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Abstract

The CASSCF geometry optimization of the adenosylcobalamin cofactor dependent processes common models with 12 orbitals and 12 electrons in the active space
has been performed. The MCSCF geometry optimization shows a strong HOMO-LUMO coupling during the CASSCF orbitals mixing process. The HOMO-LUMO
coupling causes an electronic density transfer from the HOMO, which at the beginning of the optimization process is constituted from the substrate atoms orbitals,
to the LUMO, which is constituted from the adenosylco(lll)balamin structure atomic orbitals. The Co-C bond cleavage reaction is starting from the beginning of the
geometry optimization process due to the intermolecular transferred electronic density from the substrates to the adenosylco(lll)balamin cofactor compound. Then,
the HOMO and LUMO of the calculated models are converting into a bonding and an antibonding pair of orbitals with a central atom plus c-axial ligands orbitals
contribution and with a corrin ring plus axial ligands orbitals contribution, respectively. The HOMO-LUMO mixing process in the CASSCF procedure causes the
intermolecular charge transfer process that converts into intramolecular charge transfer process, which is increasing up to about 1e- at the Co-C bond cleavage
distance. The substrates of the adenosylcobalamin cofactor dependent bio-processes from one side and the 5'- deoxy-5-adenosyl radical from another side are
permanently growing their direct interactions along with the Co-C bond rupture process up to a strong direct interaction at the Co-C bond cleavage distance.
Evidently, this is allowing for a hydrogen atom transfer between them. Altogether, the total energy barrier of the hydrogen transfer reaction from the substrate to
the 5'- deoxy-5-adenosyl radical reaction, the CASSCF HOMO and LUMO surface orbitals of the substrate and 5'-adenosyl radical interaction common model
before and after the hydrogen transfer and a strong Pseudo-Jahn-Teller effect for only direct reaction demonstrate that the hydrogen transfer is an irreversible
tunneling process, which certainly leads to the final products. All these results are pointing out to the Co-C bond cleavage and hydrogen transfer from substrate
to 5'- deoxy-5'-adenosyl ligand concerted reactions in full agreement with the experimental data.
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Introduction

Adenosylcobalamin is a biologically active form of the vitamin B12. It
catalyzes three classes of bioprocesses: skeleton mutases (Figure 1), amino
mutases (Figure 2) and eliminases (Figure 3) [1-3]. The carbon skeleton
mutase processes (Figure 1) catalyze the substrates modifications into their
structural isomers. The amino mutase bioprocesses (Figure 2) catalyze the
substrate 1-2 amino group transfer, while the eliminase processes catalyze
the unusually isomer modifications and the elimination of small molecules
from two adjacent -NH, and ~OH, or —OH and -OH functional groups. The
Ribonucleotide reductase process is not shown in these figures and will be
treated additionally [4-8].

The adenosylcobalamin cofactor structure (Figure 4a) includes corrin
ring as the equatorial ligand and two dimethylbenzimidazole and 5'- deoxy-
5-adenosyl as axial ligands, all coordinated to the Co*® central ion. The
charge of the central ion is balanced by -2 charge  of the coordinated
corrin ring and by -1 charge of the PO* group, which is present in the side
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chain of the adenosylcobalamin structure. The dimethylbenzimidazole
ligand in adenosylcobalamin cofactor-dependent processes is replaced by
the histidine ligand, as confirmed by kinetic and X-ray studies (Figure 4b)
[9-13].

The starting reaction of these bio-processes has been considered to be
the Co-C bond cleavage in the adenosylco(lll)balamin cofactor to give rise
to a 5’-deoxy-5'-adenosyl radical and to a co(ll)balamin cofactor species.
The involvement of the substrates into the Co-C bond cleavage process
in adenosylcobalamin-dependent bio-processes has been proven by lots
of experimental data, including by X-ray diffraction results [14-19]. On
the other hand, the hydrogen transfer from the substrate to 5-deoxy-5'-
adenosyl radical has been proven to take place along with the Co-C bond
cleavage in the adenosylcobalamin cofactor dependent hio-processes
[20-25]. Many other effects like axial ligand trans-influence, steric effects,
structural strain, protein influence and other effects have been considered
to be connected to the Co-C cleavage process in adenosylcobalamine-
dependent bio-processes although these last factors' participation into
the Co-C bond cleavage has not been generally confirmed by subsequent
experimental and theoretical studies [26-29].

The relationship between the Co-C bond cleavage and the transfer of
a hydrogen atom from the substrate to the 5-deoxy-5"-adenosyl radical
processes has been the subject of theoretical studies that use QM/MM
and DFT methodologies [30-34]. Generally, the QM/MM calculations
show a lower total energy barrier for the Co-C bond cleavage reaction
when compared to the total energy barrier for the Co-C bond cleavage
process, which is calculated using DFT methods [35-38]. The causes of
this difference in determining the energy barrier of total energy could be
both objective and subjective factors that influence, jointly and separately,
the total energy calculation results. One of the objective factors could
be that the QM/MM method of calculation allows taking into account an
important part of the substrate present in the MM structure [39-43]. Among
the subjective factors, we can name the additional approximations included
in the QM/MM calculations, which are not included in the DFT ones, such as
the neglecting of a series of non-diagonal matrix elements at the boundary
between the QM and MM section when heavier atoms are replaced by
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Figure 2. Bio-reactions catalyzed by aminomutase bio-processes.
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Figure 4. Structures of the adenosylcobalamin (a), the adenosylcobalamin with dimethylbenzimidazol ligand substituted
by histidine (b) and the CASSCF electronic structure calculation models (c and d).

hydrogen atoms, the neglecting of the actual electronic structure of the
atoms and their arbitrary considered electronic densities in the MM section
of the QM/MM method, or the disproportions of the energies calculated by
the MM method compared to the energies calculated by the QM method
which, as a rule, is the major factor in the total energy barrier decrease in
the QM/MM calculations due to the overcompensation of high QM section
total energy barrier value by the low MM section total energy value [44-49].

In order to reduce the energy barrier of the DFT Co-C bond calculated
breaking reaction, a possible reduction of the adenosylcob (Ill) alamin
cofactor was assumed before the bio-processes have started [50-53].
However, in no theoretical calculation has the total energy barrier of the
Co-C bond cleavage reaction in the adenosylco(lll) balamin cofactor
been fully eliminated in contradiction with the experimental data, which
shows a close to the unity rate constant [5] (no energy barrier) even in
the in vitro experiments (note that the solvent influences dramatically
the rate constant of the Co-C bond cleavage process in a similar vitamin
B12 cofactor compound [53,54]). Additionally, theoretical investigations
did not find if the Co-C bond cleavage and the hydrogen transfer from
substrate to 5-adenosyl radical are concerted or stepwise reactions [44-
47]. Therefore, new theoretical studies are necessary for the determination
of the adenosylcobalamin cofactor dependent bio-processes mechanism.

Methodology

In our previous paper, we found the Methionine Synthase [55] process
mechanism, which is apparently similar in the first step to the first step
of the adenosylcobalamin cofactor dependent processes. We have shown
that the dimethylbenzcobalamin ligand is substituted by histidine under the
influence of substrate particles before the Methionine Synthase process
starts. The resulting His-MeChl(ll) particles are participating into without-
energy barrier Methionine Synthase process turnovers.

The adenosylcobalamin cofactor dependent processes have been
studied extensively. Nevertheless, their detailed mechanism remains
unknown in spite of the relevant number of researchers involved into
their study. This paper is dedicated to the study of the adenosylcobalamin
cofactor dependent bio-processes. More precisely, we are investigating
the role of the substrates and the role of the hydrogen transfer from the
substrates to the 5'deoxy-5'-adenosyl played in the Co-C bond cleavage
process [56-58].

It has been proven that the coupling between occupied and unoccupied
molecular orbital in cobalamin cofactors is of crucial importance in the
mechanism of vitamin B12 dependent bio-processes [55, 57,58]. Bersuker
has shown that the DFT (and QM/MM with DFT-QM section) method cannot
be used to calculate the electronic structure of compounds, in which the
mixing orbitals and the pseudo-Jahn-Teller effect are active [59-61]. Such
systems go beyond the limits of DFT based methods. Therefore, throughout
this study, we will use the MCSCF method.
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Computational details

The CASSCF geometry optimization employs two models (Figures
4¢c and 4d) for the adenosylcobalamin dependent bio-processes. In our
calculations, we used a 6-31G** basis set for the cobalt and oxygen atoms
and a 6-31G basis set for the remainder of the atoms. We have shown that this
is a satisfactory basis set for a similar cofactor dependent bio-process [55].
The NWChem computational software was used to optimize the geometry
[62] of the CASSCF calculated models. We employed 12 electrons and 12
orbitals in the active zone of the CASSCF calculation procedure for the
studied systems. A similar active MCSCF zone gave a correct determination
of the Co-C bond cleavage process total energy in a similar bio-process
[55]. On the other hand, our estimations have shown that an increase of
the active zone does not lead to a change in the CASSCF(12,12) results.
The embodied in the NwChem code, a quasi-newton optimization with line
searches and approximate energy Hessian updates have been used for the
geometry optimization procedure. The CASPT2, a more precise MCSCF
procedure involving the dynamical correlation must be used, in principle,
to complete the CASSCF calculations. Although the target of this study is
the HOMO and LUMO electronic density and the position of the minimum
of the studied reaction total energy, these characteristics are similar to
the CASSCF and CASPT2 methods. Based on our knowledge, we have
employed [55] one of the largest active zones for geometry optimization of
such models. We believe that all the significant orbitals responsible for the
studied reactions have been included in the calculations. The agreement
between our calculations and the experimental data shows the correctness
or our theoretical method. The Gaussian09 computational software was
used for the geometry optimization of the starting geometry of the studied
processes model employing a DFT approximation [63]. The B3LYP
functional and 6-311++G** basis set has been used in the DFT calculations.

Results and Discussion

The subject of this study includes two main reactions of the studied bio-
processes, Co-C bond cleavage and hydrogen transfer from the substrate to
the 5'-deoxy-5'-adenosyl-axial-ligand of the adenosylco(lll)balamin cofactor
compound. We attempted to answer several questions: Are they concerted
or step wise processes? What is the nature of the substrate participation
along with the Co-C bond cleavage process? Is the hydrogen transfer from
the substrate to 5'-deoxy-5"-adenosyl radical involved in the Co-C bond
cleavage of the studied bio-processes?

In this study, we will arrange adenosylcobalamin dependent bio-
processes in three new groups. In the first group, we will include the
bioprocesses whose active substrates contain the —COO- group. In the
second group, we will include the bioprocesses, the active substrates of
which do not contain the —COO- group but contain the -OH group. In the
last group, we will include the bioprocesses whose active substrates do not
contain either the -COO- group or the -OH group.
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The adenosylcobalamin dependent bioprocesses whose
substrates contain —COO- group

This group includes Glutamate mutase, 2-Methylene-glutarate mutase,
Methylmalonyl-CoA mutase, Ethylmalonyl-CoA mutase, two Lysine-5,6
aninomutases and D-ornithine-4,5 aminomutase bioprocesses (Figures
1 and 2). The substrate of the Ribonucleotide reductase (Ribonucleoside
triphosphate reductase) process, which would be active along with the
Co-C bond cleavage process, is still not determined experimentally. On the
other hand, a very active catalytic substrate particle in this bioprocess is
the cysteine anion, which contains the -COO" group and which, during the
enzymatic process, is transferring hydrogen to the 5'-deoxy-5-adenosyl
radical (by homolytically breaking the -SH bond and formation of the thiyl
radical) [42, 43]. Therefore, we also included in this group the Ribonucleoside
Triphosphate Reductase as a process whose active substrate contains the
—COO" group.

Apparently, one needs to employ two models in calculations involving
the adenosylco(lll)balamin cofactor and substrates joint structure to find out
the mechanism of the Co-C bhond cleavage as a main catalytic reaction of
the studied adenosylco(lll)balamin cofactor dependent processes. The first
model would study the substrate influence on the Co-C cleavage reaction
before the hydrogen transfer takes place from substrate to the 5'-deoxy-
5-adenosyl radical. The second model would include the transfer of the
hydrogen to the 5'-deoxy-5'-adenosyl radical before or during the Co-C
bond cleavage in order to study the influence of the hydrogen transfer from
the substrate to the 5'-deoxy-5-adenosyl radical on the Co-C bond rupture
reaction. For this set of bioprocesses, we started with the system, which
is modeling the substrate acting on the adenosylco(lll)balamin cofactor
compound before the Co-C bond is starting to be cleaved and before the
hydrogen transfer from the substrate to the 5’-adenosyl radical takes place
(Figure 4c). We used a CH3COO" group as the substrates model for these
studied processes (Figure 4c). The side chains of the corrin ring were
substituted with hydrogen atoms (Figure 4c). The dimethylbenzimidazole
axial ligand was substituted with imidazole (Figure 4c), a model of the
histidine ligand bounded to the cobalt central atom, as per the experimental
data [1-4]. We used the main part of the 5-deoxy-5-adenosyl radical
structure into these calculations (Figure 4c), replacing the rest of the

5'-deoxy-5'-adenosyl radical with hydrogen atoms. All these changes
allowed us to take into account every responsible for the Co-C bond
cleavage orbitals [64-68].

The CASSCF geometry optimization started at the axial Co-C and Co-N
bond distances equal to 2.00 A and to 2.12 A, respectively. At this starting
structure, the HOMO1, HOMO2 and HOMO3 of this adenosylcobalamin
dependent processes group common model are the substrate atomic
mi-orbitals combinations, while LUMO1, LUMO2, LUMO3 and LUMO4 are
adenosylco(lll)balamin cofactor m-orbitals and o-orbitals combinations
(Figure 5). The energy distance between HOMO and LUMO at the Co-C
bond distance of 2.00 A is equal to about 8.17 eV, while the population of
the HOMO and LUMO is equal to about 1.79¢ and 0.21e-, respectively. The
results show that the population of LUMO increases by an amount equal
to the electronic density transfer from the HOMO due to the HOMO-LUMO
coupling in the CASSCF procedure orbitals mixing. The CASSCF geometry
optimization process lead to the Co-C distance permanent increasing from
2.00 Athrough 3.17 A (and up to a larger Co-C distance), gradually releasing
the 5'-deoxy-5"-adenosyl radical and co(ll)abalamin cofactor particle. The
intermolecular electronic density transfer from the HOMO to the LUMO is
increasing constantly from 0.21e- at the 2.00 A of the Co-C bond distance to
0.566- at the 2.50 A of the Co-C bond distance (Figures 5 and 6). Then, the
highest occupied molecular orbital starts its converting from the m-substrate
atomic orbitals combinations to the bonding orbital with a major contribution
of the central and axial atoms c-orbitals while LUMO is starting its converting
from m-corrin ring orbitals to an antibonding orbital with a m-corrin ring,
central atom and an axial ligands atomic c-orbitals combination. Their full
conversion is finished at about 2.65 A of the Co-C bond distance (Figure 6).
The intermolecular charge transfer from the substrate to the adenosylco(lll)
balamin cofactor compound is diminishing and the charge transfer from
HOMO to LUMO becomes intramolecular (Figure 6). Concomitantly, the
HOMO-LUMO coupling degree is increasing, which stimulates an internal
charge transfer increase and the cleavage of the Co-C bond.

From the Co-C bond distance equal to about 2.65 A up to the
Co-C bond distance equal to about 3.17 A, the sum of the intramolecular
electronic density transfer from the four highest occupied molecular orbitals
to the four lowest unoccupied molecular orbitals increases up to an entire
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balamin cofactor dependent bio-processes used model: The Co-C bond distances are equal to 2.50 A (left side) and 2.65 A (right side).

electron (Figure 5). At the same time, the HOMO-LUMO distance decreases
from about 8.17 eV at the beginning of the CASSCF geometry optimization
process to about 2.89 eV at the Co-C bond distance of about 3.17 A. This
suggests that at the beginning of the reaction, the substrate transfers an
amount of the electronic density to the adenosylco(lll)balamin cofactor
particle from about 0.21e- at 2.00 A of the Co-C bond distance to about
0.56e- at about 2.50 A of the Co-C bond distance. This electronic density
transfer triggers the Co-C bond cleavage process.

Then, starting at about 2.50 A of the Co-C bond distance, the
intermolecular electronic density transfer from the bonding HOMO to anti-
bonding LUMO decreases, while the intramolecular electronic density
transfer from the bonding HOMO to anti-bonding LUMO increases due to
their larger mixing degree leading to a near full Co-C bond cleavage at the
Co-C bond distance of about 3.17 A.

In conclusion, the interaction of the HOMO-LUMO orbitals and the
charge transfer from HOMO to LUMO leads to a near full Co-C bond
distance cleavage. The further geometry optimization and implicitly the
Co-C bond cleavage processes are connected to the strong substrate and
the 5’-deoxy-5"-adenosyl axial ligand interaction.

It is interesting to observe the modification of the distance between
the substrate model and the 5-deoxy-5'-adenosyl radical along with the
modification of the Co-C bond distance. At the beginning of the CASSCF
geometry optimization (at the 2.00 A of the Co-C bond distance), the
substrate model is situated at the distance of about 5.00 A from the
closest 5'-deoxy-5'-adenosyl ligand atoms. As the geometry optimization

procedure is running out, the Co-C bond distance increases, while the
distance between the substrate model and the 5'-deoxy-5"-adenosyl radical
decreases concomitantly because of the Co-C bond distance increase
and of the 5-deoxy-5-adenosyl radical position orientation toward the
substrate model. At about 3.17 A of the Co-C bond distance, the substrate
model is situated at about 2.11 A from the 5'deoxy-5"-adenosyl radical. At
the same Co-C bond distance (3.17 A), the 5'-deoxy-5-adenosy! radical
interaction with the substrate becomes strong, all four HOMO of the
calculated common model became common 5'-deoxy-5"-adenosy! radical
and substrate intermolecular molecular orbitals (Figure 5). This shows the
strong connection between the gradual breaking of the Co-C bond and the
gradual increasing interaction of the substrates with the gradually formed
5'-deoxy-5"-adenosyl radical. Obviously, the strong interaction between the
substrate and the 5’-deoxy-5"-adenosyl radical at the Co-C hond distance
of 3.17 A is naturally creating favorable conditions for the hydrogen transfer
from the substrate to the 5'-deoxy-5-adenosyl radical. Once the hydrogen
transfer from the substrate to the 5-deoxy-5"-adenosyl radical takes place,
the full Co-C bond cleavage is finished along with the hydrogen transfer
reaction. In conclusion, the transfer of hydrogen from substrates to the
5'-deoxy-5"-adenosyl radical is so closely related to the rupture process of
the Co-C bond that cannot occur without it. Accordingly, these two reactions
cannot be, in principle, separated by the experiment, showing why the free
5'-deoxy-5"-adenosyl radical was not found in all experimental data up to
now. In other words, these two processes can be considered as mutually
dependent concerted reactions. The common mechanism of these two
reactions is drawn in Figure 7.

Figure 7. The mechanism of the Co-C bond cleavage and of the hydrogen transfer from substrate (H(S)COO- model) to the 5-deoxy-
5-adenosyl radical in the adenosylcobalamin dependent processes: a) The initial electronic density transfer from substrate to
adenosylco(lll)balamin cofactor; b) The Co-C bond cleavage in the adenosylcobalamin cofactor under influence of the substrate; c) The
hydrogen tunneling between substrate and the 5'-deoxy-5-adenosyl radical.
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The adenosylcobalamin dependent bioprocesses whose
substrates contain —COH group

This group includes Hydroxybutyryl-CoA Mutase, Ethanolamine
ammonia mutase, Glycerol dehydratase and Propane-1,2-diol dehydratase
bioprocesses (Figures 1 and 3). Although the substrates of these
bioprocesses contain the -OH group instead of the —COO- group, the
experimental data shows that their mechanism is similar. It is commonly
known that the largest pKa value of alcohols is equal to about 18. The
primary alcohols pKa values are equal to about 10. It is also well known
that in the presence of the R-NH% groups, which pKa is equal to about
35, the R —~OH group loses its proton and becomes a R-O- group. It is
also well known that the cavity of the adenosylcobalamin cofactor structure
includes a large number of R-NH3* groups. Following this, we can consider
that the R-OH group can act as a R-O- group in the mechanism of the
adenosylcobalamin dependent bioprocesses. As in the case of the first
group of bioprocesses, we started the CASSCF geometry optimization with
the system, which is modeling the substrate acting on the adenosylco(lll)
balamin cofactor compound before the Co-C bond starts to be cleaved and
before the hydrogen transfer from the substrate to the 5-deoxy-5"-adenosyl
radical takes place (Figure 4d). We used a CH,0" group as the substrates
model of these processes (Figure 4d). The rest of this model simplification
is similar to the previous model simplifications.

The CASSCF geometry optimization started at the axial Co-C and Co-N
bond distances equal to 2.00 A and to 2.12 A, respectively. At this starting
structure, the HOMO1, HOMO2 and HOMO4 of this adenosylcobalamin
dependent processes group common model are the substrate atomic
m-orbitals combinations, while LUMO1, LUMO2, LUMO3 and LUMO4 of
this adenosylcobalamin dependent group processes common model are the
adenosylco(lll)balamin cofactor m- and c-orbitals combinations (Figure 8).
The distance between HOMO and LUMO energies at the Co-C bond distance
of 2.00 A is equal to about 7.68 eV, while the population of the HOMO
and LUMO is equal to about 1.82e- and 0.18¢, respectively. It follows that
the population of LUMO increases with the amount equal to the electronic
density transfer from the HOMO due to the HOMO-LUMO coupling in the
CASSCF procedure orbitals mixing. The CASSCF geometry optimization
leads to the Co-C distance permanent increase from 2.00 A to 3.05 A (and
up to a larger Co-C distance), while gradually releasing the 5'-deoxy-5'-
adenosyl radical and co(ll)abalamin cofactor particle. The intermolecular
electronic density transfer from HOMO to the LUMO increases constantly
from 0.18e- at the 2.00 A of the Co-C bond distance to the amount equal
to about 0.77e- at the 3.05 A of the Co-C bond distance (Figure 8). In this
case, unlike the behavior of the first set of bioprocesses model, the electron
density transfer from the substrate to the adenosylcobalamin cofactor does
not change from intermolecular to intramolecular, but remains intermolecular
throughout the whole CASSCF geometry optimization process. Only at the
Co-C bond distance of about 3.00 A are the HOMO and LUMO orbitals
are starting their converting in the same way as in the case of the model
of the first set of hioprocesses. Also, the intermolecular electron density

transfer between substrate and the cofactor adenosylcobalamin converts
from intermolecular to intramolecular transfer (Figure 8).

The HOMO-LUMO coupling degree increases permanently during the
geometry optimization process. This stimulates the intermolecular charge
transfer increase and the cleavage of the Co-C bond. At the Co-C bond
distance equal to about 3.05 A, the sum of the electronic density transfer
from the four highest occupied molecular orbitals to the four lowest
unoccupied molecular orbitals increases up to about one electron (Figure
8). At the same time, the HOMO-LUMO distance decreases from about 7.68
eV at the beginning of the CASSCF geometry optimization process to about
3.21 eV at the Co-C hond distance equal to about 3.05 A. It follows that the
HOMOs with substrate orbitals participation transfer about one electron to
the LUMOs with adenosylcobalamin cofactor orbitals participation during
the geometry optimization process. This electronic density transfer leads
to the near full Co-C bond cleavage. The further geometry optimization and
implicitly, the Co-C bond cleavage processes are connected to the strong
substrate and the 5-deoxy-5"-adenosyl axial ligand interaction.

As in the previous model, at the beginning of the geometry optimization,
the substrate model is situated at the distance of about 5.00 A from the closest
of the 5'-deoxy-5'-adenosyl ligand atoms. As the geometry optimization
procedure is running out, the Co-C bond distance increases, while the
distance between the substrate model and the 5'-deoxy-5"-adenosyl radical
decreases because of the Co-C bond distance increase and because of
the 5'-deoxy-5"-adenosyl radical position orientation towards the substrate
model. At about 3.05 A of the Co-C bond distance, the substrate model is
situated at about 1.86 A from the 5'-deoxy-5"-adenosyl radical. At the same
Co-C bond distance, the 5'-deoxy-5'-adenosyl radical interaction with the
substrate model becomes strong. Three HOMO of the full calculated common
model become common intermolecular molecular orbitals (Figure 8).

Again, this shows the strong connection between the gradual Co-C bond
cleavage process and the increasing interaction between the substrates and
the gradually formed 5'-deoxy-5-adenosyl radical. Obviously, the strong
interaction between the substrate and the 5'-deoxy-5-adenosyl radical at
the Co-C bond distance of 3.05 A is creating the favorable conditions for the
hydrogen transfer from the substrate to the 5-deoxy-5-adenosyl radical.
Once the hydrogen transfer from the substrate to the 5-deoxy-5"-adenosyl
radical takes place, the full Co-C bond cleavage is finished along with the
hydrogen transfer reaction. In conclusion, the transfer of hydrogen from
substrates to the 5'-deoxy-5'-adenosyl radical is closely related to the rupture
process of the Co-C bond that cannot occur without it. As was the case with
the first set of bioprocesses, for this set of bioprocesses the Co-C bond
cleavage and the hydrogen transfer from the substrates to the 5-deoxy-5-
adenosyl radical reactions cannot be separated by the experiment showing
why the free 5’-deoxy-5"-adenosyl radical was not found in all experimental
data up to now. In other words, these two processes can be considered as
mutually dependent concerted reactions. The common mechanism of these
two reactions is drawn in Figure 9.

Figure 8. CASSCF HOMO-LUMO surfaces, the behavior of the HOMO-LUMO levels energy and their population in the adenosylco(lll)balamin cofactor dependent bio-processes used
mode!: a) The Co-C bond distance is equal to 2.00 A:; b) The Co-C bond distance is equal to 3.05 A. The data inside the rectangle refers to the LUMO2, LUMO3 and LUMOA4 characteristics.
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Figure 9. The mechanism of the Co-C bond cleavage and of the hydrogen transfer from substrate (RO- model) to the 5'-deoxy-
5'-adenosyl -radical in the adenosylcobalamin dependent processes: a) The initial electronic density transfer from substrate to the
adenosylco(lll)balamin cofactor; b) The Co-C bond cleavage in the adenosylcobalamin cofactor under the influence of the substrate; c)
The hydrogen tunneling between substrate and the 5'-deoxy-5-adenosyl radical.

The adenosylcobalamin dependent bioprocesses whose
substrates contain neither the —COO0- group nor the -OH

group

Only Isobutyryl-CoA mutase hioprocess belong to this group (Figure 1).
We did not treat beyond the Isobutyryl-CoA Mutase process for the simple
reason that, apparently, the substrate of this bio-process does not have the
active R-COO- or R-O- groups in its structure.

In fact, the radical of amino acid valine, which has the COO- in its
structure [67], is the substrate that participates into the catalytic process
with the Co-C bond cleavage of the adenosylcobalamin cofactor, as
shown in [67]. Then, the valine radical activates the main substrate of
the Isobutyryl-CoA mutase bio-process [64] (Figure 10). In conclusion, all
adenosylcobalamin dependent bioprocesses, including the Isobutyryl-CoA
Mutase process, are following a similar mechanism (Figures 7 and 9).

The hydrogen transfer from the adenosylcobalamin co-
factor dependent bioprocesses substrates to the 5’-de-
oxy-5’-adenosyl radical

Another particularity of the quantum tunneling effect is the initial
compounds wave functions penetrating the energy barrier from one end
to the other. Our calculations show that their nature and particularities are
extremely similar, so we are presenting here the detailed analysis of one
of them (Figure 11). Figure 11 represents the surfaces of the HOMO and
LUMO orbitals for the 1,2-propanediol (the substrate of the Propane-1,2
dehydratase bioprocess) and the 5'-deoxy-5'-adenosyl radical common
model at the beginning of the hydrogen transfer process. The nature of
these molecular orbitals is somewhat similar. Due to the CASSCF mixing
procedure, their electron population is also very similar, each of them being
equal to about one electron. A very important feature of these molecular
orbitals is their location in the space between the reactants, which is exactly
in the direction of hydrogen transfer from one compound to another, fully
penetrating the entire total energy barrier of the hydrogen transfer reaction.
Another important feature of these frontier orbitals is that they include
mainly the orbitals of three atoms involved in hydrogen tunneling, of the
carbon atoms of both systems participating in the reaction, from which the
hydrogen transfer takes place and to which the hydrogen is transferred,
even if the distance between them exceeds 4.10 A and especially of the
hydrogen atom, which is transferred from one system to another. All this is
satisfying the requirements imposed by the nature of hydrogen tunneling
transfer.
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Itis interesting to observe nature of the frontier orbitals of the substrates
of the studied here hioprocesses and 5'-deoxy-5'-adenosyl radical common
model at the end of the hydrogen transfer process. Our calculations show
that their nature and particularities are similar, so we are presenting here
the detailed analysis of one of them (Figure 12). Figure 12 represents the
surfaces of the HOMO and LUMO orbitals for the 2-methylene-glutarate
(the substrate of the 2-methylene-glutarate-mutase bioprocess) and the
5'-deoxy-5'-adenosyl radical common model at the end of the hydrogen
transfer process. The nature of these molecular orbitals is not similar. As a
result, the CASSCF mixing procedure did not transfer much of the HOMO
electron density to LUMO (only about 0.07 e-), so their electron density is
quite different. A very important feature of these molecular orbitals is their
composition from the internal reactant atoms orbitals. Also, they are not
situated on the space between the reactants and is not penetrating the total
energy barrier of the hydrogen transfer reaction. Another important feature
of these frontier orhitals is that they do not include the orbitals of all three
atoms involved in hydrogen tunneling, of the carbon atoms of both systems
participating in the reaction, from which the hydrogen transfer takes place
and to which the hydrogen is transferred and of the hydrogen atom, which
is transferred from one system to another. All this is not satisfying the
requirements imposed by the nature of reverse hydrogen tunneling transfer.

It has been shown, that the hydrogen tunneling effect can be treated
in the framework of the pseudo Jahn-Teller-Effect [59-61, 67, 68], which
destabilizes the system under study and can lead to the breaking of some
chemical bonds and the formation of others. As shown above, the pseudo
Jahn-Teller-Effect is very strong for the direct reaction of hydrogen transfer
from the substrates of adenosylcobalamin cofactor dependent biochemical
processes to the 5'-deoxy-5'-adenosyl radical. At the same time the pseudo
Jahn-Teller-Effect is very weak or even absent for the reverse reactions. In
conclusion, the presence of a strong pseudo Jahn-Teller-Effect is supporting
the hydrogen tunneling in the direct reaction and the lack of a Jahn-Teller-
Effect pseudo does not support the reverse tunneling reaction.

As mentioned above, all the characteristics of hydrogen transfer
reactions from the substrates to the 5'deoxy-5'-adenosyl radical (the
height of the energy barrier, the nature of frontier orbitals and the effective
pseudo Jahn-Teller-Effect for only direct reaction) are similar for all
adenosylcobalamin dependent studied processes and are supported the its
tunneling nature. In conclusion, our data proves that the hydrogen transfer
from the substrates of the adenosylcobalamin dependent bioprocesses
to the 5'-deoxy-5'-adenosyl radical is an irreversible tunneling reaction,
ensuring the completeness of the process.
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CH; O
H
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| radical
Adenosylcobalamin
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Figure 10. The Isobutyryl-CoA Mutase process substrate activation by valine radical
after its catalytic activation by adenosylcobalamin cofactor.

HOMO

Figure 11. CASSCF HOMO-LUMO surfaces of the 1, 2-propanediol and the 5'deoxy-5'-
adenosyl radical common model at the beginning of the hydrogen transfer process

Figure 12. CASSCF HOMO-LUMO surfaces of the 2-methylene-glutarate and the 5'deoxy-
5'-adenosyl radical common model at the beginning of the hydrogen transfer process.”
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Conclusion

The adenosylcobalamin cofactor dependent bioprocesses models
CASSCF geometry optimization lead to the without energy barrier Co-C
bond cleavage. The Co-C cleaved hond corresponds to the minimal total
energy of the used models. The triggering factor of the Co-C bond cleavage
process is the intermolecular electronic density transfer from the substrates
of the adenosylcobalamin dependent processes to the adenosylco(lll)
balamin cofactor itself starting from the beginning and increasing during
the CASSCF optimization process. The strong HOMO-LUMO coupling and
the entire electron intramolecular charge transfer from bonding HOMOs to
antibonding LUMOs in the adenosylcobalamin dependent bioprocesses
models lead to the full Co-C bond cleavage and to the substrates of the
studied processes with the 5'-deoxy-5"-adenosyl radical strong interaction.
The CASSCF calculations of the adenosylcobalamin cofactor dependent
bioprocesses substrates and the 5'-deoxy-5'-adenosyl radical common
model by using the 6-31G** basis set for all atoms and 10 electrons and
10 orbitals active zone have shown that the hydrogen transfer from the
adenosylcobalamin cofactor dependent hioprocesses substrates to the
5'-deoxy-5'-adenosyl radical is an irreversible tunneling process. 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 in
full agreement with the experimental data.
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