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Most protein structures deposited in the Protein Data Bank have been determined at 100 K by collecting X-ray diffraction data while holding crystals under a liquid nitrogen flux. Recently, the growing awareness that low-temperature diffraction data collection is accompanied by artifacts and by a loss of physiologically relevant information has driven crystallographers to collect X-ray diffraction data at room temperature or at body temperature (37 °C). Here, the results obtained from recent structural determinations of metal-protein adducts at body temperature are briefly discussed.
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STRUCTURAL DETERMINATIONS AT NON-CRYOGENIC TEMPERATURES
X-ray crystallography is the technique that has been used to determine most of the protein structures reported in the Protein Data Bank (PDB) (Berman, 2000). Although it is currently facing strong competition from cryo-electron microscopy (cryoEM) (Cheng, 2018), X-ray crystallography remains the technique that currently allows for the most precise data on atomic coordinates. More than 90% of the protein crystal structures reported in the PDB and solved by X-ray crystallography were determined at 100 K (Haas, 2020). The success of low-temperature crystallography is mainly due to the fact that crystals of biological macromolecules are stable at low temperatures and can be easily preserved, even for months, and subsequently transported in liquid nitrogen, with a low damage risk. In cryocooled crystals, conformational disorder is reduced. This is generally associated with a more regular repetition of motifs which leads to cleaner/better diffraction. Furthermore, cryocooled crystals can be exposed to X-ray radiation for longer time, as the production and diffusion of free radicals at low temperature is slower (Garman, 1999). Under these conditions, however, it is possible to obtain structures that contain artifacts (Fraser et al., 2011; Keedy et al., 2014; Thorne, 2023).
The structural models that have been refined using diffraction data collected at 100 K generally exhibit a single conformation of the polypeptide chain, with, at most alternative conformations of specific residue side chains. However, it is well known that the polypeptide chain in many protein structures is quite flexible, adopting multiple conformations that are associated with the predominant one (Fraser et al., 2009; 2011; Lang et al., 2010; 2014; Keedy et al., 2014; 2015). These conformations can also play important roles from a functional point of view: they can be crucial for the molecular recognition of small ligands or other proteins, for catalysis and/or allosteric regulation of enzymes. Knowing the structure of these minor conformations can be crucial for understanding these important molecular mechanisms. Furthermore, regions with well-ordered electron density at cryogenic temperature may become disordered at physiological temperature and vice versa. This can happen both due to temperature effects and as a result of crystal volume variations and, consequently, of crystal packing changes. To collect data at low temperatures, biological macromolecule crystals have to be placed in a solution that contains a cryoprotectant (Jang et al., 2022). The presence of the cryoprotectant can alter the conformation of specific regions of the macromolecule structure; moreover, during the cryoprotectant soaking process, protein crystals may undergo osmotic shock and become disordered or damaged.
It is well known that temperature significantly limits the atomic motions and therefore the structure of molecules, including biological macromolecules. It would be desirable, or at least of interest, to determine the structure of proteins at the living temperature of the organism from which they originate, or at least at a temperature that may be of physiological interest, also to gather information about the protein flexibility, which plays a crucial role in enzymatic catalysis and allosteric communications. In this area, in recent years, many efforts have been made to collect diffraction data at non-cryogenic temperatures (Thompson, 2023). Methods and suggestions for collecting diffraction data at room temperature and analyzing these data have been recently reviewed (Fischer, 2021). During the data collection at non-cryogenic temperature, fragile protein crystals have to be handled with greater care and in a way that prevents dehydration. At non-cryogenic temperatures, it is necessary to limit the exposure of protein crystals to X-rays because the diffusion of free radicals in these crystals can lead to numerous damages, such as the reduction of the oxidation state of the metal centers, the decarboxylation of glutamic and aspartic acid residues, and the breaking of disulfide bridges, which could significantly alter the protein structure (Vergara et al., 2018). However, this type of data collection has the advantage of producing cleaner diffraction patterns with a better signal-to-noise ratio since the diffraction spots cannot be obscured by ice rings.
Examples of protein metalation studies at body temperature
Although the effects of temperature on the structure of proteins have been studied in many works (Tilton et al., 1992; Dutta et al., 2022; Mehra and Kepp, 2022) and it is well known that temperature influences the actual conformation of proteins and the molecular recognition mechanisms (Busi et al., 2021; Skaist Mehlman et al., 2023), an analysis of the structures deposited in the PDB shows that there are only a few dozen protein structures determined at human body temperature, 37 °C, and even fewer structures of metal-protein adducts have been determined at 37 °C. The structure determination of adducts formed upon reaction of proteins with metal complexes at body temperature is of significant interest, because metallodrugs interact with proteins in the organism at this temperature. In this regard, it is important to recall that beyond protein conformation, the temperature can also affect the coordination number and geometry of metal complexes. In solution, oxidovanadium (IV) complexes of bidentate L ligands have the V center that can adopt different coordination numbers and geometries with equilibrium depending on the temperature. For example, when L = deferiprone (dhp) the square pyramidal VIVO(dhp)2 species exists at 298 K, while cis-VIVO(dhp)2(H2O) and trans-VIVO(dhp)2(H2O) species are also present at 120 K (Sanna et al., 2012; 2021). Other examples of structural changes in solution are given by Ni(II) and Cu(II) complexes (Anachini et al., 1977; Willett. et al., 1974). Examples of changes in the coordination numbers of metals have been also observed in the solid state. Zhang et al. reported a temperature-induced single-crystal-to-single-crystal (SCSC) transformation of [Ag6Cl(atz)4]OH·6H2O (Hatz = 3-amino-1,2,4-triazole), with a change in the Ag coordination number (Zhang et al., 2005). Along the same line, Hu and Englert showed that SCSC transformation of [ZnCl2(μ-bipy)]n (bipy = 4,4′-bipyridine) is associated with a variation in the Zn coordination number at temperatures >360 K and <130 K (Hu and Englert, 2005). Similarly, Xie et al. reported that UO2(C18H20N2O4@CB6)2Br2 with a pseudorotaxane motif C6BPCA@CB6 (C6BPCA = 1,1′-(hexane-1,6-diyl)bis(4-(carbonyl)pyridin-1-ium), CB6 = cucurbit [6]uril) as the organic linker, transforms from a 7-coordinated uranium (VI) to a 6-coordinated uranium (VI) form upon cooling and heating in the 170–320 K range (Xie et al., 2017). Moreover, Bernini et al. showed that Yb coordination in [Yb(C4H4O4)1.5] changes when it is heated above 130 °C, returning to its initial form when back at room temperature (Bernini et al., 2009).
Obviously, these changes could influence the interaction with proteins and thus it is not surprising that the binding of metal complexes to proteins is significantly influenced by temperature (Ferraro et al., 2016). Inductively Coupled Plasma Mass Spectrometry (ICP-MS) analyses conducted at different temperatures to detect the amount of Pt bound to the model protein hen egg white lysozyme (HEWL) when treated with cisplatin have shown that protein metalation by the Pt compound increases when temperature rises (Ferraro et al., 2016). Recent studies have also highlighted that the conformational changes induced by the temperature increase in the TRPM4 protein prevent the recognition of decavanadate ([VV10O28]6-), a molecule which alters TRPM4 voltage dependence (Hu et al., 2024).
Along this line Fukuda and Inoue observed a difference in substrate binding modes between cryogenic and high-temperature copper nitrite reductase structures (Fukuda and Inoue, 2015).
Jacobs, Helliwell and Brink determined the structure of the adduct that HEWL forms with the Re compound fac-[Et4N]2 [Re(CO)3(Br)3] in the presence of imidazole (Jacobs et al., 2024a). This structure, denoted as HEWL-Re-Im, has been compared with those of a series of adducts formed at room temperature and solved using data collected at cryogenic temperature (Jacobs et al., 2024b). The results of this comparison revealed that the Re binding sites, where Re-containing fragments covalently bind the protein, are retained at 37 °C with minor modifications of protein residue side chains (see, for example, Re binding sites close to the side chains of His15 and Asp101 in the structures at 100 K and at 37 °C reported in Figure 1). Lower occupancy or absence of Re-containing fragments are observed at 37 °C in the case of non-covalent binding sites.
[image: Molecular structures highlighting interactions between residues and Re209/Re212 at different temperatures. Labels identify key residues: Arg14, His15, Asp87, Asp101, Trp62, Trp63, and Leu75. Blue spheres represent Re209 at 37°C, and a red sphere represents Re212 at 100K.]FIGURE 1 | Superimposition of the Re binding sites close to the side chains of (A) His15 and (B) Asp101 in the structures of HEWL-Re-Im at cryogenic temperature (PDB code 8QCU, green) and at 37 °C (PDB code 9GHX, yellow). Additional non-covalent Re atom binding site close to His15 is also shown (Re212 and Re209 in the structures at 100K and at 37 °C, respectively). The superimpositions show minor displacements of metal-containing fragments and HEWL residues involved in their recognition in the structures of HEWL-Re-Im at 37 °C and at 100 K.In my group, we also recently determined the structure of the adduct formed upon reaction of dirhodium tetraacetate ([Rh2 (ac)4], ac = acetate) with HEWL at 37 °C (Tito et al., 2025b), and those formed upon reaction of the same protein with [VIVO(acac)2], acac = acetylacetonato (Tito et al., 2025a), and with the dioxovanadium(V) complex of malic acid, Cs2 [VV2O4(mal)2]·2H2O, mal = malato (Paolillo et al., 2025). These experiments were conducted by growing protein crystals at 37 °C and treating these crystals at 37 °C with the metal complex. The results of the structural analyses performed using X-ray diffraction data collected at 37 °C were compared with those previously obtained in cryogenic conditions on crystals grown and exposed to metal complexes at 20 °C (Loreto et al., 2021; Tito et al., 2024; 2025b; Paolillo et al., 2025).
Data collected on HEWL crystals treated with [Rh2 (ac)4] show a substantial invariance of the Rh binding sites at different temperatures, with a significant difference in metal occupancy, which is higher at body temperature (Loreto et al., 2021; Tito et al., 2025b). Although this result was obtained on crystals of different sizes and may be influenced by factors not easily controllable during the experiment, such as the radial diffusion of the metal complex in the solvent channels within the crystal and possible small differences in the radiation damage induced by X-rays on the crystals collected at different temperatures, it is consistent with the ICP-MS results obtained in solution by treating the protein with cisplatin (Ferraro et al., 2016) and with the data discussed by Jacobs, Helliwell and Brink (Jacobs et al., 2024a). Even in the comparison of the structures obtained by reacting HEWL with [VIVO(acac)2] at different temperatures, shown in Figure 2, only small differences were observed in the protein binding of the species derived from the transformation of the V complex (Ferraro et al., 2023; Tito et al., 2024; 2025a). In particular, a [V20O51(H2O)]n–ion and a [VV7VIV8O33(H2O)]+ cation covalently bind HEWL surface at 37 °C (Figure 2). These polyoxidovanadates are found also in the 100 K structures of HEWL treated with [VIVO(acac)2], but at cryogenic temperature they were observed in two different crystals (Ferraro et al., 2023; Tito et al., 2024; 2025a).
[image: Two molecular structures labeled A and B demonstrate protein-ligand interactions. Both structures feature helices and strands in purple and yellow, with amino acids such as Lys1, Ser86, and Asn19 labeled. The ligands, depicted as polyoxometalate clusters, are engaged with the protein structures. Based on their chemical formulas, cluster A is labeled as \([V_{20}O_{51}(OH_2)]^n\) and cluster B as \([V_{15}O_{33}(OH_2)]^+\).]FIGURE 2 | Superimposition of the (A) [V20O51(H2O)]n–ion binding sites close to the side chains of Asp87 and Asp87* and (B) [VV7VIV8O33(H2O)]+ cation binding sites close to Asp18 and Gly71*, in the structures at cryogenic temperature (PDB code 9EX0, in violet, and PDB code 9EX2, in light blue) and at 37 °C (PDB code 9I8L, yellow). The superimpositions show high similarity in polyoxidovanadate binding sites in the structures at 37 °C and at 100 K. Asterisk (*) indicates residues from symmetry-related molecules.Different results were obtained by treating HEWL with Cs2 [VV2O4(mal)2]·2H2O (Paolillo et al., 2025). Crystallographic data, corroborated by NMR measurements, reveal that protein metalation (Merlino, 2021) appears to be negatively affected by temperature in this case: in cryogenic structures, HEWL binds and stabilizes [VIVO]2+ [VV2O5(mal)]2– [VV10O28]6-, and its derivative [VV10O26]2–, which can be considered a [VV10O28]6- ion with two oxygen atoms replaced by oxygens of the side chains of Glu residues, while at body temperature only the binding of [VIVO]2+ is observed. These molecules are formed by the speciation of Cs2[VV2O4(mal)2]·2H2O. Interestingly, the structure at 100 K shows covalent and non-covalent binding of the decavanadate ion to the protein (Figures 3A,B). Since the HEWL structure in the presence of [VV2O4(mal)2] at 37 °C and at 100 K is very similar in the decavanadate binding site (Figure 3C), a different flexibility of protein residues in this region has to be invoked to explain the inability of HEWL to bind [V10O28]6-/[VV10O26]2– at body temperature.
[image: Three diagrams labeled A, B, and C depict molecular structures with complex formations. Each structure includes a central cluster, represented by red and gray atoms, surrounded by looping strands in orange, beige, and green. Labels identify key components like Glu7, Arg14, and Lys1, highlighting differences in strand conformation across the diagrams.]FIGURE 3 | Covalent (A) and non-covalent (B) binding of decavanadate to HEWL in the 100 K structures of the adduct formed upon reaction of the protein with Cs2 [VV2O4(mal)2]·2H2O (PDB codes 9RBG and 9RBT, respectively) (C) Superimposition of the decavanadate binding sites close to the side chains of Glu7 and Glu7* in the structures at cryogenic temperature, reported in panel A (PDB code 9RBG, in orange), and at 37 °C (PDB code 9RBV, in green). The superimpositions show high similarity in the decavanadate binding sites in the structures at 37 °C and at 100 K. Asterisk (*) indicates residues from symmetry mates, that are shown with slightly softer colors.CONCLUSION
Temperature is a key variable that governs the coordination number and geometry of metal complex, protein conformation and flexibility and can significantly alter ligand-protein recognition processes (Yeh et al., 2023; Hu et al., 2024).
Due to the traditional use of diffraction data collection at cryogenic temperatures, only a few structures of proteins have been solved at body temperature and just four X-ray structures of metal-protein adducts have been obtained at 37 °C. This is probably due to the difficulty to grow crystals at body temperature and to collect X-ray diffraction data at this temperature suitable for structural analyses. The experiments carried out up to now on metal/protein adducts show conflicting results: temperature can both enhance and hamper the protein metalation process. At the moment, it is not possible to predict the effects that temperature changes can have on protein metalation process, as protein metalation at body temperature critically depends likely on the nature of the metal complexes and the physico-chemical characteristics of the protein involved in the molecular recognition process. This suggests that further studies on the binding of metal complexes to proteins at different temperatures are needed. In this respect, it should be noted that although new methods that enable the collection of high-quality diffraction data from single crystals at different temperatures have been described (Doukov et al., 2020), it would be helpful to develop protocols and to standardize methods of growing and transporting protein crystals at 37 °C. Furthermore, to allow diffraction data collection at 37 °C, it is necessary to implement new technologies that facilitate the conduction of experiments at this temperature.
Future research could also focus on the stability and dynamics of metal-protein adducts at body temperature, since these data could provide us with new, useful information on the possible transport and release of metallodrugs by proteins under conditions close to physiological ones.
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