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N-acetylglucosamine (GIcNAc) has long been known to play
important roles in cell surface structure. Recent studies are
now revealing new functions for GIcNAc in cell signaling.
Exposure to GIcNAc regulates virulence functions in the
human fungal pathogen Candida albicans and in pathogenic
bacteria. These signaling pathways sense exogenous GIcNAc
and are distinct from the O-GIcNAc signaling pathways in
mammalian cells in which increased levels of intracellular
GIcNAc synthesis leads to post-translational modification of
proteins by attachment of O-GIcNAc. The novel roles of
GlcNAc in cell signaling will be the subject of this mini-review.

GlcNAc plays important structural roles at the surface of a wide
range of cells from bacteria to humans. It is a component of
bacterial cell wall peptidoglycan, fungal cell wall chitin and also
glycosaminoglycans and other polymers on the surface of animal
cells. In view of its widespread occurrence, it is not too surprising
that GlcNAc has also been found to induce cell signaling in
fungi and bacteria. These organisms are thought to respond to
exogenous sources of GIcNAc, such as the material released
during the extensive cell wall remodeling that occurs in growing
fungi and bacteria. Animal cells and plants also use GIcNAc
for cell signaling, but do so in a different manner. In these
multicellular organisms, intracellular levels of UDP-GlcNAc are
used as sensors of nutritional status that result in protein
modification by attachment of O-GlcNAc. Studies on the role of
O-GlcNAc in cell signaling have been the subject of several recent
reviews."” Therefore, we will focus this review on emerging data
indicating the presence of novel signal pathways activated by
exogenous GIcNAc in fungi and bacteria. Studies on these
GlcNAc pathways are revealing new insights into intercellular and
interspecies communication.

GlcNAc Signaling in C. albicans and Other Fungi

Addition of GlcNAc to the extracellular medium activates signal
transduction pathways in the yeasts C. albicans’ Candida
lusitaniae,* and Yarrowia lipolytica.” GlcNAc induces these species
to switch from growing as budding cells to forming long fila-
mentous hyphal cells. GlcNAc signaling has been best studied in
the human fungal pathogen C. albicans, as the more commonly
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studied model yeasts Saccharomyces cerevisiae and Schizzosaccharo-
myces pombe lack the genes required to catabolize GlcNAc and do
not appear to respond to this sugar. Genetic analysis of C. albicans
indicates that GlcNAc activates two pathways. One pathway
results in increased cAMP signaling, which then triggers hyphal
morphogenesis and expression of virulence factors.®® GlcNAc
activation of cAMP signaling also induces an epigenetic switch
known as White-Opaque switching that results in altered mor-
phological characteristics and gene expression in mating type
homozygous forms of C. albicans.” The second pathway activated
by GlecNAc, which is independent of cAMP signaling, results
in increased expression of the genes needed to catabolize
GIcNAc®1!

Initial attempts to determine whether GlcNAc has to be
taken up by C. albicans to induce signaling led to conflicting
conclusions.>"? This was due in part to the lack of genetic
approaches available at the time to study this diploid organism.
However, the more recent discovery of the GlcNAc transporter
(Ngtl) in a proteomics study of C.albicans plasma membrane
proteins has provided an important new tool for analysis of
GlcNAc signaling.'> NGT1 was identified as a GIcNAc trans-
porter because an ngrIA deletion mutant was very strongly
impaired in GIcNAc uptake, and heterologous expression of
NGTI in S. cerevisiae conferred the ability to take up GlcNAc.
Additional studies showed that Ngtl was specific for GIcNAc and
did not promote the transport of other related sugars. Although
ngtIA cells were strongly defective in GlcNAc uptake, they could
still import low levels of this sugar. Thus, it was very significant
that the 7gz/A mutant cells could still be stimulated to induce
hyphal morphogenesis in the presence of 1,000-fold higher levels
of GlcNAc than are required to induce the wild type. These
results support the conclusion that Ngtl facilitates uptake of
GIcNAc, and that intracellular GleNAc then induces signaling
in C. albicans. Interestingly, NGT1 has also turned out to be a
valuable new tool for studying the roles of GlcNAc in other
organisms, since it is the first eukaryotic GIcNAc transporter
gene to be identified."

Subsequent studies now indicate that GIcNAc metabolism is
not necessary for its ability to induce signaling in C. albicans.
This was tested in part by mutating the HXK1, NAGI and DACI
genes needed to catabolize GlcNAc and use it for energy. These
genes encode the enzymes needed for GIcNAc to be phosphory-
lated, deacetylated and then deaminated, resulting in its con-
version to fructose-6-POy. Significantly, a triple mutant lacking
all three genes could still respond to GlcNAc to induce both the
formation of hyphae and increased expression of NGT1." Since
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phosphorylation of GIcNAc by Hxkl is also required for cells to
convert GleNAc into UDP-GIcNAc for use in anabolic pathways,
the ability of the triple mutant to be stimulated indicates that
GIcNAc metabolism is not required for signaling.

The ability of cells to induce signaling in the absence of the
GlcNAc  kinase (Hxkl) indicates that non-phosphorylated
GIcNAc is capable of inducing C. albicans. This has important
advantages for signaling as it allows cells to distinguish the non-
phosphorylated GIcNAc transported into the cell from the
GIcNAc-6-PO4 that is synthesized de novo within the cell
(Fig. 1A). GlcNAc synthesis involves conversion of fructose-6-
POy to glucosamine-6-POy4 and then to GIcNAc-6-PO,.'¢ Con-
sequently, significant amounts of non-phosphorylated GIcNAc
are not expected to occur in the cell unless it taken up from an
exogenous source. Furthermore, detecting non-phosphorylated
GIcNAc is also expected to provide a higher degree of sensitivity
for low levels of extracellular GIcNAc imported into the cell in the
presence of endogenously synthesized GIcNAc-6-POy. Cells must
synthesize large amounts of GIcNAc-6-POy to keep up with the
demands for it in N-linked glycosylation, GPI anchor synthesis
and synthesis of cell wall chitin. Not too surprisingly, signaling

pathways activated by other sugars have also been reported to
sense the non-phosphorylated form that is imported into the
cell.''® Altogether, these results demonstrate that the capacity
of C. albicans to sense non-phosphorylated GlcNAc taken up
into the cell represents a novel signal transduction mechanism
that may also occur in other organisms.

The response of C. albicans to GlcNAc raises the question of
what might be the sources of GleNAc that it could encounter.
One possibility is that C. albicans responds to GleNAc released
by chitinases that remodel the cell wall during growth or released
by the action of human chitinase during infection, since the
fungal cell wall contains chitin, a polymer of GlcNAc. Similarly,
GIcNAc is also released during growth of bacteria due to
remodeling of the peptidoglycan cell wall layer, which is
composed in part of GlcNAc."” This latter source of GlcNAc
may be important for signaling in mixed microbial environments,
such as the G.I. tract. GIcNAc is also an abundant component of
the cell surface on mammalian cells, and is present in polymers
such as glycosaminoglycans.*

GlcNAc Signaling in Bacteria

GIcNAc has been shown to induce signaling in several
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different bacterial species. One example is Pseudomonas
aeruginosa, which was recently reported to respond to
GlcNAc in the lung secretions (sputum) of Cystic
Fibrosis patients.”’ Microarray analysis revealed that
growth in sputum induced expression of the GlcNAc
catabolic genes in P.aeruginosa, consistent with the
presence in sputum of GlcNAc-containing polymers,
such as hyaluronic acid and mucins.?' Interestingly,
GlcNAc also induced the production of phenazine
antimicrobial compounds by P. aeruginosa. It was
proposed that this antimicrobial defense system might
be induced by GleNAc since P. aeruginosa also lives in
the soil where GlcNAc would be an indicator of
the presence of other bacteria or fungi in the area.
Similarly, GIcNAc also induces production of anti-
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microbial compounds and regulates development
during sporulation of some soil bacteria, such as
Streptomyces coelicolor.”?

Another bacterial pathogen, Escherichia coli, responds
to GIcNAc by reducing expression of CURLI fibers
and type 1 fimbriae.”*** CURLI fibers are important
for biofilm formation, adhesion and the internalization
of E. coli by epithelial cells.”® Fimbriae are important for
pathogenicity by promoting adhesion to mammalian
cells.?* Decreased production of these cell surface mole-
cules is thought to promote dissemination of bacteria
within the host. This response to GlcNAc may also be
involved in balancing the interaction between E. coli
and the host immune response, since CURLI and fim-

briae are thought to be proinflammatory. GlcNAc may

Figure 1. Models for GIcNAc induction of cell signaling. Note that (A) C. albicans
and (B) bacteria such as E. coli are thought to sense forms of GIcNAc that are not

synthesized in the cell. Endogenous GIcNAc synthesis pathways are shown in gray.
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also have other roles in virulence, as suggested by studies
showing that the ability of E. coli to catabolize GIcNAc is
also important for it to colonize the G.I. tract.”®
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GIcNAc also induces the genes needed for its catabolism in
bacteria. In the bacteria where this has been studied, the GIcNAc
catabolic genes are located in an operon that is regulated by a
repressor, such as NagC in E. coli.** GlcNAc is taken up by
bacteria through a phosphotransferase transporter system that
results in GIcNAc-6-POy entering the cell. Binding of GlcNAc-6-
POy to the NagC repressor causes allosteric changes that derepress
the operon and promote expression of the genes needed for
GIcNAc catabolism. Interestingly, bacteria are distinct from
eukaryotic cells in that they do not synthesize GIcNAc-6-PO.'°
They instead convert glucosamine-6-POy directly to GleNAc-1-
POy. Intracellular GIcNAc-6-POyis only expected to occur in
bacteria as a result of the import of exogenous GlcNAc (Fig. 1B).
Thus, bacteria have a mechanism for distinguishing exogenous
GIcNAc from the GleNAc synthesized in the cell that is analogous
to the detection of non-phosphorylated GleNAc in C. albicans
(Fig. 1). In this regard it is also interesting that GIcNAc-6-PO4
imported into Gram-positive bacteria acts as a cofactor for the
ribozyme activity of the glmS mRNA, which results in its cleav-
age.”” Since glmS encodes glucosamine-6-POy synthetase, the first
committed step in the GlcNAc synthesis pathway, this specialized
mechanism turns off GlcNAc synthesis in the presence of
exogenous GlcNAc. Thus, there are at least two mechanisms in
bacteria by which GleNAc-6-POy regulates gene expression.

GlcNAc Signaling in Mammalian Cells and Plants

The ability of mammalian cells and plants to respond to
exogenous GIcNAc has not been well studied. These organisms
contain the genes needed to catabolize GlcNAc, so they pre-
sumably have mechanisms to regulate their expression. However,
very little is known about other responses to exogenous GlcNAc.
In contrast, there is a rapidly growing body of work demon-
strating that plants and mammals respond to changes in the
intracellular levels of GlcNAc. Changes in nutrition that result
in elevated GlcNAc synthesis lead to increased formation of
UDP-GIcNAc, which is a substrate for the enzyme O-GlcNAc
transferase (OGT).! OGT modifies proteins by catalyzing the
transfer of the GIcNAc moiety of UDP-GIcNAc to Ser or Thr
residues on proteins. This is a reversible modification in animal
cells analogous to protein phosphorylation, as they also encode an
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enzyme that removes O-GlcNAc from proteins. Many of the
substrates that have been identified for OGT play key roles in
cellular regulation, such as the transcription factors c-myc, p53
and NFx-B.> This type of O-linked GlcNAc attachment has
therefore been implicated in a range of human diseases, including
cancer and diabetes.

Interspecies Communication

The presence of GlcNAc on the surface of so many different
cell types makes it a good indicator of either the presence of
other organisms or potentially an attack on the outer surface of
a cell. Since cells in nature typically grow in mixed microbial
environments, GlcNAc is therefore also well suited to be part of
the communication that goes on between cells. An interesting
example of this type of interspecies communication occurs
between C. albicans and P. aeruginosa. GlcNAc and other bacterial
cell wall breakdown products induce C.albicans to undergo
hyphal morphogenesis.>*® P. aeruginosa cells are then able to
form a dense biofilm on the filamentous hyphal cells and kill
them.”” C. albicans also responds to a quorum factor produced
by P. aeruginosa (3-oxo-C12 homoserinelactone) by restricting its
growth to the budding pattern, thereby protecting it from being
killed since budding cells are not attacked by P.aeruginosa.>
Significantly, the P aeruginosa cells are also on the receiving
end of a signal from C. albicans. A quorum factor produced
by C. albicans (farnesol) interferes with quorum signaling in
P. aeruginosa and prevents induction of virulence factors.”" Thus,
GIcNAc is part of a complex exchange of signaling molecules
between C. albicans and P. aeruginosa. Given the prevalence of
GlcNAc, it seems likely to be involved in other forms of
interspecies communication.’>*?
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