












DISCUSSION

We demonstrated in this work that the two closely adjacent, di-
vergent operons, mgdABCD and mgsABC-gmaS-METDI2328, in-
volved in the NMG pathway are induced by MMA and allow M.
extorquens DM4 to use MMA as a sole carbon, nitrogen, and en-
ergy source. The two operons are separated by only a putative
regulator gene (the gene for METDI2323) whose expression is
downregulated by MMA (Fig. 3) and which belongs to the AraC
family of transcriptional regulators with a C-terminal DNA-bind-
ing helix-turn-helix domain (PROSITE PS01124). In addition,
METDI2323 features an N-terminal class I glutamine amidotrans-
ferase-like domain that may serve to sense a chemical effector such
as MMA or another compound associated with MMA metabo-
lism. The last gene of the cluster cotranscribed with gmaS encodes
the 169-residue-long protein METDI2328 of unknown function
with close homologs so far found only in Methylobacterium ge-
nomes. This gene is not essential for MMA metabolism, since its
disruption had no effect on the ability of strain DM4 to grow with
MMA under any of the conditions tested (Fig. 3; Table 1, mutant

07C5). Nevertheless, its expression is induced by MMA, as is that
of a ureE homolog for a urease accessory protein (23). The tran-
scription of urease genes can be regulated by nitrogen availability
(24), and we speculate that this MMA-induced urease-like operon
may contribute in some way to MMA-associated nitrogen assim-
ilation in strain DM4. Nevertheless and as for METDI2328, dis-
ruption of ureE by minitransposon insertion in mutant DM4ureE
is not associated with any detected growth defect (Table 1). The
presence of two homologs of the seven-gene urease operon
ureEFABCGD in strain DM4 may explain this observation.

Unlike M. extorquens strains DM4, PA1, and BJ001 (8, 25), M.
extorquens strains such as AM1 and CM4 contain mau genes and
grow much faster with MMA as the sole carbon, nitrogen, and
energy source (approximately 3-fold growth rate difference; C.
Gruffaz and F. Bringel, unpublished data). Moreover, M. ex-
torquens DM4 grew less efficiently with MMA than with methanol
(generation times of 18.3 and 3.4 h, respectively; Table 2) (10). It is
possible that energy production by the oxidation of one-carbon
compounds involves different pathways of electron transfer for

FIG 4 Phylogenetic tree representation of protein sequences encoded by homologs of gmaS and representatives of the three known types of glutamine synthetase
(GS). The tree was constructed by using PhyML. Organisms with experimentally characterized GMAS are in bold. Close homologs of METDI4690 are framed.
For nucleotide sequence accession numbers, protein sequence lengths, and percentages of identity with M. extorquens GMAS and METDI4690, see Table S2 in
the supplemental material. The accession number of each bacterium in which more than one gmaS homolog was found is shown in parentheses.
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MMA oxidation (by the NMG pathway) and for methanol (by
methanol dehydrogenase), as suggested by the different growth
phenotypes of mutants DM4nuoG and DM4cycH (Tables 1 and
2). Still, the genetic organization of NMG pathway genes in M.
extorquens DM4 is strongly conserved within the sequenced ge-
nomes of M. extorquens (8, 25), suggesting that possession of this
gene set would allow all Methylobacterium strains to grow with
MMA. That is not the case, since inactivation of mau genes for
MADH in the closely related strain AM1 completely abolished its
ability to grow on MMA as the sole C source (4). Nevertheless,
NMG dehydrogenase activity was detected in M. extorquens AM1
(4, 19), suggesting that other factors beyond the mere possession
of the required genes are required for the growth of Methylobac-
terium strains with MMA by the NMG pathway.

The observed growth phenotypes of NMG pathway mutants
have shed some light on the still somewhat elusive roles of GMAS
and NMG synthase in the growth of strain DM4 with MMA (Table
3). The fact that a mutant with impaired mgsA is unable to use

MMA or GMA as either a carbon or a nitrogen source for growth
represents the most clear-cut result obtained in this work (Table
2). It demonstrates the absolutely essential role of NMG synthase
in the NMG pathway (Fig. 1), most likely involving the same glu-
tamate–�-ketoglutarate redox couple as in the homologous en-
zyme glutamate synthase (17) for condensation of amines to �-ke-
toglutarate with concomitant release of ammonia, which can then
be used as a nitrogen source for growth. We have also demon-
strated that in the absence of a functional gmaS gene (mutant
DM4gmaS), M. extorquens DM4 lacks the ability to utilize MMA
as the sole carbon and energy source, suggesting that GMA is an
obligate intermediate of MMA oxidation by the NMG pathway
when MMA is the sole source of carbon and energy (Fig. 1). Nev-
ertheless, GMA as the sole source of carbon and energy did not
sustain the growth of wild-type strain DM4, unlike when it was
provided as the sole nitrogen source in the presence of another
carbon source. It remains to be tested whether GMA is trans-
ported efficiently enough within the cell to fulfill the higher car-

FIG 5 Gene organization and conservation of gmaS homolog-containing genomic regions for sequences closely related to METDI2327 (A) and METI4690 (B),
respectively. Gene orientation and linkage are indicated with arrows, and double slashes indicate a distance of at least 10 kb between the genome regions
considered. UCA-associated proteins 1 and 2 are encoded by a tandem of homologous, uncharacterized genes with conserved domains TIGR03424 and
TIGR03425, respectively. Alphaproteobacteria class members (complete genome accession numbers are in parentheses): M. extorquens DM4 (NC_012988),
Hyphomicrobium sp. strain MC1 (NC_015717), Methylobacterium radiotolerans JCM2831 (NC_010505), M. silvestris BL2 (NC_011666), and Parvibaculum
lavamentivorans DS-1 (NC_009719). Betaproteobacteria class members: Dechloromonas aromatica RCB (NC_007298), Methylobacillus flagellatus KT
(NC_007947), M. universalis FAM5 (NZ_AFHG00000000), Methylovorus glucosetrophus SIP3-4 (NC_012969), Sideroxydans lithotrophicus ES-1 (NC_013959),
and Ralstonia eutropha H16 (NC_008314). Gammaproteobacteria class members: Acidithiobacillus ferrivorans SS3 (NC_015942), Halothiobacillus neapolitanus c2
(NC_013422), Pseudomonas stutzeri A1501 (NC_009434), Thioalkalivibrio sulfidophilus HL-EbGr7 (NC_011901), and Thiomicrospira crunogena XCL-2
(NC_007520). Cyanobacteria class member: Cyanobium sp. strain PCC 7001 (NZ_DS990556). Verrucomicrobia class member: Coraliomargarita akajimensis
DSM 45221 (NC_014008). Actinobacteria class member: Mycobacterium sp. strain MCS (NC_008147).
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bon rather than nitrogen assimilation requirements for cell
growth. When considering published studies, the question of
whether GMA is an obligate intermediate of the NMG pathway
(Fig. 1) is still debated, given the contradictory experimental evi-
dence obtained so far for the role of GMAS in M. universalis FAM5
and M. sylvestris BL2. In M. silvestris BL2, gmaS is essential for
MMA utilization as a C and energy source (1), whereas this gene is
unexpectedly dispensable in M. universalis FAM5 (6). Intrigu-
ingly, M. universalis FAM5 and M. silvestris BL2 are bacteria that
contain only one gmaS homolog (see Table S2 in the supplemental
material), in contrast to all of the strains of M. extorquens se-
quenced so far (8, 25), which contain two gmaS homologs (Fig. 5).
In M. extorquens DM4, GMAS (METDI2327) was found to be
required for MMA utilization as a carbon source. This suggests
that the direct reaction of MMA with glutamate catalyzed by
NMG synthase is not sufficiently efficient to bypass mutation in
gmaS with respect to carbon requirements for growth. In other
words, the indirect pathway through gmaS and GMA as an inter-
mediate may be a more efficient way to metabolize carbon from
MMA. Deletion of the second gmaS homolog, METDI4690, fur-
ther decreased the residual capacity of the DM4gmaS mutant to
grow with MMA as a nitrogen source, and deletion of the entire
gene cluster encoding NMG synthase and GMAS completely abol-
ished the ability of strain DM4 to utilize MMA as a nitrogen source
for growth (Table 3). This demonstrates that no enzymatic sys-
tems beyond the two GMAS homologs exist in strain DM4 to
extract nitrogen from MMA in a growth-conducive fashion. Most
notably, complementation with either GMAS METDI2327 or
METDI4690 on a multicopy plasmid in both the DM4gmaS and
DM4gmaS�metdi4690 backgrounds allowed the utilization of
MMA as the sole source of carbon and nitrogen for growth (Table
3) and conclusively demonstrated that both GMAS homologs of
strain DM4 were bona fide GMAS proteins. In addition, plasmid
expression of either GMAS homolog was found to significantly
improve the ability of M. extorquens DM4 to utilize MMA as the
sole source of carbon, energy, and nitrogen for growth (Table 3).
Thus, expression of gmaS homologs may represent a major bot-
tleneck in the ability of methylotrophic bacteria to grow with
methylated amines. The distinct expression levels of the two gmaS
homologs in wild-type strain DM4 (Fig. 3) suggest that they are
involved in different metabolic pathways associated with the
transformation of compounds containing amino groups and that
MMA-induced METDI2327 plays a predominant role in MMA
oxidation. METDI4690, in contrast, is expressed at low constitu-
tive levels and lies immediately adjacent to genes encoding com-
ponents of the urea carboxylase (UCA)/allophanate hydrolase
pathway, as in many bacteria known to use urea as the sole nitro-
gen source (26) (Fig. 5). The uca gene adjacent to METDI4690
may therefore be involved in the interconversion of methylated
amides and amines for nitrogen metabolism. Indeed, in Oleomo-
nas sagaranensis, a member of the class Alphaproteobacteria, am-
monia is produced by UCA not only from urea degradation but
also from acetamide and formamide (26). Thus, gmaS homologs,
which are widely distributed in bacterial genomes, may contribute
to the microbial metabolism of a large variety of amides and
amines found in the environment.

A final point of the present study is that the NMG pathway
downstream of NMG involves aspects that are not yet understood.
Unexpectedly, mutant DM4�mgd was unable to utilize MMA or
GMA as a nitrogen source when succinate was supplied as a car-

bon source (Table 2), even though ammonium as a growth-sup-
porting source of nitrogen is not generated directly through NMG
dehydrogenase activity (Fig. 1). One of several possible explana-
tions for the phenotype of mutant DM4�mgd is that lack of NMG
dehydrogenase somehow inactivates NMG synthase. This hy-
pothesis remains to be tested, as well as the possible key role of
glutamate as an intermediate, substrate, and/or product of all
three steps of the NMG pathway.
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