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Insights into Denitrification in Methylotenera mobilis from
Denitrification Pathway and Methanol Metabolism Mutants
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We investigated phenotypes of mutants of Methylotenera mobilis JLW8 with lesions in genes predicted to encode functions of
the denitrification pathway, as well as mutants with mutations in methanol dehydrogenase-like structural genes xoxFI and
x0xF2, in order to obtain insights into denitrification and methanol metabolism by this bacterium. By monitoring the accumula-
tion of nitrous oxide, we demonstrate that a periplasmic nitrate reductase, NAD(P)-linked and copper-containing nitrite reduc-
tases, and a nitric oxide reductase are involved in the denitrification pathway and that the pathway must be operational in aero-
bic conditions. However, only the assimilatory branch of the denitrification pathway was essential for growth on methanol in
nitrate-supplemented medium. Mutants with mutations in each of the two xoxF genes maintained their ability to grow on meth-
anol, but not the double XoxF mutant, suggesting that XoxF proteins act as methanol dehydrogenase enzymes in M. mobilis
JLWS. Reduced levels of nitrous oxide accumulated by the XoxF mutants compared to the wild type suggest that these enzymes

must be capable of donating electrons for denitrification.

Methanol—enhanced denitrification as part of sewage treat-
ment is a well-described phenomenon (1), and a number of
methylotrophs have been implicated in this process, carried out by
mixed cultures (2-5). However, the role of denitrification and its
connection to methylotrophy in natural systems is not well under-
stood, and data from studies involving pure cultures of methyl-
otrophs are sparse. One of the most well-studied denitrifiers is
Paracoccus denitrificans (6). Over 3 decades ago, it has been pro-
posed that anaerobic growth of this bacterium on methanol with
nitrate was made possible by reduction of nitrate to nitrite using
electrons derived from the pyridine nucleotide-linked dehydro-
genations of formaldehyde and formate and that the nitrite so
produced then served as an electron acceptor for methanol dehy-
drogenase via cytochrome ¢ and nitrite reductase (7). However, in
none of the later studies employing this organism was denitrifica-
tion further linked to methylotrophy (6). Likewise, studies of
denitrification in other methylotroph species, including classic
denitrifiers, such as Hyphomicrobium spp., were inconclusive in
terms of whether denitrification is directly linked to methylotro-
phy (8, 9). Recently, methanol-dependent denitrification by
Methyloversatilis has been investigated using proteomics (10).
This study demonstrated that Methyloversatilis reduces nitrate to
nitrite in anoxic conditions, by expressing a classic membrane-
bound nitrate reductase and all the typical methylotrophy path-
ways that operate during aerobic growth (10). However, the pro-
tein components proposed to be involved in either denitrification
or methanol oxidation have not been investigated via mutant
analysis.

Methylotenera species represent a recently described novel ge-
nus within the family Methylophilaceae (11). Apart from genomic
divergence (12), one of the main properties that distinguishes the
described species of Methylotenera from species representing three
other genera within this family (Methylophilus, Methylobacillus,
and Methylovorus) is extremely poor growth on methanol and the
lack of genes for the classic (MxaFI) methanol dehydrogenase
(11). However, Methylotenera appears to thrive in a variety of
environments (12), and these organisms appear to be one of the

May 2013 Volume 195 Number 10

Journal of Bacteriology p. 2207-2211

major species that consume methanol in situ (13). The growth of
some of the Methylotenera species is stimulated by nitrate, and it
has been proposed that the metabolism of methanol by Methylo-
tenera may be linked to denitrification (13). Denitrification by M.
mobilis JLW8 has been previously demonstrated, and putative
genes for denitrification have been identified in the genome (13,
14). The denitrification pathway is incomplete, due to the lack of
nitrous oxide reductase, thus resulting in accumulation of nitrous
oxide (13, 14). XoxF enzymes that are homologs of the large sub-
unit of methanol dehydrogenase have been implicated in playing a
role in nitrate-dependent growth on methanol (13, 14). The two
goals of the present study were the confirmation of the functions
of the genes proposed to be involved in denitrification and inves-
tigation of the role of XoxF that is a homolog of the large subunit
of methanol dehydrogenase in methanol metabolism and denitri-
fication.

MATERIALS AND METHODS

Cultivation. M. mobilis strain JLW8 was routinely cultivated in nitrate-
containing MM2 medium supplemented by methylamine, as previously
described (13, 14). Growth on methanol was tested on plates using solid-
ified MM2 medium or using solidified Hypho (ammonia-containing)
medium, or in the respective liquid media, as previously described (14).
Methanol and formaldehyde were added to plates as vapors in a closed
system (plates sealed with parafilm) at a final concentration of ~1 mM,
with periodic additions. Methanol was added to liquid cultures at 1 mM,
with periodic additions.

Nitric oxide measurements. N,O was measured in cells grown on
methylamine as described above. Cells from 100 ml of culture were
pelleted, resuspended in fresh MM2 medium, and supplemented with
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either 25 mM methylamine or 25 mM methanol. Cultures were placed
in 150-ml vials sealed with rubber stoppers and incubated with shaking
at 30°C. The headspace atmosphere was sampled at different time
intervals using a syringe. N,O was detected by gas chromatography on
an SRI 8610C gas chromatograph with an electron capture detector
(ECD). Samples (0.1-ml volume) were injected manually, and gases
were separated on a 2-m HyaSepD column at 103°C using 95% ar-
gon—5% methane as carrier gas. N,O was detectable after ~1 h of
incubation with methylamine and after ~4 h of incubation with meth-
anol, with maximum accumulation observed at approximately 6 to 8 h
and 18 to 20 h of incubation, respectively.

Enzyme assays. Enzyme activities were measured in cells grown on
methylamine as described above and in cells induced with methanol as
follows. Cells were grown on methylamine, pelleted, washed, resuspended
in a fresh medium, supplemented with 10 mM methanol, and incubated
overnight with shaking at room temperature. Nitrate reductase was mea-
sured at room temperature in a reaction mixture containing (per a total
volume of 1 ml) 50 mM potassium phosphate buffer (pH 7.5), 20 mM
NaNO; ™, I mM methyl viologen, and cell extract. Reaction was started by
the addition of 50 pl of a freshly made solution of 100 mM dithionite in
0.1 M NaHCOj. The reaction was stopped by rapid oxidation of the vi-
ologen achieved by vigorous mixing. Aliquots of 0.2 ml were assayed for
nitrite (15). Copper nitrite reductase was measured as described above,
except 10 mM NaNO, ~was substituted for NaNO; . Nitrite disappear-
ance was monitored with a reaction mixture diluted 100-fold (15).
NAD(P)H-dependent nitrite reductase was measured as previously de-
scribed (16). Methanol dehydrogenase was assayed and in-gel staining
was carried out as described previously (17).

Mutant generation. Mutants were generated as previously de-
scribed (18), using the suicide vector pCM184. Briefly, 3" and 5’ frag-
ments of each gene to be mutated were PCR amplified and inserted
into pCM 184, respectively, upstream and downstream of the kanamy-
cin (Km) resistance gene. The native gene was then replaced by the
deletion/insertion version via homologous recombination. The fol-
lowing primers were used to PCR amplify respective gene fragments,
introducing a specific cloning site on each end of the fragment, and
these are indicated in the name of each primer: for nap deletion, ATG
AATTCGGTGATCCGAACCATCCGG (1648Eco) and AAGGTACCGC
AGGTTAATCAGCGCTGCAT (1648Kpn) (the upstream fragment) and
AAGGGCCCGCGATGCTAGTGGTAAGGC (1648Apa) and ATGAGCT
CGCAGTCGCCAGGGTCTCAC (1648Sac) (the downstream fragment);
for nirB deletion, ATGAATTCGTACAGTGGAAGAGTTG (1652Eco)
and AAGGTACCGCTACGCACTCGCCCAC (1652Kpn) (the upstream
fragment) and AAGGGCCCTCAGTGATTCCACGTATG (1652Apa)
and ATGAGCTCGGTTGTTCACGCGCTCAGC (1652Sac) (the down-
stream fragment); for nirK deletion, ATGAATTCGATACCGCTTTTAG
TACTGG (1061Eco) and AAGGTACCACAAGAATCAGCCCATAC
(1061Kpn) (the upstream fragment) and AAGGGCCCATCTACTCAGG
AAAAATG (1061Apa) and ATGAGCTCTCGACATGTTTTACAGGTG
(1061Sac) (the downstream fragment); for norB deletion, ATGAATTCA
ATATCAATCTCAGGCAG (1051Eco) and AAGGTACCCAACACCAG
CACTAGAC (1051Kpn) (the upstream fragment) and AAGGGCCCCTT
TGCGTTCAATATGGTG (1051Apa2) and ATGAGCTCGATGAAAAAG
CTAGTGATG (1051Sac2) (the downstream fragment); for nod deletion,
ATGAATTCGTTATCAGCAGCAGCAAAACC (1063Eco) and AAGGTA
CCACATCATCGGATTGATGC (1063Kpn) (the upstream fragment)
and AAGGGCCCTATCCATGTGGCAACTTTAC (1063Apa) and ATGA
GCTCATGATATGGTTCAGGCTTTC (1063Sac) (the downstream frag-
ment); for xoxFl deletion, ATGAATTCAACACTAATGAAGGATG
(1770Eco) and TTGGTACCGATATAGCAGCGTACGCCG (1770Kpn)
(the upstream fragment) and TTGGGCCCATGTTCTACGTACCGC
(1770Apa) and TAGAGCTCGCCACCGCCAGGTGCAGCG (1770Sac)
(the downstream fragment); and for xoxF2 deletion, GATCGAATTCCT
ACCGGGCCGTCTACCTC (2048Eco) and CTAGGGTACCATGCAGA
CCAATATTTAC (2048Kpn) (the upstream fragment) and GATCGGGC
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CCGATGGCAACTTAGTAGC (2048Apa) and CTAGGAGCTCATGTG
TAAGCGAAGCCG (2048Sac) (the downstream fragment).

Mutants were selected on solid media supplemented with methyl-
amine as a carbon source and containing Km. Double-crossover mu-
tants were identified by diagnostic PCR tests. In order to generate the
double xoxF mutant, the Km resistance gene in the original pCM184-
based construct for mutating gene xoxF1 (mmol_1770) was replaced
by a gentamicin (Gm) resistance gene, which was amplified from the
vector pDdxRGent, and this construct was used for generating a mu-
tation in the Km resistant mutant with lesion in the xoxF2 gene
(mmol_2048). Mutants were selected on methylamine in the presence
of Km and Gm, and double-crossover mutants were identified via
diagnostic PCR tests.

RESULTS

Mutant growth phenotypes. Null mutants in the following genes
predicted to encode catalytic functions in nitrate reduction path-
ways were generated: the single subunit Nap-type periplasmic
nitrate reductase (Nap; mmol_1648; latter gene designations as
per the published genome of M. mobilis JLW8 [12]), the single
subunit copper-containing (dissimilatory) nitrite reductase
(NirK; mmol_1061), the large subunit of the NAD(P)-linked (as-
similatory) nitrite reductase (NirB; mmol_1652), and the large
subunit of nitric oxide reductase (NorB; mmol_1051). We also
mutated a gene predicted to encode a nitric oxide dioxygenase
(Nod; mmol_1063) and each of two xoxF genes (mmol_1770 and
mmol_2048) that encode homologs of the large subunit of meth-
anol dehydrogenase (11, 14, 19, 20). In addition, a double mutant
lacking both XoxF proteins was generated. Growth phenotypes of
the mutants were investigated on methanol plates using either
nitrate or ammonia as nitrogen sources. Although M. mobilis
shows very poor growth on methanol (13), especially when am-
monia is used as the nitrogen source, we demonstrated that all of
the mutants with the exception of the double xoxF mutant were
positive for methanol growth. When nitrate was used as the nitro-
gen source, mutants in nitrate reductase and the assimilatory ni-
trite reductase showed growth defects, as well as the double xoxF
mutant (Table 1). These data were supported by experiments with
liquid cultures. However, we were unable to generate growth
curves or measure growth rates, as cultures took months to pro-
duce turbidity, over which time multiple additions of methanol
were required due to the necessity of keeping methanol concen-
tration ata submillimolar level (13). Although both XoxF mutants
were capable of growth on methanol, they revealed phenotypes
distinguishing them from each other and from the wild type. The
mmol_1770 mutant grew poorly on methanol compared to wild
type, while the mmol_2048 mutant grew better than the wild type,
forming significantly larger colonies. No differences from wild
type could be detected for any of the mutants when grown on
methylamine. All mutants also grew on formaldehyde with a wild-
type rate, based on plate tests (Table 1).

Metabolite analysis. We have previously demonstrated that
cultures of M. mobilis accumulate nitrous oxide when supple-
mented with nitrate (13). We used this metabolite as a proxy for
testing the capability of denitrification. Both methylamine and
methanol were used as electron donors. As alternative electron
donors, pyruvate, succinate, and glucose were tested, but no ni-
trous oxide accumulation was observed with these substrates
(data not shown). Decreased levels of N,O accumulation were
demonstrated for all mutants with the exception of the nitric oxide
dioxygenase mutant, which behaved like wild type (Table 1). The
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TABLE 1 Growth phenotypes and N,O production by mutants compared to wild type

Growth® on: Mean production’ in mM * SEM (%) of:

Methanol ~ Methanol ~ Formaldehyde  N,O™ (NO; *, N,O (NO; %, N,O (NO, %,
Protein (derivation) (NO;™) (NH, ") (NH, ™) methylaminet) methanolf) methanolt)
Wild type + + + 8.1 = 0.8 (100) 5.3 + 0.6 (100) 6.8 = 0.9 (100)
Nap (nitrate reductase, mmol_1648) - + + 0.04 * 0.006 (0.5) 0.03 * 0.005 (0.6) 6.0 = 0.7 (88.2)
NirK (nitrite reductase, mmol_1061) + + + 0.1 = 0.01 (1.2) 0.1 = 0.02 (1.9) 0.2 = 0.02 (2.9)
NirB (nitrite reductase, mmol_1652) - + + 0.1 = 0.06 (1.2) 0.3 +0.02 (5.7) 0.2 = 0.07 (2.9)
NorB (nitric oxide reductase, mmol_1051) + + + 0.2 = 0.06 (2.4) 0.3 + 0.04 (5.7) 0.2 = 0.01 (2.9)
Nod (nitric oxide dioxygenase, mmol_1063) + + + 6.4 = 0.08 (78.0) 5.7 = 0.1 (107.5) 8.3 = 0.6 (122.1)
XoxF1 (mmol_1770) +/- +/- + 43+ 006 (53.1) 0.1+ 0.03(L9) 0.2 + 0.05 (2.9)
XoxF2 (mmol_2048) ++ ++ + 3.4+ 0.2 (42.0) 0.07 = 0.02 (1.3) 0.1 = 0.08 (1.5)
XoxF12 (mmol_1770 mmol_2048) - - + 2.1 = 0.08 (26.0) 0.04 *+ 0.07 (0.8) 0.2 = 0.03 (2.9)

“ +, Wild-type growth; —, no growth; +/—, poor growth compared to wild type; ++, enhanced growth compared to wild type. The nitrogen source is indicated in parentheses.
b % Electron acceptor; 1, electron donor. Cells for all N,O measurements were grown on methylamine, washed, and incubated with the indicated electron donors/acceptors as
described in Materials and Methods. Cultures incubated with methylamine were assayed after 8 h, and cultures incubated with methanol were assayed after 20 h.

drop in N,O production was most severe for mutants defective in
the denitrification functions, including the assimilatory nitrite re-
ductase, in all of which N,O was only measured at background
levels when either methylamine or methanol was supplied as an
electron donor. The xoxF mutants behaved differently. The single
mutants accumulated approximately half of the wild-type level of
N,O, and the double mutant accumulated approximately a quar-
ter of the wild-type level when methylamine was used as electron
donor. However, with methanol as an electron donor, N,O was at
a background level. We also measured N,O production from ni-
trite using methanol as an electron donor. The results from these
experiments agreed well with the results from the experiments
described above, except that N,O production in the nitrate reduc-
tase mutant was at a wild-type level, as expected (Table 1).

Enzyme activities. The identities of some of the mutants were
also confirmed by measurements of the predicted enzyme activi-
ties. The nitrate reductase mutant was negative for nitrate reduc-
tase activity, while the rest of the mutants had wild-type levels of
this enzyme (1.6 = 0.2 nmol min~"' mg of protein™') in both
methylamine-grown and methanol-induced cells. Nitrite reduc-
tase activity using methyl viologen as an artificial electron donor
was detected in all mutants (2.5 = 0.5 nmol min~" mg of pro-
tein™') with the exception of the dissimilatory nitrite reductase
mutant, as expected. Assays for nitrite reductase activity using
NAD(P)H were negative in all mutants, as well as in the wild-type
M. mobilis, suggesting that the activity of this enzyme was under
detection limit of the enzyme system used (~1 nmol min~"' mg of
protein~'). The denitrification enzyme activities were also assayed
in cells transferred into anaerobic conditions by incubating
them in an atmosphere of nitrogen overnight, but assays were
negative in these cells, suggesting that the enzymes of interest are
expressed in aerobic conditions. The aerobic nature of the deni-
trification enzymes and low enzyme activities agree with prior
data on relatively low expression of the respective genes/proteins
(14). Assays for methanol dehydrogenase were also negative, as
previously reported for wild-type M. mobilis JLW8 (20, 21), in
each of the xoxF mutants, including the mutant with enhanced
growth on methanol.

DISCUSSION

In this study, mutant phenotype and metabolite analyses were
used to confirm functions of the genes that have been predicted to
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encode denitrification pathways in M. mobilis JLW8 (Fig. 1). The
single subunit nitrate reductase (Nap), Mmol_1648, appears to be
involved in both the assimilatory and the dissimilatory denitrifi-
cation pathways. The role in the former is supported by the meth-
anol growth deficiency of the mutant when nitrate is used as a
nitrogen source, and the role in the latter is supported by the lack
of accumulation of N, O in the mutant. The predicted roles of the
dissimilatory nitrite reductase (NirK; Mmol_1061) and the nitric
oxide reductase (NorB; Mmol_1051) are supported by the defect
in N,O accumulation. Growth phenotypes of these mutants do
not suggest that dissimilatory nitrite reductase or nitric oxide re-
ductase is essential for metabolism of methanol, in aerobic condi-
tions. Indeed, other characterized Methylophilaceae that grow on
methanol do not contain genes that encode these enzymes (12).
The assimilatory nitrite reductase (NirB; Mmol_1652), however,
is essential, confirming its role in generating ammonium for cell
biosynthesis. There is no obvious explanation for why the mutant
in the putative NAD(P)-linked (assimilatory) nitrite reductase
gene (mmol_1652) is defective for accumulation of N,O. No ac-
tivity could be detected for this enzyme using standard assay. This
phenotype may suggest an unusual requirement for measuring in
vitro enzyme activity, or a regulatory mechanism that intercon-
nects the functions of the two nitrite reductases, for example,

NO; N,O >~CH,OH  CH;NH,

Periplasm ,¢ e

P
:
NOS. \’:loz'
Cytoplasm
v @ v
Nozg CH,0
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FIG 1 Proposed denitrification pathways in M. mobilis JLW8, and their con-
nection with methylotrophy pathways. Dashed arrows show potential electron
transport chains, specific components (cytochromes and/or other redox pro-
teins) of which remain unknown. Cytochromes ¢ encoded by genes in close
proximity to the genes for XoxF proteins and methylamine dehydrogenase
functions (12, 14) are likely involved. For simplicity, electron transfers from
MADH and XoxF to oxygen are not shown.

N
CH,0
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through sharing a reductant with the dissimilatory nitrite reduc-
tase, but such a mechanism has not been previously described for
known homologs. All of the components of the denitrification
pathway are functional in aerobic conditions.

The phenotypes of the xoxF mutants strongly suggest their
involvement in methanol metabolism, identifying them as
likely methanol dehydrogenases, with redundant functions.
Such a role has been previously proposed for XoxF proteins
(22, 23), and weak methanol dehydrogenase activity has been
measured for a purified XoxF protein from Methylobacterium
extorquens AM1 (24). It is assumed that, like the MxaFI meth-
anol dehydrogenase, the immediate electron acceptor is a cy-
tochrome ¢ (12). However, there has been no previous evidence
from analysis of mutants which suggested that this enzyme may
be an alternative methanol dehydrogenase. Although we were
unable to measure methanol dehydrogenase activity in either
wild-type or mutant cells, in accordance with previous obser-
vations (21), the fact that either XoxF mutant retains its ability
to grow on methanol but the double XoxF mutant is unable to
grow on methanol strongly suggests that both XoxF proteins
are able to carry out a methanol dehydrogenase reaction. The
positive formaldehyde growth phenotype for all xoxF mutants
supports this hypothesis.

The dramatically reduced levels of N,O from nitrate or nitrite
when methanol is used as an electron donor in XoxF mutants also
agree with these enzymes being methanol dehydrogenases and the
electron donors to the denitrification pathway (Fig. 1), likely in-
volving cytochrome ¢ proteins as intermediary electron transfer
proteins (6). Interestingly, mutation in each of the XoxF enzymes
resulted in dramatically reduced levels of accumulated N,O, sug-
gesting some type of a cross talk between the two enzymes, such as
a common cytochrome or other electron transfer protein. More-
over, the reduced levels of N,O production with methylamine as
an electron donor suggest that XoxF enzymes or their dedicated
electron transfer proteins may be involved in methylamine me-
tabolism as well. Although the exact nature of this involvement
remains unknown, methylamine dehydrogenases have been
shown to be promiscuous in terms of electron transfer specificity
(25).

In conclusion, mutant evidence presented here confirms the
predicted functions of the components of assimilatory and dis-
similatory denitrification pathways and links them to CI met-
abolic pathways through XoxF enzymes and likely through
methylamine dehydrogenase and respective electron transfer
proteins.
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