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ABSTRACT Salmonella enterica can utilize fructose-asparagine (F-Asn) as a source of
carbon and nitrogen. This capability has been attributed to five genes in the fra lo-
cus. Previously, we determined that mutations in fraB (deglycase), fraD (kinase), or
fraA (transporter) eliminated the ability of Salmonella to grow on F-Asn, while a mu-
tation in fraE allowed partial growth. We hypothesized that FraE, a putative periplas-
mic fructose-asparaginase, converts F-Asn to NH,™ and fructose-aspartate (F-Asp). FraA
could then transport F-Asp into the cytoplasm for subsequent catabolism. Here, we
report that growth of the fraE mutant on F-Asn is caused by a partially redundant
activity provided by AnsB, a periplasmic asparaginase. Indeed, a fraE ansB double
mutant is unable to grow on F-Asn. Moreover, biochemical assays using periplasmic
extracts of mutants that express only FraE or AnsB confirmed that each of these en-
zymes converts F-Asn to F-Asp and NH,*. However, FraE does not contribute to
growth on asparagine. We tested and confirmed the hypothesis that a fraE ansB mu-
tant can grow on F-Asp, while mutants lacking fraA, fraD, or fraB cannot. This find-
ing provides strong evidence that FraA transports F-Asp but not F-Asn from the
periplasm to the cytoplasm. Previously, we determined that F-Asn is toxic to a fraB
mutant due to the accumulation of the FraB substrate, 6-phosphofructose-aspartate
(6-P-F-Asp). Here, we found that, as expected, a fraB mutant is also inhibited by
F-Asp. Collectively, these findings contribute to a better understanding of F-Asn utili-
zation by Salmonella.

IMPORTANCE Salmonella is able to utilize fructose-asparagine (F-Asn) as a nutrient.
We recently reported that the disruption of a deglycase enzyme in the F-Asn utiliza-
tion pathway inhibits the growth of Salmonella in mice and recognized this pathway
as a novel and specific drug target. Here, we characterize the first step in the path-
way wherein FraE hydrolyzes F-Asn to release NH,* and F-Asp in the periplasm of
the cell. A fraE mutant continues to grow slowly on F-Asn due to asparaginase activ-
ity encoded by ansB.

KEYWORDS fructose-asparagine, fructose-aspartate, frak, ansB, ansA, Salmonella,
asparaginase, Amadori product

almonella enterica is a significant source of serious foodborne infections globally
(1-4). In our previous studies, we discovered from a genetic screen that mutants
lacking the fra locus were highly attenuated in several mouse models of gastroenteritis
(5). This locus contains five genes that confer the ability to utilize fructose-asparagine
(F-Asn) as a sole source of carbon and nitrogen (5, 6). Four of the genes are part of the
putative fraBDAE operon. The fifth gene, fraR, encodes a GntR-type transcription factor.
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FIG 1 Proposed pathway for fructose-asparagine utilization.

Our working model is that FraE, a putative asparaginase, converts F-Asn to fructose-
aspartate (F-Asp) and NH,* in the periplasm (Fig. 1). F-Asp is then transported into the
cytoplasm through FraA, a Dcu-type transporter. The FraD kinase then phosphorylates
F-Asp to yield 6-phosphofructose-aspartate (6-P-F-Asp), which is cleaved by the FraB
deglycase to yield the common metabolic intermediates glucose-6-phosphate and
aspartate.

There is growing evidence to validate this model of F-Asn utilization. First, a global
proteomic analysis of Salmonella subcellular compartments placed FrakE and FraB in the
periplasmic and cytoplasmic fractions, respectively (7). Second, we have demonstrated
the biochemical activities of FraB and FraD (6, 8). Last, the mutation of fraB causes the
accumulation of 6-P-F-Asp, which is toxic to the cell and is responsible for the
phenotype of reduced fitness in mice (6). This finding highlights the potential of FraB
as a drug target and is a motivation to conduct studies to fully understand the regulation
and reactions of the F-Asn utilization pathway. Here, we investigate the putative
asparaginase encoded by the fraE gene and provide evidence that FraE converts F-Asn
to F-Asp. Interestingly, a Salmonella mutant lacking fraE can grow slowly on F-Asn as a
source of carbon and nitrogen, a finding that led us to uncover the partial redundancy
afforded by the periplasmic AnsB asparaginase.

RESULTS

The ansB gene contributes to growth of a Salmonella fraE mutant on F-Asn.
During our studies of the fra locus of Salmonella, we found that a fraE mutant was
only partially defective for growth on F-Asn as the sole carbon source (6). Two other
asparaginases (AnsA and AnsB) mediate nitrogen assimilation and contribute to viru-
lence (9-11). Because AnsA is cytoplasmic and AnsB is periplasmic (12, 13), we postu-
lated that AnsB was contributing to the growth of a frakE mutant on F-Asn. To test this
hypothesis, we constructed double and triple mutants lacking combinations of ansA,
ansB, and frak and grew them with F-Asn as the sole source of carbon and nitrogen (Fig.
2) or just the carbon source (Fig. 3). A fraE mutant was partially defective for growth on
F-Asn, while mutants lacking ansA or ansB were not. However, the addition of an ansB
mutation to the fraE mutant background eliminates growth on F-Asn for about 11 h
(Fig. 2D, or 7 h in Fig. 3C), at which time the cultures begin to resume growth, albeit
weakly. We postulate that this late increase is due to ansA contributing to the growth
of Salmonella on cell debris. Such a premise is supported by our observation that a
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FIG 2 Growth of asparaginase mutants on different carbon and nitrogen sources. The bacterial strains indicated were grown on M9 minimal medium lacking
ammonium chloride and supplemented with the following carbon and nitrogen sources: 5 mM glucose only (no nitrogen source) (A), 5 mM glucose with 5 mM
ammonium chloride (B), 5 mM glucose plus 5 mM L-asparagine (C), and 5 mM F-Asn only (D). All data points are the means from triplicate cultures measured
on two different occasions (6 total points). Error bars represent standard deviations.

triple mutant lacking frak, ansB, and ansA does not resume growth at late time
points (Fig. 2D and 3C). Additionally, a frakE ansA mutant grows slower at later time
points than a fraE mutant. Both of these observations provide support for the
hypothesis that AnsA is contributing to growth at late time points. Collectively,
these results indicate that FraE is the asparaginase homolog primarily responsible
for the growth on F-Asn. In the absence of fraE, the periplasmic asparaginase AnsB
can partially fulfill this role.

FraE and AnsB are the only sources of fructose-asparaginase activity in the
periplasm. To further investigate the ability of the FraE and AnsB enzymes to release
NH, ™ from F-Asn, we grew cells overnight in LB broth and then subcultured them 1:100
into fresh LB medium containing 5 mM F-Asn. A 6-h growth was used to induce the fra
locus. These conditions are different from those used as described above for the growth
curve experiments, largely to fulfill the objective of harvesting live cells for biochemical
assays even if there is poor or no growth on F-Asn. The cells were fractionated, and
the periplasmic fractions were tested for their ability to cleave F-Asn through the
use of a glutamate dehydrogenase (GDH)-based coupled assay that directly mea-
sures NH,™ (Table 2). The periplasmic contents of a frakE ansB double mutant or a
frak ansB ansA triple mutant had no fructose-asparaginase activity, demonstrating
that fraE and ansB are the only two enzymes capable of this activity. In the
periplasmic contents of an ansA ansB mutant or an ansA fraE mutant, each had
fructose-asparaginase activity, demonstrating that the presence of either FraE or
AnsB results in cleavage of F-Asn in vitro (Table 2). The specific activity of the ansB
mutant was slightly higher than that of the fraE mutant.

FraA transports F-Asp, not F-Asn. All of the single, double, and triple asparaginase
mutants were able to grow on F-Asp, while mutants lacking fraA, fraB, fraD, fraBD,
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FIG 3 Growth of asparaginase mutants on different carbon sources. The bacterial strains indicated were grown on M9
minimal medium with 19 mM ammonium chloride and supplemented with the following carbon sources: 5 mM glucose
(A), 5 mM F-Asp (B), and 5 mM F-Asn (C). All data points are the means from triplicate cultures measured on three different
occasions (9 total points). Error bars represent standard deviations.

fraBDA, or the entire fra locus (fraR fraBDAE) could not (Fig. 3B and 4). This result is
consistent with the conversion of F-Asn to F-Asp in the periplasm and the role of FraA
in transporting F-Asp but not F-Asn into the cytoplasm (Fig. 1).

Both F-Asp and F-Asn are toxic to a fraB mutant. Previously, we observed that
F-Asn is toxic to a fraB mutant (6). This toxicity is due to the accumulation of 6-P-F-Asp.
The toxicity can be observed as a lack of growth in the presence of F-Asn, even when
glucose is present (6). Based on our model of F-Asn utilization, F-Asp should also be
toxic to a fraB mutant. We tested and confirmed this hypothesis (Fig. 4). As expected,
this toxicity is independent of fraE, because F-Asp can be transported into the cell
without the activity of FraE in the periplasm. However, the toxicity is dependent upon
fraA and fraD, which are required for uptake of F-Asp and conversion to 6-P-F-Asp,
respectively.

The fraE gene does not contribute to growth of Salmonella on asparagine.
While AnsB was able to contribute to F-Asn metabolism, we sought to test the
hypothesis that FraE could contribute to asparagine metabolism. All of the asparagi-
nase mutants were therefore grown with asparagine as the sole source of nitrogen (Fig.
20C). A single mutant lacking fraE or ansA was not defective for growth on asparagine.
However, a single mutant lacking ansB was partially defective. A complete loss of
growth was observed with an ansA ansB double mutant, consistent with previous
reports (9). Adding a fraE mutation to either the ansB mutant strain or the ansA ansB
mutant strain had no additional effect. These results indicate that ansA and ansB
contribute to asparagine metabolism, while fraE does not.

DISCUSSION
The fra locus of Salmonella is located between the gor and treF genes. The gor and
treF genes are present in Escherichia coli, but the fra locus is not. Instead, E. coli contains
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FIG 4 Growth of fra mutants on F-Asp. The bacterial strains indicated were grown on M9 minimal medium with 19 mM ammonium chloride and supplemented
with the following carbon sources: 5 mM glucose, 5 mM F-Asp, or 5 mM F-Asp and 5 mM glucose. All data points are the means from triplicate cultures measured

on two different occasions (6 total points). Error bars represent standard deviations.

the gad acid fitness island in this location; thus, fra appears to be a horizontal
acquisition (5). A fraB mutant of Salmonella is extremely attenuated in the intestinal
tract of inflamed mice due to the accumulation of the FraB substrate, 6-P-F-Asp,
during growth on F-Asn (6). This makes FraB an attractive species-specific drug
target. We previously determined that mutations in fraB, fraD, and fraA eliminate
the ability of Salmonella to grow on F-Asn, while a mutation in fraE does not (6).
Here, we have determined that the growth of a fraE mutant on F-Asn is primarily due to
the redundancy provided by the periplasmic asparaginase, AnsB (Fig. 2 and 3). How-
ever, the converse does not hold: the fraE gene did not contribute to asparagine
metabolism (Fig. 2C). Biochemical evidence for the ability of FraE and AnsB to cleave
F-Asn was obtained by assaying the periplasmic content of the wild type and a panel
of mutants (Table 2). Importantly, the periplasmic extract of a fraE ansB mutant had no
activity in this assay, demonstrating that there are no other sources of fructose-
asparaginase activity.

Despite the weaker growth of the frak mutant in minimal medium containing F-Asn
than that of the ansB mutant (Fig. 2), our in vitro assays indicate roughly similar specific
activities for FraE and AnsB after growth in LB medium containing F-Asn (Table 2).
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These findings can be rationalized by considering at least two possibilities. First, if FraE
and FraA (the transporter) are somehow physically coupled for compartmentalization in
vivo, it is conceivable that AnsB is unable to fulfill this specific requirement despite its
catalytic ability to convert F-Asn to F-Asp. Second, the relative expression levels of AnsB
and FraE may be different in the minimal medium used for growth curves from those
in the LB medium used to grow the cells for enzymatic assays. This conjecture is
supported by a previous report that ansB of E. coli is upregulated when grown
anaerobically in the presence of amino acids (13). While there is no information about
the regulation of fraE or ansB in Salmonella, the amino acids in LB could engender an
increase in AnsB activity. Further studies on the regulation of AnsB and FrakE would be
informative.

The latitude in substrate recognition of AnsB may be important for regulation of the
fra locus. If the products of F-Asn catabolism are required to induce gene expression of
the fraBDAE operon, this secondary activity of AnsB to convert F-Asn to F-Asp may play
a role in initiating the pathway; such a hypothesis is testable.

Mutation of a cytoplasmic asparaginase gene, ansA, revealed that AnsA did not
contribute to F-Asn metabolism, except modestly at late time points, when it may
be contributing to growth on substrates released from dying cells. Consistent with
the role of FraE and AnsB in converting F-Asn to F-Asp in the periplasm, the fraE
ansB double mutant was able to grow on F-Asp, while fraA, fraD, and fraB mutants
were not (Fig. 3B and 4). These results are also consistent with the proposed
function of FraA being a transporter of F-Asp but not F-Asn (Fig. 1). A fraB mutant
was not able to grow on F-Asp, even in the presence of glucose, which is certainly
due to the accumulation of 6-P-F-Asp, as is the case during growth on F-Asn (6).
Mutants lacking fraD, fraA, fraBD, fraBDA, or the entire fra locus were able to grow
on glucose in the presence of F-Asp, consistent with the lack of 6-P-F-Asp accu-
mulation (Fig. 4).

MATERIALS AND METHODS

Strains and media. All bacterial strains and plasmids are listed in Table 1. Bacteria were routinely
grown in Luria-Bertani (LB) broth (Fisher Bioreagents) or on LB agar plates containing 1.5% (wt/vol) agar
(Fisher Bioreagents). For growth studies using defined carbon sources, we employed M9 minimal
medium containing 1X M9 salts, 2 mM MgSO,, 0.1 mM CaCl,, 0.01 mM thiamine, and trace metals (14,
15). For the growth assays using defined nitrogen sources, we used M9 minimal medium lacking NH,CI.
As needed, kanamycin (50 ng/ml) was added to the media.

Construction of mutants. Lambda Red mutagenesis was used to insert antibiotic resistance genes
into sites of interest, as previously described (16). In each case, all but the first 10 and last 10 codons of
the gene of interest were deleted. The antibiotic resistance genes were flanked by FLP recombination
target (FRT) sites and amplified from the plasmid template pKD4 (16). The primers used for the ansA
mutation were BA3004 (5'-GAACATTATCATGCAAAAGAAATCAATTTACGTTGCCTATGTGTAGGCTGGAGCTG
CTTC-3') and BA3005 (5'-GGGATTTTTTAATCATCCGGCGTCAATTCACCACGCAACATATGAATATCCTCCT
TAG-3'). For the ansB mutation, the primers were BA3006 (5'-GAGATATAACATGGAGTTTTTCAGGAAAAC
GGCATTAGCTGTGTAGGCTGGAGCTGCTTC-3") and BA3007 (5'-GGCATTATCTTTAATACTGATTGAACATCGT
CTGGATCTGCATATGAATATCCTCCTTAG-3'). The correct location for insertion of the antibiotic resistance
gene was confirmed by PCR. Each mutation was transduced into a clean 14028 background using phage
P22HTint. The antibiotic cassette was then removed by electroporation of pCP20 (ampicillin resistance
[Amp]), which encodes FLP recombinase, into the strain and plating on LB with ampicillin at 30°C. Single
colonies were streaked onto LB agar and incubated at 42°C to cure the strain of pCP20. PCR was used
to verify loss of the antibiotic resistance cassette using primers upstream and downstream of the target
gene. Colonies with the correct PCR product were also screened for loss of the antibiotic resistance gene
and pCP20.

Synthesis of F-Asp and ammonia-free F-Asn. F-Asp and F-Asn were synthesized and purified as
described elsewhere (17). In the case of F-Asn, the final preparation from this synthesis still contains
between 0.1 and 0.2 mol of ammonium ion per mole (i.e., 85% zwitterion and 15% ammonium salt). Most
of the residual ammonia was removed by treatment with 4-A molecular sieves as follows: 0.3 g of F-Asn
was dissolved in 5 ml of methanol. One and one-half grams of 600-mesh sieves (Strem Chemicals,
Newburyport, MA) was added and the suspension stirred for about an hour at 22°C. The mixture was
filtered by gravity and washed twice with methanol. The procedure was repeated with a fresh batch of
sieves, and the methanol was then removed by rotary evaporation. Analysis for ammonia in a Conway
diffusion apparatus (18) revealed that the ammonium ion content had been reduced to about 0.003 mol
per mole F-Asn. This value was also independently confirmed using the enzymatic assay described
below.
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TABLE 1 Strains and plasmids used

Journal of Bacteriology

Strain or plasmid

Genotype or description?

Reference, source, or construction

Strains
14028 Wild-type Salmonella enterica subspecies ~ ATCC
enterica serovar Typhimurium
HMB106 14028 AansA80::Kan Lambda Red mutation of ansA made using PCR primers BA3004 and BA3005
HMB107 14028 AansB80:Kan Lambda Red mutation of ansB made using PCR primers BA3006 and BA3007
HMB174 14028 AansA80::Kan P22 transduction of AansA80::Kan from HMB106 into a clean 14028 background
HMB175 14028 AansB80:Kan P22 transduction of AansB80::Kan from HMB107 into a clean 14028 background
HMB188 14028 AfraBDA8O 6
HMB195 14028 AfraE4 6
HMB196 14028 AfraD4 6
HMB203 14028 AfraE4 AansA80:Kan P22 transduction of AansA80:Kan from HMB106 into HMIB195
HMB204 14028 AfraE4 AansB80:Kan P22 transduction of AansB80::Kan from HMB107 into HMB195
HMB206 14028 AfraB80::Kan 6
HMB207 14028 AfraE4 NAansA80 Antibiotic cassette in HMB203 was flipped out using pCP20
HMB208 14028 AfraE4 AansB80 Antibiotic cassette in HMIB204 was flipped out using pCP20
HMB210 14028 AfraE4 AansA80 AansB80::Kan P22 transduction of AansB80::Kan from HMB107 into HMB207
HMB212 14028 AansA80 Antibiotic cassette in HMIB174 was flipped out using pCP20
HMB213 14028 AansB80 Antibiotic cassette in HMB175 was flipped out using pCP20
HMB214 14028 AfraE4 AansA80 AansB80 Antibiotic cassette in HMB210 was flipped out using pCP20
HMB215 14028 Afra80 6
HMB218 14028 AfraBD81 6
HMB220 14028 AansA80 AansB80:Kan P22 transduction of AansB80::Kan from HMB107 into HMB212
HMB248 14028 AfraA4 6
Plasmids
pKD46 Psap gam bet exo pSC101 oriTS (Amp") 16
pKD4 FRT-kan-FRT oriR6K (Ampr) 16
pCP20 cl857 APR flp pSC101 oriTS (Amp" Cam’) 20

aAmpr, ampicillin resistance; Camr, chloramphenicol resistance.

Growth assays. Growth curves were performed using clear flat-bottom 96-well plates. In each well,
198-ul aliquots of medium were inoculated with 2 ul of overnight cultures that had been washed twice
with sterile water. A Breathe-Easy membrane film (Diversified Biotech) was placed over the 96-well plate.
Growth at 37°C was measured using hourly measurements of the optical density at 600 nm (ODg,), with
shaking for 5 s prior to each reading, in the SpectraMax M5 microplate reader (Molecular Devices) and
the SoftMax Pro 6.1 software.

Preparation of periplasmic extracts. Salmonella periplasmic extracts were prepared using essen-
tially the protocol described by Brown et al. (7), except with minor modifications as described below.
Salmonella was grown in 5 ml LB for 16 h at 37°C with shaking. The cells were washed with sterile
water, subcultured 1:100 in 5 ml of fresh LB supplemented with 5 mM F-Asn, and grown for 6 h at
37°C with shaking. The cells were centrifuged at 5,000 X g for 10 min at 4°C, and the cell pellets were
washed with 1.5 ml of 50 mM Tris-HCI (pH 8). The cell pellets were resuspended in 1.5 ml of
spheroplasting buffer (50 mM Tris-HCI [pH 8], 250 mM sucrose, 2.5 mM EDTA) and were incubated
at 22°C for 5 min. Following incubation, the cell suspension was centrifuged at 11,500 X g for 10 min
at 4°C. The cell pellets were resuspended in 300 ul of ice-cold 5 mM MgSO, and kept on ice for 10
min, with intermittent manual mixing. This suspension was subjected to centrifugation (11,500 X g,
10 min, 4°C) to yield a supernatant containing the soluble periplasmic fraction. Prior to enzymatic
assays, 300 ul of the periplasmic fraction was supplemented with 0.1 mg/ml bovine serum albumin
(BSA) and dialyzed against 20 mM Tris (pH 8) and 5 mM MgSO, at 4°C, with two changes over 90 min.
The periplasmic extract obtained after dialysis was used in the activity assays, as described below.
To calculate the specific activities, the protein content in the dialysates was determined using the
Bradford assay (19), with BSA serving as the standard.

Enzyme assays. For the measurement of fructose-asparaginase activity in periplasmic extracts,
we used a glutamate dehydrogenase (GDH)-based coupled assay that measures NH,*. All assays
were performed at 37°C and in a 105-ul reaction mixture. Each periplasmic extract (20 wl) was added
to an 84-ul assay mixture (0.38 mM F-Asn, 2.3 mM a-ketoglutarate, and 0.15 mM NADPH in the buffer
provided by Sigma, the GDH assay kit supplier) that had been preincubated for 4 min at 37°C. The
reaction was initiated by the addition of 0.5 U of GDH (1 ul, 525 U/ml), which had been preincubated
separately for 4 min at 37°C. Approximately 100 wl from this reaction mixture was quickly transferred
to 96 well-white flat-bottom polystyrene microplates (Corning), and absorbance at 340 nm was
monitored using a SpectraMax M5 (Molecular Devices) microplate reader (integration time of 1,000
ms, settle time of 300 ms).

The NADPH utilized by GDH during amination was measured by monitoring the decrease in
Abs,,, and taken as a direct readout of the ammonia generated by the action of either FraE or AnsB
on F-Asn. Linear regression (Excel) analysis of NADPH consumed as a function of time was used to
calculate the initial velocity (0.987 = r?2 = 0.998). A standard curve was generated using different
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TABLE 2 Fructose-asparaginase activity in periplasmic subcellular fractions?

Fructose-asparaginase sp act

Salmonella strain ansA ansB frak (102 U/mg)
14028 v v v 258 1.2
HMB195 v v X 120 £ 29
HMB207 X v X 141 +18
HMB208 v X X 1.9*03
HMB212 X v v 26.8 0.9
HMB213 v X v 17713
HMB220 X X v 187 %15
HMB214 X X X 0.85 = 0.1

aShown are the mean values and the standard errors calculated from two independent measurements; v/
and X refer to the presence and absence of the corresponding locus, respectively.

concentrations of ammonium ion standard (5.9 to 47 uM in assay buffer) provided with the kit and
used as a reference for calculating the ammonia produced by fructose-asparaginase activities in the
periplasmic extracts. Blanks for the ammonia standard curve included all the assay components
except GDH, and slopes obtained in the blank reactions were subtracted from the test readings to
obtain the final measurement. Blanks for the fructose-asparaginase assay lacked F-Asn and allowed
a direct measure of residual ammonia in the periplasmic extract that was being tested. One unit of
activity is defined as the amount of enzyme catalyzing the formation of 1 umol ammonia/min. The
mean values for the reported specific activities (Table 2) were calculated from the results from two
independent assays.
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