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Abstract

Acetohydroxy acid synthase (AHAS) is a thiamin diphosphate (ThDP)-dependent enzyme
involved in the biosynthesis of branched-chain amino acids (valine, leucine, and isoleu-
cine) in plants, bacteria, and fungi. This makes AHAS an attractive target for herbicides
and bactericides, which act by interrupting the catalytic cycle and preventing the synthe-
sis of acetolactate and 2-keto-hydroxybutyrate intermediates, in the biosynthetic pathway
toward the synthesis of branched amino acids, causing the death of the organism. Several
articles on the catalytic cycle of AHAS have been published in the literature; however,
there are certain aspects, which continue being controversial or unknown. This lack of
information at the molecular level makes difficult the rational development of novel her-
bicides and bactericides, which act inhibiting this enzyme. In this chapter, we review the
results from our group for the different stages of the catalytic cycle of AHAS, using both
quantum chemical cluster and Quantum Mechanics/Molecular Mechanics approaches.

Keywords: AHAS, catalytic cycle, DFT, QM/MM

1. Introduction

Computational chemistry is a branch of chemistry in which quantum mechanics and/or
molecular mechanics methods are implemented on computers for understanding and pre-
dicting the behavior of chemical systems from molecular information. It plays a key role in the
rational design of drugs, biomolecules, organic and inorganic molecules, catalysts, and so on.

Amino acids are organic compounds containing amine (-NH,) and carboxyl (-COOH) func-
tional groups, along with a side chain (R group) specific to each amino acid. An essential
amino acid is an amino acid that cannot be synthetized by the organism and consequently
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must be supplied by the food. Unlike animals, plants and microorganisms have the biosyn-
thetic machinery to synthesize all the essential metabolites required for their survival. These
differences in the metabolic paths between plants and animals are the basis for the rational
development of herbicides and bactericides, chemicals that interrupt the biosynthetic route to
branched chain amino acids causing the death of the plant or bacteria. To achieve this goal,
detailed knowledge of the mechanisms at the molecular level is essential.

Plants and bacteria utilize several enzymes for the biosynthesis of branched chain amino acids
such as valine, leucine, and isoleucine, being acetohydroxy acid synthase (AHAS), the one
which catalyzes the first common step, followed by the participation of other enzymes which
finally lead to the formation of these essential amino acids [1-5].

AHAS requires for its catalytic role the cofactor thiamin diphosphate, ThDP, in addition
to flavin-adenine dinucleotide (FAD) and a divalent metal ion, Mg*. FAD has no catalytic
function, and Mg?* is required to anchor the diphosphate moiety of ThDP in the active
site. During catalysis by ThDP-dependent enzymes, the 4-mino-pyrimidine moiety can
interconvert among four ionization/tautomeric states: the 4’-aminopyrimidine (AP), the
N1'-protonated 4’-aminopyrimidium ion (APH"), the 1',4'-iminopyrimidine (IP), and the C,-
ionized ylide (Y), whose formation is believed to activate ThDP to initiate the catalytic cycle
in thiamin-dependent enzymes [6-10], Figure 1.
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Figure 1. Activation of ThDP and catalytic cycle of AHAS.
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In this chapter, we review the results from our group for the different stages of the catalytic
cycle of AHAS from a theoretical point of view, using both quantum chemical cluster and
Quantum Mechanics/Molecular Mechanics approaches.

2. Activation of thiamin diphosphate (ThDP)

The cofactor ThDP is involved in the sugar metabolism by catalyzing carbon—-carbon bond
breaking, as well as bond forming [7-9]. During catalysis, the 4'-aminopyrimidine ring can inter-
convert among four ionization/tautomeric states: AP, APH*, IP, and the ylide Y (Figure 2). In
this section, the equilibria among the various ionization and tautomeric states involved in the
activation of ThDP and the electron density reactivity indexes of the tautomeric/ionization forms
of thiamin diphosphate are addressed using high-level density functional theory calculations.

2.1. Thermodynamics

We have studied the equilibria among the various ionization and tautomeric states involved
in the activation of ThDP by using density functional theory calculations at the X3LYP/6-
311+G(d,p)//X3LYP(PB)/6-31++G(d,p) level of theory [11, 12]. Briefly, the procedure consists
of geometry optimization in solution without any constraint. Solvation effects were modeled
using the Poisson-Boltzmann model as implemented in Jaguar. The solvents chosen were water
and cyclohexane, as paradigms of polar and apolar media, respectively. All computations were
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Figure 2. Equilibria among the different tautomeric/ionization forms of thiamin diphosphate.
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done considering the highly conserved glutamic residue interacting with the N1" atom of the
4-aminopyrimidine ring, as a simple way of considering the apoenzymatic environment.

The first equilibrium involves the proton transfer from the glutamic acid side chain to the N1’
atom. In order to evaluate the acidity constant of the N1’ atom, it is necessary to determine
the free energy change corresponding to the protonation of the N1’ atom solely. This can be
performed applying the Hess’s Law considering the following two equations:

AP + GluCOOH <« APH*+ GluCOOH (1)

GluCOO™+H* « GluCOOH (2)
whose sum gives the desired equation:
AP+H" « APH* 3)

The calculated standard free energy changes for the first equation are —1.1 and +3.0 kcal/mol,
in the solvents cyclohexane and water, respectively. While for the second equation, the free
energy changes are those that correspond to pKa’s values of 4.5 in aqueous solution, and 7 in
the enzymatic environment, as predicted by the Propka software. Using these figures, the
resulting values of AG® for Eq. (3) are -3.2 and -10.7 (kcal/mol), in water and cyclohexane,
respectively. The results show that the protonation of the N1' atom is thermodynamically
favored in both solvents. The resulting values of pK, ;" are 2.32 and 7.81, in water and cyclo-
hexane, respectively. The low value obtained in water is in the characteristic range of a weak
acid and do not reflect the well-known basicity of amines. The obtained value in cyclohexane,
however, is in the typical range of amines, on the one hand; and it is in agreement with the
accepted value of about 7 for glutamates in the proteic ambient, on the other hand.

The second equilibrium involves the transfer of a proton from the N4’ atom to an amino acid
side chain, for instance, Glu473 in pyruvate decarboxylase (PDC). Its respective value of the
standard free energy change includes the values corresponding to the deprotonation of the N1’
atom and the protonation of glutamate. In order to determine pK,,, we follow an analog proce-
dure to that considered for the first equilibrium. We consider the following chemical equations:

APH* + GluCOO~ < IP + GluCOOH (4)

GluCOOH < GluCOO™ +H* )
to give the desired equation:
APH* < IP+H* (6)

The resulting values of AG? for the reaction (6) are +6.0 and +10.6 kcal/mol in water and cyclo-
hexane, respectively. These values imply that this reaction does not proceed spontaneously
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under standard conditions. However, at temperature and pressure constant, the spontaneity
of a process is given by AG and not by AG’ They are related by the well-known relation AG =
AG" +RT In Q, where Q is the ratio of the activities of the products to the activities of the reac-
tants. Considering that the concentrations of the different forms of ThDP in the enzyme are
quite low, their activity coefficients must not be very different from unity, and consequently,
the activities could be replaced by the concentrations. Under this assumption, Q takes the form
[IP] [H*]/[APH'], where the concentration of hydrogen ions is about 107 mol/L. In consequence
under physiological conditions, the reaction becomes thermodynamically favored because of
the cancelation of the positive value of AG® by the contribution of [H'] to AG. The correspond-
ing calculated values of pK," are 4.35 and 7.72 in water and cyclohexane, respectively.

The standard free energy change for the third equilibrium, tautomeric equilibrium between AP
and IP, can be calculated by combining the chemical Egs. (3) and (6). The calculated values are
+2.8 and —8.3 x 10* kcal/mol, for water and cyclohexane, respectively. The corresponding equi-
librium constants are 8 x 10~ and 1.1, respectively. These values imply that in aqueous solution,
the formation of IP from AP is thermodynamically forbidden, while the value in cyclohexane is
in agreement with the suggested values of about 1 for the equilibrium constant [13].

The fourth equilibrium involves the transformation of IP into the ylide. The calculated values
of AG® are +0.1 and +1.0 kcal/mol, in water and cyclohexane, respectively. The corresponding
equilibrium constants are 0.85 and 0.18, respectively. The calculated values are in agreement
with the value suggested in the literature of 1-10 for the ratio [IP]/[ylide] [13].

The fifth equilibrium involves the deprotonation of the C, atom of APH" to form the ylide. The
standard free energy change for this reaction can be obtained by combination of the following
equations, whose AG® are known:

IP & ylide (7)
GluCOOH « GluCOO™+H* (8)
APH" + GluCOO™ « IP + GluCOOH )
Resulting in the desired equation:
APH" « ylide +H* (10)

The calculated values of AG? are +6.1 and +11.6 kcal/mol, in water and cyclohexane, respec-
tively. These values imply that the ylide is not formed by the direct transformation of APH",
but via the IP species through via the following sequence: APH" — IP — ylide, as suggested
in the literature. On the other hand, the value of AG’ in aqueous solution does not correspond
with weakly acidic nature of the thiazolium C,H group, while its value in cyclohexane is in
agreement with the value reported in the literature in the range of 8-9 for the deprotonation
of the C, atom [13]. Table 1 summarizes the calculated values of AG® for the possible equilibria
for the diverse tautomeric/ionization forms of ThDP.
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Equilibrium Solvent Reaction AG? (kcal/mol)

1 Cyclohexane GluCOCOH + AP «+ GluCOO™ + APH* -1.1
Water +3.0

2 Cyclohexane APH' + GluCOO" « IP + GluCOOH +1.0
Water -0.2

3 Cyclohexane AP « IP -0.083
Water +2.8

4 Cyclohexane IP < ylide +1.0
Water +0.1

5 Cyclohexane APH" < ylide + H* +11.6
Water +6.1

Table 1. Standard free energy for the possible equilibria of ThDP.

2.2. Electron density reactivity indexes

In order to complement the thermodynamic results described above, the electron density
reactivity indexes of the diverse tautomeric/ionization forms of ThDP were calculated using
density functional theory (DFT) calculations at the X3LYP/6-31++G(d,p) level of theory. The
study includes the calculation of Fukui functions and condensed-to-tom Fukui indices as a
means to assess the electrophilic and nucleophilic character of key atoms in the pathway lead-
ing to the formation of the ylide [12].

The quantum chemical calculations were performed considering a clusterized model consist-
ing only of ThDP and the conserved chain of glutamic acid interacting with the N1" atom of
the pyrimidyl ring, and the rest of residues were ignored. In order to simplify the calculations,
the diphosphate group of ThDP was replaced by a hydroxyl group, having in mind that the
primary function of the diphosphate group is to anchor the cofactor, and it is not involved
in the catalysis. The geometries of all structures were optimized in gas phase using the same
level of theory X3LYP/6-31++G(d,p). All the quantum chemical calculations of the study were
performed using Jaguar 7.0 suite of programs.

The generation of the ylide requires the proton abstraction from the C, atom by the N4 atom
of the IP form. Therefore, the nucleophilicity of the N4" atom is essential for the formation of
the ylide. Therefore, the Fukui function and the atomic Fukui indices on this atom were calcu-
lated for two alternative forms of IP, those having the N1' atom protonated and deprotonated,
respectively. The nucleophilic character of the N4’ atom as expressed by ¢, f Fukui functions
is shown in Figures 3 and 4. Figure 3 shows that the isosurface is negligible in the structure
having the N1" atom protonated. On the other hand, Figure 4 shows that for the N1’ atom
deprotonated form, there is an important nucleophilicity on the N4’ atom as required for the
proton abstraction from de C, atom. In line with the above finding, the respective condensed-
to-atom Fukui indices are 0.00 and 0.41, respectively. These results suggest that the imino
form should be with the N1" atom deprotonated in order to favor the proton abstraction. The
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Figure 3. Nucleophilic character of the N1'-protonated IP form as expressed by the f — Fukui function.

Figure 4. Nucleophilic character of the N1'-deprotonated IP form as expressed by the f — Fukui function.

optimization of the structures of both forms of IP shows that the N4’ atom and the proton
attached to the C, atom are at close distance, 2.39 A. The transition state associated to this
proton transference, Figure 5, is characterized with one and only one imaginary frequency,
893.2 cm™, corresponding to the stretching of the H < C2 bond. The dihedral angles ¢, and
¢, reach values 67.1° and ~70.4", respectively. In this distorted V-type structure, the N4'atom
is only at 1.45 A from the proton as compared to the rather long C,-H bond of 1.25 A. These
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Figure 5. Optimized structure of the transition state for the proton abstraction from the C2 atom.

bond lengths accounts for the proton transfer in progress. The observed activation barrier is
just 0.7 kcal/mol, as expected for rapid proton transference. On the other hand, the results
show that the reaction of formation of the ylide is exergonic with a standard free energy
change of -35.19 kcal/mol.

In ThDP-dependent enzymes, the ylide so formed has the role of to initiate the catalytic cycle
with the nucleophilic attack on the C_atom of the pyruvate molecule to form the intermediate
lactyl-ThDP. Consequently, the reaction is strongly dependent on the nucleophilic character of
the C, atom. In order to address this issue, the £ Fukui functions were calculated and shown in
Figures 6 and 7. The results show that only the ylide form having the N1’ atom deprotonated

Figure 6. Nucleophilic character of the N1'-protonated ylide form as expressed by the f— Fukui function.
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Figure 7. Nucleophilic character of the N1'-deprotonated ylide form as expressed f — Fukui function.

shows an important nucleophilicity on the C, atom, as required to initiate the catalytic cycle.
On the other hand, the other form of the ylide in which the N1’ atom is protonated the C, atom
does not show any tendency to carry out a nucleophilic attack. Instead, the most important
nucleophilic reactivity is lying on the carboxylic oxygen atoms, evidencing the stronger Lewis
basicity of these atoms compared to the N1’ atom, and suggesting in turn that the N1" atom
should be deprotonated. The respective atomic Fukui indices on the C, atom are 0.00 and 0.34
for the protonated and deprotonated N1’ atom forms, respectively.

2.3. Conclusions

The obtained results in aqueous solution do not correlate with the experimental results;
moreover, they cannot be supported from a chemical point of view. Instead, when the enzy-
matic environment is modeled with a solvent of low dielectric constant, like cyclohexane,
the results correlate well both qualitatively and quantitatively to the empirical evidence. In
addition, the results show that thermodynamically all ionization/tautomeric forms of ThDP
are accessible. The ylide is formed from the IP species as a result of a concerted event in
which the increase in the negative partial charge, basicity on the N4’ atom, occurs in conjunc-
tion with a decrease in the basicity of the C, atom, allowing its deprotonation. The calculated
values of pK’s for the key stages are 7.8, 7.7, and 8.5 for pK, pK_,’/and pK_., respectively.
These findings support the suggestion given in the literature [14] concerning that the depro-
tonation and protonation of the C, atom are accomplished by a fast proton shuttle enabled
by a closely matched pK_ values. The calculated equilibrium constants for the remaining two
equilibria are: [IP]/[AP] =1.2, and [IP]/[ylide] =5.6. These values are in agreement with those
given in the literature [13], of about 1 for equilibrium 3, and values in the range 1-10 for
equilibrium 4. In addition, the results allow to conclude that the highly conserved glutamic
residue does not protonate the N1'atom of the pyrimidyl ring, but it participates in a strong
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hydrogen bonding, stabilizing the eventual negative charge on the nitrogen. This condition
provides the necessary reactivity on key atoms, N4’ and C,, to carry out the formation of the
ylide required to initiate the catalytic cycle of ThDP-dependent enzymes.

3. Formation of Lactyl-THDP intermediate

The intermediate Lactyl-ThDP (L-ThDP) is formed in the first stage of the catalytic cycle of
AHAS as product of the attack of the ylide on the C_atom of pyruvate. Despite the number
of articles published on the topic, there are still some aspects that remain unknown or contro-
versial, specifically, the manner in which the reaction occurs (i.e., via a stepwise or concerted
mechanism) and the protonation states of the N1” and N4’ atoms during the attack.

In this chapter, we investigate the formation of the L-ThDP intermediate by postulating that
the ylide intermediate itself can act as the proton donor, avoiding in this way the involvement
of any additional acid-base ionizable group, Figure 8. The issue is addressed from a theoretical
point of view, considering the total proteic ambient. This chapter includes molecular dynam-
ics simulations, exploration of the potential energy surface (PES) by means of QM/MM calcu-
lations, and reactivity analysis on key centers of the reacting species. The PESs are explored
for both forms of the ylide, namely, that having the N1' deprotonated and that having the N1’
atom protonated (henceforth called the Y, and Y, forms, respectively). The exploration of the
PES is carried out in terms of two reaction coordinates accounting for the carboligation and
proton transfer. The methodology used has been described earlier in the literature [15].

3.1. Results

The PESs obtained for the two forms of the ylide, Y, and Y,, show very similar topologies,
having three critical points that are associated to reactants (R), transition state (TS), and prod-
uct (P), Figures 9 and 10. The topology shows a clear reaction path in which both reaction
coordinates vary nearly symmetrically, suggesting a concerted mechanism in which the car-
boligation and proton transfer occur simultaneously, that is, while the C, atom attacks the car-
bonyl oxygen of pyruvate, the proton of the N4" amine group is gradually transferred to the
carbonyl oxygen of pyruvate as a consequence of the increasing nucleophilic character on the

GluCOO~™

Figure 8. Proposed mechanism for the formation of L-ThDP.
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N 4°H .... O, distance (A)

4,0 3,5 30 25 2,0 15
C, ....C, distance (A)

Figure 9. Potential energy surface for the Y, form of the ylide.

N 4H...0, distance (A)

4,0 3,5 3,0 25 2,0 1.5
C, ....C_ distance (A)

Figure 10. Potential energy surface for the Y, form of the ylide.
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oxygen atom. On the other hand, the TS of the Y, form of the ylide is stabilized in 4 kcal/mol
with respect to the TS of the Y, form. The respective activation barriers are 28 and 24 kcal/mol.
The product, L-ThDP, under the Y, form, is stabilized in 6 kcal/mol with respect to the Y, form.

The relative stability of the forms Y, and Y, was assessed by means of the study of the proton
transfer from the carboxylic group of Glu139 to the N1’ atom of ThDP. It is found that the Y,
form (N1" atom protonated) is energetically lower in about 4 kcal/mol than the Y, form. The
calculated activation barrier for this proton transference is about 4.5 kcal/mol. These results
are summarized in the energy diagram, Figure 11. The calculated energy barriers are 28 and
24 kcal/mol for the Y, and Y, forms, respectively. In consequence, the reaction leading to
the formation of L-ThDP should occur under Y, form of the ylide. However, the reactivity
analysis using the condensed to atom Fukui indices show that at long C -C_ distance (reactant
state), the nucleophilic character of the C, atom is null for the Y, form, Table 2. On the other
hand, an important nucleophilic character on the carboxylic oxygens of Glu139 is observed,
strong enough to detach the proton from the N1’ atom located at close distance, about 1.8 A.
These findings suggest that reaction cannot be initiated under the Y, form. Unlike, the Y, form
shows non-null nucleophilic character on the C, atom at early stages of the reaction suggest-
ing that the reaction should be initiated under this form.

1

= _—

g 6 kcal/mol
—

g ‘ 20 /oy 28 keal/mol

&% 24kcal/mol

7] 16 keal/mol
=

w

4 kealfmol
R TS P

Reaction Coordinate

Figure 11. Schematic energy profile for the reaction (red: minimum-energy path; green: Y, form of the ylide; black: Y,
form of the ylide).

Y, Y,
C,~C, distance (A) C, 0, GluCOO C, o,
4.0 0.02 0.00 0.50 0.00 0.00
35 0.29 0.02 0.50 0.00 0.00
3.0 0.57 0.04 0.00 0.51 0.07
2.5 0.49 0.11 0.00 0.50 0.12

Table 2. Nucleophilic character on selected atoms as expressed by the f~ Fukui index.



A Computational Chemistry Approach for the Catalytic Cycle of AHAS
http://dx.doi.org/10.5772/intechopen.73705

Having in mind the energetics and reactivity results, it is possible to postulate the following
reaction path of minimum energy: the reaction is initiated with the attack of the ylide, inits Y,
form, on the carbonylic carbon of pyruvate to reach a transition state in which the N1’ atom is
protonated. This postulated mechanism allows to reduce the activation barrier to 20 kcal/mol,
in agreement with the experimental evidence [15].

4. Formation of 2-aceto-2-hydroxybutyrate

The second stage of the catalytic cycle of AHAS involves the decarboxylation of the L-ThDP
intermediate to form the 2-hydroxyethyl-ThDP carbanion/enamine (HEThDP") intermedi-
ate. Then, HEThDP reacts with 2-ketobutyrate (2 KB) to form the 2-aceto-2-hydroxybutyrate
(AHA-ThDP) intermediate. In this chapter, the formation of the 2-aceto-2-hydroxybutyrate
(AHA-ThDP) intermediate is addressed from a theoretical point of view by means of hybrid
quantum/molecular (QM/MM) mechanical calculations [18]. The QM region includes one
molecule of 2-KB, the HEThDP intermediate, and the residues Arg380 and Glu139, whereas
the MM region includes the rest of the protein. This chapter includes potential energy surface
(PES) scans to identify and characterize critical points on it, transition state search and activa-
tion energy calculations.

The initial structure of AHAS-HEThDP-2 KB for the exploration of the PES was obtained from
the solvated and equilibrated structure of AHAS in complex with pyruvate and HEThDP after
15 ns molecular dynamics (MD) simulation, according to the methodology elsewhere [18-20].
Along the simulation, significant displacements of the residues were not observed. In conse-
quence, to model the reaction mechanism, we took the final MD structure as a single repre-
sentative configuration. This structure was trimmed to a sphere of radius of 30 A with center
at the C_atom of the HEThDP" intermediate. Then, the 2 KB structure was superimposed on
the structure of pyruvate, and this was deleted.

The reaction mechanism was described on a single PES as a function of two asymmetric reac-
tions coordinates. The reaction coordinate R, is defined as the bond length difference between
C,-C, and C —C, bonds; the reaction coordinate R, is defined as the bond length difference
between O ~H_ and O,-H, .

4.1. Results

The PES obtained shows five critical points that are associated to reactants (R), transition
states (TS, and TS,), intermediate (I), and product (P), Figures 12 and 13. The PESs suggest
that the reaction is initiated with the nucleophilic attack of the carbanion on the carbonylic
carbon of 2 KB, reaching a transition state TS, located at R, ~ -1.0 and R, ~ -0.6, evidencing
that the nucleophilic attack is in progress while the hydroxyl proton of HEThDP" remains at
constant distance of about 1.7 A., from the carbonyl oxygen of ketobutyrate, Figure 14.

Once the transition state is reached, the PES shows a concerted asynchronous mechanism,
namely, the nucleophilic attack continues until R, reaches the values of about —-0.3; afterward,
the proton transfer from the hydroxyl of HEThDP" to the carbonyl oxygen of ketobutyrate
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occurs, leading to the intermediate located at R, ~ -0.25 and R, ~ 0.75, indicating that at this
point the proton transfer has been completed, Figure 15.

Figure 12. 3-D view of the DFT corrected PES.

R, (A)

-2,0 -1,5 -1,0 -0,5 0,0 0,5 1,0 1.5
R, (A)

Figure 13. 2-D view of the DFT corrected PES.
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Figure 14. Optimized geometry of the transition state TS1.

The reaction continues with the increase of the reaction coordinate R, reaching the second tran-
sition state TS2 located at coordinates R, ~0.5 and R, ~ 0.5, Figure 16. The reaction path for this
event is clearly observed on the PES; in this step, the reaction proceeds at R, constant, while
the coordinate R, changes systematically toward positive values indicating the separation of
the product from the C, atom of the thiazolium ring of ThDP, and the consequent ylide regen-
eration is in progress, Figure 17. The relevant distances and relative energies of the critical
points observed in the PES are summarized in Table 3. It is observed the gradual shortening
of the distance C ~C, and lengthening of the distance C —C, when going from reactant to prod-
uct, accounting for the nucleophilic attack and product release. Similar trend for the distances

Figure 15. Optimized geometry of the intermediate.
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Figure 17. Optimized geometry of the product.

Reactant TS1 Intermediate TS2 Product
C,-C, (A) 137 143 151 2.30 348
C-C, (A) 3.28 2.35 1.80 1.60 1.56
O.-H_(A) 1.02 098 194 1.60 1.71
O,-H, (A) 1.55 1.69 0.95 1.02 1.00
Relative energy (kcal/mol) 0.0 11.0 -9.0 6.10 3.00

Table 3. Interatomic distances and relative energies of the critical points on the PES.
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O -H and Op-H _is observed as long as the reaction proceeds. The respective activation bar-
riers are 11 and 15 kcal/mol, evidencing that the second stage is the rate controlling step, in
agreement with the empirical evidence.

4.2. Conclusions

The main conclusions can be summarized as follows: (1) the reaction between the intermedi-
ate HEThDP- and 2-ketobutyrate occurs via a stepwise mechanism consisting of two steps; (2)
the first reaction step corresponds to the nucleophilic attack of the carbanion on the carbonylic
carbon of 2-KB; this stage occurs via a concerted asynchronous mechanism, that is, the proton
transfer follows the carboligation event; (3) the second reaction stage involves the product
release and ylide recovery, allowing in this way to reinitiate the catalytic cycle once more; (4)
two transition states are observed on the PES, the first one, TS1 corresponding to the first reac-
tion step, has an activation barrier of about 11 kcal/mol, while the second one, TS2 correspond-
ing to the product liberation, has an activation barrier of about 15 kcal/mol. (5) The results are
in agreement with literature values [16, 17] which states that the next step to the formation of
the adduct is the rate controlling step among the last two stages of the AHAS catalytic cycle.
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