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Abstract

Bacterial glycosyltransferases play important roles in bacterial fitness and virulence. Oral streptococci have evolved diverse strategies
to survive and thrive in the carbohydrate-rich oral cavity. In this review, we discuss 2 important biological processes mediated by 2
distinct groups of glycosyltransferases in oral streptococci that are important for bacterial colonization and virulence. The first process
is the glycosylation of highly conserved serine-rich repeat adhesins by a series of glycosyltransferases. Using Streptococcus parasanguinis
as a model, we highlight new features of several glycosyltransferases that sequentially modify the serine-rich glycoprotein Fap|. Distinct
features of a novel glycosyltransferase fold from a domain of unknown function 1792 are contrasted with common properties of
canonical glycosyltransferases. The second biological process we cover is involved in building sticky glucan matrix to establish cariogenic
biofilms by an important opportunistic pathogen Streptococcus mutans through the action of a family of 3 glucosyltransferases. We focus
on discussing the structural feature of this family as a glycoside hydrolase family of enzymes. While the 2 processes are distinct, they
all produce carbohydrate-coated biomolecules, which enable bacteria to stick better in the complex oral microbiome. Understanding
the making of the sweet modification presents a unique opportunity to develop novel antiadhesion and antibiofilm strategies to fight

infections by oral streptococci and beyond.
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Introduction

Oral streptococci initiate colonization of the oral cavity through
their abundant adhesion molecules, and many are carbohydrate
coated (Kolenbrander et al. 1993). These early colonizers have
been associated with healthy oral cavity and also provide a
platform for pathogenic keystone bacteria to attach and form a
complex balanced dental plaque (Jenkinson 2011; Thurnheer
et al. 2014). Disruption of a balanced bacterial community
leads to the development of oral infectious diseases. The initial
adherence of early colonizers through glycosylated adhesins
such as serine-rich repeat proteins (SRRPs) (Zhou and Wu
2009; Lizcano et al. 2012) and other glycoconjugates plays an
important role in the formation of dental plaque (Koo et al.
2010; Falsetta et al. 2014).

Glycosyltransferases are the enzymes that are essential for
producing diverse and complex of glycoconjugates (Jeon et al.
2011). The glycosidic bond formation catalyzed by glycosyl-
transferases occurs between carbohydrate and acceptor. The
acceptor is diverse, containing a variety of biomolecules such
as serine-rich repeats or partially glycosylated serine-rich
repeat proteins (Wu, Zeng, et al. 2007; Bu et al. 2008; Zhou
and Wu 2009; Zhou et al. 2010; Zhu et al. 2011; Lizcano et al.
2012), glucan matrix synthesized by cariogenic Streptococcus
mutans (Lemos et al. 2013), glycolipids (Ito et al. 2011), and
receptor polysaccharide (Xu et al. 2003).

Glycosyltransferases were first classified by Campbell and
colleagues (1967) based on similarities of amino acid sequences.
This was further developed and has evolved to facilitate

structural and mechanistic studies, as well as avoid recurrent
issues in the functional prediction of a large number of putative
glycosyltransferases (Coutinho et al. 2003). Currently, 97 fami-
lies of glycosyltransferases (over 160,000) have been classified
in the Carbohydrate-Active Enzymes database (CAZy; http:/
www.cazy.org/Glycosyltransferases) (Lombard et al. 2014). It
is extremely challenging to define both acceptor and carbohy-
drate donors for any glycosyltransferase.

Hundreds of glycosyltransferase structures have been
solved in the past 20 years, which presents a quite different
picture from what the CAZy classification entails. Most struc-
tures of nucleotide-sugar-dependent glycosyltransferases are
classified into only 2 glycosyltransferase (GT) folds, GT-A and
GT-B (Fig. 1). GT-A-type glycosyltransferases possess a sin-
gle Rossmann fold (topology B/o/B/a/B) and conserved “DXD”
metal binding motif (Charnock and Davies 1999). GT-B-type
glycosyltransferases possess a twin Rossmann fold that faces
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(Stephenson et al. 2002). The glycosyl-
ation of Fapl is critical for biofilm for-
mation and bacterial colonization (Zhou
and Wu 2009).

The mature Fap1 protein possesses sev-
eral monosaccharide residues, including
glucose, N-acetylglucosamine (GlcNAc),
and rhamnose. The glycan sequence of
the Fapl peptide backbone has been
determined as Rhal-3Glc1-(Glc1-3Glc
NAcl-) 2, 6Glc1-6GlcNAc (Zhang et al.
2014). The glycosyl composition of other
SRRPs has been determined for GspB of
Streptococcus  gordonii  (Takamatsu
et al. 2004) and Srrl of Streptococcus
agalactiae (Chaze et al. 2014), but the
sequential order of the glycans are
unknown.

Glycosylation of Fapl is catalyzed
by a series of GTs, sequentially adding

Figure I. Structural folds of glycosyltransferases (GTs). Structural ribbon diagrams are colored:
purple for B-sheet, cyan for helix, and pink for loops. GT-A fold structure, SpsA (PDB entry,
1QGQ) (A); GT-B fold structure, Gtf3 (PDB entry, 3QKW) (B); GT-C fold structure, STT3 (PDB
entry, 2ZAG) (C); GT-D fold structure, DUF1792 (PDB entry 4PHR) (D). Uridine diphosphate is
found in 3 glycosyltransferase folds, GT-A, B, and D. Mn and Mg are shown in the sphere.

each other and is linked flexibly by an active site within the
resulting cleft (Zhu et al. 2011). There is another group of gly-
cosyltransferases with a not well-defined structure fold, called
GT-C type (Fig. 1C). GT-C fold possesses 8 to 13 predicted
transmembrane segments and displays a DXD motif in the first
extracellular/lumenal loop (Igura et al. 2008). Recently, a new
glycosyltransferase (DUF1792) has been reported to have a
distinct GT structural fold named “GT-D” (Fig. 1D). This fam-
ily of glycosyltransferases binds to uridine diphosphate (UDP)
and requires divalent metal ions to transfer carbohydrate but
does not share sequence and structural similarity to any known
glycosyltransferases (Zhang et al. 2014).

Glycosyltransferases are diverse, and the number of glyco-
syltransferases is enormous. The function of numerous glycos-
yltransferases in oral bacteria still remains to be determined
(Appendix Table). In this review, we highlight a series of well-
studied glycosyltransferases involved in the glycosylation of
SRRPs and another distinct group of glucosyltransferases that
are crucial for the synthesis of glucan matrix important for bio-
film formation of a cariogenic bacterium S. mutans.

Glycosyltransferases Important for the
Glycosylation of SRRPs

Streptococcus parasanguinis is one of the initial colonizers in
the oral cavity (Wu et al. 1998). It provides a platform for other
oral bacteria to attach and form a complex oral microbiome
(Kolenbrander et al. 2006; Jenkinson 2011). Fapl, the first
SRRP identified, functions as an important bacterial adhesin

glycosyl residues to Fapl. An 11-gene
cluster has been identified and impli-
cated in the biogenesis of Fapl (Zhou
and Wu 2009). Among them, 6 genes
(gtfl, gtf2, gly, gtf3, galTl, and galT?2)
encode putative glycosyltransferases,
which mediate the glycosylation of Fapl (Wu, Bu, et al. 2007,
Wu, Zeng, et al. 2007; Bu et al. 2008; Zhou and Wu 2009; Wu
etal. 2010; Zhou et al. 2010; Zhu et al. 2011; Zhang et al. 2013;
Zhang et al. 2014) (Fig. 2). Here we discuss the findings on 3
GTs determined to be important for the glycosylation of Fapl
or other SRRPs.

Gtfl and Gtf2 initiate the first step of the glycosylation by
transferring a GIcNAc reside to Fapl (Wu, Bu, et al. 2007; Bu
et al. 2008). Gtfl is a typical glycosyltransferase that belongs
to the GT-B family of GTs. However, Gtfl alone only exhibits
minimal enzymatic activity, while Gtf2 alone does not have
any activity (Wu et al. 2010). Gtf2 enhances the enzymatic
activity of Gtfl by its chaperone-like property (Bu et al. 2008;
Wu et al. 2010). Gtfl and Gtf2 work in concert to form a fully
activated protein complex. This novel glycosyltransferase pro-
tein complex is highly conserved in other gram-positive bacte-
ria, including S. gordonii, Streptococcus sanguinis, and
Streptococcus salivarius as GtfA and GtfB. The GtfA/B com-
plex initiates the glycosylation and transfers GIcNAc to respec-
tive SRRPs (Takamatsu et al. 2004; Zhou and Wu 2009; Li
et al. 2014; Shi et al. 2014).

Both Gtf1 and Gtf2 possess a conserved domain of unknown
function (DUF) 1975 at their N-terminus. DUF1975 mediates
the interaction between Gtfl and Gtf2 (Bu et al. 2008; Wu and
Wu 2011). The crystal structure of GtfA from Streptococcus
pneumoniae (Shi et al. 2014) revealed GtfA has a typical GT-B
fold at the C terminus and a new “add-on” domain at the N
terminus by DUF1975. Add-on domains are found in many
GTs, including eukaryotic O-GlcNAc transferase (Clarke et al.
2008; Martinez-Fleites et al. 2008; Lazarus et al. 2011). Like
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many other add-on domains, DUF
1975 is involved in substrate binding
in addition to its binding to its inter-
acting partner, GtfB. Unlike other
add-on domains, DUF1975 adopts a
novel B-meander structure of a
twisted 10-stranded antiparallel
B-sheet, and the insertion of DUF
1975 makes GtfA a novel O-GlcNAc
transferase. DUF1975 is critical for
the recognition of both coactivator
GtfB and acceptor substrate pneu-
mococcal serine-rich repeat protein
(PsrP) (Shi et al. 2014). However, it
is not clear how DUF1975 mediates
interaction with GtfB and how it rec-
ognizes its acceptor substrate. Future

661
A
gly gtf3 galTl,2 secYZEQp] 2,3 secA2 gtf1,2
B
Gtf1 & Gtf2 Gtf3 DUF1792 CdT, GalT2, Gly
Fap1T‘ Fap1-GIcNAc %‘ Fap1-GlcNAc-Glc T Fap1-GlcNAc-Glc-Glc > Glycosylated Fap1
GIcNAc Glc Glc other sugars?

Figure 2. Diagrams of a gene cluster with fap | and associated glycosyltransferase genes. The fap/
locus has || flanking genes. gtfl, gtf2, gtf3, galT|, galT2, and gly are glycosyltransferase genes; secY2,
secA2, and gap 123 are genes involved in secretion (A). Gtfl and Gtf2 form a protein complex to
initialize the first step of Fap| glycosylation; Gtf3 mediates the second step; DUF1792 is the third
glycosyltransferase to modify Fapl. C terminal GalT| (CgT), GalT|, and Gly mediate the remaining
steps of Fap| glycosylation to fully modify Fap| (B).

studies will focus on solving the

complex structure of GtfA/B with its substrate, which may
shed new mechanistic insights. Despite the lack of the complex
structure, the unique protein-protein interaction module
DUF1975 found in the enzymatic complex can be explored to
design novel inhibitors that disrupt the interaction, thereby
achieving the inhibition of bacterial adhesions and infection.
This approach is promising as DUF1975 is highly conserved in
gram-positive bacteria and structurally distinct from other add-
on domains found in other GTs in eukaryotic cells.

Glycosylation of Fap1 is a multistep process (Zhou and Wu
2009). The initial glycosylation is mediated by the Gtf1/2 pro-
tein complex. Gtf3, a glucosyltransferase, transfers Glc to the
GlcNAc-modified Fapl to complete the second step of the gly-
cosylation (Zhou et al. 2010). Of note, Gtf3 was initially anno-
tated as a nucleotide sugar synthetase by its sequence
homology. Biochemical and structural studies unequivocally
demonstrated it is a bona fide glucosyltransferase. This indi-
cates sequence homology-based predication has its limitations
and sometimes can be misleading. Structural studies have
revealed that Gtf3 is a GT-B—type GT with a typical twin
Rossmann fold (Zhu et al. 2011). Unlike Gtf1, Gtf3 does not
require a molecular chaperone, and it is stable and fully func-
tional by itself. Interestingly, Gtf3 forms a homotetramer to
achieve the maximum enzymatic activity (Zhu et al. 2011).
The transition between homo- and heteromers of glycosyl-
transferases can modulate formation of optimal active glycos-
yltransferases complexes (Hassinen et al. 2011). Whether this
second step of the Fapl glycosylation is tightly coordinated
with the first step via this organizational interplay is unknown
and awaits further investigation. Other Gtf3-like proteins are
also conserved in many gram-positive bacteria that produce
SRRPs, including Streptococcus mitis, S. sanguinis, S. gordo-
nii, Streptococcus australis, and S. salivarius (Zhu et al. 2015).
However, the precise function of most Gtf3-like proteins in
these bacteria has not been investigated.

GalT1 is involved in the subsequent glycosylation step. It is
coded by a putative glycosyltransferase gene that is located at
the same locus with g#f3. GalT1 possesses 2 domains: DUF1792
at the N terminus and a typical GT-A glycosyltransferase

domain at the C terminus. We have demonstrated that DUF1792
alone is sufficient to catalyze the third step of the Fapl glyco-
sylation by transferring another Glc residue to GlcNAc-Gle—
modified Fapl (Zhang et al. 2014). The C terminus of GalT1 is
dispensable for this activity, suggesting it might mediate the
glycosylation of Fapl by adding a different glycosyl residue
after the DUF1792 modification (Zhang et al. 2014). The crys-
tal structure of DUF1792 has revealed a novel glycosyltransfer-
ase fold that is composed of 3 regions: an N-terminal region that
has 2 o/p/a sandwich domains consisting of an atypical DXE
metal binding motif, a central region that contains a Rossmann-
like fold, and a C-terminal region that is composed of a long
coil region, a short helical turn, and a short B-strand (Fig. 3).
Since DUF1792 is structurally distinct from all known GT folds
of glycosyltransferases, we have assigned DUF1792 as a new
GT structural fold: GT-D (Zhang et al. 2014). DUF1792 is
highly conserved in streptococci, lactobacilli, and even gram-
negative bacteria and may represent a universal glycosyltrans-
ferase fold (Zhang et al. 2014). Since the distribution of
DUF1792 is limited to bacterial species, it can be explored as an
antibiotic target to develop antibacterial therapy.

Another 2 genes, ga/T2 and gly, located at the same gene
cluster, are predicted to encode 2 putative glycosyltransferases,
which mediate the last 2 steps of the Fapl glycosylation. The
glycosyl specificity of GalT2 and Gly has not been defined yet.
Whether they are coordinated with GalT1 and other GTs to
complete the modification of Fapl is unknown.

Genetic, biochemical, and structural biology studies have
allowed us to propose a sequential Fapl glycosylation path-
way. Of note, the organization and number of annotated glyco-
syltransferases in the gene cluster are quite diverse (Zhou and
Wu 2009). In S. parasanguinis, 4 glycosyltransferase genes
(gly, gtf3, galTl, and galT?2) are located upstream of fapl (Bu
et al. 2008). In other gram-positive bacteria that possess SRRP
genes, putative glycosyltransferase genes are clustered down-
stream of srrp genes. In a search of sequenced bacterial
genomes, we found that S. pneumoniae possesses a very large
number of annotated glycosyltransferases, ranging from 4 to
11, which may indicate differential modification of PsrP by
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a/B/a sandwich fold

In addition, there is a phenyl ring con-
served to interact with the uracil ring of
UDP. Mutation of Tyr19 in GtfA, Tyr211
in Gtf3, and either His 223 or His 245 in
DUF1792 has significantly inhibited
enzymatic activity (Zhu et al. 2011; Shi
et al. 2014; Zhang et al. 2014). These
results suggest that Arg, Tyr, or His in the
UDP binding site is critical for the enzy-
matic activity. These studies may assist
the rational design of small molecules
that target these enzymes at the precise
positions.

Metal Binding

The DXD metal binding motif is consid-
ered a signature for GT-A fold glycosyl-
transferase as the motif plays crucial role
in binding to sugar-nucleoside diphos-

Figure 3. Structure of DUFI792. The o/B/a sandwich fold is colored in red. Key residues
Arg28, His223, and His 245 are colored in blue. The DXE motif is highlighted in yellow. Uridine

diphosphate (UDP) is shown as a stick. Mn is shown in a sphere.

various S. pneumoniae strains (Zhou and Wu 2009). Both orga-
nization and number of annotated glycosyltransferases vary
even within the same bacterial species such as S. agalactiae
(Seifert et al. 2006). SRRPs and protein glycosylation have
been implicated in bacterial pathogenesis (Zhou and Wu 2009;
Lizcano et al. 2012), and it is tempting to hypothesize that the
diversity of GTs in various bacterial species and strains may
allow the bacteria to make differentially modified adhesion
molecules tailored to their unique host environments.

Structural Features of 3 GTs Involved
in Sequential Glycosylation of SRRPs

UDP Binding

All GTs identified in the pathway bind to nucleotide substrates.
For instance, the structures of GtfA, Gtf3, and DUF1792 all
contain UDP (Zhu et al. 2011; Shi et al. 2014; Zhang et al.
2014). UDP binding residues are quite conserved. Arg328 from
GtfA, Arg 179 from Gtf3, and Arg28 from DUF1792 interact
with UDP (Zhu et al. 2011; Shi et al. 2014; Zhang et al. 2014).
Biochemical experiments confirmed that the interaction
between Arg and phosphate atom of UDP is important for
enzymatic activity (Shi et al. 2014; Zhang et al. 2014; Zhu
et al. 2011). This interaction is also found in other GTs
(Pedersen et al. 2000) and is considered a conserved feature of
the UDP-dependent glycosyltransferase. Likewise, Lys residue
is also critical for the enzymatic activity. Lys333 from GtfA,
Lys246 from Gtf3, and Lys205 from DUF1792 are all observed
close enough to possibly interact with UDP (Zhu et al. 2011,
Shi et al. 2014; Zhang et al. 2014). These findings suggest that
both residues mediate neutralization of the negative charge on
phosphoryl groups of UDP during catalysis and also may help
UDP to leave the active site after catalysis.

phate and divalent metal ion (Busch et al.
1998). However, concerns arise as this
motif may not be as conserved as previ-
ously thought (Coutinho et al. 2003;
Lairson et al. 2008). Nevertheless, the DXD motifis crucial for
the activity of most GT-A types of glycosyltransferases.
Recently, DUF1792 has been reported as the first glycosyl-
transferase in the GT-D fold family. It has a DXE metal bind-
ing motif, which is invariable in all DUF1792 homologs
(Zhang et al. 2014), indicating the motif represents a bona fide
property of this glycosyltransferase family.

Glucosyltransferases That Catalyze
the Synthesis of Glucans in Oral
Streptococci

Glucosyltransferases (GTFs) play an important role in the
sucrose-dependent accumulation of mutans streptococci on the
tooth surface. Extensive biochemical studies have been con-
ducted on streptococcal GTFs, such as GtfG from S. gordonii
(Vickerman et al. 1996; Vickerman and Clewell 1997), Gtf
from S. sanguis (Buchan and Jenkinson 1990), Gtfs from
Streptococcus sobrinus (Colby and Russell 1997), and GtfBCD
from S. mutans (Bowen and Koo 2011). In this review, we
mainly focus on GtfBCD from S. mutans, a major opportunis-
tic pathogen for dental caries.

S. mutans is capable of rapidly synthesizing large amounts
of exopolysaccharide through a family of GTFs and readily
forming biofilms. S. mutans has 3 separate GTFs (GtfBCD).
This family of GTFs is distinct from GTs we discussed above.
GTFs catalyze the cleavage of sucrose into fructose and glu-
cose, as well as use the energy released from the cleavage of
the glycosidic bond to drive concurrent transfer of the glucose
residue to a growing glucan polymer (van Hijum et al. 2006).
GTFs are named after their ability to transfer the glucose resi-
due, but the nomenclature fails to consider the essential activ-
ity of GTFs to split sucrose into glucose and fructose.
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In fact, GTFs belong to members Signal peptide

Catalytic domain of glycoside hydrolase

Glucan binding domain

of glycoside hydrolase (GH) family

70 (Hamada and Slade 1980). Each

GTF enzyme has distinctive proper-

ties varying in synthesizing a struc- 0 34 2'50

T 1
1050 1455 aa

turally distinct glucan from sucrose
(Colby and Russell 1997). GtfB syn-
thesizes water-insoluble glucans rich
in a(1-3)-linkage, GtfC produces a

Figure 4. Organization of GtfC domains.

mixture of soluble glucans rich in
a(1-6)-linkage and insoluble glucans,
and GtfD makes primarily soluble
glucans (Bowen and Koo 2011).
GTFs produced by S. mutans play
a key role in the cariogenic process as
the glucan synthesized by GTFs
enhances the biofilm formation and
colonization of cariogenic bacteria.
Furthermore, production of the glu-
cans is also accompanied by the
increase in the amount of acids pro-
duced, and glucans help localize gen-
erated acids to the glucan matrix and
enamel interface to form an acidic
sealing zone, which facilitates the dis-

solution of dental enamel and pro-
motes the development of dental
caries (Krzysciak et al. 2013). This
acidic sealing zone may resemble an
analogous structural zone found at the
interface between osteoclasts and bone surfaces when osteo-
clasts polarize to form acidic, hydrolase-rich resorption lacunae
to degrade bone (Heckel et al. 2009). GTFs have become an
important target for drug discovery in the search of small-mol-
ecule compounds that inhibit cariogenic biofilms. The details of
the biological function of each GTF have been beautifully
reviewed elsewhere (Bowen and Koo 2011), so we focus on
discussing the structure of GTFs and the potential application.
GTFs from S. mutans are responsible for catalyzing the for-
mation of glucan with various types of glucosidic linkages,
such as a(1-3), a(1-4), or a(1-6) bonds, from sucrose (Ito et al.
2011). GTFs from S. mutans are composed of 3 distinct func-
tional domains: the N-terminal variable junction region, the
catalytic region, and the C-terminal glucan binding region
(Monchois et al. 1999; Ito et al. 2011) (Fig. 4). Protein sequence
alignments of different GTFs indicate that the catalytic domain
is highly conserved (Monchois et al. 1999), but the alignment
does not explain the particular type of activity conferred by
each GTF. Structural studies are in need to solve the puzzle.
The crystal structure of GtfC from amino acid residues 244
to 1087 has been solved (Ito et al. 2011). In the structure, GtfC
possesses 4 domains: A, B, C, and IV (Fig. 5). Each domain,
with the exception of domain C, is composed of 2 separate
regions of the polypeptide chain. Domain C is composed of a
single stretch of amino acid residues (693 to 828). The overall
structure of GtfC shares great similarity to GH family 13 amy-
lases, especially in domain A, which forms the core of the

Figure 5. Structure of the catalytic domain of GtfC from Streptococcus mutans. Domain A is colored
in orange, domain B is colored in red, domain C is colored in blue, and domain IV is colored in green.
Residues Glu431 and Asp593 are colored in cyan. a-Acarbose is shown as a stick. Ca is shown as a
sphere and colored in green (PDB entry, 3AIC).

catalytic domain of GtfC. Domain A has a common TIM-barrel
motif of GH family 13 amylases and also has 2 additional o
helices (Ito et al. 2011). Overall, GtfB, GtfC, and GtfD share
more than 40% amino acid sequence identity. Many of the
amino acids in the catalytic domain are conserved, except
Glu431 and Asp593 (Ito et al. 2011). Glu431 is in a position
opposite the active center and occupies a part of the metal
binding. Asp593 is in the additional o-helix in domain A,
which appears to be the critical residue for acceptor sugar ori-
entation (Ito et al. 2011). It has been shown that replacement of
Thr at this position in GtfD with Asp or Glu promotes the syn-
thesis of insoluble glucan instead of producing soluble glucan,
while replacement of this Asp residue in GtfB promotes syn-
thesis of soluble glucans rather than insoluble glucan
(Shimamura et al. 1994). Therefore, Asp593 is considered the
only residue that determines the linkage specificity of glucans
produced by GtfBCD. In addition, site-directed mutagenesis of
a GtfC homolog, GtfR of Streptococcus oralis, reveals that the
additional a-helices in domain A and the adjacent loop could
interact with different substrates with different length and
modification, which would alter the reaction specificity of
GTFs (Hellmuth et al. 2008).

The structure of the GtfC has 3 forms: free enzyme form
and in complex with an inhibitor acarbose and a carbohydrate
acceptor maltose (Ito et al. 2011). The inhibitor of GtfC, acar-
bose, is a pseudo-tetrasaccharide that contains a nonhydrolyz-
able nitrogen-linked bond, which blocks the catalytic activity
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of various GHs. Maltose, a carbohydrate acceptor of GtfC, is
not only a known transglycosyl acceptor for GTFs (Van den
Steen et al. 1998) but also a weak inhibitor of GTFs (Newbrun
et al. 1983). The complex structure of maltose and GtfC sug-
gests that maltose serves as a competitive inhibitor of the sec-
ond acceptor, sucrose (Ito et al. 2011). All these structural
details, especially the unique features of the catalytic domain
from GtfC, can be useful in the design of novel inhibitors tar-
geting GTFs. We are actively pursuing structure-based discov-
ery of inhibitory compounds targeting GTFs.

In addition to synthesizing different glucans, GtfBCD also
have distinct roles in the building of dental plaque. GtfC is
absorbed to enamel, GtfB binds to bacteria or fungi and
enhances adhesion to plaque, and GtfD catalyzes the biosyn-
thesis of a soluble polysaccharide, which acts as a primer for
GtfB (Bowen and Koo 2011; Gregoire et al. 2011). Since the
diverse glycosyl linkage products are determined by limited
differences in the conserved catalytic domain, the distinct roles
in the formation of dental plaque can be attributed to low
homology among putative glucan binding modules found in
each GTF. Further characterization will help determine distinct
function of each GTF.

Gene Regulation of GTFs

Although the role of a number of GTs and GTFs in their host is
well studied, the mechanisms that control the expression of
these proteins are poorly understood. So far, only the gene
regulation of GTFs from S. mutans and S. gordonii has been
documented. In S. mutans, response regulators CovR and VicR
differentially regulate the expression of both GtfB and GtfC by
binding directly to both the gtfB and gtfC promoters
(Senadheera et al. 2005; Biswas and Biswas 2006). It is
unknown how the 2 response regulators coordinate this regula-
tion. In S. gordonii, rgg, a gene located upstream of g#/G, was
shown to positively regulate the expression of GtfG (Sulavik
and Clewell 1996; Vickerman and Clewell 1997). Deciphering
the molecular mechanisms and identifying genes that directly
regulate GTs awaits further investigation.

Conclusions and Future Perspectives

Oral streptococci live in a carbohydrate-rich environment.
They have evolved a variety of strategies to cope with this
niche. This review highlighted only 2 aspects of the sweet
modification by oral streptococci: making glycoproteins and
establishing sticky glucans. As the number of glycosyltransfer-
ases is diverse and enormous, it would not be surprising to see
more interesting structural folds, specific biochemical activi-
ties, and biological functions emerging. Since glycosyltrans-
ferases can sequentially modify serine-rich peptide substrates
efficiently, one practical utility of studying the glycosylation
pathway is to engineer carbohydrate-coated proteins using a
rich resource of glycosyltransferases. In addition, biological
function of this sweet modification of SRRPs is unknown. As
many important pathogens also possess these carbohydrate-
coated SRRPs, it will be interesting to learn whether and how

the sweet modification can modulate biological function of
bacterial-host interactions.

Furthermore, as the production of glucan matrix is crucial
for cariogenic biofilm formation of S. mutans, solving crystal
structures of each GTF will shed new mechanistic insights into
the matrix production. Of note, this family of GTFs is also
found in commensal streptococci, and it would be interesting
to study how they contribute to build a complex biofilm matrix
when coexisting with S. mutans in the oral microbiome.
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