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ABSTRACT The ability of Enterococcus faecalis to use a variety of carbon sources enables
colonization at various anatomic sites within a mammalian host. N-Acetylglucosamine
(GIcNAC) is one of the most abundant natural sugars and provides bacteria with a source
of carbon and nitrogen when metabolized. N-Acetylglucosamine is also a component of
bacterial peptidoglycan, further highlighting the significance of N-acetylglucosamine utili-
zation. In this study, we show that CcpA-regulated enzymes are required for growth on
the poly-B1,4-linked GIcNAc substrate, chitopentaose (31,4-linked GIcNAc;). We also show
that EFO114 (EndoE) is required for growth on chitobiose (31,4-linked GIcNAC,) and that
the GH20 domain of EndoE is required for the conversion of GIcNAc, to N-acetylglucos-
amine. GIcNAc is transported into the cell via two separate phosphotransferase system
(PTS) complexes, either the PTS IICBA encoded by ef1516 (nagE) or the Mpt glucose/man-
nose permease complex (MptBACD). The Mpt PTS is also the primary glucosamine trans-
porter. In order for N-acetylglucosamine to be utilized as a carbon source, phosphorylated
N-acetylglucosamine (GIcNAc-6-P) must be deacetylated, and here, we show that this ac-
tivity is mediated by EF1317 (an N-acetylglucosamine-6-phosphate deacetylase; NagA
homolog), as a deletion of ef1377 is unable to grow on GIcNAc as the carbon source.
Deamination of glucosamine to fructose-6-phosphate is required for entry into glycolysis,
and we show that growth on glucosamine is dependent on EF0466 (a glucosamine-6-
phosphate deaminase; NagB homolog). Collectively, our data highlight the chitinolytic ma-
chinery required for breaking down exogenous chitinous substrates, as well as the uptake
and cytosolic enzymes needed for metabolizing N-acetylglucosamine.

IMPORTANCE Enterococcus faecalis causes life-threatening health care-associated infections
in part due to its intrinsic and acquired antibiotic resistance, its ability to form biofilms, and
its nutrient versatility. Alternative nutrient acquisition systems are key factors that contribute
to enterococcal colonization at biologically unique host anatomic sites. Although E. faecalis
can metabolize an array of carbon sources, little is known of how this bacterium acquires
these secondary nutrient sources in mammalian hosts. Our research identifies the glycosi-
dase machinery required for degrading exogenous chitinous substrates into N-acetylglucos-
amine monomers for transport and metabolism of one of the most abundant naturally
occurring sugars, N-acetylglucosamine. Disrupting the function of this N-acetylglucosamine
acquisition pathway may lead to new treatments against multidrug-resistant enterococcal
infections.

KEYWORDS N-acetylglucosamine, GIcNAc, CcpA, glycosyl hydrolase, GH18 family,
GH20 family, metabolism, Enterococcus faecalis, chitin

nterococcus faecalis is a Gram-positive commensal that primarily inhabits the mucosa
of human gastrointestinal tracts and the oral cavity (1). However, enterococci have
emerged as a hospital-adapted, multidrug-resistant (MDR) pathogen that now ranks second
on the list of causative agents of disease in health care settings in the United States (2-4).
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This opportunistic, nosocomial pathogen causes a variety of infections, including endocardi-
tis, bacteremia associated with central-line catheters, surgical site infections, and catheter-
associated urinary tract infections (CAUTI) (4). The ability of E. faecalis to colonize these host
anatomic sites is, in part, governed by its ability to metabolize secondary carbon sources in
nutrient-poor host environments (1, 5). Although E. faecalis can metabolize approximately
70 different carbon sources (6), little is known of the metabolic machinery required for the
uptake and utilization of these substrates.

N-Acetylglucosamine (GIcNAc) is a monosaccharide derivative of glucose that is an
important carbon and nitrogen source for several bacteria (7-12). Additionally, this
amino sugar is a structural component of bacterial peptidoglycan (13, 14), the cell walls
of fungi (15), and the exoskeleton of arthropods (16). N-Acetylglucosamine is the
monomeric unit of the second most abundant natural polysaccharide, chitin, which is
a linear polymer of B-1,4-linked GIcNAc (17, 18). Chitin also provides prebiotic and anti-
oxidant properties when consumed as a source of insoluble fiber (19-21). Bacteria
have evolved specific machinery to efficiently degrade chitin and GIcNAc-containing
substrates, including chitinases and chitin-binding proteins (CBPs) with lytic polysac-
charide monooxygenase activity (22). Recent evidence indicates that chitinases serve
as virulence factors for bacterial pathogens during infection of mammalian hosts (23,
24). Although chitin is not naturally present in mammalian hosts, the biological role of
bacterial chitinases during infection has been characterized from bacterial pathogens,
such as Listeria monocytogenes (25, 26) and Legionella pneumophila (27), suggesting
that additional substrates for these chitinases likely exist in mammalian hosts. Recent
observations indicate that chitinases produced by Salmonella and Listeria also have specific-
ity toward LacNac (Gal 81-4GIcNAc) and LacdiNAc (GalNAc 31-4GlcNAc) sugar linkages pres-
ent in mammalian N- and O-linked glycans, glycolipids, and glycosaminoglycans (24, 28).
Although chitinolytic machinery has been identified in E. faecalis (29, 30), little is known of
how it contributes to enterococcal metabolism and overall pathogenesis.

Based on observations from Vaaje-Kolstad et al. (30), all currently available enterococ-
cal genomes contain an enzymatic system for cleaving chitin, chitobiose, and extracellu-
lar GIcNAc. Vaaje-Kolstad et al. show by analogy with other known microbial chitinolytic
systems that EF0362 and EF0361 (EfCBM33A and EfChi18A, respectively) act synergisti-
cally to depolymerize poly-N-acetylglucosamine (poly-GIcNAc) substrates into GIcNAc,
dimers (30). EFCBM33A is a copper-dependent enzyme that cleaves chitin via an oxida-
tive mechanism and belongs to a growing number of lytic polysaccharide monooxyge-
nases (22). EfChi18A is a glycosyl family 18 hydrolase and possesses chitinolytic activity
and is homologous to the related ChiA enzyme in L. monocytogenes (25).

It was of interest to determine the enzyme(s) responsible for converting GIcNAc, to
GIcNAc monomers as well as the transport system(s) required for GIcNAc and glucosa-
mine (GlcN) importation. Entry of phosphorylated GIcNAc into glycolysis requires
deacetylation and deamination into fructose-6-phosphate. We predicted the E. faecalis
homologs responsible for these activities and provide further characterization of their
function in the use of GIcNAc as a key carbon source.

RESULTS

The deletion of the enterococcal chitinase and chitin-binding protein, ef0362-
61, impacts growth on a poly-$1,4-N-acetylglucosamine substrate. Based on the
observations that recombinant EF0362 (EfCBM33A) and EF0361 (EfChi18A) act synergistically
to hydrolyze poly-31,4-N-acetylglucosamine substrates into 31,4-GIcNAc, oligomeric dimers
(30), it was of interest to assess whether the deletion of ef0362-61 impacted growth with a
poly-B1,4-GIcNAc substrate as the sole carbon source. Since the enterococcal chitinase and
chitin binding protein are encoded in a single operon and both are involved in the degrada-
tion of chitinous substrates, we therefore constructed the ef0362-61 deletion mutant, where
we removed the entire operon from the E. faecalis V583 genome. Since EF0361 is one of
three glycosyl hydrolases encoded in the E. faecalis V583 genome that belong to the glyco-
syl hydrolase family 18 (GH18) (29, 31-33), we also assessed single deletion mutants of
ef0114 and ef2863, as well as a triple glycosidase mutant (Aef0114 Aef0362-61 Aef2863) for
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FIG 1 Growth of E. faecalis in CDM supplemented with 10 mM chitopentaose (GIcNAc,). Each graph shows
the average from three biological replicates, with three technical replicates each time (n = 9). The statistical
significance was calculated using a two-way analysis of variance (ANOVA) test. ***, P < 0.0001.

their ability to utilize chitopentaose (81,4-GIcNAc;) as the sole carbon source in a chemically
defined medium (CDM) (34, 35). The deletion of ef2863 did not impact growth when chito-
pentaose was present as the sole carbon source. However, the deletion of ef0362-61 or
ef0114 significantly impacted growth relative to the parental strain (Fig. 1). Theses pheno-
types are complementable as the ef0362-61 genetic revertant, and the ef0774 complement
grew equivalently to the parental strain. This indicates that the ability of E. faecalis to sustain
growth on poly-B1,4-N-acetylglucosamine substrates is dependent on the activity of
EF0362-61 and EF0114.

EF0114 is responsible for degrading 31,4-GIcNAc, into GIcNAc prior to importation
into the bacterial cell. Vaaje-Kolstad et al. (30) proposed that an essential component
of the chitinolytic machinery to metabolize chitinous substrates is a secreted glycosyl
hydrolase that would be responsible for cleaving B1,4-GIcNAc, into GIcNAc, prior to
the transport of the amino sugar into the cell. Possible glycosyl hydrolase candidates
for degrading B1,4-GIcNAc, into GIcNAc are EFO114 and EF2863, as both are capable
of cleaving B1,4-linked GIcNAc glycosidic bonds (31-33, 36). Since the expression of
ef0114 and ef2863 are negatively regulated by CcpA (33), we hypothesized that culture
supernatant from a ccpA mutant would hydrolyze the fluorogenic B1,4-GIcNAc,
analogue, 4MU-methylumbelliferyl- 3-p-N-acetylglucosamine (4-MU-GIcNACc), resulting
in an increase in fluorescence due to the release of the fluorogenic product after
enzymatic cleavage. To assess this hypothesis, supernatants were collected from the
E. faecalis V583 wild-type strain and the ccpA mutant strain grown overnight in CDM
supplemented with 42 mM glucose to ensure glucose-replete conditions during
growth (33). The filtered supernatants were subsequently incubated with 4-MU-GIcNAc
to assess glycosidase activity. As shown in Fig. 2A, the ccpA mutant supernatant pos-
sesses significant chitinolytic activity against the fluorogenic B1,4-GIcNAc, analogue
relative to filtered supernatant collected from the parental strain.

To determine which of the CcpA-regulated glycosyl hydrolases is responsible for degrad-
ing B1,4-GIcNACc, to GIcNAC, supernatants were also collected from various glycosyl hydro-
lase deletion mutants in the ccpA mutant background grown overnight in CDM supple-
mented with glucose (42 mM). Figure 2A illustrates that only the deletion of ef0774 results in
the elimination of chitinolytic activity against the fluorogenic 31,4-GIcNAc, analogue relative
to the ccpA mutant supernatant. The phenotype associated with the various ef0774 mutants
was corroborated by assessing the AccpA Aef0114:ef0114 complement strain under the
same 4MU-GIcNAc assay conditions (Fig. 2A). Incubating the fluorogenic 4MU-GIcNAc sub-
strate with the AccpA Aef0114:ef0114 complement supernatant resulted in the restoration
of glycosidase activity against this substrate. The data indicate that EF0114 is responsible for
degrading extracellular 81,4-GIcNAc, into GIcNAc.

Because EF0114 displays activity against the fluorogenic 1,4-GIcNAc, analogue, it
was of interest to assess the ability of the ef0774 genetic mutant to sustain growth
with GIcNAG, as the sole carbon source. We assessed the growth of single deletions of
ef0114, ef0362-61, and ef2863 and the parental V583 strain in CDM supplemented with
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FIG 2 (A) Chitinolytic activity from culture supernatants were measured by determining the ability to hydrolyze the fluorogenic substrate 4MU-
methylumbelliferyl- 3-p-N-acetylglucosamine (GIcNAc, analogue). Chitinolytic activity is expressed as relative fluorescence emitted at 485 nm by the
absorbance of the culture at ODg,,. Each graph shows the average from three biological replicates, with three technical replicates each time (n = 9). The
statistical significance was calculated using an unpaired t test; ***, P < 0.0001. (B) Growth of E. faecalis in CDM supplemented with 10 mM chitobiose
(GIcNAG,). Each graph shows the average from three biological replicates, with three technical replicates each time (n = 9). The statistical significance was
calculated using a two-way ANOVA test; ***, P < 0.0001. (C) Representation of the EF0114 domain structure. The putative signal peptide sequence is
located between amino acid residues 1 and 56. The GH18 catalytic domain, described as «, is located between amino acid residues 56 and 323, with the
GH18 DXXDXDXE catalytic motif located between amino acid residues 179 and 186. The uncharacterized linker region is described as the B domain
(between amino acid residues 323 and 492). The GH20 domain (j) is located between amino acid residues 492 and 835. Listed above the EF0114 domain
schematic are representations of the various EF0114 recombinant domain variants used in panel D. (D) Chitinolytic activity of purified recombinant EFO114
variants against the fluorogenic substrate 4MU-methylumbelliferyl-B-p-N-acetylglucosamine (GIcNAc, analogue). Chitinolytic activity is expressed as the
fluorescence emitted at 485 nm. Each graph shows the average from three biological replicates, with three technical replicates each time (n = 9). The
statistical significance was calculated using an unpaired t test; ***, P < 0.0001.

10 mM GIcNAc,. The deletion of ef01174 significantly impacts growth on this substrate
relative to the parental strain (Fig. 2B), whereas growth of ef0362-67 and ef2863 were
unchanged relative to V583 (Fig. 2B), further highlighting that EFO114 is principally re-
sponsible for hydrolyzing dimers of GIcNAc into its monomeric form.

The GH20 domain of EF0114 is responsible for degrading 31,4-GIcNAc, into
GIcNAc monomers. EF0114 possesses two catalytic domains, an N-terminal GH18 do-
main and a C-terminal GH20 domain (Fig. 2C). The GH18 domain of EF0114 has been
previously characterized for deglycosylating complex glycoproteins, such as IgG and
lactoferrin, by hydrolyzing the Asn-attached chitobiose (B-1,4-GIcNAC,) (33, 36). On the
other hand, glycosyl hydrolases that possess a GH20 catalytic domain are predicted to
cleave either nonreducing B-1,4- or B-1,6-glycosidic bonds between two adjacent
N-acetylglucosamine moieties (37-39). Because EF0114 possess both a GH18 and a
GH20 catalytic domain, we assessed individual recombinant domain constructs as well
as two site-directed mutants for their ability to cleave the fluorogenic B1,4-GIcNAc,
analogue, 4MU-GIcNAc. The GH18 domain of EF0114 is referred to as EF0114 «,

November 2021 Volume 203 Issue 21 €00371-21 jb.asm.org 4


https://jb.asm.org

Metabolism of GIcNAc by Enterococcus faecalis

whereas the GH20 domain is referred to as EF0114 y(33) (Fig. 2C). The central linker do-
main was termed EF0114 B due to its secondary structure and therefore was evaluated
to determine if it contributed to overall enzymatic activity (33) (Fig. 2C). Enzymatic ac-
tivity of recombinant EFO114 domains against the fluorogenic 4MU-GIcNAc substrate
shows that protein constructs containing the GH20 catalytic domain (EFO114 vy or
EF0114 B+1) possess glycosidase activity against the 31,4-GIcNAc, analogue (Fig. 2D).
In contrast, EFO114 domain variants possessing the GH18 domain did not result in gly-
cosidase activity against 4MU-GIcNAc (Fig. 2D). Additionally, the replacement of a key
glutamate residue involved in the proton transfer during hydrolysis within the GH20
domain of EFO114 with a glutamine (EFO114 E662Q) results in the elimination of glyco-
sidase activity against the 4MU-GIcNAc substrate relative to native EFO114 (Fig. 2D),
highlighting the important role of the GH20 domain in the enzymatic activity to de-
grade GIcNAG, into GIcNAc monomers. In contrast, the replacement of a key enzymatic
residue in the GH18 domain (EFO114 E186Q) retained glycosidase activity toward the
4MU-GIcNACc substrate (Fig. 2D).

Importation of GIcNAc is mediated through the Mpt PTS complex and EF1516.
The uptake of N-acetylglucosamine has previously been studied in various Gram-posi-
tive bacteria, such as Bacillus subtilis, Streptococcus mutans, and Streptococcus pneumo-
niae (9, 10, 12, 40, 41). In S. mutans and S. pneumoniae, the glucose/mannose-specific
Ell permease (ManLMN) is capable of transporting a variety of carbohydrates, including
glucose and mannose, but also has shown specificity for galactose, N-acetylglucos-
amine, and glucosamine (12, 40, 41); however, NagP (phosphotransferase system [PTS]
EIICB) has been shown to be the main transporter of N-acetylglucosamine in B. subtilis
(9, 10). It was of interest to identify the homologs of both the ManLMN PTS and NagP
in E. faecalis V583. The MptBACD PTS in E. faecalis shares extensive sequence similarity
with ManLMN in S. mutans (12, 40) and has been characterized as the primary glucose
transporter and sole mannose transporter in E. faecalis (42, 43). In E. faecalis, ef1516
encodes a IICBA PTS and shares approximately 41% amino acid sequence identity and
55% sequence similarity with NagE (PTS IICBA) from Escherichia coli (44). EF1516 also
shares 41% sequence identity and 60% sequence similarity with NagP (EIICB) in B. sub-
tilis (9, 10). The major difference between EF1516 and NagP from B. subtilis is the pres-
ence of a PTS EIlA domain in EF1516 that is absent from NagP.

To address whether the enterococcal Mpt PTS and/or EF1516 are responsible for the
importation of N-acetylglucosamine, single in-frame deletions of the mptBACD operon
and ef1516, as well as the AmptBACD Aef1516 double deletion mutant, were grown in
CDM supplemented with N-acetylglucosamine (10 mM) as the sole carbon source (Fig.
3A). As shown in Fig. 3A, the deletion of either mptBACD or ef1516 does not impede the
overall growth relative to the parental strain in CDM with N-acetylglucosamine as the
principal carbon source. However, a double deletion mutant of mptBACD and ef1516
results in a significant attenuation in growth relative to that of the parental or single
transporter deletion mutants. Individual gene complements from the double deletion
background (AmptBACD Aef1516:mptBACD and AmptBACD Aef1516:ef1516) fully
restored growth, demonstrating that either PTS can functionally transport GIcNAc. To as-
certain that the poor growth of the AmptBACD Aef1516 mutant cannot be rescued by
increasing the concentration of N-acetylglucosamine, we also grew cells in CDM with
100 mM GIcNAc. Figure 3B illustrates that increasing the concentration of N-acetylglucos-
amine does not rescue the growth defect of the AmptBACD Aef1516 mutant. Collectively,
this indicates that E. faecalis is capable of importing N-acetylglucosamine via two sepa-
rate PTS complexes, the Mpt PTS complex and EF1516. Here, EF1516 is referred to as
NagE, based on the full-length sequence similarity with the E. coli NagE homolog.

The Mpt PTS is the primary glucosamine (GlcN) transporter in E. faecalis. It was of
interest to determine the transport machinery for the uptake of glucosamine (GIcN) in E.
faecalis. Because the enterococcal NagE and Mpt PTS complexes are responsible for
importing N-acetylglucosamine into the bacterial cell, we hypothesized that they also
play a role in the uptake of glucosamine. To assess this hypothesis, the AmptBACD mu-
tant, the Aef1516 mutant, and the AmptBACD Aef1516 double mutant were grown in
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FIG 3 Growth of E. faecalis in CDM supplemented with 10 mM GIcNAc (A) or 100 mM GlcNAc (B). Each
graph shows the average from three biological replicates, with three technical replicates each time (n = 9).
The statistical significance was calculated using a two-way ANOVA test; ***, P < 0.0001.

CDM supplemented with 10 mM glucosamine. Figure 4A illustrates that the deletion of
the mptBACD PTS operon eliminates growth with 10 mM glucosamine as the sole carbon
source relative to the growth of the parental strain and the mptBACD genetic revertant
strain. There was no significant difference in growth between the Aef1576 mutant rela-
tive to the parental strain in CDM with 10 mM glucosamine (Fig. 4A). In contrast to the
growth assessment in 10 mM GIcN, the growth defect of the mptBACD mutant is partially
rescued by increasing the concentration of glucosamine to 100 mM (Fig. 4B), suggesting
that an additional transporter contributes to GIcN uptake at high concentrations. This
partial rescue is lost in the double deletion mutant of mptBACD and ef1516 (nagE).
Complementation of the double mutant with nagE partially restores growth to levels
similar to that observed in the mptBACD mutant (Fig. 4B). The growth defect associated
with the double mutant (AmptBACD Aef1516) in CDM with 100 mM GlcN is fully comple-
mentable with mptBACD, as the AmptBACD Aef1516:mptBACD strain grew similarly to
that of the parental strain. Collectively, these results indicate that although NagE has
some specificity for importing glucosamine at high concentrations, the Mpt PTS complex
is the primary transport system for the uptake of glucosamine in E. faecalis.

Growth on N-acetylglucosamine is dependent on EF1317, an N-acetylglucosamine-
6-phosphate deacetylase (NagA) homolog. After PTS-mediated importation of GIcNAc
into the cell via either the Mpt PTS complex or NagE, deacetylation of the phosphorylated
sugar (GIcNAc-6-P) would be required prior to the conversion into fructose-6-phosphate
(Fru-6-P). As observed in numerous bacteria, the enzyme responsible for deacetylating
N-acetylglucosamine-6-phosphate is the N-acetylglucosamine-6-phosphate deacetylase
(GIcNAc-6-P deacetylase), also referred to as NagA (7, 45-47). A predicted homolog of
NagA in E. faecalis is encoded by ef1317 and shares approximately 63% amino acid
sequence identity and 77% sequence similarity with NagA in S. pneumoniae (7). We there-
fore constructed a deletion mutant of ef1377 and assessed its growth in CDM supple-
mented with N-acetylglucosamine (10 mM). Figure 5A shows that the deletion of ef13717
eliminated the ability of E. faecalis to grow in CDM supplemented with 10 mM GIcNAc and
that this phenotype is complementable, as the ef1377 complement strain restored growth
equivalent to that of the parental strain. The growth of the ef1377 mutant can also be
experimentally rescued by growing this mutant in CDM supplemented with glucosamine
(Fig. 5B).
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FIG 4 Growth of E. faecalis in CDM supplemented with 10 mM GIcN (A) or 100 mM GIcN (B). Each graph
shows the average from three biological replicates, with three technical replicates each time (n = 9). The
statistical significance was calculated using a two-way ANOVA test; ***, P < 0.0001.

Growth on glucosamine is dependent on the activity of EF0466, a glucosamine-
6-phosphate deaminase (NagB) homolog. Following deacetylation of GIcNAc-6-P
into GIcN-6-P, an additional reaction is required before the amino sugar is funneled
into the glycolysis pathway. This reaction entails the conversion of GIcN-6-P to fruc-
tose-6-phosphate (Fru-6-P) by the glucosamine-6-phosphate deaminase (GIcN-6-P de-
aminase), referred to as NagB (7, 45, 48). The NagB homolog in E. faecalis was identified
as EF0466, as it shares 60% amino acid sequence identity and 78% sequence similarity
with NagB of S. pneumoniae (7). When grown in CDM supplemented with glucosamine
(10 mM), the deletion of ef0466 results in a significant decrease in growth relative to
the parental and complement strains (Fig. 6A). The growth defect associated with the
ef0466 mutant when grown in glucosamine can be restored by growing this mutant in
CDM supplemented with fructose (Fig. 6B), highlighting that pathways downstream of
the glucosamine to fructose-6-phosphate remain undisturbed.

DISCUSSION

The plethora of functionally encoded sugar transport systems in the E. faecalis ge-
nome emphasizes the importance of carbohydrate utilization and confers an advantage
to survive in nutrient-varying host environments. Although glucose is the preferred car-
bon source for bacteria, this carbohydrate is often present at concentrations that are
growth limiting for most bacteria, including enterococci (49, 50). Extensive studies have
been performed regarding the regulation of secondary nutrient acquisition systems that
allow E. faecalis to survive in glucose-limiting environments (42, 51, 52). In Gram-positive
bacteria, the transcriptional regulator CcpA plays a key role in regulating the expression
of alternative nutrient acquisition systems via carbon catabolite repression (CCR) (42, 53,
54). Previously, the GH18 containing enterococcal glycosyl hydrolases (EFO114 [EndoE],
EF0361 [EfChi18A], and EF2863 [EfEndo18Al) and the enterococcal chitin-binding pro-
tein/lytic polysaccharide monooxygenase (EF0362 [EfCBM33A]) were not only found to
be significantly expressed in the absence of glucose and secreted (42), but were also
found to be negatively regulated by CcpA (33). Their enzymatic activity was also previ-
ously assessed, and these studies revealed that they have enzymatic specificity toward
the B1,4-linked N-acetylglucosamine glycosidic bond present in chitinous substrates (30)
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FIG 5 Growth of E. faecalis in CDM supplemented with 10 mM GIcNAc (A) or 10 mM GIcN  (B). Each graph
shows the average from three biological replicates, with six technical replicates each time (n = 18). The
statistical significance was calculated using a two-way ANOVA test; ***, P < 0.0001.

and glycoproteins (high-mannose and complex-type glycoproteins) (32, 33, 36), suggest-
ing that they are involved in acquiring alternative carbon sources under glucose-limiting
conditions. The genes encoding these enzymes have also been shown to be induced
when E. faecalis is grown in blood or urine (51, 52), consistent with glucose-limited host
environments.

Previous observations show that the enterococcal chitinase (EF0361; EfChi18A) is
capable of degrading poly-B1,4-linked GIcNAc substrates (i.e, chitin [poly-B1,4-
GlcNAC], chitohexaose [GIcNAc,], chitopentaose [GIcNAC;], chitotetraose [GIcNAc,], or
chitotriose [GIcNAG;]) (30). However, in the presence of its cognate chitin binding pro-
tein/lytic polysaccharide monooxygenase (EF0362; EfCBM33A), EfChi18A degrades chi-
tin five times more efficiently relative to chitin degradation by the chitinase alone (30).
Therefore, EF0362-61 acts synergistically to catalyze the degradation of poly-31,4-
linked GIcNAc substrates. The previous analyses were conducted with recombinant
protein and not in the context of other enterococcal glycosyl hydrolases that have
specificity toward the B-1,4-linked glycosidic bond between two adjoining N-acetylglu-
cosamine moieties. Using genetic mutants of ef0362-61 and the other GH18-containing
glycosyl hydrolases present in the enterococcal genome (ef0774 and ef2863), our analy-
sis suggests that EF0362-61 and EF0114 are required for growth on poly-3-1,4-linked
GIcNACc substrates. It is noteworthy that Vaaje-Kolstad et al. found that EF0362-61 can
only synergistically degrade poly-B-1,4-GlcNAc substrates into dimers of $-1,4-linked
N-acetylglucosamine, indicating that an additional enzyme(s) is required for fully
degrading these poly-3-1,4-GIcNAc substrates into monomers of N-acetylglucosamine
prior to uptake into the bacterial cell. Since EF0114 and EF2863 target B1,4-linked
GIcNAc (31-33), these glycosidases are good candidates for hydrolyzing extracellular
GIcNAc, into GIcNAc prior to importation into the bacterial cell. Based on our analysis
using both genetic mutants and purified recombinant protein, this study revealed that
the GH20 catalytic domain of EF0114 is responsible for cleaving the 1,4-linked glyco-
sidic bond of extracellular chitobiose (B1,4-linked GIcNAc,). To our knowledge, this
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FIG 6 Growth of E. faecalis in CDM supplemented with 10 mM GIcN (A) or 10 mM fructose (B). Each graph
shows the average from three biological replicates, with six technical replicates each time (n = 18). The
statistical significance was calculated using a one-way ANOVA test; ***, P < 0.0001.

would be the first instance in which a precise enzymatic function has been determined
for the GH20 catalytic domain of EFO114. Collectively, these observations indicate that
the degradation of extracellular poly-B1,4-linked GIcNAc-containing substrates is de-
pendent on the enzymatic activity of CcpA-regulated enzymes, EF0362-61 and EF0114.
Recent evidence indicates that chitinases and CBPs secreted by bacterial pathogens,
such as Listeria monocytogenes (25, 26) and Legionella pneumophila (27), serve as viru-
lence factors during infection of mammalian hosts (23, 24). Recent observations indicate
that chitinases produced by Salmonella and Listeria also have specificity toward LacNac
(Gal B1-4GIcNAC) and LacdiNAc (GalNAcB1-4GIcNAc) sugar linkages present in mamma-
lian N- and O-linked glycans, glycolipids and glycosaminoglycans (24, 28). These LacNAc-
and LacdiNAc-containing substrates present in a mammalian host are likely an additional
substrate for bacterial chitinases, and chitinolytic cleavage of these substrates may con-
tribute to bacterial pathogenesis in a host. L. monocytogenes produces two chitinases,
annotated as ChiA and ChiB. Chaudhuri et al. observed that the deletion of chiB resulted
in an approximately 8-fold and 14-fold decrease in bacterial burden in the liver and
spleen, respectively, of infected mice (25). However, the chiA deletion mutant exhibited
a more dramatic virulence defect, as bacterial recovery from the liver and spleen of
infected mice was reduced 19-fold and 45-fold, respectively (25). Using NCBI BLAST, the
ChiA chitinase of L. monocytogenes was found to share approximately 65% sequence
identity and 77% sequence similarity with EF0361 (EfChi18A) produced by E. faecalis. In
contrast, there is no apparent enterococcal homolog of the listerial ChiB chitinase or the
chitinase produced by L. pneumophila. Determining a functional role for EF0362-61 in the
context of mammalian infection by E. faecalis will be a component of ongoing studies.
Although evidence indicates that E. faecalis can utilize N-acetylglucosamine and gluco-
samine as a carbon source (6), little is known of the uptake machinery and cytosolic
enzymes required for the importation and metabolism of these amino sugars. The uptake
of N-acetylglucosamine has previously been studied in various Gram-positive bacteria,
such as Bacillus subtilis (9, 10), Streptococcus mutans (12, 40), and Streptococcus pneumoniae
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(41). In S. mutans and S. pneumoniae, the glucose/mannose-specific Ell permease
(ManLMN) is capable of transporting a variety of carbohydrates, including glucose and
mannose, but also has shown specificity for galactose, N-acetylglucosamine, and glucosa-
mine (12, 40, 41); however, NagP (PTS EIICB) has been shown to be the main transporter of
N-acetylglucosamine in B. subtilis (9, 10). Our study indicates that E. faecalis encodes two
PTS complexes that are involved in the uptake of N-acetylglucosamine, as single deletions
of either the mpt PTS operon or ef1516 did not display a significant change in growth;
however, deletion of ef1516 in the mptBACD mutant background resulted in complete
attenuation of growth in CDM with either 10 mM or 100 mM N-acetylglucosamine. With
respect to glucosamine uptake, the Mpt PTS is the primary transporter for importing glu-
cosamine into the cell, as the deletion of mptBACD resulted in an attenuation in growth
with 10 mM glucosamine as the sole carbon source. However, the PTS encoded by nagE
(ef1516) does have a low affinity toward importing glucosamine into the cell, as increasing
the concentration of glucosamine to 100 mM partially rescued the growth of the
mptBACD mutant, and growth of the AmptBACD Aef1516 double mutant was significantly
impaired relative to that of the AmptBACD mutant alone.

The functional redundancy of two GIcNAc/GIcN transporters in E. faecalis may be attrib-
uted to the fact that components of the Mpt PTS complex are known cellular receptors for
class lla and lic bacteriocins (55). In complex human ecologies such as the oral cavity and
gastrointestinal tract, E. faecalis is likely exposed to such bacteriocins that may inactivate
sugar transport through the Mpt system (56) and therefore limit its metabolic capacity. The
Mpt PTS is the principal glucose transporter and the sole mannose transporter in E. faecalis
(42); additionally, here, we have shown it to be the primary transporter of glucosamine and
a major contributor to GIcNAc uptake. The ability of E. faecalis to take advantage of a dysbi-
otic intestinal microflora may stem from the ability to efficiently transport multiple key host
sugars via the Mpt PTS. The presence of a complex intestinal microflora is known to limit
the growth of E. faecalis (57, 58) and highlights that maintaining this competitive microflora
is a key aspect of disease prevention. Furthermore, we have recently shown that the alter-
native sigma factor, RpoN, is required for mptBACD expression and significantly contributes
to infection outcome in both endocarditis and urinary tract infection models (42), highlight-
ing an important role for sugar metabolism during infection.

For catabolic processing of GIcNAc, the enzymatic function of NagA (N-acetylglu-
cosamine-6-phosphate deacetylase), followed by the activity of NagB (glucosamine-6-
phosphate deaminase) is required to metabolize GIcNAc via glycolysis (7, 45-48). Our
study shows that EF1317 (NagA) and EF0466 (NagB) are essential for E. faecalis to uti-
lize N-acetylglucosamine as a carbon source. A review of enterococcal physiology and
metabolism (59) identified two potential NagA homologs in the E. faecalis genome,
encoded by ef1377 and ef3044, but our analysis provides direct evidence that EF1317
serves the primary activity of deacetylating GIcNAc.

N-Acetylglucosamine has a dual purpose in bacterial catabolism. When supplied exoge-
nously, the catabolism of N-acetylglucosamine or glucosamine by NagB generates fruc-
tose-6-phosphate to provide a valuable source of energy to the cell, and ammonia is liber-
ated to assist with cellular nitrogen needs (48). N-Acetylglucosamine is also an essential
component of bacterial peptidoglycan (13, 60). Throughout the bacterial growth cycle,
peptidoglycan is continuously made and degraded to accommodate cell growth and divi-
sion into daughter cells (13, 60, 61). The involvement of GIcNAc for both metabolism and
peptidoglycan synthesis requires a regulatory circuit(s) for this dual utilization, and in
related Gram-positive bacteria, such as B. subtilis and S. mutans, this regulatory control is
governed by NagR (62). NagR belongs to the GntR family of transcriptional regulators and
directly regulates the expression of nagA, nagB, and gImS in S. mutans (63). However, in B.
subtilis, the expression of colocalized nagAB is regulated by NagR, while the regulation of
glmS expression is independent of NagR (45). In both S. mutans and B. subtilis, NagR is
encoded distantly from nagA, nagB, or gims. Currently, there are 11 annotated GntR regu-
lators in the E. faecalis V583 genome with similar sequence identity and similarity to NagR in S.
mutans, none of which are in close proximity to ef1317 (nagA) or ef0466 (nagB). Elucidating
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FIG 7 Model for poly-B1,4-GIcNAc degradation and GIcNAc uptake and metabolism in Enterococcus faecalis.
Extracellular poly-B1,4-N-acetylglucosamine substrates (81,4-GIcNAc,,,) are hydrolyzed by EF0362-61 into
dimers of B14-N-acetylglucosamine (B814-GIcNAc,), followed by hydrolysis into monomeric GIcNAc by the GH20
catalytic domain of EFO114. N-Acetylglucosamine is transported into the cell and simultaneously phosphorylated upon
uptake by two PTS complexes, the Mpt PTS complex (MptBACD) and EF1516 (NagE). For the phosphorylated amino
sugar to be metabolized via glycolysis, it first requires deacetylation by EF1317 (NagA), followed by conversion into
fructose-6-PO, by EF0466 (NagB) with ammonia generation (NH,).

which GntR homolog is responsible for regulating the expression of nagA and nagB in E. faeca-
lis will require further assessment and will be an area of future research interest.

We present here a model of the metabolic pathway by which E. faecalis utilizes
poly-B1,4-linked N-acetylglucosamine as a carbon source (Fig. 7). Extracellular poly-
mers of B1,4-linked GIcNAc are hydrolyzed into 1,4-linked GIcNAc dimers by the
combined activity of the chitin-binding protein, EF0362 (EfCBM33A), and the chitinase,
EF0361 (EfChi18A). Subsequently, the GH20 catalytic domain of EFO114 (EndoE) is re-
sponsible for degrading B-1,4-linked GIcNAc, into monomers of N-acetylglucosamine.
The monomeric form of this amino sugar can be imported into the bacterial cell and
simultaneously phosphorylated via either the Mpt PTS complex or NagE (EF1516).
Once inside the bacterial cell, prior to downstream glycolytic processing, phosphoryl-
ated GIcNAc (GIcNAc-6-P) is deacetylated by NagA (EF1317), followed by deamination
by NagB (EF0466), converting glucosamine-6-P into fructose-6-P and ammonia. It is
noteworthy that as a result of catabolizing GIcNAc or GIcN, ammonia is generated and
can be utilized in amino acid synthesis or other essential components (12). The accu-
mulation of cytosolic ammonia can increase the difference in pH inside relative to out-
side the cell (i.e., ApH) and therefore contributes to acid tolerance (12). Although our
study identified the chitinolytic machinery, the GIcNAc and GlcN-specific uptake sys-
tems, and cytosolic enzymes that are required for enterococcal metabolism of B-1,4-
linked N-acetylglucosamine substrates, how they contribute to overall enterococcal
pathogenesis will be an area of future research interest.

MATERIALS AND METHODS

Bacterial strains and growth conditions. The bacterial strains used in this study are listed in Table
S1 in the supplemental material. For propagation of plasmids, Escherichia coli ElectroTen-Blue from
Stratagene was cultivated in Luria-Bertani (LB) broth, supplemented with appropriate antibiotics when
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necessary. Unless mentioned otherwise, E. faecalis was cultured in Todd-Hewitt broth (THB) (BD
Biosciences), supplemented with appropriate antibiotics when necessary. For antibiotic selection, chlor-
amphenicol (Cm) at a concentration of 10 nwg/ml and 15 ug/ml was used for E. coli and E. faecalis,
respectively; ampicillin (Amp) at a concentration of 100 wg/ml was used for E. coli, and gentamicin
(Gent) at a concentration of 250 ug/ml was used for E. faecalis.

Construction of in-frame markerless deletion strains. Using the temperature-sensitive cloning
vector pLTO06 (64), isogenic in-frame deletion mutants were generated in E. faecalis V583. Upstream and
downstream flanking DNA regions of the respective gene target were amplified using the primers listed
in Table S2. For example, the primer pairs EF1317P1/EF1317P2 and EF1317P3/EF1317P4 were used to
amplify flanking regions upstream and downstream of ef1317, respectively. To facilitate cloning, primers
EF1317P1 and EF1317P2 were designed with EcoRI and BamHI (New England Biolabs [NEB]) restriction
sites, respectively, whereas, EF1317P3 and EF1317P4 were designed with BamHI and Pstl (NEB) restric-
tion sites, respectively. For the construction of the insert, the amplified regions were digested with
BamHI, ligated, and subsequently reamplified using primers EF1317P1 and EF1317P4. To generate
pPSP20 (ef1317 deletion construct), the amplified insert fragment was digested with EcoRI and Pstl and
ligated into the digested pLT06 cloning vector. pSP20 was electroporated into E. coli ElectroTen-Blue
cells, and the plasmid was identified by colony PCR. The confirmed construct was screened by restriction
digest analysis and subsequently electroporated into E. faecalis V583 cells. V583Aef1317 (SP27) was sub-
sequently generated as previously described following plasmid integration and excision events (64) and
confirmed by colony PCR using the primers EF1317Up and EF1317Down. In addition to the gene dele-
tion mutants, paired genetic revertants (57, 65) from this PCR screen were also selected based on the
restoration to the parental genotype following excision of the integrated plasmid and were designated
V583Qef1317. A similar approach was used to create all the gene deletion mutants and paired genetic
revertants used in this and prior studies (33, 42) referenced in Table S1.

Construction of in-frame markerless complement strains. Using the temperature-sensitive clon-
ing vector pLT06 (64), the isogeneic in-frame EF1317 complement strain was generated in E. faecalis
V583. The entirety of the ef1377 gene, including its upstream and downstream flanking DNA regions,
was amplified using the primer pair EF1317P1/EF1317P4 (Table S2). For cloning purposes, EF1317P1 and
EF1317P4 were designed with EcoRI and Pstl restriction sites, respectively. The amplified region was
digested with EcoRl and Pstl and ligated into the digested pLT06 cloning vector, resulting in the creation
of pEK60 (ef1317 complement construct). pEK60 was electroporated into E. coli ElectroTen-Blue cells,
and the plasmid was identified by colony PCR. The confirmed construct was screened by restriction
digest analysis and subsequently electroporated into E. faecalis V583Aef1317 (SP27) cells. V583Aef1317:
ef1317 (EK47) was subsequently generated as previously described (64) and confirmed by colony PCR
using the primers EF1317Up and EF1317Down.

Growth assessment in nutrient-limiting conditions. Using a single colony of each strain, liquid cul-
tures were started in THB and incubated at 37°C overnight. For growth analysis, overnight cultures were
diluted 1:100 in a chemically defined medium (CDM) (34, 35), supplemented with either chitopentaose
(GIcNAc,) (Seikagaku Kogyo Co.), chitobiose (GIcNAc,) (Seikagaku Kogyo Co.), N-acetylglucosamine
(GIcNAc) (Acros Organics), glucosamine (GIcN) (Acros Organics), or fructose (Sigma-Aldrich). Growth was
monitored for 12 h in an Infinite M200 Pro plate reader (Tecan Trading AG, Switzerland) at 37°C with or-
bital shaking at 250 rpm.

Expression and purification of EF0114 variants. The plasmids bearing the protein overexpression
constructs, listed in Table S3, are all derivatives of the pET21b vector (Novagen), and details of their con-
struction are described in Keffeler et al. (33). For overexpression and purification, E. coli BL21(DE3)-RIPL
cells (Agilent Technologies) harboring protein overexpression constructs were grown to an optical den-
sity at 600 nm (ODy,) of 0.6 of 0.7 at 37°C, with shaking, and then induced using 1 mM IPTG (isopropyl-
B-o-thiogalactopyranoside) and further incubated for 16 h at 16°C, after which the cells were harvested
by centrifugation and resuspended in buffer A (100 mM Tris-HCI, 0.5 M NaCl, 10% glycerol, and 15 mM
imidazole, pH 8.0). The bacteria were lysed using a French press, and the soluble fractions were loaded
onto a cobalt-affinity column (GE Healthcare TALON Superflow) equilibrated with buffer A. Recombinant
proteins were washed with buffer A and eluted with an imidazole gradient using buffers A and B
(100 mM Tris-HCl, 0.5 M NaCl, 10% glycerol, and 500 mM imidazole, pH 8.0). Protein purity was analyzed
by SDS-PAGE, and the protein concentration was determined using the Bradford microassay (Bio-Rad
Laboratories) according to the supplier’s procedure.

Chitinolytic assays. Glycosidase activity against the fluorogenic substrate 4MU-methylumbelliferyl-
B-b-N-acetylglucosamine (GIcNAc, analogue) (Sigma-Aldrich) was determined by incubating the fluoro-
genic substrate with filtered supernatants of bacterial cultures grown overnight (37°C with shaking) in a
chemically defined medium (CDM) supplemented with 42 mM glucose. Briefly, 4MU-GIcNAc (50 uM)
was incubated in prewarmed 25 mM citrate buffer (pH 6.0) for 15 min at 37°C, in a reaction volume of
150 wl. Filtered supernatant (50 ul) was subsequently added to the prewarmed chitinolytic reactions,
briefly mixed, and incubated for 15 min at 37°C, resulting in a total reaction volume of 200 wl. The fluo-
rescence intensity (excitation, 390 nm; emission, 485 nm) was measured using an Infinite M200 Pro plate
reader (Tecan Trading AG, Switzerland). Chitinolytic activity is expressed as the relative fluorescence cal-
culated by dividing the fluorescence emitted at 485 nm by the ODy,, of the culture. For analysis of puri-
fied recombinant EF0114 variants, 1 .M recombinant enzyme was incubated with prewarmed chitinolytic reac-
tions in a total reaction volume of 200 wl. Chitinolytic activity is expressed as the fluorescence emitted at 485 nm.

Statistical analyses. The statistical analyses of the various experiments were conducted using
GraphPad Prism 5 software (San Diego, CA).
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