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Ca2þ-free Methanol dehydrogenase (MDH) has been pre-
pared from Hyphomicrobium denitrificans A3151 and spectro-
scopically characterized. Ca2þ-free MDH had full-oxidized pyr-
roloquinoline quinone (PQQ). Incubation of Ca2þ-free MDH
with Ca2þ ion led to reconstituted MDH containing full-reduced
PQQ, which was tightly bound with Ca2þ ion and had the
enzyme activity.

Methanol dehydrogenase (MDH; EC 1.1.99.8), which is a
pyrroloquinoline quinone (PQQ)-dependent enzyme, catalyzes
the oxidation of methanol to formaldehyde in the carbon metab-
olism of various methylotrophic bacteria.1 It has been known
that a single Ca2þ ion is tightly bound to MDH in the active site.2

It is very difficult to remove the Ca2þ ion from MDH, although
Ca2þ-free enzymes have been reported in other quinoproteins
such as soluble glucose dehydrogenase.3 Only one example of
Ca2þ-free MDH has been reported by Anthony et al.2a They pre-
pared Ca2þ-free MDH from the mutant strains of bacteria lack-
ing of genes for proteins related the incorporation of Ca2þ ion
into MDH (MoxA, K, and L). However, Ca2þ-free MDH from
native bacteria and its characterization have never been reported
so far. Therefore, we report here that the Ca2þ-free MDH were
prepared from Hyphomicrobium denitrificans A3151 and char-
acterized by electronic absorption and electronic paramagnetic
resonance spectroscopies.

TheH. denitrificans strain was cultured in a mineral salt me-
dium containing 1% methanol and 0.5% potassium nitrate at
30 �C for 3 days under static conditions.4 The cell suspended
40mM of Tris-HCl buffer (pH 7.5) containing phenylmethylsul-
fornyl fluoride (protease inhibitor) were sonicated at 180W for
30min, followed by centrifugation (15,000 rpm for 1 h). Ammo-
nium sulfate was added to the supernatant solution to give a con-
centration of 20%, and precipitate was collected by centrifuga-
tion. The concentration of ammonium sulfate in the supernatant
was raised to 80% of the saturation, and the solution was stirred
and centrifuged as before. A resulting precipitate containing
MDH was dialyzed against 40mM of Tris-HCl buffer (pH
7.5). Further purification was performed with SuperQ-Toyo-
pearl, Q-Sepharose, and Phenyl-Sepharose column chromatog-
raphies.5 SDS-PAGE of the purified MDH showed two bands
(65 and 9 kDa), which correspond to � and � subunits of
MDH from other methylotrophs, respectively.1 The 65- and
9-kDa subunits of the MDH had the amino-acid sequences of
NDKLIELSNSNE and YDGTHCKAPGN at the N-terminus,
respectively. The sequences of both subunits are almost
identical to those of MDH from H. methylovorum GM2 (�:
NDKLIELSKSNE and �: YDGTKCKAPGN).6 The amount of
Ca2þ ion in the MDH was estimated to be less than 0.03 atoms
by atomic absorption spectrophotometory, and hence the MDH

lacks Ca2þ ion. Other metal ions (Fe, Cu, V, Cr, Mn, Co, Ni,
Zn, Mo, Ru, Cd, and W) were also not detected in the Ca2þ-free
MDH by ICP measurement.

In the same purification process except ammonium sulfate
precipitation steps before SuperQ-Toyopeal column chromatog-
raphy, Ca2þ-containing MDH, in which amount of Ca2þ ion is
1.43 atoms per �2�2, was obtained. After that the Ca

2þ-contain-
ing MDH was kept in 80% ammonium sulfate solution with
50mM EDTA for 1 h at pH 7.5 and 4 �C, the amount of Ca2þ

ion in the enzyme was not changed, therefore, the binding of
Ca2þ ion to MDH from H. denitrificans is tightly as the same
as MDH from other bacteria. We found that Ca2þ-free MDH
was prepared by the ammonium sulfate precipitation procedures
of the cell extract, although further studies would be need for the
elucidation of the Ca2þ ion elimination mechanism from MDH.

The UV–visible absorption spectrum of Ca2þ-free MDH ex-
hibits a peak at 386 nm and a shoulder band around 412 nm (a in
Figure 1). The A386/A412, A280/A386, and A280/A412 ratios were
1.34, 16.30, and 21.84, respectively. The spectrum is obviously
different from those of resting states of MDH (semiquinone
forms) from other bacteria, and similar to that of full-oxidized
MDH (quinone form).7 In MDH model complex studies,8 the ab-
sorption band due to the quinone is observed at 354 nm in anhy-
drous acetonitrile. The spectral difference between Ca2þ-free
MDH and quinone compound would be due to the environment
of PQQ. In the active site of MDH, the PQQ forms hydrogen
bonds in its equatorial plane with surrounding protein residues
and is sandwiched between a tryptophan side chain and a char-
acteristic disulfide bridge formed by adjacent cysteine resi-
dues.9,10 In the EPR spectrum of Ca2þ-free MDH, no signal
was detected (a in Figure 2), while Ca2þ-containing MDH

Figure 1. Electronic absorption spectra of Ca2þ-free MDH
(a, solid line), Ca2þ-treated MDH before and after addition of
Wurster’s Blue (b, broken and c, dot and dash lines, respective-
ly) in 40mM of Tris-HCl buffer (pH 7.5).
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showed a sharp intensity organic radical signal at g ¼ 2:005,
which is characteristic of semiquinone free radical in quinone-
containing proteins. Consequently, the Ca2þ-free MDH has qui-
none-type PQQ in the active site. Generally, oxidized MDH con-
taining quinone-type PQQ is unstable because of the endogenous
activity.11 The results suggest that Ca2þ ion in MDH active site
would be concerned with the endogenous reaction.

The Ca2þ-free MDH was incubated at 25 �C for 1 h in
40mM of Tris-HCl buffer (pH 8.5) containing 100mM of
CaCl2, and dialyzed twice against the buffer without Ca2þ ion.
The amount of Ca2þ ion in the Ca2þ-treated MDHwas estimated
to be 1.06 atoms per �2�2. The MDH activity of Ca2þ-treated
MDHwas 13.0 unit/mg protein, which is similar to the enzymat-
ic activity of Ca2þ-containing MDH (18.0 unit/mg protein),
although Ca2þ-free MDH had no activities.12 The UV–vis
spectrum of Ca2þ-treated MDH exhibits a peak at 345 nm
and a shoulder band around 410 nm (A345/A410 ¼ 4:65, b in
Figure 1), which is similar to those of full-reduced Ca2þPQQ
complex8 and MDH (quinol form).13 The Ca2þ-treated MDH
had no EPR signal, as shown in Figure 2. When one equivalent
of oxidant was added to the Ca2þ-treated MDH, the absorption
spectrum changed into almost the same as that of Ca2þ-contain-
ing MDH, which has semiquinone state in the active site (c in
Figure 1), and EPR signal at g ¼ 2:005 characteristic of semiqui-
none free radical was detected (c in Figure 2).

We also determined the amino-acid sequences of MDH
and the concerning proteins by cloning of their genes from
H. denitrificans.14 The gene cluster for methanol oxidation,
moxFJGIRSAC, was found to exist in H. denitrificans. The �
and � subunits (MoxF and MoxI) exhibited 64–95 and 57–
92% identities, respectively with those of other bacteria reported
previously. The amino-acid residues related to the active site of
MDH (E55, C103, C104, R109, T159, S174, E177, T243, W243,
N261, D303, R331, N394, and W476 in H. denitrificans) are
completely conserved. One of the proteins (MoxA) for insertion

of Ca2þ ion into MDH also exhibited identities with those of
other bacteria (28–34%).

The Ca2þ-free MDH isolated from native bacteria will give
an insight into the elucidation of role of Ca2þ ion in quinoen-
zymes. The more detailed analysis of the elimination mechanism
of Ca2þ ion from MDH and the roles of Ca2þ ion in MDH are in
progress.

This work was supported by Grant-in-Aid for Scientific
Research on Priority Area No. 16750144 (to M.N.) from the
Ministry of Education, Culture, Sports, Science and Technology
of Japan, to whom we express our thanks.

References and Notes
1 C. Anthony and P. Williams, Biochim. Biophys. Acta, 1647, 18

(2003); C. Anthony, Arch. Biochem. Biophys., 428, 2 (2004).
2 a) I. W. Richardson and C. Anthony, Biochem. J., 287, 709 (1992).

b) O. Adachi, K. Matsushita, E. Shinagawa, and M. Ameyama, Agric.
Biol. Chem., 54, 2837 (1990).

3 A. Sato, K. Takagi, K. Kano, N. Kato, J. A. Duine, and T. Ikeda,
Biochem. J., 357, 893 (2001).

4 Deligeer, R. Fukunaga, K. Kataoka, K. Yamaguchi, K. Kobayashi,
S. Tagawa, and S. Suzuki, J. Inorg. Biochem., 91, 132 (2002); K.
Yamaguchi, A. Kawamura, H. Ogawa, and S. Suzuki, J. Biochem.,
134, 853 (2003).

5 The MDH solution was applied directly onto a SuperQ-Toyopearl
column (5� 15 cm2) which had been equilibrated with 40mM of
Tris-HCl buffer (pH 7.5). The pass-though fraction was continuously
applied onto a Q-Sepharose fast flow column (2:5� 25 cm2) preequi-
librated with the same buffer. Elution of the enzyme was performed
with 4 bed volumes of 40mM of Tris-HCl (pH 7.5), and then with
3-bed volumes linear gradient of 0–200mM of NaCl in the same
buffer. Ammonium sulfate was added to the fractions containing
MDH to a final concentration of 45% saturation and the resulting pre-
cipitate was removed by centrifugation (15;000 rpm� 20min). The
supernatant was applied onto a Phenyl-Sepharose 6 fast flow column
(2:5� 25 cm2) preequilibrated with 40mM of tris-HCl buffer
(pH 7.5) containing 45% ammonium sulfate. The MDH was eluted
by a linear gradient from 45% to 0%-saturated concentration of
ammonium sulfate in the same buffer.

6 Y. Tanaka, T. Yoshida, K. Watanabe, Y. Izumi, and T. Mitsunaga,
FEMS Microbiol. Lett., 154, 397 (1997).

7 P. Hothi, J. Basran, M. J. Sutcliffe, and N. S. Scrutton, Biochemistry,
42, 3966 (2003).

8 S. Itoh, H. Kawakami, and S. Fukuzumi, J. Am. Chem. Soc., 119, 439
(1997); S. Itoh, H. Kawakami, and S. Fukuzumi, Biochemistry, 37,
6562 (1998).

9 M. Ghosh, C. Anthony, K. Harlos, M. G. Goodwin, and C. Blake,
Structure, 3, 177 (1995); Z.-X. Xia, Y. N. He, W.-W. Dai, S. A.
White, G. D. Boyd, and F. S. Mathews, Biochemistry, 38, 1214
(1999); Z.-X. Xia, W. W. Dai, Y.-N. He, S. A. White, F. S. Mathews,
and V. L. Davidson, J. Biol. Inorg. Chem., 8, 843 (2003).

10 A. Avezoux, M. G. Goodwin, and C. Anthony, Biochem. J., 307, 735
(1995).

11 J. Frank and J. A. Duine, Methods Enzymol., 188, 202 (1990);
D. J. Day and C. Anthony, Methods Enzymol., 188, 210 (1990).

12 Enzyme activity was determined spectrophotometrically on a
Shimadzu UV-2200 spectrophotometer, following the reduction of
Wurster’s Blue in time. The reaction mixture in a cuvette (1-cm
optical length) contained 100mM of tris-HCl buffer (pH 9.0), 400
mM of methanol, 10mM of NH4Cl, and 8mM of Wurster’s Blue.
Reactions were started by addition of MDH, and the reduction of
Wurster’s Blue was measured by the decrease in absorbance at 640
nm. A molar extinction coefficient of 2,143M�1 cm�1 was used for
Wurster’s Blue at pH 9.0. One unit is the amount of enzyme catalyz-
ing the reduction of Wurster’s Blue (2mmol) per minute at 25 �C.

13 J. Franck, M. Dijkstra, J. A. Duine, and C. Balny, Eur. J. Biochem.,
287, 709 (1988).

14 accession number AB201477 in the DDBJ, EMBL, and GenBank
nucleotide sequence databases.

Figure 2. 77K X-band EPR spectra of (a) Ca2þ-free MDH, (b)
Ca2þ-treated MDH before and (c) after addition of Wurster’s
Blue in 40mM of Tris-HCl buffer (pH 7.5). TCNQ: external
standard radical marker. Sample concentrations: 400mM.
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