all cases (figure 3b). this correlation would be 

anticipated on the basis of the energy gap law, which predicts decreased non-radiative rates 

for higher energy transitions on the basis of decreased overlap (figure s17) and suggests the 

dominant effects of [1] on the photophysical properties of the ru phototrigger are only these 

slight shifts in emission energies. these differences likely emerge due to electrostatic 

interactions.39,40 the increased average lifetimes exclude the possibility of direct et between 

the excited *ruii center and [1], rendering this an unlikely step for catalysis. instead, the rui 

species generated through quenching of the *ruii excited state by ascorbate is suggested to be 

the catalytically relevant reductant. subsequent intramolecular et from rui to the niii center of 

[1] initiates co2 binding and conversion. it is this intramolecular step that is sensitive to the 

separation distance between rui and [1], giving rise to the distance dependence seen in the 

photochemical assays. the proposed pathway for photodriven catalysis based on these 

observations is illustrated through a modified latimer diagram (figure 4).

In addition to demonstrating the highest levels of catalytic activity, the s78c-rumaz-[1] 

constructs showed the greatest changes in luminescence wavelength and emission lifetimes 

upon addition of [1]. as such, this variant was selected for study to better understand 

productive and non-productive interactions under catalytic conditions. quenching 

experiments were performed using four different reducing agents, including ascorbate (asc), 

dithionite (dt), diethyldithiocarbamate (dtc), and 4-methoxy-N, N-dimethylaniline (p-

MeODMA).41–43 While all have sufficient driving force to reduce *RuII to RuI and the first 

three are irreversible electron donors, only Asc is effective for driving catalytic reduction of 

CO2 to CO by either [1] + [Ru(bpy)3]2+ or S78C-RuZnAz-[1] in the light-driven assays 

(Figure S18).44,45 To begin to elucidate the mechanism behind this unpredicted behaviour, 

Stern-Volmer analyses were performed to compare quenching of the S78C-RuZnAz-[1] 

construct relative to S78C-RuZnAz (Figures S19-S22). Decreasing lifetimes and emission 

intensities were observed, as expected, with increasing concentrations of all quenchers, 

consistent with a dynamic quenching mechanism. The Stern-Volmer bimolecular rate 

constants (kq, M−1 s−1) for quenching of *RuII by each reducing agent were determined 

from the weighted lifetimes (Table 1).46–49 The three unproductive reducing agents show 

essentially diffusion-limited quenching,46 while the Asc quenching constant is an order of 
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magnitude slower. Additionally, Asc was the only electron donor for which significant 

differences in quenching rate occurred upon incorporation of [1] into the protein scaffold, as 

the bimolecular quenching constant increased by approximately 40%. While the origin of 

this change may be simply electrostatic, identifying distinctions between quenching 

mechanisms may underlie the differences in reactivity across the set of sacrificial electron 

donors. For example, measuring the change in quenching constant upon incorporation of [1] 

may serve as a valuable predictor of activity with a given reducing agent.

In conclusion, direct attachment of a ruthenium chromophore to a semisynthetic enzyme 

generates RuMAz-[1] constructs that display complete selectivity for light-driven CO2 

fixation to CO under aqueous conditions. Time-resolved luminescence experiments are 

dominated by energy gap law effects, indicating direct ET from *RuII to the nickel center is 

unlikely, while Stern-Volmer analyses support the observation that productive quenching of 

the RuMAz-[1] constructs occurs only with ascorbate. Ongoing work in our lab aims to 

directly measure the electron transfer processes between the ruthenium center and [1] using 

transient absorption spectroscopy in order to identify the rate-limiting steps for activity, as 

well as develop robust catalysts through covalent attachment methods.50 Ultimately, this 

work establishes a foundation for development of highly active and highly selective catalysts 

for CO2 reduction that operate fully in water.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
(A) Azurin structure with labelling sites indicated and modeled as Cys residues. (B) 

Structures of small molecules in RuMAz-[1] enzymes.
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Figure 2. 
GC analysis of photoactivity assays (λ ex = 447 nm) containing 5 μM RuMAz-[1] or free 

[1] control in 750 mM phosphate/12.5 mM CHES buffer, pH 7.25, with 100 mM ascorbate 

under a CO2 atmosphere. TONCO determined with respect to ruthenium concentration.
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Figure 3. 
(A) Normalized emission spectra and (B) TCSPC decay traces of RuZnAz (thin lines) and 

RuZnAz-[1] (thick lines) as labeled on figure. Samples contain 5 μM protein in 750 mM 

phosphate/12.5 mM CHES buffer, pH 7.25, under a CO2 atmosphere.
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Figure 4. 
Modified Latimer diagram illustrating the catalytically relevant pathway for RuZnAz-[1]. 

Reduction potentials and transition energy of the Ru phototrigger and [1] taken from prior 

reports.17,40
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Table 1

Stern-Volmer bimolecular rate constants (kq (M−1 s−1)) for quenching of S78C-RuZnAz and S78C-RuZnAz-

[1] emission by the indicated reducing agents.

Quencher
S78C-RuZnAz

kq (M−1 s−1)
S78C-RuZnAz-[1]

kq (M−1 s−1)

Asc 1.1 ± 0.3 × 108 1.7 ± 0.2 × 108

DT 1.3 ± 0.3 × 109 1.1 ± 0.1 × 109

DTC 1.3 ± 0.3 × 109 1.5 ± 0.4 × 109

p-MeODMA 9.9 ± 0.3 × 108 9.7 ± 0.3 × 108
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