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Bacterial biofilms consist of bacterial cells embedded within a self-

produced extracellular polymeric substance (EPS) composed of exopolysac-

charides, extra cellular DNA, proteins and lipids. The enzyme Dispersin B

(DspB) is a CAZy type 20 β-hexosaminidase enzyme that catalyses the

hydrolysis of poly-N-acetylglucosamine (PNAG), a major biofilm polysac-

charide produced by a wide variety of biofilm-forming bacteria. Native

PNAG is partially de-N-acetylated, and the degree of deacetylation varies

between species and dependent on the environment. We have previously

shown that DspB is able to perform both endo- and exo-glycosidic bond

cleavage of PNAG depending on the de-N-acetylation patterns present in

the PNAG substrate. Here, we used a combination of synthetic PNAG

substrate analogues, site-directed mutagenesis and in vitro biofilm dispersal

assay to investigate the molecular basis for the endo-glycosidic cleavage

activity of DspB and the importance of this activity for dispersal of

PNAG-dependent Staphylococcus epidermidis biofilms. We found that

D242 contributes to the endoglycosidase activity of DspB through electro-

static interactions with cationic substrates in the −2 binding site. A

DspBD242N mutant was highly deficient in endoglycosidase activity while

maintaining exoglycosidase activity. When used to disperse S. epidermidis

biofilms, this DspBD242N mutant resulted in an increase in residual biofilm

biomass after treatment when compared to wild-type DspB. These results

suggest that the de-N-acetylation of PNAG in S. epidermidis biofilms is not

uniformly distributed and that the endoglycosidase activity of DspB is

required for efficient biofilm dispersal.

Introduction

Bacterial biofilms consist of bacterial cells embedded

in a self-assembled matrix of lipids, proteins, DNA

and exopolysaccharides, known as the extracellular

polymeric substance (EPS) [1]. Biofilms are beneficial

to the survival of bacteria in a variety of

environments, as they facilitate cell–cell adhesion and

act as a protective barrier [2–5]. The biofilm EPS

shields bacteria from the host immune response and

contributes to antibiotic resistance [6–8]. The protec-

tion afforded by the biofilm EPS makes bacterial
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biofilm infections difficult to treat, and as a result, bio-

films contribute to an estimated 65% of all microbial

infections in humans and up to 80% of chronic infec-

tions [9–11]. Thus, there is a need for therapeutics that

specifically target bacterial biofilms by either prevent-

ing biofilm formation or disrupting existing biofilms

[12–15].
Compounds that disperse biofilms are known as dis-

persal agents, and many, including the enzyme Dis-

persin B (DspB) [16] are being explored for their

potential anti-biofilm properties. DspB is a native β-
hexosaminidase enzyme of Aggregatibacter actino-

mycetemcomitans that hydrolyses the exopolysaccha-

ride poly-β-(1→6)-N-acetylglucosamine (PNAG, also

known as polysaccharide intracellular adhesin, PIA)

[16–18]. PNAG is a common structural component of

the biofilm EPS produced by both Gram-positive and

Gram-negative human pathogens including Staphylo-

coccus epidermidis [19,20], Staphylococcus aureus [21],

Escherichia coli [22], Klebsiella pneumoniae [23] and

Acinetobacter baumannii [24]. Native PNAG is par-

tially de-N-acetylated and periodically O-succinylated

during its biosynthesis through the action of carbohy-

drate esterase enzymes and yet unidentified succinyl-

transferase enzymes, respectively, though the relative

abundance and patterning of these modifications will

vary depending on the bacterial species and growth

conditions [20,25–27]. PNAG is essential to both

the structure of the biofilms in which they are found,

as well as the overall virulence of the bacteria

[7,17,20,22,28,29]. Thus, enzymes capable of hydrolys-

ing PNAG, such as DspB and the glycosyl hydrolase

(GH) domain of PgaB, are very interesting enzymes to

investigate for their possible use as anti-biofilm treat-

ments [16,30]. However, this requires a detailed under-

standing of the substrate specificity of these enzymes.

We previously found that both the mechanism and

product distribution for DspB-catalysed hydrolysis of

PNAG is dependent on the de-N-acetylation patterns

present within the PNAG substrate [31]. Specifically,

fully N-acetylated PNAG oligosaccharides (i.e. 1) are

hydrolysed predominantly through sequential exo-

glycosidic bond cleavage at the non-reducing end

GlcNAc [31], which is enhanced by approximately

three-fold as a result of electrostatic interactions

between DspB and substrates containing a cationic

glucosamine (GlcN) in the +2 position relative to the

site of cleavage [32]. Moreover, we found that in the

presence of non-reducing terminal GlcN (i.e. 2) resi-

dues, DspB performs endo-glycosidic bond cleavage at

the next available GlcNAc residue at a rate that is

nearly identical to the rate of exo-glycosidic bond

cleavage of fully acetylated trisaccharide 1. The ability

of DspB to perform endo-glycosidic bond cleavage of

PNAG is likely critical for its biofilm dispersal activity

given that native PNAG is partially de-N-acetylated

[7], yet the mechanism of substrate recognition for this

endoglycosidase activity of DspB remains unclear.

Herein, we use detailed kinetic measurements with syn-

thetic PNAG trisaccharide analogues combined with

site-directed mutagenesis and in vitro biofilm dispersal

assays to explore the molecular basis for the endogly-

cosidase activity of DspB and assess the importance of

this activity for the DspB-catalysed dispersal of S. epi-

dermidis biofilms.

Results and Discussion

In previous studies, we measured the observed rate

constant (k1) for DspB-catalysed hydrolysis of 1 by fit-

ting the disappearance of trisaccharide to a single

exponential (Eqn 1) under conditions where the con-

centration of trisaccharide is well below KM [31,32]:

T½ � ¼ T0½ � � e �k1 E0½ �tð Þ (1)

where [T] is the concentration of trisaccharide substrate

at time t, [T0] is the initial trisaccharide concentration

and [E0] is the initial enzyme concentration. Under

these conditions, k1 is proportional to the enzyme speci-

ficity constant kcat/KM and represents a pseudo-second-

order rate constant for hydrolysis of the trisaccharide

[31]. However, this analysis assumes that the rate of

trisaccharide consumption occurs exclusively via a single

exo-glycosidic bond cleavage mechanism, or that the

rate of endo-glycosidic bond cleavage does not con-

tribute significantly to the observed rate constant. Previ-

ous studies of DspB kinetics on fully acetylated PNAG

disaccharide–pentasaccharide analogues suggest that

endo-glycosidic bond cleavage can occur on trisaccha-

ride or larger substrates [33].

To evaluate the contributions of exo- and end-

glycosidic bond cleavage of 1 greater detail, we numer-

ically fit the change in reducing end trisaccharide, dis-

accharide and monosaccharide product concentrations

observed during the hydrolysis of 1 by DspB (Fig. 1A)

to a series of differential equations describing either a

two-parameter model that assumes that cleavage

occurs exclusively via sequential exo-glycosidic bond

cleavage (Eqn 2), or to a three-parameter that includes

endo-glycosidic cleavage (Eqn 3):

d T½ �
dt

¼ �k1 E0½ � T½ �; d D½ �
dt

¼ k1 E0½ � T½ ��k2 E0½ � D½ �;
d M½ �
dt

¼ k2 E0½ � D½ �
(2)
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d T½ �
dt

¼ �k1 E0½ � T½ ��k3 E0½ � T½ �;
d D½ �
dt

¼ k1 E0½ � T½ ��k2 E0½ � D½ �;
d M½ �
dt

¼ k3 E0½ � T½ � þ k2 E0½ � D½ �

(3)

where [T], [D] and [M] are the concentrations of the

reducing end trisaccharide, disaccharide and monosac-

charide, respectively. When [T0] ≥ KM, which is the

case in our experiments, the observed rate constants

(k1, k2 and k3) are proportional to kcat/KM for the exo-

glycosidic bond cleavage of the trisaccharide substrate,

exo-glycosidic bond cleavage of disaccharide interme-

diate and endo-glycosidic bond cleavage of the trisac-

charide substrate, respectively. An analogous

numerical fitting approach was used to approximate

the rate constants for cleavage of fully acetylated

PNAG analogues [33], and allows us to evaluate the

contribution of both exo- and endo-glycosidic bond

cleavage to the observed rate of disappearance of

trisaccharide 1 catalysed by DspB.
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Fig. 1. Mechanisms of DspB catalysed hydrolysis of PNAG. (A) model for DspB catalysed hydrolysis of PNAG analogues 1–3 highlighting

the rates of sequential exo-glycosidic bond cleavage (k1 and k2) or endo-glycosidic bond cleavage (k3). (B, C) Reaction progress curves for

the hydrolysis of 1 by DspBwt fit using Eqn (2) (B) or Eqn (3) (C). A statistically significant improvement in the fit to Eqn (3). Errors represent

the standard deviation from two replicate measurements and residuals are shown. (D) Reaction progress curves for the hydrolysis of 2 by

DspBwt fit using Eqn (1). (E) Reaction progress curves for the hydrolysis of 3 by DspBwt fit using Eqn (1). Individual rate constants are sum-

marized in Table 1.
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Numerical fitting to the three-parameter model

(Fig. 1C, Table 1) showed a statistically significant

improvement compared to the fit to the two-parameter

model (Fig. 1B, Table 1). The rate of endo-glycosidic

cleavage of 1 (0.31 M
−1�s−1) is nearly 13 times slower

than the rate of exo-glycosidic cleavage (3.95 M
−1�s−1),

and more than 3 times slower than exo-glycosidic cleav-

age of the reducing end disaccharide intermediate

(1.03 M
−1�s−1). These results support our previous

observation that trisaccharide cleavage occurs predomi-

nantly through exo-glycosidic bond cleavage [31,32].

For the hydrolysis of 2, which lacks an acetamido group

on the non-reducing sugar, only endo-glycosidic cleav-

age is observed (Fig. 1D, Table 1) at a rate 18 times fas-

ter than observed for the endo-glycosidic cleavage of 1.

This suggests that DspB may possess a discrete −2 bind-

ing site with specificity for binding GlcN.

To evaluate this hypothesis, we synthesized PNAG

trisaccharide analogue 3 containing a non-reducing ter-

minal glucose (Glc). Trisaccharide 3 does not contain

the necessary acetamido group on the non-reducing

residue that is required for the substrate assisted cleav-

age mechanism but lacks the cationic amine of GlcN.

Trisaccharide 3 was synthesized using the same itera-

tive one-pot glycosylation strategy used for the synthe-

sis of trisaccharides 1 and 2 and isolated in 50%

overall yield from the corresponding monosaccharide

building blocks 4 and 5 after deprotection (Scheme 1).

As with 2, we observed only endo-glycosidic bond

cleavage of 3 by DspB (Fig. 1E) at a rate that is nearly

identical to the rate of endo-glycosidic bond cleavage

observed for hydrolysis of 1 (Table 1). Thus, the

enhanced rate of endo-glycosidic bond cleavage

observed for hydrolysis of 2 likely results from electro-

static interactions between anionic amino acids in the

−2 binding site of DspB and the amino group of 2,

which would be cationic at the optimum pH of DspB

(pH 6.0). There are three anionic amino acids, D242,

E332 and D333, that are predicted to be within ~ 6 Å of

C6 of GlcNAc in the active site of DspB (Fig. 2A). To

test for their potential role in the recognition of GlcN in

the −2 binding site of DspB and enhancing the rate of

endo-glycosidic bond cleavage, each residue was

mutated to the corresponding glutamine or asparagine,

respectively. As seen in Fig. 2B, both the DspBE332Q

and DspBD333N mutations resulted in a complete loss of

activity on all substrates tested. This is perhaps not sur-

prising as E332 is conserved as an acidic amino acid in

GH20 family enzymes and was previously found to be

essential for DspB activity [34]. The equivalent residue

in the crystal structures of Streptomyces plicatus hex-

osaminidase (E444) and Serratia marcescens chitobiase

(E739) form direct hydrogen bonds to the C4 hydroxyl

group of GlcNAc bound in the −1 site of these enzymes

[35,36].

Table 1. Observed rate constants for DspB catalysed hydrolysis of

trisaccharides 1–3.

Substrate k1 (M−1 s−1) k2 (M−1 s−1) k3 (M−1 s−1)

Tri 1 wt 3.95 � 0.07 1.0 � 0.1 0.31 � 0.05

D242N 2.26 � 0.01 1.09 � 0.03 0.035 � 0.007

Tri 2 wt -- -- 5.1 � 0.2

D242N -- -- 0.91 � 0.01

Tri3 wt -- -- 0.35 � 0.01

D242N -- -- 0.0 � 0.0

Errors represent the standard deviation from two replicate mea-

surements.
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The D242N mutant displayed a < 50% decrease in

k1 for cleavage of trisaccharide 1 and no effect on k2
for cleavage of the disaccharide intermediate, indicat-

ing that D242 likely has no significant role in the

sequential exoglycosidase activity of DspB (Fig. 2,

Table 1). Instead, we observed a significant eightfold

decrease in the endo-glycosidic cleavage rate (k3) for

trisaccharide 1, a nearly sixfold decrease in the endo-

glycosidic bond hydrolysis of 2, and no observable

cleavage of 3 occurred during the 6 h the reaction was

monitored. It is also important to note that reaction

progress curves for hydrolysis of 1 by DspBD242N fit

better to the two-parameter model (Eqn 2) than to the

three-parameter model (Eqn 3) indicating that the

effect of the D242N mutation on endoglycosidase

activity of DspB may be even more substantial. These

results clearly support a role for D242 in facilitating

the endoglycosidase activity of DspB.

From these in vitro kinetic studies, we can conclude

that DspBD242N is deficient in endoglycosidase activity

with trisaccharide substrates. However, native poly-

meric PNAG is much larger and likely occupy an

extended binding pocket on the surface of DspB when

compared to trisaccharides 1–3. Thus, it is probable

that additional interactions also contribute to the

endoglycosidase activity of DspB on polymeric PNAG.

To assess the impact interaction with D242 have on

the hydrolysis of native PNAG, we measured the dis-

persal of pre-formed S. epidermidis biofilms with both

DspBwt and the DspBD242N mutant. Biofilms of S. epi-

dermidis RP62A were grown as static cultures for 24 h

in 96 well plates before being treated with increasing

concentrations of either DspBwt or DspBD242N for

90 min. The residual biofilm biomass remaining after

dispersal was quantified using a crystal violet dye-

binding assay as described previously [32]. As seen in

Fig. 3A–C, both DspBwt and DspBD242N were able to

disperse biofilms of S. epidermidis with IC50 values of

14 � 11 and 60 � 20 pg�mL−1, respectively. This sug-

gests that the D242N mutation of DspB does not have
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Fig. 2. Electrostatic interactions between

D242 of DspB and cationic GlcN in the −2
binding site of DspB enhance

endoglycosidase activity. (A) Model of DspB

(1HYT) with GlcNAc modelled in the −1
binding site based on the structure of

GlcNAc bound to StrH (2YL9). Key catalytic

amino acid residues are shown in green.

Anionic amino acids that are within 5 Å of

the C6 of GlcNAc are shown in pink. The

image was generated using PYMOL 2.3

(Schrödinger, New York, NY, USA). (B, C)

Relative rate constants for exo- (B) and

endo-glycosidic bond cleavage (C) catalysed

by DspBwt and putative −2 site mutants. nd

indicates that no hydrolysis products were

detected after 6 h of incubation. Individual

rate constants for each reaction are

summarized in Table 1. Errors represent the

standard deviation from two replicate

measurements.
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a large impact on the observed IC50 values. However,

we do observe a statistically significant increase in the

residual biofilm biomass remaining after dispersal with

DspBD242N compared to DspBwt. Even at saturating

concentrations of DspBwt we observe 12 � 5% biofilm

biomass remaining after the dispersal of S. epidermidis

biofilms. The residual biomass likely consists of biofilm

that is not dependent on PNAG, or regions of biofilm

containing PNAG resistant to DspB treatment. For

biofilms treated with saturating concentrations of

DspBD242N, we observed a statistically significant

increase in the residual biofilm biomass remaining after

dispersal (27 � 2%).

A possible explanation for these observations is that

the additional biofilm biomass remaining after disper-

sal with DspBD242N represents regions of biofilm con-

taining extensively de-N-acetylated PNAG that is

resistant to degradation. This is consistent with reports

of the structure of PNAG/PIA isolated from S. epider-

midis and S. aureus, which had identified different

polysaccharide fractions that varied in the amount of

GlcN, and O-succinate present in the polysaccharides

[20,25,27]. In fact, in the original structural characteri-

zation of S. epidermidis PNAG in 1996 [20], when the

isolated PNAG was fractionated on a cation exchange

column it was separated into four fractions that varied

between 2% and 26% GlcN, respectively, indicating

that the cationic groups are not evenly distributed

among PNAG polysaccharides. Our results are consis-

tent with this uneven distribution of PNAG de-

N-acetylation and suggests that regions of extensively

de-N-acetylated PNAG are present in Staphylococcal

biofilms and resistant to degradation by DspBD242N.

More work is required to confirm these findings and

assess the biological significance of any non-uniform

distribution of PNAG modifications.

Conclusions

DspB has been of great interest as a biofilm dispersal

agent, and potential anti-biofilm therapeutic because

of its ability to effectively hydrolyse PNAG and
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Fig. 3. Dispersal of S. epidermidis biofilms. IC50 curves for the dispersal of S. epidermidis RP62A biofilms with varying concentrations of

DspBwt (A) and DspBD242N (B). Error bars represent the standard deviation of four biological replicates. Comparison of the biofilm IC50

values (C) and residual biofilm biomass remaining after dispersal with saturating concentrations of either DspBwt or DspBD242N (D).

Statistical significance was determined using a Welch’s t-test. *P < 0.05, **P < 0.01.
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disperse PNAG-dependent bacterial biofilms [16–18].
Here, we used enzyme kinetics measurements with syn-

thetic PNAG trisaccharide analogues, combined with

site-directed mutagenesis, and in vitro biofilm dispersal

assays to investigate the mechanism of endo-glycosidic

bond cleavage catalysed by DspB and evaluate its role

in biofilm dispersal activity. Taken together, the results

of these studies support a model where the rate of

endo-glycosidic bond cleavage catalysed by DspB is, at

least in part, regulated through electrostatic interac-

tions between D242 and a cationic GlcN present in the

−2 binding site. The DspBD242N mutant showed a

decreased rate of endo-glycosidic bond cleavage on all

synthetic PNAG analogues. Moreover, treatment of

S. epidermidis biofilms with DspBD242N resulted in a

greater amount of residual biofilm biomass than treat-

ment with DspBwt. These results support a model

where PNAG modifications, including de-N-

acetylation, are not uniformly distributed in S. epider-

midis biofilms and instead there are regions with high

de-N-acetylation and regions with low de-N-

acetylation of PNAG. Future efforts to improve the

biofilm dispersal activity of DspB should focus on

identifying mutants with enhanced activity on highly

de-N-acetylated PNAG. Given the altered substrate

specificity of this DspBD242N mutant, we believe that

this enzyme will also be a valuable tool to assess the

biological significance of PNAG de-N-acetylation not

only in S. epidermidis but in a wide variety of Gram-

positive and Gram-negative human pathogens.

Materials and methods

General

All chemical reactions were carried out in oven-dried glass-

ware under anhydrous conditions with freshly distilled sol-

vents under a positive pressure of argon gas, and all

chemicals purchased were reagent grade and used without

further purification, unless otherwise noted. Chemical reac-

tions were monitored by thin-layer chromatography (TLC).

Spots were visualized by UV light (254 nm) and charring

with a solution of 10% sulphuric acid in MeOH. Column

chromatography was performed on silica gel (200–300
mesh). 1H and 13C NMR spectra were recorded at room

temperature for solutions in CDCl3 or D2O on Advance

III-400 or III-600 spectrometers (Bruker). 1H NMR and

13C NMR chemical shifts are reported relative to residual

solvent peak in parts per million (ppm). The following

standard abbreviations are used to indicate multiplicity:

s = singlet, d = doublet, t = triplet, m = multiplet,

dd = doublet of doublets, dt = doublet of triplets, td =
triplet of doublets and br = broad. ESI-MS experiments

were performed on an AccuTOF-ESI mass spectrometer.

MALDI-TOF mass spectra were performed on a Bruker

Autoflex Speed spectrometer using trihydroxyacetophenone

as the matrix, unless otherwise noted.

Synthesis of trisaccharide substrates

Trisaccharides 1 and 2, and building blocks 4 and 5, were

prepared as described previously [31,37]. Trisaccharide 3

was synthesized in 50% overall yield from building blocks

4 and 5 as described in scheme 1.

p-Methylphenyl 2,3,4,6-tetra-O-acetyl-β-D-
glucopyranosyl-(1→6)-3,4-di-O-acetyl-2-deoxy-2-

phthalimido-β-D-glucopyranosyl-(1→6)-3,4-di-O-

acetyl-2-deoxy-2-phthalimido-1-thio-β-D-
glucopyranoside (6)

Compound 6 was synthesized using a modification of the

iterative one-pot glycosylation method reported previously

[31]. Briefly, a solution of glycosyl donor 4 (40 mg,

0.09 mmol) was dissolved in CH2Cl2 (2 mL) containing

freshly flame-activated 4 Å molecular sieves (150 mg) and

stirred at room temperature for 30 min. The reaction mix-

ture was cooled to −78 °C and a solution of AgOTf

(71 mg, 0.27 mmol) dissolved in Et2O (1 mL) was added.

After 5 min, freshly distilled p-TolSCl (14.5 μL, 0.11 mmol)

was added using a micro-syringe. The donor was com-

pletely consumed (as judged by TLC) after 2–3 min at

which point a solution of glycosyl acceptor 5 (43 mg,

0.09 mmol) in CH2Cl2 (0.2 mL) was added dropwise along

the flask wall via a syringe. The reaction mixture was

warmed to −10 °C and stirred for an additional 20 min at

which point the acceptor was completely consumed. The

reaction mixture was cooled back to −78 °C and AgOTf

(71 mg, 0.27 mmol) dissolved in Et2O (1 mL) was added.

After 5 min, additional p-TolSCl (10.5 μL, 0.08 mmol) was

added using a microsyringe. After the disaccharide donor

was completely consumed (~ 5 min at −78 °C), a solution

of acceptor 5 (0.08 mmol) in CH2Cl2 (0.2 mL) was added

slowly and dropwise along the flask wall via a syringe. The

reaction mixture was warmed to −10 °C and stirred for an

additional 30 min. The final reaction mixture was diluted

with CH2Cl2 (20 mL) and the mixture was filtered through

a pad of celite. The CH2Cl2 phase was washed successively

with a saturated aqueous solution of NaHCO3 (2 × 20 mL)

followed by brine (2 × 10 mL). The organic layer was dried

over MgSO4, concentrated and purified by silica gel flash

chromatography (ethyl acetate : hexanes, 2 : 3) to give

64 mg of trisaccharide 6 (59% yield) as a colourless amor-

phous solid. 1H NMR (600 MHz, CDCl3) δ 7.85–7.79 (m,

4H), 7.73 (dd, J = 5.5, 3.0 Hz, 2H), 7.65 (dd, J = 5.5,

3.0 Hz, 2H), 7.16 (d, J = 8.0 Hz, 2H), 7.08 (d, J = 8.0 Hz,

2H), 5.73 (dd, J = 10.7, 9.0 Hz, 1H), 5.64 (dd, J = 9.5,
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9.4 Hz, 1H), 5.50 (d, J = 10.4 Hz, 1H, H-1), 5.48 (d,

J = 8.5 Hz, 1H, H-10), 5.29 (dd, J = 9.6, 9.5 Hz, 1H), 5.10

(dd, J = 9.7, 9.6 Hz, 1H), 5.05–5.01 (m, 2H), 4.90 (dd,

J = 9.9, 9.5 Hz, 1H), 4.74 (d, J = 8.0 Hz, 1H, H-1″), 4.30
(dd, J = 10.8, 8.6 Hz, 1H), 4.27 (dd, J = 12.4, 4.8 Hz, 1H),

4.20–4.12 (m, 2H), 4.05 (dd, J = 10.7, 2.8 Hz, 1H), 3.95

(dd, J = 11.3, 2.4 Hz, 1H), 3.84 (ddd, J = 9.8, 6.6, 2.5 Hz,

2H), 3.80 (ddd, J = 10.1, 4.7, 2.3 Hz, 2H), 3.78–3.75 (m,

1H), 3.71 (dd, J = 11.3, 6.6 Hz, 1H), 3.62 (dd, J = 10.8,

5.7 Hz, 1H), 2.36 (s, 3H), 2.11 (s, 3H), 2.09 (s, 3H), 2.05 (s,

3H), 2.03 (s, 3H), 2.01 (s, 3H), 1.87 (s, 6H), 1.75 (s, 3H),

1.65 (s, 3H). 13C NMR (151 MHz, CDCl3) δ 170.1, 169.6,

169.6, 169.5, 169.1, 168.9, 168.8, 168.7, 138.1, 133.7, 133.6,

133.5, 133.3, 131.0, 129.1, 126.0, 123.1, 123.0, 100.2, 97.6,

81.7, 76.2, 73.0, 72.3, 71.4, 71.0, 70.6, 70.4, 69.2, 68.7, 68.3,

67.8, 67.5, 61.3, 53.9, 53.0, 20.6, 20.2, 20.2, 20.1, 20.0, 20.0,

19.9, 19.9, 19.8. MALDI-TOF-MS for C57H60N2O25SNa

(M + Na) calcd. 1227.31, found 1227.46.

p-Methylphenyl β-D-glucopyranosyl-(1→6)-2-

acetamido-2-deoxy-β-D-glucopyranosyl-(1→6)-2-

acetamido-2-deoxy-1-thio-β-D-glucopyranoside (3)

Compound 6 (64 mg, 0.053 mmol) was treated with hydra-

zine monohydrate (10 mg, 0.20 mmol) in ethanol (3 mL).

After stirring for 2 h at reflux, the mixture was concen-

trated by rotary evaporation. The resulting residue was

then dissolved in pyridine (3 mL) and acetic anhydride

(1.5 mL, 15.8 mmol) was added. After stirring the mixture

at room temperature overnight, it was diluted to 20 mL

with CH2Cl2, and the organic layer was washed with water,

dried over MgSO4 and concentrated under vacuum. The

crude product was purified by silica flash chromatography

(CH2Cl2 : MeOH = 40 : 1) to give the per-acetylated trisac-

charide intermediate. This was then dissolved in a solution

of 0.05 M NaOMe in MeOH (3 mL) at pH = 9. After stir-

ring for 3 h at room temperature, the reaction mixture was

neutralized by addition of Amberlite IR-120 (H+) resin.

The mixture was filtered and evaporated under vacuum to

give compound 3 (31 mg, 85%) as a white solid. 1H NMR

(400 MHz, D2O) δ 7.33 (d, J = 8.0 Hz, 2H), 7.17 (d,

J = 8.0 Hz, 2H), 4.74 (d, J = 10.5 Hz, 1H, H-1), 4.45

(d, J = 8.5 Hz, 1H, H-10), 4.38 (d, J = 7.9 Hz, 1H, H-1″),
4.12 (d, J = 10.7 Hz, 1H), 4.09–4.02 (m, 1H), 3.89–3.85 (m,

1H), 3.83 (dd, J = 12.3, 1.8 Hz, 1H), 3.74 (dd, J = 11.7,

4.9 Hz, 1H), 3.71–3.64 (m, 3H), 3.62 (dd, J = 11.4, 4.1 Hz,

1H), 3.53–3.42 (m, 4H), 3.41–3.27 (m, 4H), 3.23 (dd,

J = 9.2, 8.0 Hz, 1H), 2.25 (s, 3H), 1.95 (s, 3H), 1.89 (s,

3H). 13C NMR (100 MHz, D2O) δ _174.5, 174.2, 138.8,

132.0 (2C), 130.0 (2C), 128.5, 102.8, 101.5, 86.8, 78.8, 75.9,

75.6, 75.2, 74.8, 73.8, 73.0, 69.7, 69.6, 69.6, 68.9, 60.7, 55.4,

54.9, 54.4, 22.1, 22.1, 20.1. MALDI-TOF-MS for

C29H44N2O15SNa (M + Na) calcd 715.24, found 715.25.

Protein production

Recombinant A. actinomycetemcomitans Dispersin B (resi-

dues 16–381, DspBwt) was prepared as previously described

[31]. The DspBD242N and DspBE184Q mutant expression

plasmids were prepared by Quikchange site-directed muta-

genesis (Agilent, Santa Clara, CA, USA) using the primer

pairs outlined in Table 2 and confirmed by single-pass San-

ger sequencing. Each mutant enzyme was prepared via

recombinant expression in E. coli BL21(DE3) and the pro-

teins were purified as described for DspBwt [31]. Protein

concentrations were determined using the UV–vis absor-

bance at 280 nm with a calculated molar extinction coeffi-

cient of 51 340 M
−1�cm−1. All proteins were purified to

> 95% purity as confirmed via SDS/PAGE, flash frozen

and stored as individual aliquots at −80 °C.

Time course assays for hydrolysis of PNAG

trisaccharide analogues 1–3

The hydrolysis of PNAG trisaccharide analogues 1–3 by

wild-type DspB or DspB mutants was monitored by

reversed phase HPLC as described previously with a few

modifications [31]. Briefly, reactions containing 1 mM of

trisaccharide (1–4) in 48 mM of potassium phosphate buffer

containing 100 mM of NaCl (pH 6.0), were initiated by the

addition of an appropriate concentration of DspBwt or

DspB mutant enzyme in a final volume of 50 μL. Individ-
ual 5 μL aliquots were removed at time 0 min and after 10,

30, 60, 90, 180, 240 and 360 min incubations at 22 °C and

Table 2. Primers for site-directed mutagenesis used in this study.

Mutation Primer sequence

D242N fwd 50-GCTATGACGGTGCTACCCAAGAC-30

rev 50-GTCTTGGGTAGCACCGTCATAGC-30

E332Q fwd 50-GCGGCGCTGAGCATTTGGGGCCAGGATGCGAAGGCGCTG-30

rev 50-CAGCGCCTTCGCATCCTGGCCCCAAATGCTCAGCGCCGC-30

E332A fwd 50-CAGCGCCCTTCGCATCCCGCCCCCAAATGCTCGCGCCGC-30

rev 50-CAGCGCCCTTCGCATCCCGCCCCCAAATGCTCGCGCCGC-30

D333N fwd 50-GCGGCGCTGAGCATTTGGGGCGAGAATGCGAAGGCGCTG-30

rev 50-CAGCGCCTTCGCATTCTCGCCCCAAATGCTCAGCGCCGC-30
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quenched through the addition of 5 μL of 100 mM trifluo-

roacetic acid (TFA). Each 10 μL quenched fraction was

then centrifuged at 17 000 g for 2 min to remove any insol-

uble material and diluted to 50 μL using MQ water. Each

sample was analysed by reversed-phase HPLC as previously

described [31]. The concentrations of trisaccharide remain-

ing and of all reducing-end products were determined based

on the relative peak areas of the absorbance at 254 nm

resulting from the S-tolyl aglycone. Reaction rates for

hydrolysis of 1 were determined by numerical fitting of the

series of differential equations shown in Eqn (2) or Eqn (3)

as implemented in MATLAB (MathWorks, Natick, MA,

USA). An F test was used to determine whether the two-

parameter or three-parameter model fit to the data best

and to determine the statistical significance of the improved

fit. A detailed summary of the fit statistics and residuals for

DspBwt catalysed hydrolysis of 1 are shown in Fig. 1B,C.

Reaction rates for hydrolysis of 2 and 3 that shown exclu-

sive endo-glycosidic bond cleavage were determined using

Eqn (1) to give the pseudo-second-order rate constant k3 in

units of M−1�s−1. [32]

In vitro dispersal of S. epidermidis biofilms

S. epidermidis RP62A was obtained from ATCC (ATCC

35984). A starter culture was grown in 25 mL of tryptic

soy broth (TSB) for 24 h at 37 °C with shaking. The cul-

ture was then diluted to an OD600 of 0.01 in sterile TSB

and 200 μL of the diluted culture were added to each sam-

ple well of a clear, flat-bottom 96-well plate (Nunc Edge,

Thermo Fisher, Waltham, MA, USA). Four wells per plate

were reserved as sterile media controls and contained

200 μL of sterile TSB. MQ water was added to the outer

moat to limit evaporation and edge effects during biofilm

growth. Static cultures were grown by incubating the plates

at 37 °C for 24 h. After 24 h, the culture media and all

non-adherent cells were removed by aspiration and 200 μL
of sterile 50 mM potassium phosphate buffer, pH 6.0 was

added to each well. Twenty microlitres of a solution con-

taining various dilutions of DspBwt or mutant enzyme in

50 mM potassium phosphate buffer, pH 6.0 was added to

the wells to a final volume of 220 μL. Each plate also con-

tained four wells treated with buffer alone that functioned

as no dispersal controls (0% dispersal). The plates were

incubated with enzyme for 90 min at 25 °C, and then the

buffer solution was removed, and the plates were washed

gently but thoroughly with deionized (DI) water to remove

any nonadherent biomass. Remaining adherent cells were

fixed with MeOH (200 μL) for 1 h after which the wells

were aspirated and allowed to fully dry. The wells were

then stained with 1% crystal violet (200 μL) for 5 min

before washing thoroughly with DI water until the water

ran clear. To release the bound crystal violet, 200 μL of

33% acetic acid were added to each well. A 50 μL aliquot

of each sample was transferred to a new 96 well microtitre

plate and diluted to 200 μL with 33% acetic acid and the

absorbance of each well was measured at 590 nm using a

plate reader. After subtracting the background absorbance

at 590 nm for the sterile media control wells, the relative

biofilm biomass remaining was calculated by dividing the

absorbance at 590 nm by the average absorbance of the no

dispersal control wells from each plate. The relative biofilm

biomass was plotted as a function of enzyme concentration

to determine IC50 values for biofilm dispersal. IC50 values

were determined by fitting the data using a three-parameter

inhibitor dose response curve as implemented in GRAPHPAD

PRISM 9 software (GraphPad, San Diego, CA, USA) from

at least three replicate experiments. The residual biofilm

biomass remaining was also determined from the IC50 fit

for each replicate experiment. Each enzyme concentration

was analysed in different positions on the 96-well plate to

minimize artefacts from edge effects. Statistical significance

of the IC50 values and residual biofilm biomass relative to

DspBwt were determined using a Welch’s t-test as imple-

mented in GRAPHPAD PRISM 9 software.
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Fig. S1. 1H NMR spectra for compound 6.

Fig. S2. 13C NMR spectra for compound 6.

Fig. S3. 1H NMR spectra for compound 3.

Fig. S4. 13C NMR spectra for compound 3.
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