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The addition—elimination (A—E) mechanism proposed for the oxidation of methanol to formaldehyde by PQQ-containing
methanol dehydrogenase (MDH) enzyme is investigated at the Becke—Lee—Yang—Parr/double numerical with polarisation
density functional theory level with the DMol® module of the Materials Studio® software. Two different models
representing the Methylobacterium extorquens MDH (1H4I) active site are considered and tested upon methanol oxidation
in gas phase. Model A consists of the PQQ molecule, the Ca’™" jon and aspartic acid (ASP-303), and model B contains also
glutamic acid (GLU-177) and asparagine (ASN-261) in addition to the contents of model A. The first proton transfer from
methanol to ASP-303 and from ASP-303 to PQQ is affected by the model size; however, the second proton transfer
corresponding to the cleavage of C,,.,—H17 is practically unaffected by the MDH active site model under consideration.
The energy barrier for the cleavage of the C atom of methanol (C,e) and H17 is 13 and 17 kcal/mol for models A and B,
respectively, in good agreement with the general kinetic requirements of an enzymatic process. Step 1 as proposed in the
literature is not kinetically favourable in the gas phase at this theory level. It is possible then, that either solvent effects are
critical or that one or more intermediate steps leading to the formation of the first intermediate complex are missing from the
proposed methanol A—E mechanism for the oxidation of methanol by MDH.

Keywords: oxidation mechanism; MDH; methanol; DFT; BLYP

1. Introduction

Methanol dehydrogenase (MDH) is a water soluble
quinoprotein able to oxidise methanol, and other primary
alcohols to their corresponding aldehydes [1]. The crystal
structure of MDH from Methlylobacterium extorquens
[2-4] and from Methylophilus W3AI [5,6] has been
characterised using X-ray crystallographic methods. MDH
has an a3, tetrameric structure; each o subunit (66 kDa)
contains one molecule of pyrroloquinoline quinone (PQQ)
as its co-factor and one Ca>™ ion (Figure 1(a),(b)). The 3-
subunit is very small (8.5kDa) and folds around the « -
subunit; it cannot be reversibly dissociated, its function is
unknown and it is not present in any other quinoproteins
[2—-4,7]. The Ca’" jon in the MDH active site is
electrostatically bonded to the C5 quinone oxygen (O5), the
oxygen of the C10 carboxylate (O10), the nitrogen (N6) of the
PQQ, the oxygen atoms (O12 and O13) from the carboxylate
of Glu-177, and the oxygen (O11) of Asn-261 (Figure 1(b))
[2]. Apart from holding the PQQ molecule in place in the
active site, the Ca> ™ is believed to have an important role in
the electro-oxidation reaction mechanism [7].

Two possible mechanisms for methanol oxidation by
MDH have been proposed in the literature, the addition—
elimination (A—E) and the hydride transfer (H-T)
mechanisms [1,7]. The A—E is a three-step mechanism

(Figure 2) that involves a proton transfer from methanol to
an active site base, which is proposed to be Asp-303. It is
believed that the presence of this catalytic base at the
MDH active site initiates the oxidation reactions by
subtracting a proton (H16) from methanol. This proton
‘addition’ to Asp-303 leads to the formation of a covalent
hemiketal intermediate, since the resulting oxyanion
(016 ) in the methanol molecule is then attracted to the
C5 of PQQ (Figure 2). The second step consists of the
proton (H16) ‘elimination’ from Asp-303 and transfer to
05 of PQQ, and the final step is characterised by a second
proton (H17) transfer from the methanol molecule to the
04 of PQQ, resulting in the formation of the by-product
formaldehyde (CH,O) [1,7]. The H-T is proposed to be a
four-step mechanism (not shown). The first step involves
two proton transfers: H16 and H17 from the methanol
molecule to ASP-303 and C5 of PQQ, respectively,
resulting in the formation of the by-product formaldehyde
[1,7]. In the second step, there is a proton (H16) transfer
from ASP-303 to the C5 of PQQ. The third step involves
the proton (H17) transfer from the C5 of PQQ to ASP-303,
and the final step consists of the transfer of H17 from ASP-
303 to the O4 of PQQ. Irrespective of the mechanism
under consideration, the rate-determining step for
methanol oxidation by MDH is believed to be the
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Figure 1. (a) View of the inside of the enzyme with the active
site in stick model. The solid surface represents the external
surface of the MDH enzyme from M. extorquens [2] showing the
binding pocket. (b) View of the entire MDH active site from
the binding pocket. Amino acids labels denote their location in
the sequence obtained from the entry 1H4I of the protein data
bank [2].

breaking of the C,,,—HI17 bond leading to the second
proton transfer, which occurs in step 3 (Figure 2) and 1 of
the A—E and H-T mechanisms, respectively [7].

Even though the H-T-type seems to be the mechanism
that operates for the oxidation of glucose by glucose
dehydrogenase [8,9] and other closely related type II
alcohol dehydrogenases [10], the A—E methanol oxidation
mechanism appears to be the preferred one by MDH.
Experimental studies by Frank et al. [11] on methanol
oxidation mechanisms by MDH found that the C5
carbonyl of the isolated PQQ molecule is very reactive
towards nucleophilic reagents, suggesting that a covalent
PQQ-substrate complex (hemiketal intermediate) for-
mation would be possible in agreement to the A-E
mechanism [11]. This hemiketal complex formation was
also anticipated since the absorption and fluorescence
spectra of covalent adduct of PQQ and methanol are
almost identical to MDH-methanol complexes spectra, in
favour of the A—E over the H-T mechanism [12,13]. Itoh
et al. [14,15] from their theoretical and spectroscopic
measurements showed that PQQ systems in organic
solution can oxidise methanol, ethanol and 2-propanol to
their corresponding aldehydes via the A—E mechanism.

These authors reported that the crystal structure of one of
the isolated hemiketal adducts showed methanol bound to
C5 of PQQ. Crystallographic studies by Xia et al. [6] on
MDH from Methylophilus W3Al in the presence of
methanol indicated that in the MDH-PQQ-methanol
complex, the methanol hydroxyl group is closer to the
PQQ C5 atom (3.1A) than the methyl group (3.9 A).
According to these authors, the hydride ion transfer (H17
to C5 of PQQ) from the more distant methyl group of
methanol would not be possible, supporting the formation
of a hemiketal intermediate as suggested by the A-E
mechanism.

Goodwin et al. [16] performed experimental kinetics
and thermodynamic calculations on the whole Ca®™-
MDH enzyme in the presence of ammonium chloride
solution and methanol. The reported activation energy for
the oxidation of methanol at pH 9 was 35.4 kJ/mol,[16]
however these authors did not particularly relate this
activation energy to a step of the methanol oxidation
mechanisms already proposed in the literature [16].
Recently Leopoldini et al. [17] theoretically investigated
the two proposed A—E and H-T mechanisms at the B3LYP
density functional theory (DFT) level and 6-31 4 G* basis
set for all atoms except calcium (LANL2DZ was used).
Their model for the MDH active site included the PQQ
cofactor, the Ca>™ ion, the residues having coordination
with the calcium ion (GLU-171, ASN-261 and ASP-303)
and also five nearby residues which form a sphere around
the PQQ molecule (ARG-331, GLU-55, ARG-109, THR-
153 and SER-174). In their calculations, however, only the
reactive groups (CH3COO~ and NH;COCH;) of the
residues having coordination with the calcium ion and the
PQQ molecule were considered in the calculation, and one
hydrogen atom of each reactive group were frozen to
prevent unreliable expansion of model during optimisation
procedure [17]. Their calculated energy barriers for the
rate-determining step, i.e. for the cleavage of C,oc—HI17
bond of methanol for the two proposed mechanisms
(34.6 kcal/mol for A—E, 32.3 kcal/mol for H-T) were well
above the general kinetic requirements of an enzymatic
catalytic process (15-20kcal/mol). So, they postulated an
alternative mechanism, A-E-protonation, in which the
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Figure 2. A-E oxidation mechanism proposed for MDH [1].
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first step is the same as in the A—E mechanism (step 1), but
the second step consists of the proton (H17) ‘elimination’
from the hemiketal methyl group and transfer to O4.
The final step is characterised by the proton transfer (H16,
‘protonation’) from the ASP-303 to the O5 of PQQ. This
new proposed mechanism reduced the energy barrier of
the rate-determining step to 16 kcal/mol [17].

To the best of our knowledge, no clear theoretical
evidence connecting the experimental observation in
favour of the A—E methanol oxidation mechanism by
MDH has been reported in the literature, being this the
motivation of this paper. In this theoretical work, two
MDH active site models are considered based on the
exposed residues methanol molecules face upon approa-
ching the active site through the enzyme binding pocket
(Figure 1(a),(b)). No constrains (frozen atoms) are
imposed during the geometry optimisation calculations
using DFT. The A—E mechanism is tested for both MDH
models in the presence of methanol and energy barriers are
calculated and reported for each step in the mechanism.

2. Methodology

The Generalized Gradient Approximation [18] within the
DFT formalism [19] is implemented in this study as
provided by the module DMol® in Materials Studio®
software developed by Accelrys, Inc. [20]. All geometry
optimisation calculations are performed using the Becke—
Lee—Yang—Parr (BLYP) exchange correlation functional
[21] and the double numerical with polarisation (DNP)
basis set since it is the best set available in DMol®. This
basis set considers a polarisation d function on heavy
atoms and a polarisation p function on hydrogen atoms.
It compares to the split-valence double zeta 6-31G#** in
size; however it is more accurate than the Gaussian basis
sets of the same size [22]. When the BLYP/DNP theory
level is used, errors are expected to be in the second
decimal for calculated bond lengths (A) and in the order of
4-10 (kcal/mol) in absolute energies, similar to those
expected when using Becke-3 hybrid functionals and the
6-31G** basis set [23]. Harmonic vibrational frequency
calculations are performed to ensure that stationary points
on the potential energy surface of the systems are in fact
local minima (all real frequencies) or transition states
(only one imaginary frequency). Spin multiplicity states
are also checked in all calculations and ground state
geometries are presented.

Appropriate reactants and products involved in each
step of the A—E mechanism are considered for defining
atom pairing, so that a 3D trajectory file representing the
reaction path preview is generated for each step with the
Reaction Preview tool of the Materials Studio software.
Then, these 3D trajectory files are used as inputs to obtain
the corresponding transition states, using the linear
synchronous transit and quadratic synchronous transit

Molecular Simulation 1059

(LST/QST) calculation with conjugate gradient minimis-
ation [24] within the Transition State search tool in
DMol®. This methodology starts with a LST/optimisation
(bracketing the maximum between the reactant and
product and performing energy minimisation of the
obtained maximum in the reaction pathway).
The Transition State hence obtained is used as starting
point for performing a finer search with the QST/optimisa-
tion followed by a conjugate gradient minimisation. This
cycle is repeated until a stationary point with only one
imaginary frequency (transition state) is found [24], since
in many cases several imaginary frequencies are found.
In the later situation, the corresponding (imaginary) modes
of vibrations are animated in order to visualise the mode
that would eventually follow the intended step from a
particular reactant to product. That particular mode is
then selected to perform the transition state optimisation
to verify whether the obtained geometry is indeed a
transition state.

The transition state finally obtained by the LST/QST/
conjugate gradient method may not be the transition state
connecting the intended reactant and product for a parti-
cular reaction step. Therefore, in order to thoroughly
investigate the reaction paths, the intrinsic reaction
coordinate (IRC) analysis is performed. In DMol®, the
IRC calculations are included in the Transition State
Confirmation tool [20]. This tool starts at the transition
state and locates successive minima in the direction of the
reactant and product paths. This path is known as the
minimum energy path, which should connect the supposed
transition state to the presumed reactants and products
[25]. It uses the nudged elastic band method to validate a
transition state by introducing a fictitious spring force
which connects the neighbouring points to ensure conti-
nuity of the path and then it projects the force, so that the
system converges to the minimum energy path [25].

3. Results

In order to investigate the three-step A—E mechanism for
methanol oxidation by MDH, models for describing the
entire MDH enzyme are selected. Two different models
representing the Methylobacterium extorquens MDH
(1H4I) active site are considered and tested upon methanol
oxidation in gas phase. Model A consists of the PQQ
molecule, the Ca’™ ion and aspartic acid (ASP-303), and
model B contains also glutamic acid (GLU-177) and
asparagine (ASN-261) in addition to the contents of model
A (Figure 3). Then, these active site models are fully
optimised and tested upon methanol oxidation following
the steps one to three of the A—E mechanism (Figure 2).
Reactant (reactant of step 1), Transition states TS1, TS2
and TS3 for steps 1, 2 and 3 respectively, intermediates
INT1 (product of step 1) and INT2 (product of step 2), and
the final product (product of step 3) optimised structures
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are obtained and associated results are presented and
discussed in the next section.

4. Structure and bond lengths
4.1 Model A

In model A, the system representing MDH is formed by
PQQ, Ca®™ and ASP-303. For step one, a methanol
molecule is added to that system according to Figure 2 to
represent the reactant, and the complete complex is
geometry optimised at the BLYP/DNP theory level. Then,
the product of step one (INT1) is built according to Figure
2 and geometry optimised at the same level of theory.
Finally, transition state search and transition state
confirmation calculations are performed as explained in
the Methodology section until the transition state (TS1)
corresponding to step 1 of the A—E mechanism is found.
This procedure is repeated for all three steps in the A—E
mechanism. Geometry optimised structures are presented
in Figure 4 and selected bond lengths are tabulated in
Table 1.

In step 1, the proton (H16) abstraction to O14 of
ASP-303 is observed at this theory level, The O14—H16
bond length evolves from 2.18 (reactant) to 1.09 (TS1) to
1.00 (INTT1) A (Table 1), showing the binding of the H16
proton to ASP-303. The C5—016 distance from the initial
reactant is reduced from 4.35 to 2.96 and finally to 1.46 A,
evidencing the formation of the hemiketal intermediate of
the rest of methanol with C5 of PQQ. The transition state
(TS1) is found to be 22 kcal/mol less stable than the initial
reactant complex. The corresponding imaginary frequency
(~95cm 1) corresponds to the translational motion of the
CH;0  towards the C5 of PQQ and the proton (H16)
transferred to the ASP.

Figure 3. Geometry optimised models representing the
M. extorquens MDH (1H4I) active site. (a) Model A: PQQ
molecule, the Ca>* jon and aspartic acid (ASP-303). (b) Model
B: PQQ molecule, the Ca®* ion, aspartic acid (ASP-303),
glutamic acid (GLU-177) and asparagine (ASN-261).

In step 2, the second intermediate (INT2) is formed by
the H16 proton transfer from ASP-303 to the O5 of PQQ.
The CH30 " tilts its orientation with respect to INT1 in such
a way that the distance between O4 of PQQ and H17 of
methanol is 2.51 A compared to 2.83 A in INTI.
The transition state for this step (TS2) shows an
intermediate location of H16 on its way from O14 of ASP
to the PQQ carbonyl oxygen OS5, with HI6—05 = 1.23 A
and H16—014 = 1.24A (Table 1). This transition state
imaginary frequency (~700cm™ ') corresponds to the
symmetrical stretching of the O5—HI16 and H16—014
bonds. TS2 is 7 kcal/mol less stable than INT1.

In step 3, the formation of the reduced PQQH,
complex and the final formaldehyde by-product is
observed at the BLYP/DNP theory level. The cleavage
of the carbon atom in the methanol molecule and H17

Figure 4. Geometry Optimised structures involved in A—E methanol oxidation mechanism for model A representing the MDH active

site.
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Table 1. Selected bond lengths corresponding to the optimised structures of reactant (reactant of step one), transition states TS1, TS2
and TS3 for steps one, two and three respectively, intermediates INT1 (product of step 1) and INT2 (product of step 2), and the final

product (product of step 3) for models A and B (in parenthesis).

Bond length (A) Reactant TS1 INT1 TS2 INT2 TS3 Product
O14—HI16 2.18 1.09 1.00 1.24 1.76 1.73 2.09
(1.69) (1.01) (0.98) (2.58) (2.60) (2.89) (2.60)
C5—016 4.35 2.96 1.46 1.48 1.48 3.00 3.52
(4.10) (2.75) (1.40) (1.48) (1.49) (3.39) (5.33)
0O5—HI16 3.97 2.66 1.44 1.23 1.01 1.02 1.00
(3.55) (3.53) (3.43) (2.21) (1.03) (1.00) (1.00)
04—H17 5.74 3.16 2.83 2.72 2.51 1.21 0.98
(5.21) (4.91) (2.96) (2.86) (2.59) (1.01) (0.99)
CherH17 1.10 1.11 1.10 1.10 1.10 1.59 2.58
(1.10) (1.11) (1.10) (1.10) (1.10) (1.47) (2.82)

is observed since the C,,,.c—H17 bond length evolves from
1.10 (INT2) to 1.59 (TS3) to 2.58 (product) and the
corresponding H17—04 distances from 2.51 to 1.21 and to
0.98 A, respectively. Even though the O4 of PQQ and H17
of methanol appear close to each other (Figure 4) during
the previous steps, in reality they are not (Table 1) until
this step takes place. Moreover, the distance between O16
of methanol and C5 of PQQ changes from 1.48 to 3.00 and
to 3.52A, indicating that the formation of the by-product
formaldehyde is indeed possible. The transition state for
this step (TS3) is 13 kcal/mol less stable than INT2. Its
corresponding imaginary frequency (~430cm™ ') corre-
sponds to the movement of the H17 between the methyl
carbon (C,,.)) and O4 of PQQ.

4.2 Model B

In model B, the system representing MDH is formed
by PQQ, Ca®*, ASP-303, GLU-177 and ASN-261.
As explained in Section 4.1 for model A, the same
procedure is followed to explore the methanol A-E
mechanism for model B. Geometry optimised structures
are presented in Figure 5 and selected bond lengths
tabulated (in parenthesis) in Table 1.

In step 1, the first proton (H16) transfer from methanol to
O14 of ASP-303 is observed as well as the hemiketal
formation of the rest of the methanol molecule with the C5 of
PQQ. The O14—H16 distance reduces from 1.69 to 1.01 and
100.98 A, evidencing the first proton transfer to the ASP-303.
The C5—016 bond length variation from 4.10 to 2.76 and to
1.40 A indicates that the nucleophilic attachment of the rest
of the methanol molecule to C5 of PQQ is possible.
The transition state for this step is 28 kcal/mol less stable than
the reactant. Its imaginary frequency (~840cm™ ") corre-
sponds to the translational motion of the CH;0 ™~ between the
C5 of PQQ and the proton (H16) transferred to the ASP.

In step 2, the H16 proton transfer from O14 of ASP-303
to the PQQ carbonyl oxygen OS5 is observed to happen.
The O14—H]16 bond distance increases from 0.98 to 2.58
and to 2.60 A, and O5—H16 is decreasing from 3.43t0 2.21
and to 1.03 A, evidencing that particular proton transfer.
The transition state for this step is 5kcal/mol less stable
than the INTI. Its imaginary frequency (~670cm ')
corresponds to the lateral movement of proton HI6
between O14 of ASP-303 and O5 of PQQ.

In step 3, the formation of the reduced PQQH,
complex and the by-product formaldehyde is observed.
The bond distance between C5 of PQQ and O16 of
methanol increases (Table 1), indicating that the

Figure 5. Same as Figure 4 for model B.
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formation of formaldehyde is possible. The transition
state for this step is 17 kcal/mol less stable than INT2. Its
imaginary frequency (~690cm™ ') corresponds to the
movement of the H17 between the methyl carbon (C,,e()
and O4 of PQQ.

5. Effect of model size on structure and energetics

In order to investigate the effect of the model size on the
structure of the reactant, transition states, intermediates
and product, the bond length difference, A = d(model
B) — d(model A), is computed for three key distances d
= 0O14—H16, 05—H16 and C,,.,—H17 and plotted for the
structures along the reaction path (Figure 6).

The O14—H16 bond length is longer (by 0.50 A) in
case of model A than model B for the reactant. This
distance in TS1 and INT1 is practically the same
irrespective of the model under consideration, but as the
reaction proceeds, this bond length increases by
0.50—1.30 A in model B with respect to that in model
A. The O5—H16 bond length is 0.50 A longer in model A
than that in model B for the reactant. Then, it increases by
0.76-2.00 A for the complexes of model B relative to the
corresponding ones in model A. Finally, this distance is
practically the same irrespective of the model under
consideration for all complexes of step 3. The C,,.c—HI17
bond length is almost the same for all species for the two
models considered, except for a slight increase (~ 0.25 A)
in the case of the product of step 3. The large bond length
differences A in the case of O5—H16 and O14—H]16 for
the two models indicates that this first proton transfer
(H16) from methanol to ASP-303 and from ASP-303 to
PQQ is indeed affected by the model size, and that
unrealistic behaviour might be observed in this case when
the size of the MDH active site model is not carefully
selected. On the other hand, the second proton (H17)
transfer corresponding to the cleavage of C,,.—HI17 is
practically unaffected by the MDH active site model under
consideration.

Calculated forward and reverse energy barriers for
steps 1 to 3 for methanol oxidation by MDH according
to the A—E mechanism are tabulated in Table 2.
The complete reaction path for both models is shown in
Figure 7, where energy values are presented relative to the
reactant energy. At the BLYP/DNP theory level, it is
evident that step 1 is the slowest (Table 2) with energy
barriers of 22 and 28kcal/mol for models A and B
respectively. Step 2 of this mechanism is the fastest, with
small energy barriers of 7 and 5 kcal/mol for models A and
B, respectively. The energy barriers for the cleavage of the
C atom of methanol (C,,.;) and H17 are 13 and 17 kcal/mol
for models A and B respectively, in good agreement
with the general kinetic requirements of an enzymatic
process (15—-20kcal/mol) [17], particularly for the largest
model (B).
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Figure 6. Calculated bond length difference A = d(model
B) — d(model A) for three key distances d = O14—HI6,
O5—H16 and C,,,,—H17 along the reaction path.

6. Discussion

The proposed A—E mechanism tested upon the two
selected active site models A and B at the BLYP/DNP
theory level shows that irrespective of the MDH model
under consideration, the conversion of the reactant into the
first intermediate (INT1) through TS1 (step 1) is
kinetically slower than the final conversion of second
intermediates (INT2) to products through TS3 (step 3), and
than step 2. However, since step 1 is not kinetically
favourable in the gas phase at this theory level, it is
possible that either solvent effects are critical or that one or
more intermediate steps leading to the formation of the
first intermediate complex are missing from the proposed
methanol A—E mechanism by MDH. Steps 2 and 3 are
kinetically favourable, and between the two, step 3 is the
rate-determining step at the BLYP/DNP theory level,
which corresponds to the cleavage of the C,,. and H17
bond in good agreement with experimental observations.
The calculated energy barriers (forward) for this step are

30
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Figure 7. Gas-Phase Potential Energy Surface (PES) for active
site models A and B. Reactant-relative energies calculated at the
BLPY/DNP theory level are in kcal/mol.
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Table 2. Forward and Reverse energy barriers (kcal/mol)
corresponding to steps one to three of the A—E methanol
oxidation mechanism calculated at the BLPY/DNP theory level
for models A and B.

Model A Model B
Step Forward Reverse Forward Reverse
1 22 2 28 6
2 7 11 5 17
3 13 29 17 28

13 and 17 kcal/mol for models A and B, respectively,
which are within the commonly accepted range for
enzymatic reactions (15—-20kcal/mol) taking into account
the typical error (4—10kcal/mol) at this level. Moreover,
an extra error is anticipated since the calculations
presented in this paper were performed in gas phase.
The presence of an activator (ammonia) in solvent and/or
protein environment could further stabilise the interme-
diates and transition states, thereby modifying the energy
barriers for a possible smoother catalytic process.

7. Conclusions

The A—E reaction mechanism proposed for the methanol
oxidation by PQQ-containing MDH was investigated by
employing two models representing the active site of the
enzyme. The results obtained from the gas-phase
calculations demonstrate that the oxidation of methanol
can proceed through the A—E mechanism, however step 1
as proposed in the literature is not kinetically favourable at
the BLYP/DNP theory level. The rate-determining step
(step 3, cleavage of C,,oc—H17) for MDH models A and B
shows energy barriers of 13 and 17 kcal/mol respectively
in fair agreement with experimental observations. DMol®
can be used to explore the reaction pathway of the A—E
methanol oxidation mechanism by MDH. The BLYP/
DNP combination selected for this study is an adequate
theory level for obtaining structural information, and a
fairly good starting level to be followed by more accurate
methods for quantifying the energy barriers for this
mechanism.
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