A JB

Journals.ASM.org

Salmonella Utilizes pD-Glucosaminate via a Mannose Family
Phosphotransferase System Permease and Associated Enzymes

Katherine A. Miller,® Robert S. Phillips,® Jan Mrazek,®< Timothy R. Hoover®

Department of Microbiology,” Department of Chemistry,” and Institute of Bioinformatics, University of Georgia, Athens, Georgia, USA

Salmonella enterica is a globally significant bacterial food-borne pathogen that utilizes a variety of carbon sources. We report
here that Salmonella enterica subsp. enterica serovar Typhimurium (S. Typhimurium) uses D-glucosaminate (2-amino-2-deoxy-
D-gluconic acid) as a carbon and nitrogen source via a previously uncharacterized mannose family phosphotransferase system
(PTS) permease, and we designate the genes encoding the permease dgaABCD (D-glucosaminate PTS permease components
EIIA, EIIB, EIIC, and EIID). Two other genes in the dga operon (dgaE and dgaF) were required for wild-type growth of S. Typhi-
murium with p-glucosaminate. Transcription of dgaABCDEF was dependent on RpoN (¢°*) and an RpoN-dependent activator
gene we designate dgaR. Introduction of a plasmid bearing dgaABCDEF under the control of the lac promoter into Escherichia
coli strains DH5a, BL21, and JM101 allowed these strains to grow on minimal medium containing p-glucosaminate as the sole
carbon and nitrogen source. Biochemical and genetic data support a catabolic pathway in which D-glucosaminate, as it is trans-
ported across the cell membrane, is phosphorylated at the C-6 position by DgaABCD. DgaE converts the resulting b-glucosami-
nate-6-phosphate to 2-keto-3-deoxygluconate 6-phosphate (KDGP), which is subsequently cleaved by the aldolase DgaF to form
glyceraldehyde-3-phosphate and pyruvate. DgaF catalyzes the same reaction as that catalyzed by Eda, a KDGP aldolase in the
Entner-Doudoroff pathway, and the two enzymes can substitute for each other in their respective pathways. Examination of the
Integrated Microbial Genomes database revealed that orthologs of the dga genes are largely restricted to certain enteric bacteria

and a few species in the phylum Firmicutes.

S almonella is an enteropathogen that, depending on the serovar,
causes gastroenteritis and/or fatal systemic disease in a variety
of mammals, including humans, cattle, and swine. Over 2,500
serovars of Salmonella have been identified to date (1). While a
considerable amount of work has focused on elucidating the
mechanisms by which Salmonella pathogenicity genes promote
infection (2-6), until recently little attention has been paid to
understanding the nutritional and metabolic requirements of Sal-
monella during colonization (7, 8). Several recent papers have
used “-omics”-driven (i.e., genomics, transcriptomics, proteom-
ics, and metabolomics) systems biology approaches to investigate
potential contributions of metabolic processes to Salmonella col-
onization and/or virulence (9-13). The utility of such approaches,
however, is limited by gaps in our knowledge of metabolic path-
ways in Salmonella and by dubious or uninformative gene anno-
tations.

Salmonella is catabolically robust and capable of growing free-
living as well as within a variety of animal hosts. Gutnick and
coworkers tested roughly 600 compounds and found that ~90 of
these compounds serve as carbon and/or nitrogen sources for Sal-
monella enterica serovar Typhimurium (S. Typhimurium) LT2
(14). Using a high-throughput phenotype microarray system
from Biolog (Hayward, CA), AbuOun and coworkers (9) reported
that S. Typhimurium strains LT2 and DT104 utilized, to various
degrees, 91 of the 195 carbon sources in the phenotype microarray
plates and 34 of the 95 nitrogen sources; an additional 6 carbon
sources and 6 nitrogen sources were utilized by one or the other of
the two strains. The same study (9) identified three carbon sources
(p-glucosaminate, D-psicose, and D-tartrate) utilized by the Sal-
monella strains but not by Escherichia coli MG1655, but there was
no information regarding their catabolism. Such results highlight
the need for the continued investigation of metabolic pathways in
Salmonella.
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Phosphoenolpyruvate-dependent sugar phosphotransferase
systems (PTS) are responsible for the transport of many of the
carbohydrates utilized by Salmonella. S. Typhimurium LT2 pos-
sesses over 20 different sugar PTS permeases, but not all of these
PTS permeases are present in other S. Typhimurium strains. For
example, S. Typhimurium 14028s (the strain used in the present
study) lacks three of the PTS found in S. Typhimurium LT2: a
galactitol-specific PTS, a D-tagatose-specific PTS, and a PTS of
unknown function (15, 16). All S. Typhimurium strains whose
genomes have been sequenced to date, however, possess a man-
nose PTS permease (ManXYZ) and three additional mannose
family PTS permeases of unknown function. PTS-mediated sugar
transport involves a cascade of phospho-transfer reactions that
culminates in the phosphorylation of the sugar as it is transported
across the cell membrane (Fig. 1A). Enzyme I (EI) and HPr are
cytoplasmic proteins that serve as common elements for transport
of most PTS sugars, while enzyme II (EII) complexes or PTS per-
meases are associated with the cell membrane and are specific for
a particular sugar or group of structurally similar sugars (17). PTS
permeases are organized into several families based on shared
structural features. All PTS permeases contain three domains, des-
ignated EIIA, EIIB, and EIIC, while mannose family PTS per-
meases contain a fourth domain, designated EIID (18, 19). These
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FIG 1 Mannose family PTS-mediated carbohydrate transport and the S. Typhimurium dga locus. (A) Phosphoenolpyruvate (PEP) serves as the phospho-donor
for a phosphorylation cascade that is formed by the general PTS proteins EI and HPr and an EII complex (PTS permease) which is specific for a given sugar(s).
Mannose family PTS permeases consist of four domains (A, B, C, and D) arranged on one to four polypeptides. EIIC and EIID are integral membrane proteins,
while EITA and EIIB are soluble cytoplasmic proteins if not part of a polypeptide that includes EIIC or EIID. As the carbohydrate is transported across the
membrane, it is phosphorylated by the EII complex. (B) The EITA, EIIB, EIIC, and EIID components of the D-glucosaminate PTS permease are encoded by dgaA,
dgaB, dgaC, and dgaD, respectively. The other genes in the operon are dgaE, which encodes a dehydratase that converts D-glucosaminate-6-phosphate to
2-keto-3-deoxy-6-phosphogluconate (KDGP), and dgaF, which encodes a KDGP aldolase. DgaR is an RpoN-dependent activator required for expression of
dgaABCDEF. Located 138 bp upstream of the predicted translational start site of dgaA is a sequence (5'-TGGCACAACCTTTGCT-3") that matches the
RpoN-dependent promoter consensus sequence. Genes that flank the dga locus in S. Typhimurium 14028s are indicated in gray. The location of the enhancer for

the dgaABCDEF operon (i.e., DgaR-binding site) is not known.

domains are arranged in a single polypeptide or within multiple
polypeptides (20). Escherichia coli ManXYZ, the best-character-
ized mannose family PTS permease, transports b-mannose and
related hexoses with different substituents at the C-2 position
(21).

Genes encoding the three uncharacterized mannose family
PTS permeases in S. Typhimurium were predicted from bioinfor-
matic analysis to be under the control of the alternative sigma
factor RpoN (c*) (22). Initiation of transcription by the >*-RNA
polymerase holoenzyme (o>*-holoenzyme) requires an activator
which stimulates the isomerization of a closed complex between
o>*-holoenzyme and the promoter to an open complex that is
competent to initiate transcription (23, 24). Genes encoding
RpoN-dependent activators are often closely associated with the
genes they regulate, and juxtaposed to each of the PTS permease
operons is a gene encoding an RpoN-dependent activator.

We report here that p-glucosaminate (2-amino-2-deoxy-D-
gluconic acid) is a substrate for the mannose family PTS permease
encoded by the genes with locus numbers STM14_4545 to
STM14_4548 in S. Typhimurium 14028s (Fig. 1B), and we desig-
nate these genes dgaABCD (D-glucosaminate PTS permease com-
ponents EITA, EIIB, EIIC, and EIID). Deleting the gene encoding a
predicted RpoN-dependent activator located upstream of the
dgaABCDEF operon (STM14_4550) prevented S. Typhimurium
14028s from utilizing D-glucosaminate, and we designate this gene
dgaR. Two additional genes in the dgaABCD operon were found to
be involved in the catabolism of D-glucosaminate, and we desig-
nate these genes dgaE and dgaF. Genetic and biochemical data
were consistent with the hypothesis that b-glucosaminate is catab-
olized to pyruvate plus glyceraldehyde-3-phosphate by the prod-
ucts of the dgaABCDEF operon.
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MATERIALS AND METHODS

Bacterial strains, growth conditions, and reagents. The S. Typhimurium
strains and plasmids used in this study are listed in Tables S1 and S2 in the
supplemental material, respectively. E. coli DH5a was used for routine
cloning procedures. Strains were maintained in Luria-Bertani (LB) broth
or agar supplemented as needed with 100 pg ml~' ampicillin or 50 pg
ml™ " kanamycin. Growth of S. Typhimurium on various carbon or nitro-
gen sources was tested using a version of a minimal medium developed by
Neidhardt and coworkers (25) and modified by Maloy et al. (26). The
minimal medium was buffered with 40 mM 3-(N-morpholino)propane-
sulfonic acid and 4 mM Tricine, with the pH adjusted to 7.4 with NaOH.
Additional components of the basic minimal medium were 20 mM
NaHCOj, 0.88 mM K,HPO,, 50 mM NaCl, 10 uM FeSO, - 7H,0, 0.55
mM MgSO, - 7H,0, 0.4 uM H,BO,, 0.5 uM CaCl, - 2H,0, 0.03 pM
CoCl, - 6H,0, 0.01 uM CuSO, - 5H,0, 0.08 &M MnCL, - 4H,0, and 0.01
uM ZnSO, - 7H,0. Various carbon and nitrogen sources were added to
the concentrations indicated.

Determination of growth rates and K. S. Typhimurium strains were
grown aerobically at 37°C in minimal medium, and growth of cell cultures
was monitored using a Klett colorimeter (model 900-3) with a green (520
to 580 nm) glass filter. Generation (g) times were calculated from the
equation g = In(2)/b, where b is the best-fit constant from a plot of log
values of Klett units versus incubation times. The Michaelis or substrate
concentration at half-maximal growth rate (K, ) for p-glucosaminate was
estimated by growing cells in minimal medium containing 20 mM L-ara-
binose as the primary carbon source and p-glucosaminate at concentra-
tions ranging from 0 to 20 mM as the sole nitrogen source. Cells were
cultured in sterile 96-well plates (0.2 ml medium per well) at 37°C in a
BioTek ELx808 absorbance microplate reader (BioTek, Winooski, VT).
Each culture condition was performed with three biological replicates.
Absorbance was measured every 30 min for 24 h. Generation times for
each condition were calculated as described above, after plotting log val-
ues of absorbance versus incubation times. The K| value for p-glucosami-
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nate was estimated from a double-reciprocal plot (Lineweaver-Burk plot)
of g values versus p-glucosaminate concentrations, using the SigmaPlot
12.5 software package.

A modification of the auxanographic technique described by Gutnick
and coworkers (14) was used to test the ability of compounds to support
the growth of S. Typhimurium. S. Typhimurium strains were grown over-
night in nutrient broth and then diluted 20-fold in minimal salts-soft agar,
containing 1.0 g K,SO,, 13.5 g K,HPO,, 4.7 g KH,PO,, 0.1 g MgSO, -
7H,0, and 6.0 g agar per liter, and the mixture was poured into sterile
petri dishes and allowed to solidify. For testing of potential carbon
sources, ammonium chloride was included in the soft agar, at a final
concentration of 13 mM. For testing of potential nitrogen sources, L-ara-
binose was included in the soft agar, at a final concentration of 20 mM.
Compounds tested to support growth of S. Typhimurium were sterilized
by irradiation with short-wave (254 nm) UV light for 2 min, using a
handheld UV lamp. Approximately 2 mg of each compound was placed
on the surface of the solidified agar, and bacterial growth in the agar was
recorded after incubating the plates for 2 days at 37°C.

Chemical syntheses. p-Glucosaminic acid was purchased from To-
ronto Research Chemicals or synthesized by the oxidation of p-gluco-
samine hydrochloride (Sigma-Aldrich) with sodium chlorite (27). p-Glu-
cosamine hydrochloride (2.16 g; 10 mM) was dissolved in 80 ml water,
after which 10 ml of 0.5 M NaH,PO,, 1.08 g NaClO,, and 1.28 ml 30%
H,O, were added to the solution. The solution was stirred at room tem-
perature for 48 h. The solution was decolorized by the addition of a small
amount of Na,S,0s;, and the pH of the solution was adjusted to 7 by the
dropwise addition of 1 M NaOH (the final volume of 1 M NaOH was ~20
ml). The solution was applied to a Dowex 50-X8 column (H™; 100-ml bed
volume), and the column was washed with water until the pH of the
washings was neutral. The amino acid was then eluted with 2 M NH;, and
the total eluate (~100 ml) was evaporated in vacuo, which resulted in a
white solid. The residue was dissolved in 13 ml hot water. The resulting
solution was diluted with 13 ml ethanol, cooled to room temperature, and
then allowed to stand at 4°C overnight. The precipitate was filtered,
washed with ethanol, and dried. The final product was fluffy white crys-
tals, with a final yield of 0.808 g (41.4%). The 'H nuclear magnetic reso-
nance (NMR) spectrum of the final material in D,O was identical to a
reference spectrum.

p-Galactosaminic acid was synthesized from p-galactosamine hydro-
chloride (Sigma-Aldrich) (0.108 g; 0.5 mM), using a scaled-down version
of the procedure described above for the synthesis of b-glucosaminic acid
from D-glucosamine hydrochloride. The final yield of p-galactosaminic
acid was 0.0457 g (48.7%). L-Mannosaminic acid was synthesized from
p-mannosamine hydrochloride (Sigma-Aldrich) (0.108 g; 0.5 mM) in the
same manner, except that the product obtained following evaporation of
the aqueous NH; was suspended in 95% ethanol, filtered, and dried in
vacuo, to give 0.039 g (41.6% yield) of a pale yellow solid.

D-Glucosaminic acid 6-phosphate was synthesized from p-glucos-
amine-6-phosphate (50 mg; 0.193 mmol) dissolved in 1.5 ml water, to
which 22.5 mg NaClO, was added, followed by 24.7 ul 30% H,O, and
115.8 pl 0.5 M NaH,PO,. The reaction mixture was left stirring at room
temperature for 48 h. The remaining oxidant was neutralized with a little
Na,S$,05, and then the pH was brought up to ~7 with a few drops of 10%
NaHCO; and the solution was stirred for two more hours. The solution
was then loaded on a Dowex 50 column (5 ml; H" form) and washed with
water until the pH of the washings was neutral. The amino acid product
was eluted with 1 M NHj, and the eluate was evaporated in vacuo. The
white solid was dissolved in ~1 ml water, and 40 mg Ba(OAc), was added,
followed by 4 ml ethanol. A flocculent white precipitate formed immedi-
ately, and the solution was placed at 4°C to complete precipitation. The
white precipitate was collected by centrifugation, the supernatant was
discarded, and the precipitate was resuspended in ~2 ml ethanol and
collected by centrifugation. Drying the precipitate in vacuo over P,O5 gave
14.5 mg (27.4% yield) of an amber solid. The product had the expected
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mass as analyzed by electrospray ionization mass spectrometry: m/z = 274
M-1)".

Construction of mutant strains. The S. Typhimurium mutants indi-
cated in Table S1 in the supplemental material were constructed using the
N\ Red recombineering method as described previously (28). Plasmid
pKD4, which contains a kanamycin resistance (kan) cassette flanked by
two Flp recognition targets (FRT sites), was used as a PCR template to
create amplicons which contained sequences at their ends that were ho-
mologous to the genes targeted for deletion. Primer sets used to generate
the amplicons for the targeted mutagenesis are listed in Table S3. Ampli-
fied DNA was introduced by electroporation into S. Typhimurium 14028s
bearing plasmid pKD46, which carries the N phage recombinase genes
under the control of the araBAD promoter. Genomic DNAs isolated from
resulting kanamycin-resistant colonies were checked by PCR to confirm
that the target gene had been knocked out, using PCR primers that flanked
the target deletion gene (primers are listed in Table S3). Mutant alleles in
which the target genes had been replaced with the kan cassette were moved
into a clean genetic background by transduction using P22 HT int. The
kan cassette was then removed by introducing plasmid pCP20 into the
mutant strains. Plasmid pCP20 expresses the Flp recombinase, which rec-
ognized the FRT sites and excised the kan cassette. Loss of the kan cassette
was confirmed by susceptibility to kanamycin and by PCR using the same
flanking primers (listed in Table S3). S. Typhimurium 14028s strains with
disruptions in ptsG or crp were constructed using P22 HT int to transduce
mutant alleles from strains DM 12321 [met™ ptsG4152:Tn10d(Tc")] and
JE16465 (met205 ara-9 crp891::kan™), which are derivatives of S. Typhi-
murium LT2 that were kindly provided by Diana Downs and Jorge Esca-
lante-Semerena.

Construction of plasmids. The dgaABCDEF operon and dgaF were
amplified by PCR from S. Typhimurium 14028s genomic DNA by use of
Phusion High-Fidelity DNA polymerase (New England BioLabs) and the
primer sets indicated in Table S3 in the supplemental material. The PCR
primer sets introduced BglIl and HindIII sites for subsequent cloning into
the vector pLAC22 (29). In the resulting plasmids, designated
pLAC22+dgaABCDEF and pLAC22+dgaF, dgaABCDEF and dgaF were
placed under the control of the lac promoter/operator. Plasmids for over-
expression of DgaE and DgaF were constructed by amplifying dgaE and
dgaF from S. Typhimurium 14028s genomic DNA by a PCR using Phu-
sion High-Fidelity DNA polymerase and the primer sets indicated in Ta-
ble S2. A’s were added to the 3’ ends of the amplicons by use of Tag DNA
polymerase (Thermo Fisher Scientific). The amplicons were cloned into
pCR2.1-TOPO (Invitrogen), and the sequences of the cloned fragments
were confirmed by DNA sequencing (Genewiz). Ndel and HindIII sites
introduced by the primer sets were used to clone dgaE and dgaF into the
expression vector pET21a (Novagen). The resulting plasmids, designated
pET21la+dgaE and pET21a+dgaF, expressed the native DgaE and DgaF
proteins (i.e., lacking any tag to facilitate purification).

For all transformations involving S. Typhimurium 14028s, DNA was
introduced into the bacterium by electroporation at 2.4 kV, 25 wF, and
400 (). Following electroporation, cells were allowed to recover in SOC
broth (0.5% yeast extract, 2% tryptone, 10 mM NaCl, 2.5 mM KCl, 10
mM MgCl,, 10 mM MgSO,, and 20 mM glucose) for 1 h at 37°C. Chem-
ically competent cells prepared using the calcium chloride method were
used for transformation of all E. coli strains, and cells were allowed to
recover in LB broth for 1 h at 37°C following the heat shock step.

Biolog phenotype microarray plate assays. S. Typhimurium strains
were grown on Biolog universal growth (BUG) agar supplemented with
5% sheep blood at 37°C for 24 h. Cells were resuspended in IF-O+dye
solution (Biolog) to a final cell density of 85% transmittance, which was
determined by use of a spectrophotometer. The cell suspension was used
to inoculate Biolog PM1 and PM2 plates. Before inoculating the Biolog
PM3 plates, sodium succinate and ferric citrate were added to the cell
suspension, to final concentrations of 20 mM and 2 wM, respectively.
Plates were incubated in an OmniLog PM system at 37°C for 48 h and
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scanned every 15 min. Collected data were analyzed with OmniLog soft-
ware.

Purification of DgaE. Plasmid pET21a+dgaE was transformed into E.
coli BL21(DE3N) containing the plasmid pLysE (30). E. coli BL21(DE3\)
expresses T7 RNA polymerase, which is needed for transcription of dgaE
from pET21a+dgaE. The cellular extract from 1 liter of cells cultured in
rich autoinduction medium (31) was prepared by sonication for 4 min at
1-min intervals, followed by centrifugation for 90 min at 2,500 X g. The
supernatant was applied to a Ni affinity column (10 ml) and washed with
0.05 M potassium phosphate, pH 7.0, 0.1 mM pyridoxyl-5"-phosphate
(PLP), 0.3 M NaCl until the absorbance at 280 nm was back to baseline.
The column was then eluted with 100 ml of wash buffer containing 0.2 M
imidazole. Peak protein fractions were pooled, concentrated in a centrif-
ugal concentrator (YM-30 membrane), and then dialyzed overnight
against 500 ml of 0.05 M potassium phosphate, pH 7.0, 0.1 mM PLP.

Identification of DgaE reaction product. Solutions containing 0.1 M
NH,HCO; and 1 mM p-glucosaminic acid-6-phosphate were prepared in
atotal volume of 200 pl. To one solution, 5 pl purified DgaE (24.4 mg/ml)
was added, and the solutions were allowed to stand at room temperature
for 48 h. The solutions were then analyzed by electrospray ionization mass
spectrometry.

Coupled assay for DgaE and DgaF. Reaction mixtures contained 0.1
M potassium phosphate, pH 7.0, 1 mM D-glucosaminic acid-6-phos-
phate, 40 uM PLP, 0.2 mM NADH, 10 pg lactate dehydrogenase (Sigma-
Aldrich), and 10 to 20 g of crude cell extract containing DgaF. Cell
extracts containing DgaF were prepared from E. coli BL21(DE3\) con-
taining plasmids pET21a+dgaF and pLysE. Cells were grown overnight in
rich autoinduction medium, harvested by centrifugation, and lysed by
sonication for 4 min at 1-min intervals, and the resulting crude cell extract
was clarified by centrifugation for 90 min at 2,500 X g. The coupled
enzyme reactions were performed at 37°C, and the absorbance decrease at
340 nm (Ae = 6,220 M~ ' cm ') was recorded.

qRT-PCR assays. Transcript levels of dgaAB in wild-type S. Typhimu-
rium 14028s cultured in minimal medium that contained p-glucose, p-
glucosaminate, D-gluconate, or L-arabinose (final concentration of 20
mM for each sugar) as the sole carbon source were assessed by quantitative
reverse transcription-PCR (qRT-PCR). One milliliter of cell culture
grown to mid-log phase was used for RNA extraction. RNA was isolated
using an Aurum Total RNA minikit (Bio-Rad) and treated with an addi-
tional DNase treatment by use of a Turbo DNA-free kit (Ambion). cDNA
was synthesized using an iScript cDNA synthesis kit (Bio-Rad), after
which qRT-PCR was carried out using an iCycler iQ system (Bio-Rad).
Primer specificity was confirmed by PCR, using genomic DNA as the
template. Three biological samples and three technical replicates were
assessed for expression of dgaAB and were normalized to levels of rpoD, an
internal control for S. Typhimurium gene expression. All reaction mix-
tures totaled 20 pl and included 10 wl of iQ SYBR green Supermix (Bio-
Rad), 5 pl of 100-fold-diluted cDNA from each synthesis, and 200 nM
(each) primers specific for either dgaAB or rpoD. Gene expression levels
were determined by using the 227 equation (32).

Computational analysis. Complete genomes of Salmonella enterica
serovar Typhimurium 14028s, Escherichia coli IAIl, Enterobacter aero-
genes KCTC 2190, and Enterococcus faecalis 62 were downloaded from the
NCBI FTP server (ftp://ftp.ncbi.nih.gov/genomes/Bacteria/). Sequences
of the dga loci were extracted from the complete genomes. The dga loci
span the genes STM14 4550 through STM14_ 4543, ECIAI1_3068
through ECIAI1_3062, EAE_10150 through EAE_10120, and EF62_0067
through EF62_0061, respectively. The dga loci and their host genomes
were compared in terms of their overall G+C content, G+C content at
codon site 3 (S3), and relative abundance of the tetranucleotide CTAG
(T*rac)- CTAG is strongly suppressed in Gammaproteobacteria but gen-
erally not in Firmicutes, and any laterally transferred DNA segment be-
tween Gammaproteobacteria and Firmicutes could therefore exhibit
anomalous CTAG representation with respect to the bulk of the host
genome (33, 34). Relative abundance measures an excess or deficit of a
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given oligonucleotide relative to the expected occurrence, based on
known frequencies of all embedded shorter oligonucleotides. For a tet-
ranucleotide XYZW, the relative abundance, Ty, is assessed as fol-
lows:
f *)?{ZWf *X};f xnz fExanw vz
B — FEzwl*xyzw xyzw Fexvzw fxyzw Pexvzw
Fexvz Pexonw Fxnaw fevaw fx fy 2 few

where f*y.,,, denotes the symmetrized frequency of the tetranucleotide
XYZW, fy, denotes the symmetrized frequency of the dinucleotide XY,
etc. “N” stands for any nucleotide. For double-stranded DNA, symme-
trized frequencies are calculated from the nucleotide sequence at hand
concatenated with its inverted complement. Relative abundance values of
~1 signify that the tetranucleotide occurs approximately as expected, val-
ues of <1 indicate that it occurs less frequently than expected, and values
of >1 indicate that it occurs more than expected. Values between 0.78 and
1.23 are considered in the “normal range” (33, 35).

(i) &* differences. The relative abundance of a dinucleotide XY is
defined as follows: p#yy = fryy/f fxy. The vector of the 16 dinucleotide
relative abundances constitutes a genome signature (36, 37). A difference
between two nucleotide sequences, A and B, can subsequently be defined
as follows:

1
8% (A, B) = 1—62xy| pixy(A) — pixy(B) |

where p#,(A) signifies the relative abundance of dinucleotide XY in se-
quence A and p*(B) signifies the relative abundance of dinucleotide XY
in sequence B. To avoid statistical artifacts in comparing sequences of
vastly different sizes, it is reasonable to divide the compared sequences
into disjointed samples of approximately equal sizes and to use the mean
distance among all pairwise comparisons between different samples as a
measure of dissimilarity of the analyzed sequences. In this work, we used
the sample size 7,000 bp, which is similar to the size of the dga locus. The
software for genome signature comparisons and assessments of oligonu-
cleotide relative abundances is available at http://www.cmbl.uga.edu
/software.html.

RESULTS

A mannose family PTS permease in S. Typhimurium is required
for utilization of D-glucosaminate. Functions of three previously
uncharacterized mannose family PTS permeases in S. Typhimu-
rium 14028s were examined by deleting the genes encoding the
EIIA and EIIB components of each of the PTS permeases and
analyzing the phenotypes of the resulting mutants. Each of the
PTS operons has a predicted RpoN-dependent promoter and a
gene encoding a putative RpoN-dependent activator immediately
downstream or upstream of the operon, suggesting that transcrip-
tion of the PTS genes is dependent on o”*-holoenzyme (22).
Genes encoding the activators were similarly deleted and the phe-
notypes of the resulting mutants analyzed. Given the broad sub-
strate specificity of E. coli ManXYZ (21), we thought that there
may be overlap in the substrates of the PTS permeases. Therefore,
strains were constructed in which genes encoding all three PTS
permeases or activators were deleted.

Phenotypes of the single and triple mutants were analyzed using
Biolog phenotype microarrays. Two carbon source plates (PM1 and
PM2) and a nitrogen source plate (PM3) were used for the analysis,
which allowed us to assess the ability of the mutant strains to metab-
olize 190 different carbon sources and 95 different nitrogen sources
(compounds included on these plates are listed at http://www.biolog
.com/pdf/pm_lit/PM1-PM10.pdf). Mutant strains that lacked all
three PTS permeases, all three activators, dgaAB, or dgaR were defi-
cient in metabolizing D-glucosaminate compared to the parental
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strain. This was the only phenotypic difference observed consistently
between the parental strain and the mutant strains.

The AdgaAB and AdgaR mutants were examined for the ability
to grow aerobically in a minimal medium with D-glucosaminate as
the sole carbon source. Wild-type S. Typhimurium 14028s grew in
minimal medium with a doubling time of 91 = 3 min. Cells grew
faster when ammonium chloride was omitted from the minimal
medium and D-glucosaminate was the sole carbon and nitrogen
source (80 * 2 min). The AdgaAB and AdgaR mutants failed to
grow with D-glucosaminate as the sole carbon source, indicating
that the dga locus is responsible for b-glucosaminate utilization.

Consistent with the prediction that transcription of dgaABCD
is dependent on RpoN, a ArpoN mutant failed to grow in a D-
glucosaminate minimal medium supplemented with 5 mM L-glu-
tamine. L-Glutamine was included in the medium because dele-
tion of rpoN in S. Typhimurium results in glutamine auxotrophy
(38). L-Glutamine is a poor nitrogen source and does not support
robust growth of S. Typhimurium at the concentration used here.
An S. Typhimurium AptsH (encodes HPr) mutant also failed to
grow in the D-glucosaminate minimal medium, indicating that
the general PTS component HPr is required for p-glucosaminate
utilization.

To see if S. Typhimurium 14028s employs DgaABCD to utilize
sugars which are structurally similar to b-glucosaminate, we used
an auxanographic method to assess the ability of S. Typhimurium
14028s strains to utilize various compounds as carbon or nitrogen
sources. The AdgaAB mutant was able to grow with D-gluconate,
D-glucosamine, or N-acetylglucosamine as a carbon source, which
was expected, as there are known transporters of these com-
pounds in S. Typhimurium. Wild-type S. Typhimurium 14028s
failed to grow with D-galactosaminate or L-mannosaminate as a
carbon or nitrogen source, indicating that S. Typhimurium is un-
able to transport or metabolize these compounds.

D-Glucosaminate supports robust growth of S. Typhimu-
rium as a nitrogen source. To determine the efficacy of D-gluco-
saminate as a nitrogen source for S. Typhimurium, we compared
the growth of S. Typhimurium 14028s in minimal media that
contained D-glucosaminate as the sole nitrogen source and vari-
ous primary carbon sources. For these experiments, we compared
the ability of S. Typhimurium to utilize D-glucosaminate versus a
good nitrogen source (ammonium chloride) and a poor nitrogen
source (L-arginine). Primary carbon sources that were tested in-
cluded three PTS sugars (D-glucose, D-mannose, and D-fructose)
and a non-PTS sugar (L-arabinose). Transport of D-glucose and
pD-mannose involves EI and HPr, while the p-fructose transport
system relies on its own HPr-like and El-like activities (39, 40).
Cultures of S. Typhimurium 14028s were grown overnight in
minimal media with various combinations of nitrogen sources
and sugars. The overnight cultures were diluted into fresh me-
dium, and doubling times during exponential growth were mea-
sured for each culture condition.

S. Typhimurium failed to grow in a minimal medium contain-
ing glucose and D-glucosaminate as the sole nitrogen source. S.
Typhimurium was able to grow in a minimal medium that con-
tained glucose as the primary carbon source and both D-gluco-
saminate and ammonium as nitrogen sources. The doubling time
of S. Typhimurium in glucose minimal medium containing both
D-glucosaminate and ammonium was similar to that of S. Typhi-
murium grown in glucose minimal medium containing ammo-
nium as the sole nitrogen source (44 * 4 min versus 45 = 3 min,
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TABLE 1 Growth rates of S. Typhimurium 14028s grown in minimal
medium with various combinations of carbon and nitrogen sources

Doubling time (min) on carbon source

Nitrogen source L-Arabinose D-Mannose D-Fructose
NH,Cl 44 2 39+ 4 432
D-Glucosaminate 43+ 4 50 1 452
L-Arginine 100 £5 130 £ 9 110 £5

respectively). These findings indicate that the failure of S. Typhi-
murium to grow in glucose minimal medium containing p-glu-
cosaminate as the nitrogen source results from glucose inhibiting
utilization of D-glucosaminate.

In minimal medium that contained L-arabinose or D-fructose
as the primary carbon source, D-glucosaminate as the nitrogen
source supported growth rates of S. Typhimurium that were com-
parable to those with ammonium chloride (Table 1). Compared
to growth in minimal medium containing b-mannose and ammo-
nium chloride, S. Typhimurium grew significantly slower in me-
dium containing D-mannose and D-glucosaminate. The lower
growth rate of S. Typhimurium in minimal medium with p-glu-
cosaminate plus D-mannose than in minimal medium with D-
glucosaminate plus L-arabinose or D-fructose may have been due
to competition between the mannose PTS and D-glucosaminate
PTS for phosphorylated HPr (P~HPr). For all of the sugars tested,
D-glucosaminate served as a significantly better nitrogen source
than L-arginine and was comparable to ammonium chloride in its
efficacy of promoting rapid growth of S. Typhimurium.

To determine the affinity of the Dga PTS for D-glucosaminate,
the half-saturation constant (K;) for D-glucosaminate was esti-
mated. The K| for D-glucosaminate was estimated by measuring
the growth rates of S. Typhimurium grown in minimal media with
L-arabinose as the primary carbon source and various amounts of
D-glucosaminate as the sole nitrogen source. The estimated K, was
0.098 = 0.02 mM D-glucosaminate, indicating that D-glucosami-
nate is a physiologically relevant substrate for the Dga PTS.

Two genes downstream of dgaABCD function in catabolism
of D-glucosaminate. The two genes located immediately down-
stream of dgaABCD (STM14_4544 and STM14_4543) were de-
leted, and the phenotypes of the resulting mutants were analyzed.
The STM14_4544 deletion mutant failed to grow in D-glucosami-
nate-containing minimal medium, indicating that this gene is es-
sential for catabolism of D-glucosaminate, so we named it dgaE.
DgaE belongs to the fold type I or aspartate aminotransferase
(AAT) superfamily of PLP-dependent enzymes (41). In reactions
catalyzed by AAT superfamily members, PLP combines with an
a-amino acid to form a Schiff base intermediate. Depending on
the enzyme, the Schiff base serves as a substrate for transamina-
tion, racemization, decarboxylation, or one of a variety of side
chain reactions.

Based on results described below which suggested that
STM14_4543 encodes a keto-3-deoxygluconate 6-phosphate
(KDGP) aldolase, we postulated that p-glucosaminate is phos-
phorylated at the C-6 position as it is transported across the cell
membrane and that the resulting D-glucosaminate 6-phosphate is
converted to KDGP by DgaE (Fig. 2). Consistent with this hypoth-
esis, incubation of purified DgaE with D-glucosaminic acid
6-phosphate resulted in a new peak with m/z = 257, demonstrat-
ing the net loss of 17 atomic mass units (amu) (NH;) from the
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FIG 2 Proposed pathway for b-glucosaminate catabolism in S. Typhimu-
rium. As D-glucosaminate (GIcNA) is transported across the cell mem-
brane, it is phosphorylated at the C-6 position by the DgaABCD permease.
DgaE is a D-glucosaminate-6-phosphate (GIcNA-6-P) dehydratase that
converts GIcNA-6-P to KDGP. KDGP is subsequently cleaved by the aldo-
lase DgaF to form glyceraldehyde-3-phosphate (GA-3-P) and pyruvate.
KDGP can also be cleaved by the Entner-Doudoroff aldolase (Eda).

molecule. Incubation in the absence of DgaE did not show the
peak at 257, but only the D-glucosaminic acid 6-phosphate peak at
m/z = 274. The mass of the product is consistent with the forma-
tion of KDGP from D-glucosaminic acid 6-phosphate, indicating
that DgaE functions as a glucosaminic acid 6-phosphate dehydra-
tase.

In contrast to the AdgaE mutant, the STM14_4543 deletion
mutant grew in the p-glucosaminate minimal medium, although
the growth rate of the mutant was significantly lower (doubling
time of 100 = 4 min for the mutant versus 80 = 2 min for the wild
type). These data indicated that STM14_4543 is not essential for
D-glucosaminate catabolism but is required for wild-type growth
on D-glucosaminate, so we designated the gene dgaF.

DgaF belongs to the DUF1341 superfamily. Some members of
this family are annotated KDGP aldolases (Entner-Doudoroff al-
dolases [Eda]) or 4-hydroxy-2-oxoglutarate aldolases, although it
is not clear if there is experimental evidence to support these an-

4062 jb.asm.org

notations. Based on the above observations indicating that DgaE
converts glucosaminic acid 6-phosphate to KDGP, we postulated
that DgaF is a KDGP aldolase and that Eda can substitute for DgaF
in D-glucosaminate catabolism. Deletion of eda had no effect on
growth of S. Typhimurium 14028s in the p-glucosaminate mini-
mal medium, as the Aeda mutant had a doubling time of 74 * 1
min, compared to 80 = 2 min for the wild type. A strain lacking
both dgaF and eda, however, failed to grow in the b-glucosaminate
minimal medium, indicating that Eda can indeed substitute for
DgaF in the catabolism of D-glucosaminate. Conversely, DgaF was
able to substitute for Eda. Eda is required for growth of S. Typhi-
murium with D-glucuronate or D-gluconate as a carbon source.
Introduction of a plasmid-borne copy of dgaF under the control
of the lac promoter into the Aeda mutant restored the ability of the
mutant to grow on a minimal medium with D-glucuronate or
D-gluconate as the carbon source (data not shown).

These combined genetic and biochemical data indicated that
DgaE and DgaF function together to convert D-glucosaminic acid
6-phosphate to pyruvate plus glyeraldehyde-3-phosphate (Fig. 2).
Consistent with this hypothesis, addition of DgaE to reaction mix-
tures containing D-glucosaminic acid 6-phosphate, a cellular extract
containing DgaF, lactate dehydrogenase, and NADH resulted in the
DgaE-dependent consumption of NADH, demonstrating that pyru-
vate is formed from D-glucosaminic acid 6-phosphate by the com-
bined action of DgaE and DgaF. The specific activity of DgaE in the
coupled assay was 6.2 pumol/min-mg.

The dgaABCDEEF operon is sufficient for p-glucosaminate
utilization in E. coli. The S. Typhimurium dgaABCDEF operon
was cloned into an expression vector and placed under the control
of an inducible lac promoter (plasmid pLAC22+dgaABCDEF).
The dgaABCDEF expression vector restored the ability of the S.
Typhimurium AdgaAB and AdgaR mutants to grow on the D-
glucosaminate minimal medium if IPTG (isopropyl-p-p-thioga-
lactopyranoside) was included in the medium to induce expres-
sion of the dga genes. E. coli strains BL21, DH5a, and JM101 are
typical of most E. coli strains whose genomes have been sequenced
to date in that they lack the dga locus. These three E. coli strains
failed to utilize D-glucosaminate as a carbon or nitrogen source.
Introduction of the dgaABCDEF expression vector into the
strains, however, allowed them to grow in the p-glucosaminate
minimal medium if IPTG was included in the medium to induce
expression of the dga genes. E. coli Al is a strain that possesses the
dga locus, and we found that it is capable of growing in minimal
medium with D-glucosaminate as the sole carbon and nitrogen
source. There does not appear to be any obvious trait (e.g., com-
mensal versus pathogen) that distinguishes E. coli strains which
possess the dga locus from those that lack the locus.

D-Glucosaminate induces expression of the dgaABCDEF
operon. DgaR contains a PTS regulation domain (PRD), which is
a phosphorylation target of certain PTS proteins (17, 42). Bacillus
subtilis LevR, the best-characterized PRD-containing RpoN-de-
pendent activator, stimulates transcription of the levanase
operon, which encodes a fructose-specific PTS permease (43).
Phosphorylation of a specific PRD histidine residue by P~HPr
stimulates LevR activity, while phosphorylation of a different PRD
histidine residue by the phosphorylated EIIB component
(P~LevE) of the levanase PTS inhibits LevR activity (44). The
negative regulation of LevR is the basis for induction of the leva-
nase operon by fructose, because in the absence of fructose in the
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FIG 3 Relative levels of dgaAB transcripts in S. Typhimurium grown on min-
imal medium containing different carbon sources. Cultures were grown to
mid-log phase in minimal medium containing 20 mM D-glucose, L-arabinose,
D-gluconate, or D-glucosaminate as the carbon source. cDNAs were prepared
from RNAs isolated from the cultures and quantified by qRT-PCR. Levels of
dgaAB transcripts were compared to rpoD transcript levels. Average values for
three sample replicates of three biological replicates are shown. Error bars
indicate standard deviations. Levels of dgaAB transcripts from cultures grown
with D-glucosaminate differed significantly from those of the other cultures, as
assessed using the Student ¢ test (P < 0.03).

medium, P~LevE predominates and phosphorylates LevR to in-
hibit transcription of the levanase operon.

Given that fructose induces expression of the B. subtilis lev
operon, we postulated that D-glucosaminate similarly induces ex-
pression of the dga operon. To test this hypothesis, QRT-PCR was
used to measure dgaAB transcript levels in S. Typhimurium
14028s grown in minimal medium containing D-glucosaminate,
D-glucose, D-gluconate, or L-arabinose as the sole carbon source.
For these assays, dgaAB transcript levels were normalized to rpoD
transcript levels. Levels of dgaAB transcripts were ~1,000-fold
higher in cultures grown with D-glucosaminate than in cultures
grown with the other carbohydrates tested (Fig. 3), indicating that
D-glucosaminate induces expression of the dga operon.

Glucose inhibition of D-glucosaminate utilization is medi-
ated by the glucose PTS. We wished to determine the basis for
glucose inhibition of D-glucosaminate utilization. One possible
explanation is that transcription of dgaR or dgaABCDEF is depen-
dent on the cyclic AMP (cAMP) receptor protein (CRP) and that
glucose inhibits dga expression by depressing cAMP levels inside
the cell. To address this hypothesis, we constructed a crp:kan™
mutant in S. Typhimurium 14028s and tested its ability to utilize
D-glucosaminate. The crp mutant grew as well as the parental
strain in minimal medium with p-glucosaminate as the sole car-
bon and nitrogen source (doubling times of the crp mutant and
the wild type were 76 = 4 min and 80 * 2 min, respectively),
indicating that CRP is not required for transcription of dgaR or
dgaABCDEF.

To investigate further the reason that S. Typhimurium failed to
grow in a minimal medium containing glucose as the primary
carbon source and D-glucosaminate as the sole nitrogen source,
we introduced a ptsG::Tn10d(Tc") mutation into S. Typhimurium
14028s to determine if the glucose-specific PTS was involved in
glucose inhibition of D-glucosaminate utilization (ptsG encodes
the EIIBC component of the glucose-specific PTS). ManXYZ
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transports glucose efficiently, and in the absence of the glucose-
specific PTS, it is able to support rapid growth with glucose (45,
46). The ptsG mutant grew with a doubling time of 46 = 4 min in
a minimal medium containing 20 mM glucose as the primary
carbon source and 5 mM D-glucosaminate as the sole nitrogen
source. These data indicate that glucose does not directly inhibit
transport or utilization of D-glucosaminate and that the glucose
inhibition of D-glucosaminate utilization is mediated through the
glucose-specific PTS. We postulate that the glucose-specific PTS
inhibits transcription of dgaABCDEF by diverting P~HPr to pre-
vent phosphorylation of DgaR and thereby block its activation.

Phylogenetic distribution of the dga locus. Bacterial genomes
in the Integrated Microbial Genomes (IMG) database (http://img
.jgi.doe.gov) were searched for potential orthologs of the dga
genes, using the synteny of dga genes to facilitate the identification
of orthologs (data for the analysis were collected on 20 February
2013). The IMG Conserved Neighborhood tool, which searches
for orthologs in user-selected genomes and displays neighbor-
hoods of similarly sized orthologs (47), was used for the analysis.
Each dga gene from S. Typhimurium 14028s was compared with
the genomes in the IMG database, and the resulting gene ortholog
neighborhoods were examined for colocalization of the dga genes.
Bacterial genomes that possessed the dga locus according to these
criteria were limited to some members of seven genera (Salmo-
nella, Escherichia, Citrobacter, Enterobacter, Hafnia, Klebsiella, and
Serratia) within the family Enterobacteriaceae in the subphylum
Gammaproteobacteria, one member of the subphylum Betaproteo-
bacteria (Chitiniphilus shinanonensis DSM 23277), and some
members of the genera Enterococcus and Lactobacillus, in the phy-
lum Firmicutes (see Table S4 in the supplemental material).
Collinsella tanakaei YIT 12063, a member of the phylum Actino-
bacteria, possesses orthologs of the dgaABCDEF genes but lacks
homologs of dgaR and rpoN, indicating that expression of the dga
orthologs in this bacterium is regulated in a manner that differs
from that of S. Typhimurium.

For most of the Salmonella genome sequences in the IMG da-
tabase, we were able to unambiguously identify complete dga loci
(68 of 86 sequences). Most of the S. Typhi genomes in the database
are draft sequences that consist of numerous and short contigs,
and while these genomes possess at least some of the dga or-
thologs, we were unable to ascertain if they contained complete
sets of dga genes. The three finished S. Typhi genomes (S. Typhi
CT18, S. Typhi Ty2, and S. Typhi P-stx-12) and one draft genome
sequence (S. Typhi E98-3139) in the database, however, allowed
us to unambiguously assess the content of dga genes in these
strains. All four of these S. Typhi strains possess dgaABCDEF or-
thologs but contain the same apparent frameshift mutation (G
inserted between nucleotides 207 and 208) in dgaR, suggesting
that they lack a functional DgaR protein. Sequences which
matched the RpoN-dependent promoter consensus sequence
generated by Barrios and coworkers (48) were found upstream of
dgaA for all of the Salmonella strains (see Table S4 in the supple-
mental material).

All of the Enterococcus faecalis genomes in the IMG database
contain at least some of the dga orthologs. Many of the E. faecalis
strains lack full-length versions of either or both dgaE and dgaF
within the dga operon but possess dgaEF orthologs at a separate
locus. We postulate that this altered gene arrangement resulted
from a gene duplication and subsequent deletion of the dgaEF
genes at the dga locus, since some E. faecalis strains (e.g., AR01/
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DG) possess two full-length copies of dgaEF. In the case of E.
faecalis AR01/DG, the DgaF paralogs share 100% amino acid iden-
tity over their entire length, while the DgaE paralogs share 98%
amino acid identity over their entire length.

Two of the eight Lactobacillus rhamnosus sequenced genomes
contain the dga locus (strains LRHMDP2 and LRHMDP3). In
both of these strains, rpoN is situated between the dgaA and dgaR
homologs. The six L. rhamnosus strains which lack the dga locus
do not possess rpoN in this region or elsewhere in their genomes.
Thus, L. rhamnosus strains LRHMDP2 and LRHMDP3 appear to
have acquired the dga locus, together with the gene encoding the &
factor required for transcription of the dga operon, through lateral
gene transfer.

RpoN-dependent PTS operons are more prevalent in Firmic-
utes than in Proteobacteria, so we wished to test the hypothesis that
enterobacteria acquired the dga genes from E. faecalis. To test this
hypothesis, dga orthologs of four bacterial species for which com-
plete genome sequences are available were compared in terms of
G+C content, G+ C at codon site 3, and suppression of the CTAG
tetranucleotide. These comparisons showed that the dga loci
match the properties of their respective host genomes, arguing
against recent lateral transfer of the dga locus between E. faecalis
and other enterobacteria (see Table S5 in the supplemental mate-
rial). Genome signature comparisons of the genomes and dga loci
revealed that E. faecalis is an outlier among the four genomes and
that the dga loci feature signatures similar to those of their host
genomes (see Table S6). Moreover, BLAST comparisons among
orthologous genes in the four dga loci showed that for each of the
six genes, the three enterobacterial orthologs are invariably more
similar to each other than any is to the E. faecalis ortholog (see
Table S7). Taken together, these data fail to support the hypothesis
that the dga genes were transferred from E. faecalis to the enteric
bacteria or vice versa.

DISCUSSION

We show here that S. Typhimurium uses a mannose family PTS
permease encoded by dgaABCD, together with a novel D-gluco-
saminic acid 6-phosphate dehydratase (DgaE) and a redundant
KDGP aldolase (DgaF), to transport and catabolize D-glucosami-
nate (Fig. 2). The proposed DgaE activity is similar to that of
D-glucosaminate dehydratase, a PLP-dependent enzyme that has
been purified from Agrobacterium radiobacter and Pseudomonas
fluorescens and that converts D-glucosaminate to 2-keto-3-deoxy-
gluconate (49-52). We could not compare the sequence of DgaE
with sequences of the A. radiobacter and P. fluorescens enzymes
because the sequences of these enzymes have not been reported.
DgaE does share 40% amino acid identity (59% similarity) over its
entire length with a predicted protein present in most of the Agro-
bacterium strains whose genomes have been sequenced, and it is
possible that the Agrobacterium DgaE homolog is a D-glucosami-
nate dehydratase. The only P. fluorescens protein that shares sig-
nificant homology with DgaE is a selenocysteine synthase, but this
sequence homology is considerably less than that of the Agrobac-
terium DgaE homolog (24% identity and 42% similarity over 287
of 369 amino acid residues).

It is not obvious where Salmonella might encounter D-gluco-
saminate in nature. Given that many of the bacteria that possess
the p-glucosaminate PTS can colonize animal intestinal tracts, it is
possible that Salmonella encounters D-glucosaminate in such en-
vironments. We are unaware, though, of any reports of b-gluco-
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saminate in the intestinal tract contents of any animal. There have
been numerous studies in which the Salmonella transcriptome has
been analyzed by use of bacteria grown in vivo (e.g., during infec-
tion of macrophage-like cells or epithelial cells or isolated from the
intestinal tract), cultured under different conditions, or exposed
to various chemical stimuli (53—61). In addition, there are several
reports on how the loss of known global regulators affects the
Salmonella transcriptome (62—64). A recent study used pro-
teomic, mutant phenotyping, and computational approaches to
investigate Salmonella nutrition in a mouse typhoid fever model
(65). None of these studies, however, identified conditions that
resulted in upregulation of the dga operon or offered clues as to
where Salmonella might encounter D-glucosaminate.

It is possible that S. Typhimurium obtains D-glucosaminate
from other microorganisms. b-Glucosaminate is a component of
Rhizobium leguminosarum lipid A (66), and S. Typhimurium
could obtain D-glucosaminate from bacteria that produce it for
the biosynthesis of lipid A or other macromolecules. Another pos-
sible source of D-glucosaminate is from the oxidation of D-gluco-
samine by glucose oxidase. E. coli glucose oxidase effectively con-
verts D-glucosamine to D-glucosaminate, with a catalytic
efficiency for D-glucosamine that is about half that for D-glucose
(67). S. Typhimurium possesses a glucose oxidase and could use
the enzyme to convert D-glucosamine to D-glucosaminate. The
benefit of such a scheme is not obvious, since D-glucosamine can
be transported directly by the mannose and glucose PTS (19, 68).
Moreover, glucose oxidase requires the cofactor pyrroloquinoline
quinone (PQQ), but S. Typhimurium is unable to synthesize PQQ
(69). In nature, S. Typhimurium presumably obtains PQQ from
the environment to activate glucose oxidase. It is possible that S.
Typhimurium uses glucose oxidase as a strategy to compete for
limiting nutrients. For example, if S. Typhimurium obtained PQQ
from associated bacteria in the environment, it could use its glu-
cose oxidase to convert sugars such as D-glucosamine to com-
pounds that it could use but its neighbors could not. Alternatively,
S. Typhimurium may obtain D-glucosaminate generated from D-
glucosamine as an unwanted side reaction of the glucose oxidases
of other bacteria. Since glucose oxidase is located on the periplas-
mic side of the cell membrane in Gram-negative bacteria, D-glu-
cosaminate formed from the oxidation of p-glucosamine could
diffuse into the surrounding area and be available for S. Typhimu-
rium (14). Regardless of the source of D-glucosaminate, the D-
glucosaminate PTS is likely a scavenging system that allows S.
Typhimurium to compete for limiting nutrients in one or more of
its native environments.
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