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Abstract Glucosyltransferases (GtfB/C/D) in Streptococ-
cus mutans are responsible for synthesizing water-insol-
uble and water-soluble glucans from sucrose and play
very crucial roles in the formation of dental plaque. A
monoclonal antibody against a 19-mer peptide fragment
named Gtf-P1 was found in GtfC to reduce the enzyme
activity to 50%. However, a similar experiment suggested
almost unchanged activity in GtfD, despite of the very
high sequence homology between the two enzymes. No
further details are yet available to elucidate the biochem-
ical mechanism responsible for such discrimination. For a
better understanding of the catalytic behavior of these
glucosyltransferases, structural and functional analyses
were performed. First, the exact epitope was identified to
specify the residue(s) required for monoclonal antibody
recognition. The results suggest that the discrimination is
determined solely by single residue substitution. Second,
based on a combined sequence and secondary structure
alignment against known crystal structure of segments
from closely related proteins, a three-dimensional homol-
ogy model for GtfC was built. Structural analysis for the
region communicating between Gtf-P1 and the catalytic
triad revealed the possibility for an “en bloc” movement
of hydrophobic residues, which may transduce the
functional influence on enzyme activity from the surface
of molecule into the proximity of the active site.

Keywords Glucosyltransferases · Streptococcus mutans ·
Homology modeling · En bloc movement · Monoclonal
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Introduction

Mutans streptococci have been implicated as the principal
causative agents of human dental caries. [1] Such bacteria
can secrete glucosyltransferases (GTFs; EC 2.4.1.5) to
catalyze the formation of glucose polymers (glucan) from
sucrose. These polysaccharides enhance the colonization
of cariogenic bacteria and promote the formation of
dental plaque on tooth surfaces. [1]

Genetic approaches have identified several GTFs of
distinct characteristics in oral streptococci including S.
mutans, S. sobrinus, S. downei, and S. gordonii (for a
review, see [2]). Streptococcus mutans, the most prevalent
mutans streptococci isolated from human oral cavities, [3]
produces three GTFs: [4, 5, 6, 7, 8, 9] GtfB (162 kDa),
GtfC (149 kDa) and GtfD (155 kDa). The first two
enzymes synthesize primarily insoluble glucan, whereas
the last one exclusively synthesizes a water-soluble form.
Studies of the structural and functional relationship of the
GTFs from S. mutans and S. sobrinus have identified
several important domains and specific amino acid
residues involved in enzyme activities for glucan binding,
sucrose hydrolysis and glucan synthesis. [2] First, a C-
terminal glucan-binding domain (GBD) is composed of
multiple homologous direct repeat segments, approxi-
mately 510 residues. [10] GBD was shown to be essential
for glucan synthesis but not for sucrase activity. [11, 12]
Second, an N-terminal catalytic domain of about 900
amino acids [2] is capable of binding and hydrolyzing
sucrose. [13] This region is highly conserved among
GTFs.

The active site, or at least part of the residues
contributing to the active site, was proposed to be located
on a nine-residue fragment containing a catalytic aspartic
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acid, which was observed in the stabilized glucosyl–
enzyme complex in GTF-I from S. sobrinus. [13] Site-
directed mutagenesis confirmed the essential role of this
Asp residue for sucrase activity in GTFs from S. mutans,
[14] S. downei [15] and from L. mesenteroides. [16]
Extension up- and downstream of this nine-residue
fragment forms a peptide containing 21 residues, named
Gtf-P2 or CAT. [7, 9, 17] Primary sequence alignment
revealed that this peptide is highly conserved in the
amylases and a-glucosidases. [17] Another peptide able
to affect the enzyme activity, Gtf-P1, was identified by
Funane and coworkers [18] and by our group [17] at
almost the same time. Gtf-P1 consists of 19 amino acids.

Our previous data have shown that a monoclonal
antibody against a synthetic peptide with identical
sequence to Gtf-P1 in GtfC (GtfC-P1) brings the sucrase
activity of GtfC down to about 50%, whereas in GtfD the
activity for the same assay was found to be unchanged.
[17, 19, 20] There is only one different residue between
the sequences of Gtf-P1 in GtfC (435 to 453: AND-
VDNSNPVVQAEQLNWL) and in GtfD (Val-438 re-
placed by Ile-426, i.e., 423 to 441: ANDIDNSN-
PVVQAEQLNWL). How does this minor substitution
cause such a drastic functional discrimination?

Undoubtedly, the N-terminal third of the GTFs plays a
central role in sucrose splitting and glucan synthesis.
However, the direct crystal structural information indi-
cating the subdomain arrangement and the precise
residues required for illustrating the chemical details are
still unclear. Therefore, in the present study, we first
describe the identification of the epitope required for
monoclonal antibody recognition, and then, based on the
combined sequence and secondary-structure alignment
against the known crystal structures of segments from
closely related proteins, a 3-D homology model of the
catalytic domain of GtfC was generated and analyzed to
provide a possible explanation for the functional discrim-
ination mentioned above.

Materials and methods

Preparation of GTF proteins
and Gtf-P1 peptide fragments

His-GtfC and His-D, as well as Gtf-P1 and Gtf-P2 from
GtfC, were purified with affinity chromatography as
described. [17, 20] E1, E2, and E3 are Gtf-P1 peptide
fragments synthesized according to the GtfC sequence,
for which each peptide fragment occupies a length of
about two-fifths of Gtf-P1.

Enzyme-linked immunosorbent assay (ELISA)

96-well polystyrene enzyme immunoassay plates (GIBCO
Laboratories, Grand Island, N.Y.) were used for all
reactions. Between steps, the wells were washed three
times at room temperature with 0.05% Tween-20 in

phosphate-buffered saline (PBS; pH 7.4) by using an
automatic washer (Tri-Continent Scientific Inc., Grass
Valley, Calif.). The wells were coated with either peptide
alone (E1, E2, E3; 1 mg/ml in PBS, pH 7.4) or purified
His-GtfC/-D (0.5 mg/ml in sodium carbonate buffer,
pH 9.8). This was then incubated overnight at 4 �C and
blocked with 150 ml of 0.5% BSA (Sigma Chemical Co.,
St. Louis, Mo.) for 2 h at 37 �C. Anti-GtfC-P1 (an
antibody against Gtf-P1 of GtfC, prepared from mice) was
added thereafter and incubated at 37 �C for 2 h. After
washing six times with PBS/Tween-20, the bound anti-
body was detected using alkaline phosphatase-conjugated
goat anti-mouse IgG (Sigma) in PBS, followed by a p-
nitrophenylphosphate substrate (Sigma). The optical
densities were measured in a microplate reader (Tri-
Continent Scientific Inc.) at 405 nm.

Homology modeling

Search for templates

The BLAST algorithm was employed to search in PDB
for protein segments with sequences similar to those of
GTFs and whose structures can serve as viable structural
templates. The crystal structures of three related amylases
or glucosyltransferases (Bacillus Licheniformis alpha-
amylase, BLI; [21] alpha-amylase precursor, VJS; [22]
Glycosyltransferase, BPL [21]) that showed the highest
scores in the sequence alignments were chosen for the
determination of structurally conserved regions (SCRs).
The residues of GTFs used for model building were
compared to the BLI sequence according to their paired
sequence. In addition, immediately after the primary
sequence comparison with BLAST, parts of the carboxyl
and amino terminal residues of GTFs were eliminated
according to the results.

Paired sequence alignment

The GCG program was used to determine the equivalent
residues. The residue regions of BLI represented as
continuous lines dominantly observed from GCG were
employed as appropriate template regions, and the
corresponding fragments in the GTFs were chosen for
alignment individually. The amino acid sequences of
these GTF fragments were then included in the multiple
sequence alignment [23, 24] of the appropriate BLI
regions to specify the residue numbers for model
building.

Model building and residue side chain simulation

Modeling by homology was performed essentially fol-
lowing the procedures previously described. [23, 25, 26,
27, 28, 29] Briefly, the residue fragments of GTFs were
chosen according to the results from GCG-paired se-
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quence alignment. They were then superimposed onto the
crystal coordinates of the Ca atoms of the corresponding
SCRs from the BLI structure. This generated the second-
ary structure and relative positions of the definite
structural elements in the chosen residue fragments of
the individual GTF models. Junctions between the
secondary structural elements were regularized individu-
ally by energy minimization to give reasonable geome-
tries. Further hydrophobic interactions between residue
side chains were performed and obtained with molecular
dynamics and simulated annealing. All the calculations
and structure manipulations were performed with the
Discover/Insight II molecular simulation and modeling
programs (from Accelrys Inc., San Diego, Calif.; 950
release) on a Silicon Graphics Octane/SSE workstation.

Results

Identification of the epitope required for anti-GtfC-P1

In order to analyze the antigenicity of GTFs and the
specificity of anti-GtfC-P1, which was prepared accord-
ing to the primary sequence of Gtf-P1 of GtfC, [17]
ELISA tests with various whole proteins or only with
peptide fragments were performed. In Fig. 1a, significant
differences between the optical densities due to the
binding of anti-GtfC-P1 to GtfC and to GtfD were
observed. This specificity of anti-GtfC-P1 was further
confirmed by the results shown in Fig. 1b, which suggest
a much stronger binding affinity of anti-GtfC-P1 for Gtf-
P1 than for Gtf-P2. In addition, since Gtf-P1 is a peptide
containing 19 residues that exists in both GtfC and GtfD,
further analysis to identify the precise epitope for
antibody recognition and to determine which factors
affect the binding affinity between GtfC and GtfD, is
required. Three peptide fragments from Gtf-P1 of GtfC
were synthesized: E1, 440 to 449, NSNPVVQAEQ (from
N’ to C’); E2, 435 to 444, ANDVDNSNPV; E3, 445 to
453, VQAEQLNWL. In Fig. 1c, the binding of anti-GtfC-
P1 to E2 is stronger than to the other two fragments, E1
and E3. This shows that the exact epitope required for
anti-GtfC-P1 to recognize GtfC is located on the E2
fragment. Comparison of the Gtf-P1 sequences between
GtfC and GtfD revealed that a single residue variation,
Val-438 in GtfC, is sufficient to result in the difference in
binding for anti-GtfC-P1, as shown in Fig. 1c.

Paired sequence and structural alignment

According to the scores of the BLAST template search
and the structure–functional properties, Bacillus Licheni-
formis alpha-amylase (BLI) [21] was selected as template
protein to build our GtfC homology–structure model.
Residue fragments in GtfC used for structural alignment
are 428–695 and 886–976 (from the N- to the C-termini).
The corresponding residue fragments in BLI applied to

create coordinates for GtfC are 191–399 and 33–121,
respectively (Fig. 2a, b).

Homology model and side chain interactions

Structural information from our models suggests the
subdomain arrangement that coincides with the predictive
structural arrangement for GTF-I from S. downei. [30]
Such a folding pattern of GtfC is also very similar to that
of BLI [21] (Fig. 2a, b): a typical Tim-barrel structure
composed of eight consecutive units of a/b structural
motif (Fig. 2b) by forming the cavity for active sites

Fig. 1 ELISA results showing the binding ability of anti-GtfC-P1
antibody for BSA–peptide conjugates. a GtfC and GtfD, b Gtf-P1
and Gtf-P2, c intrinsic sequences (E1, E2, E3) of GtfC. 50 ml of
BSA–peptide/protein conjugates were coated onto the ELISA plate,
whereas 100 ml of anti-GtfC-P1 antibody was then added into the
coated wells. The optical densities were detected as the absorbency
(Abs) at 405 nm for all the triplicate measurements
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(Fig. 3a), as observed in the crystal structures of other
closely related sugar-splitting enzymes. [21, 22, 31, 32]
The highly conserved 19-residue region, Gtf-P1 (residues
435 to 453 for GtfC), [9, 17] spreads on the surface of the
molecule in the structure (Fig. 3a) and forms a fairly long
a-helix that protrudes its N-terminal residues into the
proximity of Gtf-P2 (residues 468 to 488 for GtfC),
including the catalytic Asp-477 (Fig. 3a, b). The structure
in Fig. 3a also clearly indicates the exact position and
spatial arrangement of the catalytic triad of GtfC (Asp-
477, Glu-515, Asp-588).

Molecular dynamics simulation with simulated an-
nealing for the side chain conformations and orientations
provided structural information indicating highly ordered
hydrophobic interactions between side chains around the
region between Gtf-P1 and Gtf-P2 in GtfC (Fig. 3a–d).
This suggests a possible mechanism to transduce the
influence of antibody binding from the surface of
molecule to the active site of enzyme.

Discussion

Our three-dimensional structure model of GtfC in Strep-
tococcus mutans revealed the typical Tim-barrel subdo-
main arrangement for the catalytic domain that is
responsible for sugar splitting and substrate binding.
Due to the fairly high sequence homology between GtfC
and GtfD, it is quite reasonable to predict that the two
structures are very similar and that they show the same
relative spatial arrangement for their Gtf-P1 and Gtf-P2.

Previous investigations have proposed that the cata-
lytic triad in active sites of GTFs is composed of two
aspartates and one glutamate (see previous sections). Our
structures provide clear evidence for the spatial orienta-
tion of these three residues and how such a catalytic triad
organizes to allow the accessibility of the substrate
(Figs. 2b and 3a). The catalytic aspartate, for example,
Asp-477 in GtfC, is located on Gtf-P2 [13] and therefore
at the proper orientation and distance with the other two
residues (Glu-515 and Asp-588). Substrates can enter and
reach this triad from the wide opening of the cavity
formed by the Tim-barrel structure (Figs. 2b and 3a).
According to the results from previous studies suggesting
that the C-terminal one-third is responsible for the glucan

Fig. 2 Comparisons between
BLI and GtfC. a Sequence ho-
mology. Shadowed letters de-
note the identical residues,
whereas bold ones indicate
conservative (positive) substi-
tutions. Homology for two sep-
arate fragments (first identical,
then positive): (i) GtfC 428–
695:23% and 36%; (ii) GtfC
886–976:35% and 44%. b Sec-
ondary structural elements.
Schematic diagrams with sec-
ondary structural arrangement
are shown to emphasize the
Tim-barrel characteristics. The
cylinders represent the a-he-
lices, whereas the flat arrows
are for the b-strands. The loops
connecting in between are
drawn with thick lines in dis-
tinct colors
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binding, [11, 12] we would expect the long molecule of
glucan to occupy the remaining part or be outside of this
cavity and to be supported by the C-terminal residues.
However, due to the elimination of residues for structural
alignment, the C-terminal residues of the molecule are not
seen in these structures. Therefore, such an assumption
remains to be verified.

From our structure, the highly conserved 19-residue
fragment, Gtf-P1, [17] is located on the surface of GtfC
molecule. Our previous result demonstrated that the
monoclonal antibody against this region brings the
sucrase activity of GtfB and GtfC down to about 50%.
[19] On the other hand, GtfD showed unchanged activity,
even slightly increased, for the same assay. [19] It is
reasonable to believe that exposure of this 19-residue
fragment on the surface of the molecule can lead to a
possible “attack” by the antibody. Conformational change
of Gtf-P1 induced by such an attack may further affect the
catalytic behavior via the protruding residues of this long
a-helix into the proximity of Gtf-P2 and the active site
(Fig. 3a–d). However, what factors determine the func-
tional discrimination between GtfD and GtfB/C under the
same conditions?

To answer this question, we have performed an
immunoanalysis using anti-GtfC-P1, a monoclonal anti-
body against Gtf-P1 of GtfC, to determine what happens
during the recognition. First, the specificity of anti-GtfC-
P1 between GtfC and GtfD was compared. The results in
Fig. 1a confirm that our antibody, which was prepared
according to the primary sequence of Gtf-P1 in GtfC,
binds more strongly to GtfC than to GtfD. Second, in
Fig. 1b, anti-GtfC-P1 binds specifically to Gtf-P1, not
Gtf-P2. It seems clear that, due to the different binding
affinity, anti-GtfC-P1 recognizes Gtf-P1 in GtfC and then
affects the catalytic behavior by disturbing the putative
interactions between Gtf-P1 and Gtf-P2. However, we
were not fully satisfied with such a simple explanation,
especially after we compared the sequence of Gtf-P1
between GtfC and GtfD. We found that only one Gtf-P1
residue is different between GtfC and GtfD: Val-438 for
GtfC and Ile-426 for GtfD. Can one similar hydrophobic
residue substitution cause such a tremendous discrimina-
tion as a consequence of antibody recognition, even if this
residue is far away from the active site?

Fig. 3 Side chain interactions between Gtf-P1 and catalytic Asp-
477 in GtfC. a Ca-tracing of GtfC with the two crucial peptides
(Gtf-P1, orange; Gtf-P2, blue) and the catalytic triad residues (red)
highlighted to show their relative spatial organization. Side chains
for the residues described further in b and c are also depicted
according to their atom types. All the structures in a–d are viewed
with the barrel opening facing down (cf. b). b Hydrophobic
interactions for the area between Val-438 and Asp-477 (front view).
This structure is viewed with the same orientation as observed in a,
only enlarged to show the residue side chains in details. c
Hydrophobic interactions for the area between Val-438 and Asp-
477 (back view). This structure is viewed by rotation of 180� along
a vertical axis as in b. d Stereo diagram of the residues forming
hydrophobic interactions between Val-438 and Asp-477 (side
view). This structure is viewed by rotation of 90� anticlockwise
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There are two ways to examine or to account for this.
First, different conformations for Gtf-P1 between GtfC
and GtfD might exist, regardless of the fact that only one
amino acid residue is changed. Unfortunately, due to the
limitations of structure modeling, such details in confor-
mations between GtfC and GtfD could not be compared
merely from our 3-D models of GTFs. Thus, we have
examined the second possibility. We synthesized three
peptide fragments corresponding to parts of Gtf-P1 of
GtfC (E1, E2, and E3. For sequences, see Materials and
methods and Results). The results shown in Fig. 1c
suggest E2 for the strongest affinity, which indicates that
the fragment containing Val-438 in GtfC should be able
to enhance the antibody recognition, and then further
affect the catalysis of GtfC. However, we could not
completely exclude the influence of the difference in Gtf-
P1 conformation between GtfC and GtfD. This may,
hopefully, be further investigated upon the determination
of the crystal structures of GTFs in the future.

The next concern is the detailed mechanism by which
Val-438 influences GtfC activity from the surface of the
molecule upon antibody recognition. This can be illus-
trated by way of structural analysis for side chain
interactions between Gtf-P1 and Gtf-P2. Fig. 3a–d shows
the highly ordered hydrophobic interactions between Val-
438 and the residues neighboring the catalytic Asp-477,
i.e., Val-476, Ala-478 and Val-479. This is an area with
uninterrupted hydrophobic interactions between non-po-
lar amino acids, which may form a tightly packed
hydrophobic core. The binding of anti-GtfC-P1 to Val-
438 may, as speculated from the structural observation
illustrated in Fig. 3b–d, induce certain conformational
changes of Gtf-P1, which then transduce and draw the
flanking valines or alanine residues, together with Asp-
477, away from their original positions (putatively similar
to en bloc movement). The spatial accuracy of the
catalytic triad in GtfC can therefore be altered. This may
bring the enzyme activity down to about 50%. Further
proof of such a hypothesis also requires the determination
of crystal structures of related enzymes.

Our results from the structural and functional analyses
have given, at least to a certain extent, although fairly
speculative, first direct evidence for the roles of Gtf-P1 in
affecting the catalytic function of GTFs. In addition,
preliminary data using synthetic Gtf-P1 peptides contain-
ing the key residues valine or isoleucine to perform
competitive Elisa as reference lead to a similar conclu-
sion. Nevertheless, this work suggests that Gtf-P1 may act
as an appropriate candidate for vaccine development in
the prevention of human dental caries by abolishing GTF
enzyme activity from the surface of the molecules, instead
of interacting directly with the active site inside the barrel
structure.
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