Hierarchical self-assembly of a supramolecular protein-metal cage encapsulating polyoxometalate guest
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Hierarchical self-assembly of hybrid bio-inorganic structures is a challenging task which requires specific and tailored interactions. Here we report a supramolecular assembly formed between the six-bladed symmetrical designer protein Pizza6-S (Pizza6) and the {K3Cu3(NO3)[A-α-PW9O34]2} (Cu3) polyoxometalate (POM). The crystal structure (1.8 Å resolution) revealed that the Cu3 dissociated and reassembled with the protein to form a novel POM-protein cage. In this hybrid assembly, six CuII ions link two Pizza6 molecules in a controlled way by binding to the six symmetrically equivalent histidine side chains. Such coordination results in formation of a “bioinorganic cage” in which a lacunary [A-α-PW9O34]9- (PW9) anion is tightly encapsulated via coordination to CuII ions and hydrogen bonding with protein side chains. Further spectroscopic characterization of the Pizza6/Cu3 solution suggests that dissociation of Cu3 is facilitated by the synergetic effect of six histidine residues which have high affinity towards Cu(II) ions, resulting in the formation of the hierarchical supramolecular assembly.
Complex protein-based superstructures are frequently formed in Nature by hierarchical self-assembly via various non-interfering interactions. In living organisms proteins can assemble into large well-defined complexes in order to perform complex catalytic and regulatory tasks. Despite the fact that proteins display a unique ability to organize themselves, supramolecular chemistry using proteins is still in its infancy.1 Some of the recent successes include the polyhedric protein cages from the work of Sasaki et al.2 or the self-assembling nanotubes from Miranda et al.3 The specific recognition of protein surface by external ligands poses in particular a fundamental challenge. Despite the intrinsic ability of proteins to bind different types of ligands with high affinity and specificity, the predominantly non-symmetrical protein morphologies and surface-charge distributions limit the control over the interaction sites in non-biological environments. Recent advancements in protein design have provided a platform for generating symmetrical proteins with unique structures and interfaces.4,5 Due to their highly symmetrical structures, such proteins provide more control over binding of external ligands and metals.  These  artificial proteins have been shown to possess some unique properties  and can serve as hosts for directing the growth of metallic clusters or quantum dots.6 The latter property is in particular interesting  since it might provide  “bottom-up” routes to bio-nanomaterials with novel electrical or magnetic properties.7
Although the interplay between metal-oxo cores and proteins is in general poorly understood and scarcely explored, the synergistic approach of combining properties associated with “hard” (i.e. metallic) and “soft” (i.e. protein) matter is not uncommon in Nature. Some examples include a catalytic CaMn4O5 metal-oxo core embedded in a large Photosystem II protein complex8, or ferritins, which concentrate iron in their inner compartment in a form of iron-oxo clusters.9 Polyoxometalates (POMs), a large group of soluble metal-oxo clusters formed from V, Mo, W metals in their highest oxidation state, represent another class of molecules which have ability to bind to proteins.10,11  Due to their high negative charge and specific shapes, POMs specifically interact with protein surfaces via multiple electrostatic and hydrogen-bonding interactions, and can facilitate crystallization of flexible protein regions.12 Despite these examples which demonstrate protein’s affinity towards metal-oxo clusters, such interactions have been rarely explored in bioinorganic engineering.13 So far protein assembly has mainly been achieved by using metal ions14,15, computationally designed protein-protein interactions16, and organic molecules such as calixarenes, crown-ethers or molecular tweezers.17–19 In contrast to organic molecules, the structures of polynuclear metal oxides such as POMs are dynamic in nature, and the basic principles of POM structuring, speciation and degradation within the protein environment are still poorly understood.10 
Recently we reported the formation of hybrid assemblies between a computationally designed symmetrical protein Tako8 and 1:2 ZrIV-substituted Wells-Dawson (K15H[Zr(α2-P2W17O61)2]) or the archetypical silicotungstic Keggin (H4[SiW12O40]·6H2O), which assembled into a porous honeycomb lattice20. In different work, we explored crystal lattice design with the symmetric designer protein Pizza6-S and different polyoxometalates with matching symmetry. Keggin (H4[SiW12O40]·6H2O) and 1:2 CeIII-substituted Keggin (K11[CeIII[PW11O39]2]·20H2O), (1:2 Ce-K) which resulted in the formation of ordered assemblies.21 Pizza6, a symmetric six-bladed β-propeller4, was decorated with a hexa-histidine (His) motif, one His residue per blade, which was the mechanistic driving force for the coordination of POMs at mildly acidic pH.21 In order to further explore the ability of symmetrical proteins to serve as hosts for the specific binding of catalytically active metal-oxo clusters, in this work we set to explore interactions between the Pizza6 protein and a symmetric, copper-rich polyoxometalate {K3Cu3(NO3)[A-α-PW9O34]2} (Cu3). The Cu3 POM has been previously shown to be stable under wide range of conditions, and it has been well-characterized spectrophotometrically in water in a wide pH range (pH 1 to 10), as well as in organic solvents, such as CH3CN.22 This allowed the Cu3 to be used as a catalyst for the epoxidation of alkanes in the presence of H2O2.22 The Cu3 POM is based on the Keggin architecture and contains the same polyoxometalate domain as 1:2 Ce-K which was previously shown to bind within the Pizza6-S cavity. As such, Cu3 is expected to assemble with Pizza6-S in similar fashion as the 1:2 Ce-K  (Supplementary Figure 1), forming a hybrid POM-protein dimer with the functionalities of the Cu3 POM encapsulated in a protein cage.

[bookmark: OLE_LINK3][bookmark: OLE_LINK4]Incubation of Pizza6-S (Pizza6, Figure 1a) and Cu3 (Figure 1b) in 50 mM MES pH 6.0 and 12.5% PEG 1000 results in crystals which formed after three days, and were further analyzed by single crystal x-ray diffraction (Supplementary Table 1). The protein-POM crystal is solved in the P21212 space group at a resolution of 1.80 Å. The single crystal structure displays a dimeric assembly of Pizza6 proteins, which does not form in the absence of Cu3.4,23,24 The resulting crystal structure bears the unmistakable presence of POM molecules bound to the protein. However, the assembly that was observed deviates from the expected Cu3-Pizza6-S complex. The structural model suggests that Cu3 has dissociated and reassembled with the protein to form a novel POM-protein cage, as shown in Figure 1e. The crystal structure shows dimerization of Pizza6, which encapsulated a trilacunary Keggin anion, [A-α-PW9O34]9- (PW9) while the proteins are connected via a shared ring of CuII ions bound to the His ring on top of Pizza6-S (Figure 2, Supplementary [image: A picture containing chart
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Figure 1. Schematic overview of the formation of the novel POM-protein assembly formed between Pizza6-S (a) and Cu3 (b). Cu3 dissociates in the presence of Pizza6-S (c) and binds in the central cavity of the protein together with CuII at the His-motif (d) after which a second Pizza6-S protein binds to close the cage and forms the fully mature complex (e). The protein is shown as wheat colored cartoon and the His ring is shown as blue spheres. The POM is depicted as polyhedral, where the blue octahedra are the tungstate and the orange tetrahedra are the phosphate moieties. CuII ions are shown as brown spheres, potassium ions are shown as purple spheres and the nitrate ion of the Cu3 POM is omitted in the scheme for clarity.
The presence of the POM is evident from both the electron density, also supporting the presence of CuII and coordinated water, and the anomalous difference map for tungsten (Supplementary Figure 3). In this assembly, six CuII ions link the two protein molecules in a controlled way by 
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Description automatically generated]Figure 2. Close-up view of the Pizza6/Cu3 cage with the encapsulated PW9 anion. The structural model of the Pizza6-S/Cu3 cage consists of a dimerized pair of Pizza6-S proteins encapsulating a [A-α-PW9O34]9- (PW9) anion and is locked by a ring of CuII ions (a). A detailed close-up of the CuII ions and the PW9 anion in the cage shows that the CuII ions (brown spheres) are coordinated by both proteins (slate blue and wheat cartoon) via their His-motif (sticks), an equatorial oxygen of the PW9 anion and a water molecule from the bulk solvent (b). The coordination geometry of all CuII ions is the characteristic distorted square planar geometry. The PW9 anion is shown as ball-and-stick with tungsten in blue; phosphorus in orange; oxygen in red and the coordinated water molecules are depicted as red spheres.
binding to the six His-rings on top of the protein. Such coordination results in formation of a “bioinorganic cage” made up of protein at the top and the bottom, and six CuII junctions occupying the walls. A similar dimerization of Pizza6-S induced by metal cations was observed in previous work23, albeit in the absence of a POM cluster. Cu-mediated protein-protein interactions are rarely observed naturally and if so occur mostly in the +I oxidation state of copper.25,26 Apart from the previous work with Pizza6, CuII-mediated protein-protein interactions were also used by Tezcan to design protein frameworks and likewise employed His residues on strategic positions.27 The internal cage dimensions are approximately 17 Å in length and 15 Å in diameter (Supplementary Figure 4). The extraction of CuII from the central belt of Cu3 structure, leaves two lacunary PW9 POM units, one of which, remarkably, was observed to be encapsulated inside the protein cage (Figure 2). The dimensions of the PW9 [A-α-PW9O34]9- anion (10.5 Å in diameter and 6.4 Å in height) are ideally suited for it to be hosted in the bioinorganic cage formed by the protein and six CuII ions (Figure 2).
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Description automatically generated with medium confidence]In this hierarchical assembly, six K+ counterions were also found bound on the bottom of the PW9 to counterbalance its negative charge (Supplementary Figure 2). The coordination of each CuII ion is symmetrically identical over the entire cage and is established via two His residues  (one per protein) one equatorial oxygen of the PW9 anion and one water molecule of the bulk solvent. Interestingly, the position of the His31 residue and its symmetrical equivalents in each of the six blades in Pizza6 causes imidazole rings to occupy trans-positions in the CuII coordination sphere, resulting in distorted square planar geometry (Figure 3).28 
Figure 3. Two views of a coordinated CuII ion in the hybrid cage. The coordination environment around one of the CuII ions is a near perfect square planar geometry. Two opposing His residues, one terminal oxygen atom of the [A-α-PW9O34]9- anion and one water molecule serve as ligands for the CuII ion.
The coordination chemistry of natural CuII-containing proteins is highly dependent on the ligands where softer ligands, such as cysteine, invoke trigonal geometries and harder ligands prefer tetragonal configurations.29 Here we observe CuII being ligated by two His side chains, a water molecule and the negatively charged oxygen of the POM anion. His can be considered a borderline ligand, whereas water  and the POM anion are rather hard ligands, which explains the tendency to form this distorted square planar coordination geometry for CuII in Pizza6. The interaction distances between the six terminal oxygen atoms of the PW9 anion and the CuII ion vary between 2.4 and 2.6 Å, which corresponds to values found in the literature for such type of peripheral POM-CuII interactions (Supplementary Figure 2).30–34 The asymmetric PW9 interacts with protein via its closed face through hydrogen bonds. These direct hydrogen bonds are formed between terminal oxygen atoms of PW9 as electron donors and three His-residues, His31; His115 and His199 (His73, His157 and His241 for the alternative orientation of PW9 anion) as acceptors, resulting in a symmetrical interaction coinciding with the threefold symmetrical axis present in the POM anion (Supplementary Figure 2d). 
Although single crystal x-ray diffraction experiments unambiguously proved the in situ formation of a hierarchical assembly consisting of the CuII/protein cage with encapsulated PW9, these findings raise an intriguing question how such assembly could be formed. To investigate the complexation behavior of the Pizza6-S protein in the presence of the POM, CuII ions or PW9, Dynamic Light Scattering (DLS) measurements were undertaken at increasing pH (5 to 8), see Supplementary Figure 5 and Supplementary Table 2. Firstly, it should be noted that Pizza6-S, as all proteins, has a varying mobile phase depending on the pH, which modulates the charges and subsequent size of the layer of ions and water molecules surrounding the protein. This can be seen from the slight variations in size distribution of Pizza6-S in the tested pH range (Supplementary Figure 5). Any increase in size of Pizza6-S in solution, with respect to pH or due to the presence of additives, can indicate interaction where the protein and additive combine into one complex. Previously,  Pizza6 was characterized by  native mass spectrometry, DLS and analytical ultracentrifugation (AUC) in tandem, which revealed that the monomeric protein has a size of 5.9 nm.4 The addition of CuII ions increases the size of the Pizza6-S protein when the pH is increased beyond pH 5, most likely due to the onset of deprotonation of the hexa-histidine motive on the surface of Pizza6-S, which subsequently is able to coordinate CuII (Supplementary Figure 5). The addition of the lacunary PW9 shows no significant change in size as a function of the pH (Supplementary Figure 5). The variation of Pizza6-S’s size distribution is less pronounced in the presence of  PW9 and  does not shift to higher values. However, the presence of Cu3 causes a distinct increase in size of Pizza6-S, when pH increases above 6 (Figure 4a; Supplementary Figure 5). The size distribution shifts to an average value of 8 nm, which is consistent with the previously reported values of the Pizza6 dimer.4 This supports the previously stated hypothesis that an increase in pH above the pKa of the His residues on the surface of Pizza6-S is crucial for the observed complex formation.24 It should be noted that the resulting complex depends on the synergy of CuII and the PW9 POM anion, since such size is only observed when both are present via the addition of Cu3. A more accurate analysis of the size of this complex via native mass spectrometry would be desirable, but impossible due to the incompatibility of POMs with native protein mass spectrometry  given its highly charged nature and large molecular weight. The Cu3 POM was initially reported by Knoth et al.35, and later it was described that the POM is stable at millimolar concentrations in buffer solutions with pH ranging from 1.0 to 8.0.22 Recrystallization of potassium salt of Cu3 from unbuffered water solutions at temperatures up to 60°C leads to reversible loss of the nitrate anion, but without the decomposition of the POM, further suggesting the robustness of Cu3(PW9)2 core.35 In an attempt to reveal the driving force causing the dissociation of Cu3, which led to the formation of hierarchical assembly observed here, the solution stability of Cu3 was probed under different conditions.  The strong paramagnetic nature of Cu3 makes the use of NMR spectroscopy challenging, and even prolonged experiments of concentrated Cu3 samples gave no signals in 31P NMR spectrum. Therefore, the stability of the Cu3 was examined spectrophotometrically, similarly to the previously used approach.22 The POM shows a broad absorbance peak at 252 nm, characterizing an oxygen to tungsten charge transfer, and the weak  Cu d-d band in the visible range could not be observed due to the forbidden nature of this transition. Therefore, in agreement with the previous approach, we used the band at 252 nm to follow the stability of Cu3 under different conditions. The Cu3 was dissolved in similar solutions used in crystallization experiments, in order to rule out that the speciation was caused by the conditions used in the crystallization of hierarchical protein assembly. The concentration of the POM solution in these spectroscopic experiments is far lower compared to crystallization conditions in order to achieve absorbance within the Lambert-Beer domain, and also to make the UV-Vis measurements  comparable to the DLS experiments. Attempting to recrystallize the Pizza6/Cu3 complex from this concentration range would unambiguously validate the spectroscopic insights, but no crystals could be observed at such low concentration. Moreover, in the original crystallization experiments an excess of Cu3 was added to fully saturate the crystallization drop with protein-POM complex, yet in these spectroscopic measurements we chose to create solutions having the similar stoichiometry to the formed host-guest complex. This was a strategic choice, as an excess of Cu3 could obscure the spectroscopic changes that originate from Cu3/Pizza6 complex formation . Furthermore, the dissociation of Cu3 is most likely transient in nature and only occurs in the local vicinity of the protein, a mechanism that was previously observed and described to occur between proteins and metal-substituted polyoxometalates.10 	Comment by Tatjana Parac-Vogt: These sentences are not clear at all…I tried to reformulate them so they read more clearly, check that the meaning was not lost	Comment by Tatjana Parac-Vogt: I don’t know how this sentence connects to what is said above? Dissociation of what? Cu3? POM/Pizza complex?
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Description automatically generated]Figure 4. Size distribution of Pizza6-S at pH 7.0 in the absence of additives and in the presence of CuII ions; PW9 and Cu3 (a). UV-Vis spectra of Cu3 in the absence of additives and in the presence of Pizza6-S or imidazole at pH 7.0 (b). The protein and imidazole were present in their respective blanks so the spectra are representative only of Cu3.
All solutions were stable during the course of experiment and showed neither precipitation nor color changes. The stability of Cu3 was monitored after one week (Supplementary Table 3), which matches the maximum time after which the crystals suitable for the x-ray experiments were collected. Supplementary Figure 6a shows that the main driving force for the destabilization of Cu3 is an increase in pH, with the highest degradation around pH 8. The POM framework, PW9, most likely breaks down, which leads to the observed decrease of the characteristic absorbance at 252 nm (Supplementary Figure 6b). Interestingly, the addition of Pizza6 protein to the buffered solution of Cu3 at pH 7.0 led to an additional decrease of the absorbance signal at 252 nm, indicating that protein also contributes to the change in the POM structure (Figure 4b, Supplementary Figure 6c). The decrease of this band indicates a presence of a POM with less O  W LMCT bands, and is consistent with the crystallographic results in which decomposition of Cu3 into trilacunary [A-α-PW9O34]9- was observed in the presence of Pizza6. Previous work on protein-POM interactions reported a similar dissociation of a dimeric POM upon the interaction with the protein surface.  Combined NMR studies and DFT calculations revealed that POM dissociation process is unfavorable in bulk water, but it becomes favorable in the protein–POM complex. This was attributed to the low dielectric response at the protein surface and stabilization of the dissociated POM by electrostatic and water-mediated hydrogen bonding interactions with the protein.10 Assuming the similar mechanism for Cu3, the degradation process would also liberate CuII ions which can interact with the protein, as HEPES and MES buffers have low affinity for copper.36 Ideally Pizza6 mutants could validate the  influence of the His ring at the central cavity by replacing His with residues such as Ala or Asp. Creating such mutants  has been attempted before in order to validate the Pizza6-templated cadmium chloride nanocrystal, but unfortunately  all attempts to purify them failed due to low stability and aggregation of such constructs.6 To test the hypothesis that the His rich cavity of Pizza6-S plays a role in the destabilization of Cu3 by competing for CuII, we incubated the POM in the presence of imidazole, which is a functional group found in the side chain of His (Figure 4b; Supplementary Figure 6d). The amount of imidazole used in this experiment was  equal to the amount of His residues present in Pizza6-S. The addition of imidazole had a negligible effect on the stability of Cu3 at mildly acidic pH, however, above pH 7.0 imidazole caused significant degradation of Cu3. The pKa of imidazole is 6.9, which is slightly higher compared to histidine’s pKa of 6.5, resulting in deprotonation of the imidazole nitrogen at a pH above 7.0 and opening up the possibility for its coordination to CuII. A side note should be made here that the pKa of the His residues may shift in the presence of the POM or CuII, resulting in a lower apparent pKa for His. However, it is remarkable that the transition point here is observed between pH 6 and 7, which coincides with the characteristic pKa of His. The larger effect of Pizza6-S on disassembly of Cu3 compared to imidazole might be related to lower pKa of its His residues, but it could also originate from the synergetic effect of six His residues which are all shown to bind CuII in the resulting hybrid assembly. Therefore, we propose that the complex observed in crystallo is also representative for the solution state, as suggested both by UV-Vis spectroscopy and DLS measurements.
In conclusion, we achieved a supramolecular crystallographic assembly between the designer protein Pizza6 and the {K3Cu3(NO3)[A-α-PW9O34]2} POM. The structure was characterized through single crystal x-ray diffraction and further explored via spectroscopic and solution studies. The assembly was designed based on the combination of two previously observed, yet unrelated properties of Pizza6, namely the ability to dimerize through coordination of divalent metal ions and the tendency to strongly bind POM anions with compatible symmetry operations. The symmetrical positing of six histidine residues on Pizza6 surface and the high affinity of CuII towards His are likely at the origin of the formation of molecular cage observed here, which have not been observed to form when other types of metal-substituted POMs were used.21 This study highlights the supramolecular potential of designer protein-POM complexes by the display of modularity of the system. Furthermore, the formation of molecular cage made up of metal atom junctions and protein matrix can provide chemically unique and spatially confined environments that can encapsulate other species or increase their stability by shielding them against hydrolysis. The basic design principle of symmetry-compatible self-assembly can be complemented by additional assembly strategies. The limits of this modularity will be explored in future studies on the self-assembly between designer proteins and POMs.
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Cu3, the CuII-substituted trilacunary Keggin polyoxometalate {K3Cu3(NO3)[A-α-PW9O34]2}; PW9, the trilacunary Keggin anion [A-α-PW9O34]9-; Pizza6, the symmetric six-bladed β-propeller designer protein Pizza6-S; POM, polyoxometalate; DLS, dynamic light scattering.
REFERENCES
(1) 	Bai, Y.; Luo, Q.; Liu, J. Protein Self-Assembly: Via Supramolecular Strategies. Chemical Society Reviews. Royal Society of Chemistry May 21, 2016, pp 2756–2767. https://doi.org/10.1039/c6cs00004e.
(2) 	Sasaki, E.; Böhringer, D.; Van De Waterbeemd, M.; Leibundgut, M.; Zschoche, R.; Heck, A. J. R.; Ban, N.; Hilvert, D. Structure and Assembly of Scalable Porous Protein Cages. Nat. Commun. 2017, 8 (1), 1–10. https://doi.org/10.1038/ncomms14663.
(3) 	Miranda, F. F.; Iwasaki, K.; Akashi, S.; Sumitomo, K.; Kobayashi, M.; Yamashita, I.; Tame, J. R. H.; Heddle, J. G. A Self-Assembled Protein Nanotube with High Aspect Ratio. Small 2009, 5 (18), 2077–2084. https://doi.org/10.1002/smll.200900667.
(4) 	Voet, A. R. D.; Noguchi, H.; Addy, C.; Simoncini, D.; Terada, D.; Unzai, S.; Park, S. Y.; Zhang, K. Y. J.; Tame, J. R. H. Computational Design of a Self-Assembling Symmetrical β-Propeller Protein. Proc. Natl. Acad. Sci. U. S. A. 2014, 111 (42), 15102–15107. https://doi.org/10.1073/pnas.1412768111.
(5) 	Noguchi, H.; Addy, C.; Simoncini, D.; Wouters, S.; Mylemans, B.; Van Meervelt, L.; Schiex, T.; Zhang, K. Y. J.; Tame, J. R. H.; Voet, A. R. D. Computational Design of Symmetrical Eight-Bladed β-Propeller Proteins. IUCrJ 2019, 6, 46–55. https://doi.org/10.1107/S205225251801480X.
(6) 	Voet, A. R. D.; Noguchi, H.; Addy, C.; Zhang, K. Y. J.; Tame, J. R. H. Biomineralization of a Cadmium Chloride Nanocrystal by a Designed Symmetrical Protein. Angew. Chemie - Int. Ed. 2015, 54 (34), 9857–9860. https://doi.org/10.1002/anie.201503575.
(7) 	Funnell, J. L.; Balouch, B.; Gilbert, R. J. Magnetic Composite Biomaterials for Neural Regeneration. Frontiers in Bioengineering and Biotechnology. Frontiers Media S.A. 2019, p 179. https://doi.org/10.3389/fbioe.2019.00179.
(8) 	Umena, Y.; Kawakami, K.; Shen, J. R.; Kamiya, N. Crystal Structure of Oxygen-Evolving Photosystem II at a Resolution of 1.9Å. Nature 2011, 473 (7345), 55–60. https://doi.org/10.1038/nature09913.
(9) 	Pozzi, C.; Ciambellotti, S.; Bernacchioni, C.; Di Pisa, F.; Mangani, S.; Turano, P. Chemistry at the Protein-Mineral Interface in L-Ferritin Assists the Assembly of a Functional (Μ3-Oxo)Tris[(Μ2-Peroxo)] Triiron(III) Cluster. Proc. Natl. Acad. Sci. U. S. A. 2017, 114 (10), 2580–2585. https://doi.org/10.1073/pnas.1614302114.
(10) 	Vandebroek, L.; De Zitter, E.; Ly, H. G. T.; Conić, D.; Mihaylov, T.; Sap, A.; Van Meervelt, L.; Pierloot, K.; Proost, P.; Parac-Vogt, T. N. Protein‐assisted Formation and Stabilization of Catalytically Active Polyoxometalate Species. Chem. - A Eur. J. 2018, 24 (40), 10099–10108. https://doi.org/https://doi.org/10.1002/chem.201802052.
(11) 	Goovaerts, V.; Stroobants, K.; Absillis, G.; Parac-vogt, T. N. Eu(III) Luminescence and Tryptophan Fluorescence Spectroscopy as a Tool for Understanding Interactions between Hen Egg White Lysozyme and Metal-Substituted Keggin Type Polyoxometalates. J. Inorg. Biochem. 2015, 150, 72–80. https://doi.org/10.1016/j.jinorgbio.2015.03.015.
(12) 	Bijelic, A.; Rompel, A. The Use of Polyoxometalates in Protein Crystallography – An Attempt to Widen a Well-Known Bottleneck. Coord. Chem. Rev. 2015, 299, 22–38. https://doi.org/10.1016/j.ccr.2015.03.018.
(13) 	Stuckart, M.; Monakhov, K. Y. Polyoxometalates as Components of Supramolecular Assemblies. Chemical Science. Royal Society of Chemistry April 17, 2019, pp 4364–4376. https://doi.org/10.1039/c9sc00979e.
(14) 	Sontz, P. A.; Bailey, J. B.; Ahn, S.; Tezcan, F. A. A Metal Organic Framework with Spherical Protein Nodes: Rational Chemical Design of 3D Protein Crystals. J. Am. Chem. Soc. 2015, 137 (36), 11598–11601. https://doi.org/10.1021/jacs.5b07463.
(15) 	Bailey, J. B.; Zhang, L.; Chiong, J. A.; Ahn, S.; Tezcan, F. A. Synthetic Modularity of Protein-Metal-Organic Frameworks. J. Am. Chem. Soc. 2017, 139 (24), 8160–8166. https://doi.org/10.1021/jacs.7b01202.
(16) 	Golub, E.; Subramanian, R. H.; Esselborn, J.; Alberstein, R. G.; Bailey, J. B.; Chiong, J. A.; Yan, X.; Booth, T.; Baker, T. S.; Tezcan, F. A. Constructing Protein Polyhedra via Orthogonal Chemical Interactions. Nature 2020, 578 (7793), 172–176. https://doi.org/10.1038/s41586-019-1928-2.
(17) 	Rennie, M. L.; Fox, G. C.; Pérez, J.; Crowley, P. B. Auto-Regulated Protein Assembly on a Supramolecular Scaffold. Angew. Chemie - Int. Ed. 2018, 57 (42), 13764–13769. https://doi.org/10.1002/anie.201807490.
(18) 	Engilberge, S.; Rennie, M. L.; Dumont, E.; Crowley, P. B. Tuning Protein Frameworks via Auxiliary Supramolecular Interactions. ACS Nano 2019, 13 (9), 10343–10350. https://doi.org/10.1021/acsnano.9b04115.
(19) 	Guagnini, F.; Engilberge, S.; Flood, R. J.; Ramberg, K. O.; Crowley, P. B. Metal-Mediated Protein–Cucurbituril Crystalline Architectures. Cryst. Growth Des. 2020, 20 (10), 6983–6989. https://doi.org/10.1021/acs.cgd.0c01023.
(20) 	Vandebroek, L.; Noguchi, H.; Kamata, K.; Tame, J. R. H.; Meervelt, L. Van; Parac-Vogt, T. N.; Voet, A. R. D. Shape and Size Complementarity-Induced Formation of Supramolecular Protein Assemblies with Metal-Oxo Clusters. Cryst. Growth Des. 2021, 21 (2), 1307–1313. https://doi.org/10.1021/ACS.CGD.0C01571.
(21) 	Vandebroek, L.; Noguchi, H.; Kamata, K.; Tame, J. R. H.; Van Meervelt, L.; Vogt, T.; Voet,  arnout R. D. Hybrid Assemblies of a Symmetric Designer Protein and Polyoxometalates with Matching Symmetry. Chem. Commun. 2020. https://doi.org/10.1039/D0CC05071G.
(22) 	Farsani, M. R.; Yadollahi, B.; Rudbari, H. A.; Amini, A.; Caradoc-Davis, T.; Price, J. R. First Stable Nitrate-Encapsulated Sandwich Type Polyoxometalate: Synthesis, Structural Characterization, and Catalytic Performance. Inorg. Chem. Commun. 2014, 43, 39–44. https://doi.org/10.1016/j.inoche.2014.02.008.
(23) 	Clarke, D. E.; Noguchi, H.; Gryspeerdt, J.-L. A. G.; De Feyter, S.; Voet, A. R. D. Artificial β-Propeller Protein-Based Hydrolases. Chem. Commun. 2019, 55 (60), 8880–8883. https://doi.org/10.1039/c9cc04388h.
(24) 	Vrancken, J. P. M.; Noguchi, H.; Zhang, K. Y. J.; Tame, J. R. H.; Voet, A. R. D. The Symmetric Designer Protein Pizza as a Scaffold for Metal Coordination. Proteins Struct. Funct. Bioinforma. 2021, 89 (8), 945–951. https://doi.org/10.1002/PROT.26072.
(25) 	L, B.; I, B.; V, C.; N, D.-M.; IC, F.; S, N.; A, P.; A, R. Copper(I)-Mediated Protein-Protein Interactions Result from Suboptimal Interaction Surfaces. Biochem. J. 2009, 422 (1), 37–42. https://doi.org/10.1042/BJ20090422.
(26) 	Banci, L.; Bertini, I.; Cantini, F.; Felli, I. C.; Gonnelli, L.; Hadjiliadis, N.; Pierattelli, R.; Rosato, A.; Voulgaris, P. The Atx1-Ccc2 Complex Is a Metal-Mediated Protein-Protein Interaction. Nat. Chem. Biol. 2006 27 2006, 2 (7), 367–368. https://doi.org/10.1038/nchembio797.
(27) 	Huard, D. J. E.; Kane, K. M.; Tezcan, F. A. Re-Engineering Protein Interfaces Yields Copper-Inducible Ferritin Cage Assembly. Nat. Chem. Biol. 2013 93 2013, 9 (3), 169–176. https://doi.org/10.1038/nchembio.1163.
(28) 	Deschamps, P.; Kulkarni, P. P.; Gautam-Basak, M.; Sarkar, B. The Saga of Copper(II)-L-Histidine. Coordination Chemistry Reviews. Elsevier May 1, 2005, pp 895–909. https://doi.org/10.1016/j.ccr.2004.09.013.
(29) 	Olsson, M. H. M.; Ryde, U.; Roos, B. O.; Pierloot, K. On the Relative Stability of Tetragonal and Trigonal Cu(II) Complexes with Relevance to the Blue Copper Proteins. J. Biol. Inorg. Chem. 1998, 3 (2), 109–125. https://doi.org/10.1007/s007750050212.
(30) 	Zhao, J. W.; Zheng, S. T.; Yang, G. Y. 0-D and 1-D Inorganic-Organic Composite Polyoxotungstates Constructed from in-Situ Generated MonocopperII-Substituted Keggin Polyoxoanions and CopperII-Organoamine Complexes. J. Solid State Chem. 2008, 181 (9), 2205–2216. https://doi.org/10.1016/j.jssc.2008.04.042.
(31) 	Lisnard, L.; Dolbecq, A.; Mialane, P.; Marrot, J.; Sécheresse, F. Hydrothermal Syntheses and Characterizations of 0D to 3D Polyoxotungstates Linked by Copper Ions. Inorganica Chim. Acta 2004, 357 (3), 845–852. https://doi.org/10.1016/j.ica.2003.09.007.
(32) 	Jin, H.; Wang, X.; Qi, Y.; Wang, E. Hybrid Organic-Inorganic Assemblies Built up from Saturated Heteropolyoxoanions and Copper Coordination Polymers with Mixed 4,4′-Bipyridine and 2,2′-Bipyridine Ligands. Inorganica Chim. Acta 2007, 360 (10), 3347–3353. https://doi.org/10.1016/j.ica.2007.03.057.
(33) 	Li, B.; Dan, Z.; Yang, G.-Y. Hydrothermal Synthesis and Structural Characterization of Three One-Dimensional Heteropolytungstates Formed by Mono-CopperII-Substituted Dawson or Keggin Cluster Units. J. Clust. Sci. 2009, 20 (3), 629–639.
(34) 	Tian, A.; Ni, H.; Ji, X.; Tian, Y.; Liu, G.; Ying, J. Using a Flexible Bis(Pyrazol) Ligand to Construct Four New Keggin-Based Compounds: Syntheses, Structures and Properties. RSC Adv. 2017, 7 (10), 5774–5781. https://doi.org/10.1039/c6ra25156k.
(35) 	Knoth, W. H.; Domaille, P. J.; Harlow, R. L. Heteropolyanions of the Types M3(W9PO34)212- and MM’M”(W9PO34)212-: Novel Coordination of Nitrate and Nitrite. Inorg. Chem. 1986, 25 (10), 1577–1584. https://doi.org/10.1021/ic00230a014.
(36) 	Good, N. E.; Winget, G. D.; Winter, W.; Connolly, T. N.; Izawa, S.; Singh, R. M. M. Hydrogen Ion Buffers for Biological Research. Biochemistry 1966, 5 (2), 467–477. https://doi.org/10.1021/bi00866a011.
[image: A picture containing arranged

Description automatically generated]For table of contents only
1




1




image3.png




image4.png
05

Normalized intensity

o
=

Absorbance (A.U.)

o
S

~—— Pizza6-S

1 —— Pizza6-S + Cu(ll)
—— Pizza6-S + PW9
—— Pizza6-S + Cu3

1 10 100
Size (nm)

——Cu3
——Cu3 + Pizza6-S

——Cu3 + imidazole

220 240 260 280 300 320 340
Wavelength (nm)




image5.png




image1.png




image2.png




