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ABSTRACT Salmonella enterica serovar Typhimurium is the only organism demon-
strated to utilize fructose-asparagine (F-Asn) as a source of carbon and nitrogen. In
this report, we first used a bioinformatics approach to identify other microorganisms
that encode homologs of the Salmonella F-Asn utilization enzymes FraB (deglycase),
FraD (kinase), and FraE (asparaginase). These candidate organisms were then tested
with up to four different methods to confirm their ability to utilize F-Asn. The easiest
and most broadly applicable method utilized a biological toxicity assay, which is
based on the observation that F-Asn is toxic to a Salmonella fraB mutant. Candidate
organisms were grown in a rich medium containing F-Asn, and depletion of F-Asn
from the medium was inferred by the growth of a Salmonella fraB mutant in that
same medium. For select organisms, the toxicity assay was cross-validated by direct
mass spectrometry-aided measurement of F-Asn in the spent-culture media and
through demonstration of FraB and FraD enzyme activity in cellular extracts. For pro-
totrophs, F-Asn utilization was additionally confirmed by growth in a minimal medium
containing F-Asn as the sole carbon source. Collectively, these studies established that
Clostridium bolteae, Clostridium acetobutylicum, and Clostridium clostridioforme can utilize
F-Asn, but Clostridium difficile cannot; Klebsiella oxytoca and some Klebsiella pneumoniae
subspecies can utilize F-Asn; and some Citrobacter rodentium and Citrobacter freundii
strains can also utilize F-Asn. Within Salmonella enterica, the host-adapted serovars Typhi
and Paratyphi A have lost the ability to utilize F-Asn.

IMPORTANCE Fructose-asparagine (F-Asn) is a precursor to acrylamide that is found
in human foods, and it is also a nutrient source for Salmonella enterica, a foodborne
pathogen. Here, we determined that among the normal intestinal microbiota, there
are species of Clostridium that encode the enzymes required for F-Asn utilization. Us-
ing complementary experimental approaches, we have confirmed that three mem-
bers of Clostridium, two members of Klebsiella, and two members of Citrobacter can
indeed utilize F-Asn. The Clostridium spp. likely compete with Salmonella for F-Asn in
the gut and contribute to competitive exclusion. FraB, one of the enzymes in the
F-Asn utilization pathway, is a potential drug target because inhibition of this en-
zyme leads to the accumulation of a toxic metabolite that inhibits the growth of
Salmonella species. This study identifies the potential off-target organisms that need
to be considered when developing therapeutics directed at FraB.

KEYWORDS Salmonella, typhoid, pathovar, fructosamines, fructose-asparagine,
Amadori products, Clostridium, Klebsiella, Citrobacter, FraB, phylogeny

Salmonella enterica is a major contributor to human morbidity and mortality (1–8).
There are over 2,500 serovars of S. enterica (9). Some of these serovars, notably S.

enterica Typhimurium and Enteritidis, cause inflammatory diarrhea in humans. Other
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serovars, including S. enterica serovars Typhi and Paratyphi A, are less likely to cause
diarrhea and instead cause either a severe systemic disease called typhoid or the less
severe paratyphoid fever. These typhoidal serovars (also called extraintestinal serovars)
have a more restricted host range than the nontyphoidal serovars and appear to be
undergoing genome reduction as they become specialized to particular hosts and lose
genes that contribute to metabolism during gastrointestinal inflammation (10–15).
Such streamlining includes genes for the utilization of specific nutrient sources and for
anaerobic metabolism (10). One of the loci that is either mutated or deleted in some
typhoidal serovars is the fra locus, which encodes the enzymes necessary to use
fructose-asparagine (F-Asn) as a carbon and nitrogen source (16). Prior to the discovery
of F-Asn utilization by Salmonella, F-Asn was not known to be a nutrient source for any
organism (16).

The proposed pathway of F-Asn utilization in Salmonella spp. requires a periplasmic
asparaginase, FraE, which converts F-Asn to fructose-aspartate (F-Asp) (17). F-Asp is
transported by FraA, a Dcu-type transporter, into the cytoplasm, where the FraD kinase
phosphorylates F-Asp to form 6-phospho-F-Asp (6-P-F-Asp), which is then cleaved by
the FraB deglycase to form glucose-6-phosphate (glucose-6-P) and aspartate (18).
Interestingly, F-Asn is toxic to a fraB mutant due to the accumulation of 6-P-F-Asp (19).
The mechanism of toxicity is unknown, but it engenders at least a 1,000-fold fitness
defect in a fraB mutant in several mouse models (16, 19). We have determined that
F-Asn is present in mouse chow and several human foods and that its abundance in the
mouse intestinal tract is determined by the microbiota (34). In conventional mice with
a normal microbiota, F-Asn is found at much lower concentrations than in germfree
mice, presumably due to consumption by certain members of the microbiota. The
fitness defects of a Salmonella fraB mutant correlate with the availability of F-Asn in
these mouse models, consistent with F-Asn being toxic to the fraB mutant.

Here, we sought to determine which members of the normal microbiota can utilize
F-Asn. Using an integrated approach encompassing bioinformatics, microbial toxicity
assays, growth on minimal media containing F-Asn, and biochemical measurements,
we have determined that some Clostridium, Klebsiella, and Citrobacter species can utilize
F-Asn as a nutrient source. We also confirmed that the typhoidal serovars of Salmonella,
Typhi and Paratyphi A, have lost the ability to utilize F-Asn.

RESULTS AND DISCUSSION
Strategy. We first employed bioinformatics methods to determine which microor-

ganisms have the genetic potential to utilize F-Asn as a nutrient. We then attempted to
grow those members in minimal medium containing F-Asn as the sole nutrient source;
however, this strategy proved to be unviable for many organisms due to our inability
to mimic the complex growth requirements of the organisms involved. Instead, we
grew selected members of the normal microbiota in rich medium supplemented with
F-Asn and then sought to determine whether or not the F-Asn had been removed from
the medium. To accomplish this goal, we devised a toxicity assay in which we
determined if the spent-culture supernatant was toxic to a Salmonella fraB mutant.
Toxicity, if any, indicates that the culture supernatant contains F-Asn. We cross-
validated the inferences from the toxicity assay through mass spectrometry (MS)-aided
measurements of F-Asn in some of the spent-culture supernatants and by biochemical
assays of FraB and FraD enzyme activity in cellular extracts. Additionally, we tested
some organisms for growth in minimal medium containing F-Asn as the sole carbon
source. Using these methods, we have determined that some Clostridium, Klebsiella,
and Citrobacter species can utilize F-Asn as a nutrient source and that some
Salmonella serovars have lost this ability.

Bioinformatics reveals potential F-Asn utilizers within the gastrointestinal
microbiome. To firmly establish the presence of fraBDE genes with a function similar
to those characterized in Salmonella enterica, we used S. Typhimurium strain LT2 amino
acid sequences to identify homologs in the Human Microbiome Reference Genomes
Database (HMRGD) (20). From this genomic database containing 1,322 genomes, we
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recovered 49 genomes from the Proteobacteria, Firmicutes, and Actinobacteria that
contain homologs with high overall sequence similarity to proteins from strain LT2 (see
Table S1 in the supplemental material). FraB and FraD had a similar phylogeny;
therefore, we concatenated these two proteins (i.e., FraBD) to increase resolution in the
final analyses (Fig. 1). The phylogenetic distribution of the FraBD concatenated protein
is not consistent with the evolutionary history of the organisms involved. Instead, a
comparison of the protein and organism phylogenies suggests horizontal gene transfer
between Firmicutes and Proteobacteria (Fig. 1). In contrast, the FraE topology is consis-
tent with vertical descent, with the FraE monophyletic groups mirroring the organism’s
phylogenetic affiliation at the phylum level (Fig. 1). Consistent with the different
evolutionary histories, we note that outside the Salmonella genus, fraE is often not
colocalized with fraB and fraD (Fig. 2).

Additionally, we recovered 21 unique FraBD proteins from 3 CBA/J mouse metag-
enomes (Fig. 1), an indication of the scope of F-Asn utilization in the gut. Outside of
human- and mouse-associated microbial genomes and metagenomes, we also found the
genomic potential for F-Asn utilization in publically available soil and rhizosphere metag-
enomes (NCBI BioProject numbers PRJNA330336 and PRJNA336894, respectively).

Some Clostridium isolates can utilize F-Asn as a nutrient source. Because some

Clostridium species encode homologs of FraB, FraD, and FraE, we tested the hypothesis
that these organisms can indeed utilize F-Asn as a carbon source. We initially attempted
to grow the Clostridium isolates in a minimal medium with F-Asn as the sole carbon
source. This approach was not successful, presumably due to a strict requirement for
rich medium to support their growth. We then tested the ability of the Clostridium
isolates to deplete F-Asn from a rich medium. For these studies, we used tryptic soy
broth (TSB) containing 5% sheep blood supplemented with 5 mM F-Asn. After 48 h of
anaerobic growth at 37°C, the spent-culture supernatant was tested for the presence of
F-Asn using two different methods, a toxicity assay and MS. In the toxicity assay we
tested the spent-culture supernatant for toxicity to a Salmonella fraB mutant, with
toxicity indicating the presence of F-Asn (19). For this measurement, we added an equal
mixture of wild-type and fraB mutant Salmonella cells to the spent-culture supernatant
that was obtained after growing an organism of interest. After overnight growth at
37°C, the Salmonella cells were plated on LB-Kan and LB-Cam to enumerate the fraB
mutant and wild type, respectively. If F-Asn was present, the fraB mutant would be
recovered in lower numbers than the wild type.

Based on the phylogenetic trees shown in Fig. 1, we tested Clostridium bolteae, C.
acetobutylicum, C. clostridioforme, and C. difficile. All but C. difficile were predicted to
utilize F-Asn. Indeed, growth of the Salmonella fraB mutant was not inhibited in the
culture supernatants of C. bolteae, C. clostridioforme, or C. acetobutylicum, a finding that
suggests that these three species can deplete F-Asn from the medium. In contrast, the
Salmonella fraB mutant was inhibited in the spent-culture supernatants of C. difficile, an
observation that suggests the failure of C. difficile to deplete F-Asn from the medium
(Fig. 3A). We verified the presence or absence of F-Asn in the culture supernatants
by removing a sample prior to the addition of Salmonella bacteria and measuring
the concentration of F-Asn by mass spectrometry. The concentrations of F-Asn in
the culture supernatants correlate with the inhibition of the Salmonella fraB mutant
(Fig. 3B).

The bioassay and MS measurements together confirmed that Clostridium bolteae,
Clostridium clostridioforme, and Clostridium acetobutylicum have the genes for F-Asn
utilization in their genome and that these species can deplete F-Asn from their growth
media, or at least alter it, such that it is no longer toxic to a Salmonella fraB mutant and
no longer detectable at the F-Asn m/z value. In contrast, Clostridium difficile does not
encode the F-Asn utilization enzymes in its genome and is unable to remove F-Asn
from its growth medium.

Some Klebsiella and Citrobacter isolates can utilize F-Asn as a nutrient source.
Some Klebsiella and Citrobacter species are predicted to encode FraB, FraD, and FraE
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FIG 1 Maximum likelihood trees of concatenated FraBD (A) and FraE (B) amino acid sequences that were recovered from a BLAST
search of HMRGD isolates and CBA/J mouse fecal metagenomes are shown. All putative homologs found with BLAST search of the
HMRGD and mouse metagenomes can be found in File S1 in the supplemental material. Bootstrap values are based on 100
resamplings, with values of �80 shown. The metagenome and scaffold associated with each FraBD from mouse metagenomes (black
text) are reported with the metagenome number (1 to 3), followed by an underscore and scaffold number. E. coli K-12 strain W3110
was used as an outgroup that does not contain fra genes.
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(Citrobacter rodentium, C. freundii, Klebsiella pneumoniae, and K. oxytoca) (Fig. 1 and 2).
However, it should be noted that only some isolates of each of these species contain
the fra genes, while other isolates do not. Whether or not any of these organisms can
truly utilize F-Asn is unknown. As with the Clostridium experiments described in
Materials and Methods, we used the Salmonella fraB mutant-based toxicity assay to
determine if a variety of Klebsiella and Citrobacter isolates can deplete F-Asn from a rich
growth medium. The only two differences in the assay were that (i) sheep blood was
not added to the TSB, and (ii) the isolates were grown aerobically for 16 to 18 h, while
the Clostridium isolates were grown anaerobically for 48 h. Based on the Salmonella
toxicity assay, our K. oxytoca isolate, one of three K. pneumoniae isolates, a C. rodentium
isolate, and a C. freundii isolate did remove F-Asn from their growth media (Fig. 4A and
B). Of the two K. pneumoniae isolates that did not remove F-Asn, one is a plant isolate
(21, 22), and the other is from an in-house collection and is of unknown origin. Several
species or subspecies of Klebsiella and Citrobacter that were not predicted to encode
F-Asn utilization enzymes were unable to deplete F-Asn from their growth medium.
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MS was used to verify the presence or absence of F-Asn in the Klebsiella spent-
culture supernatants (Fig. 4C). As with the Clostridium spent-culture supernatants,
the MS results correlated well with the toxicity assay results. Although less likely, we
considered the possibility that species that are depleting F-Asn from their growth
medium are merely modifying F-Asn to a form that is either not toxic to a Salmonella
fraB mutant or that is not detectable by MS. To address this possibility, we tested the
cellular extracts of two Klebsiella strains for FraB and FraD enzyme activities, one which
was expected to have them (K. oxytoca) and one which was not (K. planticola). Indeed,
the cellular extracts of K. oxytoca contained FraB and FraD activity, while the extracts of
K. planticola did not. Furthermore, the enzyme activities were induced �18-fold or
more in the presence of F-Asn that was included in the growth medium (Table 1).

Finally, we attempted to grow all of the Klebsiella and Citrobacter isolates in minimal
medium with F-Asn as the sole source of carbon. Minimal medium with glucose was
used as a control. K. pneumoniae subsp. rhinoscleromatis was the only organism that
failed to grow on glucose and must be an auxotroph. The remaining Klebsiella strains
gave unambiguous results. Two strains were able to grow on F-Asn while the remainder
could not, and these results correlated with the strains that could deplete F-Asn from
their growth medium according to the Salmonella toxicity assay and MS measurements
(Fig. 4D). The results with Citrobacter spp. were not as straightforward to interpret. All
strains grew well with glucose but grew poorly, or not at all, with F-Asn (Fig. 4E); it is
possible that these results are influenced by differences in the rates of uptake and
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FIG 2 Synteny map of the fra locus from select bacterial species. Putative homologs are indicated by the same color.
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utilization, which remain uncharacterized. However, the strains that grew at all were the
same strains that were able to deplete F-Asn from their growth medium.

Some Salmonella serovars have lost the ability to utilize F-Asn as a nutrient
source. Salmonella enterica contains over 2,500 serovars, which have a range of disease
manifestations and host specificities. They can be broadly classified into two pathovars,
gastrointestinal and extraintestinal (10). Members of the gastrointestinal pathovar (e.g.,
S. enterica serovars Typhimurium and Enteritidis) have a broad host range and tend to
cause gastroenteritis. In contrast, members of the extraintestinal pathovar (e.g., S.
enterica serovars Typhi and Paratyphi A) tend to have a narrow host range and cause
systemic infections, and they are less likely to cause gastroenteritis. S. Typhi infects only
humans and is less likely to cause diarrhea, but it causes a systemic disease called
typhoid fever that can last for up to 6 weeks. In �3% of cases, the bacterium can
establish a carrier state in which the host is asymptomatic but sheds bacteria in the
feces for years (23, 24). S. Typhi and other members of the extraintestinal pathovar also
appear to be undergoing genome degradation concomitant with loss of genes that

FIG 3 (A) A Salmonella toxicity assay used to determine if Clostridium species can deplete F-Asn from
growth medium. The log competitive index (logCI) is plotted, with a horizontal bar indicating the mean
of the results from three independent experiments that include a total of eight technical replicates.
Competitions in which the result was closer to neutral than the “medium with F-Asn” competition were
tested for statistical significance. Asterisks represent differences in an unpaired t test (parametric)
compared to medium with F-Asn (****, P � 0.0001). (B) MS measurements to determine if Clostridium
species can remove F-Asn from growth medium. The horizontal bar in the MS data indicates the mean
value of three measurements; the dotted line represents the limit of detection (LOD) of 0.055 mM.
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extend their host range and genes involved in anaerobic metabolism that are beneficial
during gastroenteritis (10–15). The fra locus is one of the loci that has been mutated in
some members of the extraintestinal pathovar (10) (Fig. 2). These serovars would not
grow in minimal medium, so we used the toxicity assay to test these serovars for their

FIG 4 Identification of Klebsiella and Citrobacter species that can utilize F-Asn. The Salmonella toxicity assay was used to determine which Klebsiella (A) or
Citrobacter (B) strains could deplete F-Asn from their medium. The log competitive index (logCI) is plotted, with a horizontal bar indicating the mean of
independent replicates. Competitions in which the result was closer to neutral than the “medium with F-Asn” competition were tested for statistical significance.
Asterisks indicate difference from medium with F-Asn (unpaired t test, parametric: *, P � 0.05; **, P � 0.01; ****, P � 0.0001). (C) MS measurements to determine
if Klebsiella species can deplete F-Asn from growth medium. The horizontal bar in the MS data indicates mean value of three independent measurements; the
dotted line represents the limit of detection (LOD) of 0.055 mM. Growth at 37°C was tested in minimal medium containing either glucose (open symbols) or
F-Asn (closed symbols) as the sole carbon source for Klebsiella (D) or Citrobacter (E) strains. Growth curves represent two independent experiments with six total
replicates for each point. Error bars indicate the standard deviation. OD600, optical density at 600 nm.

TABLE 1 FraB and FraD enzymatic activities in Klebsiella cellular extracts

Klebsiella strain
reference

Klebsiella strain and
growth condition

Sp act (� 104 U/mg)a

FraD FraB

ATCC 13182 K. oxytoca (�F-Asn) 3.2 � 2.5 1.6 � 1.6
K. oxytoca (�F-Asn) 58.4 � 2.4 46.8 � 1.5

ATCC 33531 K. planticola (�F-Asn) ND ND
K. planticola (�F-Asn) ND ND

aThe specific activities were calculated from two independent measurements of three different biological
replicates and are expressed as the mean values and the associated standard error. ND, activity was not
detected.
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ability to remove F-Asn from their growth medium (Fig. 5). Their genetic content
correlates with the toxicity assays, with S. Enteritidis able to utilize F-Asn, while S. Typhi
and S. Paratyphi A cannot.

Conclusion. Although there are parallels in the catabolic routes for utilization of
other Amadori products (e.g., fructose-lysine [25]), the presence of both FraB (degly-
case) and FraD (kinase) homologs appears to be a reliable indicator of the ability of an
organism to utilize F-Asn; in contrast, FraE (asparaginase) is not a good indicator. Many
organisms encode one or more asparaginases that are difficult to distinguish from a
bona fide fructose-asparaginase. Also, the FraE homolog is often not colocalized with
FraB and FraD, although this observation could merely imply that the organism exploits
a generic asparaginase and does not use a dedicated fructose-asparaginase (Fig. 2). In
fact, we recently determined that the AnsB asparaginase of Salmonella can contribute
to F-Asn utilization and contribute to growth of a fraE mutant in a medium containing
F-Asn as the sole source of carbon and nitrogen (17). The F-Asn utilization system also
includes a transporter of the Dcu type (FraA), which is present in all species that can
utilize F-Asn and is colocalized with fraB and fraD (Fig. 2). Thus, FraA may be useful as
an additional indicator of the ability of an organism to utilize F-Asn.

The toxicity assay is a rapid and facile method to determine if an organism can
deplete F-Asn from its growth medium. The accuracy of the toxicity assay was rigor-
ously cross-validated by mass spectrometric measurements of F-Asn in the spent
media. However, it is still possible that organisms that encode the F-Asn utilization
genes might not be able to utilize F-Asn but somehow still alter F-Asn such that it is no
longer toxic to the Salmonella fraB mutant and no longer detectable by MS. To address
this possibility, we chose a pair of organisms that either could or could not utilize F-Asn
according to gene content, the toxicity assay, and MS (K. oxytoca and K. planticola) and
tested these organisms for FraB and FraD enzyme activity. Consistent with the predic-
tions, FraB and FraD activity was detected in K. oxytoca but not K. planticola. Impor-
tantly, this trend is mirrored in growth assays on minimal media, as K. oxytoca but not
K. planticola is able to grow on F-Asn as the sole carbon source (Fig. 4D). Furthermore,
these enzyme activities were induced by the presence of F-Asn in the medium (Table
1). Thus, we have five independent indications that K. oxytoca can utilize F-Asn (i.e.,
gene content, toxicity assay, MS of spent-culture supernatants, enzyme activities, and
growth in minimal F-Asn medium). All of the other organisms in this study have at least
two indications of their ability to utilize F-Asn. Gene content analysis and the toxicity
assay are likely the most facile computational and experimental methods that can be

FIG 5 Some Salmonella serovars have lost the ability to utilize F-Asn. The log competitive index (logCI)
is plotted, with a horizontal bar indicating the mean of the results from two independent experiments
that include a total of four technical replicates. Competitions in which the result was closer to neutral
than the “medium with F-Asn” competition were tested for statistical significance. Asterisks indicate
difference from medium with F-Asn (unpaired t test, parametric: ***, P � 0.001).

Clostridia Can Utilize Fructose-Asparagine Applied and Environmental Microbiology

March 2018 Volume 84 Issue 5 e01957-17 aem.asm.org 9

 on F
ebruary 21, 2019 by guest

http://aem
.asm

.org/
D

ow
nloaded from

 

http://aem.asm.org
http://aem.asm.org/


used to investigate F-Asn utilization by any organism; additional cross-corroborating
methods (MS, biochemical assays) will certainly help minimize false positives. Growth in
minimal medium containing F-Asn is a quick and easy test but does not work for
auxotrophs (e.g., all of the Clostridium species, some Salmonella serovars, and K.
pneumoniae subsp. rhinoscleromatis, tested here). Interestingly, while Salmonella grows
as well on F-Asn as it does on glucose (16, 19), Klebsiella and Citrobacter strains do not
grow as well on F-Asn as they do on glucose. It is not clear why their metabolism does
not allow them to grow as rapidly on F-Asn as they do on glucose. The presence of
F-Asn utilization genes in Klebsiella and Citrobacter genomes is also not uniform. For
example, some C. freundii genomes contain the fra genes, while others do not.
Consistent with this, we have one C. freundii isolate that can utilize F-Asn and two
isolates that cannot.

The results presented here expand our understanding of the diversity of microbes
that can utilize F-Asn. Because F-Asn is toxic to a fraB mutant due to the accumulation
of 6-P-F-Asp, FraB is a promising drug target (18, 19). A combination of F-Asn and a FraB
inhibitor should be able to inhibit Salmonella growth in vivo. Here, we have determined
that this therapeutic approach would have the advantage of being fairly specific to
Salmonella and would not destroy large numbers of species within the gastrointestinal
tract. Species-specific drugs are becoming important as we better recognize the undue
consequences of broad-spectrum antibiotics. The Klebsiella species that can utilize
F-Asn are unlikely to be present in a patient undergoing therapy for a Salmonella
infection; even if they were present, their elimination by a FraB inhibitor is unlikely to
pose ill effects. However, adverse consequences are possible from depleting Clostridium
species, which are key and essential players of gut homeostasis. If developed, the
effects of FraB inhibitors on the microbiota would need to be determined. Additionally,
it may be possible to develop inhibitors that specifically target Salmonella FraB and not
the homologs from Clostridium and other organisms.

MATERIALS AND METHODS
Bacterial strains and growth. Salmonella, Klebsiella, and Citrobacter strains were routinely grown

aerobically in LB broth (Fisher BioReagents) or on agar plates with the addition of 1.5% (wt/vol) agar
(Fisher BioReagents), except for toxicity assays that were performed in tryptic soy broth (TSB; Becton
Dickinson). Chloramphenicol (Cam) or kanamycin (Kan) was added at 30 or 50 �g/ml, respectively.
Clostridium strains were routinely grown anaerobically on tryptic soy agar with 5% (vol/vol) sheep blood
(TSA IITM plates; Becton Dickinson) or in TSB supplemented with 5% (vol/vol) defibrinated sheep blood
(Remel). Anaerobic conditions utilized a Bactron 1 anaerobic chamber containing 90% N2, 5% CO2, and
5% H2 (Shel Lab). Media for the growth of anaerobes were degassed in the anaerobic chamber for 24 h
prior to use. For growth studies using minimal medium, we used the recipe described by Bender et al.
(26) supplemented with 5 mM NH4Cl and either 5 mM glucose or 5 mM F-Asn as the sole carbon source.
Growth assays at 37°C were performed in a 96-well clear-bottom plate, and the optical density at 600 nm
was recorded every hour over a 15-h period using a SpectraMax M5 microplate reader (Molecular
Devices). Data were analyzed using the SoftMax Pro 6.1 software.

Synthesis of fructose-aspartate, fructose-asparagine, and [13C]fructose-asparagine. Fructose-
aspartate and fructose-asparagine were synthesized as described previously (27). 13C-labeled fructose-
asparagine was made in a manner similar to the unlabeled counterpart, except for the use of glucose
uniformly labeled with 13C (Cambridge Isotope Laboratories).

Fructose-asparagine toxicity assay. Clostridium strains were subcultured 1:50 into 5 ml TSB
supplemented with 5% (vol/vol) sheep blood and 5 mM F-Asn, and then they were grown standing at
37°C for 48 h in an anaerobic chamber. Salmonella and Klebsiella strains were subcultured 1:50 into 5 ml
TSB (without sheep blood) for 16 h in a roller drum within a 37°C incubator. This spent culture was then
tested for the presence of F-Asn. First, 50 �l was removed for enumeration of CFU by dilution plating (to
confirm that the organism of interest did indeed grow); then, another 0.5-ml aliquot was withdrawn for
mass spectrometry. The remainder of the spent-culture supernatant was then used for a competition
experiment between wild-type and fraB mutant Salmonella strains (JLD1214 and HMB206, respectively);
107 CFU of each strain was mixed together, added to the culture supernatant, and incubated standing
at 37°C for 24 h in an anaerobic chamber (for Clostridium strains) or rolling at 37°C for 16 h in a roller drum
within a 37°C incubator (for Salmonella and Klebsiella strains). The wild-type and mutant strains were
enumerated by plating on LB plus Cam and LB plus Kan. The log competitive index (logCI) was calculated
by log([CFU of mutant recovered/CFU of WT recovered]/[CFU mutant input/CFU WT input]). If the mutant
is defective compared to the wild type, it should have a logCI of �0. Because Klebsiella pneumoniae 342
was resistant to chloramphenicol and Citrobacter rodentium DBS 210 was resistant to kanamycin, their
culture supernatants were clarified by centrifugation at 5,000 � g for 10 min at 4°C and filter sterilized
prior to the addition of the wild-type and the fraB mutant Salmonella competition strains.
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Identifying Fra homologs. We used BLASTP with FraB (accession no. WP_010989080.1), FraD
(accession no. WP_000028429), and FraE (accession no. WP_000702755.1) of Salmonella enterica serovar
Typhimurium strain LT2 (accession no. NC_003197.1) as queries and an E value of �1e�20 (for FraB and
FraD) or �1e�10 (for FraE) (20) to identify Salmonella homologs from the Human Microbiome Reference
Genomes Database (HMRGD). Using the same search criteria and E value cutoffs, we also mined
metagenomes from 3 CBA/J mouse metagenomes (NCBI BioProject PRJNA348350) and non-host-
associated systems in the Integrated Microbial Genomes-Joint Genome Institute (IMG-JGI) database (July
2017) (28). The recovered homologs were linked to their corresponding genome and taxonomic
information (Table S1).

Phylogenetic analyses. FraB, FraD, and FraE proteins were included in phylogenetic analyses only
if the isolate genome encoded all three. Individual Fra proteins were aligned using MUSCLE (version
3.8.31) and then manually curated to remove end gaps and ambiguously aligned regions (29). Phylo-
genetic trees were first constructed individually, prior to concatenation of the curated FraB and FraD
alignments, while the FraE phylogenetic analysis remained separate. In the concatenated FraBD phylo-
genetic analyses, we also included FraB and FraD from CBA/J mouse metagenomes if they were located
on the same scaffold. The concatenated FraBD alignments and individual FraE alignments were run
through ProtPipeliner, a python script developed in-house for the generation of phylogenetic trees
(https://github.com/rwolfe45/Protpipeliner). Briefly, alignments were first curated with low-level editing
by gBlocks, followed by evolutionary model selection by ProtTest (30, 31). A maximum likelihood
phylogenetic tree for the concatenated FraBD alignment and the FraE alignment was conducted using
RAxML version 6.0.2 under the LG model of evolution, with 100 bootstrap replicates (32). Phylogenetic
trees were visualized in iTOL (33).

Measurement of F-Asn concentration in culture media. Prior to the addition of the Salmonella
competition strains for the F-Asn toxicity assay, 1-ml aliquots were removed from the cultures and
centrifuged at 19,000 � g for 1 min, and the supernatant was stored at �80°C until use. For MS analysis,
the supernatant was thawed on ice, and 100 �l was transferred to a 1.5-ml microcentrifuge tube,
followed by the addition of 500 �l of chilled methanol and 490 �l of water spiked with 100 nmol
[13C]F-Asn. After being vortexed and centrifuged at 14,800 � g for 1 h, the supernatant was transferred
to a new 1.5-ml microcentrifuge tube, frozen, and lyophilized. Before MS analysis, these dried pellets
were resuspended in 500 �l of water and further diluted 100-fold with 4:1 acetonitrile– 0.1% (vol/vol)
formic acid (liquid chromatography-MS [LC-MS] grade; Thermo Scientific) and then filtered using a
0.2-�m-pore-size polytetrafluoroethylene (PTFE) filter (Thermo Scientific). The flowthrough was further
diluted 5-fold before analysis by LC-MS. A nanoACQUITY ultraperformance LC (UPLC) system (Waters,
Milford, MA) with a UPLC M-class BEH 130 amide column (75 �m by 150 mm, 1.7 �m; Waters) was
coupled to a triple quadrupole mass spectrometer (Waters Xevo TQ-S) for F-Asn quantification. Buffer A
(0.1% formic acid in water with 10% acetonitrile) and buffer B (0.1% formic acid in acetonitrile) were used
for elution, which started with 80% B for 6 min, followed by a gradient of 6 to 20 min, 80 to 50% B; 20
to 26 min, 50% B; 26 to 28 min, 50 to 80% B; and 28 to 35 min, 80% B (flow rate, 0.75 �l/min). The mass
spectrometer was operated in positive ion nano-electrospray ionization mode (nano-ESI�), with a
capillary voltage of 3.5 kV, source temperature of 70°C, cone voltage of 2 V, and source offset of 2 V. The
gas flow rate for the collision cell was 0.15 ml/min. The transition m/z 295 ¡ 211 of F-Asn with collision
energy 13 eV was selected for quantitation, and the m/z 301 ¡ 216 of [13C]F-Asn with collision energy
13 eV was used for normalization. Skyline-daily (version 3.5; MacCoss Lab, Department of Genome
Sciences, University of Washington, Seattle, WA, USA) was used for calculating the peak area of
transitions. The limit of detection (LOD) was calculated as 3.3 � (the standard deviation of the
intercept/the slope), with the intercept and slope derived from a standard curve based on a series of
F-Asn concentrations spiked into the growth medium.

Preparation of Klebsiella extracts. Klebsiella oxytoca (ATCC 13182) and Klebsiella planticola (ATCC
33531) crude extracts were prepared using essentially the protocol described in reference 19. These
strains were grown in 5 ml LB with or without 5 mM F-Asn for 16 h at 37°C with shaking. The cells were
harvested by centrifugation (5,000 � g at 4°C), washed with 1.5 ml water, and resuspended in 300 �l of
25 mM HEPES (pH 7.5) and 0.1 mM phenylmethylsulfonyl fluoride. Cells were then lysed by sonication
(50% output power for 60 s, with cycles of 2 s on and 5 s off in an ultrasonic processor; Cole-Parmer) and
centrifuged at 13,000 � g for 20 min at 4°C to obtain the crude lysates, which were dialyzed against 25
mM HEPES (pH 7.5) at 4°C, with two changes over 60 min. These crude extracts were then used for
enzyme and protein (Bradford) assays.

Enzyme assays. While the assay protocols used mirrored those described in reference 19, there were
some notable differences, including the use of a continuous rather than a discontinuous assay to
determine the initial velocities. All assays were carried out at 37°C in a 20-�l total reaction volume. To
measure the FraB deglycase activities in the crude extracts, a glucose-6-phosphate dehydrogenase
(G6PD)-based coupled enzyme assay was employed. The NADPH produced by the G6PD was taken as a
direct readout of the glucose-6-phosphate (G6P) produced by FraB. The 20-�l FraB reaction mixture
contained 1 mM 6-P-F-Asp, 25 mM HEPES (pH 7.5), 5 mM MgCl2, 0.1 mM EGTA, and 0.5 mM NADP�. To
measure FraD kinase activity, we exploited a G6PD–FraB-based coupled assay. The 20-�l reaction mixture
for the kinase assay contained 1 mM fructose-aspartate (F-Asp), 25 mM HEPES (pH 7.5), 25 mM KCl, 1 mM
MgCl2, 1 mM dithiothreitol, 1 mM ATP, 0.1 mM EGTA, 0.5 mM NADP�, and 0.3 �M recombinant FraB
(Sengupta and Gopalan, unpublished data).

In the case of FraB, 12 �l of crude extract was added to the 6.5-�l reaction mixture and incubated
at 37°C for 4 min; for FraD, we determined that better reproducibility resulted when the crude extract
and reaction mixture were preincubated separately for 4 min at 37°C prior to the addition of G6PD. In
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both instances, the addition of 1.5 �l baker’s yeast G6PD (100 U/ml; catalog no. G6378; Sigma), which had
been preincubated separately at 37°C for 4 min, enabled continuous spectrophotometric readout. From
the 20-�l reaction mixture that was assembled, 18 �l was immediately transferred to a 384-well
microplate, and the absorbance at 340 nm was monitored in real time using a SpectraMax M5 (Molecular
Devices) microplate reader (integration time, 1,000 ms; settle time, 300 ms). Linear regression analysis of
NADPH generated as a function of time was used to calculate the initial velocity (0.97 � r2 � 0.998; Excel).

The blanks for the FraB and FraD assays included all the assay components except the corresponding
substrates, thus accounting for residual G6P in the crude extract that was being tested. One unit of
activity is defined as the amount of enzyme catalyzing the formation of 1 �mol NADPH per min; specific
activities (units per milligram) were calculated using the protein amount determined by the Bradford
assay. The mean and standard errors of the specific activities were calculated from a total of six
measurements, with two independent assays using crude extracts prepared from three separate cultures.
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