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Abstract

:

Heavy metals are non-biodegradable and carcinogenic pollutants with great bio-accumulation potential. Their ubiquitous occurrence in water and soils has caused serious environmental concerns. Effective strategies that can eliminate the heavy metal pollution are urgently needed. Here the adsorption potential of seven heavy metal cations (Cd2+, Cu2+, Fe3+, Hg2+, Mn2+, Ni2+ and Zn2+) with 20 amino acids was systematically investigated with Density Functional Theory method. The binding energies calculated at B3LYP-D3/def2TZVP level showed that the contribution order of amino acid side chains to the binding affinity was carboxyl > benzene ring > hydroxyl > sulfhydryl > amino group. The affinity order was inversely proportional to the radius and charge transfer of heavy metal cations, approximately following the order of: Ni2+ > Fe3+ > Cu2+ > Hg2+ > Zn2+ > Cd2+ > Mn2+. Compared to the gas-phase in other researches, the water environment has a significant influence on structures and binding energies of the heavy metal and amino acid binary complexes. Collectively, the present results will provide a basis for the design of a chelating agent (e.g., adding carboxyl or a benzene ring) to effectively remove heavy metals from the environment.
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1. Introduction


With the rapid development of the global metal and mining industries, heavy metals are large accumulated in the upper crust and aquatic environment. Due to its particularities, non-biodegradability, bio-accumulation potential, and carcinogenicity, heavy metal pollution is a serious threat to human health and environmental sustainability [1]. Efficient and economical treatment of heavy metal pollution in the environment has become a subject that is now under the spotlight [2].



In general, heavy metals exist in the environment as cations, such as Cd2+, Hg2+, Mn2+, Ni2+, Zn2+, and so on [3]. They can remain on soil particles, suspended solids in water, and sediment particles in the environment by electrostatic attraction or chemical bonds with inorganic and organic ligand [2]. This has generated potential hazards to humans and ecosystems along the groundwater cycle and food chains [4]. At present, the treatment methods of heavy metal pollution in the environment include strong chelating agent cleaning, cement-based solidification and stabilization, and electric removal methods. In comparison, strong chelating agent adsorption is one of the preferred methods for the efficient and economical removal of toxic heavy metals [5]. However, the residues of non-degradable chelating agents (EDTA) has an effect on the natural biochemical processes, such as excessive interaction of EDTA with Ca2+, which can change soil structure [6]. In addition, non-selective complexation of EDTA with essential soil elements (potassium, calcium and magnesium) reduces the adsorption efficiency of EDTA [7].



In biology, a large number of metalloproteins need the cooperation of amino acids containing special groups to carry out biochemical reactions. The reason is that the functional groups and benzene rings on amino acids (AAs) side chains, easily complexing with corresponding metals cations, are able to play an important role in metal-catalyzed biochemical reactions [8]. Natural AAs offer distinct advantages in metal residue removal and complexing selectively with metal cations in the environment, so they can become more effective heavy metal chelators after modification [9]. For instance, Dolev et al. [10] found that amino acids (AAs) hardly interacted with essential elements in soil compared to EDTA through the control experiments of different soil samples. The better selectivity, competitiveness, and the ability of improving soil fertility of AAs were also observed in experiments.



Recently, different methods have been used, such as X-ray crystallography [7], infrared spectroscopy [11] and quantum chemical methods [9], to accurately model and quantitatively analyze the interaction systems between amino acids and metal cations. In the regioselectivity of metal cation complexation studies, the nitrogen ring structure in the side chain of histidine has a higher affinity for metal cations (as well as protons) than the phenyl ring of phenylalanine [12]. Through calculating the natural bond orbital (NBO), Umadevi et al. [13] explored orbital interactions and charge delocalizations during the complexation of phenylalanine with I A and II A groups metal cations. In research combining theory and experiment, Clark et al. [9] discovered the phenomenon that the radius of the Group 1 metal cation was inversely proportional to the affinity of lysine. Armentrout et al. [14] reported the results combining theoretical calculation and experiments during the complexion of Cs+ with different amino acids. Both theoretical calculations and experiments have observed that the order of affinity of Cs+ for various amino acids (Gly, Pro, Ser, Thr, and Cys) followed Cs+ (Gly) < Cs+ (Cys) < Cs+ (Ser) < Cs+ (Thr) < Cs+ (Pro).



The above theoretical studies are mainly focused on using quantum chemical methods to accurately search the potential energy surface (PES) and obtain stable complex configurations. Finally, the steric and thermodynamic properties were obtained by a theoretical calculation and model, almost agreeing with the experiment results. However, most researchers paid attention to the natural or neutral AAs experiments in the gas phase instead of those in the aqueous phase. Previous research [8] has reported that AAs were mainly zwitterionic in the aqueous phase. The large hydrogen bonds have a significant influence on the molecular form, steric and thermodynamic properties of amino acids in water solutions, which are different from those in the gas phase. The reported metal cations contain a variety of alkali metal groups or common metal cations, however, they are deficient in heavy metal cations in contaminated water and soil. Therefore, the interactions of zwitterionic AAs complexing with heavy metal cations in the environment must be investigated and discussed.



In this work, the complexation of seven heavy metal cations in the environment with the zwitterions of 20 normal amino acids in an aqueous solution was investigated with the Density Functional Theory (DFT) method. The metal cations studied included Cd2+, Cu2+, Fe3+, Hg2+, Mn2+, Ni2+ and Zn2+. The quantum chemical information of the above complexes was accurately calculated at B3LYP-D3/def2TZVP level, including stable conformer geometric optimization, the relative Gibbs free energy, binding energy and the charge transfer of the atoms. In addition, the affinities between 20 amino acids and seven heavy metal cations were systematically shown and discussed. The results will be helpful to guide the removal methods of heavy metal cations and reduce the heavy metal pollution in water and soil environments.




2. Computational Details


The Gaussian 09 [15] and Gauss View 5 [16] program packages were used to calculate, visualize and analyze the geometry optimization and frequency calculations of metal cations (Cd2+, Cu2+, Fe3+, Hg2+, Mn2+, Ni2+ and Zn2+), 20 AAs and their complexes (AA-metal cation). First of all, some conformations reported earlier were surveyed, including the conformations in the gas phase, in aqueous solutions with alkali metals [8,9,17]. Second, about 5–8 initial conformations were accordingly generated for each of the amino acid-metal cation binding complexes for initial screening. Finally, 2–5 of the most stable conformations with the lowest energy barriers were obtained. These conformations were used to calculate the complexation process.



B3LYP/6–311++G (d, p) level was applied to obtain relatively stable conformations of the above amino acids-metal cation complexes. Then, the def2TZVP basis set was used to more accurately calculate the quantum chemical information, including geometric optimization and frequency, enthalpy and Gibbs free energy, and the charge transfer of the atoms. The natural population analysis (NPA) was performed to observe the charge transfer in complexes [8]. All complexes optimization took place in aqueous phase with a universal solvation model (SMD), which was able to simulate the water environment around the molecule [18]. Basis set superposition error (BSSE) and the dispersion energy error in the amino acids-metal cations systems were impossible to ignore. So, DFT-D3 was used to compensate the calculation errors of standard DFT, which is currently the generic method used to calculate such interactions [19].



The binding energies (Ebind) of amino acids interacting with metal cations are calculated from the energy difference between the individual molecules (amino acid molecule and the metal cation) and the amino acids-metal cations complexes (Equation (1)). The relative stability of the complexes is determined by the change of the relative Gibbs free energy (∆G) at 298 K, which is calculated by Equation (2), respectively. Furthermore, ∆Gmin represents the most stable structure of Gibbs free energy in different conformers, respectively. Here EAA and Emetal−cation are energies of amino acids and metal cations, respectively. It should be emphasized that the AA here retained the geometries and energies in the complex whose energy was thus different from the fully optimized AA. However, the relative Gibbs free energy (∆G) is calculated by the differences in various conformations of fully optimized AA. This is just an indicator of which binding conformation is more stable. Ebind (indicator of the binding potential) and ∆G (indicator of the stability of AA) are different from each other.


   E  bind   = − [  E  complex   −    E  AA   +  E  metal − cation     ]  



(1)






  ∆ G = ∆  G  complex   − ∆  G  min    



(2)








3. Results and Discussion


3.1. Determining the Most Stable Structure of 20 Amino Acids


Due to the ionization of amino acids in the aqueous solution, the H+ on the carboxyl group of the amino acid backbone easily escapes to the amino group, resulting in the protonated amino group and the zwitterionic AA. Here, the ∆G and geometrical configuration of 20 AAs in natural and zwitterionic forms were explored in Figure 1. Obviously, the ∆G of 20 AAs in zwitterionic state was lower than that of natural AAs, which indicated that zwitterionic AAs were more stable in water. This was consistent with previous studies9 that showed AAs were mainly zwitterionic in the aqueous phase, while AAs were naturally or neutrally present in the gas phase. It was speculated that the abundant presence of amphoteric amino acids (ZW-AAs) in an aqueous solution might be caused by hydrogen bonding. Conversely, ZW-AAs were not stable in the gas phase. What’s more, Gochhayat et al. [20] used the LMOEDA method to calculate the polarization, electrostatic and dispersion energies for each of the hydrated clusters (AAs-water molecules) at MP2/6-311++G (d, p) level. The results indicated that polarization and electrostatic interactions were more positive for the stability of zwitterionic AAs in aqueous solution.



In practice, amino acids were affected by pH to become double cations, double anions, zwitterionic ions, single cations, and single anions. Since an aqueous solution model was simulated in the optimized process, the calculated results were close to the actual water environment of pH 7. The results of geometric optimization (Figure 1a) found that the carboxyl group on the side chain of the acidic AAs lost a H+ due to ionization, while the amino group of the basic AAs seized the H+ in the aqueous solution, forming anionic and cations AAs (Figure 1a), respectively. According to reported studies [21,22,23,24,25,26], most basic amino acids (Arginine, Histidine and Lysine) existed as the form of single cations in water solution at pH 7, as the isoelectric point (pI) of basic amino acids was bigger than seven; most of the acidic amino acids (Aspartic acid and Glutamic acid) existed as the form of single anions in the solution, whose pI was smaller than seven; and the pI of neutral amino acids was close to seven, and most neutral amino acids existed as the form of amphoteric ions in the solution. Therefore, in this study, the geometric structures of AAs in the water environment with pH = seven were optimized and accepted to participate in the complexation process with heavy metal cations at B3LYP-D3/def2TZVP level.




3.2. Structural Characterization of Binary Complexes


3.2.1. Acidic Amino Acids and Metal Cation


For 20 normal AAs, the amino acids with a carboxyl group on the side chain are named as acidic amino acids, such as aspartic acid (Asp) and glutamic acid (Glu). The DFT (B3LYP/def2TZVP/ SMD) predicted the conformations of Asp and Glu in the water solvation model (Figure 2), which were consistent with previous research [27,28].



The calculated results indicated that the complexes of [acidic AAs-metal cation] had two geometric models: salt bridge (SB) mode and charge solvation (CS) mode [9,29]. In the first one, the metal cation bonded to a carboxyl group with negative charge (COO−), liking the Structure [Mn+-AA-01] and [Mn+-AA-03] in Figure 2 (M = Cd, Cu, Fe, Hg, Mn, Ni, Zn; n = 2,3). In the later mode, the metal cation interacted with two carbonyls (C=O), liking the structure [Mn+-AA-02]. In the acidic AA-metal cations complexes, it was observed that the structure [Mn+-AA-02] was the most stable by comparing the ∆G of three configurations (Table S1). Two negatively charged carboxyl groups provided a strong binding force between metal cations and amino acids to form CS mode, which broke through barriers from hydrogen bonds and the molecular chain elongation (Glu had one more carbon molecule than Asp in chain length). The metal cation interacting with two carbonyls (C=O) and amino group (-NH2), a tridentate binding [N, O, O], was the lowest energy structure in the gas-phase in previous studies [30,31,32]. The solvation model made the amino group electropositive and repulsive to metal cations, so that the most stable conformation in this study was the bidentate structure [Mn+-AA-02].




3.2.2. Alkaline Amino Acids and Metal Cation


In the water solution, the zwitterion of alkaline AAs, Arginine (Arg) Histidine (His) and Lysine (Lys), was equipped with an electronegative amino group on the side chain, which took a hydrogen ion from aqueous solution to form a positive amino group (-NH3+).



Two stable structures were obtained by the optimization results (Figure S1) and the ∆G (Table S1). One was the SB mode, in which metal cations symmetrically bonded with two O atoms on the carboxyl group, and the other one was the CS mode, where metal cations only bonded with an O atom. The SB mode was more stable by the ∆G calculation analysis. However, the difference in ∆G between the two structures of alkaline AAs was lower, compared to that of acidic AAs. For instance, the relative energy difference between [Cd2+-Arg-01] and [Cd2+-Arg-01] was about 8 kJ/mol, however, the value of [Cd2+-Asp-01] (SB structure) was about 44 kJ/mol higher than [Cd2+-Asp-02] (CS structure). Similar results were found in other studies. The relative energy of the SB structure was 40 kJ/mol higher than the CS structure in normal Aspartic acid interacting with copper cation [27]. Clark et al. [9] reported that the chelates of the Group 1 metal cations with Lysine generated an increase of 0–8 kJ/mol relative energy from the SB structure to the CS structure.




3.2.3. Hydroxy/Sulfhydryl Amino Acids and Metal Cation Complexes


The hydroxyl group in serine (Ser) and the sulfhydryl group in cysteine (Cys) have more functional groups than glycine, making up more intermolecular hydrogen bonds, which results in the less deformation of complexes and the more stable molecules [28].



In calculated results, the Cys-metal cation and Ser-metal cation complexes had three similar optimized structures (Figure 1). Both [Mn+-AA-01] and [Mn+-AA-03] were SB modes. The difference was that [Mn+-AA-03] had one more hydrogen bond, NH⋯S/O than [Mn+-AA-01]. [Mn+-AA-02] was CS mode, whose metal cations bound with an O atom on the carbonyl and an O/S atom of hydroxyl/sulfhydryl whose metal cations bound with an O atom on the carbonyl and an O/S atom of hydroxyl/sulfhydryl group. In addition, Ser-metal cation complexes had the [Mn+-AA-04] structure, in which the metal cations bound to an O atom on the carbonyl. The ∆G of optimized structures (Table S1) showed that [Mn+-AA-03] and [Mn+-AA-02] were the most stable structures of cysteine and serine, respectively. Khodabandeh et al. [28] reported that the lowest relative energy was obtained at the [Mn+-Cys-03] structure during the interaction of cysteine with Mn2+. In the complexes of [Mn+-Ser-02], the hydroxyl group of the side chain provides more electronegative attraction for the metal cations than sulfhydryl group, so more [Mn+-Ser-02] were obtained in water environment. For the Ser-metal cations complexes, Li+ [33], Na+ [12], K+ [34] and Rb+ [14] preferred the tridentate [N, CO, OH] structure. The zwitterionic AAs made the amino group more electropositive to the resistant metal cation, so the tridentate mode was hardly obtained in the water solvent model in this work. However, an interesting result was found; the [Mn+-Ser-02] became more popular as the radius of the alkali metal increased [14].




3.2.4. Aromatic Amino Acids and Metal Cation Complexes


To explore the influence of the side chain phenyl during the complexation process, phenylalanine (Phe), Tryptophan (Try), and Tyrosine (Tyr) were paid attention to herein. The stable conformers containing both the SB and CS modes were obtained in Figure S1. For the SB mode, metal cations symmetrically bound with the aromatic AAs carboxyl as AA-metal cations complexes, as mentioned earlier. For the CS mode, metal cations interacted with both phenyl and carbonyl groups. In addition, the complexes of Tryptophan with metal cations had another CS mode, [Mn+-Trp-03]. As shown in Figure S1e, the metal cations interacted with the pyrrole in the indole ring and carbonyl.



According to the relative energy results of the conformers (Table S1), the aromatic AA- metal cation conformers preferred the [Mn+-AA-02] structure. In the HOMO calculated results [35], a large number of the highest electron-occupied orbitals appeared at the benzene ring position. The electronegativity of the phenyl group and the carboxyl group together stabilized the metal cations, which was more effective than the carboxyl group alone. However, the phenyl group in the side chain was sometime unfriendly to metal cations. The cations radii were so large that the phenyl group in the CS mode were not able to stop their active trend, resulting in similar energy to the SB mode. For instance, the relative difference in energy was less than 5–10 kJ/mol between [Mn+-AA-01] and [Mn+-AA-02], M=Hg, Cd; AA=Phe, Trp, Tyr. Similarly, the [CO, O−] structures (SB mode) became isoenergetic, especially for K+ and Rb+ in the Group 1 alkali metals [36,37].




3.2.5. Other Amino Acids and Metal Cation Complexes


In total, 10 amino acids were considered and discussed here, including Asparagine (Asn), Glutamine (Gln), Threonine (Thr), Methionine (Met), Proline (Pro), Glycine (Gly), Alanine (Ala), Valine (Val), Leucine (Leu), and Isoleucine (Ile).



Asn and Gln were the amino acids carrying an acyl group, derived from acidic amino acids. Similar to Asp-metal cation complexes, the Asn-metal cation complexes generated four conformers (Figure S2a) and the most stable complex was [Mn+-Asn-02]. The results indicated that the metal cations preferred to simultaneously combine with [C=O] from the amide and carboxyl groups. In addition, an interesting conformer was found. In the structures [Mn+-Asn-04], a CS mode, the metal cations interacted with O and N of the amide group on the amino acid side chains, which made structure stabilities close to SB conformers, [Mn+-Asn-01]. However, the complexes of the Gln-metal cations were different to those of the Glu-metal cations. In Figure S2b, a SB complex and four CS complexes were obtained by being optimized. Due to the extension of the carbon chain, it was difficult for metal cations to interact with the O on the amide group, so that the SB structure (Mn+-Gln-01) and a new CS structure, [Mn+-Gln-03], became more stable (Table S1). Infrared Multiple Photon Dissociation Spectroscopy (IRMPD) and theoretical studies [38] also found that zwitterionic [O,O−] structures (SB mode) were favored for larger cations (K+, Rb+, and Cs+) and that the [N,CO,CO] structures contributed more to smaller cations (Li+, Na+) in the gas-phase.



Two types of conformations, SB structures and CS structures, were found by optimizing the conformers of metal cations with Thr, Met and Pro. However, the [S] CS structure was obtained in the conformer instead of the predicted [SO] CS structure. As described above for hydroxyl and sulfhydryl AAs complexing with metal cations, the stable structures of Thr/Met-metal cation complexes were the CS and SB structures, respectively (Figure S2). The stable structures of the Pro-metal cations complexes were the SB structure. The results indicated that in the zwitterionic Pro the pyridine ring binding to hydrogen ions was less electronegative than the benzene ring, which hindered it from interacting with metal cations. The same low-energy structures were found in gas-phase experiments and theoretical studies. When alkali metals complexed with Thr, Met and Pro, the difference in relative energy values were 0–10 kJ [14,36]. The values were lower than those in a water environment, which showed the more stable and unified structures in solvation models.



The optimized structures of five amino acids without a special functional group, Glycine (Gly), Alanine (Ala), Valine (Val), Leucine (Leu) and Isoleucine (Ile), were shown in Figure S3. The SB structures and the CS structures were obtained by five optimized AAs. Unlike other AAs, Ala, Val and Leu interacted with metal cations generating two CS structures, [NO] structure and [O] structure. Though the most stable structures were SB structures (Table S1), all conformers except the AA-Ni2+ conformers had similar energy values with differences of 6–15 kJ/mol. The reason was most likely that the smallest radius of nickel cation leads to a preference for SB structures over CS structures. The previous studies [14,28] reported that the difference in ∆G was about 5.4 kJ/mol between SB and CS structures in the Lys-Cs+ conformers and Gly, Ala, Val, Leu and Ile were the favorites to bind with alkali metal cations by the SB structures.



As reported earlier [28,36], in the 20 AAs-metal cations complexes structures, the distance of Mn+--O lengthened as the metal cations radii increased. The Mn+--O distance of [Mn+-AA] conformers lengthened in the order Hg2+ > Cd2+> Mn2+> Zn2+> Cu2+> Fe3+>Ni2+. The order of Mn+--O from Hg2+ to Ni2+ was approximately similar to the ionic radii for Hg2+ (1.19 Å), Cd2+ (0.95 Å), Zn2+ (0.74 Å), Cu2+ (0.73 Å), Mn2+ (0.67 Å), Fe3+ (0.64 Å), Ni2+ (0.56 Å), respectively [39]. Obviously, the metal cation radii played an important role in the geometric conformation of complexes.





3.3. The Binding Affinity of 20 Amino Acids with Seven Metal Cations


The quantitative information of affinities between AAs and metal cations can provide a better understanding of the AAs-metal cations systems. The Mulliken charge and Ebind results of 20 AAs-metal cations complexes were obtained by DFT calculation and analysis (Figure S4). It was investigated that the stabilities were closely related to affinities (Ebind) and metal charge transfer (∆QM) in the complexes. For instance, [Mn+-Asp-02], [Mn+-Ala-01] and [Mn+-Tyr-02] structures were not only the most stable structure, but also had the highest Ebind and ∆QM (Figure S4c,d,s).



As for the same AAs, the affinity and charge transfer were positively correlated in AA-metal cations complexes. For example, when Glu interacted with metal cations in [Mn+-Glu-02] mode, the increasing order of ∆QM was as follows: Fe3+ (0.97) > Ni2+ (0.87) > Cu2+ (0.77) > Zn2+ (0.65) > Hg2+ (0.54) > Cd2+ (0.47) > Mn2+ (0.39), which approximately correlated with the Ebind order: Ni2+ (357.6) > Fe3+ (306.9) > Cu2+ (238.7) > Hg2+ (173.8) > Zn2+ (168.5) > Cd2+ (147.3) > Mn2+ (108.7). Small metal cations had better spatial structure and more charge transfer, which was consistent with Lewis-acids nature and led to higher affinity for AAs. Among the Ebind comparisons of 20 amino acids (Figure 3), iron and nickel cations with small radii had obvious advantages in affinities to all AAs. The bond distances necessarily lengthened, resulting in a weakening of electrostatic interactions. Due to the cation radii having increased from 0.70 to 1.67 Å as the Group 1 alkali metals from Li+ to Cs+, the bond energies became weaker between the AA and alkali ions [10]. Similar phenomena [40] have been reported that when the amino acids without aromatic rings or functional groups in the side chain (Gly, Ala, Ile, Leu, and Val) interacted with alkali metals, the interaction energies trended to Li+ > Na+ > K+. However, Mn2+ showed weaker Lewis-acids nature and lower Ebind than other small metal cations in the complexation (Figure 3). The previous studies [41] found that Fe3+, Ni2+ and Cu2+ interacted more easily with the common amino acids than Mn2+.



As shown in Figure 3, the trend of affinity with metal cations was Asp > Glu >Trp > Asn > Thr > Tyr > Ser > Phe > Ile > Cys > Val > Ala > Pro > Leu > Gln > Met > Gly > His > Lys > Arg. Negatively charged carboxyl and benzene rings helped the corresponding amino acid to be more stably complex with metal cations. However, through the comparison of theoretical and experimental binding energies in the gas-phase, Armentrout et al. [42] found that the energy values followed the order Asp < Glu < Asn < Gln, associated with the polarizability of AAs molecular. In this work, the water environment might have an influence on the polarizability of four AAs, leading to the changes in their binding energies.





4. Conclusions


To explain the mechanism of complexation between amino acids and heavy metals, and help effectively remove heavy metals from the environment, the adsorption potential of 20 amino acids with seven heavy metal cations (Cd2+, Cu2+, Fe3+, Hg2+, Mn2+, Ni2+ and Zn2+) was systematically investigated with the DFT method. At the B3LYP-D3/def2TZVP level, the optimized geometry results indicated that the zwitterionic amino acids (ZW-AAs) were abundant in aqueous solutions due to the effects of hydrogen bonds and amino protonation. For AAs with different side chains, the contribution trend of the side chains to heavy metal cation (HMC) affinity was: carboxyl group > benzene ring > hydroxyl group > sulfhydryl group > amino group. AAs were more attractive to metal cations with a smaller radius following the order: Ni2+ >Fe3+ > Cu2+ > Hg2+ > Zn2+ > Cd2+ > Mn2+. The AAs-affinity of Mn2+ was lower than that of other metals due to weak Lewis acid properties. In addition, the order of affinity of all AAs for HMC followed Asp > Glu >Trp > Asn > Thr > Tyr > Ser > Phe > Ile > Cys > Val > Ala > Pro > Leu > Gln > Met > Gly > His > Lys > Arg. Collectively, the present results will provide the basis of guidance for the removal methods of heavy metal cations and reduce the heavy metal pollution in water and soil environments.
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Figure 1. The stable configurations of 20 amino acids in a zwitterionic state (a) and the relative free energies (∆G) of 20 amino acids (b), including zwitterionic states (ZW-AA), left-handed natural AA (L-AA) and right -handed natural AA (D-AA). 
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Figure 2. The optimized structures of [acidic/sulfhydryl/hydroxy AA-metal cation] complexes. AA = Asp (a), Glu (b), Cys (c), Ser (d); the numbers in the figure indicated the hydrogen bond length in a complex molecule, and the distance between the metal cation and the interacting atom; the length in Å. 
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Figure 3. The comparison of the most stable complex binding energies during 20 AAs and seven kinds of metal cation interactions. 
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