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Abstract:

 Collagen molecules are the primary structural proteins of many biological systems. Much progress has been made in the study of the structure and function of collagen, but fundamental understanding of its electronic structures at the atomic level is still lacking. We present the results of electronic structure and bonding calculations of a specific model of type I collagen using the density functional theory-based method. Information on density of states (DOS), partial DOS, effective charges, bond order values, and intra- and inter-molecular H-bonding are obtained and discussed. We further devised an amino-acid-based potential method (AAPM) to circumvent the full self-consistent field (SCF) calculation that can be applied to large proteins. The AAPM is validated by comparing the results with the full SCF calculation of the whole type I collagen model with three strands. The calculated effective charges on each atom in the model retained at least 95% accuracy. This technique provides a viable and efficient way to study the electronic structure of large complex biomaterials at the ab initio level.
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1. Introduction

Collagen molecules are the primary structural proteins found in animals. Together with mineral bioceramics such as hydroxyapatite (HA) and tricalcium phosphate (TCP), these macromolecules constitute the major components of bones and teeth [1]. The structure and properties of the triple helix molecule in type I collagen is an area of intense investigation because the interactions between collagen, mineral bioceramics, and their surrounding environment are important to many bio-related systems. Collagen is a complex multifunctional protein whose various forms are based on different amino acid (residue) sequences contained therein [2,3,4,5]. The most abundant collagen, type I, has a long rod-like triple helix structure [4,6] consisting of three intertwined polypeptide chains, called α-chains, of approximately 3000 Å in length and 15 Å in diameter. Most type I collagen is in the heterotrimer [α1(I)]2[α2(I)] form, where α1(I) and α2(I) are polypeptide chains. The primary structures of the α-chains consist of an amino acid sequence of the general form (Gly-X-Y)n [7,8]. Although the residues X and Y can be any of the 20 canonical amino acids, the glycine (Gly) residue at every third position in the chain is considered to be a prerequisite for the correct formation of the triple helical structure [9,10,11,12,13]. Each α-chain is coiled into a helical secondary structure and the three separate chains are super coiled around a common axis into a triple helical tertiary structure. The collagen molecules are aligned to form microfibrils which are then bundled together to form collagen fibers that are the key to biomineralization [14,15]. Because collagen molecules do not mineralize by themselves, this complicated process is thought to occur through interaction with HA crystallites [16].

The structure of collagen molecules determines their properties and functions. The first triplet position is usually occupied by a Gly residue with a single H-atom for the side chain [17,18,19] whereas the X and Y residues usually have side chains of different lengths with some of them being aromatic. The Gly-Pro-Hyp triplet fits well into the triple helix structure because it has relatively small side chains, however other residues with more substantial side chains can still be accommodated by directing the side chains away from the central axis. They are easily accessible to the surrounding solvent and allow for polar and charged side chains to form additional (water mediated) intra-molecular bridges via H-bonding [10,12,17]. The side chains are also accessible to other molecules, biominerals, or proteins in the biological environment. Hence, the identities of the residues at the X and Y positions to some extent govern the interaction properties of the collagen molecule. Regions along the collagen triple helix with a high degree of substitution of Pro and Hyp for charged and hydrophobic residues often function as binding sites. Finally, the interaction of the collagen molecule with crystalline bioceramics is also largely determined by the domains of specific residues at the X or Y position, and its attraction to a particular surface site of the crystal [20]. It has been known for some time that the presence of specific substitutions or abnormal sequences in the collagen can be related to certain diseases. Indeed, many collagen related diseases such as osteogenesis imperfecta are caused by the single substitution of a Gly residue in the primary sequence, resulting in local deformations of the triple helix [21]. The electronic influence of such substituted structures vs. the “normal” structure may play a role in the interaction of the collagen molecule with its surrounding solvent or substrate. Information on the electronic structure of collagen molecules in relation to different amino acid sequences will thus be very helpful.

Most computational studies on complex biomolecules rely on empirical methods which are less adequate for addressing issues such as interatomic interactions, charge transfer, bond breaking, excited states, spectral response intensity, long range interactions, etc. Current computational efforts on collagen molecules focus mostly on their structures and mechanical properties under various assumptions and approximations [22,23,24,25,26,27,28,29,30,31,32,33,34,35,36,37,38,39], and less on the electronic structure at the level of amino acids. Nevertheless, a classical description in biomolecular simulations has contributed tremendously in this area because they can be applied to much larger systems [36,37,38,39,40]. The molecular mechanic (MM) and molecular dynamics (MD) simulations based on force field models [41] have been very useful for structural optimizations and elastic properties. These models are extremely valuable in providing plausible structural models based on which more robust ab initio calculations can be demonstrated. Our main goal in this paper is to initiate such investigations by calculating the electronic structure of a specific model of a dry collagen molecule provided by Dr. Simone Vesentini [30] based on classical simulation. More recently, calculations based on density functional theory (DFT) in the local density approximation (LDA) [42,43] have been attempted for a single peptide chain [44]. This study, using a parameterized form for the LDA potential [45,46,47], concentrates on the low energy configurations of dihedral angles of the triplets. Jalkanen et al. [48] used a semi-empirical wave function method to calculate a close-packed structural motif for the triple helix [49]. To the best of our knowledge, no detailed electronic structure calculation on collagen models has been attempted. We also make it very clear from the beginning that it is not our aim to comment on the validity or the appropriateness of the collagen structures which is still quite controversial, and we make no claims on the influence or connections of the electronic structures to the biological functions of collagen and its interaction with biominerals or solvents.

In this paper, we report the ab initio self-consistent field (SCF) calculation on a realistic triple helix model of collagen using the orthogonalized linear combination of atomic orbitals (OLCAO) method [50,51] which is well-suited for complex crystals and biomolecular systems. In Section 2, we report the results of ab initio calculations on a 7-2 heterostructural model of type I collagen. The electronic structure, density of states (DOS) and amino-acid resolved partial DOS (PDOS), interatomic bonding including hydrogen bonding (H-bonding) and charge distributions are presented. In Section 3, we present an efficient method, or amino acid potential method (AAPM), that can be applied to large protein models. The method uses the self-consistent potential functions obtained for each individual amino acid in the protein. This AAPM is validated by comparing the results with the fully self-consistent results of the collagen model presented in Section 2. We conclude the paper with a summary and a vision for future studies on the electronic structures of complex biomaterials.



2. Electronic Structure of a Model of 7-2 Heterostructural Type I Collagen


2.1. Description of the 7-2 Heterostructural Model

The availability of a reliable structural model is the basic necessity for any ab initio calculation. Based on X-ray diffraction studies, two models for type I collagen molecules have been proposed [52,53]. They are referred to as the 7-2 and 10-3 helices which differ in the number of residues per turn around the central axis. In both models, the three α-chains are staggered by exactly one residue along the main helical axis and an angular displacement around the main axis. These models were further refined based on x-ray crystallographic studies of collagen-like models of peptides [16,17,18], together with careful statistical analysis of the secondary and tertiary structures [54]. More recent work seems to suggest that the 7-2 model may be a more frequent structural segment than the 10-3 model [54,55,56,57].

In the present work, the triple-helix collagen model was provided by Dr. Simon Vesentini [30]. He and his collaborators used the HyperChem molecular mechanics software package with the AMBER force field model to construct models for type I collagen and estimate the binding force of the collagen molecule-decorin core protein complex in collagen fibril [58]. The initial primary structure of the α1(I) chain was from GenBank (No. NP000079). All solvent effects for collagen are ignored in this model. This polymeric model is a reasonable representation for a segment of the real collagen molecule. It is sufficiently large to capture the basic features of type I collagen but still within the capability of the OLCAO method for full SCF ab initio calculation of its electronic structure and bonding. Table 1 lists the three single strand molecules (each with 30 trimers and 90 amino acids) in the 7-2 heterostructural model. Figure 1a shows the structure of the α2(I) chain. The other two strands (α1(I) chains) have identical amino acid sequences but with slightly different twists. This model (Figure 1b) contains a total of 1135 atoms and 3246 valence electrons. For the electronic structure calculation, the model was put into a box of 30 Å × 30 Å × 100 Å which is sufficiently large to avoid spurious interactions among replicated molecules in adjacent cells (The closest separation of atoms between adjacent cells is greater than 9 Å). Six H atoms (three on each end) were added to the end of each chain to pacify the dangling bonds. This is a reasonably effective means to avoid the dangling bond effect in the calculation with a model of finite size because the real collagen molecule could be approximately 3000 Å long.

Figure 1. (Color on-line) (a) The single strand of α2(I) chain in the 7-2 heterostructural model with the positions of Arg and Glu residues marked; and (b) The 7-2 heterostructural model with three strands, [α1(I)]2 α2(I)].
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Table 1. List of amino acids in the 7-2 heterostructural model.


	Chain 1: α2[I]
	Chain 2: α1[I]
	Chain 3: α1[I]





	Gly-Pro-Met
	Gly-Pro-Met
	Gly-Pro-Met



	Gly-Leu-Met
	Gly-Pro-Ser
	Gly-Pro-Ser



	Gly-Pro-Arg
	Gly-Pro-Arg
	Gly-Pro-Arg



	Gly-Pro-Hyp
	Gly-Leu-Hyp
	Gly-Leu-Hyp



	Gly-Ala-Ala
	Gly-Pro-Hyp
	Gly-Pro-Hyp



	Gly-Ala-Hyp
	Gly-Ala-Hyp
	Gly-Ala-Hyp



	Gly-Pro-Gln
	Gly-Pro-Gln
	Gly-Pro-Gln



	Gly-Phe-Gln
	Gly-Phe-Gln
	Gly-Phe-Gln



	Gly-Pro-Ala
	Gly-Pro-Hyp
	Gly-Pro-Hyp



	Gly-Glu-Hyp
	Gly-Glu-Hyp
	Gly-Glu-Hyp














2.2. Method of Calculation

The method we used for the electronic structure calculation is the first-principles OLCAO method [50,51] within the local density approximation (LDA) of density functional theory (DFT). This method was developed in our own laboratory and has been successfully used to study the electronic and spectroscopic properties of many crystalline and non-crystalline materials including biomaterials and bioceramics with complex structures [59,60,61,62,63,64,65,66,67]. In the OLCAO method, the wave function  [image: Polymers 06 00491 i008] is expanded in terms of atomic orbitals uiα centered at the atomic site Rα. The uiα are expanded as products of Gaussian-type-orbitals (GTOs) and spherical harmonics [51].
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(1)




The use of atomic orbitals greatly facilitates the investigation of the electronic structure and bonding of complex biomolecular systems. Quantitative information on interatomic bonding and charge transfer can be obtained via the Mulliken scheme [68]. The effective charge (Qα*) on an atom α and the bond order (BO) values ραβ between each atomic pair (α, β) which quantify the strength of a bond can be evaluated according to:
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(2)




where  [image: Polymers 06 00491 i009] is the fractional charge of the ith orbital in the αth atom of the nth state which contains two electrons (one if the spin quantum number is included in i) and Siα,jβ are the overlap integrals. The calculation of Qα* and BO values enables us to quantitatively assess the charge transfer and bond strength in various parts of the system. The self-consistent potential for the collagen model was obtained by iteratively solving the Kohn-Sham equation with a full basis (FB) set (1s, 2s, 3s, 2p, 3p atomic orbitals for C, O, and N and 1s, 2s, 2p orbitals for H). A minimal basis (MB) set (1s, 2s, 2p for C, O, and N and 1s orbitals for H) was used for effective charge and BO calculations since Mulliken scheme works only for the more localized basis set.
The OLCAO calculation was originally developed for crystalline solids [51] so the electronic structures of molecules are usually presented in the form of electronic density of states (DOS) instead of discrete molecular levels as is often the case in quantum chemical calculations. The usual HOMO (highest occupied molecular orbital) to LUMO (lowest unoccupied molecular orbital) gap corresponds to the separation of the top of the valence band (VB) and the bottom of the conduction band (CB) in the DOS. We will use the HOMO–LUMO gap description in this paper for collagen. The total DOS (TDOS) can be conveniently resolved into partial components (PDOS) arising from different subunits of atoms (residues, group of residues, individual atoms and their orbital components, etc.). Such decomposition is very useful since it can interpret the electronic structure and complex interactions in a more illustrative way instead of simply using numbers. This will be illustrated when the results are presented.

An important feature in the OLCAO method is the analytical evaluation of the 2-center and 3-center integrals between Gaussian type orbitals (GTOs) [51]. The GTOs are used in the expansion of both the radial part of the atomic basis function and in the atom-centered potential function  [image: Polymers 06 00491 i006] and total charge density  [image: Polymers 06 00491 i007]:



 [image: Polymers 06 00491 i003]



(3)
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(4)






 [image: Polymers 06 00491 i005]



(5)




Here, VC and VXC are the Coulomb and exchange-correlation part of the potential. A crucial approximation is introduced which is central to the efficiency of the method [51]. The same set of Gaussian exponentials {βj} is used in both Equations (3) and (5). This reduces the number of multicenter integrals between GTOs by several orders of magnitude and enables the OLCAO method to be applied to very large systems and still retain the ab initio character of the method. The exponential set {βj} is predetermined for each atom and tabulated in the OLCAO data base [51] whereas the coefficients Bj, Dj, Fj, etc. are updated in each cycle of the self-consistent iterations using a linear fitting procedure to  [image: Polymers 06 00491 i010]. Because the accuracy of the calculation depends largely on how accurately the true charge density can be represented by Equations (3)–(5), the optimal choice of the fitting set {βj} is extremely important. When carefully constructed, these site-specific atom-centered potential functions are transferable. Thus, it is possible to obtain a self-consistent potential from the calculation of a simpler system (say quartz, α-SiO2) and then use it in the calculation of a similar but larger and more complicated system (amorphous SiO2 glass) without needing to perform self-consistent calculations. It should be noted that although the atom-centered functions  [image: Polymers 06 00491 i011] and  [image: Polymers 06 00491 i012] consist of spherical Gaussians around each atom, the superposition of them is non-spherical in real space and can accurately represent different types of bonding in different types of structural configurations without shape approximation [51]. For large biomolecules with more than several thousand of atoms, the self-consistent procedure described above is still not feasible but we can make use of the accurately calculated  [image: Polymers 06 00491 i011] and  [image: Polymers 06 00491 i012] obtained from smaller subunits and apply them in the calculation of the larger system. We will return to this part later when we present the simplified method for large proteins using the self-consistent charge densities and potentials obtained from individual amino acids. We list the important parameters that enter into the OLCAO calculation for the 7-2 heterostructural model of collagen as follows: (1) number of chains 3; (2) number of trimmers 30; (3) number of amino acids 90; (4) number of atoms 1135; (5) number of valence electrons 3246; (6) size of total potential column data 12,706; (7) size of secular equation (FB) 7456.



2.3. Results and Discussions on the Collagen Model

The electronic structure of the 7-2 heterostructural model was calculated using the ab initio OLCAO method. The self-consistent calculations were done only for the individual chains of the triple helix while the full helix was studied with an alternate approach to be detailed in Section 3.2. Figure 2 shows the calculated total DOS (TDOS) for the single stranded α2(I) chain in the 7/2 heterotrimer model of Figure 1a. The zero of the energy is set at the HOMO state, or the top of the VB. The HOMO–LUMO gap of this peptide is only about 2.0 eV with a defect-like state at 1.3 eV within the gap. The lowest occupied non-core level is at −24.0 eV. The TDOS is further resolved into PDOS of the 10 triplets in the α2(I) chain shown in Figure 3. Please note that the HOMO–LUMO gaps for each of the triplets are very different but are at least 3.5 eV which may be related to the relative strengths in the peptide chain. The rich spectra in the DOS and PDOS contain information about the electronic structure and bonding for individual triplets. For example, the deep levels below −18 eV are all from O-2s orbitals with peak structures that depict the various energy levels for the O atoms in different amino acids with different local bonding configurations. The highest occupied state is associated with the H-terminated Gly from the first trimer Gly-Pro-Met, and thus may be considered as a defect-like state. However, the next highest state is also localized on the first trimer it is associated with the other residues and could thus be recognized as the HOMO for the trimer. The LUMO comes from the eighth triplet Gly-Phe-Gln. In the 10th triplet Gly-Glu-Hyp, we again recognize an additional defect-like state in the gap that may originate from the H termination effect in Hyp. Each triplet has rather different peak positions in their PDOS which can be further delineated. It is also expedient to resolve the PDOS further down into the individual residue level or even atoms to obtain atomic details.

Figure 2. Calculated total DOS of the α2(I) chain in the 7-2 heterostructural model.
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Figure 3. Calculated PDOS for each triplet in the α2(I) chain. Note the difference in the HOMO–LUMO gaps for different triplets.
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Figure 4a shows the PDOS of Gly, Pro, and Met in the first triplet and Figure 4b the PDOS of Gly, Glu, Hyp of the 10th residue. It shows that the HOMO for this triplet comes from Gly and the defect-like state in the gap for the 10th triplet is from Hyp. The LUMO in the eighth triplet originates from Gln (not shown). In this way, all electronic structures down to the amino acid levels and even to individual atoms within the amino acids can be displayed. According to the principle of maximum hardness (PMH) [69,70], the HOMO–LUMO gap (εLUMO − εHOMO) can be related to maximum hardness η = ½ (εLUMO − εHOMO) and used to roughly estimate the stability of each molecular fragment [71,72]. Based on this simple rule, the fifth trimer (Gly-Ala-Ala) and the sixth trimer (Gly-Ala-Hyp) in the middle part of the α2(I) chain should be more stable than the other trimers.

Figure 4. (Color on-line) Calculated PDOS of: (a) three amino acids (Gly, Pro, Met) in the first triplet; and (b) Three amino acids (Gly, Glu, Hyp) in the last triplet of Figure 3.
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Figure 5 shows in graphic form the calculated charge transfer ΔQ* (also called the partial charge or the deviation of charge from the neutral atom) associated with each individual atom in the same strand according to the Mulliken effective charge Q*. There are differences in ΔQ* for atoms in different residues. In classical simulations or other DFT methods where plane waves are used in the basis expansion, the calculation of effective charge on each atom in a large complex biomolecule can be quite onerous and may require additional procedures, making the method less effective. The efficient evaluation of partial charge is very useful in explaining different geometric conformation and interaction in biomolecular systems. We will return to the distribution of effective charges Q* later where it will be used as a quantitative measure to validate the simpler AAPM in Section 3.

Figure 5. (Color on-line) Ball and stick model of a single strand α2(I) of Figure 1 with the size of the atoms represented by their covalent radii. The color indicates the amount of charge transfer (Qα*, number of valence electrons) for each atom.
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The nature of H-bonding may be the most important issue in the fundamental study of collagen and other proteins of biological interest in general. H-bond is a much weaker intermolecular bond than ionic or covalent bonds [73]. It is responsible for maintaining the triple helix structure in collagen. In the past, most of the discussion on H-bonding, especially for those with complex structures, was based on geometric considerations (interatomic bond distances and bond angles); instead of quantitative estimates from more rigorous quantum mechanical calculations. More recently, progress has been made in more rigorous calculations of various aspects of H-bonding and in the interpretation of experimental observations [74,75,76,77]. In the semi-empirical force field model, H-bonding is generally described by a Lennard-Jones type pair-potential [78]. As demonstrated in the case of a pure super-cooled water model [67], quantitative analysis of H-bonding using the OLCAO method is possible to elucidate the network structure in water. In the case of collagen, it is desirable to model the bridges between each of the polypeptide chains to estimate changes in H-bonding strength between different chains. It is desirable to add water molecules to the simulation cell to mimic the effect of solvents although no such effort is attempted in the present calculation.

In the present study, H-bonding is characterized by the calculation of the BO values between non-covalently bound H and O or N atoms. We identify and characterize the H-bonding in these complex macromolecules using the following procedure: (1) From the electronic structure calculations (obtained using the method given in Section 3.2.), the BO values for all interatomic pairs are collected in a large data file; (2) The specific BO values involving H–X (X = O or N) that are not covalently bonded (as judged from their separations) are identified; (3) These H-bonding BO values are graphically displayed and classified as being due to either intramolecular or intermolecular H-bonds; and (4) Those atomic pairs with higher than average BO values are analyzed by tracing which H and X atoms are involved and their local environments. Figure 6a shows a sketch of the intra- and inter-molecular H-bonds in the present 7-2 heterostructural model for collagen that have been identified and whose BO was calculated. In Figure 6b, we display these BO values vs. the H-bond length up to 3.5 Å. As can be seen, the intermolecular hydrogen bonds are mostly O–H, and with only one N–H at 3.0 Å. It can also be seen that the intra-molecular H-bonds (including O–H, N–H, C–H and H–H) always have larger bond lengths and smaller BO values than those of intermolecular hydrogen bonds with a bond length (BL) less than 2.3 Å. The presence of stronger intermolecular H-bonding in collagen molecules can be one of the possible reasons in providing the necessary cohesion between the three chains consistent with the general understanding about collagen stability [79]. The computed H-bonds between chains A, B and C are illustrated in Figure 7 with the BO shown as the associated bar height and the color of the bar indicating whether the bond is between the backbones of the chains or between the backbone of one chain and a residue’s side-chain from the other chain. Overall the BO remains relatively constant between chains along the length of the molecule with an approximately even distribution of H-bonds between the chains. However, in the central region of the molecule’s length there is a stretch where the only strong intermolecular bonds are those between chains A and B. This indicates that the C chain may have a more flexible conformation in this region. Additionally, there is little H-bonding between molecules at the end on the right. The results shown in Figure 7 are consistent with the interpretation of Brodsky and Persikov [5] on the role of interchain H-bonding between different amino acids. It should be pointed out that the presence of water molecules or solvents may alter these H-bonds and their BO values, but the technique and procedures used to quantify the H-bonding here can be applied equally well in these more complicated and demanding situations.

Figure 6. (Color on-line) (a) Sketch of H-bonds within the 7-2 heterostructural model. Green dashed lines for intermolecular H-bonding and red dashed line for the intra-molecular H bonding; and (b) Distribution of the calculated BO values for H-bonds in the 7-2 heterostructural model. Different types of the H-bonding are marked and colored as indicated.
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Figure 7. (Color on-line) Calculated H-bond location and relative strength between pairs of chains [A (green), B (purple), and C (brown)].
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3. Amino-Acid Potential Method for Large Proteins


3.1. Current Trends in Computational Biophysical Research

One of the main goals of performing large-scale ab initio calculations on biomolecular systems is to gain a fundamental understanding of the electronic structure. This can be used to quantify long-range forces between large biomolecular entities, e.g., proteins, and to design biomaterials built on the knowledge of organizing forces. In particular, partial charge and charge transfer on each atom or group of atoms (e.g., atoms in a particular amino acid) can be very useful for subsequent computation of the long-range electrostatic interaction between different particles or proteins made of amino acids. The electrostatic interaction is one of the three fundamental long-range interactions. The other two are the polar and van der Waals interactions which require different levels of theory to address [80].

Many different computational techniques have been applied to biomolecular systems ranging from small molecules to models of hundreds or thousands of atoms with very broad ranges of utility and accuracy [81]. Obviously, for large molecules the accuracy and the level of treatment could be limited. On the other hand, smaller molecules can be treated with more accurate quantum chemical methods based on DFT or beyond [82,83,84]. Thus, there is a tradeoff between the size of the system that can be handled and the level of the accuracy desired. Naturally, selecting which method or approach depends on the nature of the problem to be addressed and the resources available. It is highly desirable to have a viable method that can be applied to large biomolecular systems of at least several thousand atoms with accuracy close to DFT calculations presented in Section 2. In the case of collagen, no complete structure model is available for collagen due to its fibrous nature [85]. The result we presented in the previous section is based on a specific model which is only part of the 30-trimer structural domain of the collagen molecule in 7-2 helical symmetry [13,56]. The amino-acid sequence of this heterotrimer model has a distribution of residues commonly found in natural collagen [34]. The structures of many biological molecules fall under this intermediate range of 100–300 amino acids with up to 6000 atoms. Ribosomes and their protein conducting channels, membrane proteins, virus nano-particles such as cowpea mosaic virus (CPMV), tobacco mosaic virus (TMV), and brome mosaic virus (BMV), are some examples actively pursued by researchers [86,87]. For such systems, even with the highly efficient DFT-based OLCAO method, it is not feasible, and therefore a simplified method is needed. However, it should also be pointed out that new theoretical tools such as QM/QM and QM/MM, which are suitable for the investigation of large molecules including biomolecules, are starting to emerge [88,89].



3.2. Amino-Acid Potential Method for Large Proteins

We have developed a simplified method knowing that proteins are composed of a sequence of amino-acids and that their structures are usually available from the protein data bank (PDB). This is a “divide and conquer” strategy to lessen the computational burden while preserving the accuracy close to the full self-consistent field (SCF) calculations of the OLCAO method. In this approach, the SCF calculation is performed at the amino acid level which can be done very quickly because of the small size. The potential and charge density coefficients for each amino acid thus obtained (with proper boundary conditions for sequence connection) are then used for the whole protein without the need to perform the full SCF calculation for the much larger protein. Referring to the descriptions in Section 2.2., we first obtain the SCF charge density and potential function coefficients {Bj}, {Dj} and {Fj} for each atom in each individual amino acid in the protein sequence. Each SCF calculation for the amino acid will include two adjacent amino acids at the ends to provide correct connectivity, but only the coefficients of the central amino acid are collected and tabulated. This table is then used to construct the charge density and potential function for the whole protein and used for the electronic structure calculation without going through the SCF cycles. We call this an Amino-acid Potential Method (AAPM). The full self-consistent iteration procedure for the whole collagen model is avoided and the electronic structure is obtained by a single diagonalization of the secular Kohn-Sham equation. This resulted in a reduction of total time required by a factor of at least 10 in the case of the current 7-2 triple-helix model with 1135 atoms (see Table 2). The time saving will be even more dramatic as the size of the system increases. Since there are only 20 types of canonical amino acids for all proteins, the use of this AAPM implies that the electronic structure of large proteins can be obtained using the OLCAO method without being computationally prohibitive. In the following section, we will validate the AAPM method by comparing the calculated effective charges Q* on each atom and the DOS.



3.3. Validation of the AAPM

To test and validate the proposed AAPM method, we compare the results of effective charge Q* on each atom in the 7-2-heteral structural collagen model from three types of calculations: (1) A separate non-SCF calculation of each chain using the default atomic potential in the OLCAO database [51]. This is the lowest level of accuracy in the OLCAO method since the potential used was not obtained self-consistently; (2) Fully self-consistent LDA calculations of each individual chain in the model; and (3) A non-SCF calculation using AAPM for the same three chains. The Q* results for all atoms (N, O, C, S and H) in the α2(I) chain from the three approaches are shown in Figure 8 (similar results for the other two chains are not shown). As can be seen, the results from the non-SCF, full SCF, and AAPM calculations do differ, indicating the importance of SCF iterations. However, the results from the AAPM calculation are very close to those of the full SCF calculation, validating the simplified scheme. Note, that the dotted lines in Figure 8 are guides to the eye only. Also, atom numbers are shown in the order as they appear in the chain’s amino-acid sequence for different types of atoms. The calculated Q* obviously must fall within a narrow range of values for the same atomic species. For example, most values of Q* for N fall into a range centered around 5.5 electrons. In fact, for N and O, they gain about half an electron. We note several distinct peaks for Q* in the plot for N (atoms 1, 11, 12, 25, and 29). The peak for atom 1 is the first nitrogen that belongs to the N-terminal amino-acid Gly, atoms 11 and 12 belong to the side-chain of Arg, and atoms 25 and 29 belong to the side-chains in Gln. These peaks signify the sensitivity of the electronic structure in the OLCAO calculation as reflected in the Q* values which depend on the local atomic environment. Similar ranges of Q* values are obtained for the other two chains of the triple-helix (not shown). In general, H atoms gave up charge, N and O atoms gained charge, and C atoms both gain and lose charge, whereas S atoms lose very little charge since it is not very acidic in the side-chain of Met (not shown in Figure 8). The average absolute deviation of effective charges Q* for N, C, O, H and S are 0.012, 0.025, 0.021, 0.006 and 0.033 electron in the α2(I) chain with the corresponding maximum deviation of 0.036, 0.108, 0.054, 0.026, 0.033, respectively. It is gratifying to see that the AAPM retains more than 96% of the accuracy of the full SCF calculation on average. This level of accuracy is quite sufficient for the evaluation of partial charges of large proteins which has so far been derived either from educated guesses or inferred from indirect experimental observations.

Figure 8. (Color on-line) Comparison of effective charges Q* (electrons) for each atom in chain α2(I) among: Non-self-consistent field (SCF) calculation using atomic basis (green circles), Non-SCF calculation using an amino-acid-based potential method (AAPM) (red triangles), and Full SCF calculation (black squares).
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3.4. Possible Application of the AAPM Approach

Now that the AAPM model has been demonstrated to be an effective tool, we will use it to study the electronic structure difference between the isolated chains and the complete molecule which is quite time-consuming.

Figure 9 shows the comparison of the Q* values between those from the full SCF calculation of the three individual chains (Figure 8) and those using the AAPM approach applied to the full triple helix heterostructural model with 1135 atoms including the six S atoms. The individual chain results are aligned so that atoms of a chain correspond correctly to atoms of the triple-helix. The Q* values are very close to each other, within 96% on average. Red circles are for the triple-helix and black crosses are for the individual molecules. A small difference is noticed between the two cases ranging from 0.0 to 0.18 electrons as a result of inter-molecular interaction now included in the AAPM calculation. Figure 10 shows the partial charge on the positively and negatively charged atoms of the 7-2 heterostructural model using the AAPM method. The sizes of the spheres based on the covalent radii of the atoms (in Å) and are: 0.77 for C, 0.75 for N, 0.73 for O, 0.37 for H, and 1.02 for S. Partial charges range from −0.85 electrons (darkest blue) to +0.85 electrons (darkest red) and the white color represents a charge neutral atom. More importantly, the distribution of partial charges within the structure has a mixture of colors indicating that there are no large groups of red or blue atoms other than those at the ends. The partial charge on a particular amino acid can be obtained from the totality of the partial charges of its atoms. Such results will be valuable in evaluating the electrostatic attraction or repulsion in long range intermolecular interactions. The ability to present partial charges based on realistically calculated values is a significant step forward from the current practice of using discrete and sometimes arbitrarily assumed values.

Figure 9. (Color on-line) Comparison of effective charges Q* (electrons) from SCF calculation of three individual chains and the triple-helix using AAPM. Red circles represent triple-helix values and black x’s represent values from chain 1 (α2), 2 (α1) or 3 (α1) with atoms aligned with those of the triple-helix.
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Figure 10. (Color on-line) Partial charges on each atom in the 7-2 heterostructural model using. The size of the atoms is based on covalent radii used to compute an available surface area for the atom’s partial charge. Partial charge is negative (positive) for a gain (loss) in fractional electron charge and colored blue (red). White color indicates no charge transfer for the atom.
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Figure 11 shows the calculated TDOS for the triple-helix and the sum of the DOS of the three individual collagen chains all obtained using AAPM. The difference of the two curves represents the number of states per energy range shows the effect of the intermolecular interactions. As can be seen, there are not many differences in the occupied VB region, indicating that the intermolecular interactions are fairly weak because they consist mostly of H-bonding (see Section 2). There are some discernible variations only in the unoccupied CB region where the state wave functions are more extended.

Figure 11. (Color on-line) Comparison of total density of states for triple-helix and the sum of three individual molecules calculated using the AAPM.
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4. Conclusions

In this paper, we presented the ab initio calculation of the electronic structure of a model of a complex collagen molecule. Analysis of the DOS, PDOS, and effective charges revealed many pertinent details. The quantitative evaluation of H-bonding and partial charges for long range electrostatic interactions are important issues in the fundamental study of collagen as well as for other proteins. Quantitative evaluation of bond order values for H-bonding reveals that the strength of H-bonding does not necessarily scale with the H–O or H–N separations. Based on the calculated electronic structures, it is possible to extend the calculation to optical absorption spectra of collagen molecules and those involving solvents. Such calculations will provide the dielectric response function which, so far, is only approximated by using the polarizable continuum model (PCM) [90,91]. The dielectric response function can be used as an input for the calculation of long-range van der Waals interactions between proteins in aqueous solution along the similar lines as recently successfully implemented for the single walled carbon nano-tubes of different chirality [92]. We believe that such an endeavor, which is now well within our current computational capability, can push collagen research to a much higher level of accuracy and sophistication. Of particular significance is the implementation and validation of a simpler AAPM that can be applied to much larger proteins at a modest cost. The present work represents the modeling at the lowest structural level (amino acids) and the next lowest structural level (collagen molecules) in the hierarchical levels of collagen. It provides the basis for the next level of modeling collagen such as microfibrils, larger collagen models, interfaces with bioceramics, etc. The success of the AAPM provides us with the confidence to apply it at the next higher level of complexity. We are tempted to speculate about similar calculations on other bio-related systems. A particularly attractive system is the viral nanoparticle or coated proteins such as the plant viruses BMV, CCMV, CMV (Cytomegalovirus), or TMV found either in dry form or in solution. The fundamental long range interactions among them can be related to their self-assembly abilities. This is an area where quantum mechanical treatment is completely lacking. Future work should include other models for collagen including replacement of Gly by other amino acids, and the addition of water with ions to represent physiological conditions in aqueous solution.
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