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Abstract 

The role of His145 in the T1 copper center of Nitrite Reductase (NiR) is pivotal for the activity of the 

enzyme. Mutation to a glycine at this position enables the reconstitution of the T1 center by the 

addition of imidazole as exogenous ligands, however the catalytic activity is only marginally rescued. 

Here we demonstrate that the uptake of 1,3-dimethylimidazolylidene as N-heterocyclic carbene 

(NHC) by the H145G NiR mutant instead of imidazole yields a significantly more active catalyst, 

suggesting a beneficial role of such C-bonding. Spectroscopic analyses of the formed H145G~NHC 

variant as well as an analogue without the catalytic T2 copper center reveals no significant alteration 

of the T1 site compared to the wild type or the variant containing imidazole as exogenous N-bound 

surrogate of H145. However, the presence of the carbene doubles the catalytic activity of the mutant 

compared to the imidazole variant. This enhanced activity has been attributed to a faster electron 

transfer to the T1 center in the NHC variant and a concomitant change of the rate-limiting step.  
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Introduction  

Carbenes, a two valence electron-neutral carbon species, and in particular N-heterocyclic 

carbenes (NHCs), have been key moieties employed in the design of metal-based catalysts, which 

allow for the modulation of the activity and selectivity of the metal center.[1–3] Despite the compelling 

properties imparted by the carbon-coordination mode, examples of such species in biologically-

relevant systems are rare,[4] and no naturally occurring carbenes have been observed as coordinating 

ligands in metalloproteins. The only examples of NHC-metal coordination in biologically-relevant 

environments have been imposed by combining synthetic catalysts with protein scaffolds to generate 

hybrid enzymes, which exploit the promiscuous activity provided by the metal center and the regio- 

and/or stereo-selective properties imparted by the peptide structure.[5–7] Very recently, however, 

carbene-metal binding was observed in fully natural enzymes as intermediate step in the enzymatic 

C–H functionalization catalyzed by iron hemoproteins.[8,9] 

In this context, we exploited a small copper protein, the Azurin from P. aeruginosa, to 

demonstrate that carbene coordination facilitates reduction processes at the Cu center. The solvent 
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exposed coordinating histidine of the T1 Cu-center was substituted with an exogenous NHC ligand, 

which successfully restores the spectroscopic properties and decreases the redox potential.[10] 

Furthermore, we speculated that the tautomerization of imidazole to NHC occurring in the histidine 

ring might act as switch to modulate the catalytic events in some metallo-enzymes. Histidine is indeed 

a common amino acid often exploited as metal coordination moiety at the active site of enzymes and 

binds to a metal center through the nitrogen of its imidazole ring.[11,12] In hemoproteins, for example, 

the axial binding of histidine to the heme prosthetic group controls the reactivity of the metal center 

and triggers the binding and release of small molecules, such as O2, in the trans position.[13] Generally 

histidine is considered to bind through a side chain nitrogen to the metal center, and this bonding 

mode has been established through countless spectroscopic and crystallographic studies.[14] The 

alternate carbon-coordination offers a rationale for those electron transfer and catalytic processes 

that occur at low redox potentials. Therefore, we expanded our approach to a catalytically active Cu-

enzyme to probe the influence of a NHC ligand on the enzymatic properties.  

Cu-containing proteins mediate numerous electron transfer processes, yet they operate over a 

broader redox range than their standard reduction potentials would suggest.[14–16] Azurin (Azu) and 

pseudo-azurin typically act as an electron shuttle to redox enzymes, such as nitrite reductase (NiR), 

which is found in the dissimilatory denitrification pathways of certain Alcaligenes sp. (A. faecalis and 

A. xylosoxidans), and Psudomonas genus among others.[17] Nitrite reductases possess two Cu centers 

in entatic states,[18,19] a T1 center that possesses a similar coordination sphere to the Cu center in Azu, 

and a type 2 (T2) center, buried in the enzyme structure where the reduction of NO2
– to NO takes 

place (Fig 1A). In vivo, electrons are shuttled from the Azu-T1 to the NiR-T1 in a transient protein-

protein complex, and then from NiR-T1 to T2 where the substrate NO2
– is eventually reduced to 

NO.[20–22] In the NiR from A. faecalis, mutations of the His145 ligand at the T1 Cu center result in 

variants that behave similarly to Azu-H117G. The His145 residue bridges the solvent-accessible area 

to the Cu center and allows for the coordination of an exogenous ligand to this T1 Cu site. In Azu, the 
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reconstitution is limited to the restoration of the UV/vis and EPR spectroscopic fingerprint, yet the 

lack of catalytic properties does not allow any further considerations.[23]  

In this work, we have prepared the H145G NiR mutant and introduced an NHC precursor to 

investigate the implications of a C-bound ligand at a T1 Cu-center of an active metallo-enzyme.[24] The 

enhanced activity of this NHC system compared to the imidazole-rescued analogue underpins the 

potential of these C-coordinated ligands in redox processes mediated by metallo-enzymes. Moreover, 

computational studies provided also insights on the stability of such a C-bonding mode of the 

imidazole heterocycle.  
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Results and Discussion 

1.!Protein preparation and spectroscopic features 

Clones of the wild type (WT) and H145G variants of NiR harbored in a pET28a vector[26] were used 

as templates to generate a cleavable poly-His-tag version of both proteins through the introduction 

of a Tobacco Etch Virus (TEV) endopeptidase cleavage sequence. This approach led to an easy removal 

of the poly-histidine tail used for purification to avoid potential interference through coordination to 

Cu(II) ions. Samples of the WT and H145G mutant NiR were purified by single step metal affinity 
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