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In proteins, the main-chain N-H•••O=C hydrogen bonds (HBs) play crucial role in the formation of the α-helices and β-sheets. Accurate analysis of such hydrogen bonds and their electrostatic interaction energies are essential for studying binding interactions and for better understanding of the energetics involved in protein folding. Here, we studied 22 high-resolution (0.87 Å to 0.48 Å) secondary protein structures (4.7 kDa to 54.5 kDa) from RCSB PDB and performed topological analyses of 1443 N-H•••O=C HBs (750 in αhelices and 693 in β-sheets) using the multipole analysis based experimental electron densities as transferred from the ELMAM2 database. This is the first study of its kind involving by far the largest number of high-resolution protein structures and HBs from both α-helices and β-sheets. Further, based on the accurate estimation of the electrostatic interaction energies the excellent correlations with various topological parameters have

INTRODUCTION

Folding of the polypeptide chain to adopt a three-dimensional protein structure upon formation of -helices and β-sheets is essentially govern by the interatomic interactions among the amino acids. The two main stabilizing forces which contribute to the protein folding and its stability are the hydrophobic effects and the hydrogen bonds (HBs) 1 .

During protein folding the nonpolar side chains entomb due to hydrophobic effects and the main-chains form HBs via N-H donors and C=O acceptors. However, the debate on which of these two energetic factors predominates is still active. While some earlier studies 2,3 direct towards the hydrophobic effects the other recent experimental [4][5][6] and theoretical 7 studies point to the HBs. The crucial role of HBs for the formation of the helices and β-sheets has been elucidated long ago by Mirsky and Pauling 8 . The key building blocks of both -helix and β-sheet structures are N-H•••O=C HBs and they contribute about 5 -10 kcal mol -1 to the stability of protein, as estimated by Pauling's group 9,10 . The electrostatic interaction energy, which dictates the structure-function correlation for proteins 11 , is believed to be the major contributor to the HB energy 12 .

Accurate analysis of HBs and knowledge of the local electrostatics in proteins are essential for their proper thermodynamic modelling, estimation of energies for the folding and binding interactions.

However, an accurate study of HBs demands precise atomic locations, especially for the H-atoms, which can be located 13 using high-resolution (sub-atomic) single-crystal Xray diffraction (SCXRD) and complimentary neutron diffraction experiments 14 . Although, achieving high-resolution (better than ~0.40 Å) SCXRD data on small molecule crystals has now become trivial [15][16][17] but it remains an uphill task for protein crystals. Because, growing good quality protein crystals, its poor stability, high atomic thermal motions, high solvent contents and large number of H-atoms etc. are some of the common factors, which limit the resolution of the diffraction data. However, the number of protein structures determined at high-resolutions is increasing steadily. Currently, only 82 unique structures (excluding peptides, hormones and oligonucleotides) with resolutions 0.87 Å or better have been deposited in the Protein Data Bank (PDB:

http://www.rcsb.org/pdb/home/home.do). A few of the HB studies using the protein structures from PDB have provided wealth of information. However, these studies were based on either the less number of data points or only the distance-angle criteria or low structural resolutions (1.8 Å to 1.4 Å and 0.95 Å to 0.87 Å) 18,19 . Moreover, the electrostatic interaction energies (E elec ) derived purely based on geometrical parameters provide information on dipole-dipole interactions only and ignore significant contributions from the higher order multipoles. Further, the molecular modeling studies based on point-charge potentials have some inherent drawbacks, such as modeling of lone pairs and aromatic rings 20 . Alternatively, the multipole modeling based charge density analysis 21 allow extracting precise structural information in terms of its detailed electron density distributions. The electron densities, ρ(r) can be utilized to calculate electrostatic potential, (r). The derived ρ(r) and (r) can be treated together to estimate E elec 22 . Topological analysis of (r) can be performed using Bader's Quantum Theory of Atoms in Molecules (QTAIM) 23 , based on which one can identify the bond critical point (BCP), where the gradient of ρ(r) vanishes, i.e. (r) = 0. The bond path (BP), the length of which is represented as R ij , not necessarily be the interatomic distance and can be traced along the electron density gradient. Essentially, BP represents a path of maximum electron density between two bonded nuclei 24,25 . The second derivative of (r), i.e.  2 (r), the Laplacian, which can be decomposed into the contributions from the three principle axes, represented by the three eigenvalues (λ 1 , λ 2 and λ 3 ) of the electron density Hessian matrix 26 . The signs of the eigenvalues and their sum (λ 1 + λ 2 + λ 3 ) can be used for the characterization of the chemical bonds.

The characterizations of HBs via topological analysis of ρ(r) using QTAIM have been commonly employed in small molecule crystals 17,[27][28][29] or in model polypeptides 30 and are becoming popular in the cases of protein systems [31][32][33][34][35][36][37][38] . Although the experimental change density analysis (ECDA) using high-resolution SCXRD data is a well-established methodology in the case of small molecules but it has remained challenging for the biological macromolecules. Consequently, so far, only six of the high-resolution X-ray
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protein structures were subjected to ECDA (Table 1) [31][32][33][34][35][36]39 . However, for all of these, the initial charge density models were constructed based on the experimental ρ(r) transferred from ELMAM/ELMAM2 databases 40,41 using MoPro 42,43 . For modeling the deformation of the atomic densities, due to the interatomic interactions in a crystal, the aspherical description of ρ(r) is essential and for macromolecules, this can be conveniently achieved using electron density database transfer approach. Noncovalent interaction (NCI) descriptor, which can be derived from ρ(r) and its derivative and it is based on the maps of the reduced density gradient (RDG), has been proved to be an extremely useful approach for qualitative analysis of HBs 44,45 . The NCI approach complements to the QTAIM approach. Further, the combination of these two approaches for reliable analysis of the weaker interactions appeared to be an efficient strategy in quantum crystallography [46][47][48] . The program NCIPLOT can be utilized for plotting the reduced electron density gradient isosurfaces in the interaction regions -the BCPs and its surroundings 49 . The concept of sudden change in RDG, as implemented in NCI, helps visualizing intermolecular interactions.

In this study, from RCSB PDB, we retrieved 22 protein structures ranging from 4.7 kDa to 54.5 kDa and with resolutions 0.87 Å to 0.48 Å for studying main-chain N-H•••O=C HBs in both -helices and -sheets (Table 1). Accordingly, we performed topological analyses of 1443 N-H•••O=C HBs (750 in -helices and 693 in -sheets) using multipolebased electron densities as transferred from the ELMAM2 database. Subsequently, we estimated E elec and examined its relationships with the various topological parameters.

The relationships between the topological parameters have also been discussed. 

MATERIALS AND METHODS

Structure selection and preparation

Only monomeric (not multimeric) structures, which were deposited in the RCSB PDB as a complete functional protein and not a subdomain of a larger protein, published in scientific journals with resolutions of 0.87 Å or better and with main-chain average Bfactor of lower than 9 Å 2 were selected for this study. In case of the structures with multiple entries, the one with highest resolution and satisfying the above criteria was considered in this analysis. Thus, 22 protein structures were identified as listed in Table 1. As mentioned earlier that the previous report on topological properties of HBs using electron densities from ELMAM database included five out of six structures with resolutions ranging from 0.99 Å to 0.89 Å. 37 Further, our PDB search with the aforementioned selection criteria, did not result any structures between the resolutions of 0.89 Å to 0.87 Å. Therefore, in this study, we have chosen 0.87 Å as the lower limit.

For the convenience of transferring of the multipole modelling based electron densities from ELMAM2 database, for the structures with multiple conformers, only the major conformers were selected using the module 'pdbset' as implemented in the CCP4 suite 50 (Scheme S1). The module pdbset was also used to remove the solvents including the water molecules. Moreover, most of these high-resolution structures were lacking the information on H-atom positions. This could be because of the use of inconsistent methods of refinement using diffraction data from various sources. Therefore, in our analysis, for consistency, all the H-atoms were removed with the tool pdbset.

Subsequently, in the cleaned structures (Scheme S1), the H-atoms were added to the standard neutron distances (e.g. N-H = 1.02 Å) 51 after maintaining the appropriate geometries using MoPro. In the absence of neutron diffraction data, this approach is generally adopted while dealing with the multipole modelling based electron densities of the H-atoms as the experimentally observed electron density peak does not truly correspond to the position of the H-atom nucleus. Since the non H-atom coordinates were determined using very high resolutions (0.87 Å to 0.48 Å) X-ray diffraction data, a further structural refinement using a common refinement scheme was felt not necessary. 52 The modified structures with the new H-atom positions and with the non H-atom coordinates as deposited in the PDB were then considered for transferring the multipole modelling based electron densities using MoPro. Some of these structures contained metals in ionic or complexed form in addition to some heavy elements as a part of the ligands/substrates (Table S1). However, due to the unavailability of the multipole information of such ions and atoms in the ELMAM2 database, the electron densities were transferred only on the protein atoms (e.g. chain A, i.e. monomer) and not on the metal ions/atoms and on the ligands. The level of multipoles up to which the electron densities transferred were;

quadrupole for H-atoms, octupole for C-, N-and O-atoms and hexadecapole for S-atoms.

In this context, it is noteworthy that our present study focuses on the main-chain N-

H•••O=C HBs only.
In the case of α-helices, we consider the standard i → i+4 type of N-H•••O=C HBs only.

However, no such N-H•••O=C HBs are identified in the α-helices of proteins ponsin and DFP. Similarly, no N-H•••O=C HBs are identified in the β-sheet of protein cytochrome C6

(Table 2). The main-chain N-H•••O=C HBs in this study were identified based on the

following criteria; H•••O distances to  2.65 Å, the N-H•••O=C and C=O•••H-N angles to
120-180°, similar criteria to those considered in some earlier studies 19,37,53 . Subsequently, based on the QTAIM approach, the BCPs were located for all such N-H•••O=C HBs present in these 22 protein structures.

Electrostatic Interaction Energy

For the N-H•••O=C HBs, the E elec based on the (r) at the BCPs and the corresponding (r) were calculated following the same procedure as discussed earlier and using the formula as given below 37,39 . The C=O group and the N-H group of a HB were treated as two different entities (A and B) for the derivations of the corresponding (r) and (r).

(1)

𝐸 𝑒𝑙𝑒𝑐 = ∫ 𝐵 (𝒓)𝜌 𝐴 (𝒓)d𝐫 = ∫ 𝐴 (𝒓)𝜌 𝐵 (𝒓)d𝐫
The integrations of the product of (r) and (r) over the whole space with  as non-zero were perfomed using program VMoPro.

Noncovalent Interactions Analysis

The methods utilized and the protocol followed for the generation of the NCI isosurfaces are given in the form of a flowchart in Scheme S1. For NCI analysis, the 3D electron density grids generated around the main-chain N-H•••O=C HBs using ELMAM2 and VMoPro were fed in to the program NCImilano 54 to calculate the RDG of the electron densities and Abramov's energy densities. Subsequently, the module MolIso as implemented in MolecoolQT 55 was used for the visualization of the NCI isosurfaces.

Additionally, the electron densities obtained upon quantum-mechanical calculations on those N-H•••O=C HBs using Gaussian09 56 at the MP2/6-311G(d,p) level of theory and experimental geometry were used for the generation of NCI isosurfaces using NCIPLOT 49 . The NCI isosurfaces were also generated using the program NCIPLOT based on the promolecular densities -the sum of the spherically averaged atomic charge densities. The electron density isosurfaces thus obtained from the latter approaches were visualized using VMD 57 .

RESULTS AND DISCUSSION

Based on our HB criteria, from the 22 high-resolution secondary protein structures, we identify 1443 N-H•••O=C HBs, out of which 750 are from the α-helices and 693 are from the β-sheets (166 parallel and 527 antiparallel). We list the total number of N-H•••O=C HBs in the α-helices and the β-sheets for each protein system in Table 2. The static deformation of electron density and the Laplacian maps as plotted for the S2 and Table S3, respectively. Further, the distributions of the N-H•••O and the C=O•••H across the ranges of R ij and E elec for the α-helices and the β-sheets hydrogen bonds are shown in S6.

The population of N-H•••O=C HBs and their distributions in -helices and -sheets in the different shells of R ij and with shell width of 0.05 Å and 0.01 eÅ -3 , respectively, 𝜌 𝐵𝐶𝑃 are shown in Figure 1a & 1b. There are 50 short HBs with 1.72 Å  R ij  1.80 Å and with ~0.30 eÅ -3   0.25 eÅ -3 and the majority (89.3%) of the HBs are found to populate 𝜌 𝐵𝐶𝑃 between 1.8 Å  R ij  2.2 Å which corresponds to the in the range of 0.25 eÅ -3  𝜌 𝐵𝐶𝑃 𝜌 𝐵𝐶𝑃  ~0.1 eÅ -3 . However, the shell of 1.9 Å  R ij  1.95 Å registered the maximum number of HBs (17.7%). Whereas the peak of number of HB vs the distribution is noticed 𝜌 𝐵𝐶𝑃 between ~0.20 eÅ -3 to 0.17 eÅ -3 . There are 117 HBs populated between the R ij 2.2 Å  R ij  2.45 Å and the corresponding values are in the range of ~0.1 eÅ -3 to 0.06 eÅ - 𝜌 𝐵𝐶𝑃 3 . Thereafter and up to R ij of 2.7 Å, the population diminished to ~10 HBs or less per shell 

-sheets

The R ij and the values in both -helices and -sheets are found to follow an 𝜌 𝐵𝐶𝑃 exponential relationship with regression coefficient (R 2 ) better than 99% (Figure 2). A similar exponential relationship was also observed in the case of small molecules 17,28,58 and NADH-cytochrome b5 reductase 36 . While the values of R ij and for the 750 N-𝜌 𝐵𝐶𝑃 H•••O=C HBs, in the -helices, are in the range of 1.720 Å to 2.670 Å and 0.297 eÅ -3 to 0.038 eÅ -3 , respectively, those for the 693 N-H•••O=C HBs, in the -sheets, are varying from 1.715 Å to 2.650 Å and 0.297 eÅ -3 to 0.039 eÅ -3 , respectively. For the -helices, the ranges of R ij and are found to be in good agreement with those reported earlier 37 . In 𝜌 𝐵𝐶𝑃 our study, covering both -helices and -sheets, the R ij vs plot (Figure 2 S2 &S3), negative values of λ 1 and λ 2 and positive values of λ 3 (Table 3). resolution proteins. Given these superior results, we have estimated the electrostatic interaction energy, E elec for all of 1443 HBs using equation (1). The values of average E elec for the N-H•••O=C HBs in -helices and -sheets for each protein system are listed in Table 2. The estimated values of E elec vary from -16.75 kCal mol -1 to -2.85 kCal mol -1 for the -helices and -16.99 kCal mol -1 to -3.26 kCal mol -1 for the -sheets (Table S2 &S3). The values of average E elec of -9.04 kCal mol -1 for the 750 HBs in the -helices and -10.08 kCal mol -1 for the 693 HBs in the -sheets (Table 2) are slightly overestimated but lies almost within the range of the experimental values (-5 kCal mol -1 to -10 kCal mol -1 ) as of the overall energy of the N-H•••O=C HBs. 9 For the 750 HBs in -helices and the 693 HBs in -sheets, the E elec (Figure 3) display an exponential relationship with their corresponding values of R ij and once again, find exceptional correlations. From E elec vs R ij plot, it can be inferred that the majority of the N-H•••O=C HBs with R ij values between 1.8 Å to 2.2 Å have E elec values in the range of about -6 kCal mol -1 to -14 kCal mol -1 with an estimated error of 1.9 kCal mol -1 , which are almost within the range of the experimental values. 9 Moreover, in this range, the E elec values for the two secondary structures are indistinguishable. The stronger HBs have E elec values approximately between -14 kCal mol -1 to -17 kCal mol -1 and those of the weaker and weakest HBs vary approximately between -6 kCal mol -1 to -4.5 kCal mol -1 and up to approximately -3 kCal mol -1 , respectively. In these three regions, the E elec values for the -helices are found to be systematically slightly lower than those of the -sheets. The error on E elec (over the entire range) is estimated to be of 2.52 kCal mol -1 .
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H•••O=C HBs.
Although both the E elec and the of the HBs in the -helices and the -sheets vary 𝜌 𝐵𝐶𝑃 exponentially with R ij but they themselves found to follow a quadratic relationship (Figure 4) with slightly better R 2 than a linear relationship (Figure S8a). However, the E elec and the follow a linear relationship for the shorter HBs with > ~0.06 eÅ -3 (Figure S8b 𝜌 𝐵𝐶𝑃 𝜌 𝐵𝐶𝑃

& S8c

). The relationships between the various topological parameters and their values are found to agree well with those reported earlier for small molecules 17,28,58 and protein systems 36,37 . No significant differences in topological parameters of the N-H•••O=C HBs were noticed between the parallel and anti-parallel -sheets (Table S3).
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View Article Online DOI: 10.1039/D0CE00577K S7, we notice that out of the total of 20 weakest HBs in -helices (Figure 1a), 12 (60%) HBs belong to the terminal residues. Whereas, in the weaker HB region, only ~32% HBs are found to be originated from the terminal residues. There are almost equal numbers of HBs identified from the Nterminal (96) and C-terminal (95) residues. However, the E elec vs R ij plot (Figure S9) for these entire terminal HBs (total 191) display a similar exponential relationship (R 2 = 98.4%) to that noticed for the entire HBs in the -helices (Figure 2, R 2 = 99.9%), which also includes the HBs from the central part of the -helices. In this context, it is noteworthy that in this study the HBs have been identified purely based on the QTAIM approach and not based on the distance-angle criteria, which often employed for studying the HBs in S8). for the noncovalent interactions (Figure S10) or covalent bonds, respectively. However, the demarcation (strong, weak etc.) of HBs from the plot of ∇ 2 ρ BCP vs R ij (Figure 5), which follow an exponential relationship, appeared to be not as obvious as that noticed from the plot of vs R ij . Therefore, we have employed the complementary NCI approach for 𝜌 𝐵𝐶𝑃 the qualitative analysis of the N-H•••O=C HBs, especially focusing on the weaker HBs.

To monitor the variation in NCI isosurfaces across the regions of strongest to weakest N-H•••O=C HBs, we have chosen some representative N-H•••O=C HBs from both -helices and -sheets (Table 3). NCI isosurfaces are usually plotted using NCIPLOT based on either the promolecular densities 49 or the densities based on fully quantum-mechanical calculations 56 . However, recently, extremely localized molecular orbital (ELMO) based NCI isosurfaces are used to detect NCI in biosystems 59 . Here, to the best of our knowledge, for the first time, we report the NCI isosurfaces in protein systems using 6a -f). Subsequently, at ~2.46 Å, the NCI isosurface starts diffusing and merging with the other isosurfaces in the vicinity (Figure 6g). Afterwards, the isosurfaces disappear for the weakest N-H•••O=C HBs (Figures 6h &i). These observations also suggest that the limit of R ij for the protein main-chain N-H•••O=C HB is ~2.45 Å. Further, these NCI isosurface analyses suggest that the limits of ∇ 2 ρ BCP and λ 3 (curvature along the bond) for the N-H•••O=C HB are ~0.62 eÅ -5 and ~1.1 eÅ -5 , respectively (Table 3). The linear dependence of ∇ 2 (eÅ -5 ) with λ 3 (eÅ -5 ) is shown in To the best of our knowledge, the NCI-ELMAM2 approach using NCImilano has been employed for the first time for the qualitative analysis of HBs.

Further, similar studies for the quantitative and qualitative analysis of other types of HBs

(N-H•••N, C-H•••O etc.
) present in these (and possibly some more) protein systems are planned. Lastly, this study based on a large set of high-resolution protein structures demonstrates that the QTAIM approach can be employed not only for the accurate estimation of the electrostatic interaction energies but also to establish the limiting values of the topological parameters of the true HBs in proteins, when studied together with the NCI approach.
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NOTES

The (eÅ -5 ) and ∇ 2 (eÅ -5 ). The file name is "CEC-ESI-20_05_20-revised" 𝜌 𝐵𝐶𝑃

  representative strong and weak N-H•••O=C HBs in -helices and -sheets demonstrate the accuracy of electron density features around the N-H and C=O groups of the protein main-chain (Figure S1 and S2). The directionality of the lone pair of electrons of the O-atoms and for the H-atoms, the different degrees of polarizations of the electron densities due to the formation of HBs are clearly noticeable in these maps. The bond path along the H•••O contacts and the corresponding are found to exist 𝜌 𝐵𝐶𝑃 for all the 1443 N-H•••O=C HBs. The succession of N-H•••O=C HBs in terms of the bond path and the corresponding BCPs for an α-helix and a β-sheet of protein hAR is shown in Figure S3. Details of the topological properties and the C=O•••H and N-H•••O of the ii+4 α-helix and -sheets hydrogen bonds are listed in Table

Figures S4 -

 S4 Figures S4 -S7. The ranges of these N-H•••O and C=O•••H are listed in TableS4 and

(

  < 1%), which have < 0.06 eÅ -3 . The aforementioned population analysis based on 𝜌 𝐵𝐶𝑃 the large number of data points (total 1443) clearly convey the trend of the N-H•••O=C HBs in protein systems.

Figure 1 .

 1 Figure 1. Distributions of (a) R ij (Å) and (b) (eÅ -3 ) of N-H•••O=C HBs in -helices and 𝜌 𝐵𝐶𝑃

  Figures 1a & 1b. Further, as expected, all of the 1443 N-H•••O=C HBs have positive

Figure 2 .

 2 Figure 2. Exponential relationship between the R ij (Å) and (eÅ -3 ) values of 1443 N-𝜌 𝐵𝐶𝑃

Figure 3 .

 3 Figure 3. Exponential relationship between the R ij (Å) and

Figure 4 .

 4 Figure 4. Quadratic relationship between the (eÅ -3 ) and (kCal mol -1 ). 𝜌 𝐵𝐶𝑃 𝐸 𝑒𝑙𝑒𝑐

  verify if the populations of the HBs are affected by the resolutions of the structures, we analyzed percentage distribution of the population of HBs in the different regions (strongest, most populated, weaker and weakest) of the HBs, in terms of both R ij and E elec for two systems with resolution difference of 0.22 Å and having almost same number (~35) of N-H•••O=C HBs; HEWL (PDB ID: 2VB1) with resolution of 0.65 Å and glutaredoxin NrdH (PDB ID: 4HS1) with resolution of 0.87 Å. Interestingly, the distributions display similar trend of HB populations for both the structures (Table

Figure 5 .

 5 Figure 5. Exponential relationship between the R ij (Å) and ∇ 2 (eÅ-5) 𝜌 𝐵𝐶𝑃

ELMAM2

  based experimental electron densities. The comparison of NCI isosurfaces plotted using the aforementioned methodologies, except the ELMO based electron densities, are shown in Figure S11. The NCI-ELMAM2 isosurfaces are found to compare well with those based on the molecular densities. The QTAIM based topological parameters along with the E elec of these representative HBs are listed in Table 3. The NCI isosurfaces for the N-H•••O=C HBs in the shortest or strongest(R ij  1.8 Å), most populated (1.8 Å < R ij  2.2 Å), longer or weaker (2.2 Å < R ij  2.45 Å) and longest or weakest (R ij  2.45 Å) regions are shown in Figures 6a -i. The NCI isosurfaces with welldefined shapes are clearly visible for the strongest and up to the weaker N-H•••O=C HBs (Figures

Figure 6 .

 6 Figure 6. NCI isosurfaces of N-H•••O=C HBs (a) in the strongest region (~1.72 Å) in one

CONCLUSION

  The quantitative and qualitative analyses of the topological parameters and the electrostatic interaction energies have been performed on 1443 main-chain N-H•••O=C hydrogen bonds (750 in -helices and 693 in -sheets) in 22 high-resolution (0.87 Å to 0.48 Å) secondary protein structures ranging from 4.7 kDa to 54.5 kDa, as retrieved from RCSB PDB. This study stands out to be the first of its kind involving by far the largest number of high-resolution protein structures and HBs both from the -helices and βsheets. The topological analyses have been performed based on the experimental electron densities as transferred from the ELMAM2 database. Further, the estimated values of the E elec compare well with the experimental values as reported in the literature and demonstrate excellent correlations with the topological parameters. Moreover, the relationships and the excellent correlations between the topological parameters are found to be in good agreement with those observed in the cases of small molecules and some protein systems. The limiting values of the topological parameters (R ij  2.45 Å; (r) = ~0.06 eÅ -3 ;  2 (r) = ~0.62 eÅ -5 ; λ 3 = ~1.1 eÅ -5 ) and the corresponding E elec (~ 4.3 kCal mol -1 ) to establish the presence of true N-H•••O=C HBs in protein main-chain are thus identified upon employing the QTAIM in conjunction with NCI index -the quantum crystallographic approaches.

  following information are provided as supplementary materials:. Details of NCI isosurface generation methods. List of metal ions/atoms and other heavy atoms present in the protein structures. 3D deformation density maps and 2D Laplacian maps of strong and weak HBs. The bond path along with the bond critical points of the HBs in α-helices and β-sheets for a specific protein,. Topological parameters, E elec and C=O•••H and N-H•••O of i → i+4 α-helices HBs and parallel and antiparallel β-sheets HBs. Details of error estimation, The quadratic and linear relationships of ρ BCP and E elec , Details of the terminal N-H…O=C HBs in the α-helices. R ij vs E elec plot for the terminal HBs. Percentage distributions of the HB populations in HEWL and glutaredoxin NrdH. Laplacian maps of the representative N-H•••O=C HBs and the NCI isosurfaces of some selected α-helices and β-sheets from electron densities as derived using the various approaches. Plot of λ 3

  

  

Table 1 .

 1 Thereby, we identified the limiting values of the various topological parameters and E elec of the protein main-chain N-H•••O=C HBs via quantitative and qualitative analyses of electron densities using quantum crystallographic approaches -QTAIM and NCI index. List of selected high-resolution secondary protein structures from RCSB PDB

No . Protein systems PDB ID Resolution (Å) Molecular Weight (kDa) Main- chain Averag e B- factor (Å 2 ) Year of

  

	*8 Cytochrome	b5	5GV8 0.78	30.8	8.68
		reductase				
	9	Trypsin		1PQ7 0.80	22.2	5.81
	10 Human Parvulin 14 3UI4	0.80	11.2	4.19
	11 α-Lytic protease		2H5C 0.82	19.9	4.78
	12 Triose-Phosphate	2VXN 0.82	27.2	6.27
		Isomerase				
	13 Proteinase K		2PW	0.83	29.0	7.39	Publication
				A		
	14 Ponsin		2O9S 0.83	7.7	5.12
	15 Cytochrome c6		4EIC 0.84	9.4	7.58
	*1 high-potential iron-16 Acutohaemonlysin	5D8V 0.48 1MC2 0.85	8.8 14.1	3.43 7.93	2016
	sulfur Phosphatase (DFP) protein (HIPIP) 17 Diisopropyl Fluoro	1PJX 0.85	35.1	8.05
	*2 Crambin 18 1,2-alpha		1EJG 0.54 4AYO 0.85	4.7 50.5	2.65 5.15	2000
	*3 Hen Egg White mannosidase	2VB1 0.65	14.3	4.77	2007
	Lysozyme (HEWL) 19 Cyclophilin D	4O8H 0.85	17.7	5.11
	*4 Human Reductase (hAR) Aldose 20 Glutaredoxin NrdH	1US0 0.66 4HS1 0.87	35.9 9.3	5.58 7.86	2004
	5 21 Cu-containing nitrite Pyrococcuss abyssi Rubredoxin reductase	1YK4 0.69 5AKR 0.87	5.8 40.8	4.95 8.01	2005
	*6 Cholesterol Oxidase 4REK 0.74 protein 22 Fatty acid-binding 4TJZ 0.87	54.5 14.9	8.72 8.8	2015
	7	Serine Protease		1GCI 0.78	26.7	7.33	1998

*ECDA has been performed

Table 2 .

 2 Average electrostatic energies (E

elec ) of N-H•••O=C HBs in α-helices and βsheets α-

helices HBs β-sheets HBs Sr. No . Proteins No. Average E elec (kCal/mol) No. Average E elec (kCal/mol)

  

	9	Trypsin		12	-8.99	50	-9.65
	10 Human Parvulin 14		22	-8.10	15	-10.80
	11 α-Lytic protease		4	-7.85	61	-10.04
	12 Triose-Phosphate Isomerase		73	-9.07	22	-10.21
	13 Proteinase K		50	-9.42	40	-9.41
	14 Ponsin		-	-	14	-9.83
	15 Cytochrome c6		35	-9.37	-	-
	16 Acutohaemonlysin		38	-9.03	3	-9.95
	17 Diisopropyl Fluoro Phosphatase (DFP) -	-	100 -10.00
	18 1,2-alpha mannosidase		159 -9.27	23	-9.20
	19 Cyclophilin D		16	-8.89	33	-9.31
	1 20 Glutaredoxin NrdH high-potential iron-sulfur	protein	5 22	-8.60 -8.98	6 12	-10.05 -11.60
	(HIPIP) 21 Cu-containing nitrite reductase		10	-10.10	61	-10.38
	2 22 Fatty acid-binding protein Crambin		10 13	-8.42 -9.27	2 74	-10.75 -10.82
	3 Total number of HBs and average energies 750 -9.04 Hen Egg White Lysozyme (HEWL) 31 -8.90	4 693 -10.08 -9.88
	4	Human Aldose Reductase (hAR)	77	-9.06	20	-9.37
	5	Pyrococcuss abyssi Rubredoxin		1	-3.03	5	-10.04
	6	Cholesterol Oxidase		91	-8.95	57	-10.23
	7	Serine Protease		45	-8.91	31	-9.76
	8	Cytochrome b5 reductase		36	-8.44	60	-10.56

Table 3 .

 3 Topological parameters of N-H•••O=C HBs across the strongest to weakest regions as shown in the Laplaican maps (Figures S10) and NCI isosurfaces (Figure 6a

	-i).								
	Figure	PDB	C=O	H-N	𝜌 𝐵𝐶𝑃 R ij	E elec	∇ 2 𝜌 𝐵𝐶𝑃 λ 1	λ 2	λ 3
	6	ID	of Residue	eÅ -3 Å	kCal/mo	eÅ -5		
						l			
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