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NCI-ELMO: a New Method to Quickly and Accurately Detect Non-Covalent Interactions in Biosystems

Accurate determinations of non-covalent interactions in biological systems are fundamental to rationalize the structure and to get insights into the functions and the dynamics of macromolecules. Here we propose a new tool for the e cient identification of non-covalent interactions in proteins. The non-covalent interaction (NCI) method, a well-established strategy to detect non-covalent interactions in chemical systems, is coupled with the libraries of extremely localized molecular orbitals (ELMOs), which allow instantaneous reconstruction of quantum mechanically rigorous electron distributions of polypeptides and proteins. Test calculations performed on di↵erent interactions show that the new NCI-ELMO strategy always outperforms the original NCI method based on the promolecular approximation, while it is in close agreement with original NCI analyses based on fully quantum mechanical calculations. The new technique allows to unravel the network of interactions in biological systems and to rapidly monitor their evolutions with time, with possible consequences on the design of new drugs.

Introduction

Non-covalent interactions play a fundamental role in the definition of the three-dimensional (3D) structure of macromolecules. Furthermore, they are also crucial in many biological processes in which biomolecules bind to small ligands 1,2 (e.g., inhibitors or cofactors) or to other large biological systems (e.g., protein-protein interactions [START_REF] Keskin | Predicting Protein-Protein Interactions from the Molecular to the Proteome Level[END_REF] ). Hence, a complete and accurate description of the non-covalent network is essential to shed light on the functions of biological molecules and on the dynamics of biological processes, with also a possible impact in the design of new and more e cient drugs. As an example, the discovery of new directional interactions mediated by halogen -holes has been crucial in the design and engineering of new drugs and in their crystallization. [START_REF] Cavallo | The Halogen Bond[END_REF] Due to their chemical and biological relevance, a detailed understanding of the physical origin and scope of non-covalent interactions has become a major goal of physical organic chemistry. To this purpose di↵erent strategies have been developed.

In this context, one the most common methods [START_REF] Klein | Modified van der Waals atomic radii for hydrogen bonding based on electron density topology[END_REF] to quickly map and classify non-covalent interactions as van der Waals interactions, hydrogen bonds or steric clashes is based on the evaluation of pairwise distances between atoms computed through van der Waals radii.

Other more theoretically sound strategies are the Quantum Chemical Topology (QCT) methods, namely strategies based on electron and kinetic energy densities of the investigated systems. Among them, a prominent role is obviously occupied by the well known Quantum Theory of Atoms in Molecules (QTAIM). [START_REF] Bader | Atoms in Molecules: A Quantum Theory[END_REF] In fact, this technique can also be used to find and characterize weak interactions, exploiting the fact that a critical point in the electron density naturally occurs in presence of two interacting atoms. More interestingly, strong correlations have been found between interaction energies and topological properties (e.g., electron density, Laplacian of the electron density and kinetic energy density) at the (non-covalent) bond critical points, especially for hydrogen bonds and van der Waals interactions. [START_REF] Espinosa | Hydrogen Bond Strengths Revealed by Topological analyses of Experimentally Observed Electron Densities[END_REF][START_REF] Espinosa | Topological analysis of the electron density in hydrogen bonds[END_REF][START_REF] Grabowski | Ab Initio Calculations on Conventional and Unconventional Hydrogen BondsStudy of the Hydrogen Bond Strength[END_REF] Within the same framework, we can also mention other investigations that used the Electron Localization Function (ELF) [START_REF] Becke | A simple measure of electron localization in atomic and molecular systems[END_REF][START_REF] Silvi | Classification of chemical bonds based on topological analysis of electron localization functions[END_REF] to approximately evaluate the strength of hydrogen bonds. [START_REF] Alikhani | What Can Tell the Topological Analysis of ELF on Hydrogen Bonding?[END_REF][START_REF] Contreras-García | Electron delocalization and bond formation under the ELF framework[END_REF] However, nowadays one of the most e cient strategies in theoretical chemistry and quantum crystallography [START_REF] Genoni | Quantum Crystallography: Current Developments and Future Perspectives[END_REF][START_REF] Grabowsky | Quantum crystallography[END_REF][START_REF] Massa | Quantum Crystallography: A perspective[END_REF][START_REF] Tsirelson | Early days of quantum crystallography: A personal account[END_REF] to detect all the (inter-and intra-molecular) non-covalent interaction existing in a chemical system is undoubtedly the Non-Covalent Interactions (NCI) method. [START_REF] Johnson | Revealing noncovalent interactions[END_REF][START_REF] Contreras-García | NCIPLOT: a program for plotting noncovalent interaction regions[END_REF] Fully belonging to the family of the QCT techniques, this approach relies on the analysis of electron density and of its reduced density gradient (RDG).

In the current version of the NCI technique, the underling electron density can be obtained in two di↵erent ways: (i) through a fully quantum mechanical calculation on the molecule under exam; (ii) by means of the promolecular density approximation (also known as "independent atom model" (IAM) approximation). In other words, in the latter case, instead of using an electron density obtained through a traditional quantum chemistry computation, the electron density is given as the sum of independent and spherical atomic electron distributions, which were previously tabulated as a database of atomic shell exponentials. Calculations showed that the promolecular approximation provides results that are qualitatively very similar to those obtained through the application of fully quantum chemical methods. In this regard, in a recent work, [START_REF] Contreras-Garca | A benchmark for the Non-Covalent Interaction index (NCI) or... is it really all in the geometry?[END_REF] Contreras-García et al. pointed out that, even in presence of dispersion, NCI pictures resulting from IAM or Hartree-Fock calculations are su cient to qualitatively detect the presence of the interactions when the geometry is fixed. However, the authors also stress that, depending on the adopted method, quantitative di↵erences in the NCI results can be observed for particular interactions (e.g., steric repulsions) and especially when one evaluates the relative stability of di↵erent conformers with geometries resulting from optimizations that include correlation and dispersion e↵ects.

While for small and medium-size systems NCI analyses are usually based on electron densities from fully quantum mechanical calculations, for macromolecules the promolecular approximation must be used in order to reduce the computational cost. Although the obtained results are qualitatively similar from the visual point of view, the promolecular approach is known to provide incorrect densities which lack relaxation and, on the basis of what mentioned above, this might have repercussions also on the NCI analysis of the relative stabilities of representative polypeptides/proteins conformers obtained from Molecular Dynamics simulations exploiting force fields accounting for dispersion.

In this contribution, to overcome the limitations of the NCI method when applied to large molecules, we propose a new version of the technique that, by exploiting the computational advantages o↵ered by the Extremely Localized Molecular Orbitals (ELMOs), [START_REF] Stoll | On the use of local basis sets for localized molecular orbitals[END_REF][START_REF] Fornili | Determination of extremely localized molecular orbitals and their application to quantum mechanics/molecular mechanics methods and to the study of intramolecular hydrogen bonding[END_REF][START_REF] Sironi | Extremely Localized Molecular Orbitals: Theory and Applications[END_REF][START_REF] Genoni | Molecular Orbitals Strictly Localized on Small Molecular Fragments from X-ray Di↵raction Data[END_REF][START_REF] Genoni | X-ray Constrained Extremely Localized Molecular Orbitals: Theory and Critical Assessment of the New Technique[END_REF][START_REF] Santos | Unconstrained and X-ray constrained extremely localized molecular orbitals: analysis of the reconstructed electron density[END_REF][START_REF] Genoni | X-Ray Constrained Wave Functions: Fundamentals and E↵ects of the Molecular Orbitals Localization[END_REF] can be applied to unravel the non-covalent interactions networks of very large biological systems.

ELMOs are orbitals strictly localized on small molecular units (e.g., atoms, bonds and functional groups) and, for this reason, easily transferable from one molecule to another, provided that the subunits on which they are localized have the same chemical environment.

Due to their intrinsic transferability, [START_REF] Fornili | Determination of extremely localized molecular orbitals and their application to quantum mechanics/molecular mechanics methods and to the study of intramolecular hydrogen bonding[END_REF][START_REF] Sironi | The transferability of extremely localized molecular orbitals[END_REF][START_REF] Genoni | A Novel Approach to Relax Extremely Localized Molecular Orbitals: the Extremely Localized Molecular Orbital-Valence Bond Method[END_REF][START_REF] Genoni | Optimal Virtual Orbitals to Relax Wave Functions Built Up with Transferred Extremely Localized Molecular Orbitals[END_REF][START_REF] Genoni | A novel extremely localized molecular orbitals based technique for the one-electron density matrix computation[END_REF][START_REF] Sironi | A new program to determine electron densities of polypeptides using extremely localized molecular orbitals[END_REF][START_REF] Meyer | Libraries of extremely localized molecular orbitals. 1. Model molecules approximation and molecular orbitals transferability[END_REF][START_REF] Meyer | Libraries of extremely localized molecular orbitals. 2. Comparison with the pseudoatoms transferability[END_REF] databanks of ELMOs covering all the fragments of the twenty natural amino-acids have been recently constructed. [START_REF] Meyer | Libraries of extremely localized molecular orbitals. 1. Model molecules approximation and molecular orbitals transferability[END_REF][START_REF] Meyer | Libraries of extremely localized molecular orbitals. 2. Comparison with the pseudoatoms transferability[END_REF][START_REF] Meyer | Libraries of Extremely Localized Molecular Orbitals. 3. Construction and Preliminary Assessment of the New Databanks[END_REF] It has been shown that they allow fast reconstructions of quantum mechanically rigorous electron densities and electrostatic potentials of systems ranging from small polypeptides to very large proteins. [START_REF] Meyer | Libraries of Extremely Localized Molecular Orbitals. 3. Construction and Preliminary Assessment of the New Databanks[END_REF] Therefore, we have decided to couple the ELMO databases with the NCI method, giving rise to the novel NCI-ELMO approach. As we will describe in this paper, the new technique enables to obtain accurate NCI features in biological molecules for a large variety of interactions, but at a very low computational cost.

The paper is organized as follows. We will initially analyse and discuss the outcomes of some benchmark tests on polypeptides aiming at comparing the results of NCI calculations exploiting promolecular, ELMO and fully quantum mechanical electron densities (Section 2). We will afterwards consider di↵erent non-covalent interactions in proteins which are interesting from the chemical and/or biological points of view and which, due to the large computational cost, cannot be characterised through traditional NCI analyses based on usual quantum chemical calculations (Section 3). In particular, in all the examined cases, we will carefully compare the NCI-ELMO and NCI-promolecular descriptions by showing how the former outperforms the latter in all the considered situations. Finally, we will draw general conclusions and we will outline future perspectives to follow up this strategy (Section 4).

For the sake of completeness, in the Appendix we will also briefly introduce the theoretical foundations of the NCI and ELMO techniques and we will provide a concise description of the ELMO libraries.

Benchmark calculations

To evaluate the capabilities of the new NCI-ELMO approach, we compared the results of NCI computations based on promolecular, DFT and ELMOdb electron densities. In particular, the comparisons were conducted on three polypeptides characterized by di↵erent types of non-covalent interactions. We have chosen to use polypeptides in our tests because they represent a good compromise: they are medium-size systems which show non-covalent interactions similar to those normally found in large proteins, while their fully quantum mechanical calculations (to be used as benchmarks) are still feasible.

As first test case we considered lactoferrampin, an antimicrobial peptide characterized by antibacterial and candidacidal activities, for which we have selected the first NMR molecular geometry in PDB file 2MD3. [START_REF] Ghosh | Sequence context induced antimicrobial activity: insight into lipopolysaccharide permeabilization[END_REF] The considered geometry was afterwards used to perform calculations at DFT level (B3LYP functional) and to transfer the ELMOs from the considered libraries. All the basis-sets currently available for the ELMO databanks were taken into account to also evaluate the possible dependence of the NCI results on the size of the adopted set of basis functions. Furthermore, the total promolecular density was calculated for the chosen geometry as sum of tabulated atomic densities within the NCIplot program.

We particularly focused on a classical weak hydrogen bond interaction occurring between residues Phe2 and Gly3, which is depicted through a typical green RDG isosurface of the NCI method shown in Figure 1A. The actual comparison was performed by analyzing the traditional 2D NCI plots of the reduced density gradient s in function of the electron density multiplied by the sign of the second Hessian eigenvalue (sign( 2 ) ⇢; hereinafter also indicated as "signed" electron density). In Figure 1B we have simultaneously reported the results obtained exploiting the promolecular, B3LYP/6-31G and ELMOdb/6-31G electron densities, while, in analogous way, in Figure 1C we have overlapped the 2D graphs resulting from the use of promolecular, B3LYP/cc-pVDZ and ELMOdb/cc-pVDZ charge distributions. In Figures 1B and1C it is easy to observe that all the performed NCI calculations provided two symmetric peaks, which generally are the "NCI fingerprints" for weak intermolecular interactions. Furthermore, while the promolecular density provides reduced density gradient peaks that are clearly shifted from the reference B3LYP ones, the electron distributions obtained through the simple transfer of ELMOs give NCI spikes practically indistinguishable from those associated with the DFT calculations. To better highlight the dependence of the NCI results on the adopted basis-set, in Figures 2A and2B, we have simultaneously reported the 2D RDG plots obtained from the NCI calculations based on the DFT and ELMOdb electron distributions, respectively. It is easy to observe that the peaks completely overlap and all the basis-sets provide similar results. For our second benchmark-test, we considered a non-covalent interaction present in the high-resolution X-ray crystallographic structure of Leu-enkephalin. [START_REF] Pichon-Pesme | Modeling fragments for the ab initio determination of electron density in polypeptides. An experimental and theoretical approach to the electron distribution in Leu-enkephalin trihydrate[END_REF] In particular we considered the strong hydrogen bond between Tyr2 and Phe5, which is clearly highlighted by the RDG isosurface in Figure 3A. Also in this case we compared the 2D reduced density gradient plots obtained at promolecular, B3LYP and ELMO levels. As done for the interaction analyzed above, in Figure 3B and 3C we have reported the results for basis-sets 6-31G and cc-pVDZ, respectively. In this case, all the NCI calculations provided a single peak in the negative region of the "signed" electron density, as it is usually observed for stabilizing hydrogen bond interactions. However, both in Figure 3B and in Figure 3C, we can see that the promolecular peak associated with the hydrogen bond interaction is clearly shifted with respect to the B3LYP one, which, on the contrary, clearly matches more closely the ELMO spike. In particular, we can easily see that in the negative domain, which is fundamental to identify stabilizing non-covalent interactions, the NCI analysis based on the promolecular density gives a peak that is "more negative", indicating a more stabilizing interaction than the one detected at DFT level. Conversely, the ELMO approximation slightly underesti-mates the stability of the interaction. Identical results were observed adopting the other three basis-sets (see Figures S5-S7 in the Supporting Information). In Figure 4 we also report the dependence of the NCI computations on the used basis-set.

In this case, the NCI-B3LYP and NCI-ELMO trends correspond (see Figure 4A and Figure 4B, respectively), with the NCI peak for the strong hydrogen bond that moves towards lower absolute values of the electron density as we consider larger basis-sets.

Finally, as third and final test calculation we considered an HIV Zinc fingerlike domain characterized by the presence of a metal center (Zinc) tetra-coordinated by four residues (particularly, three cysteine and one histidine residues). This example was chosen as a challenging case due to the presence of stronger interactions and of a charged metal center. The non-covalent interactions of Zinc with the surrounding residues (see Figure 5A) were indeed the focus of our test calculations, for which we considered the first NMR molecular geometry in PDB file 2ZNF. 38 As for the other polypeptides, the selected molecular geometry was used to perform calculations at DFT level, to transfer the ELMOs from the databanks and to construct the promolecular density. Unlike the tests conducted on lactoferrampin and Leu-enkephalin, the DFT calculations were performed using functional B3PW91, which is more suitable than B3LYP to study systems with metal centers. Furthermore, due to the presence of a metal, tailor-made ELMOs for Zinc were preliminary computed before the transfers. This was done by simply carrying out ELMO calculations on a model molecule mimicking the chemical environment of the metal in the polypeptide. Finally, it is also worth noting that, within the NCIPLOT program, the promolecular densities are generally constructed exploiting spherical densities of neutral atoms, but, in this specific case, for which the charge of the metal center is crucial, the promolecular density for the NCI analysis was obtained by considering the spherical atomic density associated with the Zn 2+ cation.

Also in this case we plotted and compared simultaneously the 2D reduced density gradient plots associated with the electron densities computed at di↵erent levels of theory. In Figures 5B and5C we have reported the results obtained for basis-sets 6-31G and cc-pVDZ, respectively. In both situations it is evident that the promolecular charge distribution does not allow to reproduce the reference spikes obtained at B3PW91 level. In contrast to the results for the strong and weak hydrogen bonds, the NCI analysis based on the promolecular electron density gives peaks that are "more positive" compared to the DFT ones, thus revealing non-covalent interactions that are less stabilizing. Conversely, we can also clearly observe that there is a much better agreement between the B3PW91 and ELMO spikes, even if we do not observe the almost perfect overlap seen for the weak hydrogen bond interaction previously analyzed. In particular, we can observe that, when we use ELMOdb electron densities, the NCI analyses reveal non-covalent interactions that are slightly less stabilizing compared to the DFT situation. Analogous results have been observed for the other basis-sets (6-311G, 6-31G(d,p) and 6-311G(d,p); see Figures S8-S10 in the Supporting Information).

The preliminary test calculations on the three polypeptides have clearly shown that the new NCI-ELMO method is able to provide results very close to those obtained through NCI analyses that exploit traditional quantum chemical computations, independently of the adopted basis-set. Furthermore, and more importantly, it is also evident that the novel strategy outperforms the one based on the promolecular densities only at a slightly larger (and still completely acceptable) computational cost (See Table 1). Indeed, the improved performance comes at a little computational cost even for very large systems. For instance, for the investigated HIV Zinc fingerlike domain, the total computing time associated with he ELMO approach is of the order of minutes, whereas the SCF one would take hours or even days. On the basis of these results, we have thus decided to exploit the new method to detect and characterize di↵erent types of non-covalent interactions in quite large proteins, namely in systems for which fully quantum mechanical calculations are generally impractical or impossible. Also in those situations we have tried to highlight again the non-negligible di↵erences existing between the promolecular-NCI and NCI-ELMO descriptions. short and strong hydrogen bond between residues Asp75 and Asp87. To characterize this interaction, we performed NCI analyses exploiting promolecular and ELMOdb electron densities. Furthermore, for the NCI-ELMO computations, all the basis-sets currently available for the ELMO libraries were taken into account.

As expected, all the NCI calculations were able to identify a strong and attractive hydrogen bonding interaction, as shown by the blue RDG isosurface depicted in Figure 6A. To better compare the results obtained through the promolecular-NCI and NCI-ELMO calculations, we also considered the two-dimensional plots of the reduced density gradients (see Figure 6B). Each NCI computation provides a RDG peak occurring at a negative value of the "signed" electron density, which clearly corresponds to the hydrogen bond under examination. Furthermore, in analogy with what was previously observed in the benchmark calculations for the strong hydrogen bond in Leu-Enkephalin (see Figures 3B and3C), we can notice that the spike obtained at promolecular level indicates a more stabilizing/attractive interaction compared to the NCI-ELMO results.

The use of di↵erent sets of basis functions in the NCI-ELMO computations also showed that the RDG peak practically shifts towards less negative values as the size and the quality of the adopted basis-set increase (see Figure 6C), particularly with this order: 6-31G, 6-311G, 6-31G(d,p),6-311G(d,p) and cc-pVDZ. Except for cc-pVDZ, the same basis-set trend was observed for the strong hydrogen bond in the Leu-Enkephalin polypeptide (see Figure 4), practically confirming the equivalence of the interactions taken into account in the two di↵erent cases. To partially address the previous question and to further assess the capabilities of the new NCI-ELMO method, we have thus decided to analyze the CH-⇡ interaction between the methyl group of Leu50 and the aromatic ring of Tyr59 in the crystallographic structure of human erythrocytic ubiquitin [START_REF] Vijay-Kumar | Structure of ubiquitin refined at 1.8 Å resolution[END_REF] (PDB code: 1UBQ), a structure already analyzed in details by other authors. [START_REF] Nishio | CH-⇡ hydrogen bonds in biological macromolecules[END_REF][START_REF] Huang | Selective recognition of aromatic hydrocarbons by endo-functionalized molecular tubes via C/N-H• • •⇡ interactions[END_REF] The presence of the above mentioned CH-⇡ interaction has been also confirmed through Nuclear Magnetic Resonance spectroscopy, [START_REF] Plevin | Direct detection of CH/⇡ interactions in proteins[END_REF] which showed the qualitative structure of this kind of hydrogen bond in macromolecules. From all our NCI calculations performed on the ubiquitin crystallographic structure, a green RDG isosurface was detected, both exploiting the traditional promolecular charge density and using the novel ELMOdb electron distributions (see Figure 7A). The 3D plot shows a more delocalized (not a circular shape) hydrogen bond due to the interaction with the whole ⇡ cloud [START_REF] Saleh | Revealing Non-covalent Interactions in Molecular Crystals through Their Experimental Electron Densities[END_REF] . The corresponding 2D plots of the reduced density gradient are reported in Figure 7B. They show a very high similarity with the RDG plots obtained for the traditional hydrogen-bond in lactoferrampin (see Figures 1B and1C), with the promolecular-NCI and NCI-ELMO spikes having similar shapes but with the former observed at higher absolute density values compared to the latter.

As can be seen in Figure 7B, the di↵erent basis-sets associated with he ELMO libraries have been taken into account also for the NCI study of this interaction. In analogy with what was already observed for the weak hydrogen bond in lactoferampin (see Figure 2B), the di↵erent sets of basis functions basically give identical results and it is di cult to detect a trend in function of the adopted basis-set, thus leading to the conclusion that, for the NCI computations, the choice of the correct strategy to obtain the density (ELMO vs. promolecular) is generally more important than the choice of the basis-set. 

Cation ⇡ and anion ⇡ interactions

Another fundamental class of interactions that define structures and functions of biomolecules is represented by the cation ⇡ and anion ⇡ interactions. In particular, across a wide range of structural types, the former have been shown to have a crucial role not only in determining protein structures, but also in characterizing protein-ligand interactions. An important implication of the cation ⇡ interaction and of the related polar ⇡ interactions is that phenylalanine, tyrosine, and tryptophan should not be considered simply as hydrophobic conventional residues such as valine, leucine and isoleucine. In fact, they are actually expected to play a unique role in protein structure and folding.

First of all, we focused on cation-⇡ interactions, which generally occur between aromatic and ammonium groups [START_REF] Burley | Amino-aromatic interactions in proteins[END_REF] and particularly between sidechains of positively charged amino acids (e.g., lysine and arginine) and sidechains of amino acids bearing aromatic groups (e.g., phenylalanine, tyrosine and tryptophan). [START_REF] Gallivan | Cation-⇡ interactions in structural biology[END_REF] In our investigation, this kind of interactions was analyzed by considering the X-ray crystallographic structure of glucoamylase-471 complexed with d-gluco-dihydroacarbose [START_REF] Aleshin | Crystallographic complexes of glucoamylase with maltooligosaccharide analogs: relationship of stereochemical distortions at the nonreducing end to the catalytic mechanism[END_REF] (PDB code: 1GAI), which is characterized by four noncovalent interactions between the positively charged ammonium group of Lys108 with the aromatic sidechains of Trp52, Trp120, Tyr50 and Tyr116.

To study these interactions we performed promolecular-NCI and NCI-ELMO (cc-pVDZ basis-set) calculations. Both of them provided green delocalized low-density RDG isosurfaces (see Figure 8A) clearly corresponding to the above mentioned cation-⇡ interactions. We then compared the obtained 2D reduced density gradient plots, which are shown in Figures 8B (general plot) and 8C (zoomed plot). Compared to the hydrogen bond cases discussed in the previous subsection, the plots are more convoluted due to the simultaneous presence of four weak non-covalent interactions. However, also in this situation, the description given by the promolecular approximation is quite di↵erent from the one based on the ELMOdb electron density. As already observed for other interactions, the promolecular peaks are generally observed at larger absolute values of the "signed" density and, therefore, they lead to an overestimation of the strength of the associated interactions (especially if we consider the negative region of the "signed" electron density). Finally, we can also observe that ELMO-NCI spikes are generally sharper than the promolecular ones and hence the corresponding surfaces are more localized in the 3D picture. At a second stage we took into account anion-⇡ interactions, which are among the most recent interactions classified as non-covalent bonding contacts. [START_REF] Mascal | Anion-aromatic bonding: A case for anion recognition by ⇡-acidic rings[END_REF][START_REF] Estarellas | Relevant anion-⇡ interactions in biological systems: The case of urate oxidase[END_REF] For this purpose we considered the crystallographic structure of the antigene-binding fragment of the catalytic antibody 15A9 in complex with phosphopyridoxyl-L-alanine [START_REF] Golinelli-Pimpaneau | Structure of a pseudomerohedrally twinned monoclinic crystal form of a pyridoxal phosphate-dependent catalytic antibody[END_REF] (PDB code: 1WC7), for which we analyzed the non-covalent interaction occurring between Glu58 and Tyr94, already indicated as an anion-⇡ contact by Lucas et al. [START_REF] Lucas | A thorough anion-⇡ interaction study in biomolecules: on the importance of cooperativity e↵ects[END_REF] by using geometrical criteria. Also for this system we performed NCI analyses based on the promolecular density and on the charge distribution obtained by transferring ELMOs from the constructed libraries (cc-pVDZ basis-set). As expected, the two NCI computations consistently detected the presence of a weak non-covalent interaction between the carboxylic group of residues Glu58 and the aromatic ring of Tyr94, which is depicted as a green reduced density gradient isosurface in Figure 9A. At the same time, in Figure 9B, the 2D RDG plots obtained at promolecular and ELMO/cc-pVDZ levels are also shown, with the promolecular peaks that always occur at higher absolute values of the "singed" electron density compared to the ELMO ones.

Interestingly, we can notice again that the NCI-ELMO spikes are sharper and better-defined than those resulting form the use of the promolecular electron density. 

Lone pair (n-⇡*) interactions

Lone-pair (n-⇡*) interactions are another class of non-covalent interactions that significantly contribute to the stability of proteins and DNA conformations and that are extremely important for the binding of inhibitors in the pockets of biochemical receptors. As observed for a large variety of proteins, [START_REF] Bartlett | Inter-play of hydrogen bonds and n ! ⇡* interactions in proteins[END_REF] the n-⇡* interactions often come along with hydrogen bonds and, together, they contribute to stabilize local backbone-sidechain contacts. In particular, according to Bartlett et al., [START_REF] Bartlett | Inter-play of hydrogen bonds and n ! ⇡* interactions in proteins[END_REF] , there are two kinds of hydrogen bonds involved in the interplay with the n-⇡* interactions: i) the local ones, which are usually found at turns of protein secondary structures and "bind" almost consecutive residues (namely, i and i+2 residues);

and ii) the non-local ones, which generally involve residues that are separated by at least five residues in the aminoacidic sequence of the protein.

In this investigation, the promolecular-NCI and NCI-ELMO (cc-pVDZ basis-set) techniques were exploited to analyze n-⇡* interactions in presence of local and non-local hydrogen bonds. To address the first case, we considered the crystallographic structure of the protein human carbonic anhydrase II [START_REF] Avvaru | A short, strong hydrogen bond in the active site of human carbonic anhydrase II[END_REF] (PDB code: 3KS3), which is characterized by a local hydrogen bond between residues Asn61 and Gly63 and by an n-⇡* interaction between residues Asn61 and Asn59. At the same time, to study the second situation, we resorted to the crystallographic structure of leucyl/phenylalanyl-tRNA-protein transferase [START_REF] Dong | The crystal structure of leucyl/phenylalanyl-tRNA-protein transferase from Escherichia coli[END_REF] (PDB code: 2CXA), which presents a non-local hydrogen bond between residues Asn24 and Asp62 and an n-⇡* interaction between the oxygen atom (OD1) in the side chain of Asn24 and the carbon atom (C) of the carboxylic group in the backbone of Asn24. It is worthwhile to note that, both of these networks of interactions were also investigated by Bartlett and coworkers by performing NBO (Natural Bond Orbital) analyses. [START_REF] Bartlett | Inter-play of hydrogen bonds and n ! ⇡* interactions in proteins[END_REF] Both the promolecular and the ELMOdb electron densities allowed to correctly detect the networks of non-covalent interactions in the two systems under examination. In fact, both in Figure 10A and in Figure 10B, it is easy to observe a blue reduced density gradient isosurface associated with the local/non-local hydrogen bond and, at the same time, a green reduced density gradient isosurface indicating the simultaneous presence of the n-⇡* interaction.

We have also compared the 2D RDG plots resulting from the di↵erent NCI analyses by separating the RDG peaks corresponding to the hydrogen bond from those corresponding to the n-⇡* interaction. In Figures 11A and11C we report the 2D RDG plots related to the hydrogen bonds detected in protein structures 3KS3 and 2CXA, respectively. We can always notice the same trend observed for other conventional strong hydrogen bonds analyzed in the present study (for example, see the benchmark calculations on the strong hydrogen bond in the Leu-Enkephalin polypeptide). In other words, the single hydrogen bond spike obtained at promolecular level is clearly shifted towards higher absolute values of the "signed" electron density compared to the corresponding NCI-ELMO ones. Alike the previous cases, this means that the promolecular approximation tends to overestimate the strength of the hydrogen bond interactions compared to the ELMO approximation and all the quantum mechanical calculations. Finally, in Figures 11B and11D, we show the reduced density gradient plots associated with the n-⇡* interactions. For both systems under investigation we observe again the same trend seen for other weak non-covalent interactions considered in this study. In fact, these interactions are characterized by the presence of two symmetric peaks that, in the NCI-ELMO cases, are sharper and better-defined and that, above all, always occur at lower absolute values of the "signed" electron density. 

Interactions with metal centers

To conclude our study, we have finally decided to consider the interactions with metal centers, which, after hydrogen bonds, are probably the non-covalent interactions that have the most important role in determining protein structure and enzymatic activity. Unfortunately, the di↵use nature of the electron density and the multiple oxidation states of metal centers generally hamper the determination of non-covalent interactions in apo-enzymes and in ligand-protein complexes.

The promolecular-NCI and NCI-ELMO (cc-pVDZ basis-set) strategies were used to identify and characterize the interactions established by Zn(II) with the E2 domain of the amyloid precursor protein (APP), whose experimental evidence has been reported in a recent study. [START_REF] Young | Evaluation of Cu (I) binding to the E2 domain of the amyloid precursor protein -a lesson in quantification of metal binding to proteins via ligand competition[END_REF] To accomplish this task, we particularly considered the X-ray structure of the APP E2 domain in complex with zinc 58 (PDB code: 3UMI). Furthermore, as done for the benchmark computations on the HIV Zinc fingerlike domain, the ELMOs for the Zn 2+ center were preliminarily calculated on a model molecule mimicking the chemical environment of the metal in the target system for this interaction. This enabled us to have all the necessary Extremely Localized Molecular Orbitals before carrying out the NCI-ELMO analysis. Finally, also in this case, for the computation of the promolecular density, we have considered a spherical atomic electron density for the cation Zn 2+ .

All the NCI calculations (promolecular and NCI-ELMO) were able to successfully detect the four interactions in which the central Zn 2+ ion is involved, namely the interactions with three histidine residues His382, His432 and His 436 and one water molecule. They are shown in Figure 12A, where the blue color indicates their stabilizing nature. Furthermore, each interaction corresponds to a specific spike in the negative domain of the 2D reduced density gradient plots (see Figure 12B). In this case it is interesting to observe that the NCI-ELMO peaks are observed at higher absolute values compared to the promolecular ones, which means that, according to the NCI-ELMO approach, the considered interactions are more attractive and stabilizing. This is in full agreement with the trend already seen for the test calculations performed on the HIV Zinc fingerlike domain (see Figures 5B and5C), another system characterized by interactions with a metal center. observed improvements in all the obtained 2D plots are ascribable to the fact that the ELMO electron densities are certainly more realistic charge distributions compared to the promolecular ones. In fact, the ELMO description is able to fully describe the anisotropic features of the electron density, not only for covalent bonding, but also for non-covalent interactions.

For this reason, we believe that the proposed strategy can be fruitfully used to rapidly and reliably define the networks of non-covalent interactions in biological molecules and, particularly, in very large proteins. Furthermore, in the future, the improvement introduced in the NCI method through the ELMO approximation might be exploited to better quantitatively assess the relative stabilities of proteins/polypeptides conformers or to rank poses of docking experiments, also in light of recent advancements in obtaining NCI-based interaction energies [START_REF] Peccati | A regression approach to accurate interaction energies using topological descriptors[END_REF] .

Finally, since proteins are inherently flexible systems in constant motion among di↵erent conformational substates and their dynamic properties are frequently associated with molecular recognition, function and catalysis, [START_REF] Morra | Molecular Recognition and Drug-Lead Identification: What Can Molecular Simulations Tell Us?[END_REF][START_REF] Genoni | Ligand selection from the analysis of protein conformational substates: new leads targeting the N-terminal domain of Hsp90[END_REF][START_REF] Morra | Mechanisms of Di↵erential Allosteric Modula-tion in Homologous Proteins: Insights from the Analysis of Internal Dynamics and Energetics of PDZ Domains[END_REF][START_REF] Legnani | 4]arenes with Orientable Glycosylthioureido Groups at the Upper Rim: An In-Depth Analysis of Their Symmetry Properties[END_REF][START_REF] Ferraro | Allosteric Modulators of HSP90 and HSP70: Dynamics Meets Function through Structure-Based Drug Design[END_REF] the new NCI-ELMO approach encloses great potentiality for monitoring the evolution of non-covalent interactions with time, for instance through a proper coupling with Molecular Dynamics simulations. In particular, analyzing representative samples of the structures for the investigated systems (properly extracted from trajectories of Molecular Dynamics simulations), it could be possible to provide timeaveraged descriptors associated with the existing non-covalent interactions, with the goal of assigning the overall dynamic importance of each interaction and, possibly, with the goal of proposing a new semi-quantitative strategy to construct phamacophores able to take into account the dynamic features of the macromolecules. [START_REF] Morra | Molecular Recognition and Drug-Lead Identification: What Can Molecular Simulations Tell Us?[END_REF][START_REF] Genoni | Ligand selection from the analysis of protein conformational substates: new leads targeting the N-terminal domain of Hsp90[END_REF] Work in this direction is currently under way.

will review the basics of the NCI method, paying special attention to its current application to large systems. In the ELMO subsection, the first part will explain the basic theory of the Extremely Localized Molecular Orbitals, while the second one will mainly focus on the main features of the recently constructed ELMO libraries.

NCI

The NCI index (for Non Covalent Interactions) [START_REF] Johnson | Revealing noncovalent interactions[END_REF][START_REF] Contreras-García | NCIPLOT: a program for plotting noncovalent interaction regions[END_REF] is a tool to reveal non-covalent interactions in three-dimensional (3D) space. It is based on a Density Functional Theory (DFT) quantity, the reduced density gradient (RDG, from now on also simply indicated as s), which accounts for density inhomogeneity with respect to the atomic density and, therefore, identifying the regions of density change due to interatomic interactions. The reduced density gradient shows a very characteristic shape when it is plotted against the electron density, namely the appearance of peaks that highlight the presence of interactions in the system, as illustrated in Figure 13A for the Pyridoxine-Aminopyridine dimer. However, if only the electron density is taken into account, the peaks correspond both to favorable and unfavorable interactions. Therefore, the absolute value of the electron density is multiplied by the corresponding sign of the second eigenvalue of the electron density Hessian (see Figure 13B) and a color scheme is applied according to that sign. Additionally, the interactions can be visualized in 3D by plotting RDG isosurfaces exploiting the same color scheme, as shown in Figure 13C. In the example of the Pyridoxine-Aminopyridine dimer reported in Figure 13, we can see that the peaks (Figure 13B) and isosurfaces (Figure 13C) are related to intermolecular hydrogen bonds, van der Waals interactions and intramolecular steric clashes within the rings. Blue highlights strong interactions (i.e. hydrogen bonds). These are also characterized by being very localized, so that their 3D surface is compact, whereas the peak in the two-dimensional (2D) plot occupies a bigger surface. Repulsive interactions appear in red and are also localized. Instead, very weak interactions, in this case van der Waals, are displayed in green and are showcase delocalized interactions: their 2D peaks are very steep and their 3D shape is more "amorphous", even occupying big surfaces in the 3D plot when the interaction is very delocalized. Being based on the electron density, this approach has the advantage that it can be applied to diverse chemical systems while taking the environment into account (alike parameterized van der Waals radii). The reduced density gradient features are quite stable with respect to the computation method, to such an extent that they are already contained in the sum of atomic densities (aka the promolecular density). This has the advantage of not needing a quantum chemical calculation, so that it has been the option of choice for biomolecular systems. Thus, qualitative NCI analysis is applicable to extremely large sys-tems, such as proteins and DNA, where describing the interplay of attractive and repulsive interactions is crucial for understanding structure and functionality. However, promolecular densities lack relaxation. Hence, the semi-quantitative information of the relative strength of bonds is lost. Moreover, only main group elements have been fitted in NCIPLOT-1.0, where the zero oxidation state is a reasonable assumption.

Extremely Localized Molecular Orbitals and their libraries

Although chemists often use Lewis structures (namely, they refer to a localized picture of electronic structure) to rationalize structure and reactivity of molecules, molecular orbitals usually obtained from Hartree-Fock calculations are generally delocalized over the whole system under consideration. Therefore, over the years, one of the many common ways of connecting traditional chemical concepts with quantum chemistry computations consisted in developing methods to localize the obtained canonical Hartree-Fock molecular orbitals through a posteriori unitary transformations [START_REF] Boys | Construction of Some Molecular Orbitals to be Approximately Invariant for Changes from One Molecule to Another[END_REF][START_REF] Foster | Canonical Configurational Interaction Procedure[END_REF][START_REF] Edmiston | Localized Atomic and Molecular Orbitals[END_REF][START_REF] Edmiston | Localized Atomic and Molecular Orbitals[END_REF][START_REF] Pipek | A Fast Intrinsic Localization Procedure Applicable for Ab Initio and Semiempirical Linear Combination of Atomic Orbital Wave Functions[END_REF] or in proposing a priori strategies to determine molecular orbitals strictly localized on small molecular subunits. [START_REF] Stoll | On the use of local basis sets for localized molecular orbitals[END_REF][START_REF] Mcweeny | The Density Matrix in Many-Electron Quantum Mechanics. 1. Generalized Product Functions. Factorization and Physical Interpretation of the Density Matrices[END_REF][START_REF] Mcweeny | Some Recent Advances in Density Matrix Theory[END_REF][START_REF] Adams | On the Solution of the Hartree-Fock Equations in Terms of Localized Orbitals[END_REF][START_REF] Huzinaga | Theory of Separability of Many-Electron Systems[END_REF][START_REF] Gilbert | Multiconfiguration self-consistent-field theory for localized orbitals. II. Overlap constraints, Lagrangian multipliers, and the screened interaction field[END_REF][START_REF] Matsuoka | Expansion methods for Adams-Gilbert equations. I. Modified Adams-Gilbert equation and common and fluctuating basis sets[END_REF][START_REF] Smits | Calculation and properties of non-orthogonal, strictly local molecular-orbitals[END_REF][START_REF] Francisco | Generalized Huzinaga Building-Block Equations for Nonorthogonal Electronic Groups: Relation to the Adams-Gilbert Theory[END_REF][START_REF] Ordejón | Unconstrained Minimization Approach for Electronic Computations that Scales Linearly with System Size[END_REF][START_REF] Couty | Extremely localized molecular orbitals (ELMO): a non-orthogonal Hartree-Fock method[END_REF] For the construction of the libraries of Extremely Localized Molecular Orbitals used in the present study, we have particularly exploited the method developed by Stoll. [START_REF] Stoll | On the use of local basis sets for localized molecular orbitals[END_REF][START_REF] Fornili | Determination of extremely localized molecular orbitals and their application to quantum mechanics/molecular mechanics methods and to the study of intramolecular hydrogen bonding[END_REF][START_REF] Sironi | Extremely Localized Molecular Orbitals: Theory and Applications[END_REF] This technique preliminarily subdivides the system under examination into small fragments (i.e., atoms, bonds or larger functional groups) according to the traditional chemical intuition or computational needs. These fragmentations generally consist in choosing a localization Unlike the traditional localized molecular orbitals of quantum chemistry, [START_REF] Boys | Construction of Some Molecular Orbitals to be Approximately Invariant for Changes from One Molecule to Another[END_REF][START_REF] Foster | Canonical Configurational Interaction Procedure[END_REF][START_REF] Edmiston | Localized Atomic and Molecular Orbitals[END_REF][START_REF] Edmiston | Localized Atomic and Molecular Orbitals[END_REF][START_REF] Pipek | A Fast Intrinsic Localization Procedure Applicable for Ab Initio and Semiempirical Linear Combination of Atomic Orbital Wave Functions[END_REF] ELMOs are absolutely localized on small molecular fragments, without orthogonalization tails that extend beyond the main localization region (see Figure S1 in the Supporting Information).

For this reason, ELMOs can be easily and univocally associated with elementary molecular units and straightforwardly transferred from one molecule to another. For the sake of completeness and clarity, we report here (see Figure 14) representative Extremely Localized Molecular Orbitals obtained through a traditional ELMO calculation performed on methanol with a localization pattern corresponding to the Lewis structure of the system. As you can see, traditional fragments, such as C-H, O-H, C-O bonds and oxygen lone pairs are defined a priori, leading to ELMOs corresponding to these "Lewis entities".

Exploiting the Stoll method to obtain individual ELMOs (as briefly outlined above) and taking advantage of the easy transferability of the ELMOs, libraries of Extremely Localized Molecular Orbitals have been recently assembled. [START_REF] Meyer | Libraries of Extremely Localized Molecular Orbitals. 3. Construction and Preliminary Assessment of the New Databanks[END_REF] This has been done by performing a large number of ELMO calculations on model molecules that reproduce the suitable molecular environments of the small fragments on which we strictly localized the molecular orbitals to be stored in our databanks. The current ELMO databases consider all the possible elementary units of the twenty natural amino acids in all their possible protonation states and forms (i.e., N-terminal, non-terminal and C-terminal forms). They were built for five standard quantum chemistry basis-sets (6-31G, 6-311G, 6-31G(d,p), 6-311G(d,p) and cc-pVDZ). In particular, the current version of the databanks comprise i) ELMOs localized on one-atom fragments to describe core and lone-pair electrons, ii) ELMOs localized on twoatom fragments to deal with ordinary bond electron pairs, and also iii) ELMOs localized on three-atom fragments for all those situations in which it is crucial to properly take into account the delocalized nature of the electronic structure (e.g., carboxylic groups, peptide bonds, aromatic rings).

The ELMO libraries are associated with the ELMOdb program that e ciently imple- ments the transfer of the extremely localized molecular orbitals from the databases to the protein target structure according to the rotation matrices originally introduced by Philipp and Friesner. [START_REF] Meyer | Libraries of extremely localized molecular orbitals. 1. Model molecules approximation and molecular orbitals transferability[END_REF][START_REF] Philipp | Mixed Ab Initio QM/MM Modeling Using Frozen Orbitals and Tests with Alanine Dipeptide and Tetrapeptide[END_REF] Test calculations have shown and confirmed that the ELMO databanks really enable to obtain approximate (but quantum mechanically rigorous) electron densities of large macromolecules at a reduced computational cost. [START_REF] Meyer | Libraries of Extremely Localized Molecular Orbitals. 3. Construction and Preliminary Assessment of the New Databanks[END_REF] From now on, the electron distributions obtained from the ELMO databanks will be indicated as ELMOdb electron densities.

Furthermore, it is worth considering that, since the ELMO databases are currently limited to fragments of amino acids, the ELMOdb program has been organized in such a way that ELMOs not currently included in the libraries, but specifically computed for the systems under investigation (e.g., ELMOs associated with the subunits of a protein ligand or ELMOs associated with a metal center in a metallo-protein) can be easily read in input and used in the reconstruction of the global wave function and electron density.

Exploiting the ELMOs, which are either stored in the database or, if necessary, obtained from tailor-made ELMO calculations, the ELMOdb program computes the final one-particle density matrix of the system under investigation and, at the end of the calculation, it provides corresponding Gaussian09 66 formatted checkpoint (FChk) file and wavefunction files (in the .wfn and .wfx formats), which can be directly read by the NCIPLOT program to detect and analyze non-covalent interactions (see previous subsection).

Figure 1 :

 1 Figure 1: Weak hydrogen bond between Phe2 and Gly3 in lactoferrampin (PDB code: 2MD3): (A) RDG isosurface (s=0.6 a.u., color scale: -0.03 a.u. < sign( 2 ) ⇢ < 0.03 a.u.) obtained at NCI-ELMO level and showing the interaction under examination; 2D RDG plots obtained at promolecular-NCI, NCI-B3LYP and NCI-ELMO levels for basis-sets (B) 6-31G and (C) cc-pVDZ

Figure 2 :

 2 Figure 2: Weak hydrogen bond between Phe2 and Gly3 in lactoferrampin (PDB code: 2MD3): 2D RDG plots obtained at (A) NCI-B3LYP and (B) NCI-ELMO levels with all the considered basis-sets.

Figure 3 :

 3 Figure 3: Strong hydrogen bond between Tyr2 and Phe5 in Leu-enkephalin 37 : (A) RDG isosurface (s=0.6 a.u., color scale: -0.03 a.u. < sign( 2 ) ⇢ < 0.03 a.u.) obtained at NCI-ELMO level and showing the interaction under examination; 2D RDG plots obtained at promolecular-NCI, NCI-B3LYP and NCI-ELMO levels for basis-sets (B) 6-31G and (C) cc-pVDZ.

Figure 4 :

 4 Figure 4: Strong hydrogen bond between Tyr2 and Phe5 in Leu-enkephalin 37 : 2D RDG plots obtained at (A) NCI-B3LYP and (B) NCI-ELMO levels with all the considered basis-sets.

Figure 5 :

 5 Figure 5: Interactions between the Zn 2+ ion and the coordinating residues (Cys3, Cys6, Cys16 and His11) in an HIV Zinc fingerlike domain (PDB code: 2ZNF): (A) RDG isosurfaces (s=0.6 a.u., color scale: -0.03 a.u. < sign( 2 ) ⇢ < 0.03 a.u.) obtained at NCI-ELMO level and showing the interaction under examination; 2D RDG plots obtained at promolecular-NCI, NCI-B3PW91 and NCI-ELMO levels for basis-sets (B) 6-31G and (C) cc-pVDZ.

Figure 6 :

 6 Figure 6: Strong hydrogen bond in the D192N mutant of Rhamnogalacturonan acetylesterase between residues Asp75 and Asp87 (PDB code: 3C1IU): (A) RDG isosurface (s=0.6 a.u., color scale: -0.03 a.u. < sign( 2 ) ⇢ < 0.03 a.u.) obtained at NCI-ELMO level and showing the interaction under examination; (B) 2D RDG plots obtained at promolecular-NCI and NCI-ELMO levels for all the considered basis-sets; (C) Zoomed 2D RDG plots obtained at promolecular-NCI and NCI-ELMO levels for all the considered basis-sets.

Figure 7 :

 7 Figure 7: CH-⇡ interaction in the human erythrocytic ubiquitin between Leu50 and the aromatic ring in Tyr59 (PDB code: 1UBQ): (A) RDG isosurface (s=0.6 a.u., color scale: -0.03 a.u. < sign( 2 ) ⇢ < 0.03 a.u.) obtained at NCI-ELMO level and showing the interaction under examination; (B) 2D RDG plots obtained at promolecular-NCI and NCI-ELMO levels for the considered basis-sets.

Figure 8 :

 8 Figure 8: Cation-⇡ interaction in the glucoamylase-471 complexed with d-glucodihydroacarbose between the positively charged ammonium group of Lys108 with the aromatic sidechains of Trp52, Trp120, Tyr50 and Tyr116 (PDB code: 1GAI): (A) RDG isosurfaces (s=0.6 a.u., color scale: -0.03 a.u. < sign( 2 ) ⇢ < 0.03 a.u.) obtained at NCI-ELMO level and showing the interaction under examination; (B) 2D RDG plots obtained at promolecular-NCI and NCI-ELMO/cc-pVDZ levels; (C) Zoomed 2D RDG plots obtained at promolecular-NCI and NCI-ELMO/cc-pVDZ levels.

Figure 9 :

 9 Figure 9: Anion-⇡ interactions in the antigene-binding fragment of the catalytic antibody 15A9 in complex with phosphopyridoxyl-L-alanine between Glu58 and Tyr94 (PDB code: 1WC7): (A) RDG isosurface (s=0.6 a.u., color scale: -0.03 a.u. < sign( 2 ) ⇢ < 0.03 a.u.) obtained at NCI-ELMO level and showing the interaction under examination; (B) 2D RDG plots obtained at promolecular-NCI and NCI-ELMO/cc-pVDZ levels..

Figure 10 :

 10 Figure 10: RDG isosurfaces (s=0.6 a.u., color scale: -0.03 a.u. < sign( 2 ) ⇢ < 0.03 a.u.) obtained at NCI-ELMO level and showing the interaction under examination: (A) local hydrogen bond between residues Asn61 and Gly63 and n-⇡* interaction between residues Asn61 and Asn59 in the human carbonic anhydrase II protein (PDB code: 3KS3); (B) nonlocal hydrogen bond between Asn24 and Asp62 and n-⇡* interaction between the oxygen atom (OD1) in the side chain of Asn24 and the carbon atom (C) of the carboxylic group in the backbone of Asn24 in the leucyl/phenylalanyl-tRNA-protein transferase (PDB code: 2CXA).

Figure 11 :

 11 Figure 11: 2D RDG plots obtained at promolecular-NCI and NCI-ELMO/cc-pVDZ levels: (A) local hydrogen bond between residues Asn61 and Gly63 and (B) n-⇡* interaction between residues Asn61 and Asn59 in the human carbonic anhydrase II protein (PDB code: 3KS3); (C) non-local hydrogen bond between Asn24 and Asp62 and (D) n-⇡* interaction between the oxygen atom (OD1) in the side chain of Asn24 and the carbon atom (C) of the carboxylic group in the backbone of Asn24 in the leucyl/phenylalanyl-tRNA-protein transferase (PDB code: 2CXA).

Figure 12 :

 12 Figure 12: Interactions between the Zn 2+ ion and coordinating residues (one water molecule and three histidine residues His382, His432 and His 436) in APP (PDB code: 3UMI): (A) RDG isosurfaces (s=0.6 a.u., color scale: -0.03 a.u. < sign( 2 ) ⇢ < 0.03 a.u.) obtained at NCI-ELMO level and showing the interaction under examination; (B) 2D RDG plots obtained at promolecular-NCI and NCI-ELMO levels for basis-set cc-pVDZ.

Figure 13 :

 13 Figure 13: Example of NCI analysis for the Pyridoxine-Aminopyridine dimer: (A) 2D plot of the reduced density gradient against the electron density (⇢); (B) 2D plot of the reduced density gradient against the "signed" electron density (sign( 2 )⇢) (color scale: -0.03 a.u. < sign( 2 ) ⇢ < 0.03 a.u.); (C) reduced density gradient isosurfaces (s=0.6 a.u., color scale: -0.03 a.u. < sign( 2 ) ⇢ < 0.03 a.u.).

  scheme corresponding to the Lewis structure of the molecule and automatically lead to the definition of local basis-sets for each subunit. These local basis-sets are exclusively constituted by the atomic orbitals centred on the atoms belonging to the fragment and are used to expand only the molecular orbitals describing the electrons of the corresponding subsystems. Therefore, by imposing this preliminary constraint, ELMOs are simply obtained by variationally minimizing the energy of the single Slater determinant constructed with them (see Supporting Information for further theoretical details about the Stoll technique

Figure 14 :

 14 Figure 14: Example of Extremely Localized Molecular Orbitals for methanol that can be obtained when a localization scheme corresponding to the Lewis structure of the molecule is used: (A) 3D Lewis structure of methanol with explicit indication of the fragments for which ELMOs are depicted in Figures 2B-2F, (B) ELMO describing one of the C-H bonds of the methyl group, (C) ELMO describing the C-O bond, (D) ELMO describing the O-H bond, (E)/(F) ELMOs describing the lone-pairs of the oxygen atom (back view of the methanol molecule). Since ELMOs describing the core electrons of the carbon and oxygen atoms simply correspond to spherical distributions around the nuclei, they are omitted for the sake of simplicity. The orbitals have been computed using the cc-pVDZ basis-set and have been depicted using a 0.1 a.u. (C-H, C-O and O-H ELMOs) or a 0.2 a.u. (lone-pair ELMOs) isosurface.

Table 1 :

 1 Global CPU times (in the format hh:mm:ss.000) associated with all the benchmark NCI calculations. For the NCI-ELMO and NCI-DFT cases, the global CPU time is the sum of the time taken by the NCIPLOT program plus the time taken by the ELMOdb or Gaussian09 calculations.

		Lactoferrampin Leu-enkephalin HIV Zinc fingerlike domain
	Number of atoms	145	86	275
	Number of electrons	522	326	1098
	Promolecular-NCI	00:00:00.977	00:00:00.214	00:00:01.595
	NCI-ELMO/6-31G	00:01:09.809	00:00:04.316	00:08:16.113
	NCI-ELMO/6-311G	00:01:16.750	00:00:05.758	00:10:00.541
	NCI-ELMO/6-31G(d,p)	00:01:43.015	00:00:05.980	00:10:41.436
	NCI-ELMO/6-311G(d,p)	00:01:49.644	00:00:07.321	00:11:58.663
	NCI-ELMO/cc-pVDZ	00:01:52.870	00:00:06.964	00:12:40.584
	NCI-DFT/6-31G	02:29:19.071	00:31:31.273	04:46:49.380
	NCI-DFT/6-311G	04:03:45.798	00:37:43.427	17:18:36.688
	NCI-DFT/6-31G(d,p)	08:20:50.301	00:58:55.350	38:56:23.140
	NCI-DFT/6-311G(d,p)	17:39:25.391	02:45:32.024	47:31:56.169
	NCI-DFT/cc-pVDZ	20:53:03.176	01:55:34.030	51:36:05.193

over the years and it is nowadays fixed by the International Union of Pure and Applied Chemistry (IUPAC),

[START_REF] Arunan | Definition of the hydrogen bond(IUPAC Recommendations[END_REF] 

with the inclusion of di↵erent types of hydrogen bond donors and acceptors. In the present investigation, two types of hydrogen bond have been considered and characterized by applying the promolecular and ELMO versions of the NCI technique.

We initially focused on the strong O-H• • • O interaction, which is obviously one of the most conventional hydrogen bonds and which can be easily detected by means of IR and NMR experiments. In particular, we considered the D192N mutant of Rhamnogalacturonan acetylesterase

[START_REF] Langkilde | Short strong hydrogen bonds in proteins: a case study of rhamnogalacturonan acetylesterase[END_REF] 

(PDB code 3C1U), whose (1)H-NMR spectrum indicates the presence of a

ConclusionsIn this paper, we have introduced an extension of the NCI method for the accurate detection of non-covalent interaction in systems of biological and biochemical interest. Since the new technique is based on quantum mechanically rigorous electron densities obtained through the transfer of Extremely Localized Molecular Orbitals from properly constructed libraries, the method clearly represents an advancement compared to the old version of the NCI strategy for macromolecules, which mainly exploited promolecular electron distributions. All the test calculations performed on small polypeptides and large proteins for a large variety of noncovalent interactions have confirmed this fact, showing that, in all the situations, even at fixed geometries, the novel NCI-ELMO method is definitely superior to the previous promolecular-NCI technique, without any significant increase of the associated computational cost. The

AppendixIn this Appendix, we will give a general and brief theoretical overview of the NCI and ELMO methods, which have been coupled to develop the novel NCI-ELMO strategy. We
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Further Computational Details

The ELMOs transfers from the current ELMO databanks to the selected protein/polypeptide structures were carried out exploiting the recently implemented ELMOdb program, [START_REF] Meyer | Libraries of Extremely Localized Molecular Orbitals. 3. Construction and Preliminary Assessment of the New Databanks[END_REF] which requires a PDB file as input. In particular, before starting the transfer of the orbitals, the original PDB file downloaded from the Protein Data Bank was processed i) by selecting only one of the possible conformers for the disordered regions of the polypeptide/protein, ii) by assigning, when necessary, the correct protonation states to the di↵erent residues according to the pH of crystallization/experiment, and, if necessary, iii) by adding the missing hydrogen atoms by exploiting suitable software (in our case, the tleap module of the AMBER Molecular Dynamics package [START_REF] Case | University of California[END_REF] ). The ELMOdb program provided a Gaussian09 66 formatted checkpoint file and wavefunction files that were used for the following NCI analyses (for more details see the ELMO subsection in the final Appendix).

The traditional ELMO calculations to obtain tailor-made Extremely Localized Molecular

Orbitals for the Zinc metal centers (Zn 2+ ion) were carried out using a program [START_REF] Fornili | Determination of extremely localized molecular orbitals and their application to quantum mechanics/molecular mechanics methods and to the study of intramolecular hydrogen bonding[END_REF] that implements the Stoll technique within a development version of the GAMESS-UK package. [START_REF] Guest | The GAMESS-UK Electronic Structure Package: Algorithms, Developments and Applications[END_REF] Finally, for the sake of completeness, all the DFT computations for our benchmark tests were performed by exploiting the quantum chemical software Gaussian09. [START_REF] Frisch | Gaussian09 Revision D.01[END_REF] The ELMO libraries and the associated ELMOdb program are available upon request to the corresponding author, while the NCIPLOT program is available for download (https: //github.com/aoterodelaroza/nciplot) and online through the NCI webserver (http:// www.lct.jussieu.fr/pagesperso/contrera/nciweb/index.php). The NCI-ELMO method will be also made available through the latter platform.
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