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The genome sequence of the oral pathogen Streptococcus mutans predicts the presence of two putative
polysaccharide deacetylases. The first, designated PgdA in this paper, shows homology to the catalytic domains
of peptidoglycan deacetylases from Streptococcus pneumoniae and Listeria monocytogenes, which are both
thought to be involved in the bacterial defense mechanism against human mucosal lysozyme and are part of
the CAZY family 4 carbohydrate esterases. S. mutans cells in which the pgd4 gene was deleted displayed a
different colony texture and a slightly increased cell surface hydrophobicity and yet did not become hypersen-
sitive to lysozyme as shown previously for S. pneumoniae. To understand this apparent lack of activity, the
high-resolution X-ray structure of S. mutans PgdA was determined; it showed the typical carbohydrate esterase
4 fold, with metal bound in a His-His-Asp triad. Analysis of the protein surface showed that an extended groove
lined with aromatic residues is orientated toward the active-site residues. The protein exhibited metal-
dependent de-N-acetylase activity toward a hexamer of N-acetylglucosamine. No activity was observed toward
shorter chitooligosaccharides or a synthetic peptidoglycan tetrasaccharide. In agreement with the lysozyme
data this would suggest that S. mutans PgdA does not act on peptidoglycan but on an as-yet-unidentified
polysaccharide within the bacterial cell surface. Strikingly, the pgd4-knockout strain showed a significant
increase in aggregation/agglutination by salivary agglutinin, in agreement with this gene acting as a deacety-

lase of a cell surface glycan.

Streptococcus mutans is a pathogenic bacterium that is im-
plicated in dental caries, infective endocarditis, and alpha-
streptococcal shock syndrome in neutropenic patients (35). Its
natural habitat is dental plaque, which is a well-known example
of a naturally formed biofilm. In the oral cavity, S. mutans is
considered among the primary etiological agents of dental
caries because of its combined abilities to rapidly degrade
carbohydrates, produce abundant acid, induce a tolerance to
low-pH environments, and synthesize adherent glucans from
sucrose (27).

In order to successfully colonize, S. mutans needs to avoid
being eliminated by the various components of the innate
immune system that can be found in the oral cavity. Specifi-
cally, saliva contains many defensive components/systems such
as antimicrobial peptides, mucins, proline-rich glycoprotein,
immunoglobulins, lactoferrin, cystatins, lysozyme, and (other)
salivary (glyco)proteins (28, 38). For instance, bacterial aggre-
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gation through salivary agglutinin (SAG) prevents the adher-
ence of microorganisms to the different oral surfaces (39).

One of the strategies that microorganisms use to evade the
host innate immune system is de-N-acetylation of their cell
surface glycans. A crucial role for exopolysaccharide deacety-
lation was shown in biofilm formation, colonization, and resis-
tance to neutrophil phagocytosis and human antibacterial pep-
tides in Staphylococcus epidermidis (42). Protection against
host defenses by polysaccharide deacetylases has recently been
reported for Listeria monocytogenes (9) and Streptococcus
pneumoniae (40, 41). In both cases a peptidoglycan deacetylase
modifies the cell wall to significantly increase its resistance to
lysozyme hydrolysis.

Both of these bacterial peptidoglycan deacetylases are mem-
bers of the carbohydrate esterase 4 (CE4) family (CAZY da-
tabase, http://www.cazy.org/CAZY/). CE4 esterases are metal-
dependent enzymes that deacetylate polysaccharides such as
peptidoglycan, chitin, and acetylxylan. For instance, bacterial
peptidoglycan deacetylases de-N-acetylate GIcNAc and
N-acetylmuramic acid (MurNAc) sugars in the disaccharide
repeat unit present in cell surface peptidoglycan (8, 17, 40, 41).
Structural and biochemical characterization of the S. pneu-
moniae PgdA enzyme (PgdAg,) showed that it coordinated an
essential divalent metal cation at the active site (7). The metal
ion coordinates a water molecule that performs a nucleophilic
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attack on the carbonyl carbon of the acetate moiety of
GlcNAc. An aspartate residue acts as the catalytic base by
activating the nucleophilic water, and a histidine, which pro-
tonates the leaving group, completes the general acid base
catalysis mechanism (6, 7). Peptidoglycan deacetylases, chitin
deacetylases, and acetylxylan esterases are able to deacetylate
oligomeric GIcNAc in vitro, which is a pseudosubstrate for
these enzymes (2, 3, 7, 37).

The genome sequence of S. mutans UA159 (1) displays two
open reading frames that are annotated as putative polysac-
charide deacetylases, one between positions 582168 and
581236 (GenBank locus tag SMU.623c, designated pgdA)
and one between positions 912330 and 911434 (SMU.963c,
pgdB). The predicted amino acid sequence of S. mutans
PgdA (PgdAg,,) displays clear homology with the catalytic
domains of the peptidoglycan GlcNAc de-N-acetylase of S.
pneumoniae (PgdAg,).

This study is aimed at determining the function of the pgdA
gene product in S. mutans and understanding its possible role
in host defense mechanisms. Through generation of a pgdA4
knockout, characterization of the recombinant enzyme, and
determination of its structure, we demonstrate that PgdA is an
active, metal-dependent CE4 esterase that plays a role in tun-
ing cell surface properties and in interactions with (salivary)
agglutinin, an essential component of the innate immune sys-
tem, most likely through deacetylation of an as-yet-unidenti-
fied polysaccharide.

MATERIALS AND METHODS

Bacterial strains, plasmids, and media. Escherichia coli strains were grown
either in liquid or on solid (1.5% agar) Luria-Bertani (LB) medium at 37°C. S.
mutans UA159 (wild type) and its derivatives were grown in Todd-Hewitt broth
(TH broth) or on 1.5% Todd-Hewitt agar containing 0.3% yeast extract, anaer-
obically at 37°C. Erythromycin was included where indicated at 200 wg/ml for E.
coli and 10 pg/ml for S. mutans; ampicillin was used at 100 wg/ml for E. coli.

Construction of the S. mutans deacetylase-knockout strain. Chromosomal
DNA of S. mutans was isolated according to the method of Hanna et al. (18) and
used as a template for PCR. To delete the pgd4 (SMU.623c) gene in S. mutans
UAI159, we used a precise deletion method (13, 26). A crossover PCR deletion
product was constructed in two steps. (i) Two fragments were generated with
primer combinations pgdAuf/pgdAur and pgdAdf/pgdAdr, respectively. One frag-
ment includes 554 bp upstream and 6 bp of the start of the gene; the other
fragment includes 692 bp downstream and 6 bp of the end of the gene. (ii) The
fragments were annealed at their overlapping region and PCR amplified as a
single fragment using the outer primers (pgdAuf and pgdAdr). This fragment was
digested with EcoRI and SphlI and ligated into the suicide vector pORI280 (23),
resulting in pLJ2. After the correct sequence was verified (BaseClear, Leiden,
The Netherlands), pLJ2 was transformed into S. mutans UA159 (24). Selection
for gene replacement was performed according to the method of Leenhouts et al.
(23). pgdA gene deletion was confirmed by PCR using primers pgdAR and
pgdAur. Furthermore, using quantitative PCR, pgdA4 gene expression was tested
on the mRNA of wild-type and mutant strains using primers rtpgdAF and rtpgdAR.
Also the expression of SMU.622¢ was monitored with primers rtSMU_622F and
rtSMU_622R to exclude polar effects. All primer sequences and strain information
are available in the supplemental material.

Construction of the S. mutans deacetylase overexpression plasmid. When the
protein sequence of PgdAg,,, was analyzed with Signal-P (14), a signal sequence
was predicted at the N terminus of the protein. The cleavage site was predicted
between residues 41 and 42. Therefore, the DNA coding for amino acid residues
42 to 311 of the deacetylase was amplified by PCR from S. mutans UA159
genomic DNA by using primers SMU.623cF/R and cloned into the pGEX-6P-1
expression vector (Amersham) using the BamHI/EcoRI restriction sites; the
sequence of the insert was verified by DNA sequencing.

Aggregation assay. Overnight cultures of S. mutans were diluted 1:20 in fresh
TH broth. At various time points a 2-ml sample from each culture was washed
and resuspended in phosphate-buffered saline (PBS), pH 7.4. Aggregation indi-
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ces (Als) were subsequently determined according to the method of Malik and
Kakii (29). One milliliter of an S. mutans suspension in PBS was rigorously
vortexed to destroy aggregates, and the optical density at 600 nm (ODgq, or
OD 1) of this suspension was determined. From another 1 ml of suspension,
aggregates were removed by mild centrifugation (650 X g, 2 min), and the
ODgpernatant Was measured. Al was defined as (OD,qq — ODgypernatant)/ODiotar-
The experiment was performed in triplicate.

Hydrophobicity assay. The hydrophobicity of S. mutans cells was determined
by measuring the adherence of the cells to xylene (Merck), as described by
Rosenberg et al. (33). Cells from an overnight culture were harvested, washed
once, and resuspended in PBS (pH 7.4). The ODy, of this sample was measured
(4p). A 1.5-ml portion of this suspension was mixed with 0 or 1 ml of xylene (90
s; vortex). The mixture was allowed to stand for 15 min to ensure complete
separation of the two phases. A 1-ml sample was carefully removed from the
aqueous phase and left standing for 1 h to evaporate residual xylene, and
subsequently the ODg, of the sample was measured (4). The percentage of
bacterial adhesion to solvent was calculated by % adherence = (1 — A/A4,) X 100.
The experiment was performed in triplicate.

Lysozyme susceptibility. Overnight cultures of S. mutans were diluted 1:20 in
fresh TH broth and grown at 37°C. At indicated time points, during the expo-
nential growth phase, the cultures were divided in two. To one part 40 pg/ml hen
egg lysozyme was added; no lysozyme was added to the control culture. Subse-
quent growth was monitored by following the ODg, in a spectrophotometer
(Molecular Devices, California) for 3 h.

In a second experiment, cells were grown until the start of the stationary phase,
and the cultures were centrifuged (15 min, 4,000 X g, 4°C), resuspended in
Tris-EDTA (TE) buffer (pH 8.0), and again divided and treated as described
above. Changes in ODy, were subsequently recorded for 5 h. Four replicates
were tested for each condition, and the experiment was performed in duplicate.

Agglutinin adhesion. The susceptibility of S. mutans cells to aggregation by
SAG was examined by the adhesion assay described previously (4, 5, 25). In brief,
human parotid saliva was collected from one volunteer with a Lashley cup, and
10 ml of parotid saliva was cooled on ice water for 30 min to promote the
formation of a precipitate and subsequently centrifuged at 16,000 X g. The
resulting pellet (approximately 10-fold enriched in SAG) was dissolved in 1 ml
PBS and used for binding studies. Overnight cultures of S. mutans were washed
and resuspended in Tris-HCI buffer (pH 7.0) to a set density of ODgyyo = 1.0.
Subsequently, 100 wl of this bacterial suspension was added to a microtiter plate
the wells of which had been coated with 1 to 5 pg/ml (twofold serially diluted)
crude SAG. After 2 h of incubation at 37°C the plates were washed three times
with buffer. Adherent bacteria were detected after staining with 2.5 uM
SYTO-13 (Invitrogen; 100 pl/well) in a Fluostar Galaxy microtiter plate fluores-
cence reader (Molecular Devices, California). The experiment was performed in
triplicate.

Binding of wheat germ agglutinin (WGA) to S. mutans cells was quantified
with an Alexa Fluor 488-WGA conjugate (Invitrogen). Overnight cultures were
washed and resuspended in bovine serum albumin (BSA)-saline solution (0.25%
BSA, 0.15 M NaCl; ODg of 0.55). Alexa Fluor 488-WGA was subsequently
added to final concentrations of 0, 1, 5, and 10 pg/ml. After 60 min of incubation
(37°C), the cells were centrifuged, washed, and resuspended in BSA-saline.
Bound Alexa Fluor 488-WGA was quantified in a fluorimeter (excitation, 495
nm; emission, 519 nm).

Production and purification of S. mutans PgdA. E. coli BL21(DE3)pLysS cells
containing the pGEX-6P-1 expression plasmid encoding residues 42 to 311 of the
PgdA protein were grown at 37°C in LB medium containing ampicillin until they
reached an ODy, of 0.6. Gene expression was induced by the addition of a final
concentration of 0.25 mM isopropyl-B-p-thiogalactopyranoside followed by a
further incubation for 4 h. Cells were harvested by centrifugation and resus-
pended in 50 ml of 25 mM Tris, 250 mM NaCl, pH 7.5, per liter culture volume.
After lysis by sonication, the insoluble material was removed by centrifugation
(22,500 X g, 30 min, 4°C). The soluble fraction was incubated with glutathione-
Sepharose beads (Amersham) at 4°C for 3 h. Cleavage of the glutathione S-
transferase tag from PgdAg,, was achieved by incubation at 4°C with PreScission
protease. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis analysis
showed good expression of the protein and confirmed successful cleavage of 95
to 100% of the fusion protein. PgdA protein separated from glutathione beads
was purified further by gel filtration in lysis buffer containing 2 mM EDTA. A
single peak that corresponded to the expected size of the monomeric protein
(30.5 kDa) was observed, and sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis showed that these fractions contained no contaminating proteins.

Crystallization and structure solution. Gel filtration fractions were pooled
and concentrated to 21 mg/ml using a 20-ml VivaSpin 10,000-molecular-weight-
cutoff spin concentrator. Diffraction-quality cubic crystals were grown by vapor
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FIG. 1. Structure-based sequence alignment of CE4 esterases. The sequences of three known de-N-acetylases, a de-O-acetylase, and PgdA,,, from
the CE4 family are shown: S. mutans PgdA, C. lindemuthianum chitin de-N-acetylase, B. subtilis PdaA, Streptomyces lividans xylan de-O-acetylase, and
S. pneumoniae PgdA. The secondary structures of PgdAg,, and PgdAg, are indicated above and below the alignment, respectively. The secondary
structure is highlighted as red helices, and blue strands represent the CE4 esterase domain. Secondary structure not present in the canonical CE4 fold
is shown in green. The five CE4 active-site motifs (MT1 to MT5, yellow) are indicated below the alignment. The metal coordinating residues are colored
cyan, and the catalytic residues are colored magenta. Residues highlighted in orange show large shifts in surface-exposed loops. The alignment was
performed using the Aline program (written and kindly provided by Charlie Bond, University of Western Australia, and Alexander Schiittelkopf, Dundee

University).

diffusion, using equal volumes of protein solution and mother liquor consisting of
2.4 M Na/K phosphate, pH 5.6. Crystals were soaked with 0.1 M ZnCl, for 5 min
followed by washing in a cryoprotectant solution (2.4 M Na/K phosphate, pH 5.6,
12% [wt/vol] polyethylene glycol 400 containing no ZnCl,) for 10 s. These
crystals were tested on beamline BM14 at the European Synchrotron Radiation
Facility (Grenoble, France), and a fluorescence scan of the crystals indicated the
presence of Zn. A single anomalous dispersion data set was collected to 1.45-A
resolution at the Zn K edge (\; = 1.28 A). Images were scaled using the HKL
suite (31). The data between 15 and 1.45 A were scaled in 12,3 with unit cell
dimensions @ = b = ¢ = 128.57, one molecule per asymmetric unit, Ry, Of
0.045 (0.291 for the last shell), 99.1% completeness (98.7% for the last shell), and
3.6-fold anomalous redundancy (3.3-fold for the last shell). Analysis of the
Harker section (i, v, w = 0.5) in the anomalous Patterson map revealed a single
70-0 peak. A single zinc site was identified using the ShelxD program (36), and
the obtained phases were used to generate electron density maps in which
WarpNtrace (32) built 238 out of 270 residues. Refinement was performed with
CNS (10) interspersed with model building in O (21) and COOT (15); this
resulted in a final model with an R factor of 0.165 (Rg.. = 0.185) and good
geometry (root mean square deviation from ideal bond lengths and angles is
0.012 A and 1.7°, respectively). Density for a single zinc molecule within the
active site of the protein was observed within the calculated electron density
maps. Figures were generated using the PYMOL Molecular Graphics System,
DeLano Scientific (http://www.pymol.org).

Fluorescamine-based de-N-acetylase activity assay. Purified PgdAg,, was
tested for de-N-acetylase activity using a 96-well plate assay as previously re-
ported (7). Standard reaction mixtures consisted of 1 pM PgdAg,,, 50 mM
Bis-Tris (pH 7.0), and 1 mM oligosaccharide substrate (Sigma) in a total volume
of 50 pl and were incubated for 12 h or 16 h at 37°C. The reactions were stopped
by the addition of 20 pl of 2 mg/ml fluorescamine in acetonitrile and the

subsequent addition of 50 wl 0.4 M borate buffer, pH 9.0. Fluorescence was
quantified using a FLX 800 Microplate fluorescence reader (Bio-Tek, Burling-
ton, VT), with excitation and emission wavelengths of 360 and 460 nm, respec-
tively. A calibration curve using glucosamine showed that the free amine labeling
reaction was linear up to concentrations of 600 pM glucosamine. Measurements
are shown as averages of three or four replicates.

Protein structure accession number. The coordinates of the PgdAg,, structure
have been deposited at the Protein Data Bank, entry code 2XXX.

RESULTS

S. mutans possesses a putative polysaccharide deacetylase.
The genome sequence of S. mutans UA159 displays two open
reading frames that can be identified as polysaccharide
deacetylases. Reading frame SMU.623c (pgdA4) displays 51%
similarity to the polysaccharide deacetylase of S. pneumoniae
and 50% similarity to the polysaccharide deacetylase of L.
monocytogenes (7, 9). An alignment of S. mutans PgdA with
enzymatically and structurally characterized CE4 esterases in-
cluding a chitin deacetylase, peptidoglycan deacetylases
PgdA, and PdaAg, (Bacillus subtilis PdaA), and an acetylxylan
esterase (Fig. 1) shows that the S. mutans PgdA protein con-
tains all of the catalytic and zinc binding residues. Structural
studies of PgdAg, and Colletotrichum lindemuthianum chitin
de-N-acetylase (CDA,) have shown that a divalent metal cat-
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FIG. 2. Images of S. mutans UA159 wild type and the pgdA-knock-
out strain. Closeup images of a single colony of S. mutans UA159 (wild
type; left) and the ApgdA strain (right). Bacteria were grown anaero-
bically on brain heart infusion agar plates at 37°C for 7 days. Images
were taken with a digital Zeiss camera installed on a Zeiss stereomi-
croscope (Stemi SV6; Hallbergmoos, Germany) at X32 magnification.

ion is coordinated by an aspartic acid, in motif 1, and two
histidine residues within motif 2 (6, 7). Treatment of PgdA,,
with the metal chelator EDTA caused complete loss of activity
(7), confirming that the metal is essential for catalysis. PgdAg,,,
retains this classical Asp-His-His arrangement within the se-
quence alignment, suggesting that the protein could bind a
metal cation within the active site. In the CE4 esterase catalytic
mechanism, another aspartic acid in motif 1 (PgdAg,,, number-
ing Aspl14) acts as a catalytic base by activating the nucleo-
philic water (6, 7). A conserved arginine (Arg211) at the start
of motif 3 that forms a hydrogen bond with the catalytic acid is
also essential for catalysis. The catalytic machinery is com-
pleted by a histidine (His281) in motif 5 which acts as the
catalytic acid and a conserved aspartate (Asp244 in motif 4)
that alters the pK, on the catalytic histidine (6, 7). Thus, it
appears that PgdAg,,, contains all residues required for de-N-
acetylation of a suitable substrate.

Characterization of the ApgdA strain. Quantitative PCR
showed expression of pgdA4 in the wild type but not in the
mutant strain. Expression levels of the downstream SMU.622¢c
gene were similar in the two strains. Together these expression
profiles indicate the successful deletion of the pgdA gene in S.
mutans without polar effects.

The ApgdA strain did not display any obvious differences in
growth characteristics from the wild type. There was no differ-
ence in growth rate (see Fig. 3) or chain length (data not
shown). Biofilm formation of the ApgdA strain was examined
as described previously (30). No differences were found be-
tween the knockout and wild-type strains (data not shown).
However, when the cells were grown on brain heart infusion
agar plates, close inspection showed that the colony morphol-
ogy of the ApgdA strain was clearly different from that of the
wild type (Fig. 2). We decided to determine the hydrophobicity
of both cell types by measuring the adherence of the cells to
xylene. When the volume of xylene applied was two-thirds of
that of the cell culture, the fraction of cells adhering to xylene
was 0.55 (*0.08) for the wild type and 0.63 (=0.04) for the
ApgdA strain. Hence, deletion of the pgdA gene slightly in-
creased the cell surface hydrophobicity (Student’s ¢ test, P =
0.07).

Further differences between the cell surface of wild-type and
ApgdA strains became apparent in an aggregation assay. Figure
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FIG. 3. Al of S. mutans UA159 wild type and the pgdA-knockout
strain during growth. Als of the wild-type strain are presented as gray
bars; those of the pgdA-knockout strain are presented as white bars.
ODyy values of the cultures at time points are given in squares for the
wild type and triangles for the pgdA knockout. Both Al and ODy,
values shown are means of three independent samples with standard
deviations.

3 shows that the Al of the pgdA-knockout strain is significantly
higher than that of the wild type, throughout the growth phase.
The Al of the wild-type strain did not seem to depend on the
growth phase, while the Al of the knockout strain was signif-
icantly higher at the late exponential phase than at the earlier
growth phases. One-way analysis of variance was used to ana-
lyze the data.

The ApgdA strain is not hypersensitive to lysozyme. When
lysozyme (40 pg/ml) was added during the exponential growth
phase (Fig. 4A and B), no effects were observed in either the
wild type or the ApgdA strain. In TH broth, in the stationary
phase, the pH of the culture is 5.5. To exclude the effect of pH

077 A 071B
06 - 06
05 05
S 0.4 l g 0.4 l
a =]
O 0.3 O 03
0.2 4 02
0.1 4 0.1
0.0 ; . ; GE : ;
50 100 150 200 O 50 100 150 200
time (min) l time (min)
0.7 -
0.6
o
8 g 041
g a
© 0 03
O 2 T 0 2 ad
011 ¢ 014 D
0 : . : 0 ; ; ; ,
0 100 200 300 400 0O 100 200 300 400

time (min) time (min)

FIG. 4. Susceptibility of S. mutans to lysozyme. S. mutans wild type
and the pgdA knockout were grown in TH broth. In the early expo-
nential phase or at the beginning of the stationary phase (as indicated
by the arrows), lysozyme (40 pg/ml) was added to the experimental
cultures. (A and C) Wild-type strain; (B and D) pgdA knockout. Solid
symbols indicate the control cultures without the addition of lysozyme.
Open symbols indicate the cultures treated with lysozyme.
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FIG. 5. Susceptibility of S. mutans toward aggregation by aggluti-
nin. Overnight cultures of S. mutans UA159 wild type (blank squares)
and the pgdA knockout (solid diamonds) were washed with buffer and
tested for adherence to increasing concentrations of SAG (A) using
the fluorescence of SYTO-13 and WGA (B) using the fluorescence
of the Alexa Fluor 488 conjugate, as described in Materials and Meth-
ods. The values shown are the means of three independent samples
with standard deviations.

on the activity of lysozyme, the cells were washed with TE
buffer (pH 8.0) prior to treatment. The addition of lysozyme
resulted in a small decrease in the OD of both strains, 21% =
6.1% for the wild-type strain and 18% = 1.8% for the knock-
out strain (Fig. 4C and D). Increased concentrations of
lysozyme (up to 1.28 mg/ml) did not result in any further
inhibitory effects on either strain (data not shown).

Therefore, while PgdAg,,, appears to possess all of the resi-
dues required for de-N-acetylase activity, it seems not to play a
role in lysozyme resistance of S. mutans, in contrast to what has
been reported for PgdAg,. The mechanism of lysozyme resis-
tance in S. mutans might be different from that in S. pneu-
moniae. There might also be differences in substrate specificity
between the two proteins.

Agglutinin susceptibility. The prediction of signal sequence
in PgdAg,,, indicates that the protein is an extracellular protein
which is secreted or bound to the cell surface. It may modify
cell surface glycans at the interface between the bacteria and
the host. Further investigations focused on the possibility that
PgdAg,, helps S. mutans evade other components of the innate
immune response in the oral cavity. SAGs are known to adhere
to bacterial cells and modulate clearance and colonization of
the oral cavity (39). As a further investigation of the activity of
PgdAg,,,, we studied the susceptibility of the wild-type and
knockout strains of S. mutans toward agglutination with SAG.
Figure 5A shows the adherence of S. mutans cells to SAG as
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indicated by SYTO-13 fluorescence. In assays of both the S.
mutans wild-type and ApgdA strains, the number of S. mutans
cells that adhered to SAG increased with increasing concen-
trations of SAG. Strikingly, at higher SAG concentrations
used, adherence of the pgdA-knockout strain was much more
pronounced, indicating an increased susceptibility to binding
SAG. Since we used crude SAG in this test, we investigated the
ability of PgdAg;,, to bind to Alexa Fluor 488-labeled WGA, a
lectin that specifically binds to N-acetylglucosamine and sialic
acid residues. Figure 5B shows that adherence of S. mutans
cells to WGA is significantly higher for the knockout strain
than for the wild-type strain, suggesting that there is a greater
number of GlcNAc-containing saccharides on the cell surface.
Interestingly, agglutinins are known to bind GIcNAc but not
glucosamine residues, a finding which is compatible with
PgdAg,,, acting as a GIcNAc de-N-acetylase that may help the
bacteria evade the host innate immune response by disruption
of interactions with SAG.

PgdAg,, possesses de-N-acetylase activity toward the chito-
oligosaccharide GlcNAc,. To study the potential de-N-acety-
lase activity of PgdAg,,, the enzyme was overexpressed as a
glutathione S-transferase fusion protein in E. coli and purified
to yield 10 mg of pure PgdAg,, per liter of bacterial culture. An
assay system for de-N-acetylases, based on the labeling of free
amines with fluorescamine (7), has previously been used to
determine the activity of de-N-acetylases. A screen of enzyme
activity was performed using four different substrates,
GlcNAc,, GleNAc,, GlcNAc,, and a chemically synthesized
GIcNAc-MurNAc-GlcNAc-MurNAc tetrasaccharide repeat
of peptidoglycan. In the presence of both cobalt and zinc the
protein showed significant de-N-acetylase activity toward
chitohexaose (Fig. 6A and B). No activity was observed with
the other oligosaccharides (data not shown).

PgdAg,, is a metal-dependent deacetylase. Previously, Blair
et al. showed that the PgdAg, enzyme is metal dependent and
activity was lost after the addition of the metal-chelating agent
EDTA (7). To determine if the ability of PgdAy,, to de-N-
acetylate chitohexaose was metal dependent, PgdAg,,, protein
was purified as described in Materials and Methods but with-
out EDTA in the gel filtration buffer. This EDTA-free protein
exhibited activity similar to that of the EDTA-purified protein
assayed in the presence of excess metal, suggesting that the
enzyme is able to scavenge metal ions during growth and pu-
rification steps. The addition of a range of divalent metal
cations did not increase activity of PgdAy,, purified in the
absence of EDTA (data not shown), suggesting full occupancy
of the metal binding site with the scavenged divalent metal
cation. To further investigate the metal dependency of the
reaction, the PgdAg,,, protein stock was incubated with differ-
ent concentrations of EDTA, or water as a control, for 5 min.
The final concentrations in this assay were 1 wM protein and 1,
10, and 100 uM EDTA. Assays were started by the addition of
the protein-EDTA mixture to the substrate in 96-well plates.
Figure 6A shows that the addition of increasing amounts of
EDTA caused significant reduction of the PgdAg,,, de-N-acety-
lase activity. When the enzyme was preincubated with 10 uM
and 100 uM EDTA, we observed the loss of 97% and >99%
activity, respectively (Fig. 6A). These results suggest that, like
other CE4 esterases, the de-N-acetylation of chitohexaose by
PgdAg,, is a metal-dependent process. It is, however, possible
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FIG. 6. De-N-acetylase activity of S. mutans PgdA. (A) S. mutans
PgdA exhibits metal-dependent de-N-acetylase activity. The de-N-
acetylase activity of recombinant PgdAg,, protein purified in the ab-
sence of EDTA. Assay mixtures containing 1 mM chitohexaose and 1
wM PgdAg,, were preincubated for 5 min in solution with different
EDTA concentrations. The addition of a 10-fold excess of CoCl, and
ZnCl, was used to reactivate the protein after EDTA treatment. (B) S.
mutans PgdA steady-state kinetics. PgdAg,, (1 M) was incubated with
various concentrations of chitohexaose. The experiments were per-
formed in triplicate, and the mean arbitrary fluorescent units (afu)
were converted to the molar concentration of product using a gluco-
samine calibration curve under identical conditions. The reaction
maintained first-order kinetics for 16 h (data not shown), and initial
velocities were measured after 12 h.

that EDTA treatment removes structurally important metal
ions, leading to loss of activity. To investigate this, assays were
performed with enzyme preincubated with 10 puM EDTA and
in the presence of 100 uM ZnCl, or CoCl,. The EDTA-treated
protein was reactivated in the presence of these divalent metal
cations. In the presence of Co*", 80% of the wild-type protein
activity was observed. However, when Zn*" was added, com-
plete activity was reconstituted. This may suggest that the re-
combinant form of PgdAy, binds a zinc ion within its active
site and that in vivo the PgdAg,,, protein may be fully activated
when coordinating a zinc ion.

Both S. mutans and its human hosts lack the catalytic ma-
chinery required to synthesize chitin and chitooligosacchar-
ides. Hence, chitohexaose is likely to represent only a
“pseudosubstrate,” with the production of free amine fitting a
first-order reaction rate (data not shown). Initial velocity mea-
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surements fitted Michaelis-Menten kinetics, and the K,,, was
24mM = 0.2 mM (ke [s~'] = 0.017 = 0.001) (Fig. 6B). The
K,,, value is similar to those reported with the peptidoglycan
deacetylase PgdAg, and its GIcNAc; pseudosubstrate (K, =
3.8 £ 0.5mM; k_, [s '] = 0.55 * 0.03) (7), while the turnover
is decreased 30-fold. The chitooligosaccharide used in this
assay more accurately represents the natural substrate of the
chitin deacetylase from the plant pathogen C. lindemuthianum,
CDA,,. This protein has a K,,, of 48 = 3 uM and a k., (s ")
of 5.4 = 0.8 in assay mixtures containing GIcNAc,. The much
lower K,,, and k_,, values observed in PgdAg,, assays support
the hypothesis that it is not a chitin deacetylase. In conclusion,
these data suggest that PgdAg,, is capable of catalyzing the
de-N-acetylation of an N-acetylglucosamine residue on a
longer oligosaccharide.

PgdAg,, adopts the canonical CE4 fold with an ordered
active-site zinc. To gain insight into why PgdAg,, requires
longer chitooligosaccharides for activity, S. mutans PgdA was
crystallized from Na/K phosphate solutions, synchrotron dif-
fraction data were collected to 1.45 A, and the structure was
solved. A single-wavelength anomalous dispersion experiment
exploiting a zinc soaked into the active site yielded a high-
quality experimental electron density map, which could be
partially automatically interpreted with WarpNtrace (32). Re-
finement produced a final model with an R factor of 0.165
(Riree = 0.185) and good geometry. Residues 42 to 67 and 100
to 105 did not have well-defined electron density and were not
included in the model. The PgdAg,, structure consists of an
extended N-terminal domain (amino acids 68 to 99) that in-
corporates two a-helices («0" and «0) (Fig. 7A). The catalytic
domain (amino acids 106 to 311) adopts a distorted TIM barrel
fold comprising eight parallel B-strands, with the C-terminal
ends of five of these strands forming the solvent-exposed ac-
tive-site region, surrounded by eight a-helices (Fig. 7A). This
structural fold has been observed in other CE4 esterases, and
despite topological differences described for other CE4 ester-
ases, PgdA,, shares a similar topology with the PgdAg, pro-
tein (6, 7). Superposition on the catalytic domain of the
PgdAg, structure gives a root mean square deviation of 1.3 A
on 168 equivalent C, atoms. Insertions between B3-a3 and
a5-B7 in the PgdAg,, protein cause reorganization of some
surface-exposed loops compared to PgdAg, (Fig. 7A). An
anomalous difference electron density map was generated, re-
vealing a 99-0 peak that was modeled as a zinc ion coordinated
octahedrally by Asp115, His166, His170, and a water molecule
(Fig. 7B). These residues align with the highly conserved metal
coordination residues in other CE4 esterases (6-8, 37) (Fig. 1).
Additional tetrahedral electron density was observed close to
the zinc ion and was modeled as a phosphate ion, presumably
originating from the crystallization mother liquor that con-
tained 2.4 M phosphate (Fig. 7B). This phosphate ion makes a
bidentate interaction with the zinc ion via two of its oxygen
atoms approximately 2.0 and 3.0 A away, occupying a position
similar to that of the ordered acetate (the product of the
reaction) observed in the CDA(,; and PgdAg, structures and
forming comparable interactions (6, 7). Interestingly, the re-
action catalyzed by CE4 enzymes has been proposed to pro-
ceed through a tetrahedral oxyanion intermediate, and this
may, to some extent, be mimicked by the phosphate. Despite
extensive soaking studies with substrate/product analogues, it
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FIG. 7. Overview of the S. mutans PgdA structure. (A) Comparison of the overall structures of the S. mutans PgdA and the S. pneumoniae PgdA. o-helices
are colored red and B-strands are colored blue in the CE4 esterase domain. Secondary structure elements at the termini of the proteins, outside the typical CE4
fold, are shown in green. Exposed loop regions which differ significantly due to inserts in the S. mutans PgdA structure compared to PgdAg, (2C1G) are shown
in orange. Secondary structure elements are named in accordance with the sequence alignment in Fig. 1. (B) Stereo image of the active site of S. mutans PgdA.
A phosphate ion (yellow) was observed coordinating with the zinc ion (magenta) and other ligands including a water molecule (shown in cyan) in an octahedral
manner. The unbiased 1.45-A [F,| — |F, by electron density map is shown (blue) contoured at 2.5 o. (C) S. mutans PgdA contains an extended surface groove
containing exposed aromatic residues. PgdAg,, and PgdAg, (2C1G) structures are shown in surface representation. All aromatic residues are represented as
sticks and colored blue. A putative intermediate of PgdA, deacetylation of GlcNAc;, as described previously (7), is shown in stick representation and colored
green. This potential tetrahedral intermediate was superposed onto the PgdAy;,,, structure using the PgdAy, coordinates to generate a model of a PgdA,,,-
chitooligosaccharide complex. Aromatic residues that line the active site or putative oligosaccharide binding site of PgdAy,, are labeled. Surface representations

of the metal binding triad and the four active-site residues are colored pink.

appeared to be impossible to displace the ordered phosphate
from the active site.

The surface of the PgdAg,, protein contains an extended
groove lined with aromatic residues. Analysis of the PgdAy,,

surface revealed a deep groove that extends from the active
site toward the a0 helix at the N terminus of the protein (Fig.
7C). The groove is 36 A long and as deep as 13 A in some
places. This surface feature extends away from the active site
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for 13 A and then encompasses a 110° turn before continuing
for a further 22 A. It is formed by residues from the B5-86
region, the o5 helix, and the B4-a4 loop and exits in a tunnel
created by the a0 and a4 helices. A series of exposed aromatic
residues line the groove and appear to be positioned approx-
imately 10 A from each other. To investigate the potential
interactions with sugars, the PgdAj,, structure was superim-
posed on a PgdAg, structure in which a chitotrioside carrying
the previously proposed oxyanion reaction intermediate was
docked (6, 7). Intriguingly, the 10-A distance between aromatic
residues is almost identical to that observed between the first
and third N-acetylglucosamine sugars on the superimposed
GlcNACc, reaction intermediate (Fig. 7C). Tyr172 is positioned
opposite the active site with its hydroxyl group pointing toward
the superimposed sugar. At further distances from the active
site there are three aromatic residues, Trp239, Phe262, and
Trp236, which line the groove and are orientated so that they
may participate in stacking interactions with longer polysac-
charide substrates. Trp236 is found at the opening of the
groove furthest away from the active site. In contrast, the
PgdAg, structure contains three solvent-exposed aromatic res-
idues in close proximity to the active site and within 5 A of the
docked GlcNAc trimer (Fig. 7C). The discovery of the novel
putative carbohydrate binding groove combined with the
de-N-acetylase activity of PgdAg,, suggests a different sub-
strate and function for this enzyme, in comparison with
those of PgdAg,. This result is consistent with the difference
in lysozyme resistance found between the PgdAg,,- and the
PgdAg,-knockout strains.

DISCUSSION

GenBank locus tag SMU.623c¢ in the genome sequence of S.
mutans UA159 (1) reveals an open reading frame with clear
homology to the catalytic domains of the peptidoglycan
deacetylases of S. pneumoniae and L. monocytogenes. The
SMU.623c open reading frame contains all of the catalytic
residues required for de-N-acetylase activity in CE4 esterases
(Fig. 1). In both L. monocytogenes (9) and S. pneumoniae (41),
deletion of the homologous polysaccharide deacetylase re-
sulted in an increased susceptibility of the cells to lysozyme. In
the oral cavity, the natural habitat of S. mutans, lysozyme plays
a crucial role as part of the innate immune system (39). To
understand the function of the PgdAg,,,, we generated a knock-
out of the pgdA gene in S. mutans.

Examination of the susceptibility to lysozyme in S. mutans
UA159 and in the pgdA4 knockout showed that PgdAg,,, is not
involved in lysozyme resistance of S. mutans (Fig. 4). Both the
wild type and the mutant are almost fully resistant to lysozyme.
Nevertheless, deletion of pgd4 had a clear effect on colony
morphology and aggregation behavior of S. mutans (Fig. 2 and
3), illustrating the activity and functionality of the protein in
modifying cell surface properties.

The 1.45-A-resolution X-ray structure of the S. mutans pgdA
gene product also exposes PgdA as a typical CE4 esterase (Fig.
7A to C), in which the active site appears intact and fully
functional. Investigation of the possible enzymatic activity of
the protein showed that it was capable of de-N-acetylating
GlcNACc residues on the oligosaccharide chitohexaose in a di-
valent metal cation-dependent mechanism (Fig. 6). In contrast,
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no activity was observed toward shorter chitooligosaccharides
or a peptidoglycan-derived tetrasaccharide. The inability of the
enzyme to release acetate from the latter tetrasaccharide
makes it unlikely that this PgdA is active against peptidoglycan.
This complements the conclusion that the knockout is not
lysozyme sensitive. A long and deep groove extends from the
active site over the surface of the PgdAy,,, structure (Fig. 7). It
is lined with three evenly spaced aromatic residues that are
generally observed in carbohydrate-processing/binding pro-
teins. The 10-A distances between these residues suggest that
six sugars could bind within the groove with a penultimate
sugar ideally positioned within the active site. Attempts to
elucidate the mechanism of binding of chitohexaose to the
protein and an investigation of the function of aromatic resi-
dues within the surface groove are ongoing.

Recently, a putative peptidoglycan deacetylase (EF_1843) of
Enterococcus faecalis, a bacterium that is able to survive in host
macrophages, was also shown not to be involved in lysozyme
resistance (19). Accordingly, reversed-phase high-performance
liquid chromatography and matrix-assisted laser desorption
ionization—-time of flight analysis of the E. faecalis peptidogly-
can provided evidence that EF_1843 is not involved in deacety-
lation of cell wall saccharides, similar to what is reported here
for PgdAg,,,. Strikingly, strains with knockouts of the EF_1843
gene exhibited a significant decrease in the ability of the bac-
teria to survive in mouse peritoneal macrophages. An align-
ment of the two proteins shows that they share 49% sequence
identity covering 75% of the protein, with the exception of the
N terminus. It is a reasonable hypothesis that PgdAg,, may
perform a similar role in S. mutans resistance to phagocytic
killing.

In the absence of any involvement in lysozyme sensitivity, an
alternative role for S. mutans PgdA in innate immune interac-
tions may lie in modulation of interactions with SAG. The
most prominent effect of knocking out pgdA is the increased
susceptibility to agglutination via lectins. Both adherence to
WGA and that to SAG increased significantly upon deletion of
the polysaccharide deacetylase (Fig. 5). Particularly relevant is
of course the increased interaction with SAG (Fig. 5A). These
lectins (agglutinins) display a high affinity against acetyl groups, in
agreement with a role of PgdA,, in N deacetylation of a cell wall
component that would result in a lower susceptibility to aggluti-
nation. The capability to protect itself against agglutination by the
host defense system can be seen as an important virulence trait of
S. mutans. Indeed, clinical studies have indicated that parotid
saliva primarily affects the in vivo prevalence of S. mutans by
clearing the bacteria from the mouth rather than promoting ad-
herence to oral surfaces (11, 12). Furthermore, it was recently
demonstrated that SAG (also called gp-340) can be regarded as a
infection (caries) susceptibility protein (20). Adherence of S. mu-
tans to SAG has already been studied extensively (16, 34). Anti-
gen I/I1, a surface receptor on streptococci, is believed to mediate
bacterial SAG binding. Deletion of this antigen resulted in less
SAG-mediated aggregation in S. mutans (22). The suggestion that
PgdA could also be involved in a specific and more direct aggre-
gation mechanism needs further study, but the higher agglutina-
tion susceptibility and the availability of an X-ray structure could
facilitate exploitation of S. mutans PgdA as a potential antistrep-
tococcal target.
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