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Uptake and Metabolism of N-Acetylglucosamine and Glucosamine by
Streptococcus mutans
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Glucosamine and N-acetylglucosamine are among the most abundant sugars on the planet, and their introduction into the oral
cavity via the diet and host secretions, and through bacterial biosynthesis, provides oral biofilm bacteria with a source of carbon,
nitrogen, and energy. In this study, we demonstrated that the dental caries pathogen Streptococcus mutans possesses an induc-
ible system for the metabolism of N-acetylglucosamine and glucosamine. These amino sugars are transported by the phosphoe-
nolpyruvate:sugar phosphotransferase system (PTS), with the glucose/mannose enzyme II permease encoded by manLMN play-
ing a dominant role. Additionally, a previously uncharacterized gene product encoded downstream of the manLMN operon,
ManO, was shown to influence the efficiency of uptake and growth on N-acetylglucosamine and, to a lesser extent, glucosamine.
A transcriptional regulator, designated NagR, was able to bind the promoter regions in vitro, and repress the expression in vivo,
of the nagA and nagB genes, encoding N-acetylglucosamine-6-phosphate deacetylase and glucosamine-6-phosphate deaminase,
respectively. The binding activity of NagR could be inhibited by glucosamine-6-phosphate in vitro. Importantly, in contrast to
the case with certain other Firmicutes, the gene for de novo synthesis of glucosamine-6-phosphate in S. mutans, glinS, was also
shown to be regulated by NagR, and NagR could bind the glmS promoter region in vitro. Finally, metabolism of these amino sug-

ars by S. mutans resulted in the production of significant quantities of ammonia, which can neutralize cytoplasmic pH and in-
crease acid tolerance, thus contributing to enhanced persistence and pathogenic potential.

ental caries is caused by the accumulation of polymicrobial

biofilms that produce organic acids from dietary carbohy-
drates, leading to demineralization of the tooth. Streptococcus mu-
tans is one of the primary organisms associated with the develop-
ment of dental caries (1). Not only are the levels of S. mutans
strongly correlated with the initiation and progression of carious
lesions (2), but also the organism is particularly well adapted to
contribute to the caries process by virtue of its ability to produce a
strongly adhesive biofilm matrix, its capacity to transport an array
of carbohydrates, its ability to generate organic acid end products
from many carbohydrate sources, and its capacity to grow and
continue to metabolize sugars at low pH (3-5).

The oral cavity is a unique environment in which microorgan-
isms are periodically presented with large quantities of carbohy-
drate-rich foodstuffs but must survive on nutrients obtained from
host secretions, sloughed host cells, or metabolic products of other
microbes during fasting by the host. The inhabitants of the oral
cavity have evolved specialized mechanisms for addressing the
nutrient fluctuations presented by this “feast or famine” lifestyle
(6). For saccharolytic organisms, including S. mutans and other
caries pathogens, the intermittent introduction of carbohydrates
in the diet of the host presents an array of energy sources, ranging
from monosaccharides and disaccharides to more complex oligo-
saccharides and polysaccharides. Not surprisingly, many oral bac-
teria possess glycosidases and transport systems that provide them
with access to the spectrum of carbohydrates released into oral
biofilms. Bacteria use a variety of mechanisms for internalizing
these carbohydrates from the environment, including ABC trans-
porters. However, the phosphoenolpyruvate:sugar phosphotrans-
ferase system (PTS) is the dominant carbohydrate transport path-
way in many bacteria, including some of the most abundant
bacteria in dental biofilms (7-9).

A functional PTS consists of enzyme I (EI), which transfers a
phosphoryl group from phosphoenolpyruvate (PEP) to the HPr
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protein at histidine residue 15 (HPr~P). HPr~P can then donate
its phosphoryl group to various sugar-specific enzyme II (EII)
permeases. The EII permeases are composed of cytoplasmically
localized EITA and EIIB domains and membrane-associated EIIC,
and in some cases EIID, domains. The EII proteins catalyze the
concomitant internalization and phosphorylation of their cognate
sugar(s). The genome of S. mutans contains the genes for as many
as 15 unique EII PTS permeases, most of which are found in the
majority of strains, although some are restricted to specific isolates
(7, 10, 11). Of relevance to this study, the glucose/mannose-spe-
cific EII permease (ManLMN) of S. mutans is capable of trans-
porting an array of carbohydrates, including glucose, mannose,
galactose, and 2-deoxyglucose (12, 13). In addition to its role in
carbohydrate transport, EITABM® (ManL) has also been identi-
fied as having a dominant influence on carbohydrate catabolite
repression (CCR), although a complete understanding of how
ManlL exerts CCR has not yet been realized (12, 14).
N-Acetylglucosamine (GlcNAc) is commonly utilized as a mo-
nomeric unit in many naturally occurring polymers, such as the
chitin that forms the outer covering of arthropods and the cell
walls of many fungi. Glucosamine (GlcN) and GlcNAc are also
important building blocks for the peptidoglycan of bacterial cell
walls and certain lipopolysaccharides (15-17). In addition, GIcN
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and GlcNAc catabolism provides organisms with a carbon and a
nitrogen source. Due to their importance in catabolic and ana-
bolic processes, the metabolism of these amino sugars has been
studied in detail in many bacterial species. Some of the most
prominent early studies involving the metabolism of these amino
sugars were conducted in Escherichia coli and described GlcNAc as
a highly preferred sugar in the hierarchy of catabolite repression
(18). It is now well understood that GIcNAc enters E. coli as
GlcNAc-6-phosphate (GlcNAc-6-P) predominately through a
GlcNAc-specific PTS system encoded by nagE and also through
the mannose PTS transport system encoded by manXYZ (19, 20).
Catabolism of GIcNAc-6-P begins with deacetylation by the gene
product of nagA, GlcNAc-6-P deacetylase (21). GlcN-6-P can
then be converted directly to UDP-GIcNAc through the activity of
GImM and GImU (22-24) and used for cell wall biosynthesis or
other anabolic processes. Alternatively, GIcN-6-P can be acted on
by NagB, a GIcN-6-P deaminase (21), to generate fructose-6-
phosphate (fructose-6-P), which can enter the Embden-Meyer-
hof-Parnas pathway. Like GIcNAc, GIcN can also be internalized
and phosphorylated by the ManXYZ PTS and subsequently
deaminated by NagB to yield fructose-6-P (25, 26). Of note,
GIcNAc-6-P also serves as an important allosteric effector for
downstream metabolic processes (27, 28).

In certain Firmicutes, transport of amino sugars also occurs via
sugar-specific PTS permeases. For example, Bacillus subtilis trans-
ports GIcNAc via an EIICB protein (NagP), and homologs of key
amino sugar metabolic enzymes, including NagA (29) and NagB
(30), subsequently catabolize GIcNAc-6-P to fructose-6-P. Gluco-
samine is imported through an EIICBA protein (GamP) and also
via the major glucose transporter PtsG (31, 32), and the protein
encoded by the gamA gene subsequently metabolizes GIcN-6-P to
fructose-6-P (32). Notably, GamA also serves as a major GIcN-6-P
deaminase during GIcNAc metabolism in B. subtilis (32). The
transcription of genes associated with the metabolism of GIcNA,
and GlcN in E. coli, is controlled primarily by the activity of a ROK
(repressor, open reading frame [ORF], and kinase) family tran-
scriptional repressor, NagC (33). Studies with E. coli have demon-
strated that GIcNAc-6-P binds to NagC and releases the repressor
to allow transcription of metabolic genes (27). In B. subtilis, the
transcriptional repressor NagR, formerly known as YvoA, regu-
lates the metabolism of GIcNAc by binding near nag gene promot-
ers and exerting control over the transcription of metabolic genes,
including nagA, nagB, and nagP (34), whereas the genes for GIcN
metabolism are controlled by another homologous regulator,
GamR (YbgA) (35). Functional studies conducted on NagR have
suggested that either GIcNAc-6-P (36) or GIcN-6-P (34) could
serve as an allosteric regulator that disengages NagR from nag
operon promoters, although the precise mechanism for how these
and other potential allosteric effectors regulate NagR binding has
not been established (35). It is also noteworthy that GIcN-6-P is an
allosteric regulator of GamR (35).

When amino sugars are required for cell wall biosynthesis and
unavailable via exogenous sources, cells utilize fructose-6-P and
glutamine to produce GIcN-6-P via a GIcN-6-P synthase encoded
by glmS. The production of amino sugars is an important process
in bacteria because of the requirements for these carbohydrates to
generate a cell wall and other polysaccharides, as noted above. In
the model Gram-negative bacterium E. coli, GImS levels are con-
trolled by the presence of a strong hairpin at the 5" end of the
transcript, which leads to occlusion of the ribosome binding site

5054 aem.asm.org

(37). A regulatory small RNA (sRNA), GImZ, binds to and stabi-
lizes the 5" untranslated region (UTR) of glmS, and this interac-
tion allows for efficient translation of glmS mRNA (38). GlmZ is
subject to processing, which removes necessary residues for bind-
ing to ¢gImS, and a second sRNA, GlmY, is required to prevent
cleavage of these residues from GImZ (39). When cells experience
ashortage of GIcN-6-P, production of GImY increases, preventing
the processing of GImZ (40). The regulation of GImS production
via trans-acting sRNAs appears to be conserved among other
members of Enterobacteriaceae, including Yersinia pseudotubercu-
losis and Salmonella enterica serovar Typhimurium (41).

The mechanisms regulating amino sugar anabolism by Gram-
positive bacteria differ in many ways from those in Gram-negative
bacteria. For example, in some Firmicutes, glmS is regulated by a
cis-acting ribozyme capable of sensing metabolites directly (42).
Residues contained in the 5" UTR of the gImS mRNA form a ri-
bozyme structure (42). In the presence of GIcN-6-P, the ribozyme
initiates self-cleavage of the glmS transcript from a larger mRNA
structure, preventing translation and resulting in decreased
amounts of GImS within the cell (42). Apparent homologs of the
glmS ribozyme have been identified in multiple bacterial species,
but the vast majority of these homologous structures are present
in Gram-positive bacteria (43). Notably, the presence of a canon-
ical ribozyme sequence was not predicted upstream of the gimS
promoter in species of the mutans streptococci, including S. mu-
tans (43, 44).

Relatively few studies have been conducted on amino sugar
metabolism in S. mutans. S. mutans strain GS-5 was shown to
possess both an inducible GIcNAc uptake system and a second,
lower-affinity system, based in part on the observation that
GlcNAc-transporting strains were more sensitive to inhibition
when grown in the presence of the GlcNAc analog streptozotocin
(45). The ability to ferment GIcNAc may also confer a selective
advantage on S. mutans. In particular, the fermentation of GIcNAc
has been used as one method for differentiating S. mutans from its
close cariogenic relative Streptococcus sobrinus (46, 47). In fact, S.
mutans strain NCTC 10449 was capable of outcompeting S. sob-
rinus SL-1 in mixed cultures when glucose and GIcNAc were pro-
vided as the carbohydrate sources, whereas S. sobrinus was the
dominant organism when glucose was the sole carbohydrate (48).
S. sobrinus SL-1 was incapable of growing with GIcNAc as the
primary carbohydrate source, and studies comparing the GIcNAc-
6-P deacetylase and GIcN-6-P deaminase activities of the strains
revealed that S. mutans NCTC 10449 consistently produced
higher levels of these enzymes than S. sobrinus SL-1 in cells grown
on GlcN or on a combination of glucose and the individual amino
sugars (48).

Recent progress has been made dissecting the gene products
responsible for GIcNAc metabolism in S. mutans UA159. A strain
containing a deletion of glmS required GlcNAc for growth, and
nagB mutants could not grow in the presence of GIcNAc. Further,
a decrease in the levels of the secreted glucosyltransferase enzymes
GtfB and GtfC, which produce exopolysaccharides from sucrose,
as well as the cell surface protein antigen Pac was noted in the nagB
mutant strain and was associated with a decrease in biofilm for-
mation. In contrast, a glmS mutant displayed the opposite pheno-
types, showing elevated production of GtfB, GtfC, and Pac and an
increase in biofilm formation compared to those of the wild-type
strain (44). While the levels of nagB and gimS mRNA in response
to growth carbohydrate have been measured in S. mutans, the
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TABLE 1 Primers used in this study”

Utilization of Amino Sugars by S. mutans

Primer name

Sequence

Purpose

nagR-1

nagR-2Bm
nagR-3Bm

busR-4

nagR-5'Bm
nagR-3'RI

nagA-S

nagA-AS

nagB-S

nagB-AS

glmsS-S

glmS-AS

gyrA-S

gyrA-AS
ManLMNA-15’
ManLMNA-13'Xb
ManLMNA+15'RI
ManLMNA + 13’
manL-comp-5'Bm
manL-comp-3"Xh
manO-km5’-1
manO-Bm5’'-2
manO-Bm3’-3
manO-km3’'-4
manOcomBm5’
manOcomXh3’
nagR-His/MBP-5'Bm
nagR-His/MBP-3"HIII

5'-GGCAGCATAAGGGCAGTCGCT-3'

5 -TTTGATCATGGATCCGAATATAAGCC-3’
5'-GGCTCAAGGATCCTATTTTGAAAATGG-3’
5'-GCCCCATAATAACAAAGACTTCTCCT-3'
5'-CCATTAGTAGGATCCAATATTTTGTGGTTA-3’
5'-GCTAATCATTCTTTCTTTGAATTCCATTACTT-3’

5 -ATATGAAATTGCGCCTGGAC-3'
5-CCGAGAGCAATTCTCGACTC-3’
5'-TGTCAGCCGATGATAAG AG 3’
5'-GCTAAATCTGCTGCCAGTCC-3’
5"-TGCTGATTTGCGAGCTAAGA-3'
5'-TGCATGTGGATGAGCATTTT-3'
5"-TTGCGACTATCTGCTATGTG-3'
5'-CCAAGAATCTGCTGTCCG-3'
5'-GCAATCGCCCACAAAATAGT-3’
5-TTCGCCATGTCTAGAGATAACGATTCCGATAGC-3’
5'-CTTATATAGAATTCCCCAAAGACAGCGAAGTTA-3'
5'-ATTTTGGATGAAGCCACCAG-3’

5 -GAGAATAACAGGATCCTTTTTATCTGAGA-3'
5"-GACATTATTCTCGAGCCTTTCGTTGTTT-3’

5 -TATTTCTCTCTTTCTATTTTTGCACACTAG-3'
5'-ATACACCGGATCCTGTGTATTCAACTTTTGT-3’
5"-AAAATTCCTCGGATCCTCATCTGATTCTGGTAA-3’
5"-TCTTGATAACAGTTTGATTTTGATGAAGTTG-3’
5'-ATAATAGGATCCATTTATTCAGGAGTAAATTT-3’
5'-TACATTTTCTCGAGCTAACCCTTCTTTTTTCGT-3'
5'-GGTTAAGGAGGATCCATGTTACCGGCTT-3'

5 -CTTTTGTTTCCAAAGCTTACTTATTTTCT-3’

nagR deletion

nagR deletion

nagR deletion

nagR deletion
pIB184-nagR creation
pIB184-nagR creation
nagA qRT-PCR

nagA qRT-PCR

nagB qRT-PCR

nagB qRT-PCR

glmS qRT-PCR

glmS qRT-PCR

gyrA qQRT-PCR

gyrA qQRT-PCR
manLMN deletion
manLMN deletion
manLMN deletion
manLMN deletion
pBGE-manlL creation
pBGE-manlL creation
manO deletion

manO deletion

manO deletion

manO deletion
pIB184-manO creation
pIB184-manO creation
MBP-NagR fusion
MBP-NagR fusion

PnagA-5’ 5'-GAAGAGAACAGGAATTAATTTGCTTGGT-3' nagA probe for EMSA
PnagA-3'bio 5"-CATTATACTCTTATTAATAACAGTTGTAAATGGT-3’ nagA probe for EMSA
PnagB-5’ 5 -AGTTTTTGAAGAAGTTAGATCAGACAGT-3’ nagB probe for EMSA
PnagB-3'bio 5'-AACGCCCTCCTAATCGGTCTATACA-3’ nagB probe for EMSA
PglmS-5’ 5'-AAGAGTAGTACAGCTACTCTTTTT-3' glmS probe for EMSA
PglmS-3'bio 5 -CTACTCTTTTTTTAAATGTCAAAAAGACTATAC-3' glmS probe for EMSA

@ Underlined are restriction enzyme sites engineered to facilitate cloning. Bm, BamHI; RI, EcoRI; HIII, HindIII; Xb, Xbal; Xh, Xhol.

mechanisms by which these genes are regulated in response to
carbohydrate source and other factors have not been investigated,
nor have the primary transport pathways for GIcNAc and GlcN
been established. In this study, we examined the route by which
the amino sugars GIcNAc and GlcN enter S. mutans and the mech-
anisms for the induction and repression of the nagA, nagB, and
glmS genes. Finally, we began to investigate the contribution of
amino sugar metabolism to physiologic homeostasis in S. mutans.

MATERIALS AND METHODS

Bacterial growth and genetic manipulation. Escherichia coli strain
DHI10B was grown in Luria-Bertani medium (L broth) at 37°C in air.
Streptococcus mutans strains, including UA159 and five clinical isolates,
were maintained using brain heart infusion (BHI; Difco Laboratories,
Detroit, MI) medium and routinely cultured in a tryptone-vitamin (TV)
base medium (49) supplemented with various concentrations of carbo-
hydrate. When desired, strains were cultured in a modified version of the
chemically defined medium FMC (50), by substituting the carbohydrates
for glucose. N-Acetyl-p-glucosamine (GlcNAc) and glucosamine (GIcN,
as GlcN-HCI) were purchased from Sigma-Aldrich (St. Louis, MO) and
used at final concentration of 20 mM, unless otherwise noted. GlcN-HCl
was prepared fresh and added to media, due to its instability with pro-
longed exposure to neutral or alkaline conditions. To monitor growth,
bacteria were cultivated overnight in BHI, unless specified otherwise, di-
luted 1:150 into fresh TV or FMC base medium containing the desired
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carbohydrates and incubated at 37°C in a Bioscreen C Lab system (Hel-
sinki, Finland). All samples were covered with an oil overlay (approxi-
mately 60 pl) to reduce exposure to air, and the optical densities at 600 nm
(ODyq) were measured every 30 min.

Genetic manipulation of the bacterial genome was performed primar-
ily using an allelic-exchange method described in previous reports (51,
52), and mutants were maintained on the media detailed above supple-
mented with erythromycin (10 pg/ml), kanamycin (1 mg/ml), or specti-
nomycin (1 mg/ml) (Sigma), when needed. All primers used in this study
for the engineering of mutants or plasmids, quantitative reverse transcrip-
tion-PCR (qRT-PCR), etc., are listed in Table 1. To complement an exist-
ing manL mutant (AmanL) (53), a promoterless copy of manL was intro-
duced into the chromosome using the integration vector pBGE (51),
which allows for the introduction of foreign DNA downstream of the gtfA
promoter, to create the AmanL pBGE-manL strain. The manO mutant of
S. mutans was complemented by providing the manO gene in trans on
plasmid pIB184 (54). The complementing plasmid was constructed by
first amplifying the manO structural gene and its ribosome binding site
using primers manOcomBm5’ and manOcomXh3’ (Table 1) to intro-
duce BamHI and Xhol sites, respectively. The PCR product was then
directionally cloned into BamHI and Xhol sites in the expression vector
pIB184 to create plasmid pIB184-manO (54). Similarly, the plasmid
pIB184-nagR was used to complement a nagR deletion mutant and was
constructed by amplifying the nagR gene using primers nagR-5'Bm and
nagR-3'RI (Table 1) to include BamHI and EcoRI restriction sites for
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inserting the gene into pIB184 (54). The integrity of manL in pBGE and
manO and nagR in pIB184 was confirmed by DNA sequencing, and the
plasmids were introduced into S. mutans strains via natural transforma-
tion (55).

Recombinant NagR protein was engineered by cloning the entire cod-
ing sequence of nagR into pMal-p2X (New England BioLabs, Ipswich,
MA) in E. coli DH10B to create a maltose-binding protein (MBP) fusion
to NagR. Overexpression of the MBP-tagged NagR protein was induced
by treating exponentially growing cells (ODg, =~ 0.5) in L broth with 0.05
mM isopropyl-B-p-thiogalactopyranoside (IPTG) for 4 h. After harvest-
ing of cells, the MBP-NagR protein was purified from cell lysates using an
amylose resin (New England BioLabs), and then NagR was cleaved from
MBP using factor Xa (New England BioLabs) and purified according to
instructions from the supplier.

PTS assay. PTS-dependent transport of sugars was assayed as de-
scribed elsewhere (56, 57), with minor modifications. Cells were cultured
under the desired conditions and collected by centrifugation, and then the
pellets were washed, snap-frozen in a dry ice-ethanol bath, and stored at
—80°C. Frozen cell pellets were thawed on ice, washed twice with 0.1 M
sodium-potassium phosphate buffer (pH 7.2) containing 5 mM MgCl,
(KPB), and resuspended in 0.1 volume of the same buffer. Permeabiliza-
tion of cells was achieved by the addition of 0.05 volume of toluene-
acetone (1:9, vol/vol) and 2 min of vortexing, twice. The reaction mixture
included permeabilized cells, 100 uM NADH, 10 mM NaF, a 10 mM
concentration of the desired carbohydrate, and approximately 10 U of a
lactate dehydrogenase solution (Sigma) in 0.1 M KPB. The reaction mix-
ture was equilibrated at 37°C, and the reaction was initiated by the addi-
tion of 5 mM PEP. Reaction mixtures were incubated at 37°C, and the
rates of oxidation of NADH were monitored over time. PTS activity was
calculated from the rate of PEP-dependent oxidation of NADH and nor-
malized to the concentration of protein determined with a bicinchoninic
acid (BCA) assay (Thermo Scientific, Rockford, IL).

Immunoblotting. S. mutans UA159 or its derivatives were grown in
TV medium supplemented with sugars to mid-exponential phase (ODy,, ~
0.5). Cells were harvested, resuspended in 750 pl of PBS with 4% SDS, and
lysed with a Bead Beater (Biospec, Bartlesville, OK) in the presence of 0.5
ml of glass beads (average diameter, 0.1 mm). Whole-cell lysates were
centrifuged at 16,000 X g at 4°C for 10 min, and the BCA assay (Thermo
Scientific) was utilized to determine the protein concentrations of the
clarified cell lysates. A portion of each cell lysate (20 pg) was placed in a
solution of SDS sample buffer (58) containing a final concentration of 2%
2-mercaptoethanol. Samples were immersed in a boiling water bath for 5
min and centrifuged at 16,000 X g for 5 min, and then proteins in the
clarified supernatants were separated by SDS-PAGE and transferred to a
polyvinylidene difluoride (PVDF) membrane using a Trans-Blot SD (Bio-
Rad, Hercules, CA). A solution of Tris-buffered saline containing Tween
20 (TBST; 25 mM Tris-HCI [pH 7.4], 2.5 mM KCl, 150 mM NaCl, 0.05%
Tween 20) and 5% nonfat dried milk was used to block the membranes. A
primary antiserum elicited to a purified recombinant ManL protein from
S. mutans was incubated with membranes (53). Membranes were then
washed in TBST and incubated with a goat anti-rabbit peroxidase-conju-
gated antibody (1:4,000 dilution; KPL, Gaithersburg, MD). After a final
washing with TBST, protein bands were detected using the SuperSignal
West Pico chemiluminescent substrate (Thermo Scientific).

PH drop assay. Bacterial cultures were subjected to pH drop experi-
ments as previously described (59, 60). Briefly, cells were grown in TV
base medium supplemented with sugar(s) to an ODy, of ~0.5 and cen-
trifuged at 4°C. Cells were washed with ice-cold deionized water and re-
suspended in 5 ml of 50 mM KCI-1 mM MgCl,. The ODy,, of the sus-
pension was adjusted to 4.5 to normalize the cell density across samples,
and 4.75 ml of the cell suspension was placed in a beaker and stirred. A
solution of 0.1 M KOH was used to adjust the pH of the cell suspension to
7.2. After a stable pH was achieved, 0.25 ml of a 1 M solution of the desired
sugar was added, and the pH was recorded every 30 s for 30 min by a pH
meter with a computer interface.
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Ammonia assay. Cells were grown overnight in TV base medium sup-
plemented with the desired sugar and subcultured 1:20 into the same
medium. When the cultures reached mid-exponential phase (ODg,, ~
0.5), they were centrifuged at 4°C and washed once with ice-cold deion-
ized water. Cells were resuspended in 5 ml of 50 mM KCIl-1 mM MgCl,,
and the OD,, of the suspension was adjusted to 4.5. A portion of the cell
suspension (4.75 ml) was removed, and the pH was adjusted to 7.2 using
0.1 M KOH. Once a stable pH was established, the pH of the solution was
recorded, and 0.25 ml of a 1 M solution of the desired carbohydrate was
added. Cells were incubated for 1 h with occasional agitation at 37°C and
5% CO,, at which point the pH of the solution was again recorded, and the
supernatant fluids were collected after centrifugation. Ammonia concen-
trations in the supernatants were measured using an ammonia detection
assay (Sigma) according to the supplier’s instructions. Negative controls
included 50 mM KCl-1 mM MgCl, alone or containing each of the tested
carbohydrates. Concentrations of ammonia were determined using a
standard test solution provided by the supplier.

RNA methods. Total bacterial RNA was extracted from exponentially
growing cells using the RNeasy minikit (Qiagen, Germantown, MD) as
described elsewhere (61), with some modifications. Briefly, 10 ml of each
bacterial culture was pelleted, resuspended in 1 ml of RNAprotect Bacteria
Reagent (Qiagen), and incubated at room temperature for 5 min. Cells
were then spun down and resuspended in 280 pl of TE-SDS buffer (50
mM Tris, 10 mM EDTA, 0.4% SDS [pH 8.0]) and mixed with 300 I of
acidic phenol (Sigma) in a screw-cap tube containing 0.25 ml of glass
beads. Cells were homogenized by bead beating followed by centrifuga-
tion for 10 min at 16,000 X g, and 200 pl of the aqueous phase was
removed and processed using the RNeasy minikit. DNA was removed
using 2 consecutive on-column treatments with RNase-free DNase I (Qia-
gen). RNA was eluted in 30 pl of nuclease-free water.

For real-time quantitative RT-PCR, 1 p.g of total RNA was subjected to
reverse transcription using the SuperScript III reverse transcriptase kit
and random hexamers, according to protocols provided by the supplier
(Life Technologies, Carlsbad, CA). To probe the transcript levels of vari-
ous genes, real-time PCR was performed on first-strand ¢cDNA using
gene-specific primers. The transcript levels of the housekeeping gene gyrA
(62) were used for normalization of the data.

EMSA. DNA fragments of approximately 100 bp that contained the
promoter regions of nagA, nagB, and glmS were amplified by PCR using
primers labeled with biotin at the 5 end and then were gel purified. A
10-pl reaction mixture contained 10 fmol of biotin-labeled probe, 5 mM
MgCl,, and 2 pg of poly(dI-dC) in binding buffer (50 mM KCl, 1 mM
EDTA, 5 mM dithiothreitol, 10 mM HEPES [pH 7.9], and 4% glycerol).
Recombinant MBP-NagR protein or NagR released by factor Xa treat-
ment was added to the reaction, along with glucosamine-6-phosphate
(GIeN-6-P) or N-acetylglucosamine-6-phosphate (GlcNAc-6-P), when
desired. The reaction mixtures were incubated at room temperature for 20
min before being resolved on a 4% nondenaturing polyacrylamide gel in
0.5X Tris-borate-EDTA (TBE) buffer (63). After blotting to a nylon
membrane (GeneScreen Plus; PerkinElmer, Waltham, MA), biotin-la-
beled DNA probes were detected using a LightShift chemiluminescent
electrophoretic mobility shift assay (EMSA) kit (Thermo Scientific). It
was also noted that both MBP-NagR and NagR tended to form aggregates
and failed to enter the polyacrylamide gel once bound to DNA probes. To
mitigate this problem, various concentrations (0.05% to 2%) of the non-
ionic detergent NP-40 (Thermo Scientific) were added to some of the
reaction mixtures. While NP-40 did decrease the aggregation and reveal
more discrete shifted products, addition of NP-40 at concentrations as
high as 2% still displayed a substantial amount of product remaining in
the wells of the gel (see Fig. S14 in the supplemental material). Since the
presence of NP-40 at such high levels might interfere with the normal
function of the protein, the data presented in this report are those ob-
tained in the absence of NP-40.
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FIG 1 Growth curves of S. mutans UA159 and derivatives on TV media supplemented with various carbohydrates. (A and B) UA159, a manLMN deletion
mutant, a manL deletion mutant (AmanL), a manL deletion mutant containing the empty pBGE vector (AmanL pBGE), and a manL deletion mutant
complemented with pBGE-manL (AmanL pBGE-manL) were grown in TV medium supplemented with 20 mM GlcNAc (A) or 20 mM GleN (B); (C) UA159
(light shapes) and a PTS enzyme I deletion mutant (dark shapes) were grown in TV medium supplemented with 20 mM glucose (triangles), 20 mM GlcNAc

(squares), or 20 mM GIcN (circles).

RESULTS

Involvement of EII™*™™ in N-acetylglucosamine and glucosa-
mine metabolism. It has been demonstrated that Streptococcus
mutans is capable of metabolizing GlcNAc (N-acetylgluco-
samine) and GIcN (glucosamine) (45, 46), although it was not
defined how these carbohydrates were transported. In this
work, we tested whether the glucose/mannose EIl permease
(ManLMN) could be responsible for the internalization of
GlcNAc or GleN, since similar PTS permeases have been shown
to, or have been predicted to, function in this capacity in cer-
tain other microorganisms (19, 25, 26, 64). An allelic-exchange
mutation of the entire man operon, manLMN, was created in S.
mutans UA159 by replacing the genes with a nonpolar erythromy-
cin cassette. The parental and manLMN mutant strains were cul-
tivated in TV medium supplemented with 20 mM glucose,
GlcNAG, or GleN. Growth of the manLMN mutant on glucose was
comparable to that of other EIIM*™ mutants in previous studies
(12) (data not shown). The manLMN mutant and a mutant lack-
ing only ManL (EITAB™®") (53) displayed essentially no growth
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when GlcNAc was used as the primary carbohydrate source (Fig.
1A) and slower growth with lower final yields than for wild-type
cells growing on GlcN (Fig. 1B). Attempts were made to comple-
ment the manLMN mutant using the integration vector pBGE
(51), but we were not able to obtain stable clones of the operon.
Since similar defects were observed in the manL mutant growing
on GlcNAc or GleN (Fig. 1A and B), a wild-type copy of manL was
inserted into the chromosome of the AmanL strain using the in-
tegration vector pBGE, which allows for integration of foreign
DNA into the gtfA locus with expression of the gene of interest
driven from the gtfA promoter (51). The complemented AmanL
pBGE-manL strain showed partial restoration of growth on
GlcNAc (Fig. 1A), with substantially lower growth rates and a
lower final yield than for the wild-type strain. Additionally,
growth on GIcN (Fig. 1B) and glucose (data not shown) showed
very little improvement as a result of the complementation. We
attribute these observations to the fact that the expression levels of
manL from the gtfA promoter were lower than from its cognate
promoter (see Fig. S2 in the supplemental material), which re-
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sulted in lower levels of ManL protein (see Fig. S3 in the supple-
mental material).

We recently conducted a study in which the genomes of 57
clinical isolates of S. mutans were sequenced and compared (10,
65). In an attempt to demonstrate the importance of the man
operon in amino sugar transport across multiple strains of the
same species, similar allelic-replacement mutations of the man
operon were generated in five additional isolates. The five isolates
of S. mutans and their corresponding man operon mutants were
inoculated into TV with GlcNAc or GlcN. The man operon mu-
tants all displayed near complete loss of growth on GlcNAc (see
Fig. S4A in the supplemental material). Also similar to the case
with S. mutans UA159, growth on GIcN was negatively impacted
by man deletion, and the severities of this impact varied among
isolates (see Fig. S4B). In addition, cells of Streptococcus gordonii
strain DL1 and an isogenic mutant bearing a deletion of the manL
homolog (66) were grown on TV medium containing 20 mM
GlcNAc or GleN. In this case, the mutant strain displayed an ex-
tended lag phase and slower growth in GIcNAc (see Fig. S4C), as
well as a modestly longer lag phase and slightly slower growth in
GIcN (see Fig. S4D). Notably, the mutant displayed a higher final
yield on both amino sugars. Thus, the ManLMN PTS permease
contributes significantly to the ability of S. mutans and at least one
other abundant oral streptococcus to grow with GIcNAc or GIcN
as the primary carbohydrate and energy source.

To determine if the amino sugars were transported primarily
by the PTS, cells bearing an allelic-exchange mutation of the ptsI
gene encoding the general PTS enzyme EI of S. mutans UA159
(labeled AEI) (67), which displayed a phenotype similar to that of
a previously characterized ptsI mutant (68), were inoculated into
media with GIcNAc or GIcN as the primary growth carbohydrate.
As shown in Fig. 1C, the AEI strain was not capable of growing on
either GIcNAc or GlcN. We hypothesized that additional PTS
transporters may be responsible for the residual growth observed
in manLMN mutants on GIcN (Fig. 1B). To address this, previ-
ously engineered mutants harboring deletions in other known
PTS permeases were tested for their growth on GIcNAc and GIcN.
Compared to S. mutans UA159, the mutant strains lacking the
cellobiose or fructose PTS Ells each showed slightly reduced
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growth on GIcN, but the impact was not as pronounced as that of
ManlL (see Fig. S5 in the supplemental material). At the same time,
mutants bearing deletions in the EII permease of the lactose PTS
(SMU.1492) (13) or maltose PTS (SMU.2047) (69, 70) showed
little or no defect on growth on GlcN (data not shown). In addi-
tion, when GIcN was the primary carbohydrate source, strains
lacking the cellobiose or fructose PTS permease components and
manL displayed poorer growth than did strains bearing only the
manL deletion (see Fig. S5). When grown with GlcNAg, strains
with single deletions of the cellobiose or fructose PTS showed
defects in growth similar to those seen when GlcN was the primary
carbohydrate source, while strains with a manL deletion in com-
bination with the cellobiose PTS or fructose PTS mutations
showed little to no growth (data not shown), similar to results seen
with a manL deletion alone (Fig. 1A).

Transport of N-acetylglucosamine and glucosamine is medi-
ated through EIT™*", To further demonstrate the role of the man
operon in the transport of amino sugars, cells of S. mutans UA159
and the manLMN mutant were grown in TV supplemented with
0.5% glucose, and PEP-dependent carbohydrate transport was as-
sayed. Compared to the wild-type strain, cells lacking the man-
LMN operon displayed almost no detectable PTS-dependent up-
take of GIcNAc and only a very low level of transport of GIcN (Fig.
2A). To determine if growth in the presence of GIcNAc or GIcN
would result in enhanced transport of these sugars via the PTS,
strain UA159 was grown in media containing glucose, GIcN, or a
combination of glucose and GIcN. These cells displayed signifi-
cantly higher (~60% increase) transport of GIcN when GIcN was
the primary carbohydrate source than did cells grown with glu-
cose alone or a combination of glucose and GlcN (see Fig. S6A in
the supplemental material). We noted that the manLMN deletion
mutant strain was capable of slower but significant growth when
GlcN was the primary carbohydrate source in TV base medium.
However, when a PTS assay was performed using cells grown on
GIcN, the manLMN deletion strain again displayed significantly
lower PTS-dependent transport of GIcN than did the wild-type
strain (see Fig. S6B). This low level of PTS-dependent transport
provides further evidence that other PTS enzymes may play a sec-
ondary role in transport of GIcN (see Fig. S5). As the manLMN
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FIG 3 Growth curves of S. mutans UA159 (light shapes) and a manO deletion

mutant (dark shapes) grown in TV base medium supplemented with 20 mM
glucose (triangles), 20 mM GlcNAc (squares), or 20 mM GIeN (circles).

mutant could not be grown in the presence of GlcNAc as the
primary carbohydrate source, the wild-type and manLMN mutant
strains were grown on a combination of glucose and GIcNAc to
determine if the presence of GIcNAc in the media could stimulate
PTS transport via permeases other than the EITM™ complex. How-
ever, under these growth conditions the manLMN mutant strain
was unable to transport GIcNAc via the PTS (see Fig. S6C).

A manO mutant displayed lower growth rates on, and PTS-
dependent transport of, N-acetylglucosamine and glucosamine.
In some streptococci, including Streptococcus bovis and Streptococ-
cus salivarius, the man operon contains an additional transcript,
manO, located downstream of manLMN (12,71,72).1In S. mutans
UA159 and over 50% of the clinical isolates sequenced in a previ-
ous study (10), an apparent homolog of manO (SMU.1883),
which encodes a 122-amino-acid protein, is located 3.85 kbp
downstream of manN. However, in the remaining sequenced clin-
ical isolates, manO is about 300 bp downstream of manN. It has
been suggested that ManO may be capable of binding DNA and
influencing transcription of the man operon in S. salivarius (72),
although there has not yet been any experimental evidence gener-
ated to support this idea. To explore whether ManO could impact
the transport of amino sugars, we created an allelic-exchange mu-
tant of manO with a nonpolar kanamycin marker. Cells lacking
ManO that were grown in GIcNAc displayed the most significant
increase in doubling time. However, the final yield for the manO
mutant on GlcNAc was comparable to that of the wild-type strain,
as was the case for the other sugars tested. Loss of ManO also
negatively impacted growth on glucose and GIcN (Fig. 3). To
complement the manO mutation, a wild-type copy of the manO
gene was inserted into the expression vector pIB184 (54), and the
resulting plasmid, pIB184-manO, was used to transform the
manO mutant. When grown with GIcNAc, GlcN, or glucose as
the primary carbohydrate source, the complemented strain dis-
played growth that was comparable to that of the wild-type strain
containing the empty vector (see Fig. S7 in the supplemental ma-
terial).

To determine if deletion of manO could impact PTS-depen-
dent transport of the carbohydrates of interest, the manO mutant
and wild-type strain were grown in TV base medium supple-
mented with 20 mM glucose. The manO mutant displayed a sig-
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nificant defect in PTS-dependent transport of GIcNAc, and trans-
port of glucose and GIcN was consistently lower than for the wild-
type strain, though the differences were not statistically significant
(Fig. 2B). To explore the potential impact of loss of ManO on the
amount of the EITAB component of the EI[Man complex, ManL, S.
mutans UA159 and the manO mutant were grown on TV media
containing 20 mM glucose, and ManL levels were compared by
immunoblotting. The levels of ManL in the two cell types were
comparable (see Fig. S8 in the supplemental material).

The metabolism of N-acetylglucosamine impacts acid toler-
ance in S. mutans. The impact of metabolism of GIcNAc on acid
tolerance by S. mutans UA159 grown in glucose, GIcNAg, or a
combination of the two sugars was assessed as detailed in Materi-
als and Methods. When GIcNAc was used as the substrate in a pH
drop assay, cells grown on a combination of glucose and GIcNAc
reached a terminal pH after 30 min of 4.29 = 0.06, which was
significantly lower than the terminal pH achieved by cells grown
on the sugars individually (Fig. 4A). Additionally, cells grown in
GIcNAc alone were capable of achieving a terminal pH of 4.62 =
0.09, which was significantly lower than that achieved by cells
grown on glucose (4.97 = 0.07) and, as noted above, significantly
higher than for cells grown on a combination of glucose and
GlcNAc (Fig. 4A). Cells grown on a combination of these sugars
were also capable of lowering the pH at a significantly higher rate
than for cells grown on individual sugars. Specifically, cells grown
with both glucose and GlcNAc reached a pH of 6.05 = 0.18 2 min
after provision of exogenous GlcNAc, whereas cells grown on glu-
cose or GlcNAc alone reached a pH of 6.73 = 0.004 and 6.64 *+
0.12, respectively, in the same time interval (Fig. 4A). Of note,
when S. mutans strain UA159 was grown with a combination of
glucose and GIcNAg, a statistically significant increase in PTS-
dependent transport of GIcNAc was seen compared to that for
cells grown with glucose or GIcNAc as the primary carbohydrate
source (see Fig. S9 in the supplemental material). These results
would seem to imply that the faster drop in pH observed in cells
grown with a combination of GIcNAc and glucose as the primary
carbohydrate source may in part be due to enhanced carbohydrate
transport capacity. As EIIM™ is the primary transporter of both
GlcNAc and glucose, we also performed an immunoblot to deter-
mine if the growth carbohydrate influenced the amount of ManL
in the cells, but ManL protein levels were generally consistent in
cells grown with glucose, GIcNAc, or a combination of glucose
and GlcNAc (see Fig. S10 in the supplemental material). Protein
levels for other components of the EIT™*" complex were not ana-
lyzed because antibodies against these proteins are not available.

In a similar experiment using glucose as the substrate for pH
drops, cells grown in glucose or a combination of glucose and
GlcNAc were capable of lowering the pH at comparable rates and
reached roughly the same terminal pH after 30 min. However,
cells grown on GIcNAc alone yielded significantly higher terminal
pH values than did cells grown on glucose or a combination of the
sugars (Fig. 4B). Additionally, cells grown on GlcNAc alone low-
ered the pH at a significantly lower rate (6.42 £ 0.14 after 2 min),
whereas cells grown on glucose or a combination of the sugars
reached pH values of 5.40 = 0.15 and 5.74 £ 0.25, respectively, in
the same amount of time (Fig. 4B). Due to its instability under
neutral or alkaline pH conditions, we determined that GIcN was
not suited to serve as a substrate in pH drop assays, in which
carbohydrates are usually added as neutral pH solutions.
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FIG 4 pH drop assays. Cells of S. mutans UA159 were grown to mid-exponential phase in TV base medium supplemented with 20 mM glucose (glc), 20 mM glc
and 20 mM GlcNAc (glc/GleNAc), or 20 mM GlcNAc (GlcNAc) before being subjected to pH drop assays as described in Materials and Methods. The assay was
initiated by the addition of 50 mM (final concentration) of either GIcNAc (A) or glucose (B), and the change in the pH was monitored at 30-s intervals for 30 min.
The data represent the averages of results of three independent experiments, with error bars indicating the standard deviation.

The metabolism of N-acetylglucosamine and glucosamine
produces substantial quantities of ammonia. One advantage of
metabolizing amino sugars is the production of ammonia, which
can neutralize the environment produced as a result of rapid car-
bohydrate catabolism. Additionally, the production of ammonia
inside cells has the dual benefit of neutralizing the cytoplasm and
providing a nitrogen source, the latter eliminating the need to
devote energy to transport ammonium ion or other nitrogen
sources from the environment. To determine if significant quan-
tities of ammonia were produced during metabolism of amino
sugars, we grew S. mutans UA159 to mid-exponential phase with
glucose, GIcNAc, or GlcN as the primary carbohydrate source and
resuspended equal densities of cells in the same solution as used
for pH drop assays. Cells were rapidly neutralized and incubated
with the original growth carbohydrate, namely, glucose, GlcNAc,
or GlcN. After 1 h of incubation, cells incubated in GIcNAc or
GIcN produced significantly more ammonia than cells incubated
with glucose, and cells incubated with GlcN produced the most
ammonia of the three carbohydrates tested (Fig. 5). Interestingly,
we also noted that the average final pH of the solution for cells
incubated with glucose, GIcNAc, or GlcN correlated with the pro-
duction of ammonia (data not shown), with the highest terminal
pH being associated with the carbohydrate that yielded the most
ammonia. Clearly, then, ammonia production from amino sugars
can create a more alkaline environment, allowing cells to metab-
olize carbohydrates for a longer period by protecting acid-sensi-
tive enzymes.

NagR is the major regulator of glucosamine and N-acetylglu-
cosamine metabolism. In many bacteria, metabolism of GIcNAc
and GIcN is governed by the binding of a GntR/HutC-type regu-
lator, NagR, to the promoter regions of amino sugar catabolism
genes, including nagA and nagB (34, 73, 74). A gene with substan-
tial homology to confirmed nagR genes is present in S. mutans
UA159, SMU.1065c¢, hereafter designated nagR. Of note, nagR
is immediately upstream (separated by 3 bp) of a predicted
osmolarity-responsive transcriptional regulator gene, busR
(SMU.1064c) (see Fig. SIA). An allelic-exchange mutant of nagR
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was created by replacing SMU.1065¢ with a nonpolar kanamycin
cassette. When S. mutans UA159 and the nagR mutant were grown
in TV supplemented with 20 mM GIcN or GlecNAg, there was no
significant difference in growth rate or final yield due to the loss of
NagR (data not shown). To determine if contaminants from the
tryptone base media were influencing our results, cells were also
grown using the chemically defined medium FMC (50), but
GlcNAc or GleN was substituted for glucose at a final concentra-
tion of 20 mM. There was also little change in the growth rate of
the nagR mutant in the chemically defined medium FMC with
GIcN as the sole carbohydrate source, although there was a small
increase in final yield (Fig. 6A). However, the nagR mutant grew
significantly faster than the wild-type strain on FMC constituted
with 20 mM GIcNAc as the sole carbohydrate source and dis-
played a markedly shorter lag phase (Fig. 6B). In contrast, the
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FIG 5 Measurements of ammonia in supernatant fluids of UA159 incubated
with 50 mM glucose (glc), 50 mM GIcNAc, or 50 mM GlcN. The data are
averages of results of three independent experiments, with error bars indicat-
ing the standard deviation. *, P < 0.05; **, P < 0.005 (by the Student ¢ test).
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FIG 6 Growth curves of S. mutans UA159 and a nagR mutant grown in FMC medium formulated with 20 mM GIcN (A) or 20 mM GIcNAc (B) as the sole

carbohydrate source.

wild-type cells growing in FMC with GIcN did not show the same
lag phase as in FMC with GlcNAc. Thus, the absence of NagR
allowed for more rapid adaptation of the mutant strain when cells
were transferred from BHI to FMC containing GIcNAc but not
when transferred from BHI to FMC with GIcN. The different phe-
notypes of the nagR mutant in TV- and FMC-based media lead us
to suspect that trace amounts of GIcN or other inducing reagents
may be present in the tryptone in TV base medium, which stim-
ulated the transcription of the nag genes in the wild-type strain,
leading to a less pronounced effect of the loss of NagR.

In order to better understand the phenotypes of the nagR mu-
tant, real-time quantitative RT-PCR was employed to probe the
mRNA levels of three genes critical to GIcNAc and GlcN metabo-
lism, nagA, nagB, and glmS, which are not genetically linked in S.
mutans (see Fig. S1A in the supplemental material). To avoid the

potentially confounding effects of trace carbohydrates in tryp-
tone, FMC lacking glucose (50) was used as the base medium and
glucose, GIcNAc, or GlcN was added to a final concentration of 20
mM. As presented in Table 2, there were profoundly altered ex-
pression levels of all three genes in the nagR mutant compared to
the parental strain. In the wild-type genetic background, the pres-
ence of GIcNAc or GIcN resulted in significant increases in nagA
and nagB transcripts relative to that measured in glucose-grown
cells. Notably, glmS mRNA levels were significantly decreased
when UA159 cells were grown in GIcNAc or GlcN rather than
glucose. These results are consistent with previous findings with S.
mutans (44). In contrast to the wild-type strain, the nagR mutant
presented markedly higher levels of nagA and nagB transcripts
when grown in glucose, and similarly high levels with GIcNAc and
GIcN, consistent with the prediction that NagR functions as a

TABLE 2 Relative mRNA levels of nagA, nagB, and glmS as determined by qRT-PCR*

Ratio of indicated mRNA level to gyrA mRNA level (avg = SD)“

Carbohydrate Strain nagA nagB glmS
Glucose UA159 0.24 = 0.08 1.64 + 0.13 0.18 = 0.03
nagR mutant 3.29 + 0.98* 16.64 = 1.28+ 2.23 = 0.50%
nagR/pIB184 strain 3.14 = 0.07 32.63 = 3.48 4.13 = 0.19
nagR/pIB184-nagR strain 0.32 = 0.08¢ 4.25 * 1.384 0.82 = 0.114
GIcNAc UA159 221 +0.27° 19.24 = 1.36" 0.11 = 0.01°
nagR mutant 3.02 = 0.51* 25.60 = 2.771 2.53 £ 0.28%
GlcN UA159 1.40 * 0.30° 10.91 = 2.48% 0.05 + 0.01°
nagR mutant 1.66 * 0.29* 10.48 = 1.03+ 1.54 = 0.23%
nagR/pIB184 strain 1.71 = 0.20 12.02 = 1.41 1.45 = 0.33
nagR/pIB184-nagR strain 0.37 = 0.144 4.38 * 1.23¢ 0.11 = 0.05¢

@ Cells were grown in FMC containing 20 mM glucose, GIcNAc, or GlcN as the primary carbohydrate source. Gene expression relative to that of the constitutively expressed gyrA
gene is reported as a ratio.

b The transcript level was significantly different from that in the same strain grown with glucose (one-way analysis of variance [ANOVA]; P < 0.05).

¢ A two-way ANOVA was performed individually on nagA (*), nagB (1), and glmS (%) transcript data, and each mRNA level was significantly affected as a result of nagR deletion
(P < 0.0001), change in carbohydrate source (P, = 0.0064, P05 < 0.0001, and Py,,s = 0.0088), and the interaction of these two factors (P, =0.0009, P,z < 0.0001, and
Pyis = 0.0232).

4 A two-way ANOVA was performed individually on nagA, nagB, and glms transcript data in comparison to that of nagR/pIB184, and each mRNA level was significantly affected as
a result of nagR complementation (P < 0.0001), change in carbohydrate source (P < 0.0001), and the interaction of these two factors (P < 0.0001).

nagA nagB nagA nag
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negative regulator of these genes. Surprisingly, glmS message lev-
els were also found to be significantly higher in the nagR mutant
than in the parental strain, regardless of the growth carbohydrate.
Of note, expression levels of the putative osmoregulator gene busR
were not significantly altered in the nagR mutant grown on
GlcNAc or GleN. However, when growing on glucose, the nagR
mutant yielded modestly higher levels (about 2-fold) of busR tran-
script than the wild type (data not shown).

To confirm that the observed changes in growth phenotype
and gene regulation were due exclusively to loss of NagR, a com-
plemented strain was constructed by introducing a wild-type copy
of nagR into the nagR mutant strain on the expression plasmid
pIB184 (54), resulting in high-level, constitutive transcription of
nagR (approximately 40-fold above wild-type levels). When tested
for growth, the complemented nagR mutant displayed reduced
growth on GIcN and especially on GlcNAc (see Fig. S11 in the
supplemental material), likely as a result of nagR overexpression.
When gene transcription was assayed in cells grown under glucose
or GleN conditions, mRNA levels of nagA, nagB, and glmS in the
complemented strain were found to be comparable to, or in some
cases lower than, those measured in the wild-type strain (Table 2).
Notably, busR mRNA levels in glucose-grown, nagR-overexpress-
ing cells remained the same as in the wild-type background (data
not shown). These data provide further evidence that NagR is a
dominant transcriptional regulator of the genes for both catabo-
lism and anabolism of GlcN and GlcNAc in S. mutans UA159, in
stark contrast to how these genes are regulated in other Gram-
positive bacteria in which, to our knowledge, anabolic processes
are coordinated by NagR-independent mechanisms.

Recombinant NagR protein binds to the promoter regions of
nagA, nagB, and glmS in vitro. To further explore the mecha-
nisms by which NagR regulates expression of nagA, nagB, and
glmS, we tested the ability of recombinant NagR protein to inter-
act with DNA fragments carrying these promoter sequences, as an
online database (http://regprecise.lbl.gov/RegPrecise/collections
Jsp) (75) indicated that conserved putative NagR-binding ele-
ments exist in the regions tested (see Fig. S1B in the supplemental
material). Using electrophoretic mobility shift assay (EMSA) with
a NagR protein fused to a maltose-binding protein (MBP-NagR),
all three DNA probes containing the promoter regions of nagA,
nagB, and glmS genes were shifted by the recombinant protein
(data not shown). Interestingly, this shift did not result in distinct
bands migrating more slowly in the gel. Rather, complexes of
DNA and protein appeared to form but failed to enter the gel, with
a corresponding loss of the unbound probe migrating freely into
the gel. Given the possibility that the presence of the MBP tag
could be interfering with the interaction of NagR with its cognate
binding sites, recombinant MBP-NagR was treated with factor Xa,
followed by adsorption with an amylose resin to deplete MBP and
undigested MBP-NagR. When used in EMSAs, the released NagR
retarded the progression of all three probes through the gel (Fig.
7). However, the complexes formed by the interaction of NagR
with the probes again failed to enter the gel and form distinctive
bands (Fig. 7), even more so than when the MBP-NagR fusion
protein was used.

In trying to reduce the formation of protein-DNA aggregates,
the nonionic detergent NP-40 was tested in some of the reaction
mixtures, but only a modest decrease in the formation of aggre-
gates and an increase in discrete shifted products could be realized
(see Fig. S14 in the supplemental material). Importantly, the loss
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of nagB probe signal due to binding to NagR was readily reversed
by the addition of small amounts of proteinase K into the binding
reaction (Fig. 7A), and similar results were seen for nagA and glmS
probes (data not shown). Notably, high-molecular-weight com-
plexes similar to those formed by S. mutans NagR and the three
promoter probes have been observed in previous studies of NagR/
NagC (27, 34), and the complexes from these studies also ap-
peared to settle on the top of the gel instead of migrating as clear
bands. As controls, we performed gel shift experiments using pu-
rified maltose-binding protein with all three probes and saw no
change in migration of the probes or loss of signal in any case (Fig.
7A; see also Fig. S12 in the supplemental material). Additionally,
the migration of two unrelated probes, corresponding to the pro-
moters of nlmD and pdhD (M. Watts and R. A. Burne, unpub-
lished data), was not influenced by the presence of released NagR
or MBP-NagR (see Fig. S13), indicating that contamination of the
NagR protein preparation by nucleases did not account for the
results.

Because GIcNAc and GIcN appear to be internalized exclu-
sively by the PTS, we explored whether the phosphorylated forms
of GIcNAc and GIcN, GlcNAc-6-P and GIcN-6-P, could alter the
binding of NagR to its targets. As shown in Fig. 7, the presence of
20 mM GlcN-6-P, but not GIcNAc-6-P, inhibited the binding of
NagR to probes containing promoter sequences of nagA, nagb,
and gImS. Similar results were obtained with the recombinant
MBP-NagR protein (data not shown). Other common carbohy-
drates and intermediates, including GIcNAc, GlcN, fructose-6-P,
and fructose-1,6-bisphosphate, were also tested, but none of these
compounds affected the binding of NagR to its targets (data not
shown). These results support the idea that GIcN-6-P may serve in
vivo as the allosteric effector that alleviates repression of nagA,
nagB, and possibly glmS by NagR. This model would be consistent
with previous results obtained with B. subtilis showing that the
binding activity of the NagR homolog, formerly YvoA, to the nagA
promoter was inhibited by GlcN-6-P (34). However, since tran-
scription of gImS and the genes for catabolism, nagA and nagB, are
oppositely regulated in the presence of glucose or GlcN and Gl-
cNAc (Table 2) (44), the apparent affinity of NagR for the gImS
promoter region and the effects of GIcN-6-P on binding of NagR
to the glmS probe suggest a novel mechanism for transcriptional
regulation of ¢lmS by S. mutans in response to the carbohydrate
source.

DISCUSSION

This study provides genetic and biochemical evidence that EIT™*"
is the primary transporter for GIcNAc and GleN in S. mutans and
that both amino sugars are imported exclusively via the PTS (Fig.
1C). We would also predict that multiple species of the genus
Streptococcus utilize homologs of the glucose/mannose-specific
PTS for internalizing these amino sugars since ManLMN are fairly
well conserved, and we showed here that manL of S. gordonii is also
required for efficient GIcNAc and GIcN metabolism (see Fig. S4C
and D in the supplemental material). These results are not com-
pletely unexpected, as the mannose PTS permease is capable of
transporting both sugars in E. coli (19, 26), and ManLMN of S.
mutans contributes to the uptake of a number of sugars besides
mannose (12, 13). However, a novel discovery from this study is
that a previously uncharacterized protein, ManO, which is en-
coded within or near the manLMN operons of multiple strepto-
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FIG 7 EMSAs performed using the NagR protein and biotinylated DNA fragments containing regions upstream of the nagB (A), nagA (B), or glmS (C) coding
sequences. DNA probes and purified protein were generated as described in Materials and Methods. All EMSAs are representative examples of at least three

independent experiments showing similar results.

cocci (12,71, 72) could influence the transport and metabolism of
GlcNAc and GIeN.

The presence of a manO homolog has been described for other
species of streptococci, and it has been suggested that ManO of
Streptococcus salivarius could serve as a transcriptional regulator
(72). Unpublished data collected by previous members of our lab-
oratory seem to indicate that a manO mutant bears a slight defect
in PTS-dependent uptake of a variety of sugars other than GIcNAc
and GIcN (J. Abranches and R. A. Burne, unpublished data).
These data led us to test whether ManO could influence amino
sugar transport, perhaps by modifying the substrate specificity of
the ManLMN permease. It is also noteworthy that there appear to
be two distinct populations of S. mutans strains that show evi-
dence of divergence in the organization of the EIT™*" gene cluster
(see Fig. S1A) (10). One of these, represented by strain UA159,
carries a 3.85-kbp region between manN and manO that encodes a
putative ABC transporter and a small hypothetical protein. The
other group of S. mutans strains does not contain the large inter-
genic region encoding these two proteins but instead has a 0.3-kbp
intergenic region with no apparent open reading frames (ORFs).
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Also notable is the substantial difference in DNA sequences of
manM and manN between these two groups of S. mutans strains.
For example, ManM and ManN of strain SMU33 (10), which is
missing the large intergenic region, are 73% and 77% identical to
ManM and ManN of S. mutans UA159. However, when ManM
and ManN of strain UA159 are compared to strains that have the
3.85-kbp insertion, it is found that these proteins are nearly 100%
identical (data not shown). In contrast, the degree of conservation
of ManL, ManO, and the region upstream of manL across all 57
strains appears to be near 100%. These findings could suggest the
existence of two lineages of S. mutans that arose from evolution in
distinct host genetic backgrounds or host microenvironments
that provided differential access to particular carbohydrates. Ex-
periments are under way to probe potential interactions between
ManO and the other components of the EII™** complex, though
initial studies of the association between ManO and ManL via a
two-hybrid assay have failed to demonstrate an interaction (data
not shown). The finding that ManL protein levels remained rela-
tively unchanged in a manO mutant (see Fig. S8 in the supplemen-
tal material) is consistent with observations made in our labora-
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tory that the activity of the manL promoter was not influenced by
the deletion of manO in S. mutans UA159 (Abranches and Burne,
unpublished). Our working hypothesis is that ManO is a struc-
tural component of the EIT™*" complex required for efficient car-
bohydrate transport. Future experiments are under way to fully
elucidate the role of ManO in the EII™*" complex.

Reintroduction of manL onto the chromosome of the manL
deletion strain, under the control of the gtfA promoter, restored
the ability of the organism to grow on GlcNAc as the primary
carbohydrate source and enhanced growth on GIcN compared to
that of the manL mutant. However, complementation of the manL
mutant in this manner did not fully restore growth to wild-type
levels, a finding that we attribute to lower levels of manL mRNA
and ManL protein when expression of manL was driven by the
gtfA promoter (see Fig. S2 and S3 in the supplemental material). It
must also be considered that the defect in GIcN transport in the
manL mutant could be partially compensated for by other EII
permeases, e.g., the cellobiose-specific PTS (see Fig. S5A) (celD
strain), as some of these transporters appear to be inducible by the
presence of GIcN (see Fig. S6A, UA159 glc versus UA159 GIcN).
Further, the expression of the cellobiose PTS operon (cel) is sub-
ject to EIIM*"-dependent inducer exclusion (51). Therefore, in the
absence of ManL, expression of the cel operon should increase and
would mask to some extent the effects of loss of ManL on amino
sugar metabolism. Conversely, complementation of AmanL by
pBGE-manL should reduce the expression of the cel operon by
restoring EITM*"-mediated repression of cel genes. Thus, the
GlcN-related growth and PTS phenotypes of these strains could
reflect contributions of the EII™*”, EII°, and possibly minor ef-
fects from other PTS permeases.

The NagR protein of S. mutans shares a high degree of similar-
ity to GntR/HutC-type transcription regulators of other bacteria.
For example, NagR of S. mutans is 36% identical to NagR/YvoA of
B. subtilis, including conservation in the N-terminal helix-turn-
helix and C-terminal effector-binding domains. Similar to what
has been established in E. coli and B. subtilis, expression of genes
that are essential for GIcNAc and GIcN catabolism, nagA and
nagB, was clearly inducible in S. mutans when amino sugars were
added to the culture media (Table 2). Further, by using recombi-
nant MBP-NagR or NagR in EMSAs, we have demonstrated the
ability of NagR to bind to presumptive target promoter regions
upstream of nagA, nagB, and glmS. Importantly, this binding ac-
tivity was disrupted by the addition of GlcN-6-P but not GlcNAc-
6-P. On the basis of these findings, we propose that GIcN-6-P is
likely the inducing signal detected by NagR in S. mutans. In sup-
port of this hypothesis, we have noted that the metabolism of
GIlcNAcby S. mutans requires a period of adaptation, as evidenced
by the prolonged lag phase after transferring strain UA159 grown
in BHI broth into FMC with GIcNAc as the sole carbohydrate
source (Fig. 6B), although the long lag phase was not observed
when transitioning onto FMC with GIcN (Fig. 6A). The duration
of adaptation is likely determined by two factors. First, the induc-
tion of nagA and nagB gene expression may be delayed in cells
inoculated into FMC containing GlcNAc because GlcNAc-6-P
must be converted to GIcN-6-P and accumulate in sufficient
quantities to relieve NagR repression. Second, an extended lag
phase may arise as a result of growth-inhibitory effects of GIcNAc-
6-P that could accumulate rapidly in cells via ManLMN-depen-
dent uptake. Interestingly, it has been reported that GIcNAc is
preferred over GlcN in E. coli and that the inducing signal for nag
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gene expression is GIcNAc-6-P (20, 27, 76). Further, inactivation
of the nagA gene in E. coli results in significant accumulation of
GlcNAc-6-P due to the turnover of peptidoglycan and recycling of
its components (20, 77). While this can lead to elevated expression
of nag genes in E. coli, due to GIcNAc-6-P binding to NagC, we
have noted that for S. mutans, a nagA mutant grown on glucose
does not produce enhanced levels of the nagB transcript (data not
shown). Thus, in spite of similarities in the repressor of nag gene
expression in E. coli and S. mutans, there are fundamental differ-
ences in the way in which the metabolic intermediates of GIcN and
GlcNAc modulate induction of the nag genes through these tran-
scriptional regulators. Lastly, we have noted that the levels of nagB
transcripts are considerably higher than that of nagA in all strains
and under various growth conditions (Table 2). Setting aside pos-
sible posttranscriptional regulation of NagA and NagB levels or
activity, the differences in the absolute levels of mRNAs for these
genes could be associated with the need for cells to remain respon-
sive to changes in carbohydrate source while maintaining GlcN-
6-P pools at levels that are optimal for growth.

One surprising finding was that nagA, nagB, and glmS, which
are not genetically linked, are under direct control of NagR. Fur-
ther, the binding of NagR to all three promoter regions was inhib-
ited by GlcN-6-P. However, as shown in Table 2 and reported
previously (44), expression of glmS is inversely related to that of
nagA and nagB in the wild-type background, consistent with the
fact that GImS is required for biosynthesis of the amino sugars and
NagA and NagB for their catabolism. Thus, the mechanism by
which NagR interacts with the glmS promoter and controls glmS
expression must be different than for its control of nagA and nagB
in vivo. Analysis of the 5" UTR of gImS in S. mutans has not iden-
tified canonical residues for the formation of a ribozyme complex
(44), which is the primary mode of regulation for glmS in multiple
Gram-positive bacteria. Likewise, bioinformatic studies of the di-
versity and distribution of ribozymes in bacteria failed to detect
the presence of a glmS ribozyme sequence in S. mutans, in any
other streptococcus, or in most lactobacilli (43, 44). However,
regulation of glmS by additional transcriptional regulators or reg-
ulatory RNAs cannot yet be excluded. We have noted in a tran-
scriptome sequencing (RNA-Seq) analysis performed on S. mu-
tans UA159 that the glmS transcript was upregulated in galactose
relative to glucose, and this effect appears to be independent of
CcpA (78). Further, it has been demonstrated in studies with E.
coli that one of the galactose permeases, galP, is under the direct
control of the NagR homolog NagC, suggesting that coordinated
regulation of galactose and amino sugar metabolism could be
common in bacteria (79). In addition, we have identified two pu-
tative sSRNAs, one upstream and one downstream of the gimS
gene, which could act to differentially regulate glmS in response to
carbohydrate source and availability (data not shown). Alterna-
tively, it has been demonstrated that NagR could play a role as
both an activator and a repressor of transcription in E. coli and
Vibrio cholerae (80, 81). Therefore, it is possible that NagR of S.
mutans can activate glmS in response to changes in the pools of
metabolic intermediates, including, but not limited to, GlcN-6-P.
In a recent study subjecting the B. subtilis genome to DNase I
protection assays probed with NagR, it was suggested that NagR
may be capable of binding specifically to the operator of nag
operon genes and nonspecifically to neighboring DNA at higher
NagR concentrations, perhaps through protein-protein interac-
tion (35). Further, GIcNAc-6-P was shown to disrupt this nonspe-
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cific binding, but specific binding of NagR to the operator was
preserved. It should be considered, then, that in regions of the S.
mutans genome such as the glmS and nagB promoters, where two
putative NagR-binding sequences are predicted by the RegPrecise
database (see Fig. SIB in the supplemental material), NagR pro-
tein may form bridges between operator sequences to serve as
another level of regulation. We are currently exploring how gimS
transcription is controlled in the mutans streptococci.

Another layer of potential complexity in NagR function in S.
mutans is its tight genetic linkage to busR, which is predicted to
encode an osmolarity-responsive transcriptional regulator. As
mentioned above, nagR and busR are located only 3 nucleotides
apart, and examination of previously generated RNA-Seq data
(78) indicates that nagR and busR transcript levels are nearly iden-
tical and that these genes are probably cotranscribed under the
conditions tested. In addition, qRT-PCR results have shown that
transcript levels of both nagR and busR were significantly lower in
UA159 when cells were grown on FMC containing GIcN rather
than GlcNAc or glucose (data not shown). Subsequent qRT-PCR
studies have revealed that an allelic-exchange replacement of the
nagR gene with a nonpolar antibiotic resistance marker did not
negatively influence the expression of busR, and a wild-type copy
of the nagR gene expressed on a plasmid from a strong promoter
successfully reversed the growth defect of the nagR mutant with-
out influencing the expression of busR. Interestingly, these two
transcriptional regulators are immediately followed by a pair of
ABC transporter genes, opuAa and opuAb, that are likely required
for bacterial resistance to osmotic stress (82). When opuAa mRNA
levels were assayed by qRT-PCR, we found that expression in-
creased 2- to 3-fold in a busR deletion mutant grown in FMC
containing glucose as the sole carbohydrate source (data not
shown), while the levels remained unchanged in a nagR deletion
mutant. The elucidation of the exact nature of this differential
regulation is beyond the scope of this communication, although
we plan to investigate the functions of NagR and BusR in regulat-
ing amino sugar metabolism and other phenotypic traits that may
be important for establishment, persistence, or virulence of S. mu-
tans.

The virulence of cariogenic bacteria, including S. mutans, is
predominately associated with acidogenicity and acid tolerance
(1,4). It has been demonstrated previously that factors promoting
a more alkaline internal pH benefit the organism and perhaps
increase its pathogenicity (83). Our study provides evidence that
the metabolism of GIcN and GIcNAGg, albeit at relatively high con-
centrations, clearly increases the total concentration of ammonia
in the environment and presumably within the cytoplasm (Fig. 5).
The effect of GlcN and GIcNAc metabolism also impacted the final
pH of the culture, illustrating that the metabolism of these amino
sugars may provide cariogenic species with a mechanism for
maintaining a more alkaline internal pH. This benefit was dem-
onstrated in our pH drop assay in which UA159 cells were grown
in glucose, GIcNAc, or the combination of both and then tested
for the ability to lower the environmental pH through utilization
of GlcNAc (Fig. 4A). Among all these growth conditions, cells
grown in the combination of glucose and GlcNAc dropped the pH
to the lowest point and did so at the highest rate; these cells also
presented the highest levels of GIcNAc transport when tested in a
PTS assay (see Fig. S9 in the supplemental material). The en-
hanced capacity of cells grown with glucose alone or a combina-
tion of glucose and GIcNAc to lower the pH when exogenous
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glucose was provided may be explained as follows. Previous stud-
ies have demonstrated that exposure to a moderately acidic envi-
ronment (e.g., pH 5.5 for 2 h) is correlated with enhanced acid
tolerance, attributable to the induction of the adaptive acid toler-
ance response (ATR) (60, 84—87). Two hallmarks of induction of
the ATR in S. mutans are more rapid metabolism of carbohydrate
and attainment of a lower final pH in pH drop assays. Cells grown
with glucose or a combination of glucose and GlcNAc as the pri-
mary carbohydrate source routinely experienced a lower pH by
mid-exponential phase (data not shown) than cells grown only on
GlcNAc. Therefore, we posit that cells grown with GlcNAc alone
likely maintained a more alkaline cytoplasmic pH due to ammo-
nia production (Fig. 5) from deamination of GIcN-6-P, so the
ATR was not induced. It must also be considered that the metab-
olism of amino sugars provides a competitive advantage for some
species. As mentioned above, the metabolism of GIcNAc favors S.
mutans over S. sobrinus in mixed cultures due mostly to higher
levels of GlcNAc-metabolizing enzymes in S. mutans (48). The
production of ammonia via amino sugar metabolism could serve
to moderate cytoplasmic pH and supply nitrogen to metabolizing
cells, which could contribute to the caries process by allowing cells
to continue to make acid at low pH. Further studies are needed to
explore this hypothesis and to elucidate the impact of amino sugar
metabolism by pathogens and commensals on the initiation and
progression of dental caries.
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