Henrique F Carvalho 
  
Ricardo J F Branco 
  
Fabio Leite 
  
Manolis Matzapetakis 
  
A Cecília 
  
A Roque 
  
Olga Iranzo 
  
Hydrolytic Zinc Metallopeptides Using a Computational Multi-State Design Approach

Hydrolytic zinc enzymes are common targets for protein design. The versatility of the zinc chemistry can be combined with the usage of small protein scaffolds for biocatalytic applications. Despite this, the computational design of metal-containing proteins remains challenging due to the need to properly model protein-metal interactions. We addressed these issues by developing a computational multi-state design approach of artificial zinc hydrolases based on small protein scaffolds. The zinc-finger peptide Sp1f2 was redesigned to accommodate a catalytic zinc centre and the villin headpiece C-terminal subdomain HP35 was de novo designed for metal-binding and catalytic activity. Both metallopeptides exhibited metalinduced folding (KZnP,app ≈ 2 x 10 5 M -1 ) and hydrolytic activity (k2 ≈ 0.1 M -1 s -1 ) towards an ester substrate. By focusing on the inherent flexibility of small proteins and their interactions with the metal ion by molecular dynamics simulations and spectroscopic studies, we identified current limitations on computational design of metalloenzymes and propose how these can be overcome by integrating information of protein-metal interactions in long time scale simulations.

Introduction

Metalloenzymes are highly specific and active protein catalysts found in biological systems. The versatile chemical properties of these catalysts are widely explored in research and industry for the production of biologically-active and valuable chemicals. [START_REF] Polaina | Industrial Enzymes[END_REF] Not surprisingly, metalloenzymes are common targets of protein design endeavours [START_REF] Lin | [END_REF] , given the possibility to explore different metal ion chemistries along with protein sequence modifications. Among them, those containing zinc have been the subject of several designs since this metal ion plays a catalytic role in all classes of enzymes. 3 Computational Enzyme Design (CED) approaches have contributed significantly to advancements in the field of biocatalysis by aiding to redesign metal centres in native proteins or by de novo design of non-native scaffolds. [4][5][6][7] Peptides and small proteins are interesting scaffolds for CED approaches given their reduced size and simple fold. Moreover, full sequence modifications and introduction of other nonproteinogenic chemical functionalities can be readily achieved through chemical synthesis. This makes the use of such small scaffolds promising for technological applications, since one can design the catalytic machinery while exploring a broad substrate scope. Artificial zinc hydrolases based on peptides and small proteins are one example of this, such as the de novo designed peptide with a zinc-finger fold 8 and amyloid-forming heptapeptides 9 by CED approaches, and also without explicit computational modelling. [10][11][12][13][14][15] Nonetheless, the catalytic efficiencies of such artificial hydrolases are still far from the ones of native zinc hydrolases by one or more orders of magnitude, thus putting into evidence the current limitations of current rational design methods. 16 This gap in terms of catalytic proficiency is not entirely understood. Explicit modelling of both first and second sphere interactions in catalytic zinc sites may be a requirement to achieve productive catalytic interactions between the catalyst and substrates. 17 Although in proteins the extensive network of residue contacts in active sites may compensate for improper modelling of metal-protein interactions, in small scaffolds the chemical environment around the metal ions needs to be properly defined. 18 On this regard, CED approaches are well-suited to address these issues since interactions of the metal ion with both the protein and substrates can be modelled explicitly.

In this work, we sought to explore CED of small scaffolds (up to 64 amino acid chain length) to develop new artificial zinc hydrolases. We employed the Rosetta software [19][START_REF] Leaver-Fay | Methods in Protein Design[END_REF][START_REF] Richter | [END_REF] to screen and design a set of 43 scaffolds using a Multi-State Design (MSD) approach. MSD takes into account the inherent dynamic properties of protein scaffolds in solution and it has been recently shown to improve CED approaches where backbone and side chain reorientations overlap with the timescales of protein-substrate interactions. [22][23][24] Despite its potential, MSD has not been widely employed for small scaffolds, which typically exhibit high conformational dynamics in solution. As a model for the development of a zinc hydrolase by MSD, we focused on the conserved chemical and geometric features that make up the catalytic machinery of a type of hydrolases with broad substrate scope, the zinc metalloproteases (MPs). MPs are widely found in nature 25,[START_REF] Messerschmidt | Handbook of Metalloproteins[END_REF] and have a wide range of industrial [START_REF] Polaina | Industrial Enzymes[END_REF][START_REF] Adekoya | [END_REF]28 and biotechnological 29,30 applications. These enzymes hydrolyse peptide bonds through a nucleophilic attack of the scissile carbonyl moiety via a water molecule activated by the catalytic zinc metal ion and glutamate residue. [31][32][33][34][35] We explored two different approaches. In the first, we redesigned the zinc site of a native zinc-finger metallopeptide, the finger 2 of the Sp1 transcription factor (Sp1f2). 36 In the second, a native scaffold -villin headpiece C-terminal subdomain (HP35) 37 -was de novo designed to accommodate the catalytic zinc centre.

Along with the MSD approach, we further explored the dynamical properties of the designed metallopeptides with molecular dynamics (MD) simulations and solution structure properties using spectroscopic methods, as well as their metalbinding properties and hydrolytic activity. The details will be described in the following sections.

Experimental Computational Studies

Computational enzyme design. Full details of the employed CED are given in Electronic supplementary information (ESI). In overview: to develop a general active site model of MPs -MA(M):diAla -structures of MP-inhibitor complexes from the MA(M) subclan were selected from the MEROPS database. 25 The dipeptide Acetyl-Ala-Ala-NH2 (diAla) bound to zinc was modelled as an ensemble of 256 conformers of the gem-diol intermediate. Details of modelled properties are given in Figure 1. The zinc metal ion was modelled as part of the substrate molecule, as done similarly in the redesign of adenosine deaminase. 38 The PDB files of the selected scaffolds (35 NMR structures, containing between 10-38 states each, and 8 X-ray structures) were used as input for MSD with the matcher executable with no energy minimization. 19,39 The "secondary algorithm" was used in the first stage for the combinatorial screen of all residues in each scaffold (total of 2.2x10 4 C α positions for 552 structure files). This yielded active site models (hits) that could be crafted with proper Glucat geometries and relaxed His1-3 geometries. During this stage, hits with at least one residue in the termini were discarded due to the high flexibility of these regions. Hits where two His were modelled consecutively in sequence since were also discarded since this pattern produced highly distorted His geometries and is not found in MA(M) active sites. The "classical algorithm" was used in the second stage to filter hits with proper geometry for all residues. Only combinations of residues where Glucat could be modelled in the first step were screened for each structure. The enzyme design executable was used for the resulting hits, with 4 cycles of repacking and design of residues close to the modelled active site in order to optimize catalytic interactions. The outputted designs were evaluated by principal component analysis (PCA), using a set of 16 Rosetta scoring function parameters (Rosetta energy units, REU). 40,41 For the screening of peptide/small-protein scaffolds, only 1 round of design was used in a total of 542 hits. For design, 10 rounds were made and sequence logos generated to select the most frequent residue substitutions. A final visual inspection was made and the candidate sequences were selected for synthesis. MD simulations. peptides and astacin were simulated in explicit solvent under periodic boundary conditions with the GROMACS 5.1.2 simulation package. 42,43 The employed force field was AMBER99SB*-ILDN 44 modified to include the Cationic Dummy Atom (CaDA) approach 45 , with the zinc ion coordinated to four dummy atoms in a tetrahedron-shaped geometry and coordinating histidines in double-deprotonated state (charge -1). Input structure files corresponded to native Sp1f2 (PDB ID: 1VA2, NMR state 27), HP35 (PDB ID: 1UNC, NMR state 6) and Astacin (PDB ID: 1AST) or the outputted structures with best Scoretotal for RD01 and RD02 scaffolds. For systems containing the zinc ion, the metal coordinates from the original file were replaced by a zinc-CaDa model. Two independent simulation trajectories of 1 μs each for peptides and two of 350 ns for astacin in the NPT ensemble were done, with a total simulated time 2 μs for each peptide and 700 ns for astacin. Details of system setup and cluster analysis given in ESI.

Materials and methods

Peptide Synthesis. Peptides were produced by automated solidphase peptide synthesis using standard Fmoc-protocols. Crudes were purified by preparative reversed-phase high-pressure liquid chromatography (HPLC) with a C18 column. Collected peaks were analysed by analytical HPLC using C12 or C18 columns to determine purity. The identity of peptides (Sp1f2: 3841.9 Da, RD01: 3743.9 Da, HP35: 3998.1 Da and RD02: 3730.9 Da) was confirmed by mass spectrometry (MS) analysis using time-of-flight with electrospray ionisation or matrix-assisted laser desorption/ionization. Full details of reagents, equipment and experimental conditions are given in ESI.

Stock solutions. Zinc stock solutions (ZnCl2) of 10.33 or 1.033 mM were prepared from a 103.3 mM stock solution (standardized by inductively coupled plasma MS). Peptide stock solutions were prepared by dissolving lyophilized peptide directly in MilliQ H2O and their concentrations were determined by readings at 280 nm in 6 M guanidium chloride, considering absorbance contributions of tryptophan (ε=5690 M -1 .cm -1 for RD01, RD02 and HP35), and also tyrosine (ε=1280 M -1 .cm -1 for RD01) residues. 46 For Sp1f2, the concentration was determined by the Ellman's test (cysteine content determination). 47 

Spectroscopic studies

UV-Vis spectroscopy. UV-Vis absorbance assays were done in either quartz cuvettes (VT= 700 or 900 μL, path-length = 1 cm) or in 96-well plates, (VT = 300 μL, path-length ≈ 0.7 cm). Absorbance values were recorded at 25 °C. 4-Nitrophenyl acetate (4-nPA) was prepared by diluting the solid in acetonitrile up to 100 mmol/L concentration. For peptide-zinc assays, the peptide was first added and equilibrated in buffer solution prior to addition of the metal. Afterwards, at least 1h of incubation was allowed before the beginning of assays to ensure that the peptide-zinc complex formation reached equilibrium. Control assays of the catalysed reaction in buffer were done with the addition of only 4-Nitrophenyl acetate (4-nPA) or together with 10 μM ZnCl2. The final volume percentage of acetonitrile, used as co-solvent, was kept constant (5% VT) by adding variable amounts of 100 mmol/L 4-nPA and acetonitrile according to initial assay conditions. Formation of the product 4-nitrophenol or phenolate was followed by single-wavelength readings of absorbance at 400 nm (405 nm in plate-well assays) at fixed time intervals. Initial rates were measured until ca. 2-3% total product formation under pseudo-first order reaction conditions. After addition of 4-nPA and signal stabilization, the A400 value was used as A400(0). Second-order rate constant k2 (or turnover number) were calculated by fitting to a linear model. The data points in the plot figures correspond to average values from at least 2 replicate assays and error bars correspond to the standard error of the mean. Amidase and protease screening assays were tested under similar conditions. CD spectroscopy. Far-UV circular dichroism (CD) assays were done in 1 mm path-length cells, VT= 300 μL. Spectra were baseline corrected to subtract buffer contributions in the "Far-UV" region (203-280 nm). For variable temperature assays, spectra were obtained after 5 min equilibration, from 5 to 95 °C, in intervals of 10 °C and 2°C/min ramp. Fitting of the data was made to a 1:1 binding model described elsewhere 48,49 with the Levenberg-Marquardt algorithm. NMR spectroscopy. [START_REF] Polaina | Industrial Enzymes[END_REF] H nuclear magnetic resonance (NMR) assays were made in D2O 50mM NaCl at pH ≈7.5, adjusted by additions of concentrated NaOH and HCl solutions. Peptide stock solutions were added up to 150 μM (RD01) or 1 mM (RD02), followed by stepwise additions of 10.33 mM ZnCl2 (VT= 550 μL). Spectra were recorded in the 10 to 60 °C temperature range using 3-(Trimethylsilyl)propanoic acid (48 μM) as reference (0 ppm).

Results and discussion

Computational Enzyme Design

The MSD approach developed in this work included two challenges: the first was to adequately model both first and second sphere interactions of metalloenzymes at the crafted active site, using common CED methods that rely on knowledgebased potentials to treat metal-protein interactions. The second was to account for the inherent flexibility of small protein scaffolds. In order to build a model active site, we focused on the stabilization of the most energetic state along the hydrolytic peptide-bond cleavage mechanism 50,51 , which in the case of MPs typically corresponds to the formation of a gem-diol intermediate upon nucleophilic attack of an activated water molecule to the zinc-bound peptide substrate. [31][32][33][34][35] For this we obtained a consensus description of first and second sphere interactions in 10 active sites from MP-inhibitor complexes of the MA(M) subclan, since in most cases these molecules are modelled after the hypothesized gem-diol intermediate (Figure 1 and Table S1). 52 The first sphere interactions consisted of the tetrahedral/trigonal bipyramidal coordination geometry of the metal bound to histidines (His1-3), while the second sphere included both the orientation of the catalytic glutamate (Glucat) in respect to the metal ion, as well as the position of the hydroxide ion and carbonyl oxygen upon gem-diol intermediate formation (Figure 1a). A oxyanion hole was not included in the model since it is not conserved throughout the MA(M) subclan, varying in terms of exposure to solvent and identity of constituting residues. 33,34,53,54 The capped diAla, with N-terminal acetylation and C-terminal amidation (diAla), was chosen since it has only one target peptide bond and allows to sample side chain and backbone conformations (Figure 1b). The resulting model containing the abovementioned elements was termed MA(M):diAla in this work (Figure 1c).

The Rosetta software package was used to design peptide scaffolds using the matcher and enzyme design programs. As a MSD approach, NMR structures were used as inputs, whenever possible, to sample multiple backbone conformations. As a separate control, the model reproduced the active site geometry of the MA(M) subclan archetype, astacin (PDB ID 1QJI), using native catalytic residues positions (not shown). The generation of hits for the Sp1f2 peptide (PDB ID 1VA2) was limited, with only one MA(M):diAla placement containing small atomic fluctuations for a single NMR state (Figure 2). This highly constrained design may be attributed to the C10H sequence modification, corresponding to the bulkier His3 in the hydrophobic core. The designed active site presented a mixed coordination to zinc: Nε 2 (H10, H23) and Nδ 1 (H27) atoms vs. Nε 2 (H23, H27) in native Sp1f2. The resulting hits were modified with an additional C5G modification to allow for a bulk water molecule to coordinate with the zinc ion. In this way, the native coordinating histidines were kept while the cysteine residues were redesigned, rendering the zinc ion more surface-exposed than in native scaffold. The Glucat was designed by a T26E modification, thus recapitulating the HEXXHXnH coordination motif found in native MPs. Additional M4T (β1) and R13T (β2) modifications were introduced, as threonine mutations in βsheets are known to increase the stability of designed zincfingers. 55 Two additional sequence modifications appeared in the design stage, K12V or K12H, the latter being discarded in order to exclude additional zinc coordinating residues. The designed valine side chain interacted with the capped Nterminal of the diAla substrate. The final peptide sequence was termed RD01.

In addition to the redesign of a native metallopeptide, a set of 42 peptides and small-protein scaffolds available in the Structural Classification Of Proteins -extended (SCOPe) database 56 of protein structures were screened and designed. These scaffolds varied in terms of chain length (20-64 residues), architecture (all-α, α+β and all-β) and contained no metal sites or disulphide bridges, as summarized in Table 1 and described in detail on Table S4. Two stages of screening were done with the matcher program: the first -"Secondary Algorithm"allowed for distorted His1-3 geometries; the second -"Classical Algorithm" -only allowed for properly defined geometries. The number of tested conformations was typically ≈ 10 9 per modelled residue/substrate/scaffold position. A high number of hits were produced for the majority of screened scaffolds, indicating that MA(M):diAla can be geometrically crafted in smaller systems with reduced number of secondary structure elements. All hits obtained were designed with the enzyme design program, including the native astacin as a positive control (MP activity) and hits from RD01. This yielded 5494 designs, which correspond to all NMR states, sequence variants and alternative residue/ligand conformers of all hits (Supplementary List 1). Given the high number of designs, a detailed evaluation of each one was not pursued. The selection of the candidate scaffold consisted first in identifying which of the 16 selected Rosetta parameters could be used to best evaluate 5494 designs by principal component analysis (PCA, full details in ESI). The PC1-PC2 subspace encoded 42% of total variance in the dataset and contained two distinct clusters corresponding to astacin and remaining peptide/small-protein designs (Figure S1). The pairs of parameters that presented the highest loadings along the two clusters were (Figure 3a): i) Scoretotal and sequence length L (correlation, corr= -0.52), interpreted as larger scaffolds being more favourable; ii) constraints k and ScorediAla (corr= 0.27), interpreted as designs with higher constraints tending to present less favourable diAla scores. The first decile of designs (DEP10) with lower Scoretotal (more negative) and lower log k/ScorediAla was projected along the original subspace of pair i) and a linear combination of pair ii). ‡ This set consisted in designs from 11 scaffolds, with varying sequence length and predominantly an all-α architecture. Inclusion of RD01 results was made for comparison purposes, revealing a high positive Scoretotal and high log k/ScorediAla combination. The scaffold which presented best Scoretotal/L values, even better than for native astacin, was HP35 (PDB ID 1UNC) -although with relatively higher log k/ScorediAla. We decided to further explore the HP35 scaffold since it is a well-known model of protein folding by both computational 57,[START_REF] Piana | Proc. Natl. Acad. Sci[END_REF] and experimental approaches. [START_REF] Mcknight | [END_REF][60][61][62][63] It turned out to be quite "designable" since five additional sequence variants were obtained, although not present in the DEP10 set. Those included in the DEP10 set correspond to two sequence variants for the designed His1 residue, F6H and F17H. The remaining His2, His3 and Glucat residues were designed at identical positions in the scaffold. Both variants presented at least one sequence modification for the highly conserved F6, F10 and F17 residues, whose hydrophobic collapse is attributed to be major driving force of HP35 folding. 60 Substitution of these phenylalanine residues for leucine is known to lead to significant destabilization of the scaffold, with F17L leading to the most destabilizing variants (substitution for other amino acids leads to unfolded or misfolded variants). 60 Hits obtained for the HP35-F6H displayed coordination to zinc by the Nε 2 atoms of His1-3 residues, as in native MA(M) enzymes. Indeed, a higher number of hits was produced in comparison with RD01, corresponding to scaffolds with slight coordinate variations of designed residues and four different diAla conformers (> 4000 placements) over four NMR states. Regarding interactions with the substrate, the F6H variant presented diAla in an extended conformation and placed along the scaffold surface, while in the F17H variant it was positioned closer to the first α-helix in a bent conformation. Given the least destabilizing sequence modification and diAla placement resembling those found in protease-substrate complexes 64 , the F6H variant was selected. Designs from the F6H variant yielded 10 sequence modifications with more than one proposed amino acid identity (Figure 3b). This highlights the importance of employing a MSD approach, since the different amino acids proposed resulted from the design of more than on NMR state.

Native residue identity was kept when it was outputted by the enzyme design program, such as F10, P14, R22 and L34. The proposed S18A was excluded since the native serine residue interacts through a hydrogen bond with native R22 residue and to avoid formation of poly-alanine sequence motifs. The F17A sequence modification was accepted over the F17L in order to decrease steric clashing with the metal centre. L1G and F35S were accepted to optimize interactions with diAla by reducing side chain size in the termini of α1 and α3. Additional modifications were done to address the stability of the scaffold: D5A (α1) to eliminate competing zinc binding residues in the vicinity of designed His3; K24M and N27A (α3) to increase scaffold stability, since they are known to contribute for the formation of hyper stable HP35 variants. 57 The scores of designed sequence, termed RD02, remained practically unchanged since the initial screening through the design stage and after the additional D5A, K24M and N27A modifications (Scoretotal variation from -33.9 to -33.2 REU), suggesting that no destabilizing modifications were introduced during this step.

Zinc binding and folding

The RD01 and RD02 peptides were experimentally characterized in terms of their affinity for zinc metal ion and stability of the respective peptide-metal complexes. Far-UV circular dichroism (CD) spectroscopy was used to directly monitor changes of secondary structure content of the peptides upon zinc addition and thus determine the affinity constants of the peptides for the metal (KZnP,app) at pH 7.5 (Table 2). 65,66 The RD01 peptide presented spectral signatures characteristic of random coil conformation, with a large negative ellipticity band at 204 nm (Figure 4a). Upon addition of zinc there was an increase of negative ellipticity at 222 nm, concomitant with a decrease of the 204 nm band and an isodichroic point at ca. 206 nm. The RD01-Zn complex showed larger ellipticity at 204 and 222 nm compared to the Sp1f2-Zn complex (Figure S2), suggesting increased helical content. Increased helical content has also been observed for other Sp1f2 variants lacking one coordinating cysteine residue, presumably resulting from increased flexibility of the backbone, which allows for extension of the α-helix. 67 The RD02 peptide also adopted a random coil conformation, with a large negative band at 204 nm (Figure 4b). However, upon additions of zinc this band decreased, together with an increase in negative ellipticity at 222nm and an isodichroic point at 210 nm. This pointed to a folded α-helical structure for RD02-Zn complex given the two negative bands at 222 and 208 nm with a [θ]222/[θ]208 of 0.91. The native HP35 peptide also presented the same ratio between band intensities although with increased band intensities under the tested conditions [START_REF] Mcknight | [END_REF] . Upon metal additions, there was only a small overall decrease in ellipticity with no observed isodichroic point (Figure S3).

Data of both RD peptides was fitted to a 1:1 peptide-zinc complex formation model, yielding KZnP,app values in the 10 5 M -1 range at pH 7.5. Binding of zinc was also monitored at different pH values (range 7.0 -9.0) and the formation of peptide-zinc complexes was observed in all cases (Figure S4). While for RD02-Zn this corresponds to the introduction of a zinc-binding site, for RD01 the binding constant is more than 4 orders of magnitude lower than for other zinc-finger peptides. 68 A decrease in the affinity for zinc in the Sp1f2 scaffold was expected given the removal of cysteines, which tend to form stronger interactions with the metal ion. The (His)3-zinc coordination motif used in RD peptides is found in native zinc metalloenzymes and has been the focus of several design efforts. These include a small redesigned zinc-finger 69 and conotoxins [START_REF] Vita | Proc. Natl. Acad. Sci[END_REF] , designed coiled coils 49,[START_REF] Kiyokawa | [END_REF] and helix bundles 17,72,73 , engineered iron-containing proteins 74 and antibodies. 75 Affinity constants can span up to 4 orders of magnitude in the micro-to nano-molar range and do not correlate necessarily with scaffold size. Indeed, the metal binding constants of RD peptides are in the same range as that of a designed TIM barrel fold using a similar CED approach. 76 This is in contrast with the sub-nanomolar affinities found in native metalloenzymes such as carbonic anhydrase II 77 , putting into evidence the important role of fine-tuned first and second sphere interactions as well as the surrounding chemical environment. 78 The thermal stability of RD peptides was evaluated by variable-temperature CD assays at pH 7.5. Both peptide-zinc complexes showed reversible folding and the data could be fitted to a two-state model, thus allowing to determine the temperature of melting (Tm), and the free energy (ΔG) and enthalpy of folding (ΔHTm). Under the tested conditions, the Sp1f2-Zn complex presented no unfolding up to 95 °C (data not shown). However, in the case of the RD01-Zn complex (Figure 5a) there were clear spectral changes indicating unfolding of the peptide. Nonetheless, at the end-point temperature the CD spectrum did not resemble that of the free peptide, suggesting no release of zinc upon RD01-Zn unfolding despite the lower thermal stability in comparison to Sp1f2-Zn. In contrast to Sp1f2-Zn, the native HP35 peptide showed unfolding under the tested conditions (Figure S5). Most reports on villin headpiece subdomain have been done at mild acidic conditions where the peptide tends to be more stable and no unfolding is observed. [START_REF] Mcknight | [END_REF] The RD02-Zn complex presented unfolding as well (Figure 5b), with spectra at 75 °C maintaining features of that obtained for HP35 albeit distinct from the free peptide at 25 °C. The derived Tm of RD02-Zn complex is higher than the one obtained for HP35 at pH 7.5 although both peptides present similar enthalpies and free energies of unfolding. Stability of the zinc complexes was also addressed in the presence of acetonitrile, since it was used as a co-solvent in catalytic assay due to substrates solubility issues. No significant spectral changes were observed after addition of 5% acetonitrile (data not shown).

The similarity of physicochemical properties between RD01-Zn and RD02-Zn complexes shows the robustness of the employed MSD approach. While the RD01 peptide folds upon binding to the metal ion (metal-coupled folding) as in native Sp1f2 peptide, in the case of RD02 an additional design challenge was introduced, a metal-dependent folding is achieved in the scaffold of human HP35 whose native driving force of folding is the hydrophobic collapse. 79 Moreover, both peptide-zinc complexes converged to similar thermal stabilities although having distinct sequence length and architecture, i.e. ΔG25 °C ≈ 0.9 kcal/mol, which suggests a prevalent contribution of the designed zinc-centres to fold stability.

Hydrolytic activity

The hydrolytic activity of RD peptides and the corresponding zinc complexes, as well as native HP35 peptide was screened and characterized using the chromogenic substrate 4-Nitrophenyl acetate (4-nPA) as model substrate (Figure 6 and Table 3). The measured Vcat values varied linearly within the range of tested 4-nPA and catalyst concentrations and therefore the corresponding k2 values were calculated. Native Sp1f2-Zn peptide was not tested since it has been reported no hydrolytic activity towards 4-nPA under similar experimental conditions. 10 In microplate assays at pH 7.5 and with low excess of peptide in relation to zinc (1:2 peptide-to-metal ratio), RD01 and RD02 peptides presented higher k2 (turnover number) than HP35 and control zinc ion in both free and metal-bound assays (Figure 6a). To minimize contributions from the free peptide, and to ensure the role of zinc-complex forms as active catalysts, the assays for RD01-Zn and RD02-Zn were repeated in cuvette format with a higher peptide-to-metal ratio (1:4, Figure 6b). Under these conditions, the metal-bound fraction was higher than 90% by considering the previously determined KZnP,app values of both peptide-zinc complexes. The free peptides presented higher k2 values than the zinc-complex forms, with RD01 displaying slightly higher values than RD02 in both cases (Table 3). The approximately 2-fold difference between the two forms indicates that the zinc-complex is an active catalyst, given that at the assay conditions only 10% of the free peptide is present. The k2 values increased with higher pH for both RD-Zn complexes. However, for the free peptides no clear trend in k2 values was observed (Figure 6c).

Table 3 -Hydrolytic activity of free RD peptides and corresponding

Zn-complexes at pH 7.5. Values obtained in microplate assay, 5 μM peptide and 1:2 peptide-zinc ratio.

The obtained k2 ≈ 0.1 s -1 for 4-nPA hydrolysis at pH 7.5 are comparable with other redesigned zinc fingers, including Sp1f2 variants with three histidine residues and the CP1-Zn consensus peptide not specifically designed towards 4-nPA hydrolysis. 10,11 In the case of RD01, the employment of MSD with the MA(M):diAla model did not lead to improvements when compared to other Sp1f2 variants. Indeed, RD-Zn complexes present similar values as the organic complex cyclen-Zn, suggesting only modest contributions of the introduced Glucat residue. 80 These values are one order of magnitude lower than those of the BBA-B3 zinc-finger peptide designed specifically towards the hydrolysis of 4-nPA 8 and up to two orders of magnitude in the case of designed protein-zinc complexes with higher structural complexity, such as the coiled coils 14 , calmodulin variants 81 , assemblies of helical dimers 13,82 , tetramers 15,83 and amyloid-forming heptapeptides. 9 With more complex structures the network of interacting residues increases, leading to the possibility of establishing favourable protein-substrate interactions or proper activation of the catalytic species. 49 Designed hydrolases are nonetheless still far from the efficiencies of native systems, such as in the case of Carbonic Anhydrase II 16 , whose rates of hydrolysis towards 4-nPA can be up to 4 orders of magnitude higher than the ones obtained for RD peptides. Indeed, both RD01-Zn and RD02-Zn presented relatively constant hydrolytic activity levels across the range of pH values tested, showing only a clear increase at pH 9.0 which suggests that zinc-bound hydroxide ions act as the active catalytic species rather than the designed glutamate residue. 84 

NMR spectroscopy

In order to obtain more insights to rationalize the catalytic activities obtained for the zinc complexes of the RD peptides, their structural properties were addressed by NMR spectroscopy. A complete structural elucidation of RD01-Zn and RD02-Zn complexes was not possible by 1 H-NMR spectroscopy due to extensive signal overlap and broadening. This was attributed to both nuclear relaxation phenomena and zinc binding/release processes occurring in the millisecond regime, leading to the overlap of signals originated from the free and metal-bound peptide and possibly additional intermediate states. We therefore focused our analysis on specific features of the peptide-zinc complex formation.

In the case of RD01-Zn (Figure 7) a new peak in the aliphatic region appeared at 1.05 ppm upon zinc addition, which corresponds to the methyl side chain groups of L20 residue and thus indicates the formation of α1 (Figure 7a). The data could be fitted to a 1:1 peptide-zinc complex with a KZnP,app of 1.41 x 10 5 M -1 (Figure S6). This value is in accordance with the values determined by CD spectroscopy. Signal broadening was quite evident in the NH region, suggesting major backbone readjustments upon metal binding. The W7 signal at 10.0 ppm presented broadening and splitting upon complex formation, suggesting multiple states of the β1/β-turn interface where this residue is located. Temperature effects indicate the presence of a single state only at low temperatures where scaffold flexibility is restrained (Figure 7b). New signals associated with residues in β-sheet conformation were observed for higher temperatures in the Hα spectral region concomitant with new signals in the aliphatic region, pointing to major fold readjustments close to the determined Tm.

For RD02-Zn complex (Figure 8), W23 showed a characteristic sharp signal at 10.25 ppm corresponding to the free peptide in solution. At sub-equimolar zinc additions this signal is shifted and broadened, corresponding to either a transient species or a dimer. Concomitant with this was the appearance of a new broad signal that did not reach full intensity up to 1.75 molar excess of zinc, and may correspond to the zinc-complex. Determination of KZnP,app could not be accessed in the case of RD02 and therefore the existence of multiple of oligomeric states cannot be ruled out.

Overall, the NMR data could not provide complete information on the solution structures of RD zinc complexes, and therefore we turned our focus on their assessment by simulation methods, described in the next section.

Molecular dynamics simulations

Additional structural insights of the RD-Zn complexes were obtained by MD simulations in the microsecond time-scale. With this method, conservation of the catalytic interactions introduced during the design stage could be further probed in light of the intrinsic dynamical features of the designed scaffolds. [START_REF] Privett | Proc. Natl. Acad. Sci[END_REF][START_REF] Osuna | [END_REF] To probe metal-protein interactions we employed the Amber force field parameters for the Cationic Dummy Atom (CaDA) approach, where a non-bonded description of the zinc metal ion is made by the inclusion of charged virtual particles that mimic the orientations of the unoccupied 4s4p 3 orbitals of the closed zinc 3d 10 system. 45,87 This method has been used in simulations of metalloproteins, including native zinc metalloenzymes, and has shown to reasonably capture the structural and electrostatic effects involved in metal-protein interactions, including ligand-exchange events. [88][89][90] Simulations of native astacin (350 ns) were used as a control to probe active site geometries.

Cluster analysis of the simulations revealed that RD01-Zn and RD02-Zn complexes diverged from the original modelled structures and adopted multiple conformations with major backbone rearrangements (Figure 9 and Table S6). In the case of the RD01-Zn complex, the β-turn region adopted multiple conformations (Figure 9a), consistent with the NMR results. The designed sequence modifications M4T and R13T led to disruption of β1 and β2 secondary structure elements, which adopted mixed turn/coil configurations. This is in contrast with the native Sp1f2-Zn complex, where only minor readjustments of the C-terminal region occurred over the entire ββα fold. For HP35 there was only small changes in the ααα fold (Figure 9b), with readjustments occurring mostly at α1 in the top populated clusters. On the other hand, RD02-Zn complex presented major disruptions of α1, helical reconfigurations in α2 and partial disruption of α3 towards the C-terminal. The penalizing effect of removing the highly conserved phenylalanine residues was clear: the F6H replacement led to disruption of α1 and the F17A led to reconfiguration of α2. In contrast, the region near to the K24M and N27A sequence modifications remained relatively stable throughout the trajectories. The simulation results indicate slightly less α-helix content in the RD02-Zn complex than in HP35 as also observed in CD spectroscopy. This is in line with findings reported for the native HP24 stab structure, a HP35-derived peptide which lacked α1 but still formed supersecondary structures resembling the native topology. 91 It is therefore acknowledged the small contribution of α1 to the native fold stability. For native astacin, only local loop reconfigurations and small adjustments at the active site were observed in the 350 ns control simulations (Figure S7).

Active site conformations were probed by a low dimensional description of the subspace of residue-zinc interactions relevant for catalysis (Figure 10). Comparison with MA(M) consensus catalytic machinery, and in particular with astacin, proved to be useful in understanding how first and second sphere interactions were disrupted in RD-Zn complexes. First sphere interactions were partially conserved in both RD01-Zn and RD02-Zn, with His1 and His2 presenting only small deviations from the MA(M):diAla geometry given their location in conserved α-helices. For RD01-Zn the His3 geometry was entirely disrupted, which is in line with the multiple states observed by NMR for the β-turn where this residue is closely positioned. In RD02-Zn complex, the geometrical interactions were nonetheless close to the ones obtained for astacin, which maintained His1-3 distances close to the MA(M):diAla geometry. In both zinc complexes, second sphere interactions were particularly affected, since the Glucat residue drifted away from the modelled MA(M):diAla distances. While in astacin the Glucat is constrained by nearby secondary structure elements which limit major distance fluctuations, in RD01-Zn and RD02-Zn complexes this residue is solvent-exposed and therefore free to sample a higher number of conformations. Given its high flexibility, it is unlikely that this residue would form proper hydrogen-bond networks with the approaching substrate and the zinc-bound water molecule, presumed to be required upon transition-state formation.

The MD simulations highlight some important aspects found during the design stage. Proper MA(M):diAla geometry was reproduced in only 1 out of 31 NMR states for Sp1f2/RD01, while in HP35/RD02 the number raised to 4 out of 25. Upon simulation of the systems under conditions close to the experimental ones, the active site geometry was lost in RD01-Zn to a higher extent than for RD02-Zn. This supports the argument that RD02 is a less restrained design, which correlates with its more favourable Rosetta score.

Employment of the CaDA non-bonded model proved to be quite adequate since it reproduced realistic aspects of first sphere interactions, such as internal rotations of the metaldummy particles and switch of coordinating atoms throughout the trajectory. In the case of astacin, the His3 switched coordination to zinc between Nε 2 and Nδ 1 atoms by rotation of the imidazole ring. The free zinc-coordinating position was occupied by bulk water molecule and exchange phenomena were observed in the ns timescale. Moreover, for systems with sub-micromolar affinities for zinc (Sp1f2 and astacin) the first coordination sphere remained stable. Ligand interchange between first and second coordination sphere also occurred, as in the case of Glucat-zinc distance shortening observed in astacin. Nonetheless, this method still has limitations, since the tetrahedral coordination geometry was kept throughout the trajectory and therefore other degenerate geometries were not sampled. 92 While the implementation of these features in current CED methods is not straightforward, it could be useful in the sequence optimization of RD peptides or other metalloprotein designs. Nonetheless, the incorporation of these MD simulations during the design stage could aid the identification of major conformational changes occurring upon incorporation of the metal binding site.

Conclusions

In this work we show that multi-state design of hydrolytic metallopeptides can be achieved with the commonly used Rosetta enzyme design approach as in the case of villin headpiece subdomain -HP35. Our studies also reveal limitations on the current treatment of protein-metal interactions employed in CED approaches. We show how this can be partially overcome by incorporating information on longtimescale conformational dynamics by MD simulations using non-bonded zinc models during the design stage. The good agreement between the computational data and the experimental results is an indicator of the robust design strategy employed to develop catalytic metallopeptides, despite the catalytic efficiencies obtained for RD-zinc complexes still lagging behind those of native metal-dependent hydrolases.

The combination of multi-state design and molecular dynamics simulations can thus be extended to other metaldependent systems and thus contribute to the development of successful strategies for the rational design of artificial metalloenzymes. 
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Figure 1 -

 1 Figure 1 -(a) Conserved catalytic machinery of metalloproteases from the MA(M) subclan. Structural alignment of 10 active sites from MP-inhibitor complexes. Geometrical parameters defined for first sphere and second sphere interactions: one distance (dAB), two angles (θA and θB) and three dihedrals (χA, χAB, χB) between protein, zinc and inhibitor atoms. (b) Modelling of diAla substrate model. Representative subset of 256 conformers in transparent representation used for clarity. (c) Distance and angles measured in the astacin-PFK complex (PDB 1QJI). MA(M):diAla model. Interactions with more than one possible atom identified as coloured double arrows. Representative subset of alternative Cα positions in coloured spheres.

Figure 2 -

 2 Figure 2 -RD01 model based on Sp1f2 scaffold. Sequence modifications from matcher step in green (1 st -sphere) and cyan (2 nd -sphere), from enzyme design step in turquoise and for stability increase in bold.

Figure 3 -

 3 Figure 3 -(a) Projection of DEs along the subspace of parameters Scoretotal, chain length (L), and linear combination of constraints (log k) and ScorediAla . Designs from RD01 represented in red and from astacin as green. Error bars corresponds to values from all DE designs. Labels corresponds to PDB identifier of input scaffold and chain length in parenthesis. (b) Best candidate scaffold 1UNC identified in blue. RD02 model (F6H variant) based on HP35 scaffold. Sequence logo of designs obtained during screening step. Consensus RD02 sequence after the design, coloured as described in Figure 2.

Figure 4 -

 4 Figure 4 -Far-UV CD spectra obtained for the titration of ZnCl2 to (a) 25 μM RD01 and (b) 25 μM RD02 in 10 mM HEPES 50 mM NaCl at 25 °C, pH 7.5. Black line corresponds to free peptide form, red line to end-point of titration and grey lines to intermediate additions of ZnCl2. Insets: Corresponding fraction of folding upon addition of zinc. Solid lines correspond to fitted 1:1 complex formation model.
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 5 Figure 5 -Variable temperature spectra of (a) 25 μM RD01-Zn in 10 mM TRIS 50 mM NaCl at pH 8 and (b) 25 μM RD02-Zn in 10 mM HEPES 50 mM NaCl at pH 7.5. Insets: Corresponding ellipticity values at 222 nm as a function of temperature, solid lines corresponding to a two-state transition model.
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 6 Figure 6 -(a) Second-order rate constants k2 for 5 μM peptide and corresponding 1:2 zinc-complexes at room temperature. Control values obtained for 5 μM ZnCl2. (b) Second-order rate constants k2 for 15 μM peptide and corresponding 1:4 zinccomplexes at 25 °C. Peptide concentrations and peptide-zinc ratios used indicated in top right. Assays performed in a 0.25 to 2 mM 4-nPA concentration range. (c) Second-order rate constants k2 values obtained at different pH values at 25 °C (see methods and ESI for experimental details).

Figure 7 -

 7 Figure 7 -(a) Spectra of 150 μM RD01 before and after addition of 0-534 μM of ZnCl2 at 25 °C (in 50 mM NaCl, pH 7.5). Right: Details of aliphatic region signal changes upon metal additions. (b) Temperature effects in 10 to 60 °C range for W7 on the left, Hα region in the centre and aliphatic region on the right.

Figure 8 -

 8 Figure 8 -Spectra showing the W23 signal of 1 mM RD02 peptide in 50 mM NaCl at 25 °C, pH 7.5 after 0-1.75 mM additions of ZnCl2. Labels: (A) corresponds to the free peptide, (B) to a transient species at sub-equimolar Zn concentrations, (C) to the metal-complex form and (D) to a small impurity or negligible free peptide state.

Figure 9 -

 9 Figure 9 -Cluster analysis of MD simulations. Top populated clusters (>80% populated time) of (a) native Sp1f2-Zn and RD01-Zn and (b) native HP35 and RD02-Zn. Backbone in cartoon representation and coluored based on residue index. Residues involved in metal interactions and folding shown in licorice, atoms from the CaDA model shown in spheres, green for zinc ion and orange for dummy atoms. Centroids of top populated clusters (transparent) were aligned in the α1 (Sp1f2) and α3 (HP35) regions to the initial conformation (solid).

Figure 10 -

 10 Figure 10 -Geometrical parameters of first sphere and second sphere interactions, corresponding to one distance (dAB) and one angle (θB) between residues and the metal ion. Values correspond to time percentage values for a total of 2 μs (peptides) or 750 ns (astacin) from two replicate simulations. Data from MA(M):diAla model included for comparison.

Table 1 -

 1 Summary from the screening and design of peptide and small-protein scaffolds.

		Structures	Number of Scaffolds
	SCOPe class g,j,k	34 NMR, 8 X-ray	42 (33 all-α, 6 α+β, 3 all-β)
	Matcher	Secondary algorithm 279 Classical Algorithm 122 (542 hits)	35 27
		DE	27
	Enzyme Design	5494 DEP10	(20 all-α, 4 α+β, 3 all-β) 11
		555	(8 all-α, 2 α+β, 1 all-β)

Table 2 -

 2 Zinc binding and structural properties of RD peptides and native HP35 at pH 7.5.

		SP1F2	RD01	HP35	RD02
	KZnP,app (M -1 ) a	n.a.	2.39±0.31x10 5	n.a.	2.54±0.20x10 5
	Tm (°C)	n.a.	46.9±2.4 b	41.5±1.7 c	49.6±4.5 c
	ΔHTm	n.a.	-13.3±1.3	-15.6±1.6	-10.8±1.4
	(kcal/mol)				
	ΔG25 °C	n.a.	-0.90±0.10	-0.81±0.08	-0.82±0.10
	(kcal/mol)				

a. 10 mM HEPES 50 mM NaCl, pH 7.5 at 25 °C. b. 10 mM TRIS 50 mM NaCl, pH 8.0. c. 10 mM HEPES 50 mM NaCl, pH 7.5.
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