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Bacterial biofilms present a significant medical challenge because they are recalcitrant to current therapeutic
regimes. A key component of biofilm formation in the opportunistic human pathogen Pseudomonas aeruginosa
is the biosynthesis of the exopolysaccharides Pel and Psl, which are involved in the formation and maintenance of
the structural biofilm scaffold and protection against antimicrobials and host defenses. Given that the glycoside
hydrolases PelAh and PslGh encoded in the pel and psl biosynthetic operons, respectively, are utilized for in vivo
exopolysaccharide processing, we reasoned that these would provide specificity to target P. aeruginosa biofilms.
Evaluating these enzymes as potential therapeutics, we demonstrate that these glycoside hydrolases selectively
target and degrade the exopolysaccharide component of the biofilm matrix. PelAh and PslGh inhibit biofilm for-
mation over a 24-hour period with a half maximal effective concentration (EC50) of 69.3 ± 1.2 and 4.1 ± 1.1 nM,
respectively, and are capable of disrupting preexisting biofilms in 1 hour with EC50 of 35.7 ± 1.1 and 12.9 ± 1.1 nM,
respectively. This treatment was effective against clinical and environmental P. aeruginosa isolates and reduced
biofilm biomass by 58 to 94%. These noncytotoxic enzymes potentiated antibiotics because the addition of either
enzyme to a sublethal concentration of colistin reduced viable bacterial counts by 2.5 orders of magnitude when
used either prophylactically or on established 24-hour biofilms. In addition, PelAh was able to increase neutrophil
killing by ~50%. This work illustrates the feasibility and benefits of using bacterial exopolysaccharide biosynthetic
glycoside hydrolases to develop novel antibiofilm therapeutics.
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Bacterial biofilms provide a protective life-style for bacteria and are ex-
tremely challenging and costly to treat because they are notoriously re-
calcitrant to antibiotics and host defenses (1–5). It is estimated that 65 to
80%of all humanbacterial infections are related to biofilms (6). Biofilms
are complex communities of bacteria embedded in an extracellular
matrix composed of proteins, extracellular DNA (eDNA), and exopo-
lysaccharides. The exopolysaccharide component of the biofilm matrix
can function to impair antibiotic penetration (7, 8) and provide a barrier
against phagocytosis by host immune cells (9). Given the rise of antibi-
otic resistance and the discovery that subinhibitory concentrations of
antibiotics and antimicrobial compounds can promote biofilm forma-
tion, there is an urgent need for novel and effective treatments that target
and disrupt biofilms (10–12).

Pseudomonas aeruginosa is a ubiquitous, Gram-negative, oppor-
tunistic pathogen that is commonly associated with nosocomial infec-
tions (13). Mortality associated with P. aeruginosa infections is high (14),
and the emergence of multidrug resistance and even pandrug resistance
to antimicrobials has been reported (15). The ability of P. aeruginosa
to form biofilms is thought to be an important factor underlying the
success of this organism in causing persistent infections in humans. Be-
cause the biofilmmatrix is critical to the persistence of and resistance to
antimicrobial agents (7, 8, 16, 17), studies have focused on developing
prophylactic treatments that inhibit biofilm formation through the ac-
tivation of intrinsic bacterial responses (18–23). However, most com-
pounds are unable to disrupt established biofilms, which is a more
clinically relevant condition. Only nitric oxide (24), cis-2-decenoic acid
(25), and antibiofilm peptide 1080 (26) have been demonstrated to me-
diate both P. aeruginosa biofilm prevention and disruption. These mol-
ecules have only been tested against the P. aeruginosa PAO1 strain and
require extended incubation times (≥24 hours) to be efficacious against
established biofilms, and their lack of specificity may exert negative
effects on the natural microbiota.

An alternate approach to the treatment of established biofilms is the
use of therapeutic enzymes that degrade the biofilm matrix. Dornase
alfa (deoxyribonuclease I) is the only enzyme in clinical use that disrupts
P. aeruginosa biofilms. This therapeutic enzyme functions by hydrolyz-
ing the eDNAwithin the extracellular matrix (27, 28). Because eDNA is
involved in initial biofilm establishment, immature P. aeruginosa bio-
films aremore sensitive to deoxyribonuclease I treatment than aremature
biofilms (29, 30). This decrease in the deoxyribonuclease I sensitivity of
mature biofilms is thought to reflect the increased production and uti-
lization of exopolysaccharides in these biofilms. The glycoside hydrolase
DspB (DispersinB), which hydrolyzes the biofilm exopolysaccharide
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poly-b-1,6-N-acetyl-D-glucosamine (PNAG/PIA), has also shown prom-
ise as a therapeutic enzyme (31–33). PNAG is required for biofilm for-
mation and integrity of several Gram-positive and Gram-negative
pathogenic bacteria but is not present in P. aeruginosa biofilms (34–39).
P. aeruginosa has the genetic capacity to synthesize at least three dif-
ferent biofilm exopolysaccharides: Psl, Pel, and alginate. These poly-
saccharides are integral components of the extracellular biofilm matrix
(40, 41). Although alginate production results in a mucoid phenotype
and is correlated with chronic infection and poor prognosis in patients
with cystic fibrosis, this exopolysaccharide is dispensable for biofilm for-
mation in nonmucoid P. aeruginosa strains (42–44). Psl is a neutral
polysaccharide composed of a pentasaccharide repeat unit of D-mannose,
L-rhamnose, and D-glucose (45), whereas Pel has been recently identi-
fied as a cationic polysaccharide composed of partially deacetylated N-
acetyl-D-glucosamine and N-acetyl-D-galactosamine (46, 47). Psl and,
under some circumstances, Pel function to facilitate initial surface at-
tachment (45, 46, 48–50). Both exopolysaccharides play a significant
role in the formation and maintenance of the biofilm architecture
(7, 51, 52). P. aeruginosa strains with genetic deletions of the pel and
psl operons are profoundly impaired in biofilm formation and virulence
in amousemodel of acute infection (43). Psl provides protection against
neutrophil phagocytosis and antibiotics with diverse biochemical prop-
erties (8, 9), whereas Pel enhances resistance to aminoglycosides (7, 16).
Although the preference of Pel or Psl is often strain-specific, many iso-
lates are capable of switching between the synthesis of Pel and that of Psl
in response to stress to maintain infection in the host (53, 54). This
adaptive mechanism underscores the importance of developing thera-
pies that target both exopolysaccharides.

We therefore sought to identify enzymes that selectively target and
degrade Psl and Pel. One common feature shared by many exopoly-
saccharide biosynthetic operons is the presence of a gene encoding a
glycoside hydrolase that is proposed to hydrolyze the exopolysaccharide
produced by the biosynthetic pathway (47, 55–59). We have exploited
these naturally derived glycoside hydrolases as a method of biofilm pre-
vention and disruption.We demonstrate that the addition of low nano-
molar concentrations of the enzymes PelAh and PslGh can prevent
biofilm formation and disrupt existing biofilms of laboratory, clinical,
and environmental isolates of P. aeruginosa in vitro at nanomolar con-
centrations. In addition to disrupting biofilms, these noncytotoxic en-
zymes potentiate antibiotics and enhance susceptibility to killing by
neutrophils. These studies provide us with a method to find enzymes
with antibiofilm activity for the treatment and eradication of chronic
bacterial infections.
RESULTS

The isolated glycoside hydrolase domains of PelA and PslG
are soluble enzymes
Previous bioinformatics analyses have identified PslG and theN-terminal
domain of PelA as putative periplasmic glycoside hydrolases encoded in
the psl and pel biosynthetic operons, respectively (47). We recently pur-
ified and functionally characterized PslG31–442, a member of glycoside
hydrolase family 39, herein referred to as PslGh (60). This construct re-
moves an N-terminal transmembrane domain, producing a soluble,
catalytically active glycoside hydrolase domain that can hydrolyze Psl.
PelA is a multifunctional protein that contains at least two catalytic do-
mains—a putative glycoside hydrolase domain and a CE4 deacetylase
Baker et al. Sci. Adv. 2016; 2 : e1501632 20 May 2016
domain (47). On the basis of bioinformatics prediction using the CA-
Zymes Analysis Toolkit (61), we generated a PelA47–303 construct,
herein referred to as PelAh, to explicitly study the activity of the glyco-
side hydrolase domain. This construct was soluble and could be purified
to homogeneity with nitrilotriacetic acid (Ni-NTA) purification and
size exclusion chromatography, which yield 50 mg of protein per liter
of bacterial cell culture.

Glycoside hydrolases catalyze the disruption of biofilms
Wehypothesized that the exogenous application of the glycoside hydro-
lases PelAh and PslGh to Pel- and Psl-dependent biofilms, respectively,
would result in hydrolysis of the exopolysaccharides, thereby disrupting
the established biofilms. To assay for biofilm disruption, we produced
biofilms using the following strains: PA14 (Pel-dependent matrix);
PAO1 (Psl-dependentmatrix); and L-arabinose–inducibleP. aeruginosa
PAO1DwspFDpslPBADpel and PAO1DpelF PBADpsl, which exclusively
produce Pel and Psl, respectively. PelAh and a putative catalytically in-
active E218Avariant (PelAh E218A)were applied to Pel-dependent bio-
films, whereas PslGh and an inactive E165Q/E276Q variant (PslGh

E165Q/E276Q) were applied to Psl-dependent biofilms. Images
captured with confocal microscopy coupled with fluorescence-labeled
lectins from Hippeastrum hybrid Amaryllis (HHA; specific for Psl)
and Wisteria floribunda (WFL; specific for Pel) demonstrated that
catalytically active hydrolases, but not the inactive variants, were capable
of degrading the Pel- and Psl-dependent biofilm biomass on the basis of
the elimination of fluorescence signal following treatment (Fig. 1).

Crystal violet stainingwas subsequently utilized to quantify the effect
of hydrolase treatment on the total biofilmbiomass. A 2-hour treatment
of a Pel-dependent biofilm with PelAh resulted in disruption of 99% of
the biomass, whereas both the PelAh E218A variant and PslGh, added in
100-fold excess relative to PelAh, exhibited no significant difference
compared to that of the untreated biofilm (Fig. 2A). Similar results were
obtained for Psl-dependent biofilms wherein only the treatment with a
catalytically active PslGh resulted in a 98.5% reduction in biofilm bio-
mass. The activity of both enzymes was observed to be dose-dependent.
Fig. 1. The glycoside hydrolases PslGh and PelAh hydrolyze the exo-
polysaccharidesPel andPsl in abiofilm. Representative confocal images
of Psl biofilms grown statically for 24 hours (top) and Pel biofilms
cultivated for 48 hours (bottom) under flow conditions and treated with
wild-type hydrolases or hydrolases that have point mutations to catalyt-
ic residues. Biofilms were stained with the HHA Psl-specific lectin (green)
and WFL Pel-specific lectin (red). Scale bars, 30 mm.
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When incubated with established biofilms for 1 hour, PelAh exhibited a
half maximal effective concentration (EC50) of 35.7 ± 1.1 nM, whereas
PslGh had an EC50 of 12.9 ± 1.1 nM (Fig. 2B). Time course experiments
using fixed concentrations of PelAh and PslGh revealed a continuous
decrease in biofilm biomass over time (fig. S1). The activity of both en-
zymes was minimally affected by the presence of serum with observed
EC50 of 66.1 ± 1.2 nM for PelAh and 6.7 ± 1.1 nM for PslGh (fig. S2).
Combined, these results indicate that biofilm disruption is catalytic, ra-
pid, and exopolysaccharide-specific.

Glycoside hydrolases inhibit biofilm formation but not
bacterial growth
Because the glycoside hydrolases were effective at disrupting established
biofilms, we next sought to determine whether the application of en-
zyme to bacterial culture could be utilized as a prophylactic strategy
to prevent biofilm formation. The addition of PelAh, but not PslGh,
to Pel-producingP. aeruginosa abrogated biofilm formation. Dose titra-
tion indicated that Pel biofilms could be prevented over 24 hours by the
addition of PelAh with an EC50 of 69.3 ± 1.2 nM (Fig. 2C). As visualized
in borosilicate tubes, PelAh prevented pellicle biofilm at the air-liquid
interface, and bacterial cells grew exclusively in the planktonic state
(fig. S3). Addition of PelAhE218A,which cannot catalyze the disruption
of biofilms, resulted in a statistically significant reduction in biofilm
biomass at concentrations of≥500 nM. Although an accurate EC50 val-
ue could not be readily determined for this catalytic variant, 5 mMof the
enzyme variant (>70 times greater than the EC50 of the wild type) re-
sulted in <50% reduction of the biomass relative to untreated cells. The
presence of≥10 mM PslGh did not affect the ability of P. aeruginosa to
form Pel-dependent biofilms. Consistent with the results for PelAh on
Baker et al. Sci. Adv. 2016; 2 : e1501632 20 May 2016
Pel-dependent biofilms, the addition of 1 mM PslGh to Psl-producing
cultures under biofilm-forming conditions resulted in a complete inhi-
bition of biofilm formation, and dose titration indicated that PslGh had
an EC50 of 4.1 ± 1.1 nM over 24 hours. To examine whether the effect
was the direct result of PslGh activity, we tested the catalytically inactive
variant PslGh E165Q/E276Q. This variant was >100-fold less effec-
tive in biofilm prevention (EC50 of 466.5 ± 1.1 nM) relative to the
catalytically active enzyme. Addition of≥10 mMPelAh had no effect
on Psl-dependent biofilm production.

We next examined the length of time in which the glycoside hydro-
lases could prevent biofilm formation. A single dose of PelAh or PslGh

prevented biofilm formation for 48 and 72 hours, respectively. The for-
mation of a Pel-dependent biofilm at 72 hours was associated with pro-
teolytic degradation of PelAh, whereas no degradation of PslGh was
observed over the entirety of the experiment (fig. S4). The growth rate
ofP. aeruginosaPAO1 exposed to≥20 mMof either glycoside hydrolase
was unaffected over 6 hours of static growth when compared to a no-
treatment control (fig. S5). The absence of enzyme cross-reactivity
between exopolysaccharides indicates that biofilm inhibition is highly
specific. This result, combined with bacterial growth curves, demon-
strates that exogenous glycoside hydrolases do not impede biofilm for-
mation by altering cell viability and growth.

Biofilm-disrupting enzymes are noncytotoxic
Because exogenous PelAh and PslGh did not affect P. aeruginosa cell
viability and growth, we next sought to examine whether enzyme treat-
ment affected mammalian cells. IMR-90 human lung fibroblast cells
treated for 5 hours with concentrations of up to 1 mg/ml of either en-
zyme, which are ~100-fold above the concentration required for effective
Fig. 2. The glycoside hydrolases PelAh and PslGh catalyze the inhibition anddisruption of P. aeruginosabiofilms. (A) Crystal violet staining of biofilms
following the exogenous addition of glycoside hydrolases or catalytic variants. (B) Dose-response curves to examine the disruption of biofilm biomass by the
exogenous treatment of each glycoside hydrolase and variant. (C) Dose-response curves to examine the prevention of biofilm biomass in the presence of
various glycoside hydrolases. Each data point represents the mean from three independent experiments of n = 3 crystal violet microtiter plate wells. EC50
values were calculated using nonlinear least-squares fitting to a dose-response model. Error bars indicate SEM. ***P ≤ 0.001. NS, no significant difference.
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biofilm disruption, resulted in no significant difference in cell area or
length-to-width ratio (Fig. 3A). Following a 48-hour incubation, no sig-
nificant difference in cellular viability was observed in PelAh- and PslGh-
treated cells regardless of the media used (Fig. 3B). The Clostridium
difficile toxin TcdB (62) was used as a control for cell morphology be-
cause it results in cell rounding, whereas digitonin, which permeabilizes
the cells, was used to monitor cellular viability (Fig. 3B). Western blot
analysis of the media confirmed that PelAh and PslGh remained intact
for the 48-hour duration of the experiment (fig. S6). Together, these
results suggest that the enzymes do not interfere with mammalian cell
morphology and viability.

Enzymes potentiate antibiotics and ameliorate human
neutrophil killing
Previous studies have demonstrated that both Pel and Psl enhance an-
tibiotic resistance (7, 8).We therefore theorized that glycoside hydrolase
degradation of these polymers could potentiate the activity of antimi-
crobial agents. Because the antibiotic colistin targets the cell membrane
of P. aeruginosa, it is active against both metabolically active and dor-
mant cells foundwithin biofilms (63). The effect of combining glycoside
hydrolase treatment with subinhibitory concentrations of colistin was
Baker et al. Sci. Adv. 2016; 2 : e1501632 20 May 2016
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therefore examined. As predicted, the treatment of P. aeruginosa Pel-
and Psl-dependent 24-hour biofilm cultures with colistin (50 mg/ml)
or those grown in the presence of PelAh or PslGh (2 mM) alone had
no effect on the viability of the bacteria (Fig. 4A).However, prophylactic
treatment with PelAh or PslGh before treatment with colistin resulted in
an approximately 2.5-log reduction in bacterial colony-forming units
(CFUs). A 5-hour cotreatment of 24-hour biofilms with either PelAh

or PslGh and colistin resulted in a similar reduction in CFUs (Fig. 4B).
These results indicate that these glycoside hydrolases are compatible
with antibiotics and can potentiate the antimicrobial activity of colistin.

Because P. aeruginosa exopolysaccharides enhance resistance to hu-
man neutrophil killing, we next investigated whether glycoside hydro-
lase treatment could enhance susceptibility to immunomediated killing.
To determine whether hydrolase treatment could affect neutrophil
killing, we examined the ability of PelAh and PslGh to enhance the sus-
ceptibility of P. aeruginosa to the human HL-60–derived neutrophils.
Treatment of Pel-dependent P. aeruginosa biofilms with PelAh increased
the degree of HL-60–mediatedmicrobial killing from approximately 22
to 42% (Fig. 4C). This was not observed in a PelAh E218A variant, in-
dicating that the enhanced susceptibility to neutrophils is due to the cat-
alytic activity of the enzyme that disrupts the biofilm. This effect was
specific to PelAh because neither PslGh nor the E165Q/E276Q variant
was significant to ameliorate neutrophil killing or affect neutrophil ac-
tivity (Fig. 4C). Combined, these data provide further evidence that PelAh

and PslGh do not affect mammalian cell function, and that PelAh can
function to enhance neutrophil killing of P. aeruginosa.

Enzymes effectively disrupt biofilms from clinical and
environmental isolates
Our previous work established that clinical strains of P. aeruginosa can
be divided into four different classes on the basis of their dependence on
Pel and Psl exopolysaccharides for biofilm formation (53). The effect of
PelAh and PslGh on biofilm disruption of isolates from each of the four
classes was evaluated. Under the growth and assay conditions tested,
treatment with 300 nM PslGh + PelAh for 2 hours resulted in a 70 to
94% disruption of biofilms formed by isolates from classes II to IV
(Fig. 5). PslGh was more effective at disrupting biofilms from classes II
to IV, as anticipated, because the Psl polysaccharide is a major contrib-
utor to the biofilm biomass of these strain classes. An additive effect was
observed for the matrix overproducer CF127, wherein the combination
of both enzymes led to the largest decrease in biofilm biomass (95%
biomass reduction for the combined PslGh + PelAh compared to 85%
for PslGh alone). Strains PA14 (the solemember of class I) andCF127 (a
class IV member) required 1 mM of enzyme to reduce the biofilm bio-
mass by 58 and 95%, respectively. These data demonstrate that the en-
zymes are compatible with one another and can be utilized to disrupt
biofilms of clinical and environmental P. aeruginosa isolates.
DISCUSSION

It is well established that bacterial infections involving biofilm forma-
tion are difficult to eradicate because of their enhanced resistance to
antimicrobials and host immune defenses. Here, we demonstrate that
low nanomolar concentrations of the glycoside hydrolases PslGh and
PelAh canprevent and rapidly disrupt biofilmsproducedbyP. aeruginosa
in vitro. Developing enzymes that target exopolysaccharides for thera-
peutic purposes has several advantages, including the key roles that
Fig. 3. The glycoside hydrolases PelAh and PslGh are noncytotoxic.
(A) IMR-90 cellomics assay tomeasure the length-to-width ratio (LWR) of the
cells using CellTracker Orange CMRA. (B) IMR-90 fibroblast cell viability assay
using PrestoBlue reagent. All datawerenormalized to a no-treatment control
(100%). The C. difficile toxin TcdB was used as a positive control in cell mor-
phology assays, and the detergent digitonin was utilized as a negative con-
trol in cell viability assays. Each data point represents the mean from three
independent experiments ofn=3 cellomic andPrestoBluemeasurements in
microtiter plate wells. Error bars indicate SEM. ***P ≤ 0.001. NS, no significant
difference.
4 of 9



R E S EARCH ART I C L E

Baker et al. Sci. Adv. 2016; 2 : e1501632 20 May 2016

D
ow

nloaded from
 https://w

w
w

.science.org at M
ontana State U

niversity on O
ctober 15, 2024
polysaccharides play during matrix development, the short time re-
quired for biofilm disruption, the selectivity of the enzymes, and a
low potential for the development of acquired resistance.

The exopolysaccharides Pel and Psl bind eDNA and proteins in the
matrix to form a cohesive and structurally robust biofilm (46, 64, 65).
These interactions do not appear to hinder PelAh andPslGh from acces-
sing and hydrolyzing Pel and Psl, respectively. The production of these
extracellularmatrix glycans provides protectionnot only to the cells that
synthesize these molecules but also to other bacteria within the biofilm
matrix, such as exopolysaccharide nonproducers, metabolically dor-
mant persister cells, and other Gram-positive and Gram-negative path-
ogens growing inmixed-species biofilms. Pel can promotemixed-species
interaction with Staphylococcus aureus (66), and Psl confers protection
against detergent stress and antibiotics uponEscherichia coli and S. aureus
(8, 67). Becausemany infections are polymicrobial, targeting and hydro-
lyzing Pel and Psl may be sufficient to disrupt these bacterial commu-
nities and extend treatment to other bacterial species that do not
produce these polysaccharides themselves.

Pel and Psl play important roles at multiple stages of P. aeruginosa
biofilm development and maturation (53, 68). Therefore, biofilm dis-
ruption with PelAh and PslGh is not sensitive to the maturation state
of the biofilm, as is the case with deoxyribonuclease I. Penetration
and disruption of the biofilm have several potential consequences, in-
cluding increased penetration of antibiotics within the biofilm matrix
and reduction of microenvironments that can render antimicrobials in-
active. Our results indicate that PslGh and PelAh are compatible with
one another and with antibiotics and neutrophils. Because the enzymes
function as adjuvants for the innate immune system and antibiotics,
they do not alter growth or metabolism, and therefore place no direct
selective pressure on the bacteria. In addition, targeting of extracellular
components avoids the myriad of cellular resistance mechanisms used
by P. aeruginosa against antimicrobials such as efflux or intracellular
drug modification. Neither enzyme was susceptible to proteolytic deg-
radation by the bacteria or mammalian cells for >24 hours and retained
catalytic activity. Furthermore, the rapid action of these enzymes avoids
the need for prolonged exposure of bacteria to these molecules and
should reduce the risk of the emergence of resistance. The specific hy-
drolysis of Pel and Psl should minimize off-target effects on the micro-
biota and host carbohydrates on the basis of the unique chemical
structures of these exopolysaccharides.

Preclinical studies in animalmodels are essential to the development
of these enzymes as therapeutic agents for the treatment of Pseudomonas
infections. Although several mammalian-derived glycoside hydrolases
are in clinical use (69), examining immunotolerability to bacteria-
derived enzymes in vivo will serve as the next important step. Our
in vitro work has demonstrated that both enzymes are noncytotoxic,
do not alter themorphology and attachment ofmammalian cells, and do
not perturb the cellular function of neutrophils, which are the first line
of defense of the innate immune system. Challenges with the tolerability
of these enzymes could, if required, be mitigated using methodologies
such as PEGylation or encapsulation in hydrogels, which have suc-
cessfully reduced the immunogenicity and antigenicity of other thera-
peutic enzymes (70, 71).

Because many Gram-positive and Gram-negative bacterial exopoly-
saccharide biosynthetic operons encode a putative glycoside hydrolase
or lyase, it is likely that the strategy we have used could be extended to
prevent and disrupt other exopolysaccharide-dependent biofilms. Exam-
ples includeBcsZ,WssD,PssZ, andPgaB involved in cellulose, acetylated
Fig. 4. Glycoside hydrolases potentiate antibiotics and increase human
neutrophil killing. (A) CFUs for PAO1 DwspF Dpsl PBADpel (left) and PAO1
DpelF PBADpsl (right) following growth in the presence or absence of glyco-
side hydrolases before treatment with colistin. The mean was calculated
from LB agar plate counts from three independent experiments. (B) CFUs for
biofilm cultures in (A) after treatment with glycoside hydrolases and colistin
for 5 hours. The mean was calculated from LB agar plate counts from three
independent experiments. (C) HL-60 neutrophil killing of strain PAO1 DwspF
Dpsl PBADpel and PAO1 DpelF PBADpsl following biofilm formation and treat-
ment with PelAh and PslGh and their catalytic variants, respectively. Percent
killing was normalized to a no-treatment control. Error bars indicate SEM.
*P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001. NS, no significant difference.
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synthesis, respectively (55, 56, 58, 59). Glycoside hydrolase therapy has
the potential to target diverse biofilms from many Gram-positive and
Gram-negative bacteria that are extremely relevant to both healthcare
and industrial settings. In conclusion, our study demonstrates that com-
ponents of the P. aeruginosa exopolysaccharide biosynthetic operons can
bemanipulated to disrupt biofilms produced by the bacterium, allowing
for antibiotic potentiation and effective killing by innate immunity.
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MATERIALS AND METHODS

Strains
Strains used in this study are reported in table S1, and detailed culture
conditions are described below.

Cloning, expression, and purification of PelA and
PslG constructs
PslGh was purified as previously described (60). The DNA sequence of
pelA from P. aeruginosa PAO1 was obtained from GenBank under ac-
cession no. AAG06452.1 (72). The PRED-TAT server (73) indicated
that PelA has a TAT (twin-arginine translocation) signal sequence from
residues 1 to 45. To obtain soluble protein constructs, we amplified
pelA from genomic DNA by polymerase chain reaction using the
primers CTGCATATGGGCGGGCCGTCCAGCGTGGCG and TT-
TCTCGAGTCACGGTTGCACCTCGACGTC, respectively. Introduced
NdeI and XhoI restriction sites were underlined, and each gene was
ligated into the pET28a (Novagen) expression vector encoding an N-
terminal polyhistidine tag. This generated PelA47–303. Site-directed
mutagenesis was performed to generate protein variants, using the
QuikChange Lightning Kit according to the prescribed protocol (Agi-
Baker et al. Sci. Adv. 2016; 2 : e1501632 20 May 2016
lent Technologies). Generated constructs were verified by sequencing
performed by ACGT DNA Technologies Corporation.

E. coli BL21 (DE3) CodonPlus cells (Stratagene) were transformed
with the expression plasmid and grown in 2 liters of Lauria-Bertani (LB)
broth containing kanamycin (50 mg/ml) at 37°C.When the optical density
at 600 nm (OD600) of the cell culture reached 0.5 to 0.6, protein expression
was induced by the addition of isopropyl b-D-1-thiogalactopyranoside
to a final concentration of 0.5 mM. After induction, the cells were
incubated overnight at 18°C with shaking at 200 rpm, before being
harvested by centrifugation at 5000g for 30 min at 4°C. Cell pellets con-
taining PelA47–303 were resuspended in 40 ml of buffer A [20 mM im-
idazole, 50mMtris-HCl (pH7.5), 300mMNaCl, and 2% (v/v) glycerol]
with one SIGMAFAST Protease Inhibitor Tablet. The cells were lysed
byat least threepasses throughanEmulsiFlexC3homogenizer at 100MPa
(Avestin Inc.), and the resulting cell debris was separated from soluble
protein by centrifugation at 35,000g for 30min. The supernatant was ap-
plied to 5 ml of Ni-NTA Superflow resin packed into a gravity column
(Qiagen)preequilibratedwithbufferA.The columnwaswashedwith3CV
(column volume) of buffer A, and the expressed protein was elutedwith
buffer A supplemented with 250 mM imidazole. The eluted fractions
were concentrated to a 1- to 2-ml volume using an Amicon Ultra cen-
trifugation filter device (Millipore) with a 10-kDa cutoff, and the protein
was further purified by size exclusion chromatography using a HiLoad
16/60 Superdex 200 gel filtration column (GE Healthcare). The protein
was judged to be >95% pure by SDS–polyacrylamide gel electrophoresis,
and the protein could be concentrated to 8 to 10mg/ml and stored at 4°C
for at least 1 month without precipitation or degradation.

Confocal microscopy
Psl biofilms were grown overnight at room temperature in uncoated
15 m-Slide VI0.4 flow cell chambers (ibidi GmbH). The channels were
inoculated with 200 ml of a culture with anOD600 of 0.5 grown in LB no
salt (LBNS) supplemented with 0.5% arabinose. Biofilms were washed
three times with sterile phosphate-buffered saline and then treated with
PslGh, PslGh E165Q/E276Q, and buffer-only control [50 mM tris
(pH 7.5), 150 mMNaCl, and 10% (v/v) glycerol] statically for 1 hour
at room temperature. The final enzyme concentrationwas 86 nM.After
digestion, the biofilms were stained with fluorescein isothiocyanate–
conjugated HHA lectin (100 mg/ml; EY Laboratories) for 2 hours at
4°C, as previously described by Ma et al. (74). The biofilms were then
washed and fixed with 4% paraformaldehyde. Fluorescent images were
acquired with an Olympus FV1000 filter confocal system using a 20×
LUCPLFLN objective lens with a numerical aperture of 4.5 (Olympus
America Inc.). Images were analyzed and constructed using theOlympus
FluoView version 03.01 software.

Pel-dependent biofilms were cultivated as previously described (46),
with minor modifications. Flow cell chambers were inoculated with a
mid-log LB culture of P. aeruginosa PA14 that was diluted with glucose
minimal medium (final glucose concentration of 0.3 mM) to an OD600

of 0.01. Cells were allowed to attach for 1 hour before induction of flow.
Biofilms were grown on glucose minimal medium for 2 days at room
temperature at a constant flow rate (10 ml/hour) before treatment with
PelAh, PelAh E218A, and buffer-only control [20 mM Tris (pH 8.0),
150 mM NaCl, and 10% (v/v) glycerol] statically for 1 hour at room
temperature. The final enzyme concentration was 85 nM. After diges-
tion, biofilms were washed, and Pel was then stained with fluorescein-
labeledWFL lectin (100 mg/ml; Vector Laboratories) for 15min. Stained
biofilms were washed before visualization on a Zeiss LSM 510 confocal
Fig. 5. PelAh and PslGh catalyze the biofilm disruption from clinical and
environmental isolates ofP. aeruginosa. Isolateswere grouped into catego-
ries as previously described, and the glycoside hydrolases PelAh and PslGh

were exogenously added either individually or together and allowed to incu-
bate for 2 hours. All strainswere treatedwith 300 nMof each enzyme, with the
exception of PA14 and CF127, which were treated with 1000 nM. Each data
point represents the mean from three independent experiments of n = 3
crystal violet microtiter plate wells. Error bars indicate SEM. ***P ≤ 0.001.
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laser scanningmicroscope. Image analysis was conducted using the Ve-
locity software (Improvision). Experiments were performed in bio-
logical duplicate.

Microtiter dish biofilm assay
For examination of biofilm prevention, Psl and Pel arabinose–inducible
P. aeruginosaPAO1 (PAO1DpelFPBADpsl andPAO1DwspFDpslPBADpel)
and clinical isolateswere grownat 37°Covernightwith shaking at 200 rpm.
The cultures were normalized to anOD600 of 0.5 and then diluted 1:100
in LBNS. L-Arabinose was added to a final concentration of 0.5% (w/v)
to induce exopolysaccharide biosynthesis and biofilm formation. Dilut-
ed culture (95 ml) was added to sterile 96-well polystyrene microtiter
plates (Thermo Scientific cat. no. 243656), and varying concentrations
of PelAh or PslGh (0.1 to 5mM)were added in 5-ml aliquots to give a final
volume of 100 ml. The cultures were incubated statically for 24 hours at
25°C to allow for biofilm formation. For eliminationof edge effects, ~200ml
of sterile water was placed in all outside wells, and the plate was sealed
with parafilm. After incubation, nonadherent cells and media were re-
moved by thoroughly washing the plate with deionized water. The wells
were stainedwith 150 ml of 0.1% (w/v) crystal violet for 10min and then
rinsed with water. The remaining dye was solubilized by addition of
150ml of 95%(v/v) ethanol and left for 10min, afterwhich the absorbance
was measured at 595 nm using a SpectraMax M2 spectrophotometer
(Molecular Devices). The amount of biofilm was proportional to the
absorbance from staining with crystal violet (75).

For biofilm disruption assays, biofilm cultures were grown statically
for 24 hours. Following incubation, nonadherent cells and media were
removed by washing the plate with distilled water. The wells were filled
with 95 ml of 100mMHEPES sodiumbuffer (pH7.0) followed by 5ml of
varying concentrations of each hydrolytic enzyme (2 to 5 mM). Re-
actions were allowed to proceed for up to 60 min at 25°C on a rotating
nutator, at which time the reaction was quenched by washing the plates
with distilled water. The wells were stained with 150 ml of 0.1% (w/v)
crystal violet for 10 min and then washed and solubilized with ethanol
before quantification. All reactionswere completed in triplicate. The ad-
dition of kanamycin (2.5mg/ml) to the culture before biofilm formation
was used as a positive control.

P. aeruginosa growth assay
To assay for glycoside hydrolase cytotoxicity to P. aeruginosa PAO1,
we set up a bacterial growth assay as described for the biofilm inhibition
assay, with 25 mM PelAh or PslGh added at the time of inoculation.
The bacteria were grown statically at 37°C in a thermocontrolled
SpectraMax M2 spectrophotometer. At 30-min intervals, the OD600

of each culture was measured for a duration of 6 hours. An untreated
culture was used as a control.

Antibiotic susceptibility assay
Overnight cultures of P. aeruginosa PAO1 DwspF Dpsl PBADpel (Pel-
dependent) and P. aeruginosa PAO1 DpelF PBADpsl (Psl-dependent)
were diluted to an OD600 of 0.05 in LBNS with 0.5% (w/v) L-arabinose
and were grown statically in polystyrene tubes at a final volume of 1 ml
per tube. For prophylactic treatment, 2 mMPelAh or PslGhwas added at
the time of inoculation and incubated with the bacteria for 24 hours at
25°C. Following incubation, colistin was added at a final concentration
of 50 mg/ml and was incubated for 24 hours. For treatment of 24-hour
biofilms, 2 mM PelAh or PslGh was added concurrently with a final co-
listin concentration of 50 mg/ml and was incubated with the biofilm at
Baker et al. Sci. Adv. 2016; 2 : e1501632 20 May 2016
25°C for 5 hours. Cultures that were not subjected to treatment or were
only treatedwith enzymes served as controls. Adherent biofilm and em-
bedded cells were resuspended by scraping the tubes and vigorous
pipetting to ensure removal of all cellular materials and to prevent ex-
perimental bias. Viability was quantified by serial dilutions and CFU
counts on LB agar plates of the surviving population. Experiments were
performed three times to obtain both mean and SE.

Human neutrophil killing assay
Overnight cultures of P. aeruginosa PAO1 DwspF Dpsl PBADpel and
P. aeruginosa PAO1 DpelF PBADpsl were diluted to an OD600 of 0.05 in
LBNS with 0.5% L-arabinose and inoculated in a 96-well tissue culture–
treated plate at a final volume of 100 ml perwell. The platewas incubated
statically at 28°C for 20 hours. Supernatants were aspirated, and 100 ml
of phenol red–free RPMI medium + 10% fetal bovine serum (FBS)
containing 0.5 mM PelAh or PslGh was added. The plate was incubated
at room temperature on the nutator for 1 hour. Following pretreatment
with hydrolase, 100 ml of RPMI + 10% FBS containing 6 × 106 differ-
entiatedHL-60 cells was added to the wells, and the plate was incubated
for 90 min at 37°C with 5% CO2. Wells were aspirated, and the super-
natant was diluted between 1:200,000 and 1:400,000 and plated (50 ml)
onto LB agar. Two hundred microliters of 2 mM PelAh and 2 mM PslGh

was added to aspirated wells, and the plate was incubated at room tem-
perature on the nutator for 1 to 1.5 hours. The wells were aspirated,
diluted, and plated onto LB agar as described above.

Cell morphology and viability assays
IMR-90 human lung fibroblast cells were seeded in 96-well CellBIND
plates (Corning) at a density of 8000 to 10,000 cells per well. The next
day, the mediumwas exchanged with a medium containing 1 mMCell-
Tracker Orange CMRA (Molecular Probes) in serum-free Eagle’s
minimum essential medium (Wisent) or supplemented with 10%
FBS. After 60 min, excess dye was removed by media exchange. PslGh

and PelAh were added to a final concentration of 1 mg/ml. The deter-
gent digitonin and the C. difficile toxin TcdB were utilized as controls
and added to a final concentration of 0.03 mg/ml and 0.5 pM, respec-
tively (62). The cell plates were returned to the incubator for 5 hours
before imaging. CellTracker-labeled cells were evaluated on a Cellomics
ArrayScan VTI HCS reader (Thermo Scientific) using the target ac-
quisition mode, a 10× objective, and a sample rate of 100 objects per
well. Following a 24-hour incubation, cells in serum-free medium were
supplemented with 10% FBS. Forty-eight hours after incubation, Pre-
stoBlue reagent was added to the cells at a 1:10 reagent/media ratio
and allowed to incubate for 5 hours. The microtiter plates were read
in a SpectroMax M2 plate reader with lex (excitation wavelength) of
555 nm and lem (emission wavelength) of 585 nm. To probe the pres-
ence of PslGh and PelAh, we conducted Western blot analysis using
polyclonal antibodies that were previously generated against both
enzymes (47, 60).

Statistical analysis
One-way analysis of variance and Tukey’s multiple comparison test
were utilized to evaluate statistical significance. EC50 values were calcu-
lated using nonlinear least-squares fitting to a dose-response model in
Prism (GraphPad software). EC50 was the concentration of glycoside
hydrolase required to reduce the biofilmbiomass by half after a specified
treatment time. All means, SEM, bar graphs, and dose-response curves
were calculated and generated using Prism 6.0h.
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