APPLIED AND ENVIRONMENTAL MICROBIOLOGY, June 2010, p. 4102-4104

0099-2240/10/$12.00  doi:10.1128/AEM.00469-10

Vol. 76, No. 12

Copyright © 2010, American Society for Microbiology. All Rights Reserved.

Monomethylamine as a Nitrogen Source for a Nonmethylotrophic
Bacterium, Agrobacterium tumefaciens't

Yin Chen, Kathryn L. McAleer, and J. Colin Murrell*
Department of Biological Sciences, University of Warwick, Coventry CV4 7AL, United Kingdom

Received 22 February 2010/Accepted 12 April 2010

Monomethylamine can be used by nonmethylotrophs as a sole nitrogen source but not as a carbon source;
however, little is known about the genes and enzymes involved. The y-glutamylmethylamide/N-methylgluta-
mate pathway for monomethylamine utilization by methylotrophs has recently been resolved. We have iden-
tified genes encoding key enzymes of this pathway in nonmethylotrophs (e.g., Agrobacterium tumefaciens) and
demonstrated that this pathway is also involved in the utilization of monomethylamine as a nitrogen source by

nonmethylotrophs.

Monomethylamine (MMA) (CH;NH,) is ubiquitous in the
environment and is released during the degradation of many
nitrogen-containing compounds (1, 2, 6). Bacteria can use MMA
as a sole carbon (C) and/or as a sole nitrogen (N) source (1). For
methylotrophic bacteria that use MMA as a source of both C and
N, different pathways have been elucidated, including the MMA
dehydrogenase pathway and the MMA oxidase pathway and ad-
ditional pathways involving methylated glutamate, ie., y-glu-
tamylmethylamide (GMA) and N-methylglutamate (NMG) (1).
The genes involved in the GMA/NMG-mediated MMA utiliza-
tion pathway, including GMA synthetase (gmas), “NMG syn-
thase” (mgsABC), and NMG dehydrogenase (mgdABCD), were
recently identified in the methylotroph Methyloversatilis universalis
(Fig. 1A) (11). Although MMA can serve as a sole N source but
not as a C source for many nonmethylotrophs (3, 5), the mecha-
nisms involved are unclear. A search for GMA/NMG gene clus-
ters in microbial genome sequence databases revealed that simi-
lar clusters are present in many nonmethylotrophs, including
Agrobacterium tumefaciens C58, Rhizobium leguminosarum bv. vi-
ciae 3841, Mesorhizobium loti MAFF303099, and Ruegeria
pomeroyi DSS-3. We tested the hypothesis that the GMA/NMG-
mediated MMA utilization pathway is also involved in the me-
tabolism of MMA as the sole N source by nonmethylotrophs.

Identification of the gene clusters involved in metabolism of
MMA via the GMA/NMG pathway in nonmethylotrophs. An
eight-gene cluster which encodes three key enzymes involved in
the GMA/NMG pathway for MMA oxidation in methylotrophs
was identified (reference 11 and Y. Chen, unpublished data). The
overall reaction for MMA oxidation in methylotrophs containing
this pathway is the conversion of MMA to formaldehyde and
ammonium (CH;NH, — HCHO + NH,™"), which are used as a
C and an energy source and as an N source, respectively (Fig. 1B).
Searches for similar gene clusters encoding the GMA/NMG path-
way in other microorganisms were carried out using the inte-
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grated microbial genomes (IMG) tool (http://img.jgi.doe.gov).
Similar gene clusters are present in many methylotrophs but are
also present in nonmethylotrophs such as Agrobacterium tumefa-
ciens (Fig. 1A). Therefore, the enzymes encoded by this gene
cluster might be used by nonmethylotrophs to metabolize MMA
as a sole N source. If so, the ammonium released from MMA
oxidation would serve as the N source. The formaldehyde pro-
duced is toxic and would need to be detoxified. Indeed, a
formyltetrahydrofolate deformylase (purU) gene is found imme-
diately downstream of this gene cluster (Fig. 1A) in A. tumefaciens
and an folD gene (encoding methylenetetrahydrofolate dehydro-
genase/cyclohydrolase) is also present in the genome. Therefore,
it is likely that formaldehyde released from this pathway in non-
methylotrophs is converted to formate via 5,10-methylenetetra-
hydrofolate, 5,10-methenyltetrahydrofolate, and 10-formyltetra-
hydrofolate (11). Formate may further be oxidized to carbon
dioxide, and genes encoding formate dehydrogenase are present
in the genome of A. tumefaciens. The gmas homologue (encoding
GMA synthetase) found in these nonmethylotrophs is annotated
as a putative glutamine synthetase; however, multiple sequence
alignments of glutamine synthetases and characterized GMA syn-
thetases, as shown in Fig. S1 and S2 in the supplemental material,
indicated that they are likely to be GMA synthetases. They cluster
together with characterized GMA synthetases from methyl-
otrophs, and they lack key residues for ammonium binding but
contain conserved domains for ATP and glutamate binding, as
do glutamine synthetases. Furthermore, the tyrosine residue
(Tyr*®”), which is commonly found in type I glutamine synthetases
and which is subjected to adenylylation, is missing. It is interesting
that in two cases (R. leguminosarum bv. viciae 3841 and Burkhold-
eria phymatum STMB815), this gene cluster is encoded on a plas-
mid, indicating a potential for horizontal gene transfer of this
metabolic pathway in bacteria. Since the genetics of MMA me-
tabolism in nonmethylotrophs is not established, we therefore
hypothesized that the genes in this cluster are involved in the
utilization of MMA as a sole N source by nonmethylotrophs such
as A. tumefaciens.

MMA can be used as a sole nitrogen source for Agrobacte-
rium tumefaciens. We first tested whether MMA could support
the growth of these bacteria as a sole N source, since this has
not been previously documented. The growth media used were
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FIG. 1. (A) Gene organization of NMG dehydrogenase (mgdABCD), GMA synthetase (gmas), and “NMG synthase” (mgs4ABC) in represen-
tative methylotrophs and nonmethylotrophs. purU, formyltetrahydrofolate deformylase. (B) Proposed pathway of GMA- and NMG-mediated
MMA metabolism in bacteria. The substrate specificity of “NMG synthase” is not well established (shown in dashed lines), and it is proposed that
both MMA and GMA can be used as a substrate for this enzyme. MMA, monomethylamine; GMA, +y-glutamylmethylamide; NMG, N-

methylglutamate; Glu, glutamate.

an N-free medium from Kanvinde and Sastry (10) for 4. tu-
mefaciens C58, a minimal medium from Brown and Dilworth
(4) for R. leguminosarum bv. viciae 3841 and M. loti
MAFF303099, and a modified ammonium-free marine mineral
salts medium for Ruegeria pomeroyi DSS-3 (8). In all cases,
glucose (5 g liter ') was used as a C source and ammonium or
MMA was added to make up a final concentration of 2 mM as

a sole N source. A control for each growth experiment was set
up without added N compounds to avoid the presence of con-
taminating N in chemicals used for making media. All growth
experiments were carried out at 30°C with shaking at 150 rpm.
Values for optical density at 540 nm (ODs,,) were recorded.

All four strains tested were able to use MMA as a sole N
source (Fig. 2A; see also Fig. S3 in the supplemental material).
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FIG. 2. (A) Representative growth curves of wild-type A. tumefaciens (dotted lines) and a gmas:;gm mutant (solid lines) grown with ammonium
(squares) and MMA (diamonds) as the sole nitrogen source or with no added nitrogen (controls are indicated as circles). The means and standard
deviations of the results of three replicate experiments are shown. Note that the y axis is not presented as a logarithmic scale. (B) Representative
growth curves of mgdC::gm, mgsC::.gm, and mgsC_gmas::;gm mutants of A. tumefaciens grown with ammonium (filled, empty, and shaded squares,
respectively) and MMA (filled, empty, and shaded diamonds, respectively) as the sole nitrogen source or with no added nitrogen (controls are
indicated as filled, empty, and shaded circles, respectively). The means and standard deviations of the results of three replicate experiments are
shown. Note that the y axis is not presented as a logarithmic scale.
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Control experiments set up with no added N compounds did
not yield any growth for the bacteria tested. In addition, the
possibility of MMA being the sole C source was ruled out,
since MMA alone did not support the growth of any of these
four bacteria (data not shown). Furthermore, neither A. tume-
faciens nor M. loti was able to use methanol (10 mM) or
formate (10 mM) as a sole carbon source (data not shown).

The intracellular pool of amino acids was then analyzed to
investigate whether GMA or NMG is involved in MMA me-
tabolism in these nonmethylotrophs. Analyses using ion-ex-
change chromatography followed by ninhydrin staining were
carried out at Alta Biosciences (Birmingham, United King-
dom). GMA was detected in A. tumefaciens and M. loti when
they were grown on MMA but not when they were grown on
ammonium as the sole N source (see Fig. S4 in the supple-
mental material), whereas NMG was detected in Ruegeria
pomeroyi when it was grown on MMA, indicating the impor-
tance of GMA/NMG in MMA utilization in these nonmethyl-
otrophs. The reason for the accumulation of GMA or NMG is
not well understood but is probably related to the growth state,
as previously shown in a study using Pseudomonas sp. MA,
where GMA accumulated under low-oxygen conditions,
whereas under high-oxygen conditions, MMA was primarily
converted to NMG (9).

Mutation of mgdC and mgsC, but not mutation of gmas,
abolishes MMA metabolism by Agrobacterium tumefaciens. To
determine whether this gene cluster is essential for MMA
metabolism in A. tumefaciens, we constructed three mutants,
i.e., mgdC::gm, mgsC::.gm, and gmas::;gm, by marker-exchange
mutagenesis using a pK18mobsacB suicide vector (13). In each
case, the upstream and downstream regions (~500 bp) of the
target were PCR amplified (using the primers listed in Table S1 in
the supplemental material) and cloned into pK18mobsacB. A
gentamicin gene cassette from p34S-Gm (7) was then inserted in
between these regions. The resulting plasmids were then electro-
porated into A. tumefaciens. Single homologous recombination
mutants were selected on LB (lysogeny broth) plates with kana-
mycin (50 pg ml~"). Colonies from these plates were then grown
for 24 h in LB liquid medium and plated out at different dilutions
(1072 to 10~*) onto LB plates containing 10% (wt/vol) sucrose.
The resulting kanamycin-sensitive colonies were then screened
for double homologous mutation by PCR using primers targeting
areas outside the upstream and downstream regions. Mutations
of the genes were confirmed by diagnostic PCR (see Table S1 in
the supplemental material) and subsequently by DNA sequenc-
ing. Mutants were checked using the medium of Kanvinde and
Sastry (10) for their abilities to use MMA as a sole N source.

Mutants of mgdC and mgsC lost their capacity to use MMA
as the sole N source (Fig. 2B), although they grew normally
using ammonium as the sole N source. The gmas mutant, in
contrast, could still grow on MMA as the N source; however,
the growth rate of this mutant on MMA (0.024 h™') was
significantly reduced compared to the wild-type strain growth
rate (0.043 h™') (Fig. 2A). A fourth mutant (mgsC_gmas::gm)
was therefore constructed to mutate gmas and one of the
“NMG synthase”-encoding genes simultaneously. This mutant
could no longer grow on MMA as the sole N source (Fig. 2B).

Our results indicated that nonmethylotrophs such as A. tume-
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faciens can use MMA as the sole N source via the GMA/NMG-
mediated pathway, as has been demonstrated in some methyl-
otrophs. The mgdABCD and mgsABC genes seem to be essential
in A. tumefaciens, and mutation of representatives of these gene
clusters completely abolished its capacity to use MMA. The pres-
ence of GMA synthetase in this bacterium is important, but not
vital, since mutation of gmas caused much slower growth of this
bacterium on MMA. 1t is likely that “NMG synthase” in 4. fu-
mefaciens (encoded by mgsABC) can use both GMA and MMA
as a substrate, as shown in Fig. 1B. In fact, it has been shown that
the purified “NMG synthase” is specific for glutamate but not for
MMA and that a number of amines can substitute for MMA (12).
The GMA/NMG-mediated pathway for MMA uptake as the N
source is likely to be widespread in nature due to the potential for
horizontal gene transfer of plasmids encoding this pathway. Pre-
vious studies have shown that diverse genera of bacteria can use
MMA as the sole N source (3, 5), and the widespread occurrence
of this physiological trait suggests that MMA might be an impor-
tant N source in natural habitats. The ability to use organic ni-
trogen compounds such as MMA would confer some advantage
to these microorganisms, considering that many environments are
often limited by the availability of inorganic nitrogen. However, it
remains unclear whether the GMA/NMG-mediated pathway is
the only way for nonmethylotrophs to acquire N from MMA, and
this issue certainly warrants further investigation.
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