Morane Beaumet 
  
Anica Dose 
  
Alois Bräuer 
  
Jean-Pierre Mahy 
  
Wadih Ghattas 
email: wadih.ghattas@universite-paris-saclay.fr
  
Michael Groll 
  
Corinna R Hess 
email: corinna.hess@ch.tum.de
  
An artificial metalloprotein with metal-adaptive coordination sites and Ni-dependent quercetinase activity

Keywords: 

ou non, émanant des établissements d'enseignement et de recherche français ou étrangers, des laboratoires publics ou privés.

Introduction

Artificial metalloenzymes (AMEs) are powerful tools for catalyzing transformations under ecofriendly conditions. [1,[START_REF] Mahy | Catalysis Series[END_REF] The protein environment confers chemo-and regio-selectivity that may be further improved by directed evolution. [START_REF] Reetz | [END_REF] Thus both primary and secondary coordination sphere effects can be exploited to enhance and expand the range of activities of the metal binding sites within these systems. In this regard, AMEs offer distinct advantages over molecular catalysts.

Several strategies have been established for the design of AMEs. [1,4,5] The vast majority of these are based on two methods. The first method involves substitution of the metal cofactor-either a metal ion or a complete prosthetic group-within a natural metalloenzyme. [6][7][8][9][10][11] The second method relies on covalent or supramolecular anchoring of molecular complexes to a protein. [12] An alternate method for AME engineering involves the introduction of coordinating canonical amino acids with appropriate coordination geometries to engineer metal binding sites into metal-free natural or de novo proteins. [13][14][15][16][17] In contrast to the aforementioned metal substitution and tethering strategies, the entire coordination environment must be constructed to achieve tight metal binding, and the optimal geometry and/or redox properties to enable substrate activation. Thus, the creation of amino acid ligated metal centers within suitable protein cavities that can simultaneously bind select substrates and are catalytically active, is significantly more challenging. An AME example generated by this latter method, and of relevance to this work, is an artificial Cu II -Diels-Alderase reported by Podtetenieff et al. [18] This enzyme was generated by engineering a DHH metal-binding motif within the synthase subunit of the TIM barrel protein, imidazole glycerol phosphate synthase from Thermotoga maritima (tHisF). [19] The motif was generated by using the native aspartic acid at position 11, and by replacing residues L50 and I52 with histidines. The resultant Cu II :tHisF DHH exhibited 73% conversion of the 2-azachalcone substrate and good enantioselectivity (46% ee; 13/1 endo/exo) in the reaction with cyclopentadiene. EPR spectroscopic studies provided evidence that the copper ion interacted with the His residues of the engineered NNO site. However, a crystal structure was not available, such that further details regarding the coordination environment could not be ascertained.

Inspired by the Cu II -Diels-Alderase, we set out to develop other tH-isF-based AMEs, with a particular interest in the production of oxygen activating enzymes. The carboxylate/His/His triad of Cu II :tHisF DHH offers a versatile motif that could support other metals in varied coordina-tion geometries. For example, metalloprotease active sites often consist of Zn II ligated by two histidines and a glutamate residue in a tetrahedral geometry; [20] and in mononuclear non heme iron oxygenases the iron ion is coordinated to an NNO motif in a fac-octahedral geometry. [21] The spacious cavity of the tHisF TIM barrel (ca. 1000 Å 3 ) also should offer access to a wide array of substrates. We herein present the crystal structures of tHisF DHH , an EHH variant (tHisF EHH ), and Zn II -and Ni IIcontaining forms of the latter. The structures of the two metalloproteins reveal the ability of the tHisF EHH protein to adapt to preferences of the metal ion. Importantly, Ni II :tHisF EHH catalyzes the oxygen dependent 2,4-dioxygenolytic cleavage of the flavonols quercetin and myricetin, providing the first example of an artificial quercetinase.

Results & discussion

We successfully crystallized the apo-tHisF DHH protein that formed the basis of the aforementioned Cu II -Diels-Alderase (DHH site depicted in Fig. S1b). [18] However, our initial attempts to obtain metalcontaining tHisF DHH structures were unsuccessful. tHisF DHH also has no affinity for Zn II , as shown by isothermal titration calorimetry (ITC; Fig. S4), although this late transition metal is associated with a flexible coordination geometry. We therefore replaced the aspartic acid in the NNO motif (D11) with the longer glutamic acid residue, which we envisaged might offer greater flexibility to accommodate metal ions in conjunction with H50 and H52. The crystal structure of apo-tHisF EHH inferred a more favorable geometry for metal coordination (Fig. S1c).

Metal binding to the EHH site was again initially assessed using Zn II , and indeed, tHisF EHH has good affinity for Zn II , with a dissociation constant (K D (Zn II )) of 2 μM and 1:1 stoichiometry (Fig. S3). The wild type protein (tHisF WT ) shows no affinity for the metal (Fig. S2), in further support of specific binding of Zn II to the NNO site. The crystal structure of Zn II :tHisF EHH (Fig. 1d, and Fig. S1f-g) confirms the coordination of the metal to the triad motif. The zinc center adopts a distorted tetrahedral geometry, with a water molecule occupying the fourth position. The Zn-O Glu distance is 1.9 Å, while the Zn-N His bonds are in the range of 2.1-2.2 Å. The coordination of Zn II leads only to minor movements of the amino acid side chains compared to their position in the apo structure, which demonstrates that the His and Glu residues are optimally oriented for metal binding. In contrast, larger movements of D11 and H52 would be required to provide the analogous tetrahedral coordina- tion environment in tHisF DHH . [22] Comparing the structures of apo-tHisF DHH and apo-tHisF EHH further reveals that both the asparate and glutamate residues are engaged in hydrogen bonding with H52 (N His •••O Asp/Glu = 2.8 Å), such that binding of metal ions to either NNO motif first necessitates the disruption of this hydrogen bond. However, a lower energy penalty may coincide with breaking this interaction for the more flexible glutamate.

With our interest in the production of oxygen activating enzymes in mind we next examined Ni II binding to the EHH construct, motivated by the recent studies of the nickel-dependent quercetin 2,4-dioxygenase (Ni II -QueD FLA ). [START_REF] Company | Comprehensive Coordination Chemistry III[END_REF][START_REF] Jeoung | [END_REF][25] Quercetin (Scheme 1) and the Diels-Alder cycloaddition substrates, cyclopentadiene and 2-azachalcone, are of similar size, suggesting that tHisF could accommodate the former molecule. The affinity of tHisF EHH for Ni II is only slightly lower than that for Zn II (K D (Ni II ) = 10 μM) and a 1:1 stoichiometry is also observed (Fig. S3), whereas the unmodified tHisF WT again shows no affinity for Ni II (Fig. S4).

Inspection of the active site in the X-ray structure of Ni II :tHisF EHH reveals a markedly different coordination mode of Ni II compared to Zn II (Fig. 1a-c, e). The nickel cation binds only to two of the engineered residues, H50 and H52 (Ni-N His (avg) = 2.3 Å), bypassing the glutamate in favor of a serine residue (S144) from an opposing strand within the TIM barrel that is weakly bound to the metal (Ni-O Ser = 2.7 Å). The three amino acids are oriented in a meridional fashion (N His -Ni-N His = 82°; N His -Ni-O Ser = 102°), with three water molecules occupying the remaining positions of the overall pseudo-octahedral site. In this case, while the overall protein structure is preserved (Fig. S1e, 0.4 Å r.m.s.d. for 242 C α -atoms), the interaction with serine leads to significant movement of several amino acid side chains in the cation binding site compared to the apo and Zn II :tHisF EHH structures. Thus, the Ni II structure demonstrates the moderate flexibility of the tHisF peptide chain, and the ability of the protein to accommodate varied coordination geometries at different sites.

The quercetinase activity of Ni II :tHisF EHH was subsequently investigated by absorption spectroscopy (Fig. 2), following the consumption of quercetin. The activities of apo-tHisF EHH , of tHisF WT in the presence of Ni II , and of Ni(NO 3 ) 2 •6H 2 O were also examined as controls (Fig. 2 inset; see ESI for details). Apo-tHisF EHH did not exhibit any activity, while the tHisF WT /Ni II mixture and nickel nitrate alone showed minimal background conversion of quercetin. In contrast, Ni II :tHisF EHH exhibited the highest quercetinase activity, indicating that the reaction proceeds at the engineered active site.

The highest activity was found at pH 8.2 (Fig. 3 top and Fig. S7-S10); the optimal activity of quercetinases likewise is observed at a similar pH (pH 8). [26,27] In the naturally occurring Ni-dependent enzyme, quercetin coordinates to the metal active site via the O-atom at C3 (Scheme 1), and substrate binding is favored by deprotonation of the respective OH group under slightly basic conditions. However, quercetin is not stable in buffer solutions at high pH values [28]-even at pH 8 the background quercetin consumption is no longer negligible (Fig. 3, top). Consequently, kinetic studies with Ni II :tHisF EHH were carried out at pH 7.5, which also is more relevant as it reflects the activity under physiological conditions. In the absence of oxygen, activity was not observed. However, the quercetin absorption band at 385 nm was significantly red-shifted to 433 nm, suggesting the formation of an enzyme-substrate complex (Fig. 2, red trace, and Fig. S14)-specifically binding of quercetin to the Ni ion. In contrast, the addition of quercetin to Zn II :tHisF EHH did not lead to any change in the absorption spectrum, nor did Zn II :tHisF EHH exhibit activity (Fig. S15). Reactivity studies demonstrated that the catalytic conversion of quercetin by Ni II :tHisF EHH followed Michaelis-Menten kinetics, with values of K m,app = 20 μM and k cat,app = 0.11 min -1 (Fig. 3, bottom and Fig. S11).

We investigated the reaction scope of our artificial quercetinase using the substrate analogues myricetin, galangin, taxifolin, and luteolin (Scheme 1 and Figs. S12-S13). The Ni II :tHisF EHH AME showed no activity toward the electron deficient galangin, but exhibited a greater activity toward the more electron rich myricetin, with k cat,app = 0.53 min -1 (Fig. 3, bottom and Fig. S12), despite a lower affinity for the latter substrate (K m,app = 25 μM). The reduced flavanonol taxifolin did not react, confirming the double bond between C2 and C3 as the site of oxidative cleavage. Similarly, the AME has no activity toward luteolin, which lacks the 3-OH group involved in Ni II coordination to the naturally oc- Since the Ni II :tHisF EHH structure revealed that E11 was not involved in metal binding, we returned to the tHisF DHH variant and examined its affinity for Ni II and activity. Surprisingly, tHisF DHH has no affinity for nickel nitrate as determined by ITC (Fig. S4), such that the K D (Ni II ) of the protein must be >100 μM. Samples of tHisF DHH with added nickel also showed no activity toward quercetin beyond background reactivity (Fig. 2 and Fig. S6), such that Ni II either does not coordinate to, or is not retained by the protein. The marked differences in the behaviour of tHisF EHH and tHisF DHH toward nickel (Fig. S4), may likewise stem from differences in the interaction between H52 and the carboxylate at position 11. Binding of Ni II to the His/His/Ser site requires the rotation of H52, which again requires disruption of the hydrogen bond to the carboxylate residue. The movements involved with metal binding and ac-tive site orientation underscore a well-established principle that broader protein structural features, even distant from the active site, play an important role in regulating the dynamics, coordination environments and activities of enzymes. [29,30] These factors must be taken into consideration in the design and optimization of AMEs.

Conclusions

Overall, our initial studies with tHisF EHH highlight the significant potential of this system for the construction of artificial enzymes. The TIM barrel shows good plasticity and is able to adjust to several coordination geometries even based only on the simple bis-His motif. We are currently examining the coordination of other metal ions within tHisF XHH and optimized constructs thereof. Ni II :tHisF EHH is among the limited examples of AMEs generated by engineering an active site solely using canonical amino acids. The reactivity of Ni II :tHisF EHH furthermore underscores the capacity of tHisF-based metalloprotein constructs to facilitate O 2 dependent chemistry. The rate of quercetin conversion by Ni II :tHisF EHH is lower than by Ni II -QueD FLA . [27] This is unsurprising, given that first, the native enzyme evolved specifically for quercetin as a substrate; and second, the metal active site of Ni II -QueD FLA contains an additional histidine ligand (EHHH rather than EHH motif), with the three His residues in a facial orientation. Mutation of a single His residue decreases the activity by 150-fold or abolishes it entirely (Table 1). [26] Thus, the activity of our engineered and unoptimized Ni II :tHisF EHH is already remarkable, and even higher than that of the mutated Ni II -QueD FLA . Comparison with quercetinase-inspired synthetic complexes further emphasizes the significance of our artificial quercetinase. Nisuperoxides-the active species in quercetinase-have successfully been generated in a few cases, including with bis-chelating ligands, but no reactivity toward quercetin was reported. [START_REF] Company | Comprehensive Coordination Chemistry III[END_REF]31] Ni II complexes based on polypyridyl or triazacyclononane ligands have been shown to carry out the oxidative ring opening of flavonols. While the molecular complexes comprise metal bound quercetin or one of its analogues, further addition of quercetin was rarely performed, thus limiting the activity to one turnover at best. [32][33][34][35] Among the rare examples assayed in multi-turnover reactions, [36,37] the complexes developed by Itoh et al. stand out with k app reaching 10.9 10 3 M -2 s -1 using 3hydroxyflavone as substrate. However, these reactions were carried out at high temperatures reaching 100 °C and in organic solventsincluding DMF, which served as a co-substrate in one case - [38] in contrast to the eco-friendly conditions we use in the case of Ni II :tHisF EHH . 

Fig. 1 .

 1 Fig. 1. X-ray structure of tHisF EHH containing an engineered metal center. a) Ribbon diagram of tHisF EHH in complex with Ni II (cyan). Amino acids H50, H52 and S144 (shown as balls-and-sticks; gold carbon atoms; PDB ID 7QC9) coordinate the metal atom, while three defined water molecules (red) complete the pseudooctahedral coordination sphere. b) Surface representation of the Ni II :tHisF EHH -complex with colors indicating negative and positive electrostatic potentials (contoured from -10 to +10 kT/e). c) Close-up view of the engineered active site in the Ni II :tHisF EHH complex showing the 2F O -F C electron density map (grey mesh, contoured to 1.0 σ) and the anomalous nickel signal (green mesh, contoured to 20.0 σ). d) Close-up view of the engineered active site in the Zn II :tHisF EHH -complex (tetrahedral coordination completed by one water molecule) showing the 2F O -F C electron density map (grey mesh, contoured to 1.0 σ) and the anomalous zinc signal (purple mesh, contoured to 20.0 σ; PDB ID 7QC8). e) Comparison of the coordination sphere of Ni II and Zn II in the binding site of tHisF EHH . (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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 12 Scheme 1. Top: oxidative cleavage of quercetin as catalyzed by quercetinase. The reaction initially leads to the formation of CO and 2-((3,4-dihydroxyphenoxy) carbonyl)-4,6-dihydroxybenzoic acid; the latter compound undergoes hydrolysis to yield 3,4-dihydroxybenzoic acid and 2,4,6-trihydroxybenzoic acid as the final products. The bottom pathway depicts the active species with substrate and O 2 bound to the Ni site of the naturally occurring Ni II -QueD FLA ; quercetin binds via the O-atom at C3. [24] Bottom: four quercetin analogues examined in this work.

Fig. 3 .

 3 Fig. 3. Top left: rate of quercetin consumption at varied pHs using 50 μM quercetin in 50 mM MOPS (pH 6.5, 7 and 7.5), 50 mM HEPES (2-[4-(2-hydroxyethyl) piperazin-1-yl]ethanesulfonic acid)(pH 7.5, 8 and 8.2) or 50 mM CHES (2-(Cyclohexylamino)ethanesulfonic acid) (pH 8.6 and 9) in the presence (black bars) and absence (grey bars) of 23 μM Ni II :tHisF EHH . Top right: graph depicting the rate difference between the Ni II :tHisF EHH and buffer samples. Bottom: dependence of the initial reaction rate on quercetin (solid line) or myricetin concentration (dashed line) using 44 μM Ni II :tHisF EHH .
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Ni II :tHisF offers a rare and valuable functional platform for structurefunction studies. This Ni enzyme and related variants will shed important insight into the structural and electronic factors that underpin cofactor regulation and activity of AMEs.
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