ELSEVIER

FEMS Microbiology Letters 127 (1995) 159164

ERNS

MICROBIOLOGY
LETTERS

Methanol oxidation in a spontaneous mutant of
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Abstract

A spontaneous Thiosphaera pantotropha mutant (Tp9002) that is able to grow on methanol has been isolated. With
hybridization experiments it has been demonstrated that mxaF, the gene encoding the large subunit of methanol
dehydrogenase, is absent from T. pantotropha. In Tp9002, a dye-linked enzyme activity was found with a substrate
specificity similar to that of the dye-linked ethanol dehydrogenase from Pseudomonas aeruginosa. The N-terminus of a
26-kDa cytochrome c, exclusively synthesized in Tp9002, is homologous to the N-terminus of the electron acceptor of
ethanol dehydrogenase. These results suggest that in Tp9002 a dye-linked ethanol dehydrogenase is responsible for methanol

oxidation, using a 26-kDa cytochrome c as electron acceptor.
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1. Introduction

Paracoccus denitrificans and Thiosphaera pan-
totropha are closely related bacteria that belong to
the -3 subgroup of the « subdivision of the purple
bacteria and have identical 16S rRNA sequences [1].
Although the two organisms are similar in many
aspects, they also differ in many others. For exam-
ple, P. denitrificans differs from T. pantotropha in
its capacity to grow on methanol and methylamine as
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sole carbon and energy sources. Both P. denitrifi-
cans and T. pantotropha, however, are able to grow
on choline. During the oxidation of one molecule of
choline, several molecules of formaldehyde are pro-
duced and the oxidation of formaldehyde is therefore
not impaired in 7. pantotropha. Although the wild-
type T. pantotropha strain is unable to grow on
methanol, two groups have succeeded in isolating a
T. pantotropha strain, designated Mox*, which is
able to grow on this substrate [2,3).

In P. denitrificans, the oxidation of methanol to
formaldehyde is catalysed by methanol dehydroge-
nase (MDH). This enzyme is a periplasmically lo-
cated quinoprotein which consists of two identical
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large and two identical small subunits [4]. MDH
contains pyrroloquinoline quinone (PQQ) as a cofac-
tor non-covalently linked to the large subunit [5).
The enzyme is induced during growth on methanol,
methylamine and choline [4], and its substrate speci-
ficity is well-defined. Primary alcohols are oxidized,
but the efficiency decreases with increasing chain
length [6]. Secondary alcohols are not oxidized [7].
The genes encoding the subunits of P, denitrificans
MDH have been isolated [8,9]. The large subunit is
encoded by mxaF and the small subunit by mxal,
both part of the mxaFJGIRS cluster [9,10). The
mxaG gene encodes a 17.7-kDa c-type cytochrome
which is the electron acceptor of MDH. Hybridiza-
tion studies with mxaG as a probe demonstrated that
this gene is absent in 7. pantotropha [11). Moir and
Ferguson [3] identified a 26-kDa cytochrome c in the
periplasm of the T. pantotropha Mox* strain grown
on cither choline and methanol. They suggested that
this cytochrome ¢ takes over the role of the mraG
gene product as electron acceptor of MDH in the
Mox"* mutant. Egert et al. [2] suggested that the
gene cluster xoxF—cycB-xoxJ is involved in
methanol oxidation in the Mox* 7. pantotropha
mutant. These genes, present in both P. denitrificans
(12] and 7. pantotropha [11], encode proteins that
show homology with the gene products of the mxa
locus.

This report describes the isolation of a sponta-
neous 7. pantotropha mutant that is able to grow on
methanol. Using hybridization studies, it has been
demonstrated that mxaF, the structural gene encod-
ing the large subunit of MDH, is absent in T pan-
totropha. The results obtained here suggest that a
dye-linked ethanol dehydrogenase (EDH) is respon-
sible for methanol oxidation in the mutant strain.

2. Materials and methods
2.1. Bacterial strains and growth conditions

P. denirrificans and T. pantotropha (wild-type
and mutant strain Tp9002) were used. Although it
has been proposed that T. pantotropha should be
renamed P. denitrificans because of their identical
16S rRNA sequences [1,13), their physiological dif-
ferences are sufficient to make this a matter of
debate. Until the situation of this group (which would

include Thiobacillus versutus and Rhodobacter cap-
sulatus) is fully resolved, we consider it less confus-
ing to retain the separate names. P. denitrificans and
T. pantotropha were either grown in brain heart
infusion broth with 40 ug of rifampin and 40 ug of
gentamycin per ml, respectively, or in aerobic batch
cultures at 32° C on mineral salts medium [14] with
50 mM methanol, 30 mM choline chloride or 50 mM
ethanol as carbon and energy source.

2.2, Isolation of the mutant

The wild-type strain 7. pantotropha GB17 was
incubated in methanol-containing medium. After 20
days, growth was observed and an optical density at
660 nm of 0.8 was reached. Cells were isolated from
this culture and purified by streaking on methanol
minimal medium plates. A single colony was picked
and tested further.

2.3. DNA manipulations

DNA was manipulated essentially as described by
Maniatis et al. [15]. Chromosomal DNA was isolated
as described previously [16].

2.4. Southern analysis

Chromosomal DNA from P. denitrificans and T.
pantotropha was digested with either Puull, EcoRI,
or BamHI and subsequently loaded onto a 0.9%
agarose gel. After running the gel, DNA was dena-
tured and transferred to a positively charged nylon
membrane as specified by the manufacturer (Boeh-
ringer GmbH, Mannheim, Germany). A 1.3-kb
Sall-Hindlll fragment containing the mxaF gene
from P. denitrificans was labelled with digoxigenin
and used as a probe in the hybridization experiment,
After hybridization at 68° C, the blots were washed
in 0.1 X SSC (15 mM sodium chloride; 1.5 mM
sodium citrate; pH 7) at room temperature. The
target DNA was visualized by chemiluminescent de-
tection with Lumigen PPD (Boehringer GmbH,
Mannheim, Germany).

2.5. Enzyme activities

Cells were harvested, washed twice in 10 mM
Tris - HCI buffer (pH 7.0), and suspended in the
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same buffer to an optical density of 50.0 at 660 nm.
The assay mixture contained 100 mM Tris - HCI
buffer (pH 9.0), 15 mM NH,Cl, 1 mM KCN, 0.1
mM  2,6-dichlorophenol-indo-phenol (DCPIP), 1.0
mM phenazine methosulfate (PMS) and cell suspen-
sion. The mixture was kept anaerobic with argon.
Methanol, ethanol, n-propanol, n-butanol and 2-pro-
panol to a final concentration of 8 mM were used as
substrates in the assay. Dye-linked enzyme activities
were determined by measuring the changes at 610
nm with the reference wavelength set at 750 nm
using an Aminco DW2 UV /VIS spectrophotometer
(American Instrument Company) in the dual wave
length mode.

2.6. Oxygen consumption rates

The oxygen consumption in whole cells was mea-
sured using a Clark-type oxygen electrode. The reac-
tion vessel was filled with air-saturated buffer. The
rate of oxygen respiration was measured before and
after adding substrate to the cell suspension.
Methanol, ethanol, n-propanol, n-butanol and 2-pro-
panol to a final concentration of 8 mM were used as
substrate.

2.7. Isolation of cell extracts

For the isolation of cell extracts, cells were sus-
pended in a 50 mM potassium phosphate buffer (pH
7.5), supplemented with DNase and 1.5 mM magne-
sium acetate, to an optical density of 50.0 at 660 nm
and then broken in a French pressure cell (American
Instrument Company, Silver Spring, MD) at 10000
psi. Membranes were removed by centrifuging for 1
h at 100000 X g and 4° C.

2.8. Gel electrophoresis and heme staining

SDS-polyacrylamide gel electrophoresis (PAGE)
was performed as previously described [12]. Approx-
imately 400 pg protein was loaded. c-Type cy-
tochromes were stained with 3,3,5,5-tetramethylbe-
nzidine using the method of Thomas et al. [17).

2.9. Protein determination

The concentration of protein was determined by
BCA Protein Assay Reagent (Pierce Chemical Com-

pany, Rockford, IL) with bovine serum albumin as a
standard [18].

3. Results and discussion

3.1. Characterization of a methanol-utilizing T. pan-
totropha mutant

A spontaneous 7. pantotropha mutant that was
able to grow on methanol was isolated. This mutant,
designated Tp9002, showed a growth rate on
methanol comparable to the growth rate of P. deni-
trificans on this substrate.

From hybridization studies with mxaG, the gene
encoding the electron acceptor of MDH from P.
denitrificans, it was clear that the mxaG gene is
absent in T. pantotropha [11]. Moir and Ferguson [3]
demonstrated that an additional cytochrome ¢ is
present in the periplasm of the Mox™* strains grown
on either choline and methanol. They suggested that
this 26-kDa cytochrome c takes over the role of the
mxaG gene product in the transfer of electrons from
MDH to the respiratory chain in the Mox* strains,
Fig. 1 shows that this cytochrome was found in cell
extracts isolated from choline- and methanol-grown
Tp9002. Additionally, it was found in ethanol-grown
cells (results not shown). In P. denitrificans and
other methylotrophs, MDH is encoded by the mxaF
gene (large subunit) and the mxal gene (small sub-
unit), both part of an operon together with the myaG,
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Fig. 1. SDS-PAGE of soluble proteins of P. denitrificans (lane 1),
T. pantotropha (lane 2), Tp9002 (lane 3) and a cycB mutant from
Tp9002 (lane 4). Cells were grown in batch culture on choline.
Covalently bound heme was stained with 3,3,5,5"-tetramethyl-
benzidine. The relative molecular masses arc indicated on the left.
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Fig. 2. Autoradiogram of the hybridization experiment of chromo-
somal DNA of T. pantotropha (lanes 2—5) and P. denitrificans
(lane 6-8) with the labelled 1.3-kb Sall~ Hind1Il fragment con-
taining the mxaF gene from P. denitrificans. Control (lane 1);
chromosomal DNA digested with Puull (lane 2 and 6), with Sall
(lane 3 and 7), with EcoRI (lane 4 and 8), with BamH 1 (lane 5).
Fragment sizes are indicated.

mxaJ and mxaR genes in the gene order mxaFJGIR
[7,18). Chromosomal DNA of P. denitrificans and T,
pantotropha was isolated and restricted with the
enzymes Puull, Sall, EcoRI and BamHI. An 1.3-kb
Sall-HindIIl fragment containing a 1.065-kb frag-
ment of mxaF from P. denitrificans was used as a
hybridization probe. As shown in Fig. 2, the mxaF
probe hybridized with chromosomal P. denitrificans
DNA fragments. However, no hybridization signal
was detected with chromosomal DNA from T, pan-
totropha, indicating that the mxaF gene is absent in
T. pantotropha. Using a xoxF probe, a hybridization
signal was obtained with chromosomal DNA of both
P. denitrificans and T. pantotropha (results not
shown). These results indicate that the oxidation of
methanol in Tp9002 is not catalysed by MDH.

Table 1

Egert et al. [2] suggested that the gene cluster
x0xF~cycB—xoxJ is involved in methanol oxidation
in the Mox* T. pantotropha. This gene cluster is
present in both P. denitrificans [12] and T. pan-
totropha [11]. The xoxF gene encodes a protein that
shows extensive homology with the large subunit of
MDH, and the xoxJ gene encodes a protein that
shows extensive homology with MxaJ. The cycB
gene codes for a periplasmically located cytochrome
Css3 With a calculated molecular mass of 22.4 kDa.
However, on SDS gels this cytochrome has a molec-
ular mass of around 30 kDa [12]. To study the
participation of this gene cluster in the ability of
Tp9002 to grow on methanol, a mutant was isolated
with a kanamycin resistance gene in the cycB gene.
This mutant was able to grow on methanol and the
26-kDa cytochrome ¢ was still present, while cy-
tochrome c,;; was absent (shown in Fig. 1, lanes 3
and 4). These results indicate that the gene products
encoded by the xox locus are not involved in the
oxidation of methanol in Tp9002.

3.2. Enzyme activities

To obtain more information about the Tp9002
mutant, MDH and dye-linked alcohol dehydrogenase
(ethanol dehydrogenase (EDH)) activities were mea-
sured in methanol-, cholipe- and ethanol-grown cells,
MDH of P. denitrificans is induced during meth-
ylotrophic growth. As shown in Table 1, methanol-
and choline-grown P. denitrificans cells showed ac-
tivity with methanol, ethanol, n-propanol and n-
butanol. The activity gradually decreased with in-
creasing chain length. No activity was observed with
the secondary alcohol 2-propanol. These findings are
consistent with the substrate specificity of MDH of
P. denitrificans as described earlier [6]. In Tp9002

Enzyme activities (nmol of DCPIP min~! (mg protein)~ ') in whole cells of Tp9002, T. Ppantotropha (Tp) and P. denitrificans (Pd)

Substrate in assay Methanol-grown Choline-grown Ethanol-grown

Tp9002 Pd Tp9002 Tp Pd Tp9002 Tp Pd
Methanol 172 444 43 0 94 12 0 0
Ethanol 1463 381 282 5 49 1298 103 15
n-Propanol 1404 261 - - 11 - 109 -
n-Butanol 1004 228 - - 10 - - -
2-Propanol 2571 0 - ~ - 1553 37 26

* ~, not determined.
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Table 2
Oxygen consumption rates (nmol O, min~' (mg protein)~!) in
whole cells

Substrate in assay Methanol-grown Tp9002
Methanol 1.7
Ethanol 5.0
n-Propanol 52
n-Butanol 5.2
2-Propanol 8.0

grown on methanol, a different substrate specificity
was observed. The cells were able to oxidize primary
alcohols but the highest activity was observed with
2-propanol. Activity with methanol as a substrate
could only be detected when ten times the usual
amount of this substrate was added. Similar results
were obtained with choline- and ethanol-grown
Tp9002, but the activities were lower. These experi-
ments were also done with the T. pantotropha Mox*
strain isolated by Moir and Ferguson [3] and compa-
rable results were obtained (data not shown).
Ethanol-grown P. denitrificans showed similar sub-
strate specificity to Tp9002, but the activities were
lower and methanol was not oxidized.

In methanol-grown Tp9002, oXygen consumption
rates were determined and the same pattern was
observed as with the in vitro enzyme activity mea-
surements. Tp9002 showed the highest rate of OXy-
gen consumption with 2-propanol. The oxygen con-
sumption rate with methanol was lower than with
ethanol, n-propanol, n-butanol and n-pentanol as
substrates. Results are shown in Table 2.

The results presented here indicate the involve-
ment of a dye-linked EDH with a substrate speci-
ficity different to MDH. This substrate specificity is
similar to that of the dye-linked EDH from Pseu-
domonas aeruginosa [19]. EDH is a periplasmically
located, PQQ-containing enzyme that consist of two
identical large subunits and two identical small sub-
units. Cytochrome cyp,, mediates electron transfer
from EDH to the electron transport chain [20]. The

T. pantotropha Mox* cytochrome cy

Ps. aeruginosa cytochrome cgpy AGDWVTTQAVDTKGLEPLGK

Fig. 3. Homology of the N-terminal amino acid sequence from the
26-kDa cytochrome c,, of T. pantotropha Mox™ [3] with the
14.5-kDa cytochrome cgpy, of Ps. aeruginosa [20).

N-terminus of the 26-kDa cytochrome ¢ isolated
from the Mox™ strain [3] shows homology with the
N-terminal amino acid sequence from the 14.5-kDa
cytochrome cgp,y isolated from Ps. aeruginosa (see
Fig. 3) [20]. This supports our hypothesis that
methanol oxidation in Tp9002 is catalysed by a
dye-linked EDH, using the 26-kDa cytochrome ¢ as
electron acceptor. This might be due to an ‘up-muta-
tion’ in the regulation of EDH, resulting in higher
enzyme activities than in the wild-type T. pan-
totropha. P. denitrificans, when grown on ethanol,
has a dye-linked EDH with a similar substrate speci-
ficity to Tp9002. However, starting with a mutant
with a large deletion in the mxa locus, a spontaneous
mutant with a methanol * phenotype could not be
isolated.

Acknowledgements

We thank Thon de Boer for providing the T.
pantotropha constructs used for mutagenesis.

References

(1] Ludwig, W., Mittenhuber, G. and Friedrich, C.G. (1993)
Transfer of Thiosphaera pantotropha to Paracoccus denitrif-
icans. Int. J. Syst. Bacteriol. 43, 363-367.

[2] Egert, M., Hamann, A., Kdmen, R. and Friedrich, C.G.
(1993) Methanol and methylamine utilization result from
mutational events in Thiosphaera pantotropha. Arch. Micro-
biol. 159, 364-371.

(3] Moir, J.W.B. and Ferguson, S.J. (1993) Spontaneous muta-
tion of Thiosphaera pantotropha  enabling growth on
methanol correlates with synthesis of a 26-kDa c-type cy-
tochrome. FEMS Microbiol. Let. 113, 321-326.

[4] Harms, N. and Van Spanning, R.J.M. (1991) C \ metabolism
in Paracoccus denitrificans: genetics of Paracoccus denitrif-
icans. J. Bioenerg. Biomembr. 23, 187-210,

[5] Anthony, C. (1982) The Biochemistry of Methylotrophs.
Academic Press, London.

[6] De Vries, G.E., Harms, N., Maurer, K., Papendrecht, A. and
Stouthamer, A.H. (1988) Physiological regulation of Para-
coccus denitrificans methanol dehydrogenase synthesis and
activity. J. Bacteriol. 170, 3731-3737.

[7] Bradford, M.M. (1976) A rapid and sensitive method for the
quantification of microgram quantities of protein utilizing the
principle of protein-dye binding. Anal. Biochem. 72, 248-
254,

(8] Harms, N., De Vries, G.E., Maurer, K., Hoogendijk, J. and
Stouthamer, A.H. (1987) Isolation and nucleotide sequence



164 J. Ras et al. / FEMS Microbiology Letters 127 (1995) 159-164

of the methanol dehydrogenase structural gene from Para-
coccus denitrificans. J. Bacteriol. 169, 3969—3975.

9] Van Spanning, R.J.M., Wansell, C.W., De Boer, T., Haze-
laar, M.J., Anazawa, H., Harms, N, Oltmann, L.F. and
Stouthamer, A.H. (1991) Isolation and characterization of the
moxJ, moxG, moxI and moxR genes of Paracoccus denitrif-
icans. Inactivation of the maxJ, moxG, and moxR genes and
the resultant effect on methylotrophic growth. J. Bacteriol.
173, 6948-6961.

[10] Harms, N. (1993) Genetics of methanol oxidation in Para-
coccus denitrificans. In: Microbial Growth on C1 compounds
(Murrell, J.C. and Kelly, D.P. Ed.), pp. 235-244. Intercept,
Andover.

[11] Stouthamer, A.H. (1992) Metabolic pathways in Paracoccus
denitrificans and closely related bacteria in relation to the
phylogeny of prokaryotes. Ant. van Leeuwenhoek 61, 1-33.

[12] Ras, 1., Reijnders, W.N.M., Van Spanning, R.J.M., Harms,
N., Oftmann, L.F. and Stouthamer, A.H, (1991) Isolation,
sequencing and mutagenesis of the gene encoding cy-
tochrome cg53; of Paracoccus denitrificans and characteriza-
tion of the mutant strain. J. Bacteriol. 173, 6971-6979.

[13] Lane, D.J,, Harrison, A.P., Stahl, D., Pace, B., Giovannoni,
S.1., Olsen, G.J. and Pace, N.R. (1992) Evolutionary relation-
ships among sulfur- and iron-oxidizing eubacteria. J. Bacte-
riol. 174, 269-278.

[14] Chang, J.P. and Morris, J.G. (1962) Studies on the utilization

of nitrate by Micrococcus denitrificans. J. Gen. Microbiol.
29, 301-310.

{15] Maniatis, T., Fritsch, E.F. and Sambrook, J. (1982) Molecu-
lar Cloning: A Laboratory Manual. Cold Spring Harbor
Laboratory, Cold Spring harbor, NY.

[16] Ausubel, F.M., Brent, R., Kingston, R.E., Moore, D.D.,
Smith, J.A., Seidman, J.G. and Struhl, K. (1989) Current
Protocols in Molecular Biology Vol. 1-2. Greene Publishing
Associates and Wiley Interscience.

[17] Thomas, P.E., Ryan, D. and Levin, W. (1976) An improved
staining procedure for the detection of the peroxidase activity
of cytochrome P450 on SDS-polyacrylamide gels. Anal.
Biochem. 75, 168-176.

[18] Smith, P.K., Krohn, R.I, Hermanson, G.T,, Mallia, AK.,
Gartner, F.H., Provenzano, M.D., Fujimoto, E.K., Goeke,
N.M., Olson, B.J. and Klenk, D.C. (1985) Measurement of
protein using bicinchoninic acid. Anal. Biochem. 150, 76-85.

(19] Rupp, M. and Gorisch, H. (1988) Purification, crystallisation
and characterization of quinoprotein ethanol dehydrogenase
from Pseudomonas aeruginosa. Biol. Chem. 369, 431-439.

[20] Schrover, IM.1., Frank, J., van Wielink, J.E. and Duine, J.A.
(1993) Quaternary structure of quinoprotein ethanol dehydro-
genase from Pseudomonas aeruginosa and its reoxidation
with a novel cytochrome ¢ from this organism. Biochem. J.
290, 123-127.



