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Genes of the N-Methylglutamate Pathway Are Essential for Growth of
Methylobacterium extorquens DM4 with Monomethylamine
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Monomethylamine (MMA, CH;NH,) can be used as a carbon and nitrogen source by many methylotrophic bacteria. Methylo-
bacterium extorquens DM4 lacks the MMA dehydrogenase encoded by mau genes, which in M. extorquens AM1 is essential for
growth on MMA. Identification and characterization of minitransposon mutants with an MMA-dependent phenotype showed
that strain DM4 grows with MMA as the sole source of carbon, energy, and nitrogen by the N-methylglutamate (NMG) pathway.
Independent mutations were found in a chromosomal region containing the genes gmas, mgsABC, and mgdABCD for the three
enzymes of the pathway, y-glutamylmethylamide (GMA) synthetase, NMG synthase, and NMG dehydrogenase, respectively.
Reverse transcription-PCR confirmed the operonic structure of the two divergent gene clusters mgsABC-gmaS$ and mgdABCD
and their induction during growth with MMA. The genes mgdABCD and mgsABC were found to be essential for utilization of
MMA as a carbon and nitrogen source. The gene gma$ was essential for MMA utilization as a carbon source, but residual growth
of mutant DM4gmas$ growing with succinate and MMA as a nitrogen source was observed. Plasmid copies of gmaS$ and the gma$
homolog METDI4690, which encodes a protein 39% identical to GMA synthetase, fully restored the ability of mutants DM4gma$
and DM4gmaSAmetdi4690 to use MMA as a carbon and nitrogen source. Similarly, chemically synthesized GMA, the product of
GMA synthetase, could be used as a nitrogen source for growth in the wild-type strain, as well as in DM4gma$ and
DM4gmaSAmetdi4690 mutants. The NADH:ubiquinone oxidoreductase respiratory complex component NuoG was also found

to be essential for growth with MMA as a carbon source.

Monomethylamine (MMA; methylamine) is a nitrogen-con-
taining C; compound released by natural sources such as the
breakdown of proteins and amine osmolytes, as well as by human-
made nitrogen-containing pesticides, pharmaceuticals, and her-
bicides (1). MMA is ubiquitous in the environment and can serve
as the sole source of carbon and energy for methylotrophic bacte-
ria, which grow on compounds with no C-C bonds (2) but also as
a nitrogen source for a large variety of bacteria (3). MMA utiliza-
tion by Gram-negative bacteria occurs either by oxidation of
MMA into formaldehyde by MMA dehydrogenase (MADH) en-
coded by mau genes (4) found only in methylotrophic bacteria so
far (5) or by the N-methylglutamate (NMG) pathway, the genes
for which were first identified in the betaproteobacterium Methy-
loversatilis universalis FAMS5 (6). This metabolism effects the con-
densation of MMA with glutamate to NMG, with y-glutamyl-
methylamide (GMA) a possible intermediate (Fig. 1). The genes
gmas$, mgsABC, and mgdABCD encode GMA synthetase (GMAS),
NMG synthase, and NMG dehydrogenase, respectively (6). Of
these, only gma$S was found not to be required for MMA metab-
olism in M. universalis FAMS5 (6). In contrast, gmaS was also re-
quired for MMA utilization in the facultative methane utilizer
Methylocella silvestris BL2 (1). In addition, the NMG pathway was
recently demonstrated to be also involved in nitrogen assimilation
by nonmethylotrophic bacteria (7).

Both strains DM4 and AM1 of the alphaproteobacterial species
Methylobacterium extorquens are able to use MMA as the sole
source of carbon and nitrogen. However, comparative genomic
analysis demonstrated that the mau cluster essential for strain
AM1 to grow on MMA as the sole source of carbon and energy (4)
was absent from strain DM4 (8). A bank of several thousand mu-
tants obtained by random mutagenesis was used to identify genes
required for MMA utilization as a carbon and nitrogen source by
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M. extorquens DM4, and MMA-dependent gene expression stud-
ies and targeted-site mutagenesis were performed. The role of the
NMG pathway for MMA oxidation by M. extorquens DM4 was
assessed by comparisons with other methylotrophic strains with
previously characterized genes for MMA oxidation by the NMG
pathway (1, 6) and with the closely related strain M. extorquens
AM]1, which also contains canonical mau genes for MMA dehy-
drogenase in addition to genes for the NMG pathway (4).

MATERIALS AND METHODS

Strains and growth conditions. M. extorquens DM4 was cultivated aero-
bically at 30°C in mineral medium M3 (9) unless specified otherwise.
Escherichia coli strains DH5a and S17-1 (ATCC 47055) were cultivated
aerobically at 37°C in Luria-Bertani medium (Difco Laboratories). M3NO
medium (N-depleted M3 medium) was used to assess the filter-sterilized
nitrogen sources ammonium sulfate (1.5 mM), MMA (1.5 mM), and
GMA (0.75 mM, i.e., 1.5 mM total nitrogen). Chemical synthesis of GMA
was achieved by a protocol specifically developed for this study (see Fig. S1
in the supplemental material). Dichloromethane (Fluka) was added (300
wl) in a glass tube placed in a 3.3-liter glass jar, which was hermetically
closed. Antibiotics were used at final concentrations of 10 pg - ml ™" (tet-
racycline) and 25 p.g - ml~ ' (kanamycin) as required.
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FIG 1 Proposed pathway and genes for MMA utilization as the source of carbon, energy, and nitrogen on the basis of observed mutant phenotypes of M.
extorquens DM4. MMA oxidation by the NMG pathway involves GMAS (EC 1.6.5.3, encoded by gmaS), NMG synthase (EC 2.4.2.2, encoded by mgsABC), and
NMG dehydrogenase (EC 1.5.99.5, encoded by mgdABCD). a-Ketoglutarate and tetrahydrofolate are abbreviated as aKG and THF, respectively. In M.
extorquens DM4, GMAS is required for growth with MMA as the carbon source. In the absence of gimasS, direct oxidative deamination of glutamate by NMG
synthase (hydrolase) may yield sufficient ammonium for growth (broken lines). NMG dehydrogenase catalyzes the transformation of NMG to methylene
tetrahydrofolate, which subsequently enters the serine cycle for carbon assimilation into biomass or is oxidized into CO, for energy production via enzymes encoded by
mdtA, fch, fifL, and fdh (27). MMA utilization as a sole carbon and nitrogen source was shown to require the presence of both mgs and mgd (see the text).

Growth rates were determined as the average of at least two indepen-
dent replicates in 20-ml liquid cultures in agitated (100 rpm) 100-ml
Erlenmeyer flasks by measuring optical density at 600 nm (ODy,) spec-
trophotometrically, with the exception of cultures with GMA as the
growth substrate, which were performed in 5 ml medium in 16-ml Hun-
gate tubes, and the OD was monitored directly in the tubes (Libra S6;
Biochrom).

Screening and mapping of minitransposon insertion mutants. The
previously described mutant library (10) of random transcriptional gfp
fusion minitransposon insertions in M. extorquens DM4 was conserved at
—80°C in 96-well microtiter plates in M3 medium containing methanol,
25% glycerol, and kanamycin. Individual mutants were spotted onto solid
M3 plates containing MMA at 20 mM, methanol at 20 mM, or both at 20
mM each, and their abilities to grow and emit fluorescence were tested
after 5 days at 30°C. Control strains included the nonfluorescent wild-type
strain, a mutant with constitutive expression of green fluorescent pro-
tein (GFP) carrying the minitransposon in coding sequence (CDS)
METDI4743 of unknown function (10), and mutant DM4cycH, which is
unable to grow with methanol and was selected and characterized during
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this work. Mutants with an MMA-dependent phenotype were then fur-
ther assayed for growth and induction of GFP fluorescence in M3 medium
containing MMA (20 and 80 mM), dichloromethane (1.4 mM), methanol
or formate (20 mM), pyruvate or glycerol (7.5 mM), acetate or betaine (10
mM), succinate (5 mM), and combinations thereof. Growth and fluores-
cence were tested after 7 days of incubation at 30°C of 5-.l drops of serial
dilutions of bacterial cultures by a two-step PCR method combining
semidegenerate primers together with minitransposon-specific primers
as previously described (10). The sequences obtained were compared with
the DM4 genome sequence by using BLAST (11) to determine the mini-
transposon insertion site.

Site-direct mutagenesis. Wild-type and mutant alleles were recipro-
cally exchanged by using the sacB-based pCM433 vector for marker-free
allelic exchange as previously described (12). Briefly, mutant alleles were
constructed by a two-step PCR amplification process. The first step in-
volved the use of two primer pairs to amplify approximately 0.5 kb up-
stream and downstream to the region targeted for whole CDS deletion
(see right and left deletion primer pairs in Table S1 in the supplemental
material). The two fragments, overlapping by 16-nucleotide (nt)-long
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FIG 2 Gene organization of the NMG pathway-encoding genes in M. extorquens DM4 and constructed deletion mutants. The double slashes indicate distinct
chromosome regions. The triangle shows the minitransposon insertion site and the orientation of the promoterless gfp gene relative to gma$S in mutant

DM4gmaSAmetdi4690.

complementary fragments, were PCR reamplified to yield a single PCR
product in the second step. The resulting approximately 1-kb DNA frag-
ment was digested with restriction enzymes to generate compatible cohe-
sive ends and cloned into vector pCM433. The resulting plasmids,
pME8282, pME8283, and pMES8284 (for details, see Table S1), were elec-
troporated into E. coli DH5a and then transferred to M. extorquens DM4
by triparental mating (12). Plasmid pME8282 was also introduced into
the DM4gma$S mutant, in which gma$ was disrupted by minitransposon
insertion to generate the double mutant DM4gmaSAmetdi4690 strain.
The mutants obtained (Fig. 2) were checked by sequencing the PCR-
amplified genome deletion region.

Plasmid cloning of gma$S homologs. Homologs of gimaS were PCR
amplified from wild-type DNA and cloned into the Xbal site of the P,
promoter-based expression vector pCM80 (13), resulting in plasmids
pME8280 and pMES8285 harboring gmaS and the gene encoding
METDI4690, respectively (for details, see Table S1). Insert sequences were
verified to be of the wild type. Plasmids were transferred into Methylobac-
terium by conjugation as previously described (10).

Reverse transcription (RT)-PCR. RNA was extracted from cell pellets
frozen at —80°C that were obtained by the centrifugation (5,000 rpm, 10
min, 4°C) of 50-ml liquid cultures of strain DM4 harvested at mid-expo-
nential phase (ODg,, = 0.2) as previously described (14). cDNA synthe-
sized by using SuperScript III reverse transcriptase (Invitrogen) was used
as the template for PCR amplification with iProof Tag polymerase (Bio-
Rad) with the primer pairs listed in Table S1 in the supplemental material.
RNA and cDNA concentrations were determined with Qubit2.0 (Invitro-
gen) according to the manufacturer’s instructions.

RESULTS

Comparative analysis of the fully assembled genome sequences of
the closely related M. extorquens strains DM4 and AM1 (15) sur-
prisingly showed that strain DM4 lacked the well-studied mau
genes for MMA utilization, although strain DM4 had been ob-
served early on to grow with MMA (16). Reassessment of the
ability of strains AM1 and DM4 to grow with MMA as the sole
source of carbon and nitrogen then revealed clear differences in
the growth rates of the two strains, with generation times of ap-
proximately 6 and 18 h, respectively (under the conditions used in
this study). We therefore embarked on a search to identify and
characterize the genes that allowed the growth of strain DM4 with
MMA as the sole source of carbon and energy. This involved (i)
the isolation and characterization of random minitransposon in-
sertion mutants with a specific MMA-dependent phenotype when
MMA was provided as the sole C source, (ii) site-directed mu-
tagenesis and complementation assays to study the roles of specific
genes or gene clusters in the utilization of MMA as a carbon or
nitrogen source, and (iii) MMA-dependent gene expression by
RT-PCR.
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Isolation and characterization of MMA minitransposon in-
sertion mutants. We started by screening a previously con-
structed library (10) of 6,054 mutants of strain DM4 capable of
growing with 10 mM methanol and carrying random insertions of
a minitransposon containing a promoterless gfp marker and a
kanamycin resistance gene. Twenty-one mutants emitted MMA-
dependent fluorescence or displayed impaired growth when
tested on MMA, methanol, and a combination of the two com-
pounds. Additional tests on M3 plates supplemented with a larger
panel of one-carbon (dichloromethane, formate) and multicar-
bon (acetate, glycerol, pyruvate, betaine, and succinate) com-
pounds were performed to identify mutants with specific MMA-
dependent phenotypes. Seven mutants harboring a single
minitransposon and displaying a specific MMA-dependent phe-
notype were obtained and classified into the following three
groups: class 1, MMA-impaired growth with no detectable GFP
fluorescence (three mutants); class 2, MMA-induced GFP fluores-
cence (two mutants); class 3, MMA-repressed GFP fluorescence
(two mutants) (Table 1).

In four mutants, insertions colocalized within a 4-kb genomic
region that encodes subunits of the NMG synthase (METDI2324,
mgsA; METDI2325, mgsB; METDI2326, mgsC) and GMAS
(METDI2327, gmaS) (Table 1; Fig. 2). The corresponding pro-
teins displayed at least 66% amino acid sequence identity with
characterized homologs in M. silvestris BL2 (1). Directly down-
stream of gmasS (Fig. 2), MMA-induced METDI2328 corresponds
to a putative 169-residue-long protein with no homology to char-
acterized proteins (mutant 07C5, Table 1). No GFP fluorescence
emission was detected for mutants DM4gmaS, DM4mgsA, and
DM4mgsC (Table 1, class 1), as expected, given that the minitrans-
poson promoterless gfp gene was in reverse orientation with re-
spect to the interrupted genes.

The other three mutants identified in this study showed MMA-
dependent gene expression of the gfp minitransposon (Table 1),
indicating differential expression of the genes at the minitrans-
poson insertion site, i.e., genes ureE, nuoG, and those encoding the
protein of unknown function METDI3639.

gmasSis essential for MMA utilization as the source of carbon
but auxiliary for its utilization as the source of nitrogen. Mutant
DM4gmaS was unable to use MMA as the sole source of carbon
and energy (Table 2). Minitransposon insertion into gmas$ did not
cause detrimental polar effects on the expression of adjacent genes,
since wild-type gmas$ provided in trans by plasmid pME8280 restored
wild-type growth to mutant DM4gmasS (Table 3). We conclude that
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TABLE 1 Characteristics of minitransposon mutants and reference strains with respect to growth on MMA

Strain Insertion GFP expression Growth on

Interrupted locus” name position” Product of interrupted gene (gene) on MMA® MMA?
Control strains

None DM4 Absent Wild type

METDI2066 DM4cycH 1953319 Cytochrome c-type biogenesis protein (cycH) Basal Wild type

METDI4743 26F12 4639214 Conserved protein of unknown function Basal Wild type
Class 1, MMA-impaired growth

METDI2324 DM4mgsA 2222651 NMG synthase component A (1mgsA) Absent Altered

METDI2326 DM4imgsC 2224246 NMG synthase component C (1mgsC) Absent Altered

METDI2327 DM4gma$S 2225098 GMA synthetase (grmaS) Absent Altered
Class 2, MMA-induced fluorescence

METDI2328 07C5 2226639 Hypothetical protein Induced Wild type

METDI1773 DM4ureE 1646785 Putative urease accessory protein Induced® Wild type
Class 3, MMA-repressed fluorescence

METDI1560 DM4nuoG 1424682 NADH:quinone oxidoreductase chain G (nuoG) Downregulated Altered

1G METDI3639-METDI3640 04B1 3582478 Downregulated Wild type

@ Mutants DM4mgsA, DM4mgsC, and DM4gmas$ harbor the minitransposon gfp expression marker in reverse orientation with respect to the interrupted gene. In mutant 04B1, the
minitransposon is located in an intergenic (IG) region with the gfp marker gene in the same orientation as METDI3639 downstream.

b Nucleotide position upstream of minitransposon I end.

¢ Fluorescence on solid medium with MMA. Induced, fluorescence observed only in the presence of MMA; enhanced, basal fluorescence enhanced in the presence of MMA;
downregulated, fluorescence decreased in the presence of MMA alone or in combination with methanol; absent, no fluorescence.
4 Wild-type or altered growth on solid M3 medium with MMA as the sole source of carbon and energy. All mutants displayed wild-type growth on methanol (20 mM), except

mutant DM4cycH, which featured altered, weak growth on methanol.
¢ Urea did not induce GFP fluorescence.

gmasS is required for MMA utilization as a carbon source by M. ex-
torquens DM4.

Regarding the assimilation of nitrogen, in contrast, when
MMA was the only source of nitrogen in the presence of another
carbon source, DM4gma$S grew about 10 times more slowly than
the wild-type strain (generation times of 32.7 and 3.5 h, respec-
tively; Table 2). However, no difference in growth ability between
mutant DM4gma$S and the wild-type strain was observed when
MMA was replaced with GMA, the product of MMA transforma-
tion by GMAS (Fig. 1). This suggested that GMA, which cannot be
used by wild-type strain DM4 as the sole carbon source (Table 2,
footnote a), can nevertheless enter the cell and serve as an alter-

native source of nitrogen, thereby alleviating the severe growth
defect observed in the grmaS mutant.

The residual ability of the mutant DM4gmaS$S to grow with
MMA as the sole nitrogen source suggested that other uncharac-
terized enzymes with GMAS activity may exist in M. extorquens
DM4. We found another GMAS-like protein, METDI4690, which
displayed 39% identity to GMAS (METDI2327) at the protein
sequence level. To test whether METDI4690 could play a role in
MMA utilization, additional mutants were generated by precisely
deleting METDI4690 in both the wild-type and mutant
DM4gmaS backgrounds, yielding the mutants DM4Ametdi4690
and DM4gmaSAmetdi4690, respectively. Mutant DM4Ametdi4690

TABLE 2 Use of MMA or GMA as the sole carbon and/or nitrogen source for growth

Avg generation time (h)? = SD with:

Strain(s) MMA as C + N source MMA as C source MMA as N source GMA as N source
DM4 18.3 0.3 17.6 £ 0.6 3.5+05 +

07C5" 174 £ 0.7 17.7 £ 0.3 33*x0.1 ND*
DM4Ametdi4690 18.4 = 0.8 17.8 £ 0.5 3.3 *£0.6 ND

DM4gma$S No growth No growth 327 £ 1.8 +¢
DM4gmaSAmetdi4690 No growth No growth 385+ 1.5 +€
DM4Amgs-gmaS, DM4mgsC No growth No growth No growth ND

DM4mgsA, DM4Amgd No growth No growth No growth No growth
DM4nuoG No growth No growth 33+04 ND

DM4ureE 175+ 0.4 17.4 * 0.6 3.5*0.2 ND

@ Growth in M3NO medium was tested (see Materials and Methods). When tested as a C source, MMA was provided at 20 mM. None of the strains grew with GMA as the sole C
source (20 mM). When tested as N sources, MMA and GMA were provided at 1.5 and 0.75 mM, respectively. In controls, the N source was (NH,),SO, at 1.5 mM and the C source
was succinate at 5 mM. Growth with succinate and (NH,),SO, resulted in a generation time of 2.5 = 0.8 h for the wild-type strain and all of the other strains tested.

b Minitransposon insertion in METDI2328, the last CDS of the mgsABC-gmaS-METDI2328 operon.

¢+, growth with flocculation prevented evaluation of generation times.
4 ND, not determined.
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TABLE 3 Characterization of growth of M. extorquens DM4 and
mutants with MMA when provided with plasmid copies of GMAS
homologs in trans

Avg generation time (h) = SD with MMA*

Interrupted” CDS(s) and provided as:
plasmid® C + N source C source N source
None
pCM80 189 0.9 18.0 = 0.4 4.4 %02
PMES8280 16.2 £ 0.6 153+ 0.3 33+0.2
pME8285 17.5 £ 0.9 18.8 = 1.6 3,502
METDI2327
pCM80 No growth No growth 42,6 £ 1.2
pME8280 16.9 = 0.7 159+ 0.3 47*03
PMES285 20.2 £ 0.8 16.5 £ 1.3 40=*03
METDI2327, METDI4690
pCM80 No growth No growth 41.7 £ 1.2
pME8285 215+ 0.5 192+ 15 4.0 £ 0.1

“ MMA was added as the C or N source at 20 or 1.5 mM, respectively. In controls,
succinate at 5 mM and (NH,),SO, at 1.5 mM were provided as C and N sources,
respectively. Similar growth of all strains on succinate (5 mM) and (NH,),SO, (1.5
mM) was observed (generation time, 3.4 = 0.3 h).

b Interruption of METDI4690 alone conferred no phenotype with MMA as the C or N
source (Table 2, mutant DM4Ametdi4690).

¢ pCM80, empty expression vector; pME8280, pCM80 for gmas$ expression of
METDI2327; pCM8285, pCM80 for expression of METDI4690.

itself grew identically to the wild type under all of the conditions
tested (Table 2). Only in mutant DM4gmaSAmetdi4690 lacking both
gma$S homologs, when MMA was provided as the sole nitrogen
source, did the lack of METDI4690 have a detectable effect on
growth (generation time of 38.5 h for DM4gmaSAmetdi4690 ver-
sus 32.7 h for DM4gmaS, Table 2). Thus, MMA utilization as the
sole nitrogen source involves both gmaS homologs, although
METDI2327 (GMAS) plays a major role compared to that of
METDI4690 in the wild-type context (Table 3).

mgsABC and mgdABCD are essential genes for the growth of
M. extorquens DM4 with MMA as the source of carbon and ni-
trogen. NMG synthase is a poorly characterized enzyme that is
homologous to glutamate synthase (17), which, by analogy, may
have the capacity to transform both MMA and GMA obtained
from MMA by GMAS with the concomitant release of ammonia
(Fig. 1). Genes homologous to mgsABC encoding NMG synthase
were found to be essential for growth with MMA in strain DM4, as
transposon insertion mutants DM4mgsA and DM4mgsC were un-
able to grow with MMA as either a carbon or a nitrogen source
(Table 2). Similarly, mutant DM4mgsA was also unable to grow
with GMA as a nitrogen source in the presence of another carbon
source.

The following reaction in the NMG pathway is catalyzed by
NMG dehydrogenase encoded by the genes mgdABCD and fun-
nels the methyl group carbon of NMG into methylenetetrahydro-
folate (Fig. 1). On the basis of sequence similarity, as well as ex-
perimental data, the mgdABCD genes constitute the last specific
step of the NMG pathway (Fig. 1) (6). Very similar genes are
known to encode sarcosine (N-methylglycine) oxidase and are
found in many bacteria, including Methylobacterium strains,
which contain at least two sets of homologs. Homologs of the
mgdABCD genes, sharing 73, 27, 55, and 21% amino acid se-
quence identity with characterized components A, B, C, and D of
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the NMG dehydrogenase of M. silvestris BL2 (1), were found up-
stream of the mgsABC-gmaS region in strain DM4 (Fig. 2). Some-
what surprisingly, no mutants with minitransposon insertions in
the mgdABCD genes were detected. Therefore, we constructed a
mutant with all of the mgdABCD genes deleted in order to assess if
the mgd cluster plays a role in MMA utilization by M. extorquens
DM4. The resulting DM4Amgd mutant was unable to grow in the
presence of MMA as the sole source of carbon and energy and also
as the sole source of nitrogen in the presence of another carbon
source for growth (Table 2). In conclusion, both the mgs and mgd
gene clusters are essential for MMA utilization as a carbon, energy,
and nitrogen source by M. extorquens DM4.

The nuoG gene is essential for strain DM4 growth with MMA
as the carbon and energy source. Analysis of mutant DM4nuoG
showed that disruption of nuoG prevented the growth of strain
DM4 with MMA as the sole carbon source but not as the sole
nitrogen source when growing with succinate as the carbon source
(Table 2). The gene nuoGis 1 of the 14 genes of the nuo cluster that
encodes NADH:ubiquinone oxidoreductase, a respiratory com-
plex 1 enzyme that catalyzes the transfer of electrons from NADH
to the quinone pool, coupled with translocation of protons across
the membrane. Disruption of individual nuo genes impairs respi-
ratory complex 1 in E. coli (18). The inability of mutant DM4nuoG
to grow with MMA as the carbon and energy source suggests that
NuoG may be involved in accepting electrons from the oxidation
of MMA by the NMG pathway in strain DM4. In contrast, mutant
DM4cycH, in which the disrupted gene is involved in cytochrome
¢ biogenesis (19), was able to grow with MMA by the NMG
pathway but not with methanol. Thus, M. extorquens DM4
appears to require the cytochrome c electron transfer system
for oxidation of the C, alcohol methanol but not of the corre-
sponding C, amine MMA.

MMA-dependent gene expression. By using RT-PCR ampli-
fications targeting intergenic regions in the vicinity of the genes
mgd, mgs, and gmasS, the expected operonic structure of the diver-
gent mgdABCD and mgsABC-gmaS-METDI2328 gene clusters
was confirmed (Fig. 3A). MMA-dependent regulation was as-
sessed with cultures of strain DM4 grown with MMA, methanol,
or succinate as the sole carbon source. The genes mgdC, mgsA, and
gma$ and the MMA-associated ureE homolog displayed MMA-
dependent upregulation, as shown by RT-PCR with intragenic
gene primer pairs (Fig. 3B). Conversely, nuoG and the putative
transcriptional regulator METDI2323 located between the two
operons were downregulated by MMA (Fig. 3B). Taken together,
the data obtained showed that the genome region encoding the
NMG pathway (Fig. 2) harbors two MMA-induced, divergently
transcribed operons (mgdABCD and mgsABC-gmaS-METDI2328)
separated by a putative regulator gene whose expression was
downregulated by MMA or by a metabolite generated in the
course of MMA utilization. In contrast, for genes encoding the
GMAS homolog METDI4690 and two proteins of unknown func-
tions, METDI2318 and METDI3639 (located downstream of the
insertion site in minitransposon mutant 04B1; Table 1), constitu-
tive low-level expression irrespectively of the presence of MMA in
the medium was found (Fig. 3B, right panel).

Effect of plasmid-driven expression of gmaS homologs. The
constitutive low-level expression of METDI4690 suggested by RT-
PCR experiments (Fig. 3B) may explain why deletion of the gene
that encodes it had little effect on the ability of strain DM4 to
utilize MMA (Table 2). To test this hypothesis, plasmid pME8285
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FIG 3 Transcription studies of MMA-dependent gene expression in M. extorquens DM4 by PCR on reverse transcriptase-produced total cDNA. RNA was
isolated from cultures grown with MMA (lines 1 and 2) or with (NH,),SO, as a nitrogen source with either methanol (lines 3 and 4) or succinate (lines 5 and 6)
as a carbon source and reverse transcribed, and the cDNA was quantified before PCR amplification. Controls were performed for each primer pair with M.
extorquens DM4 genomic DNA (1.5 ng) (lane +), water (lane — ), and samples from which RT was omitted prior to PCR amplification (lanes 2,4, and 6). (A) PCR
amplification of cDNA (4 ng) was performed with primer pairs spanning intergenic regions (black triangles). Thick arrows denote experimentally confirmed
operonic structures. (B) PCR amplification from cDNA of individual genes (primer pairs are indicated by white triangles) of the NMG pathway (left) and of other
genes investigated in this study (right), starting from 8 ng total cDNA, except for the transcriptional regulator (16 ng cDNA).

harboring cloned METDI4690 under the control of promoters
P, and P, .. of vector pCM80, which favor strong constitutive
expression of downstream genes in pCM plasmids (9, 15, 20), was
introduced into wild-type and gmaS mutant strain DM4. No sig-
nificant difference in growth with MMA as the sole source of car-
bon and nitrogen was observed in the wild-type strain harboring
plasmid pME8285 or the empty expression vector pCM80 (Table
3). Similarly, providing GMAS (METDI2327) in trans from plas-
mid pME8280 allowed only slightly faster growth of the wild-type
strain with MMA as the source of carbon or nitrogen (Table 3) and
fully complemented the growth defect of mutant DM4gma$ (Ta-
ble 2). However, providing METDI4690 in trans on pME8285
restored the ability of mutants lacking one or both gma$S ho-
mologs to use MMA as a source of carbon and nitrogen for growth
(Table 3). Thus, METDI4690 represents a bona fide functional
GMAS that may, however, be too weakly expressed from its native
chromosomal promoter to sustain the utilization of MMA as the
sole carbon source by M. extorquens DM4. We concluded that
both the gene encoding METDI2327 and METDI4690 gmasS ho-
mologs express functional GMAS enzymes but that their expres-
sion is the limiting factor for optimal MMA utilization under the
conditions tested.

Phylogenetic analysis of gmaS homologs and comparison of
gene clusters. Proteins encoded by grmaS homologs belong to the
larger protein family of glutamine synthetases, not all of which are
able to transform MMA (1, 21). The sequences of M. extorquens
DM4 gmaS homologs METDI2327 and METDI4690 were com-
pared to those of strain DM4 homologs of the three known fam-
ilies of glutamine synthetases (METDI2616, METDI3157, and
METDI3158) to experimentally characterized GMAS enzymes
and to representative homologs of other prokaryotes and eu-
karyotes, as well as to sequences closely related to METDI4690
from representative sequenced genomes (at least 44% identity at
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the protein level, lengths of 444 to 472 amino acids; see Table S2 in
the supplemental material). The resulting phylogenetic tree (Fig.
4) confirms the previously documented four types of glutamine
synthetase homologs (1, 22), i.e., the three glutamine synthetase
types and the group containing all of the GMAS enzymes experi-
mentally characterized so far. DM4 homologs METDI2616,
METDI3157, and METDI3158 can be assigned to glutamine syn-
thetase types I and II, but the MMA-associated gmaS homologs
METDI2327 and METDI4690 investigated here clearly cluster
within the GMAS group. Notably, METDI4690-like sequences
(framed in Fig. 4) are found mainly in members of the class
Proteobacteria (see Table S2) but are only loosely associated with
methylotrophic metabolism, in contrast to the closely related
homologs of the experimentally characterized GMAS and
METDI2327 of strain DM4.

However, METDI237- and METDI4690-like gmaS homologs
could be distinguished by taking their genetic organization con-
text into account (Fig. 5). Previously experimentally character-
ized, bona fide gmasS genes colocate with genes encoding enzymes
of the NMG pathway of MMA oxidation, especially with mgs
genes (1, 6) (Fig. 5B). In contrast, homologs of METDI4690,
shown here to restore the growth of strain DM4 with MMA as a
carbon and nitrogen source, in mutants impaired in the NMG
pathway (Table 3) were often associated with a conserved gene
encoding an uncharacterized amidohydrolase (conserved domain
COG1402) described as potentially acting on nonpeptidic C-N
bonds (Fig. 5B). Genes encoding components of an ABC-type
transporter and proteins involved in urea-related metabolism
were also often found in close proximity (Fig. 5B). Thus, genes
encoding GMAS homologs closely similar to METDI4690 appear
to be associated with a conserved uncharacterized gene cluster
involved in nitrogen metabolism.
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FIG 4 Phylogenetic tree representation of protein sequences encoded by homologs of gma$ and representatives of the three known types of glutamine synthetase
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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 grma$ 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
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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 MM A-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). Itis
possible that energy production by the oxidation of one-carbon
compounds involves different pathways of electron transfer for
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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 DM4nu0oG 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
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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—o-ketoglutarate redox couple as in the homologous en-
zyme glutamate synthase (17) for condensation of amines to a-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 gma$S 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-
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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 gmaShomolog (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
DM4gmaSAmetdi4690 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 grma$
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 Oleormo-
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 DM4Amgd was unable to utilize MMA or
GMA as a nitrogen source when succinate was supplied as a car-

June 2014 Volume 80 Number 11

Monomethylamine Utilization by M. extorquens DM4

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 DM4Amgd 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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