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PslG, a self-produced glycosyl hydrolase, triggers biofilm 
disassembly by disrupting exopolysaccharide matrix
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Biofilms are surface-associated communities of microorganism embedded in extracellular matrix. Exopolysac-
charide is a critical component in the extracellular matrix that maintains biofilm architecture and protects resident 
biofilm bacteria from antimicrobials and host immune attack. However, self-produced factors that target the matrix 
exopolysaccharides, are still poorly understood. Here, we show that PslG, a protein involved in the synthesis of a key 
biofilm matrix exopolysaccharide Psl in Pseudomonas aeruginosa, prevents biofilm formation and disassembles exist-
ing biofilms within minutes at nanomolar concentrations when supplied exogenously. The crystal structure of PslG 
indicates the typical features of an endoglycosidase. PslG mainly disrupts the Psl matrix to disperse bacteria from 
biofilms. PslG treatment markedly enhances biofilm sensitivity to antibiotics and macrophage cells, resulting in im-
proved biofilm clearance in a mouse implant infection model. Furthermore, PslG shows biofilm inhibition and disas-
sembly activity against a wide range of Pseudomonas species, indicating its great potential in combating biofilm-related 
complications.
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Introduction

Structured-communities of bacteria known as biofilms 
are one of the most prevalent and important forms of life 
for bacteria in natural, industrial, and clinical settings [1, 
2]. Biofilm bacteria show extreme tolerance to almost all 
antibiotic classes [3]. Biofilm bacteria are also protected 
from the host immune response, giving rise to chronic 
infections that are notoriously difficult to eradicate [4, 
5]. One of the most important features of biofilms is 
extracellular polymeric substances consisting of main-

ly polysaccharides, proteins, and extracellular DNA 
(eDNA), which function as a matrix, or glue, holding 
biofilm cells together and protecting cells from antibi-
otics and shear forces in fluid environments [2, 6-8]. By 
forming a matrix-encased multicellular aggregate, cells 
can also escape engulfment by phagocytic cells within a 
mammalian host [9]. Hence, factors that disrupt biofilm 
matrix may disassemble or disperse biofilm, rendering 
biofilm bacteria sensitive to antibiotics and phagocytic 
cells. As functional and dynamic communities, biofilms 
are able to modify the matrix components and remodel 
their structures and functions as an adaptive strategy to 
encounter the fluctuation of various environment con-
ditions as well as stresses. Protease and nuclease have 
been recently reported to be secreted by biofilm cells, 
which leads to disruption of protein adhesions and eDNA 
of biofilm matrix, resulting in remodeling of the biofilm 
architectures [10-12]. However, little is known about the 
biofilm self-generated factors that target the essential and 
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universal matrix component, exopolysaccharide.
P. aeruginosa is an opportunistic pathogen that can 

cause life-threatening infections in cystic fibrosis (CF) 
patients and individuals with a compromised immune 
system [13, 14]. This environmental bacterium can 
form biofilms on a variety of surfaces such as the mu-
cus plugs of the CF lung, contaminated catheters, and 
contact lenses [15]. P. aeruginosa represents one of the 
most common agents isolated from chronic leg ulcers, 
often as a biofilm resistant to antimicrobial therapy [16]. 
Exopolysaccharides are the critical matrix component to 
maintain the biofilm structure of P. aeruginosa [6, 17]. 
There are at least three exopolysaccharides, Psl, Pel, and 
alginate that contribute to biofilm formation in P. aerugi-
nosa [17-20]. P. aeruginosa cells often become mucoid 
upon prolonged colonization of the CF lung due to the 
overproduction of alginate that provides an advantage 
for P. aeruginosa in the airway of CF patients [13], while 
non-mucoid P. aeruginosa strains produce little alginate 
and use either Pel or Psl as the primary matrix exopoly-
saccharide [17, 20-22]. There are 12 co-transcribed psl 
genes (pslABCDEFGHIJKL) essential for Psl production 
[23]. Psl, a repeating pentasaccharide containing D-man-
nose, D-glucose and L-rhamnose [23], acts as ‘molecular 
glue’ to promote bacterial cell-cell and cell-surface inter-
actions and it can form a fiber-like web to enmesh bacte-
rial communities [6, 7, 17]. This exopolysaccharide also 
confers resistance of P. aeruginosa biofilms to antibiotics 
and phagocytic cells [9, 24-26]. In P. aeruginosa PAO1 
(a common lab strain), Psl is more important than Pel for 
biofilm microcolony formation and antibiotic resistance 
[24]. In addition, Psl also plays an important role in the 
biofilm formation of mucoid strains [27], and can func-
tion as a signal to stimulate biofilm formation [28].

Biofilms of P. aeruginosa develop in a five-stage 
multicellular cycle that is initiated by the attachment 
of free (planktonic) cells to a surface and finalized by 
seeding dispersal [2]. Our previous study implied that 
enzymes released from dead bacteria might degrade the 
exopolysaccharides matrix in the center of microcolony 
to free ‘the seeds of biofilm’ for future biofilm dispersal 
[6]. Here we report the discovery of one such self-gen-
erated enzyme, PslG, which is able to inhibit the biofilm 
formation and disrupt a pre-formed biofilm when sup-
plied exogenously. PslG, functioning as an endogly-
cosidase, mainly targets Psl matrix, and shows biofilm 
disassembly and inhibition activity against a wide range 
of Pseudomonas species. Furthermore, PslG treatment 
sensitizes biofilm bacteria to antibiotics and macrophage 
cells, leading to the improved eradication of biofilms in 
vivo by mouse implant infection model.

Results

Overexpression of PslG inhibited biofilm formation of P. 
aeruginosa PAO1

PslG is an essential protein for the synthesis of Psl, 
which is predicted to be a periplasmic protein resembling 
β-D-xylosidases [23, 29]. Deletion of pslG led to loss of 
Psl production and reduction of biofilm formation in P. 
aeruginosa PAO1 strain [23]. However, the biofilm bio-
mass was significantly reduced in PAO1/pHERD20T-pslG, 
where expression of the full-length PslG was driven by 
PBAD promoter in plasmid pHERD20T and was induced 
by arabinose. Addition of 2% arabinose decreased the 
biofilm biomass of PAO1/pHERD20T-pslG to a level 
similar to ΔpslG mutant (Supplementary information, 
Table S1 and Figure 1A). In contrast, the biofilm bio-
mass was increased in Psl-inducible strain WFPA801 (psl 
promoter was replaced by araC-PBAD, Supplementary in-
formation, Table S1) due to elevated Psl production (Fig-
ure 1A), where the entire psl gene operon was induced 
by the PBAD promoter [20, 23]. Given that the growth of 
PAO1 was not affected by PslG expression and arabinose 
concentration (Supplementary information, Figure S1A), 
these results suggested that the overexpression of PslG 
might decrease the production of Psl in PAO1. This was 
confirmed by the anti-Psl immunoblotting of Psl extract-
ed from PAO1/pHERD20T-pslG grown with correspond-
ing arabinose concentration (Figure 1A). These data in-
dicated that overexpression of PslG inhibited the biofilm 
formation of PAO1 by reducing the production of Psl.

The purified PslG degraded Psl polymer in vitro and dis-
rupted the Psl-fiber matrix in biofilms

How does PslG inhibit Psl production? We hypoth-
esized that PslG as a glycosyl hydrolase might degrade 
the polymer of Psl when PslG was overexpressed or at 
a wrong location within bacterial cells or in a biofilm. 
To test this hypothesis, pslG lacking its signal peptide 
sequence was cloned from P. aeruginosa PAO1 and 
expressed in Escherichia coli. The purified PslG31-442 

(containing amino acids from 31 to 442) was tested for 
its ability to degrade Psl in vitro. As assayed by immu-
noblotting, only 25% of Psl was detected 1 h post PslG31-

442 treatment at 30 ºC (Figure 1B), suggesting that the 
Psl polymer was degraded to smaller molecules, which 
cannot be detected by anti-Psl serum. PslG31-442 had the 
maximal Psl degradation activity at 45 ºC (Figure 1C).

Psl can form fiber-like matrix that enmeshes bacteria 
[6]. To investigate whether and how PslG disrupts the 
fibers of Psl and disperses bacteria in a biofilm, we ac-
quired the time lapse images to track the change of Psl fi-
bers and biofilm during PslG treatment statically at room 
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Figure 1 PslG prevented biofilm formation by P. aeruginosa PAO1. (A) The biofilm of PAO1/pHERD20T-pslG grown with 
different concentrations of arabinose. Psl production was determined by anti-Psl immunoblotting as shown below each corre-
sponding bar. (B) Purified PslG31-442 degraded Psl in vitro. A representative dot blotting result showed the amount of Psl post 0 
nM (–PslG) or 50 nM (+PslG) PslG treatment. The concentration of Psl was indicated above each corresponding dot. (C) The 
Psl degradation activity of PslG at different temperatures. (D) Time lapse images showed that PslG31-442 disrupted Psl fibers 
(stained in red by HHA-TRITC) in a flow-cell biofilm within 6 min (bacteria were stained in green by SYTO9, see Supplemen-
tary information, Movie S1 and Figure S2 for corresponding green and red separate images and control images); the dash 
lines circled a microcolony and arrows marked the edge of another microcolony. (E) PslG31-442 inhibited biofilm formation in a 
microtiter dish assay. PAO1 was grown in media containing different concentrations of PslG31-442 and the biofilm biomass was 
measured by crystal violet (CV) assay 24 h post incubation. (F) Exogenous PslG31-442 efficiently prevented the pellicle forma-
tion by PAO1. Images were 1-day-old pellicles grown with/without PslG31-442 and corresponding 3-D CLSM images (bacteria 
in green and Psl matrix in red). (G) The quantification of biomass and average thickness of corresponding pellicles. The bio-
mass values were normalized to that of PAO1 pellicles without PslG31-442 (Biomass = 4.42 ± 0.03 µm3/µm2).

temperature (RT). Psl fibers (stained in red by TRITC-la-
beled Hippeastrum hybrid lectin from amaryllis (HHA)) 
began to break in 4 min after PslG was supplied (Figure 
1D). Psl fibers were totally disrupted within 5 min, which 
was indicated by the Psl fiber-like structure turning to dif-
fused red fluorescence (Figure 1D). Once the degradation 
of Psl fibers occurred (Figure 1D, 4 min), bacteria (green) 
in a biofilm dispersed simultaneously (Figure 1D, Supple-
mentary information, Movie S1 and Figure S2B).

PslG prevented biofilm formation while supplied exoge-
nously

To evaluate the biofilm-inhibiting activity, purified 
PslG31-442 was added to the culture media at inoculation. 
PAO1 biofilm biomass decreased in a PslG concentra-
tion-dependent manner (Figure 1E). IC50 (the concen-
tration that can inhibit 50% of biofilm biomass) of PslG 
was ~1 nM (Figure 1E). The biofilm biomass of PAO1 
treated with 50 nM PslG31-442 was similar to that of the 
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Psl-negative strain WFPA800 (psl promoter deletion 
strain, Supplementary information, Table S1 and Figure 
1E), indicating that PslG at 50 nM can completely pre-
vent Psl-dependent biofilm formation. 

P. aeruginosa can form floating biofilms known as 
pellicles at the air-liquid interface of standing cultures. 
We further tested the inhibitory effect of PslG31-442 against 
pellicle formation of PAO1. The biomass of PAO1 pellicle 
grown in the presence of 50 nM PslG was even lower than 
Psl-negative strain, indicating that Psl-dependent pellicle 
formation was totally prevented (Figure 1F and 1G). 
Consistently, fluorescence-labeled lectin HHA staining 
showed that the pellicles with PslG treatment had little 
Psl matrix (Figure 1F, red) and 99.9% of Psl in pellicles 
was degraded. The biofilm inhibitory effect of PslG31-442 
was not due to change of bacterial growth because plank-
tonic PAO1 showed similar growth rate regardless of 
PslG concentration (Supplementary information, Figure 
S1B). In addition, PslG was also unlikely to inhibit the 
growth of biofilm bacteria or to change their physiology 
because PslG showed little impact on the GFP expres-
sion in the biofilm cells of PAO1/pCdrA::gfps during 3 

h of monitoring (Supplementary information, Table S1 
and Figure S1D). Plasmid pCdrA::gfps is also a reporter 
for cyclic-di-GMP level in P. aeruginosa, which is an 
important signal molecule involved in the regulation of 
biofilm formation [30]. Thus this result indicated that the 
level of cyclic-di-GMP in the biofilm of PAO1/pCdrA::gfps 

was not affected by 3-h PslG treatment. Altogether, the 
data suggested that the PslG-mediated biofilm inhibition 
was not due to the change of intracellular cyclic-di-GMP 
level or the inhibition of bacterial growth.

Exogenous PslG disassembled existing biofilms
The biofilm of P. aeruginosa PAO1 primarily used Psl 

to maintain its community structure [17, 31]. We there-
fore tested the biofilm disassembly activity of PslG on 
existing biofilms of PAO1. Addition of 1 nM PslG31-442 re-
duced half of biomass within 30 min at 30 ºC (Figure 2A 
and 2B). At this PslG concentration, the biofilm biomass 
decreased continually for 8 h (Figure 2B, grey triangle). 
Furthermore, the biofilm disassembly activity of PslG 
increased with concentration (Figure 2A). PslG31-442 at 50 
nM dispersed 50% of biofilm in 10 min and 82% of bio-

Figure 2 PslG triggered biofilm disassembly. (A) PslG31-442 disassembled pre-formed PAO1 biofilms in a dose-dependent 
manner. Disassembly rate was calculated by ratio of biofilm biomass post 30 min of PslG treatment to that of untreated con-
trol. (B) Time course of PslG31-442 effects on biofilm disassembly. The biofilm biomass was measured by CV assay. (C) Repre-
sentative optical section images showing the 1-day-old PAO1 pellicles and their corresponding Psl matrix prior to (0 min) and 
post 30 min of PslG treatment. The horizontal sectioned images (square) and vertical sectioned images were shown. The 
biomass and scale bar were indicated on the corresponding image. (D) Quantification of pellicle biomass and Psl matrix. The 
values were normalized to the biomass of pellicles before PslG treatment (0 min). (E) PslG disassembled biofilm microcolo-
nies formed in a flow cell chamber. Representative vertical sectioned images showed the change of microcolonies during 3 h 
of PslG treatment. Corresponding biomass and thickness were indicated next to the images. (F) Comparison of biomass and 
thickness prior to (0 min) and post 30 min of PslG treatment for three flow-cell biofilms with varied thickness.
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film within 30 min (Figure 2B, black triangle). Treatment 
time beyond 30 min, however, did not further reduce the 
biofilm biomass, yet the biomass remained at a low level 
during 8 h of incubation (Figure 2B, black triangle). This 
suggested that Psl-dependent biofilms were abolished 
within 30 min by 50 nM PslG. Similarly, PslG (at 50 
nM) reduced 55%-82% biomass of 1-day-old pellicles in 
30 min (Figure 2C and 2D). There was only 8% Psl re-
maining with biofilm post treatment, indicating that 92% 
of matrix Psl was disrupted (Figure 2D). PslG showed 
the maximal disassembly activity at 45 ºC (Supplementary 
information, Figure S3), which was consistent with its 
Psl degradation activity in vitro (Figure 1C).

DNase I was reported to disrupt a ‘young’ biofilm of 
P. aeruginosa by targeting matrix eDNA, yet it could not 
disrupt biofilms of PAO1 once microcolonies formed 
in a flow cell chamber [32]. To know whether PslG can 
disrupt pre-formed microcolonies, we grew the biofilm 
of PAO1 in a flow cell chamber with continuous medium 
flow for 36 h, and then treated with 50 nM PslG31-442 for 

up to 180 min statically. PslG can disassemble microcol-
onies and biofilms with varied thickness and 55%-80% of 
biomass was dispersed by PslG in 30 min (Figure 2E and 
2F). Regardless of the thickness of biofilms before treat-
ment, some biomass remained on the glass surface after 
30 min of PslG treatment (Figure 2F). It required another 
3 h of PslG treatment to remove the remaining biofilm 
biomass (Figure 2E).

The crystal structure of PslG indicated typical features of 
an endoglycosidase

We crystallized PslG and determined its crystal 
structure at a resolution of 2.0 Å (Table 1). The refined 
structure showed that four PslG molecules were loosely 
packed in one asymmetric unit with less than 1 100 Å2 
contacting surface between each monomer, which cov-
ered only 6.5% surface area of the PslG monomer. Thus 
they unlikely form a functional tetramer. This was sup-
ported by the results of dynamic light scattering (DLS), 
which showed that ~97% of PslG molecules existed as 

Table 1 Crystal structure data collection and refinement statistics
    Data collection Native SAD
    Space group P21 P21

    Unit-cell parameters   
      a, b, c (Å) 55.56, 88.21, 222.39 55.73, 87.85, 222.65
      α, β, γ (°) 90.00, 96.92, 90.00 90.00, 97.09, 90.00
    Wavelength (Å) 0.9792 0.9792
    Resolution (Å) 50.00-2.00 (2.07-2.00) 50.00-2.60 (2.69-2.60)
    Measured reflections 767 907 422 260
    Unique reflections 143 014 65 797
    Completeness (%) 99.4 (99.0) 99.8 (99.9)
    Redundancy 5.4 (5.3) 6.4 (6.6)
    I/σ(I) 21.9 (3.9) 9.2 (52.5)
   Rsym (%)a 12.2 (51.9) 13.0 (38.0)
   Wilson B-factors (Å2) 23.4 
   Refinement  
   Total no. of atoms 15 139 
   Rworking/Rfree 0.1932/0.2241 
   RMSD bond length (Å) 0.006 
   RMSD bond angles (°) 1.031 
   Mean B-factors (Å2) 26.0 
   Ramachandran plot (%)b  
   Most Favored 88.0 
   Allowed 11.3 
   General Allowed  0.4 
   Disallowed 0.4 
aRsym = ΣhklΣi|Ii(hkl) – <I(hkl)>|/ΣhklΣiIi(hkl), where <I(hkl)> is the mean intensity for multiply recorded reflections.
bAs defined in PROCHECK.  
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monomer form in solution (Supplementary information, 
Figure S8C). Each PslG monomer contains 412 residues 
(31-442), which folds into two domains, a large and a 
small domain (Figure 3A). PslG was predicted to be 
a β-D-xylosidase from the CAZy Glycosyl Hydrolase 
Family 39 [29], which usually exists as tetramers in 
solution and contains three distinct domains. However, 
PslG lacked the small α-helical domain and the catalytic 
β-hairpin present in the hydrolases in Family 39. An on-
line search against Protein Data Bank (PDB) using DALI 
server [33] showed that the structure of a Xylanase from 
Erwinia chrysanthemi (ECXyna, PDB: 1NOF; Z-score: 
26.7), belonging to Glycoside Hydrolase Family 5, was 
most similar to PslG although it only had 13% sequence 
identity with PslG [34]. We designated the large domain 
of PslG as the catalytic domain and the small domain as 
the carbohydrate-binding domain (CBM; Figure 3A) by 
analogy to ECXyna (Supplementary information, Figure 
S6A).

The catalytic domain of PslG includes residues 47-
358 and adopts the common (β/α)8-barrel fold (Figure 

3A and 3B), which is conserved in polysaccharide hy-
drolase families. Surface analysis indicated an extensive 
substrate-binding groove which traversed the whole cat-
alytic domain and was large enough to accommodate a 
polysaccharide chain (Figure 3D and 3E), as featured by 
a typical endoglycosidase [35]. Sequence alignment and 
structure comparison with homologous proteins identi-
fied through DALI suggested that Glu165 and Glu276 of 
PslG were the key catalytic residues (Figure 3B). Glu165 
is located on one side of the cleft with the carboxyl group 
of its side chain pointing toward the opposite side (Figure 
3B). Such a positioning may allow this residue to serve 
as acid or base during catalytic process [34]. In contrast, 
Glu276 is positioned on the bottom of the cleft with the 
side chain carboxyl group pointing upward (Figure 3B), 
suggesting that this residue may function as the nucle-
ophile during catalytic reaction [34]. The two residues 
are separated by a distance of 4.1 Å, which is close to 
the average distance (~5.5 Å) between the two catalyt-
ic residues in retaining enzymes (in contrast to ~10 Å 
in inverting enzymes) [36, 37]. These results suggest 

Figure 3 Crystal structure of PslG. (A) The structure of PslG was represented in cartoon and colored in rainbow mode. The 
dashed line separated the catalytic domain and carbohydrate-binding domain (CBM). (B) The key catalytic residues (E165 
and E276) in catalytic domain of PslG were shown in stick. (C) Mutation on either E165 or E276 significantly reduced Psl 
degradation and biofilm disassembly activity of PslG at 30 °C. (D) Electrostatic potential of the PslG catalytic domain ob-
served from different perspectives. The regions with negative or positive charge are colored in red or blue, respectively. The 
catalytic site and cleft was marked by dash line. (E) The Autodock analysis showed how PslG bound with Psl. A possible 
conformation of a portion of Psl [-D-Glcp-(1→3)-[α-D-Manp-(1→2)]-β-D-Manp-(1→3)-β-D-Manp-(1-1)-OH] within PslG. White 
arrows indicated the possible binding groove for Psl.
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that PslG is likely a retaining enzyme. The importance 
of these two residues was confirmed by a mutagenesis 
study, which showed that E165Q or/and E276Q mutation 
led to a significant decrease in the catalytic activity of 
PslG with regard to Psl degradation and biofilm disas-
sembly (Figure 3C and Supplementary information, Fig-
ure S4B). Consistently, the corresponding PslG mutants 
showed a reduced or no activity of inhibiting the biofilm 
formation and decreasing Psl production when overex-
pressed in PAO1 (Supplementary information, Figure 
S4C). Through molecule docking, we proposed a model 
that represented the binding of a portion of Psl repeat 
unit containing 3 mannoses and 1 glucose to the catalytic 
site (Figure 3E). This model suggests that PslG might 
cleave the bond between β-D-Man and α-L-Rha (Sup-
plementary information, Figure S5). There are 27 other 
residues involved in the formation of the two catalytic 
cleft walls (Supplementary information, Figure S6C) [34]. 
Of these residues, 13 hydrophobic residues may serve as 
the scaffold to dock the pyranose rings of the polysac-
charide chain and 14 other residues offer hydrogen bonds 
to stabilize the polysaccharide chain and ensure substrate 
specificity of PslG (Supplementary information, Figure 
S6C). We constructed four point mutations among these 
residues: D79R, D133Y, F208A and F208W. All the 
mutants showed a reduced activity of Psl degradation and 
biofilm disassembly compared to the wild-type PslG (Sup-
plementary information, Figure S6D), suggesting their 
involvement in the substrate binding. Electrostatic poten-
tial analysis showed that the catalytic cleft of PslG was 
negatively charged, and this region was much deeper and 
more widely opened than that in ECXynA (Figure 3D and 
Supplementary information, Figure S6). Although PslG 
has an overall structure highly similar to ECXynA, most 
of the residues lining the walls of the substrate-binding 
cleft are not conserved in these two proteins. In contrast, 
sequence alignment showed that most residues for the 
substrate-binding cleft were conserved among the PslG 
homologues from Pseudomonas species (Supplementary 
information, Figure S7). This suggested that PslG might 
also be used to treat biofilm infection caused by Pseudo-
monas species other than P. aeruginosa.

The CBM of PslG consists of nine β-strands, of which 
the first one is composed of the first 12 residues (31-42) 
of the mature protein. The other eight β-strands contain 
residues 361-442. All these residues of the CBM domain 
fold into a tetrahedral shape (Figure 3A). The CBM 
domain is covalently connected to the catalytic domain 
through two very short linker peptides (residues 43-46 
and 359-360) and an extensive hydrophobic interface 
formed between these two domains. The potential of 
CBM domain to bind carbohydrates was supported by 

the behavior of PslG on gel filtration column. When 
loaded onto a superdex 200 column, PslG (47 kDa) gave 
an abnormal large elution volume of 17 ml that generally 
corresponded to a salt peak (Supplementary informa-
tion, Figure S8A). Increasing of the salt concentration in 
elution buffer did not reduce the elution volume of PslG 
(Supplementary information, Figure S8B). In contrast, 
xylanase PtXyI43 (38 kDa), a β-1,4-xylosidase from 
Paecilomyces sp. J18 with only a catalytic domain had a 
normal elution volume consistent with its molecular size 
(Supplementary information, Figure S8A). Elution delay 
suggests that PslG has some binding affinity to dextran, 
the major component of superdex 200 column.

PslG inhibited biofilm formation and disrupted existing 
biofilms of a wide range of Pseudomonas strains

To investigate the specificity of PslG, we examined 
the inhibition and disruption activity of PslG against 
biofilms of many strains. We first investigated several 
PAO1-derived mutant strains, such as Psl- or Pel-nega-
tive strains, Psl-inducible strain WFPA801 (PAO1, PBAD-
psl), mucoid strain PDO300 (alginate overproducer), 
and a rugose small-colony variant (RSCV) MJK8 that 
displays increased production of the Pel and Psl [38]. 
PslG significantly inhibited the biofilm formation of 
all PAO1-derived strains, which included Psl-negative 
strains and MJK8-derived ∆psl∆pel strain (Figure 4A). 
The prevention of biofilm formation by PslG was not a 
result of growth defect because PslG did not affect the 
growth rate of Psl-negative strain, Psl overproducer, Pel 
overproducer, and alginate overproducer (Supplemen-
tary information, Figure S1C). PslG also disrupted the 
established biofilms of most tested PAO1-derived strains 
(except for PDO300∆psl and MJK8∆psl∆pel, data not 
shown) with a disassembly rate ranging from 20% to 
82% (Figure 4B). These data suggested that PslG had 
some but limited degradation activity on polysaccharides 
other than Psl.

We next tested the efficacy of PslG against 26 envi-
ronmental and clinical P. aeruginosa isolates that pro-
duced different amount of Psl (Table 2). PslG disassem-
bled preformed biofilms of most tested strains and pre-
vented their biofilm formation to some degree, except for 
the strain PA14 (a strain had Pel-dominant matrix) and 
seven CF isolates that produced little Psl (Table 2). PslG 
homologues were highly conserved in Pseudomonas 
species (Supplementary information, Figure S7), thus we 
examined the effect of PslG on the biofilm of P. syringae 
pv. phaseolicola and P. stutzeri A1501. PslG showed bio-
film inhibition and disassembly activity against the plant 
pathogen P. syringae pv. phaseolicola (Figure 4C). PslG 
prevented the pellicle formation of P. stutzeri A1501 
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(Figure 4D), yet could not disrupt an existing biofilm 
of this strain. PslG had little effect on the biofilms of 
Staphylococcus aureus, Candida albicans, E. coli, and 
Salmonella enteric (Supplementary information, Figure 
S9).

PslG treatment sensitized biofilm bacteria to antibiotics 
and macrophage cells

To investigate whether PslG can improve the sensitiv-
ity of biofilm bacteria to antibiotics, we tested the MIC 
(minimum inhibition concentration) of two selected anti-
biotics commonly used to treat P. aeruginosa infections, 
Tobramycin and Ciprofloxacin against PslG-dispersed 
bacteria from 1-day-old biofilms. PslG-dispersed bacteria 
had a slightly lower MIC than planktonic bacteria (Fig-
ure 5A). To know whether antibiotics can eradicate the 
remaining surface-attached biofilm after 30 min of PslG 
disruption, we applied the Calgary biofilm device [39] to 
examine the MBEC (minimum biofilm eradication con-
centration). The MBEC of biofilms post PslG treatment 
was 4-fold (Cip) or 8-fold (Tob) lower than those of 
non-treatment controls (Figure 5B). The MIC of antibiot-
ics against the planktonic growth from peg-attached bio-
films was also tested. MIC of bacteria from PslG-treated 

Figure 4 Effects of PslG on the biofilms formed by different Pseudomonas strains. (A, B) Biofilm inhibition and disassembly 
activity of PslG against P. aeruginosa PAO1-derived mutant strains. (C) The effect of PslG on the biofilms formed by P. sy-
ringae pv. phaseolicola. (D) The inhibitory effect of PslG on the pellicles of P. stutzeri A1501; the remaining pellicle post PslG 
treatment was marked by dash line. T-test was performed for testing differences between groups. *P < 0.01; **P < 0.001.

biofilm was 2-fold lower than that of untreated biofilms 
(Figure 5B). To investigate whether there is a synergistic 
effect of PslG and antibiotics, and the efficacy of PslG 
at a limited delivery condition, we used the microfluidic 
devices (Figure 5C), in which the total PslG used during 
5-h continuous delivery was half of the other systems 
(such as microtiter and flow cell chambers). The biofilm 
biomass (calculated from fluorescent intensity of GFP-
tagged PAO1) in PslG-treated group decreased by 5-fold 
in 5 h (Figure 5C), while the biofilm biomass in untreat-
ed control doubled in 5 h (Figure 5C). Addition of anti-
biotic (either Tob or Cip) to PslG-treated group did not 
further reduce the biomass (Figure 5C), suggesting that 
the tested antibiotics did not affect the biofilm disassem-
bly activity of PslG, yet there appeared no synergistic 
effect in this system. Given that PslG did not have any 
effect on the anti-Pseudomonas activity of Tob or Cip as 
indicated by an agar diffusion assay and MIC tests (Sup-
plementary information, Figure S10), we concluded that 
PslG treatment can be coupled with antibiotic therapy to 
combat the biofilm-related infections.

To test whether PslG has any toxic effects to mam-
mal cells, we used the human colonic epithelial cell line 
Caco2 or HT-29 to test the cytotoxicity of PslG. Tetra-
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zolium MTT cytotoxicity assay showed that PslG had 
minimal effect on the viability of both colonic epithelial 
cells (Supplementary information, Figure S11A), nei-
ther did PslG show any cytotoxicity to macrophages 
cells (RAW264.7; Supplementary information, Figure 
S11B). As Psl was reported to confer resistance of P. 
aeruginosa biofilms to phagocytic cells [25], we further 
tested whether PslG could improve the sensitivity of 
biofilm bacteria to macrophages. Indeed, PslG treatment 
rendered biofilm bacteria more susceptible to macro-
phages, indicated by the least bacteria detected post the 
treatment of PslG coupled with macrophages (Figure 
5D). Taken together, our data indicated that PslG was not 
toxic to host cells and PslG treatment sensitized biofilm 
bacteria to antibiotics and phagocytes, suggesting the 

potential application of PslG in treating biofilm-related 
infections.

PslG improved the eradication of biofilms in vivo
We used a murine model for implant-associated infec-

tions to further determine whether PslG could assist in 
the eradication of biofilms in vivo. Implants coated with 
P. aeruginosa biofilms were inserted into the mouse 
peritoneum and treated locally with the following treat-
ments: 50 nM PslG; 50 mg/kg tobramycin; and 50 nM 
PslG plus 50 mg/kg tobramycin. After 24 h of incubation 
in the mice, the implants were removed for homogeniza-
tion and enumeration of bacteria. Either PslG or tobra-
mycin treatment was able to reduce the bacterial load on 
the implant as compared to the control. Furthermore, the 

Table 2 The efficacy of PslG against the biofilms formed by clinical and environmental P. aeruginosa isolates
Strains            Biofilm      Biofilm    Psl production       Source/disease                     Classification                        Reference/provided by
                     inhibition  dispersion
PA14 – – 0  Class I Pel-dominant matrix 65
PAO1 +++ +++ 1.00 ± 0.10 Wound  66
E2 +++ ++ 0.10 ± 0.04 Tomato plant Class II Psl-dominant matrix 67
X24509 ++ ++ 0.11 ± 0.02 UTI  67
X13273 +++ ++ 1.24 ± 0.18 Blood  67
T56593 ++ ++ 0.11 ± 0.05 Ear  67
MSH3 ++ ++ 0.19 ± 0.05 Water Class III EPS redundant users 67
MSH10 + ++ 0.11 ± 0.05 Water  67
19660 +++ ++ 1.69 ± 0.20 Cornea Class IV Matrix overproducers 67
6077 +++ +++ 9.84 ± 1.46 Cornea  67
T53516 +++ +++ 0.45 ± 0.08 Urine  Wake Forest University
X54868 ++ +++ 6.71 ± 0.70 Bronchial  17
X54802 ++ ++ 0.09 ± 0.03 Sputum  Wake Forest University
T75 – – 0.01 ± 0.00 CF  Wake Forest University
CF27 – – 0.04 ± 0.01 CF  67
1285 – – 0.01 ± 0.00 CF  University of Copenhagen
1295 – – 0.01 ± 0.00 CF  University of Copenhagen
1300 – – 0.09 ± 0.01 CF Not determined University of Copenhagen
S456B – – 0.02 ± 0.01 CF  University of Copenhagen
66671B – – 0.02 ± 0.01 CF  67
UDL ++ +++ 0.03 ± 0.00 UTI  67
1131 +++ +++ 0.65 ± 0.07 Wound  University of Copenhagen
UC12 ++ ++ 4.01 ± 1.11 Wound  University of Copenhagen
S35004 +++ ++ 0.16 ± 0.02 Blood  67
CIM51 +++ +++ 2.32 ± 0.73 Water  CGMCCC
CIM52 ++ +++ 1.31 ± 0.39 Water  CGMCCC
CIM53 +++ +++ 1.71 ± 0.26 Water  CGMCCC
“+++”, the reduction of biofilm biomass by PslG is above 70%; “++”, the reduction of biofilm biomass is 30%-70%; “+”, the reduction of biofilm 
biomass is less than 30%; “−”, no significant differences between biofilms with and without treatment. The values of Psl have been normalized to 
the result of PAO1 (32-45 µg/ml crude Psl). CGMCCC: China General Microbiological Culture Collection Center.



Shan Yu et al.
1361

npg

www.cell-research.com | Cell Research

Figure 5 PslG treatment improved biofilm sensitivity to antibiotics and phagocytic cells. (A) E test strip results. PslG-dis-
persed bacteria from a biofilm were more sensitive to tobramycin (Tob) and ciprofloxacin (Cip) than planktonic cells. Arrows 
indicated the corresponding MIC values on the strip. (B) MBEC and MIC of biofilms treated with (■) and without (•) PslG. 
Arrows indicated the corresponding values of MBEC and MIC. (C) Tob and Cip did not affect PslG biofilm disassembly activ-
ity. GFP-tagged biofilms were monitored in microfluidic devices (left) with continuous media flow supplied with PslG or PslG 
combining with either Tob or Cip. Blue arrows indicated the flow direction. (D) PslG enhanced biofilm sensitivity to macro-
phage cells. PAO1 biofilms were cultivated on top of glass cover slides for 24 h and treated with PslG and macrophage cells. 
Biofilms were then scraped off the glass slides and re-suspended in 1 ml 0.9% NaCl for colony forming unit (CFU) determi-
nation. Means ± SD in CFU/ml from triplicate experiments are shown. (E) PslG improved host clearance of implant biofilms 
and showed combinatory effect with Tob in eradication of implant biofilms in vivo. The median value was indicated. T-test of 
unpaired unequal variance was performed for testing differences between groups. *P < 0.03, **P < 0.01.
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synergistic treatment of PslG and tobramycin led to more 
significant reduction in the bacterial load on the implant 
compared to the single treatment groups (Figure 5E). 
This showed that the addition of PslG could be possibly 
used clinically to treat biofilm infections.

Discussion

Exopolysaccharides are a common component of 
the extracellular matrix in biofilms formed by many 
Gram-positive, Gram-negative bacteria and fungus C. 
albicans [6, 40-42]. In this study, we report that PslG, a 
glycoside hydrolase, prevents the biofilm formation of 
Pseudomonas species and efficiently disrupts their exist-
ing biofilms at nanomolar concentrations. Glycoside hy-
drolases are common enzymes in nature with a variety of 
roles. However, few enzymes were reported to disassem-
ble an existing biofilm at nanomolar concentrations like 
PslG. Cellulase has been reported to have some biofilm 
inhibition activity by partially degrading Psl and Pel in P. 
aeruginosa [6, 22]. A secreted N-acetylglucosaminidase, 
DspB, has been shown to cause detachment and disper-
sion of Actinobacillus actinomycetemcomitans biofilm 
cells [43, 44]. However, cellulase and DspB function 
at millimolar or micromolar concentrations. D-amino 
acids have been reported to disassemble the biofilms of 
Bacillus subtilis by targeting matrix proteins [40], yet a 
later report showed that this is due to an indirect effect of 
inhibition of protein synthesis and bacterial growth [45]. 
Thus far, to the best of our knowledge, PslG is the most 
efficient factor for biofilm disassembly and inhibition 
without affecting bacterial growth.

One of the most important causes of starvation-in-
duced tolerance in vivo is biofilm growth [4, 5, 46]. 
Starvation in biofilms is attributed to nutrient consump-
tion by cells located on the periphery of biofilm and 
to reduced diffusion of substrates through the biofilm. 
Enzymes or factors that can disrupt biofilm matrix not 
only disassemble bacterial community structure, but 
also may allow substrates or antibiotics to diffuse into 
biofilm, leading to improvement of biofilm clearance. 
Consistent with this concept, we have shown that PslG 
treatment remarkably sensitizes biofilm bacteria to anti-
biotics and macrophage cells. Several lines of evidence 
indicate the great potential of PslG in combating biofilm. 
First, PslG is not toxic to human epithelial cells and im-
mune cells; second, PslG can be used with antibiotics to 
eradicate biofilms; third, PslG shows biofilm inhibition 
and disassembly activity against a wide range of Pseu-
domonas species; fourth, PslG-dispersed bacteria from 
PAO1 biolfilms are not more virulent than their planktonic 
counterparts as revealed by the C. elegans liquid killing 

assay (Supplementary information, Figure S11C). Finally 
and most strikingly, PslG does not inhibit the growth of P. 
aeruginosa regardless of the type of exopolysaccharides 
or the amount of exopolysaccharides that were produced 
(Supplementary information, Figure S1). In addition, 
PslG shows little impact on the physiology of bacteria 
within biofilms regarding the gene expression and the 
level of an important second messenger cyclic-di-GMP.

PslG exhibits biofilm inhibition activity on several 
PAO1-derived Psl-negative strains (Figure 4A) and sev-
eral clinical or environmental strains producing little Psl 
(Table 2). Consistently, pellicles grown with PslG have 
even lower biomass than Psl-negative strain (Figure 1F). 
These data suggest that PslG might hydrolyze exopoly-
saccharides other than Psl. However, PslG is not likely to 
hydrolyze alginate because the inhibition on mucoid bio-
films is mostly due to the degradation of Psl according to 
the result that PslG does not inhibit the biofilm formation 
of Psl-negative mucoid strain PDO300Δpsl. The CBM 
domain of typical endoglycosidases is usually involved 
in the substrate binding, such as endocellulases, which 
have a long shallow groove on the surface of CBM do-
main for polysaccharide substrate binding besides the 
deep groove in catalytic domain for the polysaccharide 
substrate to fit into [47]. However, the CBM domain of 
PslG is significantly different from the classic CBM of 
endoglycosidases, which lacks the aromatic residue clus-
ter lined groove for substrate binding. Further investiga-
tion will be helpful to clarify whether this typical feature 
leads to the affinity of PslG with some other kinds of 
carbohydrates except Psl or is involved in Psl synthesis.

PslG is required for the production of Psl [23], yet 
how exactly PslG is involved in the biosynthesis of Psl is 
still unclear. Franklin et al. [29] has predicted that PslG 
might be responsible for processing the growing polysac-
charide for export and/or acts as a failsafe enzyme that 
rids the periplasm of aberrant polymer when the export 
process goes awry. When entire psl operon is induced 
by PBAD promoter and overexpressed in PAO1, Psl pro-
duction is increased (Figure 1A) [6, 20]. However, Psl 
production is decreased when only PslG is overexpressed 
(Figure 1A). This suggests that the hydrolase activity 
or the location of PslG may be controlled by other Psl 
proteins in the biosynthesis apparatus of Psl to ensure 
that the hydrolase activity of PslG is activated only when 
needed. Consistently, the biofilm formation and Psl pro-
duction is not affected when overexpressing the mutated 
PslG that has totally lost the hydrolase activity (Figure 
3C and Supplementary information, Figure S4). Surpris-
ingly, the biofilm formation is even slightly promoted 
by overexpression of mutated PslG (E165Q, E276Q) in 
PAO1 (Supplementary information, Figure S4C), which 
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has mutation on two key catalytic residues. This suggests 
that CBM domain of PslG might be involved in the syn-
thesis of Psl polymer. 

Our previous study suggested that enzymes released 
from dead bacteria may degrade the polysaccharide 
matrix in the center of microcolony [6]. In the present 
study, we have revealed that such enzymes can be part of 
the polysaccharide synthesis apparatus. PslG is a glyco-
syl hydrolase predicted to be located in the periplasmic 
space [23, 29]. It is an essential protein in the synthesis 
machinery of Psl, a key biofilm matrix exopolysaccha-
ride in P. aeruginosa [23, 29]. Strikingly, overexpressed 
or exogenously supplied PslG prevents biofilm formation 
through degrading Psl. The synthesis of many polysac-
charides, such as alginate and Pel, involves hydrolases 
[29], which could also be potential enzymes to target 
biofilm matrix polysaccharides. This implies a novel way 
for discovering anti-biofilm factors from proteins that 
are involved in the synthesis of matrix polysaccharides. 
Overall, we show that enzymes targeting biofilm matrix 
polysaccharides may offer a general strategy to prevent 
the clinical and environmental complications associated 
with biofilms. 

Materials and Methods

Strains, human cell lines, and growth conditions
Bacterial strains and plasmids used in this study are listed in 

Supplementary information, Table S1. Unless otherwise indicated, 
P. aeruginosa was grown at 37 ºC in Luria Bertani broth (LB, Bec-
ton Dickinson) without sodium chloride (LBNS) or in Jensen’s, a 
chemically defined medium [48]. Biofilms of P. aeruginosa were 
grown in Jensen’s medium at 30 ºC. L-arabinose (Sigma) was used 
as inducer for genes transcribed from PBAD promoter in P. aerugi-
nosa. Biofilms of P. syringae and P. stutzeri were grown at 30 ºC 
in K medium [49]. M9 medium was used to grow the biofilm of 
E. coli at 37 ºC [50]. Biofilm of S. aureus was grown at 37 ºC in 
tryptic soy broth (TSB; Becton Dickinson) with 0.25% glucose 
[51]; Biofilm of C. albicans was grown in Lee’s medium at 25 °C 
[52]; Biofilm of S. enteric was grown at 28 ºC in LB broth [53]. 
Ampicillin (Sigma) was used at 100 µg/ml for E. coli, while car-
benicillin (Sigma) was used at 300 µg/ml for P. aeruginosa.

The human colonic epithelial cell line Caco2 or HT-29 cells 
were obtained from the American Type Culture Collection (Manas-
sas, VA, USA). Caco2 or HT-29 cells were cultured in Dulbecco’s 
Modified Eagle’s medium (DMEM, Sigma) supplemented with 
10% fetal bovine serum (FBS, Sigma), 100 units/ml penicillin G, 
and 100 µg/ml streptomycin (Sigma) at 37 °C with 5% CO2. Tetra-
zolium MTT (3-[4,5-dimethylthiazol-2-yl]-2,5- diphenyltetrazoli-
um bromide) was purchased from Sigma.

Plasmid construction, protein purification and crystalliza-
tion

To construct plasmid pHERD20T-pslG, the entire pslG gene 
was amplified from the genomic DNA of P. aeruginosa PAO1 
and cloned into pHERD20T at EcoRI and HindIII sites [54]. For 

expression of PslG in E. coli, sequences encoding PslG (residues 
31-442) were amplified and cloned into PGL01, a modified vector 
based on pET15b with a PPase cleavage site to remove the His 
tag. The first 30 residues of PslG were truncated because they 
were predicted to be a signal peptide by the Signal P4.1 server. 
The resulting expression plasmid PGL01-pslG was transformed 
into E. coli BL21 (DE3), which was cultured at 37 ºC till OD600 
reached 0.8, and induced overnight with 0.12 mM isopropyl 
β-D-thiogalactopyranoside at 22 ºC. Substituted proteins of PslG 
were constructed by overlapping PCR and cloned into PGL01. The 
induction condition and purification procedure was the same as 
native protein.

For protein purification, bacterial cells were harvested by cen-
trifugation for 15 min at 4 200 rpm and resuspended in binding 
buffer (25 mM Tris-HCl, pH 8.0, 200 mM NaCl). The bacterial 
suspension was lysed by sonication and centrifuged for 45 min at 
12 000 rpm to remove the precipitate. The supernatant containing 
PslG was loaded onto a nickel affinity column (Chelating Sephar-
ose Fast Flow, GE Healthcare), and washed with binding buffer 
for several times to remove the nonspecific proteins. The protein 
bound to the resin of nickel column was resuspended in binding 
buffer and mixed with PPase (a final concentration of 0.12 mg/ml). 
The mixture was incubated overnight at 4 ºC to remove the His 
tag. The protein sample was then eluted with binding buffer. For 
further purification, PslG was loaded onto an ion-exchange column 
(Source 15Q HR 16/10, GE Healthcare) and eluted with a linear 
gradient of 0-1 M NaCl in 25 mM Tris-HCl buffer pH 8.0. Finally, 
the protein sample was purified by size-exclusion chromatography 
(Superdex 20010/300 GL, GE Healthcare) with 10 mM Tris-HCl 
buffer pH 8.0 containing 100 mM NaCl. The protein was then fur-
ther purified by ion exchange (Source 15QHR 16/10, GE Health-
care) and size-exclusion chromatography (Superdex 200 10/300 
GL, GE Healthcare). Selenomethionine (Se-Met)-labeled PslG was 
obtained by culturing BL21(DE3)/PGL01-pslG in M9 medium 
supplemented with selenomethionnine. The induction condition 
and purification procedure was the same as native protein.

Preliminary screenings were performed with Hampton Re-
search crystal screen kits by sitting drop vapor diffusion at 20 ºC. 
A total of 720 conditions from 15 kits were tested. Briefly, equal 
volumes of protein and reservoir solution were mixed together. Ini-
tial crystals were optimized using hanging drop method to increase 
the diffraction. The best native crystals were obtained under condi-
tions of 3% (w/v) Dextran sulfate sodium salt, 0.1 M Bicine pH 8.5 
and 7% (w/v) PEG20000. The Se-Met-labeled crystals were ob-
tained under conditions of 2% (v/v) Tacsimate pH 8.0, 0.1 M Tris-
HCl pH 8.5 and 15% w/v PEG3350. Crystals with good diffraction 
quality were soaked in a solvent identical to the reservoir solution 
with 20% (v/v) glycerol, and flash frozen in liquid nitrogen. All 
data were collected on beamline BL17U1 at Shanghai Synchrotron 
Radiation Facility (SSRF).

Biofilm inhibition or disassembly assay
PslG was supplied into the growth media at inoculation in the 

biofilm inhibition assay. For biofilm disassembly, the culture was 
replaced by fresh media containing PslG after 36-h growth for 
flow-cell biofilms, 30 h for biofilms grown in microfluidic devices 
or 24-h growth in glass chamber (pellicles) or in microtiter dishes. 
Unless otherwise indicated, PslG was supplied at 50 nM final con-
centration. For PslG treatment performed in microtiter dishes (Fal-
con 3911), a 1/100 dilution of an overnight culture was used for 
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inoculation. For biofilm inhibition assay, the medium and plank-
tonic cells were discarded after 24 h of static growth at 30 ºC, and 
the wells were washed and then stained with 0.1% crystal violet 
(CV, Sigma) solution. For biofilm disassembly, the biofilms were 
washed and stained by CV after 30 min or hours of PslG treatment 
at 30 ºC or the indicated temperatures. The CV bound to biofilms 
was solubilized with 30% acetic acid and measured for absorbance 
at 560 nm. The sample without PslG was used as an untreated con-
trol. The inhibition rate or disassembly rate were calculated using 
the formula = [(A560 of untreated control – A560 of PslG-treated 
sample)/A560 of untreated control] × 100%. Two tailed t-test was 
performed to discern differences between groups.

Image acquisition and analysis of flow-cell biofilms and 
air-liquid interface biofilms (pellicles)

The air-liquid interface biofilms, pellicles were grown in glass 
chambers with individual chamber dimensions of 1 × 1 × 4 cm 
(Chambered #1.5 German Coverglass System, Nunc Inc.) as 
described previously [7]. For confocal laser scanning microsco-
py (CLSM) observation, buffer was gently removed from glass 
chambers to allow the pellicles to drop onto coverslips. The flow-
cell biofilms were grown at RT in three-channel flow cell with 
individual channel dimensions of 1 × 4 × 40 mm (Stovall Life 
Science, Inc.) as previously described [20]. The mid-log phase 
culture was used for inoculation. The biofilms were stained with 
DNA stain SYTO9 (Molecular Probes, Invitrogen). The Psl matrix 
was stained with fluorescence-labeled lectin HHA at 100 µg/ml 
(EY lab, INC) as we described elsewhere [6]. The fluorescent and 
differential interference contrast (DIC) images were acquired with 
a FV1000 confocal laser scanning microscope (Olympus, Japan) 
or a Leica TCS SP8 (Leica Microsystems, Japan). The biofilm bio-
mass and thickness were quantified by COMSTAT software [55]. 

Psl extract preparation and degradation of Psl in vitro by 
PslG

Psl polysaccharide extract was prepared from overnight cul-
tures as previously described [23] with modifications. To remove 
the DNA, crude Psl polysaccharide was precipitated with three 
volumes of ethanol and dissolved in pyrogen-free distilled water 
with 5 mM MgCl2, and subsequently treated by 0.1 mg/ml DNase 
I (Sigma) for 5 h at 37 ºC and 0.1 mg/ml proteinase K for 1 h at 60 
ºC. Enzymes were inactivated at 80 ºC for 30 min. To test the Psl 
degradation by PslG, Psl (4 mg/ml and lower) were incubated with 
50 nM PslG for 1 h at different temperatures. Treated or untreated 
samples were examined by immunoblotting against anti-Psl serum 
as previously described [23]. Densitometry software Quantity One 
(Bio-Rad) was used to quantify the immunoblotting data. Psl con-
centration of each dot was calculated by the corresponding stan-
dard curves. The catalytic productivity of PslG was defined as the 
amount of Psl degraded per nmol PslG per hour indicated by the 
formula: [(Psl concentration before treatment – Psl concentration 
after treatment)/(Treating time × PslG concentration)].

Biofilm dispersal assay in the microfluidic devices
The microfluidic devices were fabricated using soft lithography 

technique [56]. The top PDMS layer contained 10 microchannels 
(8 mm long, 60 µm in height, and 300 µm in width) as illustrated 
in Figure 5C. Holes were punched to make inlets and outlets of the 
channels using a sharpened 21-gauge needle. After oxygen plasma 
treatment (Harrick Plasma, Ithaca, NY, USA), and being baked at 

110 ºC for 1 h, the top layer was permanently bonded with a bot-
tom glass slide (1 mm in thickness). Prior to inoculation, the de-
vice was disinfected with 75% ethanol for 15 min and then rinsed 
with sterile distilled water for 15 min. Then 1 ml plastic syringes 
(ZYMM, Shanghai, China) with needle attached to 30-gauge Tef-
lon tubing (Zeus Inc., Orangeburg, SC) were connected with the 
microchannels via inlets, for feeding samples. Bacterial suspension 
and testing media were fed into the microchannels at a flow rate of 
0.3 µl/min, unless declared otherwise.

GFP-tagged PAO1 culture (OD600 = 0.4) was used to inoculate 
microchannels and incubated for 2 h at RT to allow bacteria ad-
here to the glass surface. Following incubation, Jensen media was 
injected along the same channel as the inoculum. Biofilms were 
formed after ~30 h. Then the media containing PslG, antibiotics, or 
combination, were introduced through the inlets for 5 h. The work-
ing concentration of tobramycin and ciprofloxacin is 0.1 mg/ml. 
The biomass values of bacterial biofilms were determined by fluo-
rescence imaging using an Eclipse Ti inversed microscope (Nikon, 
Japan), equipped with a NEO sCMOS CCD camera (Andor, UK). 
The biomass values of microfluidic biofilms were determined by 
ImageJ software.

MIC and MBEC measurements
MICs of planktonic and PslG-dispersed bacteria were deter-

mined by E test strips (AB Biodisk) following the manufacturer’s 
instruction. The measurement of MBEC and MIC of Peg-biofilms 
were performed on Calgary Biofilm Device (CBD) following the 
instruction of the MBECTM high-throughput assay (Innovotech) 
with modifications. Briefly, identical biofilms were formed on 
plastic pegs on the lid of the CBD. Peg-biofilms were exposed to 
media or media containing 50 nM PslG for 1 h before challenge of 
serial antibiotics. The MIC represents the concentration of antibi-
otic required to inhibit growth of a planktonic bacterial population 
from Peg-biofilms (OD600 < 0.1) and the MBEC value is the 
lowest dilution that prevents re-growth of bacteria from the treated 
biofilms (OD600 < 0.1).

Mouse implant infection model
Experiments using animal models were performed in accor-

dance with the ARF-SBS/NIE NTU Institutional Animal Care 
and Use Committee (IACUC) ethics approval and guidelines 
(protocol no.ARF SBS/NIE-A0191). PAO1 biofilms were initially 
established on cylindrical silicone implants (3 mm × 5 mm) in 
0.9% NaCl at 37 °C with shaking at 110 rpm for 20 h. 7-week-old 
female BALC/C mice were used and anesthetized with 100 mg/kg 
ketamine and 10 mg/kg xylene. The biofilm-coated implants were 
washed with 0.9% NaCl and transferred into the peritoneum of 
the mice. PslG and tobramycin were injected at the site of implan-
tation after 2 h. Four groups of five mice were treated with 0.9% 
NaCl (as control), 50 nM PslG, 50 mg/kg tobramycin, and 50 nM 
PslG + 50 mg/kg tobramycin, respectively. After 24 h of infection, 
the mice were sacrificed to harvest the implants. The implants 
were sonicated in 1 ml 0.9% NaCl in an ice water bath for 10 min 
to disrupt and homogenize the biofilm cells from the implants. The 
samples were then diluted serially and grown on LB agar at 37 °C 
for 20 h. CFU/ml = average number of colonies × dilution factor × 
volume used to plate on LB agar.

Structure determination and refinement
Both native and anomalous data sets were processed using 



Shan Yu et al.
1365

npg

www.cell-research.com | Cell Research

HKL2000 software suite [57]. The structure of PslG was solved 
by single-wavelength anomalous dispersion (SAD) phasing. The 
initial model was automatically built using PHENIX [58]. One 
monomer was then used as the search model in the determination 
of the native structure by molecular replacement using PHASE 
[59, 60]. The native structure was further refined interactively by 
using PHENIX and COOT [61]. All diffraction data and structure 
refinement statistics were summarized in Table 1. Structural rep-
resentations were generated using online software PyMOL (http://
www.pymol.org).

Molecular docking simulation and modeling
The program AutoDock 4.2 [62] was used for the molecular 

docking calculations. β-D-Glcp-(1→3)-[α-D-Manp-(1→2)]-β-D-
Manp-(1→3)-β-D-Manp-(1-1)-OH, the partial structure model of 
Psl polysaccharide repeat unit, was generated by the Glycam Bio-
molecule Builder on GLYCAM Web (http://www.glycam.com). 
The ligand and receptor were prepared by AutoDock Tools. All 
rotatable bonds of the ligand were accepted and the receptor was 
assumed to be rigid. Polar hydrogens and Kollman united atom 
charges were added to the enzyme, while gasteiger charges were 
assigned and nonpolar hydrogen atoms were merged for the ligand. 
The docking calculations were carried out by using the default set-
tings for the Genetic algorithm parameters with 25 000 000 energy 
evaluations per run. A composite file of all possible conformers 
was analyzed by AutoDock Tools. The chemical reasonableness 
of the best results was evaluated by examining the interactions be-
tween the receptor and the best-docked conformers.

Macrophage cytotoxicity assay
As previously described [63], 5 × 105 RAW264.7 macrophages 

were grown in 24-well plates (Nunc, Denmark) and incubated 
at 37 °C, 5% CO2 for 16 h. The macrophages were then washed 
twice with phosphate-buffered saline (PBS) and incubated with 0, 
50, 100, 200, and 500 nM PslG in DMEM at 37 °C, 5% CO2 for 
24 h. The toxicity of the PslG was determined by monitoring cell 
viability with 20 µM propidium iodide. Cells that were observed 
unstained or stained red under the inverted epifluorescent micro-
scope (Zeiss) were counted as live or dead, respectively. Cells 
from 5 images were enumerated for the ratio of dead cells to live 
cells calculation. Experiments were performed in triplicates, and 
the results are shown as the mean ± SD.

Macrophage-biofilm interaction assay
The assay was done as previously described with modifications 

[63]. Briefly, P. aeruginosa PAO1 biofilm was grown on sterile 
glass coverslips in minimal medium at 37 °C for 24 h. The bio-
films were washed twice in 0.9% NaCl to remove unattached cells 
and aggregates and then treated with 0 or 50 nM PslG in minimal 
medium at 37 °C for 1 h. The treated biofilms were then washed 
twice in 0.9% NaCl and further incubated with 5 × 105 RAW264.7 
macrophages in DMEM at 37 °C, 5% CO2 for 2 h. After washing 
away the dispersed bacterial cells in 0.9% NaCl, the remaining 
biofilms were scraped off the glass slides and re-suspended in 1 ml 
0.9% NaCl. Serial dilutions of the bacterial cell suspension were 
conducted, and the diluted bacterial suspensions were plated on 
LB agar. After incubation at 37 °C for 18 h, CFU were enumerated 
and tabulated. Experiments were performed in triplicates, and the 
results are shown as the mean ± SD.

MTT cell cytotoxicity assay
Cell cytotoxicity of PslG was performed by MTT assay as pre-

viously described [64]. Briefly, Caco-2 or HT-29 cells were seeded 
to a 96-well plate at 104 cells/well and incubated for 12 h, followed 
by incubation with fresh DMEM media containing various concen-
trations of PslG for 12 h. Then, 10 µl of 5 mg/ml MTT was added 
to each well and the plate was incubated for another 4 h at 37 °C 
to allow MTT metabolism into water insoluble purple formazan 
crystals. The formazan crystals were finally solubilized by adding 
100 µl of DMSO. The optical density at 540 nm was measured 
using Synergy H1 Hybrid microplate Reader (BioTek Instruments, 
Inc.). The assays were conducted three times independently.

C. elegans liquid killing assay
To compare the virulence between planktonic bacteria and Ps-

lG-dispersed biofilm bacteria, we conducted a liquid killing assay 
using C. elegans as the model host. The assay was performed as 
previously described with modifications [63]. The PslG-dispersed 
bacterial cells were collected from PAO1 pellicles grown in Jen-
sen’s medium for 24 h. PslG was used at 50 nM. Planktonic and 
dispersed bacteria were inoculated in liquid assay media in 96-well 
microtiter plates. Thirty of L4-stage C. elegans were transferred 
into each well and co-cultured for 48 h at 25 °C. Then live/dead 
nematodes were observed and determined under a stereomicro-
scope (Olympus). Experiments were performed in triplicate, and 
the results are shown as the mean ± SD.

Dynamic light scattering
The DLS measurement of PslG was performed using a Dyna-

Pro-NanoStar SN271-DPN instrument with temperature control at 
25 °C (Protein Solutions). The protein sample was prepared in 10 
mM Tris-HCl pH 8.0, 100 mM NaCl. The concentration of PslG 
used for DLS measurements was 2.5 mg/ml. The DLS result was 
analyzed using the software DYNAMICS v.7.1.5.

Detecting the effect of PslG on the biofilm of PAO1/pC-
drA::gfps

The pellicles of PAO1/pCdrA::gfps were grown in Jensen’s 
medium in the wells of a Costar 96-well cluster plate (Corning 
Life Sciences), and then the culture was replaced by fresh media 
or media containing 50 nM PslG. The green fluorescent signal was 
measured and recorded every 10 min for the following 3 h using 
λex/λcm of 488/520 nm by Synergy H4 Hydrid Reader (BioTek).

Accession code
Coordinate and structure factor files have been deposited in the 

PDB (http://www.rcsb.org/pdb) under ID code 4ZN2.
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