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Abstract

:

For decades, the comparison of experimental data with theoretical results in studying the biochemistry of vitamin B12 has been very confusing. While the methylcobalamin cofactor-dependent Methionine Synthase process can undergo unlimited turnovers, and some of the adenosylcobalamin-dependent processes run with close-to-unity equilibrium constants (e.g., with close-to-zero energy barriers), the DFT and QM/MM based on density functional theory, the most used and appreciated methods for calculating the electronic structure of molecules, have been showing a much shorter than experimental-determined Co-N distances in the vitamin B12 cofactors of Co+2 and the inadequate large energetic barriers of their enzymology bioprocesses. The confusion was even larger since some in vitro experimental data showed large barriers to the vitamin B12 cofactor reactions (which in fact play a destructive role in the Methionine Synthase process and which barriers were caused mostly by the influence of the solvents in which the reaction took place). It reached the point where solid contributions to the study of the biochemical processes of vitamin B12 were almost officially questioning the correctness of the experimental determination of the Co-N chemical bond distances in the cobalt(II) cofactors of vitamin B12. Unexpectedly, all the theoretical biochemistry of the vitamin B12 cofactors began to agree with all in vivo experimental data only when they were treated with the MCSCF method, the method that considers the orbital mixing, or in other words, the Pseudo-Jahn–Teller Effect. MCSCF data establish unknown mechanistic details of the methyl radical and hydrogen transfers, the origin of the electronic transfers between bioreagents, and the nature and the relationship between the bioreactions. The Pseudo-Jahn–Teller Effect, e.g., orbital mixing, governs vitamin B12 chemistry in general and provides insight into particular details of vitamin B12-dependent reactions in the human body. It turns out that the DFT or QM/MM based on DFT method theoretical data are incongruent with the experimental data due to their limitations, e.g., the unaccounted-for effects of orbital mixing.
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1. Introduction


A brief history of the research development of vitamin B12 and the most general information about the biochemistry and structure of its cofactors are covered here. During the second half of the 19th century, the study of what later became known as vitamin B12 began with descriptions of cases of pernicious anemia, neuropathy, and megaloblasts as a myelopathy effect in bone marrow. Thomas Addison, William Oster, William Gardner, Paul Ehrlich, and Ludwig Lichtheim [1] were significant individuals involved [1]. These conditions were later determined to be associated with vitamin B12 deficiency. In the early 20th century, effective treatment of pernicious anemia was established by using quantities of liver concentrate (later determined to contain vitamin B12) along with an intrinsic factor contained in gastric juice, with contributions by George Whipple, Edwin Cohn, William Castle, William P. Murphy, and George Minot [2,3,4,5]. Whipple, Murphy, and Minot shared the 1934 Nobel Prize in Physiology or Medicine for their work [5]. Afterward, Alexander R. Todd, Mary Shaw Shorb, and Karl Folkers collaborated to develop an assay to isolate the “anti-pernicious anemia factor” in the liver, naming it vitamin B12. Todd later significantly determined the structure of vitamin B12, for which he received the 1957 Nobel Prize in Chemistry [6,7]. In 1964, Dorothy Hodgkin was awarded the Nobel Prize in Chemistry for using crystallographic techniques to determine the vitamin’s complete structure [7]. Another Nobel laureate, Robert Burns Woodward (in collaboration with Albert Eschenmoser) completed a formal synthesis consisting of 72 stages of cyanocobalamin, a nonactive provitamin form of vitamin B12 in 1972 [8,9].



Vitamin B12 or cobalamin, is the largest and most complex of the 13 vitamins required by humans through consumption to maintain proper physiological health and was extensively studied [10,11,12,13,14,15,16,17,18,19,20,21,22,23,24,25,26,27,28,29,30,31,32,33,34,35,36,37,38,39,40,41,42,43,44,45,46,47,48,49,50,51,52,53,54,55,56,57,58,59,60,61,62,63,64,65,66,67,68,69,70,71,72,73,74,75,76,77,78,79,80,81,82,83,84,85,86,87,88,89,90,91,92,93,94,95,96,97,98,99,100,101,102,103,104,105,106,107,108,109,110,111,112,113,114,115,116,117,118,119,120,121,122,123,124,125,126,127,128,129,130,131,132,133,134,135,136,137,138,139,140,141,142,143,144,145,146,147,148,149,150,151,152,153,154,155,156,157,158,159]. Humans are known to directly use two vitamers of B12 as cofactors in several vital enzymatic processes as well as provitamins that are convertible to active forms; however, numerous other pseudovitamins are not convertible to biologically active forms of B12 for human processes. Numerous bacteria and archaea synthesize vitamin B12. Humans obtain it by eating animal products that require it and thus have accumulated stores of it in their various tissues (especially the liver); plants do not require vitamin B12 for any analogous enzymatic process, so unfermented plants are not good sources of the vitamin. It is a water-soluble vitamin that has a complex and multifaceted absorption pathway requiring numerous proteases, binding proteins, and transport proteins. Vitamin B12 is known to be important for human DNA synthesis, fatty acid metabolism, amino acid metabolism, the nervous system, and the circulatory system. In humans, adenosylcobalamin is known to be a cofactor in a number of enzymatic processes. In particular, it is well known to be a cofactor in Methylmalonyl Coenzyme A Mutase bioprocesses in mitochondria that break down odd-chain fatty acids, certain amino acids, and cholesterol for use in the tricarboxylic acid cycle. The other B12 vitamer that humans are known to use is methylcobalamin. It is a known cofactor for Methionine Synthase that regenerates methionine in the S-adenosylmethionine (SAMe) cycle, allowing for the methylation of nucleic acids, histones, phospholipids, and proteins. In a healthy body, up to 5 mg of vitamin B12 is stored primarily in the liver but also in numerous other tissues. Since the liver can store at least several years’ worth of vitamin B12, individuals are not likely to be deficient unless they primarily have malabsorption conditions or have plant-based diets. Governmental consumption recommendations are consistently in the range of a low to medium amount in micrograms per day (depending on age, sex, weight, and pregnancy status) without a clear indication of any harm from excessive amounts. Vitamin B12 often fortifies food staples and is included in common multivitamin products in its chemically stable cyanocobalamin provitamin form. Since known syntheses consist of many steps and are very low-yielding, industrial production of vitamin B12 relies on fermentation processes involving specific microorganisms.



The methylcobalamin and adenosylcobalamin cofactors are mammals’ only known active vitamers of vitamin B12. All active and inactive forms of vitamin B12 have one cobalt ion as the coordinating center and one corrin ring as the equatorial ligand (Figure 1).



The corrin structure has one lateral chain with dimethylbenzimidazole at the end that can coordinate with the cobalt center as one of two axial ligands [10,11]. The oxidation state of the cobalt ion is equal to +3 and is offset by two negative charges of the corrin ring and one negative charge of a phosphate ion (PO4−) on the lateral chain so that the total charge of vitamin B12 is equal to the charge of the second axial ligand R [12,13,14,15,16]. The vitamin B12 isomer with the dimethylbenzimidazole ligand coordinated with the cobalt ion is referred to as the base-on form, while the isomer with the dimethylbenzimidazole group not coordinated with the cobalt ion is referred to as the base-off form [16,17,18]. In living matter, the dimethylbenzimidazole ligand is replaced in some of the vitamin B12-dependent processes involving Methionine Synthase, Glutamate Mutase, and Methylmalonyl-CoA Mutase with a histidine molecule [11,14,17,18].



A general description of the electronic and geometric structures of the active vitamin B12 forms in solutions has been elucidated by the Schrauzer group [19]. The Schrauzer group, which also addressed the issue of breaking the Co-C bond in the cyanocobalamin provitamin under the influence of thiols and dithiols in biochemical reactions, was one of the first groups of researchers to address the mechanism of bioactivity of a relevant form of vitamin B12 [20,21]. The Schrauzer group also demonstrated the similarity of many vitamin B12 bioreactions with reactions in which vitamin B12 is replaced with cobalt dioxymine, discovering that the central atom of the vitamin B12 forms can be reduced to the +1 oxidation state, becoming very reactive in biochemical reactions [21]. The –CH3 group transfer from methylcobalamin to thiols was elucidated some time afterward [22,23]. Various inorganic chemistry properties, including the cis and trans influences in the vitamin B12 forms, were analyzed by Pratt [23]. Banerjee and colleagues furthered the understanding of the mechanism involving the methylcobalamin cofactor with the Methionine Synthase process. Banerjee proposed that after a preliminary reduction to cob(II)alamin, the S-adenosyl-L-methionine (AdoMet) compound participates in the Methionine Synthase process by reducing the cobalt from a +2 oxidation state to that of +1 [24,25,26]. Banerjee and colleagues also demonstrated that the cobalamin with the central cobalt in the +1 oxidation state transfers the methyl radical from the 5-methyltetrahydrofolate molecule [27,28]. Unlike methylcobalamin, which acts as a cofactor in only one known bioprocess involving Methionine Synthase, adenosylcobalamin [29,30,31] is known to be a cofactor in a whole series of biological processes [32,33,34] in which the structures of several biological substrates change in unusual ways [32,33,34,35,36]. Matthews has studied various methyl transfer reactions with the participation of the methylcobalamin cofactor [37]. The known biochemical processes involving the adenosylcobalamin cofactor do not require the preliminary reduction of the central cobalt oxidation state from +3 to +2 but function in a simultaneous manner. An intermediate product of these processes is thought to be the 5′-deoxy-5′-adenosyl radical, which has not been detected so far in any experiment. A transfer of hydrogen from the substrates along with the breaking of the Co-C bond has also been observed in the adenosylcobalamin cofactor-dependent bioprocesses, which is believed to be confirmed by the impossibility of experimental determination of the 5′-deoxy-5′-adenosyl radical [34,35].



The catalytic mechanisms of the methylcobalamin cofactor-dependent Methionine Synthase process and the various adenosylcobalamin cofactor-dependent processes were partially inferred [38,39,40] and partially demonstrated [41,42,43]; however, many details of these mechanisms and the factors that influence them were unknown [44,45] for many years after initial work to outline many of the general features. Because of this, the international community continued to study these mechanisms both experimentally and theoretically. A major contribution to these studies belongs to the group led by Matthews, which was largely dedicated to determining several aspects of the Methionine Synthase process [46,47,48]. Pratt and Banerjee made continued consistent contributions to the study of the processes involving vitamin B12 cofactors [50,51,52]. The mechanisms of adenosylcobalamin cofactor-dependent processes are more complex [53,54,55,56] and include the transfer of hydrogen from substrates [57,58,59,60,61] as well as breaking the Co-C bond process [62,63,64,65,66]. In addition, the number of bioprocesses [55,66,67,68] requiring the adenosylcobalamin cofactor is much higher (12 bioprocesses attributed at present) [65,69,70,71,72,73,74], so both the number of researchers involved in their study and the number of publications [75,76,77,78,79,80] on these processes are larger [81,82,83,84,85]. Thermodynamics and kinetics [85,86,87] were also a part of the general adenosylcobalamin cofactor-dependent studies. The Co-C cleavage reaction rate constants in the methylcobalamin cofactor and the dependence of the parameters of this reaction on the nature of the solvent were determined by the Savéant and Birke groups [88,89,90]. Interestingly, the catalytic properties of vitamin B12 cofactors [91,92,93,94,95] have been successfully used to catalyze reactions [96,97,98] to obtain certain organic compounds [99]. Theoretical methods [100,101,102,103,104] have been used to study the properties and action of vitamin B12 cofactors in enzymatic processes [105,106,107,108,109,110]. In particular, spectroscopic processes, the trans effect, substrate implication in vitamin B12 bioreactions, and the processes of breaking the Co-C and Co-N axial bonds have been studied [102,111,112,113,114], mainly by using the DFT method [115,116,117,118,119] or by using the QM/MM method, in which the QM part is treated as the DFT method [120,121,122,123,124] by using the models [125,126,127,128,129] of the vitamin B12 cofactors [130,131,132,133]. The authors claimed that the DFT method [134,135,136,137,138] was suitable for studies of vitamin B12 bioprocesses [139,140]. The MCSCF method has been used sporadically [124]. More recently, the CASSCF method was used to determine the role of vitamin B12 cofactors in enzymatic processes [141,142,143,144].



Vitamin B12 bioactivity is necessary for human DNA synthesis [145], red blood cell maturation and maintenance, mammalian cellular metabolism, and a healthy nervous system [146]. Vitamin B12 deficiency leads to weak muscles, numbness or a tingling feeling in the extremities, difficulty walking, nausea, mood changes, depression, memory loss, disorientation, dementia, decreased appetite, weight loss, irritability, lack of energy, skin deterioration, and death in severe cases [147]. Alzheimer’s disease is also connected to vitamin B12 deficiency [148]. Knowledge of the mechanisms of vitamin B12-dependent processes is necessary for the correct application and further development of vitamin B12 treatments for patients with inherent genetic diseases, acquired malabsorption diseases, and diet-related deficiencies [149,150,151,152]. This review is dedicated to the study of the mechanisms involving vitamin B12 cofactors in humans.




2. Experimental Mechanistic Evidence


The experimental data regarding all the biochemical processes of the methylcobalamin and adenosylcobalamin cofactors are presented here. The methylcobalamin cofactor plays a key role in the synthesis of methionine from homocysteine via transferring the methyl radical from the 5-methyltetrahydrofolate. Formally, the process takes place in two stages. In the first stage (Figure 2), the methyl radical is transferred from the 5-methyltetrahydrofolate molecule to the two-electron-reduced cobalamin cofactor. In the second stage, the same methyl radical is transferred to homocysteine, thus forming the methionine molecule. The 5′-deoxy-5′-adenosyl-ligand-radical is one of the most active radicals in all known enzymatic processes within mammals [153]. One of the biochemical sources of the 5′-deoxy-5′-adenosyl radical is the adenosylcobalamin cofactor [153]. Unlike methylcobalamin, which is considered a cofactor in the Methionine Synthase process, the adenosylcobalamin cofactor transforms a whole series of substrates from their common structures into unusual isomers [65]. These isomers further participate in biochemical processes, some releasing small molecules. Depending on the type of isomeric transformation and whether small molecules are removed, these transformations have been divided into skeleton mutase, amino-mutase, and eliminase bioprocesses (Figure 3, Figure 4 and Figure 5). Skeleton mutases are named as such due to the unique modification of the carcass of their carbon atoms. Six adenosylcobalamin-dependent skeleton mutase bioprocesses are currently known: Glutamate Mutase, isobutyryl-CoA mutase, 2-methylene glutarate mutase, Methylmalonyl-CoA Mutase, hydroxybutyryl-CoA mutase, and ethyl malonyl-CoA mutase (Figure 3). Aminomutases are named as such due to the position change of the amine group in the newly formed isomers. Three adenosylcobalamin-dependent aminomutase bioprocesses are currently known: lysine-5,6 amino mutase with the participation of D, L-lysine substrate, lysine-5,6 amino mutase with the participation of the B-lysine substrate, and D-ornithine-4,5 amino mutase (Figure 4). Eliminase processes are named as such due to the elimination of small molecules by the newly formed isomers. Presently, three adenosylcobalamin-dependent eliminase bioprocesses are known: ethanolamine ammonia-lyase, glycerol dehydratase, and propane 1, 2-diol dehydratase (Figure 5).



A common feature of the methylcobalamin and adenosylcobalamin cofactor-dependent bioprocesses is the cycling in the oxidation state of the central cobalt atom from +3 to +1 during their turnovers. In the Methionine Synthase process, the methylcobalamin cofactor is reduced first with one electron. Then, methylcobalamin is demethylated and is reduced with another electron so that the central cobalt ion has a +1 oxidation state. Following the turnover of the Methionine Synthase process in the reverse direction, the methylcobalamin cofactor with +1 charge of the central atom is methylated by a methylating agent, usually a 5-methyltetrahydrofolate system, which is also oxidized with one or two electrons. This concludes the turnover of the Methionine Synthase process (Figure 6).



Unlike in methylcobalamin, the Co-C bond in the adenosylcobalamin is broken in the +3 oxidation state of the central cobalt ion with the participation of the substrates of the adenosylcobalamin cofactor-dependent bioprocesses. This assessment of adenosylcobalamin cofactor-dependent catalysis is not drawn from the concrete experimental data but is deduced from the context of in vivo processes. Several other differences exist between the methylcobalamin-dependent Methionine Synthase process and the adenosylcobalamin cofactor-dependent bioprocesses. The breaking of the Co-C bond in the methylcobalamin cofactor is thought to be heterolytic in nature, while that of the adenosylcobalamin cofactor is thought to be homolytic in nature. Additionally, there is no experimental evidence of substrate involvement in the methylcobalamin cofactor Co-C bond cleavage during the Methionine Synthase process, while substrate involvement in Co-C cleavage in the adenosylcobalamin cofactor is experimentally demonstrated. Furthermore, the Co-C bond cleavage of the methylcobalamin cofactor leads to the +1 oxidation state of the central cobalt ion in the Methionine Synthase process, while the breaking of the Co-C bond in adenosylcobalamin-dependent processes gives rise to the cofactor species with a +2 oxidation state on the central cobalt ion and to the 5′-deoxy-5′-adenosyl radical.



As described above, all the enzymatic processes involving vitamin B12 cofactors have the central cobalt atom cyclically changing its oxidation state between +3 and +1. This served as a starting point for studying the methylcobalamin cofactor mechanism in its dependent biochemical processes by using electrochemical methods such as cyclic voltammetry [88,89,90,154]. As for the adenosylcobalamin cofactor-dependent biochemical processes, cyclic voltammetry was not used due to its more complex processes, which include hydrogen transfer from the substrate to the 5′-deoxy-5′-adenosyl ligand. Lexa and Savéant [88] studied the Co-C and Co-N axial bond cleavage of methylcobalamin under the influence of the central atom oxidation state reduction using cyclic voltammetry. It should be noted that the complete studies were performed only for the cobinamide molecule, promoting the idea that the active particle in the Methionine Synthase process is the base-off version of the methylcobalamin cofactor. Nevertheless, the authors presented a presumed mechanism of the electrolytic process for the Co-C and Co-N axial bond cleavages in the methylcobalamin cofactor molecule (Figure 7a).



Martin and Finke [154] studied the electrochemical process of the methylcobalamin cofactor in more detail. They concluded that the rate of the Co-C cleavage reaction depends largely on the nature of the solvent in which the reaction takes place. Therefore, the authors proposed a mechanism of the Co-C bond cleavage in the methylcobalamin cofactor that introduced a so-called cage in which the reactant particles were coated with a layer of molecules of the solvent used in the experiment (Figure 7b). Finally, Birke and colleagues [89,90] used electrochemical modeling software and experimental electrochemical experiments to study the Co-C cleavage reaction in a number of compounds. These compounds included methylcobalamin cofactor derivatives as well as the methylcobalamin cofactor molecule. They proposed a more sophisticated electrochemical reaction mechanism of the methylcobalamin cofactor Co-C bond cleavage (Figure 7c), in which they took into account both the electrochemical research data mentioned above and the data obtained in their own findings.



Unfortunately, all of the mechanisms deduced from these electrochemical experiments cannot be used to study the more complex process of the methylcobalamin cofactor Co-C bond cleavage in the in vivo Methionine Synthase process due to at least two reasons: 1. Experimental electrochemical processes are severely impaired by the nature of the solvent in which they occur; 2. The mechanisms proposed by the authors of this research were intentionally constructed so that the Co-C bond breaks only in the base-off compound of methylcobalamin, in which the Co-N bond is already missing. This excludes the possibility that the Co-C bond cleavage may occur in the base-on structure of methylcobalamin.



The Co-C cleavage in methylcobalamin and adenosylcobalamin also was studied by using thermo- [155] and photo-chemistry [155,156,157,158,159]. Researchers looked for factors that would promote the breakdown of the Co-C bond in adenosylcobalamin cofactor-dependent processes. Many triggering factors and mechanistic details of Co-C bond cleavage were proposed as a result of these experimental studies. Such effects as axial ligand trans-influence, steric effects, structural strain, and protein influence [74,75,76,77,78,79,80,81,82,83,84,85,86] were proposed as decisive factors in the Co-C cleavage process during the vitamin B12 cofactor-dependent bioprocesses. The research community’s subsequent experimental and theoretical data mostly did not confirm the Co-C bond cleavage mechanisms and the triggering factors. The only confirmed proposed key factor determining the Co-C bond cleavage in adenosylcobalamin cofactor-dependent bioprocesses was the hydrogen transfer from the substrate to the 5′-deoxy-5′-adenosyl ligand [55,66,67,68,69,70,71,72,73]. Although this was deduced in subsequent experimental studies [14,15,16], its role in breaking the Co-C bond in adenosylcobalamin cofactor-dependent processes was not demonstrated experimentally.



Based on the above, the mechanism of vitamin B12-dependent processes can only be schematically determined from experimental data. The details of the methyl radical transfer from 5-methyltetrahydrofolate to the cob(I)alamin cofactor in the first phase of the methylcobalamin cofactor-dependent process were not revealed in experimental data. In its second phase, the transfer of the methyl radical from the methylcobalamin cofactor to homocysteine to obtain methionine cannot be studied in detail via the electrochemical method. Unfortunately, this method also cannot contribute to the in vivo mechanisms determination for several reasons: 1. There is no common opinion among the authors of these studies about the electrochemical Co-C bond cleavage reaction mechanism; 2. There is a dependence of the mechanism and of the constant rate of these electrochemical processes on the nature of the solvent; 3. The mechanistic details of these electrochemical processes were built on the idea that the Co-C chemical bond can be broken only in the case of methylcobalamin’s base-off species, neglecting the case of the base-on methylcobalamin species. Similarly, the details of the Co-C bond cleavage reaction mechanism in adenosylcobalamin-dependent processes cannot be determined exclusively from experimental data. Experimental results have determined that the Co-C bond cleavage takes place and that a hydrogen atom transfers from the substrate to the 5′-deoxy-5′-adenosyl ligand during the adenosylcobalamin processes; however, the relationship between these two was not determined. Is the actual mechanism concerted or stepwise? What is the nature of substrate participation along with the Co-C bond cleavage process? Does the hydrogen transfer from the substrate to 5′-deoxy’-5′-adenosyl-ligand influence the Co-C bond cleavage in the studied bioprocesses? All these mechanistic questions are not and (perhaps) cannot be answered solely by using experimental data. The experimental data must be complemented by theoretical results based on approximations (including credible and correct geometric structural models) appropriate to the nature of the studied vitamin B12-dependent processes.




3. DFT and QM/MM (Based on DFT) Calculations


3.1. General Considerations


A brief history of the DFT and QM/MM method based on density functional theory and the most summary data on the results of theoretical calculations of vitamin B12 cofactors by using these methods are presented in this section. A 1964 paper by Pierre Hohenberg and Walter Kohn [160] laid the groundwork for a revolutionary application of quantum mechanics to physics, chemistry, and biology. It described how multielectronic ground states could be determined by electron density within three geometric dimensions. The practical application of density functional theory (DFT) became possible only at the end of the 20th century following the theoretical development of functionals, basis sets, and the use of computers in DFT calculations. By using fewer computational capabilities, calculations based on DFT began to give much more accurate results than the Hartree–Fock (HF) method and its modifications. Due to this, researchers became enthusiastic about DFT applications in various fields. Here is a lengthy quote illustrating this optimism of the time:




“Density functional theory (DFT) finds increasing use in applications related to biological systems. Advancements in methodology and implementations have reached a point where predicted properties of reasonable to high quality can be obtained. Thus, DFT studies can complement experimental investigations, or even venture with some confidence into experimentally unexplored territory. Many properties can be calculated with DFT, such as geometries, energies, reaction mechanisms, and spectroscopic properties. A wide range of spectroscopic parameters is nowadays accessible with DFT, including quantities related to infrared and optical spectra, X-ray absorption, and Mössbauer, as well as all of the magnetic properties connected with electron paramagnetic resonance spectroscopy except relaxation times. Density functional theory is considered an extremely successful approach for the description of ground-state properties of metals, semiconductors, and insulators. The success of DFT not only encompasses standard bulk materials but also complex materials such as proteins and carbon nanotubes”



[161]





The quantum mechanics/molecular mechanics (QM/MM) method [162] is a different computational method that can and often does incorporate DFT approximation. It was invented to calculate particularly large systems. The central part of the system that is particularly important for the proposed purpose is usually processed by the DFT method (QM for quantum mechanics). Meanwhile, the other less relevant part of the system (usually that of some substrates) is treated through a simpler molecular mechanics (MM) method. The molecular mechanics method is an approach of parametric fitting of the electronic structure, which requires fewer computational resources. In fact, QM/MM (with the QM part based on DFT) is the same methodology as DFT but can possibly use the influence of large substrates on the main computing core, which is usually treated with the same DFT method. Calculations using the QM/MM method basically have results that usually have improved parameters but are along the same theoretical line as the DFT method, hence the increasing enthusiasm for the use of these methods among the wider masses of researchers. Not surprisingly, due to this enthusiasm, most computational studies of electronic structure and vitamin B12-dependent mechanisms were conducted using DFT or QM/MM based on DFT. A large number of properties of cobalamins and of vitamin B12-dependent bioprocesses were studied in this way: the structural properties of cob(I)alamin cofactor [100], the stereoelectronic properties of cobalamins [101], the dissociation energy of the Co-C bond in cobalamins [102,103,104], the analysis of the electronic structure and breaking energy of the Co-C bond in cobalamins [104,125,129,133,134,135], the trans-influence effect in cobalamins [112], the force-field and vibrational analysis in methylcobalamin [106,107], the electronic spectra of cobalamins [114,115,116], the synthesis of methionine from homocysteine [113,114,128], the activation of the Co-C bond in methylcobalamin [120,121,122], the transfer of the methyl radical to cobalamin and the formation of the Co-C bond [125], and the study of the mechanism of the B12-dependent Methylmalonyl-CoA Mutase process and of the adenosylcobalamin cofactor-dependent biochemical processes [132,133,134,135,136,137,138,139,140].



As can be seen in Figure 2, the Methionine Synthase bioprocess consists of two stages. In the first stage, the cobalamin cofactor accepts the methyl radical from the 5-methyl tetrahydrofolate and forms the Co-C bond. In the second stage, the Co-C bond breaks to transfer the methyl radical from the methylcobalamin to the homocysteine molecule by synthesizing methionine. Interestingly, in the case of adenosylcobalamin cofactor-dependent processes, the underlying reaction is similar regarding the cleavage of the Co-C bond. In addition, it should be noted that the Co-C bond is quite strong, and the rate of the in vivo Co-C cleavage reaction is believed to be 12 orders higher than the breaking of the same bond in the in vitro reaction [56,59]. Therefore, the study of the process involving the breaking of the Co-C bond has aroused lively interest in the scientific community studying vitamin B12 cofactors. In principle, the Co-C chemical bond cleavage process can be rationalized in two ways: 1. An SN1 reaction that breaks the Co-C bond without any influence of other molecules or ions; or 2. An SN2 reaction that breaks the Co-C bond as a result of the methylcobalamin cofactor interacting with a substrate.



A remarkable number of authors have studied the Co-C bond cleavage in vitamin B12 cofactors using DFT by following either the SN1 or the SN2 reaction mechanism. Many other DFT calculations of the vitamin B12 cofactors were done but are less relevant to this mechanistic review. These calculations were performed to study properties not directly related to the mechanisms of the vitamin B12 cofactors catalyzed processes. Some such properties were found using: (a) a comparative analysis of the application of different basis sets and functionals with more complex methods of electronic structure calculations; (b) an electronic and vibrational spectra analysis; and (c) minor effects of the influence of the trans effect and side chains on the Co-C bond dissociation process [104,105,106]. Indeed, one can observe that these studies are not particularly relevant to the mechanisms of the vitamin B12-dependent processes and therefore are outside the scope of this paper. Instead, electronic structure calculations of the Co-C cleavage reaction in the methylcob(II)alamin cofactor, for instance, are relevant to studying the mechanisms of the real methylcobalamin and adenosylcobalamin cofactor-dependent processes.




3.2. Calculations Involving Methylcobalamin


A critical analysis of the DFT and QM/MM calculations involving the methylcobalamin cofactor is presented here. According to the experimental data, the methylcobalamin cofactor can exist in two structural compositions: base-on (Figure 8b) and base-off (Figure 8c). It is also known that outside of biological processes, the methylcobalamin cofactor has a central coordinating ion with a +3 oxidation state. It has also been inferred from experimental data that the central cobalt ion in the methylcobalamin cofactor is first reduced by one electron in the Methionine Synthase biochemical process. Therefore, the total energy curves of the Co-C bond-breaking reaction path in the methylcobalamin cofactor following the SN1 reaction mechanism were determined by using DFT calculations for its base-off and base-on species and for the +3 and +2 oxidation states of the central cobalt coordinating ion [126]. In the electronic structure DFT calculations, the axial ligand histidine was replaced with the imidazole ligand, and hydrogens replaced the side chains. The B3LYP functional and LANDL basis sets were used throughout all calculations. As can be seen in Figure 9, the Co-C cleavage reaction for both the base-on and base-off species of methylcob(III)alamin have the highest total energy barriers. According to this indication as well as the experimental data, methylcob(III)alamin would be unlikely to take part in the mechanism involving the Methionine Synthase bioprocess if the Co-C cleavage reaction follows the SN1 mechanism. Of the two species of the methylcobalamin cofactor with the oxidation state of the central cobalt ion equal to +2, the Co-C bond-breaking reaction in the base-off structure has a lower total energy barrier compared to that of the base-on species (Figure 9). Therefore, according to DFT theory, the Co-C cleavage reaction in base-off methylcob(II)alamin would be the most likely when considering the SN1 scenario. The total energy barrier in this case is about 0.7 eV. The Boltzmann population at the level of 0.7 eV at room temperature is equal to only about 1.47 e−12. Therefore, only an insignificant amount of the reagents can be transformed into products during the Methionine Synthase process according to DFT calculations. This contradicts all the experimental data. Either the DFT approximation is inadequate for methylcobalamin cofactor calculations, the SN1 mechanism is inadequate for Co-C bond cleavage during the Methionine Synthase process, or both of these [126]. DFT calculations of the same reaction but with different functional and other basis sets lead to similar results [162], which proves that the functional or basis set is not the cause of the result failing to agree with the experimental data.



Unfortunately, some authors considered these DFT results adequate for in vivo processes, comparing them with in vitro electrochemical experimental data [163]. Indeed, Lexa and Savéant calculated the Co-C bond-breaking reaction barrier in the base-off species from cyclic voltammetry experiments in a 1:1 DMF/1-PrOH solution and found that the value of the energy barrier was equal to about 17 kcal/mol [88]. Since the DFT calculations gave a barrier equal to about 24 kcal/mol, the authors considered that they reached a reasonably good agreement between the DFT and experimental data. Therefore, they concluded that the base-off methylcobalamin cofactor is the active species in the biological processes. This agreement between theory and experiment is doubtful even in the case of in vitro experimental data since the rate constant and therefore the total energy barrier of the Co-C bond cleavage reaction depends strongly on the nature of the solvent [89,90]. For instance, the rate constant of this reaction is greater in DMS solvent than in water by about a thousand times. Therefore, any comparison of an energy barrier found using an unnatural solvent with the natural process is suspect. Furthermore, the choice of the base-off species of methylcob(II)alamin as the active particle in the Methionine Synthase process was based on DFT calculations that showed that the total energy barrier of the Co-C bond-breaking reaction was minimal among various methylcobalamin species. On the other hand, the experimental energy barrier of the Co-C bond cleavage reaction involving the methylcobalamin base-on species in similar conditions (in 1:1 DMF/MeOH solution) was much lower compared to the total energy barrier of the same reaction with the base-off species (having a value of only about 7.6 kcal/mol [90]). Moreover, as experimentally proved [89], the Co-C bond cleavage reaction energy barrier in similar conditions but in 1:1 DMF/1-PrOH solution must have even a lower value when taking into account the dependence of rate constants of this reaction on the polarity of the solvent [89]. DFT shows that the total energy barrier of the Co-C bond cleavage reaction in the base-on species of the methylcobalamin cofactor is higher by about 2 eV compared to the same barrier for the base-off species. In contrast, experimental data show that the total energy barrier of the Co-C bond cleavage reaction in the base-on species of methylcobalamin is lower by about 0.4 eV of the total energy by comparing the same barrier in the base-off species.



Unfortunately, some authors insist that the base-off variant is the only active particle in the Methionine Synthase process based on the DFT results. Numerous DFT calculations counter this assertion. DFT calculations [114,115] and QM/MM [125,128] (based on DFT) electronic structure calculations of the SN2 reaction transfer of methyl radical from methylcob(II)alamin to homocysteine and of methyl radical transfer from methyltetrahydrofolate to cob(I)alamin showed significant total energy barriers [113,114,125,128]. These energy barriers would lead to low and incomplete methyl radical transfers in the Methionine Synthase bioprocess. This is in contrast to the fact that the turnover of this process in the presence of the AdoMet substrate can, in principle, last without limits [141]. It should also be noted that DFT calculations and QM/MM calculations (based on DFT) of methyl radical transfer mechanisms of both the methylcob(II)alamin to homocysteine and that of methyltetrahydrofolate substrate to the cob(I)alamin cannot explain the complete methyl radical transfers in these reactions. According to the experimental pieces of evidence (Figure 6) and the international research community’s general understanding of the Methionine Synthase mechanism, these calculations cannot show the reverse electron transfers that take place during these biochemical processes.




3.3. Calculations Involving Adenosylcobalamin


A critical analysis of the DFT and QM/MM calculations involving the adenosylcobalamin cofactor is presented here. In addition to the numerous methylcobalamin-related calculations discussed above, several authors have performed calculations of the Co-C bond-breaking reaction in adenosylcobalamin-dependent bioprocesses by using the DFT and QM/MM methods [133,134,135,136,137,138,139,140]; however, due to difficulties, DFT and QM/MM (based on DFT) have been used to study the mechanism of the adenosylcobalamin cofactor-dependent processes to a lesser extent. The applications of these methods to the study of the Co-C and Co-N cleavages of adenosylcobalamin generally result in significant [133,134,135,136,137,138,139,140] energy barriers, in contradiction with experimental data that show a close-to-unity equilibrium constant, e.g., with the close-to-zero energy barrier for the Co-C bond cleavage reaction [55,132]. Assumptions that would lessen the energy barrier of these reactions were studied. One such assumption was to consider that the electron reduction of adenosylcobalamin occurred before the catalytic process took place [138]; however, the energy barrier of the Co-C bond cleavage obtained in these calculations was still significant. Moreover, all experimental data show that the reduced adenosylcobalamin species appears only due to its catalytic activity and not beforehand. Another assumption that was considered was that the energy barrier of the Co-C bond cleavage reaction is overcome by the gain in energy in the substrate’s various processes; however, the substrate energy processes were calculated using the MM [132], the energy of which might not be commensurate with the DFT energy due to different theoretical backgrounds. In addition, the QM/MM method inevitably ignores a series of interactions at the boundary between the QM and MM structures, so the total sum of energies is not convincing. On the other hand, the whole system, e.g., all mentioned processes, must work synchronously as a single interactive block to obtain the total energy directly, not separately. Also, factors like the deformation of the corrin ring are not convincing and were not reported or confirmed subsequently by any experimental or theoretical data. Furthermore, the relationship between the Co-C bond cleavage and the hydrogen transfer from the substrate to the 5′-deoxy-5′-adenosyl radical, which takes place in these processes, has not been completely resolved [133,134,135,136,137,138,139,140] by using the DFT or the QM/MM method based on DFT. These inconveniences are explained by the fact that the molecular orbital mixing, e.g., the Pseudo-Jahn–Teller Effect contribution, is crucial for these mechanisms’ reaction behavior. Therefore, the correct determination of adenosylcobalamin reaction mechanisms is beyond the limits of DFT-based methods.




3.4. Summary Considerations


All calculations of vitamin B12 cofactor-dependent processes performed using the DFT or the QM/MM method based on the DFT have failed to explain these bioprocesses or contained problematic issues. It has been shown on several occasions that the Pseudo-Jahn–Teller Effect is very prominent in the vitamin B12 cofactors [126,127,141,142,143,144]. In particular, the explanation for the failure of DFT in studying the vitamin B12-dependent bioprocesses can be drawn from work by Isaac Bersuker [164], who showed that the DFT method could not handle compounds in which Pseudo-Jahn–Teller is prominent. We must mention that the researchers’ enthusiasm toward using the DFT method is indeed based on the amazing qualities of the DFT method, which gave results very close to the experimental ones based on the use of modest computational resources. But any meritorious method has its limits of use. If the orbital mixing is significant and influences the properties of the studied compounds, the DFT method is no longer suitable for their study since it cannot take the orbital mixing into account. We do not know what the results would be if the nature of its scientific foundation were violated and the orbital mixing, which has no scientific basis, was artificially introduced. On the other hand, if these orbital mixings are missing, then all the MCSCF methods would turn into a simple Hartree–Fock method, which produces results less close to the experimental ones than the DFT.





4. Pseudo-Jahn–Teller Effect and MCSCF Calculations: Methionine Synthase Process


4.1. Pseudo-Jahn–Teller Effect and MCSCF Method: General Considerations


The basics of the Pseudo-Jahn–Teller Effect and its relation to the MCSCF method are presented in this section. The idea of the Pseudo-Jahn–Teller Effect, also known as the second-order Jahn–Teller Effect, originates from a 1957 paper by U. Öpik and M.H.L. Pryce [165]. The paper shows that a small splitting of degenerate states can still cause instability in molecular systems connected to the Jahn–Teller Effect if the vibronic coupling between states is strong enough. The theory of instability of molecular systems based on the Pseudo-Jahn–Teller Effect led to contributions by R.F.W. Bader [166], in which formulas related to second-order perturbation theory were developed. Robert L. Fulton and Martin Gouterman introduced the actual notion of the Pseudo-Jahn–Teller Effect [167] in a 1961 paper. However, a correlation between the Pseudo-Jahn–Teller Effect theory and a major observation of its effect on experimental properties was not obtained for a long time. The first person to solve the major physical problem as an observable Pseudo-Jahn–Teller Effect was Bersuker I.B., who revealed the origin of dipolar distortion leading to spontaneous polarizations and ferroelectricity in perovskite-type crystals [168]. Along with Stavrov S.S., he also solved a major biological problem, namely the mechanism of hemoglobin oxygenation, using the Pseudo-Jahn–Teller Effect for the first time [169]. In principle, the modern development and application of the Pseudo-Jahn–Teller Effect belong to Isaac B. Bersuker and coauthors, who explored these effects on molecular systems in several books [170,171] around the turn of the 21st century. The Pseudo-Jahn–Teller Effect was treated primarily as a two-state problem [165,166,167,168,169,170,171].



The development and motivation of the Pseudo-Jahn–Teller Effect is well known and described (for example, in the publications signed by Bersuker I.B.) and can be described shortly as follows [170,171]. Generally, the geometric equilibrium of a molecular system corresponds to the minimum point of the adiabatic potential adiabatic surface, with the first derivative equal to zero and the second derivative being positive if the molecular system does not have degenerate energy levels. At this minimum point, the curvature K of the total energy in the directions of the natural displacements G is equal to KG = (∂2E/∂QG2)o and is positive (K > 0). The total energy of a system is expressed by the general formula E = <ᴪo|H|ᴪo>, where H is the Hamiltonian while ᴪo is the ground state wave function. By introducing the total energy formula into the curvature formula K, we obtain K = <ᴪo|(∂2H/∂Q2)o|ᴪo> + 2<ᴪo|(∂H/∂Q)o|ᴪo’>. Here, the G natural directions are omitted for simplicity. The ᴪo’ is equal to (∂ᴪo/∂Q)o. For clarity, the formula of total energy curvature can be simplified to K = Ko + K’, where Ko = <ᴪo|(∂2H/∂Q2)o|ᴪo> while K’ = −2Σp|<ᴪo|(∂H/∂Q)o|ᴪp >|2/Ep − Eo if we present K’ in terms of the second-order perturbation theory. Here, ᴪp represents the exited states’ wave functions and Ep the exited states’ energy levels. It can be seen that the K value is negative and is all the greater; the smaller the energy Ep-Eo difference, the larger the |<ᴪo|(∂H/∂Q)o|ᴪp >|2 matrix element’s values. If the difference Ep-Eo between the energies of excited states and the ground state is small enough and/or the |<ᴪo|(∂H/∂Q)o|ᴪp >|2 matrix elements are large enough, then the K’ value, which is negative, can transform the general K curvature value of the total energy into a negative value, and the initial minimum energy point turns rather into a saddle point. In this case, the studied molecular system’s initial geometric equilibrium is no longer stable. The Pseudo-Jahn–Teller Effect theory is generally known elsewhere and has been used to explain many phenomena, such as the destabilization of some symmetrical geometric structures, the trans effect in coordination compounds, or multiple spectroscopic data. Unfortunately, this version of the Pseudo-Jahn–Teller Effect analysis suffers from two limitations. First of all, the perturbation of the geometric molecular system must be small enough to allow perturbation theory to obtain formulas that can be used in molecular or crystal structure analysis. Therefore, this development of the Pseudo-Jahn–Teller Effect can only be used to establish deviations in the studied molecular structures from the assumed geometric equilibrium state that are not too large and are usually based on their symmetry, not in the case where the Pseudo-Jahn–Teller Effect leads to breaking or forming new chemical bonds. Secondly, the use of this theoretical development of the Pseudo-Jahn–Teller Effect phenomenon is usually used in the case of systems with only two energy levels, which mix due to this effect. The phenomenon can be studied only at a general qualitative level if several electronic levels are mixed.



In 2002, M.J. Bearpark, L. Blancafort, and M.A. Robb showed that the CASSCF method, based on MCSCF theory, is nothing but the application of the Pseudo-Jahn–Teller Effect at the multistate level [172] due to the multistate orbital coupling during the CASSCF wave function-mixing procedure. The perturbation deviation is also not limited in this case. In principle, these allow the use of the Pseudo-Jahn–Teller Effect through CASSCF method geometry optimization to determine the geometric modifications of the molecular structures, including the structural changes when the breaking or forming of new chemical bonds is taking place.



It has been shown that the Pseudo-Jahn–Teller Effect, for which DFT cannot account, is active in the methylcobalamin cofactor [126]. Indeed, the DFT geometry optimization of the methylcobalamin models does not show any noticeable difference between the geometries of the versions with the +3 and +2 oxidation states on the central cobalt atom. Despite this, the experimental X-ray data show a difference in the lengths of the Co-N axial bonds for the actual analogous vitamin B12 species [10,11,12,13,14,173] (about 2.12 Å for the Co+3 compound and between 2.35 Å and 2.50 Å for a Co+2 compound). On the other hand, the CASSCF geometry-optimization procedure of the same models showed that as the number of electrons and orbitals included in the active zones of the CASSCF method increases, so does the length of the Co-C and Co-N axial bonds. It can be inferred that the cause of such Co-C and Co-N bonds increasing is the strong mixing of the σ and σ* axial orbitals during the CASSCF procedure, i.e., the Pseudo-Jahn–Teller Effect. In this case, it is a two-state effect in which the value of the second-order mixing perturbation term (see Figure 10) is a cause of the geometry destabilization of the calculated model. So, a significant part of the electron density is transferred from the bonding σ HOMO to the antibonding σ* LUMO. Therefore, the lengths of the axial bonds (Co-C and Co-N) are “softened” and lengthened (Figure 10). After reaching the maximum active zone with 13 electrons and 13 orbitals, the Co-C and Co-N bond distances cease to grow [141] during the CASSCF geometry-optimization procedure. This is in full agreement with the experimental data. This demonstrates that the Pseudo-Jahn–Teller Effect largely governs the molecular structure of the one-electron-reduced methylcobalamin cofactor.




4.2. MCSCF: Methylcobalamin and Methionine Synthase Process


The most general information on the MCSCF method is provided here. The Multiconfigurational Self-Consistent Field (MCSCF) [174] procedure is not a new method for calculating chemical compounds. Still, it is one of the most general ones for calculating the electronic structure of the analyzed systems. MCSCF is usually based on the Hartree–Fock (HF) method. It builds a linear combination of configuration state functions in the form of the configuration determinants to express the electronic wave function of a molecule. It is one of the most sophisticated methods of calculating the electronic structure; depending on the approximation used, it uses a huge number of determinants (depending on the size of the active zone taken into account). Note that the DFT and HF methods only use the solution of a single determinant. As a result, the MCSCF method requires extremely large computational resources. Therefore, until recently, it was used mostly with systems of a few atoms. With the development of powerful computational resources, the MCSCF method began to be used with medium-sized compounds but very rarely in the case of larger compounds, such as, for example, vitamin B12 cofactors. The Complete Active Space Self-Consistent Field (CASSCF) method is the first approximation variation of the MCSCF method in which (in the multiconfigurational interaction process) one set of orbitals is used, which are usually responsible for the chemical changes in the calculated compounds. For this reason, CASSCF is likewise usually used with medium chemical compounds and less often in the case of larger compounds, such as Vitamin B12 cofactors.




4.3. The Methyl Radical Transfer from Methylcob(II)alamin to Homocysteine (SN1 Reaction)


The SN1 mechanism of the methyl radical transfer from the methylcob(II)alamin cofactor to homocysteine in the frame of the MCSCF method is analyzed here. As discussed previously, in the first phase of the Methionine Synthase process, the methylcob(III)alamin is reduced by one electron. In the second phase of the process, the Co-C bond cleavage takes place with the transfer of the methyl radical from methylcob(II)alamin particle to homocysteine (Figure 2 and Figure 7). The transfer of the methyl radical from the methylcob(II)alamin to homocysteine can, in principle, take place via an SN1 or SN2 reaction mechanism. The SN1 reaction mechanism first involves breaking the Co-C bond in the methylcob(II)alamin and then transferring the methyl radical to homocysteine via two stepwise reactions, while the SN2 reaction mechanism involves the transfer of the methyl radical from the methylcob(II)alamin directly to the homocysteine during their simultaneous interaction. As a means to compare the two reaction scenarios, geometric optimization was performed at each point of the length of the Co-C bond by gradually shifting the methyl radical Co-C bond length from 2.00 Å to 4.00 Å at equal intervals of 0.1 Å. This was performed by using the CASSCF method, in which an active area of 13 orbitals and 13 electrons was considered [141]. The calculations were performed for both base-on and base-off species models (Figure 8b,c) of the methylcob(II)alamin cofactor. The same active area of 13 wave functions and 13 electrons was used to ensure the integrity of the calculations in terms of the CASSCF total energy barriers of the SN1 reaction [142]. As can be seen in Figure 11, the Co-C bond cleavage reaction has a total energy barrier of about 7.82 eV for the base-off species and about 3.32 eV for the base-on species. Therefore, the total energy barrier value is 4.50 eV lower for the base-on species of the methylcob(II)alamin cofactor compared with that of the base-off species. These results complement the data of in vitro experiments that found that the energy barrier of the Co-C bond cleavage reaction in the methylcob(II)alamin base-off species is much higher than in the base-on species [88,89,90]. There is an agreement on the correct orders of magnitude of the theoretical and experimental energy barriers between these two species even though the in vitro experiments took place in the presence and with the participation of the solvent. On the other hand, the DFT results demonstrate a reversal of the total energy barriers of the Co-C bond cleavage reaction for the base-off and base-on species of the methylcob(II)alamin cofactor. The causes of these erroneous data in the DFT electronic structure calculations of the Co-C bond cleavage reaction in the methylcobalamin have already been discussed above. This demonstrates the inability of the DFT method to resolve the vitamin B12-dependent reactions in which the Pseudo-Jahn–Teller Effect mixing of orbitals takes place [141,143]. The experimental data and MCSCF calculations of the Co-C bond cleavage reaction show that the active particle of the methylcob(II)alamin is not the base-off species but is the base-on species, given that the total energy barrier value of the Co-C bond cleavage reaction of the base-on species is much lower compared to the total energy barrier value of the same reaction in the case of the base-off species (Figure 11).



It should be noted that the Methionine Synthase bioprocess in the presence of the active substrate AdoMet can take, in principle, an unlimited number of turnovers according to experimental data [41]. The CASSCF electronic structure calculations showed that the base-on particle had the lowest total energy barrier of the Co-C bond breaking, approximately equal to 3.32 eV. The Boltzmann population at such an energy level is equal to about 0.367% of the total number of base-on species present in the biochemical medium of the Methionine Synthase process. This means that only 0.367% of the total amount of methylcobalamin base-on cofactor successfully participates in the Co-C bond cleavage reaction in the case of the SN1 reaction mechanism. This starkly contrasts with the experimental data [41], which shows that the Methionine Synthase bioprocess in the presence of the active substrate S-adenosyl-L-methionine (AdoMet) can take, in principle, an unlimited number of turnovers.



Conclusions. Independent methyl radical full lysis from methylcob(II)alamin is not likely to exist in vivo due to the significant energy barriers. Therefore, the SN1 mechanism of the transfer of the methyl radical from methylcobalamin to homocysteine is contraindicated by CASSCF calculations data and is unlikely [141].




4.4. The Methyl Radical Transfer from Methylcob(II)alamin to Homocysteine, SN2 Reaction


The SN2 mechanism of the methyl radical transfer from the methylcob(II)alamin cofactor to homocysteine in the frame of the MCSCF method is analyzed in this section. X-ray experimental methods have shown that a coordinating sphere of Zn+2 contains a series of negative homocysteine radicals in the immediate vicinity of the methylcobalamin cofactor in the Methionine Synthase process [40,44,47]. On the other hand, it has been theoretically demonstrated that these coordinating species are unstable. They modify their geometric structures, releasing the homocysteine-ion-ligand in the immediate vicinity of the upper part of the methylcobalamin [131] cofactor structure, where, according to the common experimental evidence, the Co-C bond is broken, and the transfer of the methyl radical to homocysteine takes place. Not surprisingly, CASSCF calculations show that only the negative homocysteine ion is active in transferring the methyl radical from methylcobalamin to homocysteine [141]. Models (Figure 12), including the methylcobalamin cofactor and the negative ion of the homocysteine (CH3S−), have been used in the CASSCF geometry-optimization procedure with an active area of 13 wave functions and 13 electrons, which guaranteed the integrity of the calculations in terms of the CASSCF total energy value of the used model [141].



In the results of the MCSCF calculations, formally, there is no HOMO and LUMO since the orbital population is fractional. Also, the term “charge transfer” seems inappropriate for analyzing the populations of molecular orbitals. However, considering that the CASSCF method is nothing but the Pseudo-Jahn–Teller Effect [172] and that the Pseudo-Jahn–Teller Effect analysis consists of the use of both the HOMO and LUMO terms and the term “charge transfer”, which means the transfer of electron density from HOMO to LUMO, we will use all these terms. HOMO will mean the highest orbital populated with at least one electron or more, and LUMO will mean the lowest populated orbital with less than one electron density. We will name the other molecular orbitals accordingly, and the term “charge transfer” will have the same meaning as in the Pseudo-Jahn–Teller Effect analysis, i.e., the transfer of electron density from HOMOs to LUMOs here and below. The Co-C bond cleavage reaction is determined in this model by the formation of the two highest occupied molecular orbitals (HOMO2 and HOMO3) and the two lowest occupied molecular orbitals (LUMO1 and LUMO2) from the very beginning of the CASSCF geometry optimization (Figure 13) [141]. As can be seen in Figure 13, the two occupied molecular orbitals (HOMO2 and HOMO3) are formed exclusively from the atomic orbitals of the homocysteine ion model, and the two unoccupied molecular orbitals are formed exclusively from the atomic orbitals of atoms belonging to the methylcob(II)alamin cofactor model. At the beginning of the CASSCF geometry-optimization procedure, HOMO2 and HOMO3 are populated with 1.17 electrons and 1.53 electrons, respectively, and LUMO1 and LUMO2 are populated with 0.83 and 0.47 electrons, respectively. It is very clear that at the beginning of CASSCF geometry optimization, at least one electron is transferred from the homocysteine negative ion substrate to the methylcob(II)alamin cofactor. Thus, the CASSCF calculations [141] fully confirm the experimental data, according to which there is a reverse transfer of one electron from the substrate to the methylcob(II)alamin cofactor (Figure 6) concomitant with the transfer of the methyl radical from the last to the first [36,37]. These values of the electron density transfer from HOMO2 and HOMO3 to LUMO1 and LUMO2 are not only maintained during the CASSCF optimization procedure but are even slightly increased. This demonstrates that the reverse transfer of an electron from the active substrate to the methylcob(II)alamin cofactor indeed takes place. The transfer of an electron from the substrate to the methylcob(II)alamin cofactor changes the oxidation state of the central cobalt atom from +2 to +1 at the beginning of the CASSCF geometry-optimization procedure. As is commonly known, the cobalt ion in the +1 oxidation state coordinates only four ligands, and therefore the penta-coordinated and six-coordinated structures of the methylcobalamin cofactor species are not stable—consequently, the Co-C bond must be cleaved. Indeed, during CASSCF geometry optimization, the Co-C bond distance increases continuously until it becomes fully cleaved. The methyl radical is transferred and completely bound to homocysteine (Figure 14), which becomes methionine [141].



Conclusions. The transfer of an electron from the substrate to the methylcob(II)alamin cofactor triggers the Co-C bond cleavage and the methyl transfer from methylcobalamin to homocysteine. Therefore, the methyl radical transfer from methylcob(II)alamin cofactor to homocysteine is an SN2 non-barrier reaction with a minimum of total energy for its products.




4.5. The N-C Bond Cleavage and Methyl Radical Transfer from 5-methyltetrahydrofolate to Cob(I)alamin


The mechanism of the methyl radical transfer from 5-methyltetrahydrofolate cob(I)alamin in the frame of the MCSCF method is analyzed here. As can be seen in Figure 3 and Figure 6, a second step in the Methionine Synthase process is the transfer of the methyl radical from 5-methyltetrahydrofolate to cob(I)alamin along with the transfer of an electron in the reverse direction. However, the CASSCF calculation of the electronic structure of the common model of 5-methyltetrahydrofolate and the cob(I)alamin cofactor shows a complete lack of orbital mixing or any interaction between reactants. Moreover, no common orbitals are formed between the reagents. It follows that no exchange, correlation, or configuration interactions occur, and only coulombic interactions are possible between them. Therefore, the coulombic interaction must trigger the N-C bond cleavage in the 5-methyltetrahydrofolate molecule and transfer the methyl radical to the cob(I)alamin cofactor. On the other hand, it has been shown that there is a protonation of the nitrogen atom, whose N-C bond must be cleaved in 5-methyltetrahydrofolate during the methyl radical transfer to the cob(I)alamin cofactor [44]. Indeed, the CASSCF calculations show that the nitrogen atom has a pyramidal geometric configuration in exactly the same geometric structure as the NH3 molecule, with a lone pair of electrons on the nitrogen atom. Its protonation is obvious according to generally accepted data. Thus, the protonation of the nitrogen atom is accepted both experimentally and theoretically in the Methionine Synthase process.



The protonated 5-methyltetrahydrofolate is a positive ion, and the value of its charge depends on the number of protonated nitrogen atoms, which are several in the molecule. On the other hand, the cob(I)alamin cofactor has a −2 charge. Therefore, the positively charged protonated 5-methyltetrahydrofolate and the negatively charged cob(I)alamin are attracted to each other as oppositely charged particles. Additionally, the CASSCF electronic structure calculations show that the central part of the cob(I)alamin cofactor carries a charge greater than −2. The 5-methyltetrahydrofolate protonate ion was used to study the influence of the charge of cob(I)alamin and its central −2 charged part on its behavior. The CASSCF calculations of the electronic structure of the 5-methyltetrahydrofolate protonate ion were performed at a distance of 5.00 Å from the −2 charged cob(I)alamin anion. At the beginning of the CASSCF geometry optimization, the 5-methyltetrahydrofolate protonate ion particle begins to move in the direction of the −2 charge. At the same time, the distance of the C-N chemical bond begins to increase abruptly, and the methyl radical becomes more and more isolated from the positive ion of the protonated 5-methyltetrahydrofolate structure. At a distance of about 3.50 Å from the cobalt atom, the N-C bond in the 5-methyltetrahydrofolate protonated ion is completely broken, and the methyl radical is completely dissociated from the 5-tetrahydrofolate particle, so it can be bonded to the cob(I)alamin cofactor molecule. At this distance, the total Mulliken summary charge of the methyl radical atoms becomes equal to +1, thus transferring an electron to the 5-tetrahydrofolate molecule. Interestingly, the more nitrogen atoms are protonated in the 5-methyltetrahydrofolate positive ions, the more abruptly the N-C bond breaks, releasing the methyl radical to the cobalt atom.



Conclusions. The charge of the cob(I)alamin cofactor negative ion perturbs [141] the electronic structure of the 5-methyltetrahydrofolate protonate ion in such a way that under its influence, the C-N bond breaks and the transfer of the positive CH3+ ion to the cob(I)alamin cofactor occurs. This perturbation in the electronic structure of 5-methyltetrahydrofolate protonate ion is under the influence of the −2 charge of the cob(I)alamin ion, and its central part is that of the triggering factor. This leads to the N-C bond cleavage and to the methyl radical ion transfer from the 5-methyltetrahydrofolate protonate ion to the cob(I)alamin negative ion. The C-N bond breaks heterolytically, and the reaction is of the SN2 type. The fact that this transfer takes place in the process of CASSCF geometry optimization demonstrates that the reaction takes place in the absence of a total energy barrier. All these results are in full agreement with the experimental data, according to which the transfer of the methyl radical from 5-methyltetrahydrofolate to the cob(I)alamin cofactor takes place simultaneously with the reverse transfer of an electron (Figure 15).




4.6. The Co-N Bond Cleavage and the Role of the Dimethylbenzimidazole Ligand in the Methionine Synthase Process


The Co-N bond cleavage in the methylcobalamin cofactor under the influence of the substrates in the frame of the MCSCF method is presented here. All experimental results, including X-ray data, show that the dimethylbenzimidazole ligand is only bound to the central cobalt atom in ex situ environments. Instead, within in situ biological environments, the Co-N bond of this ligand is cleaved, and in its place, another ligand (usually histidine) is attached to the central cobalt atom. This phenomenon clearly separates the in vitro from the in vivo experiments involving the methylcobalamin cofactor behavior, which seems very strange at first sight. Therefore, certain factors found only in the natural biological environment led to the breaking of the Co-N bond of the dimethylbenzimidazole ligand. To find these factors, a number of models were constructed that included the electron-reduced methylcob(II)alamin cofactor and two or three biological components presented within the cavity of the methylcobalamin cofactor. These models were used in CASSCF geometry determination to determine the substrates under whose influence would break the Co-N bond in the methylcobalamin cofactor.



CASSCF geometry optimization of models built from the methylcob(II)alamin cofactor and substrates did not lead to a rupture in the Co-N bond except for one, which is presented in Figure 12b [143]. CASSCF calculations showed that most HOMOs have a population of electron density that does not differ dramatically from 1 or 2, while most LUMOs have a population of insignificant value. So, they could not significantly influence the chemical Co-N bond behavior. In contrast, HOMO2 and LUMO (Figure 16) have a population of electron density of approximately 1.72 e− and 0.28 e−, respectively, showing a significant mixture of these two orbitals and an electron density transfer from the first to the second one. It should be noted that the HOMO2 orbital consists only of the atomic orbitals of the substrate. The LUMO orbital is an antibonding molecular orbital formed by the atomic orbitals of the corrin ring and that of the Co-N chemical bond. It turns out that the transfer of electron density from HOMO2 to LUMO leads to a significant weakening of the Co-N bond due to the substrate-to-methylcobalamin electron density transfer. Furthermore, the Co-N chemical bond is the weakest chemical bond in both methylcobalamin and adenosylcobalamin cofactors, with a length of 2.12 Å in in vitro experiments [173,175] and between 2.35 Å and 2.50 Å in in vivo experiments [10,11,14].



These two factors—the transfer of electron density from HOMO2 of the substrate to the LUMO antibonding of the corrin ring and the weakness of the Co-N bond—lead to a rupture in the Co-N chemical bond and the removal of the dimethylbenzimidazole ligand from the central cobalt atom. CASSCF geometry optimization of the one-electron-reduced methylcobalamin cofactor, histidine, and homocysteine joint model (Figure 12b) started at the Co-C and Co-N distances [143] equal to 2.08 Å and 2.35 Å, respectively. From the start and then throughout the CASSCF geometry optimization, the Co-N bond increased continually until reaching a distance equal to 4.00 Å. At this distance, the Co-N bond is completely cleaved so that the further behavior of the dimethylbenzimidazole ligand no longer depends on its interaction with the central cobalt atom but on the interaction with various substrates, which are out of contact with the methylcobalamin cofactor. The mechanism of the Co-N bond cleavage and the removal of the dimethylbenzimidazole ligand from the corrin ring and from the cobalt atom is presented in Figure 17.



At this stage, the central atom of the methylcobalamin cofactor is ready for bonding with the histidine molecule, which plays a dual role: (a) participation in breaking the Co-N bond and removing the dimethylbenzimidazole ligand from the cobalt atom and from the corrin ring; and (b) binding to the cobalt atom so that together they can participate in the Methionine Synthase process. In this context, it seems that the role of the dimethylbenzimidazole ligand is to keep the methylcobalamin cofactor unaltered until the Methionine Synthase process starts and then to serve as an “anchor”, which, due to its interaction with nearby substrates, holds and supports the stability of the methylcobalamin cofactor.



Conclusions. The rupture in the Co-N axial bond and the removal of the axial ligand dimethylbenzimidazole takes place under the joint influence of the histidine molecule on the one hand and of the negative ion of the homocysteine on the other hand. The process of the Co-N axial bond breaking occurs under the influence of HOMO2–LUMO mixing, leading to the electron density transfer from the substrate negative ion atoms to the methylcobalamin cofactor in chemical interpretation. A major role is playing the fact that LUMO represents antibonding molecular π-orbitals composed of the atomic orbitals of the corrin ring and cobalt atom.




4.7. The Role of S-adenosyl-L-methionine (AdoMet) in the Methionine Synthase Process


The reactivation of the inactive cob(II)alamin particles by transferring the methyl radical from AdoMet in the frame of the MCSCF method is presented here. As discussed already, in the presence of the S-adenosyl-L-methionine (AdoMet) substrate, the Methionine Synthase process can, in principle, undergo an unlimited number of turnovers. Undoubtedly, if the AdoMet substrate was excluded from this process, its role in the Methionine Synthase process could be elucidated. Matthew and her group [41] ran the Methionine Synthase process in the absence of the AdoMet substrate to study how the biological environment influences the process. The turnovers of the Methionine Synthase process began at the usual rate but gradually slowed until reaching 2000 total turnovers and halted. The reactive cavity accumulated a significant number of inactive particles of the cofactor with the oxidation state of +2 on the central cobalt atom. One should mention that the experiment took place in a protective atmosphere. Moreover, the experiment occurred in the presence of dithiothreitol, a strong reducing agent that usually neutralizes oxidizing particles in the reactive medium. To explain this situation, the authors assumed that a portion of the cob(I)alamin cofactors are oxidized by flavodoxin back to Co+2 at each turnover. This was a logical hypothesis made in the absence of electronic structure data and was not supported or confirmed by any experimental or theoretical data. To solve this, we must recognize that even though the mechanism of this transfer is SN2, the SN1 mechanism plays a role. The total energy barrier of the Co-C bond cleavage reaction via the SN1 mechanism (Figure 11) is equal to 3.32 kcal/mol for the base-on cofactor compound compared to 7.82 kcal/mol for the base-off cofactor [143]. It has been shown that in biological systems, the relative Gibbs free energy can be approximated to the total energy of the biosystems [176]. The Co-C bond cleavage reaction rate and the methyl radical release are quite low, even in the base-on species of the methylcobalamin cofactor, which has a barrier of 3.32 kcal/mol of total energy. Only about 0.367% of this species has the Boltzmann Gibbs energy distribution at a room temperature of 298.15 K (temperature of the experiment) necessary to participate in this reaction. Thus, 0.367% of these cobalamin particles transform into bioinactive particles in this process during the first Methionine Synthase turnover. Accordingly, 99.633% of the methylcobalamin cofactor base-on particles do not participate in the SN1 Co-C cleavage reaction and are able to participate in the actual SN2 methyl radical transfer reaction from the methylcobalamin cofactor to the homocysteine. This 99.633% of the base-on particles of the methylcobalamin cofactor go through a series of biochemical transformations and collisions until they reach the same base-on structure with the cobalt atom in the same oxidation state and are ready to participate in the second turnover of the Methionine Synthase process. In this second Methionine Synthase turnover, another portion of 0.367% of base-on particles of the methylcob(II)alamin cofactor out of the remaining 99.633% of these particles participate in the SN1 reaction of the Co-C bond breaking and turn into inactive methylcob(II)alamin particles. Thus, in each Methionine Synthase turnover process, 0.367% of the active population of the base-on species of the methylcob(I)alamin cofactor is transformed into bioinactive particles, gradually decreasing the number of available active particles. To calculate the percentage of active particles of the base-on species of methylcob(I)alamin, the formula 1 − (1 − A/100)m = B/100 can be used, where A is the percentage rate per Methionine Synthase turnover, m is the number of turnovers, and B is the total percentage of the inactive methylcob(II)alamin particles. The equation shows that after a number of 2000 of the Methionine Synthase turnovers, a negligible amount of 0.00064% of methylcobalamin particles remain active, and 99.9994% become inactive particles if its total energy barrier is equal to that of the SN1 reaction of the Co-C bond cleavage of the base-on species (3.32 kcal/mol). Accordingly, the whole process becomes practically inactive after 2000 turnovers of the process. This shows that the CASSCF total energy barrier calculations of the Co-C bond-breaking reaction are in total agreement with the experimental data (in contrast with the DFT calculation data). As an illustrative point, if there is a small increase in the total energy barrier of the SN1 reaction to 4.00 kcal/mol., then after 2000 turnovers of the Methionine Synthase process, there would still be a number of active particles of methylcobalamin (equal to about 0.1% of the population) that would be observed in the experiment. All of this leads to the conclusion that the base-on species is the active particle of methylcobalamin in the Methionine Synthase process. Indeed, since the base-off species has an SN1 Co-C bond cleavage, the total energy barrier is equal to 7.82 kcal/mol, then after 2000 turnovers of the Methionine Synthase process, the number of active particles would be equal to 63% of the initial total of particles. Total turnovers would extend past 2000 in this scenario, in total contradiction with actual experimental data.



As shown above, in the absence of the AdoMet substrate, each turnover of the Methionine Synthase process accumulates 0.367% of the base-on particles of cob(II)alamin. This occurs due to the relatively low energy barrier of the SN1 Co-C bond cleavage and methyl radical loss. The accumulated inactive particles are the same base-on species but without the axial -CH3 ligand. To study the role of the AdoMet substrate in the Methionine Synthase process, CASSCF geometry optimization was performed on the AdoMet molecule, its dissociated ion, or its zwitterion along with a model of the cob(II)alamin base-on inactive particle. Both the AdoMet substrate and its zwitterion carry a positive charge and are sulfonic cations, while the AdoMet substrate, which lost a proton, is a neutral compound. Our calculations show that in the case of the interaction of AdoMet particles with those of inactive cob(II)alamin, the intermolecular HOMO and LUMO are formed already at the Co-C (-CH3) distance of 4.00 Å, including the atoms of both reactants with the populations of electron density equal to 1.88 e− and 0.12 e−, respectively, the first having the bonding nature and the second having an antibonding nature. So, the transfer in electron density from the HOMO to the LUMO leads to the weakening in the S-C (-CH3) bond in the AdoMet substrate and to the strengthening in the new Co-C (-CH3) bond in the case of the formation of the new methylcob(II)alamin compound. In the case of the cationic particles of the AdoMet substrate, the coulombic attraction between the cations of the AdoMet substrate and the anion inactive cob(II)alamin particle is added to this HOMO-LUMO interaction. Therefore, the interaction of the AdoMet cation substrate with the inactive particle cob(II)alamin was analyzed (Figure 18) (the interaction between the zwitterion and inactive cob(II)alamin is similar). Figure 18 shows the full structure of the AdoMet cation and a common model, including the AdoMet cation model and the cob(II)alamin inactive particle model. NH2 substituted the benzimidazole in the AdoMet structure in the CASSCF calculations, and the side chains of the cob(II)alamin cofactor inactive particle were replaced with hydrogens (Figure 18b).



As stated above, at the initial Co-C distance equal to about 4.00 Å, the CASSCF calculations show that several mixing common molecular orbitals are formed, two of which are HOMO and LUMO, their nature being intermolecular molecular orbitals with a maximum mixing degree and a significant electron density transfer from HOMO to LUMO (Figure 19). These orbitals include both the S-C bond atoms, which must break to transfer the methyl radical from the AdoMet ion to the inactive cob(II)alamin particle, and the Co-C bond atoms, which should form to revitalize the cob(II)alamin cofactor inactive particle.



The CASSCF geometry optimizations of the studied model at different Co-C distances show that the coulombic interaction determines the movement of the reactants toward each other in the calculated model until the Co-C distance becomes equal to 2.50 Å. Then, the HOMO-LUMO interaction is the factor determining the behavior of the calculated model. The CASSCF geometry optimization of the studied model at the Co-C distances below 2.50 Å shows that the S-C (-CH3) bond increases until it breaches and the new Co-C bond forms in newly formed methylcob(II)alamin active in the Methionine Synthase process. At the same time, the remaining part of the AdoMet substrate moves away from the -CH3 radical until it reaches the S-C distance greater than 4.00 A; that is, the transfer of the -CH3 radical from the AdoMet substrate to the inactive cob(II)alamin particle takes place, forming a new particle of methylcob(II)alamin, which is active in the Methionine Synthase bioprocess. This demonstrates that the reactions of the S-C bond (-CH3) breaking in the AdoMet substrate and the formation of the Co-C chemical bond in the new particle formed by methylcob(II)alamin are concerted reactions and that the process of transferring the -CH3 radical from the AdoMet substrate to the inactive particle of the cob(II)alamin is an SN2-type reaction. Thus, both the coulombic interaction between the negative ion of cob(II)alamin inactive in the Methionine Synthase process and the positive ion of the AdoMet substrate as well as the HOMO-LUMO interaction of their common model leads to the transfer of the -CH3 radical from the second reactant to the first. In the process of the transfer of the methyl radical from the AdoMet substrate cation to the inactive cob(II)alamin particle, the electron density transferred from the HOMO to the LUMO increases, reaching the level of 0.30 e−. The AdoMet positive-ion substrate transfers the methyl radical to the inactive cob(II)alamin particle so that the particle becomes active in the Methionine Synthase process. This is the role of the AdoMet substrate in the Methionine Synthase process. At all distances in the model’s CASSCF geometry-optimization procedures (including the inactive cob(II)alamin particle and the AdoMet-ion-substrate), the structures of the HOMO and LUMO orbitals are reminiscent of the HOMO and LUMO orbitals of the methylcob(II)alamin particle. At the end of the CASSCF geometry-optimization procedures, they become similar to those of the methylcob(II)alamin cofactor species. The formation of these frontier orbitals at the very starting distance of the CASSCF geometry-optimization procedures takes place even if the distance between the reagents is equal to about 4.00 A. This is similar to the behavior of the radical compounds [177,178]. Among other things, it confirms the generally known biochemical activity of the AdoMet substrate to be a methyl radical donor in biochemical processes. The mechanism of the methyl radical transfer from the AdoMet dissociate ion to the cob(II)alamin inactive particle is shown in Figure 20.



The MCSCF electronic structure of the model, which includes the inactive cob(II)alamin base-on particle and the AdoMet positive ion, is similar to the MCSCF electronic structure of the base-on species of the methylcob(II)alamin cofactor. This shows that the oxidation state of the central cobalt atom is +2 throughout the methyl radical transfer reaction from the AdoMet substrate to the inactive cob(II)alamin particle. This also proves that breaking the S-C (-CH3) bond in the AdoMet substrate is homolytic, which explains why the AdoMet substrate does not transfer the methyl radical to the cob(I)alamin cofactor particle, which might be present at this stage of the Methionine Synthase process turnover. Indeed, such an eventual homolytic methyl transfer from AdoMet to cob(I)alamin particle is impossible since the cob(I)alamin particle does not bond with the methyl radical without oxidation of the central Co atom. The coulombic interaction of two interacting structures along with the strong two-state Pseudo-Jahn–Teller Effect, e.g., the mixing of HOMO and LUMO intermolecular orbitals during the interaction of the AdoMet ion substrate with the inactive particle of the cob(II)alamin cofactor, leads to the S-C bond cleavage in the AdoMet ion and creates the Co-C bond in the methylcob(II)alamin cofactor. This transforms the inactive particles of the cob(II)alamin cofactor into active particles of the methylcob(II)alamin cofactor, which are able to participate in the reaction with homocysteine. Furthermore, taking into account that the methyl radical transfer reaction from the positive ion of AdoMet to the inactive cob(II)alamin particle is due to both the coulombic interaction between the reactants and the orbital mixing during the CASSCF geometry-optimization procedure causing it, one can conclude that it occurs in the absence of a total energy barrier.



Conclusions. The AdoMet substrate cation forms several common HOMO and LUMO intermolecular orbitals, with the inactive cob(II)alamine cofactor anion particles starting with distances slightly greater than 4.00 Å. The interaction and proximity of the two oppositely charged systems is caused by two factors: the coulombic interaction between them, which is prevalent at the distances larger than 2.50 Ᾰ, and the mixing of their HOMO-LUMO orbitals, which are prevalent at 2.50 Ᾰ distance between the interaction particles and lower. The structure of the HOMO and LUMO is such that the process of the CASSCF geometry optimization of the inactive particle cob(II)alamin–AdoMet substrate anion common model leads to the breaking of the S-C bond in the AdoMet anion substrate and to the formation of the Co-C chemical bond in the newly formed methylcob(II)alamin cofactor particle. During the mixing of the HOMO–LUMO orbitals, their overlapping led to an impressive electron density transfer of up to 0.30 e− at average distances in the transition model. At the same time that the -CH3 radical approaches the cobalt atom, the remaining part of the AdoMet anion moves away from the same -CH3 radical. When the Co-C bond is formed, the remaining part of the AdoMet ion is at a greater distance than 4.00 Å from the -CH3 radical. Thus, the formation of the Co-C bond in the methylcob(II)alamin cofactor particle and the breaking of the S-C bond in the AdoMet substrate anion are concerted reactions.




4.8. The Complete Mechanism of the Methionine Synthase Process


The complete mechanism of the Methionine Synthase is drawn here. The complete mechanism of the Methionine Synthase process was not fully demonstrated before without taking into account the effect of the AdoMet substrate [141]. Later, this mechanism was successfully updated (Figure 21) [143]. In the above, the mechanisms of all the phases of the Methionine Synthase process, both mechanistically and in terms of the electronic structure of the reagents, are exhaustively laid out. The active particle in the process is the base-on species of the methylcob(II)alamin cofactor. The process needs the AdoMet substrate to have a complete and continuous evolution. All reactions of the Methionine Synthase process are governed by the Pseudo-Jahn–Teller Effect; in other words, by the orbital mixing process of the reagents. All the reactions of the Methionine Synthase process take place in the absence of energy barriers, which explains the development of this process (in principle) of an unlimited number of turnovers. The truth is that the formation of the Co-N chemical bond occurs only if the oxidation state of the central atom is equal to +3, as our DFT calculations show.





5. MCSCF Calculations: Adenosylcobalamin Cofactor-Dependent Bioprocesses


5.1. General Considerations


The model building for adenosylcobalamin-dependent process calculations in the frame of the MCSCF method is analyzed here. The structure of the adenosylcobalamin cofactor is shown in Figure 1, and the different types of adenosylcobalamin cofactor-dependent bioprocesses (Figure 3, Figure 4 and Figure 5) are classified according to the type of reactions that take place in the biochemical environment: skeleton mutase, aminomutase, and eliminase processes. For their CASSCF method electron-structure calculations, the reaction types were classified according to the functional groups of the substrates participating in the bioprocesses: substrates containing participating –COOH groups and substrates containing participating –OH groups [142]. Unfortunately, due to the hasty publication of article 142, two small errors were made by the technical staff. Figure 5 and Figure 8 were mistakenly placed as one instead of the other. So, Figure 5 is actually Figure 8 and vice versa in 142 Instead of “CASSCF HOMO-LUMO surfaces of the 2-methylene-glutarate and the 5′deoxy5′-adenosyl radical common model at the beginning of the hydrogen transfer process.”, it should have said “CASSCF HOMO-LUMO surfaces of the 2-methylene-glutarate and the 5′deoxy5′-adenosyl radical common model at the beginning of the possible reverse hydrogen transfer process in 142. The adenosylcobalamin cofactor-dependent processes in which the substrate contains a –COOH group are Glutamate Mutase, 2-Methylene-glutarate Mutase, Methylmalonyl-CoA Mutase, Ethylmalonyl-CoA Mutase, two Lysine-5,6 aminomutases, and D-ornithine-4, 5 aminomutase bioprocesses. Another bioprocess that belongs to this group is the ribonucleoside triphosphate reductase process, in which the active part is the negative cysteine ion that contains the –COO− functional group similar to –COOH. The remaining bioprocess that belongs to this group is the Isobutyryl-CoA Mutase process, whose substrate contains neither the –OH nor the –COOH group. Instead, the radical of the amino acid valine [87], which contains the –COO− radical resulting from the –COOH group, plays the decisive enzymatic role (Figure 22). The second grouping of adenosylcobalamin cofactor-dependent processes with active substrates containing the –OH functional group includes Hydroxybutyryl-CoA Mutase, Ethanolamine Ammonia Mutase, Glycerol Dehydrate, and Propane-1,2-Diol Dehydrate bioprocesses (Figure 3 and Figure 5).



The –COOH functional group has a pKa value that is usually less than 10. This is approximately equal to the pKa values of the primary alcohols, with the highest pKa value of the alcohols equal to about 18. It is also known that R-NH3+ groups have pKa values equal to about 35. It is also known that a large number of R-NH3+ groups are present in the cavity of vitamin B12 cofactors. So, it can be inferred that the –COOH and –OH groups usually lose a proton to become –COO− and –CO− groups in the biochemical environment of vitamin B12. Therefore, the active substrates of adenosylcobalamin-dependent processes are species that contain either the –COO− group or the –CO− group [142]. Furthermore, during the adenosylcobalamin cofactor-dependent processes, two reactions take place. One reaction is breaking the Co-C bond that releases the cob(II)alamin species with the cobalt atom in the +2 oxidation state. The other reaction is the transfer of hydrogen from the active substrate to the formed 5′-deoxy-5′-adenosyl radical. As discussed previously, the relationship between the two reactions remained unknown for many years. Neither experimental data nor DFT or QM/MM (based on DFT) calculations have yet elucidated this relationship.



To study the behavior of the adenosylcobalamin cofactor in the presence of the active substrates of its dependent processes, CASSCF geometry optimizations were used on the models depicted in Figure 23b,c. In addition to the adenosylcobalamin model, the CH3-COO−− or the CH3-O−− model is also included, corresponding to the two active substrate group types discussed above.



Hydrogens have replaced the side chains in the adenosylcobalamin cofactor model, while the histidine has been replaced with imidazole. Since two adenosylcobalamin cofactor-dependent processes occur during its activity (breaking the Co-C bond and transferring hydrogen from the active substrate to the 5′-deoxy-5′-adenosyl radical), two CASSCF model calculations could be studied. One option was with the hydrogen transfer before breaking the Co-C bond, and another option was after its cleavage; however, only the first calculation option was chosen (Figure 23).




5.2. The Adenosylcobalamin Cofactor-Dependent Bioprocesses with Active Substrates Modeled with CH3COO−


The adenosylcobalamin-dependent processes with the substrates, which can be modeled with CH3COO−, are analyzed below in the frame of the MCSCF method. At the beginning of the CASSCF geometry-optimization procedure, the electronic structure of the adenosylcobalamin cofactor shows that the oxidation state of the central cobalt atom equals +3. The HOMO-LUMO distance is quite large at this oxidation state of the central atom. Thus, orbital mixing is insignificant, e.g., the prominence of the Pseudo-Jahn–Teller Effect is insignificant in such structures. The presence of the substrate transforms the calculated model so that the MCSCF calculation method is necessary. A significant number of the highest molecular orbitals (HOMO1, HOMO2, and HOMO4), which belong only to the atoms of substrates, enter the orbital mixing with the three lowest unoccupied orbitals, which belong exclusively to the adenosylcobalamin atoms. At the beginning of the CASSCF geometry optimization, a significant portion of the electron density (0.34 e-) was transferred from HOMOs to LUMOs (Figure 24). It is known that the Co-C chemical bond decreases its breaking energy as the axial ligand, bound to the central cobalt atom, increases its length [89,90]. Furthermore, the Co-C chemical bond in the adenosylcobalamin cofactor is one of the weakest in this series of compounds. It is obvious that this significant transfer in electron density from HOMO to LUMO orbitals (from the substrate to the adenosylcobalamin cofactor) will increase the Co-C bond distance starting from the beginning of the CASSCF geometry-optimization procedure of the calculated model. The Co-C distance increases continuously throughout the geometry-optimization procedure until about 0.56 e− is transferred from the substrate to the adenosylcobalamin cofactor. Cobalt-coordinating compounds with a +2 oxidation state are known to be more stable if they are penta-coordinated. This explains why during the CASSCF geometry optimization, the Co-C bond distance increases until its cleavage. Between the distances of 2.50 Å and 2.65 Å of the Co-C bond, the electronic structure of the adenosylcobalamin cofactor (Figure 24 and Figure 25) shows that its central cobalt atom converts from Co+3 to Co+2. At this stage, all the highest occupied molecular orbitals and some of the lowest unoccupied molecular orbitals are becoming σ and σ* axial orbitals. HOMO1, HOMO2, and HOMO3 transfer electron density to LUMO1, LUMO2, and LUMO3, i.e., from the substrate to the adenosylcobalamin cofactor. In addition, due to the orbital mixing, this additionally contributes to the Co-C bond breaking, given that all HOMOs and some of the LUMOs are σ-orbitals, causing the σ-σ* Pseudo-Jahn–Teller Effect. The mixing of orbitals also leads to a much lower HOMO-LUMO separation, from about 8.17 eV to about 2.89 eV, which increases the orbital mixing and enforces the Pseudo-Jahn–Teller Effect. This leads to a continuous Co-C bond distance increase during the entire CASSCF geometry-optimization procedure.



In fact, starting with the 2.50 Ǻ and larger distances between the substrate and adenosylcobalamin cofactor model, CASSCF geometry optimization the electronic density transfer increases up to 0.56 e− and more from the first to the second parts of the common adenosylcobalamin–substrate model (Figure 25), stimulating more the Co-C bond cleavage. The Co-C bond distance increases due to the larger charge transfer from the substrate to the adenosylcobalamin compound and the stronger Pseudo-Jahn–Teller Effect. Noticeably, the Co-C bond distance increase is accompanied by a concomitant decrease in the distance between the substrate and the release of the 5′-deoxy-5′-adenosyl radical. In effect, at 3.17 Å of the Co-C bond length, the distance between the substrate and the 5′-deoxy-5′-adenosyl radical becomes equal to only 2.11 Å even if, at the beginning of the CASSCF optimization process, the shortest distance between the closest atoms of the two systems was equal to 5.00 Å. At this distance, the interaction between the substrate and the releasing 5′-deoxy-5′-adenosyl radical becomes so strong that HOMO1, HOMO2, and HOMO3 become 5′-deoxy-5′-adenosyl radical and substrate common molecular orbitals (Figure 25).



Conclusions. The adenosylcobalamin cofactor-dependent bioprocess models CASSCF geometry optimization led to Co-C bond cleavage without an energy barrier. The triggering factor of the Co-C bond cleavage process is the intermolecular electron density transfer from the substrates of the adenosylcobalamin-dependent processes to the adenosylco(III)balamin cofactor itself (Figure 26). The Co-C bond cleavage in studied adenosylcobalamin cofactor-dependent bioprocesses and the hydrogen transfer from their substrates to the 5′-deoxy-5′-adenosyl radical are mutually dependent concerted reactions that are in full agreement with the experimental data.




5.3. The Adenosylcobalamin Cofactor-Dependent Bioprocesses with Active Substrates Modeled with CH3-O−


The adenosylcobalamin-dependent processes with the substrates, which can be modeled with CH3C-O−, are analyzed below in the frame of the MCSCF method. The mechanism of the adenosylcobalamin cofactor-dependent processes, whose active substrates are modeled with CH3-O−, is similar to the above-discussed processes, whose substrates can be modeled [142] with CH3COO−. From the beginning of the CASSCF geometry-optimization procedure, the electronic structure of the adenosylcobalamin cofactor shows that the oxidation state of the central cobalt atom is equal to +3. The Co-C bond is stable without interaction with the substrate. The HOMO-LUMO separation is too large for orbital mixing to be significant in the absence of the substrates. When substrates are introduced, HOMO1, HOMO2, and HOMO4, which belong to the atoms of the substrates, enter the orbital mixing with three LUMOs, which belong to the adenosylcobalamin cofactor in the adenosylcobalamin cofactor–substrate model. An amount of electron density (0.31 e−) transfers from HOMOs to LUMOs at the beginning of the CASSCF geometry optimization (Figure 27). It is known that the Co-C chemical bond decreases its bond-breaking energy as the length of the ligand, which is bound to the central cobalt atom in compounds similar to vitamin B12 cofactors, increases [89,90]. It is also known that the Co-C chemical bond in the adenosylcobalamin cofactor is one of the weakest in the group of compounds. It is obvious that this significant transfer of electron density from HOMOs to LUMOs (from the substrate to the adenosylcobalamin cofactor) would increase the Co-C distance from the beginning of the CASSCF geometry-optimization procedure of the calculated model. Then, the electronic structure of the adenosylcobalamin cofactor (Figure 27) shows that its central cobalt atom converts from Co+3 to Co+2. Cobalt-coordinating compounds with a +2-oxidation state are known to be more stable if they are penta-coordinated. This central atom oxidation state conversion leads to an even faster increase in the Co-C distance in the CASSCF geometry-optimization procedure. At this stage, all the highest occupied molecular orbitals and some of the lowest unoccupied molecular orbitals are becoming σ and σ* axial orbitals. HOMO1, HOMO2, and HOMO4 transfer electron density to LUMO1, LUMO2, and LUMO3, i.e., from the substrate to the adenosylcobalamin cofactor. Mixing orbitals contributes to breaking the Co-C bond; all HOMOs and some of the LUMOs are σ-orbitals, causing the σ-σ* Pseudo-Jahn–Teller Effect. The mixing of orbitals also leads to a much lower HOMO-LUMO separation, moving from about 7.68 eV to about 3.21 eV, which in turn increases the orbital mixing and the Pseudo-Jahn–Teller Effect’s influence on the Co-C bond cleavage process. All of this leads to a continuous Co-C bond distance increase during the entire CASSCF geometry-optimization procedure.



Additionally, with the increasing distance between substrate and adenosylcobalamin cofactor model, during the CASSCF geometry optimization- the transferred electronic density from the substrate to the adenosylcobalamin is increasing up to 0.60 e− and more stimulating the Co-C bond cleavage. Noticeably, the Co-C bond distance increase is accompanied by a concomitant decrease in the distance between the substrate and the release of the 5′-deoxy-5′-adenosyl radical. At the 3.05 Å of the Co-C bond length, the distance between the substrate and the released 5′-deoxy-5′-adenosyl radical becomes equal to 1.86 Å even if, at the beginning of the CASSCF optimization process, the shortest distance between the closest atoms of the two systems was equal to 5.00 Å. At this distance, the interaction between the substrate and the released 5′-deoxy-5′-adenosyl radical becomes so strong that HOMO1, HOMO2, and HOMO3 become 5′-deoxy-5′-adenosyl radical and substrate common molecular orbitals (Figure 27). The hydrogen transfer from the substrate to the 5′-deoxy-5′-adenosyl radical is facilitated. Thus, the process of transferring hydrogen from the substrate to the 5′-deoxy-5′-adenosyl radical is conditioned by the reaction of the Co-C bond cleavage and vice versa. The whole process is schematically demonstrated in Figure 28.



Conclusions. The adenosylcobalamin cofactor-dependent bioprocess models of CASSCF geometry optimization led to Co-C bond cleavage without the energy barrier. The triggering factor of the Co-C bond cleavage process is the intermolecular electron density transfer from the substrates of the adenosylcobalamin-dependent processes to the adenosylco(III)balamin cofactor itself. The Co-C bond cleavage in the studied adenosylcobalamin cofactor-dependent bioprocesses and the hydrogen transfer from their substrates to the 5′-deoxy-5′-adenosyl radical are mutually dependent concerted reactions.




5.4. The Nature of the Hydrogen Transfer from the Substrates to the 5′-Deoxy-5′-Adenosyl Radical


The transfer of a hydrogen from the substrate to the 5′-deoxy-5′-adenosyl radical is analyzed here through the prism of existing theories based on the MCSCF results. It has been postulated [73] that there is a tunneling nature in the hydrogen transfer from the active substrates in the adenosylcobalamin cofactor-dependent processes to the 5′-deoxy-5′-adenosyl radical. The research community recognizes hydrogen tunneling as a widespread but complex effect [179]. Several theories have been set forth to explain this phenomenon, ranging from the semi-classical theory of transition states to the theories of quantum mechanics [179,180]. Hydrogen tunneling has been evaluated with the help of the Pseudo-Jahn–Teller Effect [181]. In general, quantum tunneling is a phenomenon in which the energy barrier of its transfer reaction has a much higher value than the sum of the energy values of the tunneling reaction components. Quantum tunneling requires that the wave function of the system under consideration must propagate throughout an energy barrier. Therefore, the semi-classical theory of transition states does not fit the general features of this phenomenon [179,180].



The total energy barrier of the common model, including each substrate of all adenosylcobalamin cofactor-dependent bioprocesses and the 5′-deoxy-5′-adenosyl radical, was determined using the CASSCF method with 10 electrons and 10 orbitals in the active zone and the 6-31G** basis set for all atoms [142]. According to quantum mechanics, the crucial condition accompanying a tunneling transfer is the propagation of the wave functions of the compounds in the space between the systems participating in the tunneling transfer. Interestingly, hydrogen transfer in all adenosylcobalamin cofactor-dependent biochemical processes occurs under similar conditions. Also, the electronic structures of all substrates that participate in the process, in terms of hydrogen transfer from each of them to the 5′-deoxy-5′-adenosyl radical, are similar. So, only one common model will be discussed here: the 1,2-propanediol and the 5′deoxy-5′-adenosyl radical. The HOMO and LUMO surfaces at the beginning of the hydrogen transfer process are depicted in Figure 29. First, it is important to note that both HOMO and LUMO are composed of the orbitals of atoms, which are involved in the transfer of hydrogen from one system to another, despite the fact that the carbon atoms between which the transfer of hydrogen takes place are greater than 4.00 Å apart. A second, no less important aspect is that the wave functions are located in the space between those carbons where the hydrogen transfer occurs. Both these particularities of HOMO and LUMO orbitals of the calculated systems strongly point to the tunneling nature of the hydrogen transfer from one system to another.



It is interesting to explore whether hydrogen transfer from the substrate to the 5′-deoxy-5′-adenosyl radical is reversible (more specifically, to explore whether the reverse transfer from the hydrogenated 5′-deoxy-5′-adenosyl radical to the dehydrogenated substrate is possible through the tunneling effect). Figure 30 shows the surfaces of the HOMO and LUMO for the de-hydrogenated 2-methylene-glutarate substrate and the hydrogenated 5′deoxy-5′-adenosyl radical common model at the beginning of the possible reverse hydrogen transfer process. As can be seen from Figure 30, the HOMO and LUMO of these compounds only include the atomic orbitals of the atoms situated away from the hydrogen transferring zone and do not include the atomic orbitals of the atoms, which would be directly involved in the reversible transfer of hydrogen from the hydrogenated 5′deoxy-5′-adenosyl radical to the de-hydrogenated 2-methylene-glutarate substrate. Obviously, the HOMO and LUMO of these compounds are situated away from the space where the reverse hydrogen transfer would occur.



This evidence strongly refutes the possibility of a reverse hydrogen transfer through quantum mechanical tunneling effects. In conclusion, an irreversible hydrogen transfer from substrates of the adenosylcobalamin cofactor-dependent processes to the 5′-deoxy-5′-adenosyl radical takes place in full accordance with the experimental data.



It is relevant to discuss the possible presence of the Pseudo-Jahn–Teller Effect in the two systems just analyzed. We previously discussed the HOMO and LUMO surfaces of the 1,2-propanediol and the 5′-deoxy-5′-adenosyl radical common model at the beginning of the hydrogen transfer process between them (Figure 29) as well as the HOMO and LUMO surfaces of the de-hydrogenated 2-methylene-glutarate substrate and the hydrogenated 5′deoxy-5′-adenosyl radical common model (Figure 30) at the beginning of the hypothetical reverse hydrogen transfer process. In the case of direct transfer from the substrate to the 5′-deoxy-5′-adenosyl radical, the HOMO and LUMO orbitals are very similar. However, the HOMO is a bonding orbital and the LUMO is an antibonding orbital (Figure 29). Their orbital mixing during the CASSCF procedure is at the maximum level, and the electron density transfer is also maximum so that both orbitals are populated with almost an entire electron. Therefore, the two-state Pseudo-Jahn–Teller Effect is extremely prevalent. It strongly contributes to the hydrogen bond breaking and to the formation of another hydrogen bond. On the other hand, in the case of a hypothetical reverse transfer from the hydrogenated 5′-deoxy-5′-adenosyl radical to the de-hydrogenated substrate, the HOMO and LUMO orbitals are not similar. They are not similar bonding and antibonding orbitals that would include the atoms involved with hydrogen transfer. Their orbital mixing during the CASSCF procedure is at the minimum level, and the electron density transfer from one to the other is also minimal and insignificant. So, the HOMO is populated with about two electrons, and the LUMO electron density population is close to zero. Therefore, the Pseudo-Jahn–Teller Effect is not present in the common model of the possible reverse hydrogen transfer and does not contribute to the hydrogen bond cleavage process.



Conclusion. An irreversible tunneling transfer of hydrogen occurs from the general point of view of quantum mechanics and from the Pseudo-Jahn–Teller Effect’s perspective between the substrates of adenosylcobalamin cofactor-dependent processes and the 5′-deoxy-5′-adenosyl radical released during the Co-C bond cleavage process, in full accordance with the experimental data.




5.5. The Co-N Bond Cleavage in the Adenosylcobalamin Cofactor


The Co-N bond cleavage analysis of the adenosylylcobalamin cofactor under influence of the substrates in the frame of the MCSCF method is presented here. As shown above, experimental data, including X-rays of biological materials [10,11,14], show that the dimethylbenzimidazole ligand is replaced by the histidine ligand in the adenosylcobalamin cofactor before the real adenosylcobalamin Glutamate Mutase and Methylmalonyl-CoA Mutase processes start (Figure 31). The question not only regards how histidine binds to the central cobalt atom if it has a free coordinating site; it mostly regards how this free site appears and how the Co-N axial bond in the adenosylcobalamin cofactor is cleaved, removing the dimethylbenzimidazole ligand from the central cobalt atom. In all X-ray data of ex situ non-biological materials, this bond and the dimethylbenzimidazole ligand are always present. Therefore, only in in situ biological materials is the Co-N bond cleaved. To investigate this situation, the substrates present in the adenosylcobalamin cavity must be taken into CASSCF geometry optimizations similar to how the study of the breaking of the Co-N bond in the methylcobalamin [143] cofactor in advance to the Methionine Synthase process has been studied. As can be seen in Figure 32, the common feature of the Glutamate Mutase and Methylmalonyl-CoA Mutase processes’ substrates is the -COO− active group. Therefore, CASSCF calculations have used the models comprising the adenosylcobalamin cofactor model, the histidine molecule, and the CH3COO− structure (which model the active substrates in the processes on the adenosylcobalamin cofactor-dependent Glutamate Mutase and Methylmalonyl-CoA Mutase bioprocesses) (Figure 33).



CASSCF geometry optimizations of the structures, which model the initial stage of the adenosylcobalamin cofactor-dependent processes (Figure 33) with the substrates modeled by CH3COO− are similar to the CASSCF geometry optimization of the initial stage model in the Methionine Synthase process (see above) but with some particularities.



Their CASSCF electronic structures showed that three HOMOs and three LUMOs (Figure 34) are involved in the orbital mixing effect, in contrast to the initial step in the Methionine Synthase process model, in which only HOMO2 and LUMO showed a significant orbital mixture. It should be noted that the HOMO1, HOMO2, and HOMO3 orbitals consist only of the atomic orbitals of the substrate, and the LUMO1, LUMO2, and LUMO3 orbitals are antibonding molecular orbitals that are formed by the atomic orbitals of the corrin ring and of the Co-N chemical bond atoms (Figure 34). The population of the total electron density of the HOMO1, HOMO2, and HOMO3 orbitals is equal to 1.73 e- in the case of the model in Figure 33. At the same time, the population of the total electron density of the orbitals LUMO1, LUMO2, and LUMO3 is equal to 0.27 e-.



It turns out that the transfer of electron density from three HOMOs to three LUMOs leads to a significant weakening in the Co-N bond in the model studied of the Glutamate Mutase and Methylmalonyl-CoA Mutase adenosylcobalamin cofactor-dependent bioprocesses. On the other hand, the Co-N chemical bond is the weakest chemical bond in the adenosylcobalamin cofactor, with a length of 2.24 Å in in vitro experiments [175] and between 2.35 Å and 2.50 Å in in vivo experiments [10,11,14,182]. These two factors lead to the rupture in the Co-N chemical bond and the removal of the dimethylbenzimidazole ligand from the central cobalt atom. CASSCF geometry optimization of the adenosylcobalamin cofactor, histidine, and substrates joint model (Figure 31) starts at the Co-C and Co-N distances of 2.03 Å and 2.30 Å, respectively, in accordance with the X-ray data for in vivo compounds [10,11,14]. From the beginning and during CASSCF geometry optimization, the Co-N bond increased continually until reaching a distance equal to 4.00 Å. At this distance, the Co-N bond is completely cleaved, and the dimethylbenzimidazole ligand is completely removed from the central cobalt atom so that the further behavior of the dimethylbenzimidazole ligand no longer depends on its interaction with the central cobalt atom. Its behavior is determined by its interactions with other substrates, leading it to the location shown in the X-ray diffraction data [10,11,14]. In this new location, the dimethylbenzimidazole ligand supports the position of the whole molecule of the adenosylcobalamin cofactor. The mechanisms of the Co-N bond cleavage and the removal of the dimethylbenzimidazole ligand from the corrin ring and from the cobalt atom are presented in Figure 35.



The role of dimethylbenzimidazole in the adenosylcobalamin-dependent processes, whose substrate is modeled by the CH3COO− model, is to preserve the coordinate site ready for the histidine molecule until the onset of adenosylcobalamin cofactor-dependent processes and to support the stable position of this cofactor during these processes.



It must be said that the histidine molecule and the dimethylbenzimidazole ligand have a well-developed structure of π orbitals, which allows them to interact by forming π–π Wander Wals bonds, keeping them at approximately 4.00 A from each other throughout the geometry-optimization procedure until the C-N bond breaks completely. Interestingly, this interaction lasts only during the Co-N bond-breaking reaction. At distances of 4.00 A and greater in this bond, the histidine molecule and the dimethyl benzimidazole ligand do not interact, and their behavior becomes independent. It is obvious that as a result of this fact, the subsequent behavior of the dimethylbenzimidazole ligand depends only on its interaction with other substrates present in or near the adenosylcobalamin cofactor. As a result of these interactions, it can move away from this cofactor by positioning itself in the environment of other substrates, or it can bind again to the cobalt atom. Our DFT calculations show us that this choice is free because the formation of the Co-N bond is unhindered because the oxidation state of the cobalt ion is +3, and its movement among the substrates also does not encounter energy barriers. The histidine molecule has the same possibilities. Depending on the energy gain, one will unite with the cobalt atom, and another will settle among other substrates. Priority will be the position, leading to a lower total energy than the other.



A system that would include all the substrates near the adenosylcobalamin cofactor is enormously large and does not allow its calculation via the MCSCF method at this moment, especially since the experimental data on the state of this large system is still insufficiently studied experimentally for most of the 12 enzymatic processes dependent on the adenosylcobalamin cofactor. Fortunately, in the case of the Glutamate Mutase and Methylmalonyl-CoA Mutase processes, there are structural data [11,14] that show that in the case of these two bioprocesses, the most convenient state is the one in which the histidine molecule becomes the ligand of the cobalt atom. The dimethylbenzimidazole ligand interacts with other substrates in the area, moving away from the corrin ring and the cobalt atom and settling between those substrates. Interestingly, any substrate containing the COO− group can influence the adenosylcobalamin cofactor with the histidine molecule in the same way, according to the calculation model used by the author. In conclusion, the adenosylcobalamin cofactor in Glutamate Mutase and Methylmalonyl-CoA Mutase bioprocesses, which are active in the human body, lose their dimethylbenzimidazole axial ligand in the preliminary phase of the enzymatically active act.



Conclusions. The rupture in the Co-N axial bond and the removal of the axial ligand dimethylbenzimidazole take place under the joint influence of the histidine molecule and of negative ion of each bioactive substrate, which is participating in the enzymatic process. The process of the Co-N axial bond breaking occurs under the influence of partial electron density transfer from the highest occupied molecular orbitals of HOMO1, HOMO2, and HOMO3, which are composed only of the atomic orbitals of the negative ion atoms of the substrates to the lowest unoccupied molecular orbitals of LUMO1, LUMO2, and LUMO3, which represent antibonding molecular π-orbitals composed of the atomic orbitals of the corrin ring and dimethylbenzimidazole ligand.





6. The Disposal of the Toxic Organic Halides under the Catalytic Influence of Vitamin B12


The cleavage of the C-Hal bond in toxic organic halides under the influence of the cob(I)balamin cofactor in the frame of the MCSCF method is analyzed here. A large problem in modern society is organic halide compounds, which over the years have accumulated in all components of the environment, like soil and water basins, etc., in extraordinary quantities [183,184,185,186] in all countries, including the US [187]. Due to the toxicity of these compounds to animals, including humans, a decline in many fish and animal species has been observed [188]. The situation is much more complicated if we consider that these compounds are carcinogenic [189]. Reducing agents have been shown to be active in organic halides [185,189,190,191,192,193,194,195]. DFT calculations [196] showed that this is because the LUMOs of these compounds are antibonding orbitals containing the C-Hal bond orbitals, and their decomposition is sequential.



The direct action of vitamin B12 [195] or its action through microorganisms [197,198,199,200,201] leads to a degradation in organic compounds of different structures and compositions [202,203,204]. Interestingly, their mechanism of action is similar, assuming that it occurs when an electron passes from the cofactor cob(I)alamin of vitamin B12 to the molecules of organic halide compounds. In the case of organohalide-respiring microorganisms, this takes place in the process of using the energy of the decomposition of organic halide compounds for their growth and development [205,206,207,208,209]. When studying the action of Dehalococcoides bacteria, it was demonstrated that the active agent is the cofactor cob(I)alamin [205,206,207,208,209]. The decomposition process of organic halide compounds under the influence of Dehalococcoides mccartyi strain CBDB1 [199,209,210] was studied by using the DFT method. To explain the process of decomposition of organic halide compounds under the influence of the cofactor cob(I)alamin, the donor–acceptor method was used [199,200]. Unfortunately, the donor–acceptor process with the direct participation of HOMO and LUMO cannot be modeled by using the DFT method, so this process was studied in more depth using the MCSCF method [211]. Common models (Figure 36) of the cofactor cob(I)alamin and organic halide compounds, 3,5-dibromo-4-hydroxobenzoic [201] acid, 3-bromo-4-hydroxobenzoic acid [201], and 1,2-dichloroethene [198], for which there are experimental data on decomposition under the influence of vitamin B12, were used for the calculations. Hydrogens substituted the side chains, while OH−situated more than 10 Å far from the calculated models was used for substituting the =HPO4− group, balancing the total charge of the calculated models. The reactants were in an almost or completely perpendicular position to the organic compound halide on the corrin ring at approximately 4.00 Å from each other (Figure 36).



At the beginning of and during the geometry-optimization procedures in all models, intermolecular orbitals were created, the surfaces and the electron populations of which are shown in Figure 37. The electron density of the other molecular orbitals is insignificant in the active zone of the CASSCF procedures and cannot influence the behavior of the calculated models. These orbitals are formed by mixing the HOMO of the cob(I)alamine cofactor with the LUMO of the organic halide compounds, which is calculated in the approximation of single-determinant methods. Given the fact that their electronic population comes completely from the HOMOs of the vitamin B12 cofactor, it is obvious that their mixture with the LUMOs of halogenated organic compounds leads to the transfer in electron density from the former to the latter. Given the fact that these intermolecular orbitals are antibonding for C-Hal bonds from the organic halide compounds, they weaken and break during the geometry-optimization processes.



Indeed, the C-Hal connection increases during the geometry-optimization procedures until it breaks the heterolytic, releasing a negative ion of halogen, which binds the cobalt atom via the van der Waals force, while the other part of the organic halide molecule moves away from the halogen ion up to distances greater than 4.00 A. The van der Waals bond of the negative halogen ion turns into a chemical bond when the oxidation state of the cobalt ion changes from +1 to +2 or +3. These results are in agreement with the experimental data [199,202]. The catalytic processes of halogen ion transfer from organic halide compounds to the cofactor cob(I)balamin are shown in Figure 38, Figure 39 and Figure 40.



It must be said that breaking the C-Hal bond. occurs in organic halide molecules only if they interact with the central cobalt atom of the cofactor cob(I)alamin through one of its halogen atoms in a perpendicular or quasi-perpendicular manner to their position on the corrin ring plane. In all other cases, when they do not interact directly with the cobalt atom through its halogens or are parallel or quasi-parallel on the corrin ring plane, their interaction with the cofactor cob(I)alamin is much weaker.



Conclusions. The cleavage of the C-Hal bond in toxic organic halides and their disposal occurs under influence of the electron density transfer from HOMOs of the cob(I)alamin cofactor to the antibonding LUMOs of the toxic organic halides.




7. Concluding Remarks


The general mechanism of the vitamin B12 cofactor-dependent bioprocesses was established from the experimental data. The electronic structure calculations, based on the DFT and QM/MM method (based on DFT), found that the energy barrier of the Co-C bond cleavage is lower in the case of the base-off species of the methylcobalamin cofactor, which is in flagrant disagreement with the experimental data. This leads to the erroneous conclusion that the methylcobalamin base-off species is the active particle of the Methionine Synthase process. On the other hand, the high total energy barriers of the Co-C bond cleavage (one of the crucial reactions in all vitamin B12-dependent bioprocesses) obtained by using DFT and QM/MM (based on DFT) does not explain their unlimited turnover. In particular, it does not explain the experimentally proven possible unlimited number of Methionine Synthase turnovers. The limitations of DFT-based methods not taking into account the Pseudo-Jahn–Teller Effect and orbital mixing cause these disagreements between the experimental and DFT or QM/MM (based on DFT) data. Instead, the CASSCF method accounts for the Pseudo-Jahn–Teller Effect, which is central to the catalytic behavior of vitamin B12. The Co-C bond cleavage in methylcobalamin is triggered by a reverse electron transfer from the substrate to methylcobalamin during an SN2 reaction in the Methionine Synthase bioprocess. Meanwhile, the Co-C bond cleavage in adenosylcobalamin is triggered by the reverse electron density transfer from the substrates to the adenosylcobalamin cofactor in its dependent processes. The methyl radical positive ion is transferred from the protonated 5-methyltetrahydrofolate, whose electronic structure is perturbed by the -2 charge of the cob(I)alamin particle, to the cob(I)alamin base-off cofactor during the Methionine Synthase bioprocess. About 0.367% of the base-on methylcob(II)alamin particles lose the methyl radical due to the low total energy barrier of the SN1 Co-C bond cleavage reaction, converting into inactive ones during the Methionine Synthase process. The role of the AdoMet substrate is to transfer a methyl radical to the inactive cob(II)alamin particles to convert them back into active particles. The full mechanism of the Methionine Synthase process was proved and drawn for the first time recently. The active particle in the Methionine Synthase process is a base-on methylcobalamin cofactor with the dimethylbenzimidazole ligand substituted with histidine. The MCSCF electronic structure calculations show that the Co-C bond cleavage and hydrogen transfer from the active substrates in all adenosylcobalamin cofactor-dependent processes are mutually dependent concerted reactions. The HOMO of the vitamin B12 cob(I)alamin cofactor forms intermolecular orbitals mixing with the LUMO of toxic organic halides, populating them with one or two electrons. These intermolecular orbitals are of an antibonding nature to the C-Hal chemical bonds from organic halides, and their population with electrons leads to their weakening and breaking and to the annihilation of the organic halide compound’s toxicity. Therefore, vitamin B12 can serve as a solution for the disposal of organic halide toxic compounds and a remedy in case of intoxication with these chemicals.



All reactions of the vitamin B12-dependent reactions run in the absence of the total energy barrier, ensuring their long-living nature in the absence of outside influences. The Pseudo-Jahn–Teller Effect, e.g., the orbital mixing, governs all the reactions in the vitamin B12-dependent bioprocesses.
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Figure 1. Biologically active vitamin B12 structures [23]: (a) Base-on structure; (b) base-on structure with dimethylbenzimidazole ligand substituted with a histidine molecule; (c) base-off structure. 
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Figure 2. The methyl radical (-CH3) transfers in the Methionine Synthase process [141]. Cbl: cob(I)alamin; MeCbl(II): methylcob(II)alamin; MeTHF: 5-methyltetrahydrofolate, THF: tetrahydrofolate molecule through methylcobalamin itself. 
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Figure 3. Biological reactions catalyzed by the skeleton mutase process [142]. 
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Figure 4. Biological reactions catalyzed by aminomutase processes [142]. 
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Figure 5. Biological reactions catalyzed by eliminase processes [142]. 
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Figure 6. Methylcobalamin and adenosylcobalamin turnover sequences [127]. 
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Figure 7. The three known methylcobalamin reductive electrochemical mechanism schemes: (a) Lexa and Savéant [88] (R = CH3); (b) Martin and Finke [154]; (c) Spataru and Birke [89,90]. 
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Figure 8. Methylcobalamin models used in DFT calculations [126]: (a) base-on methylcobalamin with histidine axial ligand; (b) base-on methylcobalamin without the side chains and side loop but with the imidazole axial ligand; (c) base-off methylcobalamin without the side chains, side loop, and base axial ligand. 
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Figure 9. The Co-C bond cleavage total energy values (eV) for different methylcobalamin model species calculated by using the DFT method as a function of Co-C distance (Å) [126]. Each curve was accordingly aligned at the same total energy minimum. 
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Figure 10. The differences in the geometries of a methylcobalamin model calculated by using DFT and CASSCF methods [126]. These are illustrative of the influence of the Pseudo-Jahn–Teller Effect. 
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Figure 11. CASSCF total energy as a function of the Co-C bond distance for base-on and base-off methylcob(II)alamin models [141]: (base-on) imidazole methylcob(II)alamin; (base-off) methylcob(II)alamin. 
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Figure 12. Models of base-on methylcob(II)alamin used in CASSCF geometry optimization [141,143]: (a) imidazole-methyl cob(II)alamin cofactor with a homocysteine ion dissociate ion common model; (b) dimethylbenzimidazole-methylcob(II)alamin with a homocysteine ion and histidine molecule substrate common model. 
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Figure 13. The MCSCF frontier molecular orbital surfaces of the imidazole-methylcob(II)alamin base-on cofactor and homocysteine ion joint model [141]: (a) HOMO2; (b) HOMO3; (c)LUMO1; (d) LUMO2. 
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Figure 14. The mechanism of the base-on histidine-methylcob(II)alamin cofactor species interaction with the homocysteine dissociate ion [141]. 
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Figure 15. The cob(I)alamin cofactor species mechanism interaction with a 5-methyltetrahydrofolate protonated ion [141]. 
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Figure 16. The Methionine Synthase process for HOMO2 and LUMO surfaces at the beginning of the CASSCF geometry optimization [143]: (RCo-N = 2.08 A; RCo-N = 2.35 A). 
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Figure 17. The Co-N bond cleavage mechanism in methylcobalamin cofactor in the presence of the homocysteine and histidine substrates [143]: (a) the charge transfer from the substrate to methylcobalamin; (b) the products. 
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Figure 18. The schematic structures of an AdoMet positive ion without and with imidazole-cob(II)alamin [143]: (a) AdoMet positive ion; (b) base-on imidazole-cob(II)alamin (the side hydrogens that replaced the side chains are not shown) with an AdoMet positive ion common model used in CASSCF calculations. 
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Figure 19. The AdoMet positive-ion and cob(II)alamin inactive-particle model HOMO (a) and LUMO (b) surfaces during the CASSCF geometry optimization process [143]. 
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Figure 20. The –CH3 group mechanism transfer from the AdoMet positive particle to the inactive cob(II)alamin cofactor compound [143]: (a) the starting model movement; (b) the transfer of the methyl radical; (c) the final products. 
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Figure 21. The CASSCF without a total-energy-barrier-determined mechanism of the Methionine Synthase process [143]. Hcy, His, MeTHF, THF, Met, and AdoMet indicate homocysteine, histidine, 5-methyltetrahydrofolate, tetrahydrofolate, methionine, and S-adenosylmethionine, respectively. The initial stage is black, and the regular turnover process stages are blue. 
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Figure 22. The Isobutyryl-CoA Mutase process’s substrate activation by a valine radical after its catalytic activation by the adenosylcobalamin cofactor [87,142]. 
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Figure 23. Models of adenosylcobalamin used in CASSCF electronic structure calculations [142]: (a) with the dimethylbenzimidazol ligand substituted with histidine; (b) with side chains substituted with hydrogens and CH3COO−; (c) with side chains substituted with hydrogens and CH3O−. 
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Figure 24. Adenosylcob(III)alamin and CH3COO− common model CASSCF HOMO-LUMO surfaces, energy levels, and the electron density population therein [142]: (a) Co-C bond distance of 2.00 Å; (b) Co-C bond distance of 3.17 Å. The data inside the rectangle refer to LUMO2, LUMO3, and LUMO4. 
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Figure 25. Adenosylcob(III)alamin and CH3COO− common model CASSCF HOMO-LUMO surfaces, energy levels, and the electron density population therein [142]: (left side) Co-C bond distance of 2.50 Å; (right side) Co-C bond distance of 2.65 Å. 
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Figure 26. The CASSCF without a total energy barrier determined by the combined Co-C bond breaking mechanism and the substrate (SHCOO− model) transferring hydrogen to the 5′-deoxy-5′-adenosyl radical during the adenosylcobalamin cofactor-catalyzed reactions [142]. 
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Figure 27. Adenosylcob(III)alamin and CH3O− common model CASSCF HOMO-LUMO surfaces, energy levels, and the electron density population therein [142]: (a) Co-C bond distance of 2.00 Å; (b) Co-C bond distance of 3.05 Å. The data inside the rectangle refer to LUMO2, LUMO3, and LUMO4. 






Figure 27. Adenosylcob(III)alamin and CH3O− common model CASSCF HOMO-LUMO surfaces, energy levels, and the electron density population therein [142]: (a) Co-C bond distance of 2.00 Å; (b) Co-C bond distance of 3.05 Å. The data inside the rectangle refer to LUMO2, LUMO3, and LUMO4.
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Figure 28. The CASSCF without a total energy barrier determines the combined Co-C bond-breaking mechanism and the substrate (RHO− model) transferring hydrogen to the 5′-deoxy-5′-adenosyl-radical during the adenosylcobalamin cofactor-catalyzed reactions [142]. 
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Figure 29. The 1,2-propanediol and 5′deoxy-5′-adenosyl radical joint model HOMO-LUMO surface profiles at the starting stage of the direct hydrogen transfer process [142]. 






Figure 29. The 1,2-propanediol and 5′deoxy-5′-adenosyl radical joint model HOMO-LUMO surface profiles at the starting stage of the direct hydrogen transfer process [142].



[image: Reactions 05 00002 g029]







[image: Reactions 05 00002 g030] 





Figure 30. The de-hydrogenated 2-methylene-glutarate and 5′deoxy-5′-adenosyl radical joint model HOMO-LUMO surface profiles at the starting stage of the forbidden reverse hydrogen transfer process [142]. 
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Figure 31. Two adenosylcobalamin base-on forms [144]: (a) base-on form with an axial dimethylbenzimidazole ligand; (b) base-on form with the dimethylbenzimidazole ligand substituted with an axial histidine ligand. 
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Figure 32. The catalyzed-by-adenosylcobalamin cofactor compound: Glutamate Mutase and Methylmalonyl-CoA Mutase bioprocesses [144]. 
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Figure 33. The model for CASSCF electronic structure calculations [144]. 
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Figure 34. The CASSCF histidine, adenosylcobalamin, and CH3COO− model frontier molecular orbital surfaces [144]. 
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Figure 35. A Co-N bond cleavage in the adenosylcobalamin cofactor under the influence of the proposed mechanism of the histidine and CH3COO− substrates [144]: (a) charge transfer from the substrate to adenosylcobalamin; (b) the products. 
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Figure 36. Common models for the cob(I)alamin cofactor with organic halides for the CASSCF geometry-optimization procedures: (a) with 3,5-dibrom-4-hidroxobenzoic acid; (b) with 3-bromo-4-hidroxobenzoic acid; (c) with 1,2-dichloroethene [211]. 
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Figure 37. The cob(I)alamin cofactor with organic halide compound model surfaces of the intermolecular molecular orbitals and their electron density populations (P): (a) with 3,5-dibromo-4-hidroxobenzoic acid; (b) with 3-bromo-4-hidroxobenzoic acid; (c) with 1,2-dichloroethene [211]. 
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Figure 38. The cob(I)alamin cofactor interaction with the 3,5-dibromo-4-hydroxybenzoic acid mechanism: (a) charge transfer; (b) halogen transfer [211]. 
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Figure 39. The cob(I)alamin cofactor interaction with the 3-bromo-4-hydroxybenzoic acid mechanism: (a) charge transfer; (b) halogen transfer [211]. 
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Figure 40. The cob(I)alamin cofactor interaction with the 1,2-dichloroethene mechanism: (a) charge transfer; (b) halogen transfer [211]. 
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