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ABSTRACT Carbaryl is the most widely used carbamate family pesticide, and its
persistent nature causes it to pollute both soil and water ecosystems. Microbes
maintain the Earth’s biogeochemical cycles by metabolizing various compounds
present in the matter, including xenobiotics, as a sole source of carbon, nitrogen,
and energy. Soil isolate Pseudomonas sp. strain C5pp metabolizes carbaryl efficiently
as the carbon source. Periplasmic carbaryl hydrolase catalyzes the conversion of car-
baryl to 1-naphthol and methylamine. 1-Naphthol was further used as a carbon
source via gentisate, whereas the metabolic fate of methylamine is not known. Here,
we demonstrate that strain C5pp showed efficient growth on carbaryl when sup-
plied as a carbon and nitrogen source, suggesting that the methylamine generated
was used as the nitrogen source. Genes involved in the methylamine metabolism
were annotated and characterized at the biochemical and molecular level. Transcrip-
tional and enzyme activity studies corroborate that the �-glutamylmethylamide/N-
methylglutamate (GMA/NMG) pathway is involved in the metabolism of carbaryl and
methylamine as a nitrogen source. Compared to carbaryl, methylamine was found to
be an effective inducer for the metabolic and transporter genes. Strain C5pp also
harbored genes involved in sarcosine metabolism that were cotranscribed and in-
duced by sarcosine. The presence of inducible pathways for metabolism of carbaryl
as a nitrogen and carbon source helps in complete and efficient mineralization of
carbaryl by strain C5pp, thereby maintaining the biogeochemical cycles.

IMPORTANCE The degradation of xenobiotics plays a significant role in the environ-
ment to maintain ecological systems as well as to prevent the imbalance of biogeo-
chemical cycles via carbon-nitrogen cycling. Carbaryl is the most widely used pesti-
cide from the carbamate family. Pseudomonas sp. strain C5pp, capable of utilizing
carbaryl as a carbon and nitrogen source for its growth, subsequently helps in com-
plete remediation of carbaryl. Thus, it maintains the ecosystem by balancing the bio-
geochemical cycles. The metabolic versatility and genetic diversity of strain C5pp for
the transformation of contaminants like carbaryl and 1-naphthol into less harmful
products make it a suitable candidate from the perspective of bioremediation.

KEYWORDS biogeochemical cycle, Pseudomonas, carbaryl, methylamine, nitrogen
cycle, xenobiotics

The microbial oxidation of methylated amines is an important metabolic activity in
biogeochemical cycling of carbon and nitrogen. This is an essential step in pre-

venting the formation of methane, which is the second most important greenhouse
gas, following carbon dioxide (1). Degradation of many nitrogenous compounds re-
leases methylamine, e.g., putrefaction of proteins or degradation of pesticides (carbaryl,
carbofuran, etc.) (2), and these methylamines do not accumulate in the environment, as
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they are rapidly consumed by methylotrophs to produce biomass and CO2 (3, 4).
Methylamine also serves as the nitrogen source for several nonmethylotrophic mi-
crobes (5, 6). However, methylotrophs like Methylobacterium extorquens AM1 and
Paracoccus denitrificans oxidize methylamine directly to formaldehyde and ammonia, a
step that is catalyzed by a periplasmic methylamine dehydrogenase (MADH) (7, 8) or by
methylamine oxidase (MAO) in Gram-positive methylotrophic bacteria such as Arthro-
bacter sp. strain P1 (9). Alternatively, in Methylocella silvestris and Methylobacterium
extorquens DM4, methylamine is metabolized via methylated amino acid intermediates
like �-glutamylmethylamide (GMA) and N-methylglutamate (NMG) by employing
�-glutamylmethylamide synthase (GMAS) and N-methylglutamate synthase (NMGS),
respectively. NMG is further oxidized to formaldehyde and glutamate by N-methyl-
glutamate dehydrogenase (NMGDH) (2, 10). Formaldehyde, the end product of all
methylamine oxidation pathways, is either oxidized to CO2 or assimilated as a carbon
source via the serine cycle or ribulose monophosphate pathway (11).

Carbaryl (1-naphthyl N-methylcarbamate) is the most widely used carbamate family
insecticide. It acts by inhibiting the activity of acetylcholine esterase competitively,
leading to muscle spasm, paralysis in insects, and finally death (12, 13). Carbaryl also
affects other beneficial and nontargeted organisms, like earthworms and bees, and is
classified as a potential human carcinogen (14, 15). Rhodococcus, Arthrobacter, Micro-
coccus, Burkholderia, and Pseudomonas spp. have been reported to degrade carbaryl as
a sole source of carbon and energy (16–21). However, the metabolic fate of carbaryl as
a nitrogen source has not been studied in these organisms.

Earlier, we reported a soil isolate, Pseudomonas sp. strain C5pp (here referred to as
strain C5pp), that utilizes carbaryl as a source of carbon and energy (19). The degra-
dation pathway is initiated in the periplasm by the hydrolysis of carbaryl into
1-naphthol, methylamine, and CO2 by a carbaryl hydrolase (CH) (22). 1-Naphthol is
further metabolized via the gentisate pathway (19). The fate of methylamine released
from carbaryl is not known. The genome analysis revealed the presence of genes
involved in nitrite and nitrate ammonification, ammonia assimilation, and methylamine
metabolism (15). The objective of this study was to determine the role of methylamine
as a nitrogen source for strain C5pp. We elucidated the degradation pathway of
carbaryl when strain C5pp was provided with carbaryl as the nitrogen source. In the
absence of any other external nitrogen source, strain C5pp showed growth on carbaryl,
suggesting that it has the ability to utilize it as a carbon and nitrogen source. Nitrogen
source-dependent enzyme activity, cotranscription, and quantitative gene expression
analyses suggest that methylamine metabolism occurs via the GMA/NMG pathway.
Sarcosine oxidase (SOX), an NMGDH homolog, was induced by sarcosine, and this
allows the growth of strain C5pp on sarcosine as a sole source of carbon and nitrogen.
Induction and expression of glutamine synthetase (GS) along with GMAS suggests that
both enzymes are involved in the metabolism of methylamine. Taken together, these
results demonstrate that methylamine is an important metabolic intermediate and is
the source of nitrogen for strain C5pp. Thus, carbaryl serves as the sole source of
carbon, nitrogen, and energy for this bacterium and thereby facilitates its degradation.

RESULTS AND DISCUSSION
Pseudomonas sp. strain C5pp utilizes carbaryl as a carbon and nitrogen source.

Pseudomonas sp. strain C5pp attained maximum growth by 12 h on MSM supple-
mented with carbaryl as the carbon source and ammonium chloride or ammonium
nitrate as the nitrogen source (Fig. 1). On MSM plus carbaryl as the carbon and nitrogen
source, growth was delayed by 4 h and the culture entered stationary phase by 16 h
(Fig. 1). Strain C5pp failed to grow on MSM plus methylamine as the carbon and
nitrogen source. However, it showed growth on glucose as the carbon source and
methylamine as the nitrogen source, and the culture entered stationary phase by 8 h
(Fig. 1). The strain showed efficient growth on sarcosine as the carbon and nitrogen
source and entered stationary phase by 7 h (Fig. 1). These growth profiles suggest that
strain C5pp has the ability to utilize carbaryl as a carbon and nitrogen source while
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methylamine is used only as the nitrogen source. It has been reported that various
bacterial species can use methylamine as the sole nitrogen source; this physiological
trait indicates that methylamine is an important nitrogen source (6). Nonmethyl-
otrophic organisms like Bacillus, Pseudomonas, and Agrobacterium are reported to use
methylamine as a nitrogen source (5, 6), while methylotrophs utilize it as a carbon as
well as a nitrogen source (11, 23). Strain C5pp failed to grow on formaldehyde (0.02, 0.2,
2, 10, and 20 mM) as the carbon source in the presence of methylamine as a nitrogen
source.

Gene clusters involved in methylamine and nitrogen metabolism. The genome
analyses of strain C5pp revealed the presence of genes encoding putative enzymes and
proteins involved in methylamine and nitrogen metabolism (Fig. 2a). Genes encoding
enzymes of the �-glutamylmethylamide/N-methylglutamate (GMA/NMG) pathway
were found to be present on contigs 15 and 35; ammonium or methylamine transport
were found to be present on contigs 1, 15, and 37, while those encoding GS (glnA),
NADP-dependent glutamate dehydrogenase (NADP-GDH; gdhA), NAD-dependent glu-
tamate dehydrogenase (NAD-GDH; gdhB), formaldehyde dehydrogenase (FALDH; adh),
S-formylglutathione hydrolase (FGH; fghA), and sarcosine oxidase (SOX; soxBDAG) were
present on contigs 2, 24, 37, 5, 34, and 8, respectively (Fig. 2a). However, genes for
MADH (mau cluster) and MAO (maoxI and maoxII), present in methylotrophs for the
utilization of methylamine as a carbon and nitrogen source (7, 23), were absent from
the draft genome of strain C5pp.

The arrangement of genes involved in the GMA/NMG pathway from strain C5pp was
compared with that of various methylamine-utilizing bacterial isolates (Fig. 2b). Contig
15 in strain C5pp harbored a cluster of five genes (5.72 kbp) putatively coding for an
ammonium transporter, NMGS, and GMAS. Contig 35 contained a cluster of six genes
(6.85 kbp) putatively encoding NMGDH and enzymes involved in formaldehyde me-
tabolism. However, strain C5pp is unable to grow on formaldehyde as the carbon
source. These two gene clusters present on contig 15 and 35 appear to be separated
by a distance of at least 37.7 kbp. However, the two clusters reported from other
organisms (Fig. 2b) are present as an eight-gene cluster harboring gltB132-mgsABC,
soxBDAG-mgdABCD, and gltIII-gmaS (1, 2). The annotation, putative function, and
identity to other similar proteins is given in Table S1 in the supplemental material.

The mgsABC locus encodes polypeptides with high identity and clustered with
individual domains of glutamate synthase, glutamine amidotransferase (gltB1), gluta-
mate synthase subunit � (gltB3), and ferredoxin-dependent glutamate synthase (gltB2)
(Table S1 and Fig. S1a, b, and c). In Methyloversatilis universalis FAM5 (mgsABC) and
Methylocella silvestris (gltB132), these genes are reported to code for NMGS and are
involved in methylamine metabolism (1, 2).

FIG 1 Growth profile of Pseudomonas sp. strain C5pp on the combinations of carbon and nitrogen
sources. Minimal salt medium was supplemented with (i) carbaryl as a carbon and nitrogen source (�),
(ii) carbaryl as a carbon source and ammonium chloride as a nitrogen source (Œ), (iii) carbaryl as a carbon
source plus ammonium nitrate as a nitrogen source (Œ), (iv) glucose as a carbon source and methylamine
as a nitrogen source (�), methylamine as a carbon source and a nitrogen source (�), and sarcosine as
a carbon and nitrogen source (e). The concentration of carbon and nitrogen used was 0.1%. Growth was
monitored spectrophotometrically by measuring the optical density at 600 nm (OD600).
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FIG 2 Genetic organization of genes associated with nitrogen metabolism in Pseudomonas sp. strain C5pp. (a) The arrangement of genes associated with
nitrogen assimilation, methylamine metabolism, formaldehyde detoxification, and sarcosine metabolism in Pseudomonas sp. strain C5pp. (b) Comparison of an
organization of genes involved in methylamine metabolism from Pseudomonas sp. strain C5pp with methylotrophs and nonmethylotrophs. Abbreviations: HP,
hypothetical protein; glnK, nitrogen regulation protein P-II; amtB1, ammonium transporter present on contig 01; glnA, glutamine synthetase; ntrB, nitrogen
regulatory protein; aracR, asnC, lysR, lysE, xreR, and merR, transcriptional regulators; adh, formaldehyde dehydrogenase; gdh, glutamate dehydrogenase; cinA,
CinA domain protein; glyA1, serine hydroxymethyltransferase; soxB, sarcosine oxidase subunit �; soxD, sarcosine oxidase subunit �; soxA, sarcosine oxidase

(Continued on next page)
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gmaS sequence was predicted to code for GMAS (Fig. 2b and Table S1), belonging
to the GS family. Sequence analysis of GMAS from strain C5pp indicated that it lacks
two key ammonia-binding residues (D50 and S53) that are commonly found in GS (24),
while ATP and glutamate binding motifs are conserved (Fig. 3a). Phylogenetic analysis
indicates clustering of GMAS from strain C5pp (66% identity) (Table S1) with the
functionally characterized GMAS from Methylovorus mays (25), while three GS (types I,
II, and III) form a separate clade (Fig. 3b). Therefore, the presence of both NMGS and
GMAS in strain C5pp suggests that methylamine metabolism occurs via the GMA/NMG
pathway.

The gene product of glnA (contig 2) from strain C5pp, a putative GS-I (Table S1),
contains ammonia-binding residues (D50 and S53) as well as other conserved motifs
(Fig. 3a), and it clustered with the functionally characterized GS-I from Salmonella
enterica (64% identity) (Fig. 3b and Table S1). The analysis suggests that strain C5pp
possesses both GS and GMAS, which are likely involved in ammonia assimilation and
methylamine metabolism, respectively.

The strain C5pp genome was found to possess three different putative ammonium
transporter genes, namely, amtB1, amtB15, and amtB37, on contigs 1, 15, and 37,
respectively (Fig. 2a). Of the three, AmtB15, encoded by a gene in contig 15, is present
in the vicinity of GMA/NMG pathway enzymes, and it clustered with the functionally
characterized AmtB of Escherichia coli (46% identity) and Saccharomyces cerevisiae (38%
identity) (Fig. S2 and Table S1). Methylamine acts as an analogue of ammonia and can
be transported via AmtB (26). In S. cerevisiae, AmtB has been functionally identified and
reported to transport methylamine as well (27). AmtB1 and AmtB37 from strain C5pp
shared 62 and 32% identity, respectively, with AmtB15. AmtB1 was also found to be
clustered with the functionally characterized AmtB of E. coli and Saccharomyces cerevi-
siae (Fig. S2 and Table S1). Further, glnK, which codes for a putative nitrogen regulatory
protein, P-II (present upstream of the amtB1 gene) (Fig. 2a and Table S1), is involved in
regulation of nitrogen metabolism under nitrogen-limiting conditions in Pseudomonas
stutzeri (28). These analyses indicate that strain C5pp possesses both ammonia as well
as methylamine transporters.

mgdABCD were predicted to code for NMGDH in strain C5pp (Fig. 2). Phylogenetic
analysis suggested the clustering of MgdB and MgdD from strain C5pp with genetically
characterized MgdB and MgdD (50 and 63% identity; Table S1) of Methyloversatilis
universalis FAM5 (Fig. S3), where these proteins are known to be involved in methyl-
amine metabolism via the NMG pathway. In other methylamine-utilizing organisms, like
Methylocella silvestris, Methylobacterium extorquens PA1, Agrobacterium tumefaciens,
etc., the soxBDAG gene cluster is annotated to code for a putative NMGDH (Fig. 2b).
Besides the mgdABCD cluster on contig 35, strain C5pp was also found to possess the
soxBDAG gene cluster on contig 8, annotated to code for putative sarcosine oxidase
(SOX) (Table S1). The phylogenetic relationship among these proteins is shown in Fig.
S3. BLASTp analysis indicated that SOX encoded by soxBDAG (contig 8) possesses high
sequence identity (Table S1) to the functionally characterized SOX from Corynebacte-
rium sp. strain P-1 (29) and Stenotrophomonas maltophilia (30) compared to the NMGDH
sequence (contig 35). Hence, to distinguish them from NMGDH, these genes were
labeled soxBDAG. In addition, glyA1, annotated as a putative serine-hydroxymethyl-
transferase (SHMT), was found to be present upstream of soxBDAG and was considered
part of the sox operon (31). These results indicate that in strain C5pp, methylamine

FIG 2 Legend (Continued)
subunit �; soxG, sarcosine oxidase subunit �; purU, formyltetrahydrofolate deformylase; amtB15, ammonium transporter present on contig 15; mgsABC,
N-methylglutamate synthase subunits A, B, and C; gmaS, �-glutamylmethylamide synthetase; kefC, glutathione-regulated potassium efflux system protein; gdhA,
NADP-specific glutamate dehydrogenase; greB, transcription elongation factor GreB-related protein; frmA, S-(hydroxy)-methylglutathione dehydrogenase; fghA,
S-formylglutathione hydrolase; ispF, 2-C-methyl-D-erythritol 2,4-cyclodiphosphate; folD, methylenetetrahydrofolate dehydrogenase/cyclohydrolase; mgdABCD,
N-methylglutamate dehydrogenase subunits A, B, C, and D; gdhB, NAD-specific glutamate dehydrogenase; tmbP, probable transmembrane protein; amtB37,
ammonium transporter present on contig 37; trx, thiol-disulfide isomerase and thioredoxins; gltB1, glutamine amidotransferase; gltB2, glutamate synthase large
chain; gltB3, glutamate synthase putative GlxC; and gntR, regulator of gluconate (Gnt) operon. Gene size (in bp) is given below each gene box. Numbers in
parentheses indicate the intergenic distance (in bp). The same color represents homologous genes. The accession numbers are given in parentheses.
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FIG 3 Multiple-sequence alignment and phylogenetic analysis of GS and GMAS from Pseudomonas sp. strain C5pp. (a) Sequence alignment of
glutamine synthetases (GS-I, -II, and -III) and GMAS amino acid sequences. Strains included the GS-I Pseudomonas sp. strain C5pp

(Continued on next page)
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metabolic genes were clustered as gmaS-mgs and mgd, while those involved in
sarcosine metabolism were found in the sox cluster.

Nitrogen-dependent cotranscription and induction of gmaS-mgs, mgd, and sox
clusters. Detailed bioinformatic analyses of the gmaS-mgs, mgd, and sox clusters
revealed the presence of putative �10 and �35 promoter regions, the ribosomal
binding site, and start and stop codons in the upstream region of gmaS-mgsABC-amtB
(�5.7 kbp), purU-folD-mgdABCD (�7 kbp), and glyA1-soxBDAG-folD (�7.4 kbp) (Fig. 4).
Results of reverse transcription-PCR (RT-PCR) using cDNA prepared from cells grown
with the different combinations of carbon and nitrogen sources as the template and
overlapping gene-specific primers are shown in Fig. 4. Carbaryl-grown cells showed the
expected size of RT-PCR product amplification, including intergenic regions for gmaS-
mgs and mgd clusters, indicating that these genes were cotranscribed as two different
polycistronic mRNAs, and genes in these clusters are arranged as two independent
operons. Attempts to obtain large-size PCR products encompassing either all or at least
three genes from these clusters were unsuccessful. This could be due to the instability
of mRNA or partial cDNA synthesis. cDNA prepared from carbaryl-grown cells did not
show any amplification for the sox cluster (Fig. 4). A similar trend was observed for the
cDNA prepared from cells grown on glucose plus methylamine (Fig. 4), while sarcosine-
grown cells showed amplification of genes present in the sox cluster alone. The cDNA
prepared from cells grown on glucose plus ammonium chloride did not show RT-PCR
products for any of these gene clusters (Fig. 4). These results suggest that irrespective
of the carbon source, methylamine induces the transcription of genes located in the
gmaS-mgs and mgd clusters, while sarcosine induces the expression of the sox cluster

FIG 3 Legend (Continued)
(WP_013974575.1), Escherichia coli (WP_001271725.1), and Salmonella enterica serovar Typhimurium (1F52_A) and the GMAS Pseudomonas sp.
strain C5pp (WP_039613871.1), Methylovorous mays (A9ZPH9.1), Methylocella silvestris (ACK51558.1), Methyloversatilis universalis FAM5
(WP_008064112.1), and Methylobacillus flagellatus (WP_011478823.1). Ammonia-binding residues (D50 and S53) in glutamine synthetase are
represented by black filled circles. Glutamate and ATP-binding domains are represented by square boxes A and B, respectively. Conserved
residues are indicated by asterisks. Protein sequences were retrieved from the NCBI protein database, with accession numbers indicated in
parentheses. (b) Phylogenetic tree showing the relationship between glutamine synthetases (GS-I, -II, and -III) and �- GMAS. Protein sequences
were retrieved from the NCBI protein database, with accession numbers indicated in parentheses, and aligned using the ClustalW program. The
phylogenetic tree was constructed by using MEGA6 software with the neighbor-joining method (500 bootstrap replicates). Asterisks indicate
that proteins are characterized at the functional level.

FIG 4 Schematic representation and cotranscriptomic analysis of genes involved in methylamine and sarcosine metabolism in Pseudomonas sp. strain C5pp.
The arrangement of genes involved in the metabolism of methylamine (contig 15 and contig 35) and sarcosine (contig 8) is shown. The numbers indicate the
gene length (bp), numbers in parentheses indicate the intergenic distance (bp), negative signs indicate that the genes are overlapping, and putative promoters
identified using BPROM are indicated by �10 and �35 sequences. Agarose gel profiles showing RT-PCR product amplification. PCR amplifications of targeted
genes from cDNA synthesized from Pseudomonas sp. strain C5pp cells grown on glucose, methylamine, carbaryl, and sarcosine. The arrow designates primer
positions (Table 3), and the number indicates the expected length of the PCR product (kbp). Numbers above the lanes refer to amplification conditions: 1,
RT-PCR products from total RNA; 2, PCR products from total RNA without RT (reverse transcriptase); 3, PCR products from total genomic DNA of strain C5pp.
m, DNA ladder. The expression profile of a housekeeping gene, rpoD (0.17 kbp), was taken as an internal reference.
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only. In the presence of ammonium chloride, none of the genes from these clusters
were expressed. This operonic arrangement is different from the one in Methylocella
silvestris, where eight genes encoding GMAS, NMGS, and NMGDH are arranged to-
gether as a single operon that is induced by methylamine (2). However, this is similar
to Methylobacterium extorquens, where mgs-gmaS and mgd were found to be induced
by methylamine as two divergent gene clusters (10).

The quantification of gene expression (quantitative PCR [qPCR]) analyses of gmaS
(GMAS), mgsC (NMGS), mgdC (NMGDH), and soxA (SOX) representatives of gmaS-mgs,
mgd, and sox clusters, glnA (GS), and three amtB genes (ammonium transporter) under
various conditions was performed, and results are depicted in Fig. 5. Compared to
expression in cells grown in glucose and ammonium chloride, the relative (fold)
expression of gmaS (67), mgsC (39), mgdC (27), and glnA (5.6) was found to be highest
in cells grown in glucose plus methylamine and lowest in sarcosine-grown cells.
However, the carbaryl-grown cells showed intermediate-level expression of these
genes (gmaS, mgsC, and mgdC, �10- to 11-fold; glnA, 1.5-fold) (Fig. 5a). soxA showed
24-fold higher expression in sarcosine-grown cells than under other conditions (Fig. 5a).
These results indicate that in strain C5pp, genes at gmaS-mgs, mgd, and sox clusters,
which are transcribed as a polycistronic mRNA, are induced by respective, specific
nitrogen sources.

Relative expression analysis for genes encoding ammonia transporters showed that,
compared to that of cells grown in glucose plus ammonium chloride, the cells grown
in glucose plus methylamine exhibited maximum expression of amtB15 (35-fold) and
amtB1 (25-fold) (Fig. 5b). However, the expression of amtB37 was found to be signifi-
cantly lower. The expression observed from cells grown on carbaryl as a carbon and
nitrogen source was moderate (9- to 10-fold) for amtB15 and amtB1. This difference
could reflect the effective concentration of methylamine generated. From carbaryl as a

FIG 5 Relative expression of genes involved in methylamine and sarcosine metabolism from Pseudomo-
nas sp. strain C5pp under carbon- and nitrogen-limiting conditions. (a) Expression analysis of gmaS,
mgdC, mgsC soxA, and glnA, encoding �-glutamylmethylamide synthetase, N-methylglutamate dehydro-
genase subunit C, N-methylglutamate synthase subunit C, sarcosine oxidase subunit �, and glutamine
synthetase, respectively, from Pseudomonas sp. strain C5pp cells grown on different carbon and nitrogen
sources. (b) amtB1, amtB15, and amtB37, encoding putative ammonium and methylamine transporters.
(c) mgdC and soxA from cells grown on glucose plus methylamine. (d) mgdC and soxA from cells grown
on sarcosine as a carbon and nitrogen source. Relative expression was calculated by taking the
expression of a housekeeping gene, rpoD, as an internal reference.
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nitrogen source, a 6-fold lower concentration of methylamine (5 mM) will ensue
compared to that with methylamine as the nitrogen source (32 mM). AmtB15, AmtB1,
and AmtB37 were predicted to be located in the inner membrane (Fig. S4). amtB15 was
found to be a part of the gmaS-mgs cluster and was cotranscribed with the genes
encoding methylamine-metabolizing pathway enzymes (Fig. 4). These results suggest
that carbaryl and methylamine induce expression of amtB15 and amtB1, which encode
transporters involved in methylamine metabolism.

To establish the involvement of the mgd cluster and not the sox cluster in methyl-
amine metabolism, qPCR was performed for cells grown on glucose plus methylamine
or sarcosine. Results are shown in Fig. 5c and d. In cells grown in glucose plus
methylamine, expression of mgdC was significantly higher than that of soxA (Fig. 5c).
However, soxA showed maximum expression compared to that of mgdC in sarcosine-
grown cells (Fig. 5d). These results indicate that genes encoding putative SOX and
NMGDH are present on contigs 8 and 15, respectively, and are induced by respective
nitrogen sources.

Nitrogen-dependent induction of enzymes. The activity of various enzymes
involved in the GMA/NMG pathway as well as in ammonia assimilation was monitored
from cells grown on various combinations of carbon and nitrogen sources, and the
results are depicted in Table 1. The following important observations were made. (i)
With respect to the GMA/NMG pathway, compared to carbaryl as the nitrogen source,
the activities for GMAS and NMGDH were �2-fold higher in glucose plus methylamine
as the carbon and nitrogen source; however, these activities were very low in the
presence of ammonium chloride as the nitrogen source (Table 1). The activity of FALDH
also was found to be 5-fold higher when carbaryl or methylamine was used as a
nitrogen source than when ammonium chloride was used as the nitrogen source
(Table 1). Similar enzyme activity trends were reported from M. silvestris, wherein
methylamine-grown cells showed the higher activity of GMAS and NMGDH as well as
higher production of formaldehyde compared to that of cells grown in methanol plus
ammonia (2). Formaldehyde is further metabolized as a carbon source by methyl-
otrophs, while nonmethylotrophs will oxidize it to CO2 (3). Formaldehyde, formed as an
end product of methylamine metabolism, was oxidized to carbon dioxide by FALDH in
strain C5pp, and this strain failed to grow on methylamine (or formaldehyde) as the
carbon source. (ii) With respect to the ammonia assimilation pathway, the activity of GS
was significantly higher from cells grown on carbaryl or methylamine than from those
grown on ammonium chloride as a nitrogen source. Further, 2-fold higher GS activity
was observed from cells grown on glucose plus methylamine than from cells grown on
carbaryl (Table 1). In addition, the activity of GDH was significantly higher in the cells
grown on ammonium chloride than on carbaryl or methylamine as a nitrogen source.
Maximal GDH activity was observed in cells grown on glucose plus ammonium chloride.
Altogether, these results suggested that in strain C5pp, methylamine generated from
carbaryl is metabolized as a nitrogen source via the GMA/NMG pathway, and ammonia
released is assimilated through the GS/GOGAT pathway. It was observed that in
Methylobacterium extorquens AM1 (previously referred to as Pseudomonas sp. strain

TABLE 1 Activity of various enzymes of methylamine metabolic pathway from Pseudomonas sp. strain C5pp cells grown on different
combinations of carbon and nitrogen sources

Enzymea

Sp act (nmol·min�1·mg�1) of cells grown on:

Carbaryl (C and N) Glucose (C) � methylamine (N) Glucose (C) � NH4Cl (N) Carbaryl (C) � NH4Cl (N)

NMGDH 7.4 � 1.4 11.2 � 3.2 NDb ND
GMAS 83.8 � 23.0 150.8 � 32.0 6.65 � 0.2 3.3 � 1.2
FALDH 215.0 � 9.0 225.0 � 8.0 45.3 � 7.0 53.0 � 3.0
GS 80.7 � 8.0 158.3 � 25.0 11.3 � 3.2 6.2 � 1.6
GDH 12.0 � 2.3 32.0 � 1.0 541.0 � 53.0 224.0 � 4.0
aEnzyme abbreviations: NMGDH, N-methylglutamate dehydrogenase; GMAS, �-glutamylmethylamide synthetase; FALDH, formaldehyde dehydrogenase; GS, glutamine
synthetase; GDH, glutamate dehydrogenase.

bND, not determined.
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AM1), methylamine used either as a carbon or nitrogen source via the GS-GOGAT
pathway is followed for nitrogen assimilation. However, when ammonia is used as a
nitrogen source, the organism possesses an NADPH-dependent GDH for its assimilation
(32).

GMAS and GS are two different proteins. GS is a key enzyme in nitrogen
metabolism. It catalyzes the conversion of glutamate and ammonia to glutamine and
plays a crucial role in amino acid metabolism. Some GS and GS-like enzymes also accept
other amine donors in place of ammonia (e.g., methylamine, isopropylamine, etc.).
Examples of some such reactions include the production of GMA from glutamate and
methylammonium (33). Few methylamine-utilizing bacteria are known to convert
methylamine into GMA in the presence of glutamate by GMAS, and this plays a role in
methylamine metabolism.

Methylamine-utilizing strain C5pp was found to possess both GS and GMAS. The
activity of both of the enzymes was found to be almost similar to that of the cell extract
(CFE) of strain C5pp cells grown on carbaryl or methylamine as the nitrogen source (1:1
ratio) (Table 1). Reactions catalyzed by both GMAS and GS are very similar (catalyzing
the formation of glutamine and GMA), because of which it was difficult to differentiate
among them. Therefore, a separation and partial purification of GS and GMAS from the
cells grown on glucose plus methylamine was attempted using DEAE ion-exchange
chromatography. The peak activities of GMAS and GS were eluted in the same fractions
(Fig. S5). The question remains as to whether strain C5pp possesses two distinct
enzymes (one GMAS and the other a GS) or both reactions are catalyzed by a single
enzyme of broad substrate specificity. However, the draft genome of strain C5pp has
two genes (glnA and gmaS) present on different contigs, 2 and 15 (Fig. 2a). To
investigate in detail, both GMAS (Fig. 6a) and GS (Fig. 6b) from strain C5pp were cloned
separately into pET vector and expressed in E. coli. The soluble protein fraction (Fig. 6a)
of recombinant GMAS (rGMAS) did not show any activity with hydroxylamine or
N-methylhydroxylamine. Further, various additives, like glutamate, magnesium sulfate,
�-mercaptoethanol, and glycerol, either alone or in combination, were added during
enzyme induction or CFE preparation in order to stabilize the activity. Although protein
was found to be expressed under all of these conditions, the rGMAS activity could not
be detected, suggesting that expressed soluble protein is inactive.

The soluble fraction of E. coli cells expressing recombinant GSC5pp (rGSC5pp) showed
activity on both substrates, i.e., hydroxylamine (2.22 � 0.12 �mol·min�1·mg�1) and
N-methylhydroxylamine (1.52 � 0.08 �mol·min�1·mg�1). The expressed rGSC5pp was
purified using nickel-nitrilotriacetic acid (Ni-NTA) chromatography (Fig. 6c). The purified
rGSC5pp also acted on both substrates and displayed a weak substrate inhibition with
hydroxylamine (ammonia analogue) as the substrate (Fig. 6d). However, it displayed
strong substrate inhibition with N-methylhydroxylamine (Fig. 6e, methylamine ana-
logue) compared to that with hydroxylamine. Various kinetic constants determined for
rGSC5pp are summarized in Table 2. The enzyme showed higher affinity for hydroxyl-
amine (ammonia analogue, 6.13 � 1.35 mM) than N-methylhydroxylamine (methyl-
amine analogue, 26.32 � 7.59 mM), indicating that hydroxylamine is its actual substrate
but can also act on methylamine to yield GMA. Earlier, GS and GMAS from Pseudomonas
sp. strain MS were purified, and it has been reported that GMAS was more specific
for GMA (34). The ability of GS to act on both substrates was also reported for
Methylovorus mays (25). For the sake of comparison, GS from an E. coli host was
cloned into pET vector, overexpressed, and purified by Ni-NTA column chromatog-
raphy (Fig. S6a and b). The purified recombinant E. coli GS (rGSEc) was found to act
on both substrates as well as display substrate inhibition with both hydroxylamine (Fig.
S6c) and N-methylhydroxylamine (Fig. S6d). However, N-methylhydroxylamine (with a
Km of 60.2 � 2.2 mM) was a significantly less effective substrate for rGSEc than hydrox-
ylamine (Km, 14.85 � 1.34 mM). Altogether, these results suggest that GS from Pseu-
domonas strain C5p possesses higher catalytic efficiency (kcat/Km, 1.02 s�1 mM�1) for
substrate N-methylhydroxylamine than E. coli GS (kcat/Km, 0.42 s�1 mM�1) (Table 2).

Kamini et al. Applied and Environmental Microbiology

December 2018 Volume 84 Issue 24 e01866-18 aem.asm.org 10

https://aem.asm.org


Generally, GMA is considered an essential intermediate and GMAS a biomarker in
methylamine metabolism (2, 11). Although an active rGMAS enzyme could not be
demonstrated, the putative gene encoding GMAS was expressed and induced by
methylamine in strain C5pp. Our results suggest that both GMAS and GS are required
when methylamine is utilized as a nitrogen source by strain C5pp.

In conclusion, the presence of the methylamine oxidation pathway for its metabo-
lism as a carbon, nitrogen, and/or energy source would confer some advantage to the
microbes, considering that many environments are often limited by the availability of
carbon and inorganic nitrogen sources. This study describes the physiological signifi-
cance of methylamine metabolism in the carbaryl-degrading strain C5pp. The proposed
metabolic pathway for the utilization of carbaryl as the carbon and nitrogen source is
depicted in Fig. 7. Methylamine derived from carbaryl in the periplasm is transported
into the cytoplasm by putative AmtB across the inner membrane and metabolized as
a nitrogen source via an inducible cytosolic GMA/NMG pathway. The ammonium
generated during methylamine metabolism can be assimilated as a nitrogen source via
the GS-GOGAT pathway and allows strain C5pp to grow on carbaryl as a sole source of

FIG 6 SDS-PAGE profile of recombinant GMAS and glutamine synthetase (GSC5pp), substrate saturation profile of recombinant GSC5PP, and kinetic properties of
recombinant GSC5pp. (a) SDS-PAGE analysis of GMAS from strain C5pp expressed into E. coli. Induction was carried out using IPTG (100 �M) at 20°C for 17 h in
E. coli. (b) GSC5PP induction was carried out using IPTG (100 �M) at 20°C and 30°C for 16 h and 6 h, respectively. In panels a and b, BL21 represents E. coli BL21
cells without vector and genes of interest, pET28 and pET41 represent BL21 cells carrying vector alone, P denotes pellet or insoluble fraction, S denotes
supernatant or soluble fraction, and UI and I represent uninduced and induced. (c) SDS-PAGE analysis of protein eluted during the purification of recombinant
GSC5PP from E. coli cells. Lane 1, cell extract; 2, Ni-NTA-purified enzyme. In panels a, b, and c, lane M denotes the protein molecular mass markers (in kDa).
Phosphorylase B, 97.4 kDa; BSA, 66 kDa; ovalbumin, 43 kDa; carbonic anhydrase, 29 kDa; soybean trypsin inhibitor, 20.1 kDa; lysozyme, 14.3 kDa. An arrow
indicates the GMAS and GS of sizes �49 and �53 kDa, respectively. (d and e) Substrate saturation plots of GSC5PP for substrate hydroxylamine (d) and
N-methylhydroxylamine (e).
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carbon and nitrogen. The compartmentalization of the carbaryl degradation pathway
as the localization of enzymes such as CH in the periplasm and lower pathway enzymes
(1NH, GDO, etc.), along with methylamine metabolic pathway enzymes in the cytosol,
suggests the adaptation of strain C5pp to the toxic carbaryl-contaminated environ-
ment. Overall, the environmental conditions, such as accumulation of toxic xenobiotics
and carbon/nitrogen source preference, determine the adaptation of an organism for
its survival in the toxic environment. Strains like C5pp are valuable for eliminating
environmental contaminants like carbaryl efficiently as well as for maintaining biogeo-
chemical cycles.

MATERIALS AND METHODS
Bioinformatic analyses. A sequence-based analysis (BLASTp) (35) was performed to identify genes

involved in methylamine and nitrogen metabolism using the available genome sequence of Pseudomo-
nas sp. strain C5pp (accession no. JWLN00000000.1) (15). The promoter regions were identified using a
bacterial promoter prediction tool, BPROM (Softberry, Inc., Mount Kisco, NY, USA). The phylogenetic tree
was constructed for similar proteins/enzymes (annotated as well as functionally characterized) obtained
from NCBI BLAST using the neighbor-joining (NJ) algorithm by using Molecular Evolutionary Genetics
Analysis, version 6.0 (MEGA6). The robustness of the tree topology was assessed by bootstrap analysis of
500 replicons using the Jones-Taylor-Thornton (JTT) model (36). The topology of putative ammonia
transporter protein was predicted by using the Protter server (37).

Cultures and growth conditions. Strain C5pp was grown on minimal salt medium (MSM) (19)
supplemented aseptically with appropriate carbon (0.1%, wt/vol) and nitrogen (0.1%, wt/vol) sources.
The combinations were (i) carbaryl as carbon source and nitrogen source, (ii) carbaryl as carbon source
and ammonium chloride as nitrogen source, (iii) carbaryl as carbon source and ammonium nitrate as
nitrogen source, (iv) methylamine as carbon and nitrogen source, (v) glucose as carbon source and
methylamine as nitrogen source, and (vi) sarcosine as carbon and nitrogen source. Growth was
monitored by measuring the optical density at 600 nm (OD600) spectrophotometrically (Lambda 35;
Perkin Elmer, USA). Escherichia coli strains DH5� and BL21(DE3), used in this study, were grown in
Luria-Bertani broth (38) with or without antibiotic (kanamycin, 40 �g·ml�1).

Cotranscription and relative gene expression (qPCR) analyses. Strain C5pp cells grown on a
combination of carbon and nitrogen sources (up to an OD600 of 0.8) were processed for total RNA
isolation using an RNeasy protect bacteria minikit per the manufacturer’s instructions (Qiagen, Germany).
Traces of DNA contamination were eliminated by treating the preparation with DNase I (2 U; Invitrogen,
USA). The quantification of RNA was performed using a microplate reader (Multiskan Go; Thermo Fisher,
USA). cDNA synthesis was performed per the manufacturer’s protocol (Invitrogen, USA) using DNA-free
RNA (1 �g) as a template.

Cotranscription analysis was performed using endpoint PCRs with cDNA as a template and gene-
specific primers (Table 3). In negative controls, the template used was the cDNA preparation with RNase
treatment and/or lacking reverse transcriptase. The genomic DNA of strain C5pp as a template was used
as a positive control.

For quantitative gene expression analysis, qPCR reactions were performed using the PowerUp SYBR green
qPCR MasterMix (Invitrogen, Thermo, USA) with StepOnePlus real-time PCR (Applied Biosystems, USA) per the
manufacturers’ protocols. Each qPCR reaction mixture (final volume, 20 �l) contained cDNA (4 �l of 10 ng)
prepared from cells (OD600 of 0.8) grown under different combinations of carbon and nitrogen sources and
500 nM (each) gene-specific forward and reverse primer (Table 3). The thermal cycling program was initial
denaturation at 50°C for 2 min, followed by 95°C for 10 min and 40 cycles of amplification, wherein each cycle
was comprised of denaturation at 95°C for 15 s and annealing and extension at 60°C (gmaS, amtB1, amtB15,
and amtB37) or 65°C (rpoD, glnA, mgdD, soxA, and mgsC) for 1 min. The expression of a housekeeping gene,
rpoD (�70 transcription factor), was taken as an internal reference. The expression levels of target genes from
cells grown on glucose, carbaryl, methylamine, or sarcosine were determined by the cycle value at which

TABLE 2 Kinetic properties of recombinant GS from Pseudomonas sp. strain C5pp and Escherichia colic

Parameter

Value for:

GSC5pp GSEc

Hydroxylamine N-Methylhydroxylamine Hydroxylamine N-Methylhydroxylamine

Km (mM)a 6.13 � 1.35 26.32 � 7.59 14.85 � 1.34 60.15 � 2.19
Vmax (�mol·min�1·mg�1) 3.58 � 0.62 2.53 � 0.62 7.6 � 0.28 2.4 � 1.27
Ki (mM) 10.53 � 3.61 93.63 � 23.51 3.0 66.85 � 19.8
kcat (s�1)b 37.89 26.87 80.56 25.44
kcat/Km (s�1 mM�1) 6.19 1.02 5.42 0.42
aHydroxylamine and N-methylhydroxylamine were used as analogues of ammonia and methylamine, respectively. For details, see the Materials and Methods.
bTo calculate kcat, the enzyme was considered to possess 12 identical subunits in both cases, i.e., Pseudomonas sp. strain C5pp and E. coli.
cActivity was monitored using the assay described in Materials and Methods, except that the reaction buffer used was 50 mM imidazole-HCl, pH 8.0 (optimum pH),
and incubation time was 60 min.
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fluorescence of the genes of interest cross threshold levels (C
T
). ΔCT was calculated by the equation ΔCT �

C
T(target gene) � CT(rpoD). Gene expression under different growth conditions was compared using the equation

ΔΔCT � ΔCT(carbaryl/methylamine/sarcosine) � ΔCT(glucose) (39). Values from at least two or three independent
experiments, wherein reactions were performed in duplicate, were used to calculate ΔCT. All PCR products
obtained from the cotranscription and qPCR reactions were gel purified and sequence confirmed (Bencos,
India, and First Base, ASP, India).

Enzyme assays. Strain C5pp cells grown on various combinations of carbon and nitrogen sources
until late-log phase were harvested by centrifugation, washed, and resuspended (1 g cells in 5 ml buffer)
in ice-cold potassium-phosphate buffer (50 mM, pH 7.5). Cells were disrupted by sonication (6 cycles;

FIG 7 Proposed pathway for the complete utilization of carbaryl as the carbon and nitrogen source in Pseudomonas sp. strain C5pp. The genes are depicted
in italics. The measured specific activity (nmol·min�1·mg�1) for various enzymes is shown in the box. An asterisk indicates that the relative expression of genes
was monitored from carbaryl-grown Pseudomonas sp. strain C5pp cells. Dashed and dotted lines represent the possible routes for methylamine oxidation and
formaldehyde detoxification in Pseudomonas sp. strain C5pp.
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TABLE 3 Primers used in this study

Region and primer name Sequence (5= to 3=)a

Product
size (kbp)

Primers for cotranscriptional
analysis, RT-PCR

gmaS-mgsA
A_RT F ACCTCTACAACCTGAGCCTGG 0.87
A_RT R CTTGAGCTCCTGGCGCAG

mgsA-mgsB
B_RT F GAGCATCGAGATCCTCAAG 0.91
B_RT R TCACCCTCGATCACCAGC

mgsB-mgsC
C_RT F ACGGCAAGCACAACCTGG 0.87
C_RT R TCATGCCGGCGATAGTCAC

mgsC-amtB
D_RT F ATCGAGCACGTCGGCATC 0.85
D_RT R AGCTGTCATGGCCGATGTC

purU-folD
E_ RT F AGATCCTCTCCGACGACCTG 0.83
E_RT R ACCACCACCGCATGCTTG

folD-mgdA
F_RT F TTCCACAGCGAGAACGTC 0.80
F_RT R TCGTTCGACAGGTTCTGGAAC

mgdA-mgdB
G_RT F ATCCGAAATGGCCGCATC 0.83
G_RT R TCGGCCAGGAACCAGTAGC

mgdB-mgdC
H_RT F TTCAGGCACATGCCCGAC 0.87
H_RT R ATGTCGAAGCGGGCGTAG

mgdC-mgdD
I_RT F TGATCATCAGCCAGGACAC 0.87
I_RT R CACATTCAGCACGATCACG

glyA1-soxB
J_RT F TTCAAGGTCGCTCAGTGC 0.77
J_RT R ATCACTTCGGTCTGCTGG

soxB-soxD
K_RT F ACCTGGATTGCTCGAAGAACAC 0.95
K_RT R TGAATACCGCGTGGGTTG

soxD-soxA
L_RT F GCATATTTTCTGTCCCCACTGC 0.85
L_RT R ACGATCAGCACGTCGCAG

soxA-soxG
M_RT F ATGAACCGCGAAGACTGC 0.87
M_RT R TGACATTGACCACCACCTGGATG

soxG-purU
N_RT F GCGTAACCCTGCGTGAAC 0.85
N_RT R ATACAGCAGGTCGTTAAGGCAG

Primers for qPCR
rpoD

rpoD_RT F ATCGAGGAAGGCATCCGTG 0.17
rpoD_RT R ATCGGCACTTCTTCGGTCG

amtB1
amtB1_RT F ATGACCATTCCGGGCCTTGC 0.19
amtB1_RT R AAGCCGCCGACGAAGGAATTGAAG

amtB15
amtB15_RT F CGCTGTAATGTTGTTAGCCCTG 0.18
amtB15_RT R GCTGGGTGAATACCGAGAGGAAG

amtB37
amtB37_RT F GGTGTACTTCTTCATCGGCTACTGGATCG 0.18
amtB37_RT R ACACAGCTGCGGCACAAATCG

gmaS
gmaS_RT F TGCTGGCACAGTTCGTCGATATCC 0.17
gmaS_RT R ATCAAGGTAGAAAGGTCGCCGCGG

mgdC
mgdC_RT F AGTGCCGAAGCCAAGGTC 0.16
mgdC_RT R GCTTCTCCACGGTCGGCAT

(Continued on next page)
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each cycle consisted of 15 pulses [11 W] of 1 s each, with an interval of 5 min between two cycles on ice).
The cell lysate was centrifuged at 30,000 � g for 30 min at 4°C. The clear supernatant obtained was
referred to as cell-free extract (CFE) and used for enzyme assays. All enzyme activities were monitored
spectrophotometrically (Lambda 35; Perkin Elmer, USA) as described below. Protein estimation was
performed by the Bradford method (40) using bovine serum albumin (BSA) as the standard. Specific
activities are expressed as nmol·min�1·mg�1 of protein.

N-Methylglutamate dehydrogenase (NMGDH) was monitored by measuring the decrease in the
absorbance at 600 nm due to the reduction of DCPIP (2,6-dichlorophenol indophenol) (�600 �
18,130 M�1·cm�1) (41). The reaction mixture (1 ml) contained potassium phosphate buffer (67 mM, pH
7.0), DCPIP (57 �M), substrate NMG (670 �M), and an appropriate amount of CFE. The enzymatic rate was
calculated after subtracting the observed endogenous reduction of DCPIP in the absence of substrate.

GS and GMAS were monitored by measuring the formation of a reaction product, �-glutamyl-
hydroxamic acid, at 535 nm (42). The reaction mixture (1 ml) contained imidazole-HCl buffer (50 mM, pH
7.2), MgCl2 (20 mM), �-mercaptoethanol (25 mM), sodium L-glutamate (50 mM), disodium ATP (10 mM),
and 50 mM substrate (hydroxylamine hydrochloride for GS or N-methylhydroxylamine hydrochloride for
GMAS neutralized with 2 N NaOH to pH 7.2). After incubation at 37°C for 20 min, the reaction was
terminated by adding 1.5 ml of ferric chloride solution (FeCl3, 0.37 M; HCl, 0.67 N; trichloroacetic acid,
0.2 M). The precipitated proteins were removed by centrifugation at 20,000 � g for 15 min, and the
absorption of supernatant was read at 535 nm against the reagent blank (consisting of all reaction
components except CFE). Under these conditions, an A535 of 0.340 corresponds to 1 �mol of
�-glutamylhydroxamic acid (42).

Formaldehyde dehydrogenase (FALDH) was monitored by measuring the increase in absorbance at
340 nm due to the formation of NADH (�340 � 6,220 M�1·cm�1) (43). The reaction mixture (1 ml)
contained potassium-phosphate buffer (100 mM, pH 8.0), glutathione (1 mM), NAD� (2 mM), formalde-
hyde (1 mM), and an appropriate amount of CFE.

Glutamate dehydrogenase (GDH) was monitored by measuring the disappearance of NADPH at
340 nm (�340 � 6,220 M�1·cm�1) (44). The reaction mixture (1 ml) contained potassium-phosphate buffer
(100 mM, pH 7.5), ammonium chloride (10 mM), �-ketoglutarate (10 mM), NADPH (0.1 mM), and an
appropriate amount of CFE. Values from three independent experiments, wherein reactions were
performed in triplicate, were used to calculate enzyme activities.

Cloning and overexpression of GMAS and GS. The gmaS sequence (1,335 bp) was amplified using
genomic DNA of strain C5pp as the template and primers GMAS_FP and GMAS_RP (Table 3). The
gel-purified PCR product was digested and cloned at NdeI and HindIII sites into pET-41a(�) (Novagen);
this plasmid, named pET41_GMAS, was transformed into E. coli BL21(DE3). A single colony obtained was
grown on LB plus kanamycin (40 �g·ml�1) at 37°C to an OD600 of 0.8. The culture was chilled on ice for
45 min and induced by isopropyl-�-D-thiogalactopyranoside (IPTG) (100 �M) for 16 h at 20°C. Cells were
harvested and resuspended (1:10, wt/vol) in potassium-phosphate buffer (50 mM, pH 7.5), and CFE was
prepared as described above. CFE prepared from E. coli cells carrying vector alone (without the insert)
was used as a control.

The glnA sequence (1,407 bp) encoding GS was amplified using genomic DNA of strain C5pp as the
template and primers C5ppGS_FP and C5ppGS_RP (Table 3). The gel-purified PCR product was digested
and cloned at NdeI and EcoRI sites into pET-28a(�) (Novagen). This plasmid, named pET28a(�)_GSC5pp,
was transformed into E. coli BL21(DE3). A single colony obtained was grown on LB plus kanamycin
(40 �g·ml�1) at 37°C to an OD600 of 0.8. The culture was chilled on ice for 45 min and induced by IPTG
(100 �M) for 6 h at 30°C or 16 h at 20°C. Cells were harvested and resuspended (1:10, wt/vol) in

TABLE 3 (Continued)

Region and primer name Sequence (5= to 3=)a

Product
size (kbp)

mgsC
mgsC_RT F ATCAAGATTGCCGAGATCCGC 0.17
mgsC_RT R TCGATGAACACTTCCTGAGTCG

soxA
soxA_RT F ACCTACGTACGCCGCTACGTGCTTC 0.16
soxA_RT R TTCAACCAGCGAGC

Primers for cloning of
various enzymes

GMAS
GMAS_FP GGAATTCCATATGTTGCCAGCAGAAACC 1.33
GMAS_RP CCCAAGCTTGAAGAATTCGGTGTAACGCTG

GSC5PP

C5PPGS_FP GGAATTCCATATGTCGAAGTCGGTTCAACTC 1.40
C5PPGS_RP CCGGAATTCTCAGCAGCTGTAGTACAGCTCG

GSEc

EcGS_FP GGAATTCCATATGTCCGCTGAACACGTACTGAC 1.40
EcGS_RP CCCAAGCTTTTAGACGCTGTAGTACAGCTCAAAC

aUnderlined sequences represent the restriction enzyme sites (see Materials and Methods).
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potassium-phosphate buffer (50 mM, pH 7.5), and CFE was prepared as mentioned above. CFE from E. coli
cells carrying vector alone (without the insert) was used as a control.

Similarly, the E. coli GS open reading frame was amplified (1,410 bp) using its genomic DNA and
EcGS_FP and EcGS_RP primers (Table 3). The gel-purified PCR product, digested and cloned at NdeI and
EcoRI sites into pET-28a(�) and named pET28a(�)_GSEc, was overexpressed in E. coli under the same
conditions as those described for GSC5pp.

Purification of GSC5pp and GSEc. GSC5pp was purified using Ni-NTA affinity chromatography. Briefly,
cells carrying pET28(�)_GSC5pp were induced with IPTG (100 �M, 30°C, 6 h), resuspended in buffer A
(50 mM potassium-phosphate buffer, pH 7.5), and disrupted by sonication on ice. The CFE was prepared
as described above. The CFE (�60 mg protein) was loaded onto Ni-NTA matrix (80 by 6 mm; bed volume,
10 ml) preequilibrated and washed with buffer A containing imidazole (50 mM, 10 column volumes).
Bound GS was eluted using a linear gradient of imidazole in buffer A (50 to 250 mM; flow rate, 30 ml·h�1;
fraction size, 2 ml). Active fractions were eluted with 150 to 190 mM imidazole.

GSEc was purified using the protocol described for GSC5pp, except that the washing buffer was buffer
A containing imidazole (20 mM), and the bound enzyme was eluted using a linear gradient of imidazole
in buffer A (20 to 250 mM; flow rate, 30 ml·h�1; fraction size, 2 ml). Active fractions were eluted with 170
to 180 mM imidazole.

Active and pure fractions of GSC5pp and GSEc were analyzed by SDS-PAGE, pooled, dialyzed against
buffer A, and used for kinetic characterization. Values from at least two to three independent experi-
ments, wherein reactions were performed in duplicate, were used to calculate kinetic constants.
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