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Bacterial methanol dehydrogenase (MDH, E.C. 1.1.99.8) is
a quinoprotein that involves a heterocyclico-quinone cofactor
PQQ (pyrroloquinolinequinone) as a redox catalyst for the
oxidation of methanol to formaldehyde.1,2 The most curious

feature of this enzyme for chemists may be the high reactivity
toward methanol, the most inert alcohol.3 In other words, how
does MDH activate PQQ to undergo such a difficult oxidation
reaction?4 Recently, the crystal structure of MDH from
methylotrophic bacteria has been determined by two independent
research groups to provide full particulars of the enzyme active
center. According to the reported X-ray structure, there is one
calcium ion strongly bound to PQQ through its C-5 quinone
carbonyl oxygen, N-6 pyridine nitrogen, and C-7 carboxylate
group in the enzyme active site.5-7 Davidson and his co-
workers have recently suggested that Ca2+ plays an important
role for the structural stabilization of the enzyme.8 However,
little is known about the catalytic role of Ca2+ for the redox
reaction in MDH.9 In this communication, we present the first
functional model for MDH, where the calcium complex of a

PQQ derivative efficiently oxidizes methanol to formaldehyde
Via an addition-elimination mechanism.10

When the trimethyl ester of PQQ (PQQTME) was treated
with Ca(ClO4)2 in anhydrous acetonitrile (CH3CN), the absorp-
tion band at 354 nm due to the quinone shifted to 368 nm and
the shoulder around 280 nm decreases with clear isosbestic
points at 268, 289, 303, 361, and 422 nm.11 The 1:1 complex
formation between PQQTME and Ca2+ with the binding
constantKc of 1900 M-1 has been determined by analyzing the
spectral change.11 The following1H- and13C-NMR data in CD3-
CN indicate that the binding position of Ca2+ to PQQTME in
solution is the same as that to PQQ in the enzymatic system
(1H in Scheme 1).12 In the1H-NMR spectra, the methyl ester
protons at the 7-position move toward downfield more than
those at the 2- and 9-positions by the complexation with Ca2+

(∆δ ) +0.14, +0.02, and+0.06, respectively) and the∆δ
(downfield shift by the complexation) value of H-8 is also larger
than that of H-3 (+0.09 and+0.07, respectively).11 In the13C-
NMR spectra, C-5 and C-7′ (ester carbonyl carbon at the
7-position) shifted downfield (∆ppm ) +2.0 and +2.8,
respectively), while C-4, C-2′ (ester carbonyl carbon at the
2-position), and C-9′ (ester carbonyl carbon at the 9-position)
shifted upfield by the complexation with Ca2+ (∆ppm) -1.0,
-0.2, and-1.0, respectively).11
Addition of methanol into a CH3CN solution of Ca2+-complex

1H resulted in a spectral change corresponding to the C-5
hemiacetal formation (2 in Scheme 1).13 The formation constant
Kaddof the Ca2+-complex with methanol was determined as 3.6
M-1 which is six times larger than that measured in the absence
of Ca2+ (0.63 M-1),11,13indicating clearly that the complexation
with Ca2+ enhances the stability of the C-5 hemiacetal.
Coordinative interaction of methanol to Ca2+ may also enhance
the nucleophilicity of methanol by lowering the pKa value of
the-OH group.
To our surprise, addition of methanol into a deaerated CH3-

CN solution of the Ca2+-complex in the presence of a base such
as DBU (1,8-diazabicyclo[5.4.0]undec-7-ene) resulted in forma-
tion of reduced PQQTME(Figure 1). The final spectrum of
the reaction mixture is essentially the same as that obtained by
the treatment of authentic PQQTMEH2 (quinol form)14with Ca-
(ClO4)2 and DBU in deaerated CH3CN, and, more importantly,
it is alsoVery close to the absorption spectrum of fully reduced
MDH.15 From the reaction mixture in a preparative scale
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([PQQTME] ) 1.5× 10-4 M, [Ca(ClO4)2] ) 8.5× 10-3 M,
[DBU] ) 2.4 × 10-3 M, [CH3OH] ) 2.2 M in 100 mL of
CH3CN), a reasonable amount of formaldehyde was isolated
as the 2,4-dinitrophenylhydrazone derivative.16 A similar
spectral change (quantitative formation of reduced PQQTME)
was observed with ethanol as well as methanol, and the
oxidation product, acetaldehyde, was obtained quantitatively as
2,4-dinitrophenylhydrazone derivative. Furthermore, the oxida-
tion of ethanol to acetaldehyde proceeded catalytically (1450%
based on PQQTME after 65 h), when the reaction was carried
out under aerobic conditions. It should be noted that the
presence of both Ca2+ and DBU is essential for the redox
reaction between PQQTME and the alcohols to occur in our
model system.
The pseudo-first-order rate constant (kobs) obtained from the

spectral change indicated in Figure 1 shows a Michaelis-
Menten type saturation phenomenon when plotted against
methanol concentration (Figure 2A).17 Nonlinear curve fitting
using the equation ofkobs) kKadd[CH3OH][DBU]/(1 + Ka[D-
BU] + Kadd[CH3OH]) derived from the reaction mechanism
shown in Scheme 2 provided the kinetic parameters asKa )
1.4× 103 M-1, Kadd) 3.7 M-1, andk ) 0.42 M-1 s-1, where
Ka is the deprotonation equilibrium constant (1- represents
deprotonated PQQTME at N-1) andk is the rate constant of
the redox reaction from2 to 3. Dependence ofkobs vs [DBU]
(Figure 2B) also afforded a saturation phenomenon as expected
from the kinetic equation, from whichKa ) 1.5 × 103 M-1,
Kadd ) 3.5 M-1, andk ) 0.42 M-1 s-1 were obtained by the
computer simulation. The good agreements of those kinetic
parameters determined independently fromkobsvs [CH3OH] and
kobs vs [DBU] together with the agreement ofKadd determined
by the titration (3.6 M-1) and kinetics (3.5 and 3.7 M-1) support
the validity of the proposed mechanism and exclude the

intermolecular hydride transfer mechanism from methanol to
the quinone. A large kinetic isotope effect of 6.4 on the rate
constantkwas obtained by using CD3OD as a substrate, clearly
indicating that the base-catalyzedR-proton abstraction from the
substrate is rate-determining in the methanol oxidation reaction
(from 2 to 3).
In summary, we have demonstrated here that the Ca2+-

complex of PQQTME actually facilitates the alcohol-adduct
formation at C-5 and also that Ca2+ is required for the base-
catalyzed oxidative elimination reaction of the adduct. In the
enzymatic system, aspartate (Asp) is suggested to be the most
likely candidate as the general-base catalyst.5,6 Alternatively,
intramolecular general-base catalysis by the C-4 carbonyl
oxygen could be expected to abstract theR-proton of the
substrate. Such a possibility will be examined by using other
PQQ-model compounds.
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(16) The isolated yield (20%) was just the same as that obtained by the
reaction of authentic sample of formaldehyde with 2,4-dinitrophenylhydra-
zine under the same experimental conditions. This result indicate that
formaldehyde is formed quantitatively as in the case of acetaldehyde.

(17) The rate of formation of3 was monitored after the equilibrium in
Scheme 2 was established.

Figure 1. Spectral change observed in the oxidation of CH3OH (2.2
M) by PQQTME (2.5× 10-5 M) in the presence of Ca(ClO4)2 (6.3×
10-3 M) and DBU (2.4× 10-3 M) in deaerated CH3CN at 298 K.

Figure 2. Plot of (A) kobs vs [CH3OH] (at [DBU] ) 2.4× 10-3 M)
and (B) kobs vs [DBU] (at [CH3OH] ) 1.5 M) for the oxidation of
CH3OH by PQQTME (2.5× 10-5 M) in the presence of Ca(ClO4)2
(6.3× 10-3 M) and DBU in deaerated CH3CN at 298 K. The solid
lines are drawn based on the computer simulation using the kinetic
equation and the parameters indicated in the text.

Scheme 2
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