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Characterization of different
alginate lyases for dissolving
Pseudomonas aeruginosa biofilms
Núria Blanco-Cabra1,6, Bernhard Paetzold2,6, Tony Ferrar3, Rocco Mazzolini3,
Eduard Torrents 1, Luis Serrano3,4,5 ✉ & Maria LLuch-Senar 3 ✉
Aggregates of Pseudomonas aeruginosa form a protective barrier against antibiotics and the immune
system. These barriers, known as biofilms, are associated with several infectious diseases. One of the
main components of these biofilms is alginate, a homo- and hetero-polysaccharide that consists of
β-D-mannuronate (M) and α-L-guluronate (G) units. Alginate lyases degrade this sugar and have been
proposed as biotherapeutic agents to dissolve P. aeruginosa biofilms. However, there are contradictory
reports in the literature regarding the efficacy of alginate lyases against biofilms and their synergistic
effect with antibiotics. We found that most positive reports used a commercial crude extract from
Flavobacterium multivorum as the alginate lyase source. By using anion exchange chromatography
coupled to nano LC MS/MS, we identified two distinct enzymes in this extract, one has both polyM
and polyG (polyM/G) degradation activities and it is similar in sequence to a broad-spectrum alginate
lyase from Flavobacterium sp. S20 (Alg2A). The other enzyme has only polyG activity and it is similar in
sequence to AlyA1 from Zobellia galactanivorans. By characterizing both of these enzymes together
with three recombinant alginate lyases (a polyM, a polyG and a polyM/G), we showed that only
enzymes with polyM/G activity such as Alg2A and A1-II’ (alginate lyase from Sphingomonas sp.) are
effective in dissolving biofilms. Furthermore, both activities are required to have a synergistic effect
with antibiotics.
Biofilms are complex and dynamic structures formed by different pathogens that cause chronic persistent and
recurrent infections. Among 65–80% of human infections are associated with biofilms1–4. They are especially frequent in pulmonary infectious diseases like cystic fibrosis (CF), chronic obstructive pulmonary disease (COPD),
bronchiectasis and ventilator-associated pneumonia (VAP). The challenge of treating biofilm infections is the
increased resistance of the bacteria within the biofilm to antimicrobial agents and host defense mechanisms5. The
metabolic activity of the bacterial cells is low, resulting in slow-growing cells with radically downregulated cell
division rates6. Therefore, antibiotics such as β-lactams, which are only active against dividing cells, are not very
efficient at eradicating biofilm infections. These diseases are very difficult to manage therapeutically, as the minimum effective bactericidal concentration of antibiotics for biofilm eradication in vivo is impossible to reach without causing adverse effects and renal and/or hepatic injury. Moreover, many of the pathogenic bacterial strains
are antibiotic resistant. In particular, critically ill patients who are intubated and on mechanical ventilation are at
greater risk of developing VAP7. P. aeruginosa and Staphylococcus aureus are the primary causative pathogens of
biofilm-associated pulmonary infections7,8.
When these bacteria grow in biofilms, they form an extracellular matrix that acts as a barrier against antibiotics and the host immune system9. In the lung of CF patients, P. aeruginosa generally transitions to a mucoid
phenotype characterized by the overproduction of the exopolysaccharide alginate10. Alginate is the most abundant extracellular matrix polysaccharide and consists of β-D-mannuronate (M) and α-L-guluronate (G) as monomeric units. These units can be linked in three different kinds of blocks, poly β-D-mannuronate (polyM), poly
1
Bacterial infections and antimicrobial therapies, Institute for Bioengineering of Catalonia (IBEC), The Barcelona
Institute of Science and Technology (BIST), Barcelona, Spain. 2S-Biomedic N.V. Turnhoutsweg 30 2340, Beerse,
Belgium. 3EMBL/CRG Systems Biology Research Unit, Centre for Genomic Regulation (CRG), The Barcelona Institute
of Science and Technology, Dr Aiguader 88, Barcelona, 08003, Spain. 4Universitat Pompeu Fabra (UPF), 08003,
Barcelona, Spain. 5Institució Catalana de Recerca i Estudis Avançats (ICREA), 08010, Barcelona, Spain. 6These
authors contributed equally: Núria Blanco-Cabra and Bernhard Paetzold. ✉e-mail: luis.serrano@crg.eu; maria.
lluch@crg.eu

Scientific Reports |

(2020) 10:9390 | https://doi.org/10.1038/s41598-020-66293-2

1

www.nature.com/scientificreports/

www.nature.com/scientificreports

α-L-guluronate (polyG) or the heteropolymer (polyM/G)11. The alginate is O-acetylated at the C-2 and/or C-3
positions in mannuronate residues12–14. The monomer composition and the acetylation change depend on the
strains and the carbon source. Alginate is one of the most extensively studied P. aeruginosa virulence factors and
it is associated with persistence in the chronically inflamed airway15–17. Therefore, when trying to identify possible
drug targets, many studies have focused on the alginate production pathway or the degradation of alginate by
enzymes18–23.
Biochemical characterization of different alginate lyases24–34 has revealed different polyM and polyG activities. The enzymes are classified into seven polysaccharide lyase (PL) families (PL5, 6, 7, 14, 15, 17, and 18) in the
Carbohydrate-Active enzymes (CAZY) database35. Alginate lyases from family PL7 have been widely studied,
and the crystal structures of several PL7 alginate lyases are solved36–38. Structural analysis shows that these lyases
share a common β-sandwich fold consisting of two β-sheets, in which conserved amino acid residues compose
a deep active cleft that is covered by two flexible lid loops36–38. This family comprises both endolytic and exolytic
alginate lyases.
The substrate specificities of PL7 alginate lyases are also diverse, including polyG-specific, polyM-specific, and
bifunctional enzymes. One example of a bifunctional PL7 alginate lyase from Sphingomonas sp. A1 is A1-II’39.
With respect to the PL5 family, AlgL is a 40-kDa poly-β-D-mannuronate lyase from P. aeruginosa that preferentially degrades deacetylated polyM via a β-elimination reaction, resulting in disaccharides and trisaccharides as
its major products40,41. Purified alginate lyases from P. aeruginosa strains (AlgL) have polyG/M activity and have
been shown to dissolve P. aeruginosa PAO1 strain biofilms25. Alginate lyases A1-I (PL5 + 7 family), A1-II (PL7
family) and A1-III (PL5 family) from Sphingomonas sp. strain A1 can produce di- and trisaccharides as major
final products from alginate42. In addition, an oligoalginate lyase of this bacterium can degrade alginate oligosaccharides into their respective constituent monosaccharides43. A1-I is active against acetylated and non-acetylated
alginates. A1-II, on the other hand, prefers polyG and non-acetylated alginate. A1-III efficiently liquefies polyM
and acetylated alginates produced by mucoid cells.
Alginate lyase treatment has been shown to reduce viscosity both in cultures of clinical isolates and in CF
sputum29; it strips biofilms from abiotic surfaces22,44, enhances phagocytosis of P. aeruginosa by human immune
cells20,23,45, and improves the efficacy of various antipseudomonal antibiotics18,19,45,46. However, although multiple
studies have reported that the biofilm inhibitory concentration (BIC) of antibiotics against P. aeruginosa biofilm
cultures is lowered when combined with alginate lyase activity18–21,47, it was also shown that synergy between
tobramycin and the A1-III and AlgL enzymes is completely decoupled from their catalytic activity47. This raises
the question of whether it is their enzyme activity that is important for dissolving biofilms. Moreover, whilst
different studies using commercial crude extracts containing alginate lyase activity have been shown to dissolve
biofilms18–20,23, recent studies have shown that the recombinant AlgL enzyme does not show a significant antibiofilm effect; its catalytic activity against alginate and acetylated alginate is not sufficiently high48. Thus, a careful
reexamination of the alginate lyases responsible for the enzymatic activities present in these extracts could clarify
whether these proteins can really be used to dissolve P. aeruginosa biofilms and reduce the required dose of antibiotics in CF patients.
Here, we purified five alginases. Four belong to the PL7 family: Alg2A and AlyA1 (both related to the ones
found in the crude Sigma extract), A1-II’ and A1-II; and one to the PL5 family (A1-III). We have characterized
their activities against polyG, polyM and polyM/G substrates. We also tested their capacity to dissolve biofilms of
two P. aeruginosa strains (PAO1 wt and PAO1ΔmucA) and evaluated their synergistic effect when used in combination with the antibiotic ciprofloxacin49. The efficacy of this fluoroquinolone in biofilms has been previously
assessed by showing that antibiotic resistance of P. aeruginosa and S. aureus is critically increased during coculture
biofilm growth50.

Results

Isolation and identification of the alginate lyase activities from the crude extract of
Flavobacterium multivorum. The crude extract of Flavobacterium multivorum from Sigma (A1603 Sigma)

was first fractionated using anion exchange and gel filtration chromatography. Then, the enzymatic activity of the
different fractions was examined in a halo test done with the P. aeruginosa PAO1 wt cells (HT, Fig. 1A; Material
and methods) and in an activity assay with brown seaweed alginate as the substrate (time point of 4 h; Fig. 1B).
With both methods, we identified two separate activities in samples covering the range of fractions from B2 to
B5 (Fig. 1A and B). The B2 and B5 fractions, as well as the surrounding ones, were analyzed by SDS gel electrophoresis (Fig. 1C). An upper band of approximately 40 kDa was enriched in fraction B5-B4 and a lower band of
about 30 kDa was enriched in fractions B3 to B1, both being consistent across two different samples fractionated
the same way.
Both bands were analyzed separately by mass spectrometry (MS) after trypsin and chymotrypsin digestions
(Table 1 and Tables S1 to S8). As the source of the extract was unknown, identified spectra were assigned to
peptide sequences by performing a de novo search51. To find protein sequences that had regions of similarity to
the peptides found by MS, we used Basic Local Alignment search Tool (BLAST)52. BLAST search revealed that
the peptide sequences from the lower SDS band were found in five orthologue alginate lyases (Tables S1 to S4).
Peptides from the upper band were found in an alginate lyase (Zobellia galactanivorans (AlyA1); PL7 family)35 and
in two proteins with no assigned function (hypothetical proteins; NCBI reference sequences: WP_012026046.1
and WP_012026879.1) (Tables S5 to S8). Alg2A protein from Flavobacterium sp. S20 (PL7 family35); was selected
as representative of the five alginate lyases detected in the lower band since its sequence contained the higher
number of MS unique peptides (Fig. S1). These results suggested that enzymes similar to Alg2A and/or AlyA1, as
well as proteins belonging to the two hypothetical protein families, could be responsible for degrading P. aeruginosa alginate biofilms.
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Figure 1. Activity of the Sigma extract fractions obtained after purification: (A) activity measured by the halo
assay. We show images of the negative control (c-, no halo) and the halo formed with one representative fraction
B2 of the Sigma extract (in blue, surrounding the disk). Scale bar corresponds to 10 mm (B) alginate lyase
activity measured aafter 4 h of incubation and (C) SDS gel of the purified fractions that show activity. In the
figure, a representative plot of two different experiments is shown.
Lower Band
Protease used for
the digestion

Nr of
Peptides

Upper Band
Nr of
Proteins

Nr of
Peptides

Nr of
Proteins

Trypsin

529

157

134

73

Chymotrypsin

80

45

188

61

Table 1. Mass Spectrometry results of the two bands of the SDS gels run after the purification steps. The
proteins extracted from the bands were digested with trypsin and chymotrypsin proteases. The table shows the
number of peptides identified in each experiment and the Nr of proteins associated after Blast alignment.

Sequence analysis of AlyA1 and Alg2A.

Alg2A (AEB69783.1) contains the highly conserved regions
described for the PL7 family: (LIV)-XXWX-(LVI)-(TQN)LP, R-(SVA)-ELRE, NW, (IVLM)(IVLM)(AG)QIH,
and YFKAG-X-G-Y-X-Q (Fig. S1), which compose the cavity of a jelly-roll β-sandwich structure where it is
assumed to bind a suitable substrate (Fig. 2B). Alg2A has a QIH sequence in its catalytic center, which is a hallmark of polyM/G lyases53. It also contains the conserved YFKAGNYFQ motif that is essential for catalysis. The
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Figure 2. Modelling of AlyA1 and Alg2A based on A1-II’ (2CWS) crystal structure. (A,B) Models of protein
structures of AlyA1 and Alg2A, respectively. Loops involved in the interaction with the substrate are labeled
in light blue. In dark blue we show the conserved residues in the cavity close to the putative active site. In red,
non-conserved residues of the cavity. (C) ClustalW alignment of AlyA1 (WP_013992548.1), A1-II’ and Alg2A
(AEB69783.1) protein sequences. Shadowed in dark blue are the residues that form the conserved substrate
cavity and in red the important but non-conserved residues of this cavity. Loops important for substrate binding
are labelled in light blue. Highly conserved regions described for PL7 family are marked with an asterisk. In
bright pink, we show the unique aa sequences present in Alg2A or AlyA1 sequences.

closest alginase in sequence which crystal structure has been determined (2 CWS) is the A1-II’ alginate lyase from
Sphingomonas sp. A154.
Regarding AlyA1 (WP_013992548.1), sequence alignment shows that it is also a member of the PL7 family and it contains the same elements as Alg2A (Fig. 2C) plus an extra domain of the family 32 (CBM32) that
is required for carbohydrate binding55. Moreover, AlyA1 contains the QIH sequence that is characteristic of
polyM/G alginases. However, it was classified in the SF3 subfamily of the PL7 family, which in theory, should only
hydrolyze polyG substrates.
In the Fig. 2C we show the sequence alignment of Alg2A, AlyA1 and A1-II’. Alg2A has four longer loops than
AlyA1 – three of which are located around the predicted substrate-binding site (Fig. 2A) – suggesting that this
enzyme could recognize or bind to a different polymer structure. With respect to the residues that line the cavity,
the conserved ones were associated with the putative active site, but the residues on one side are quite divergent
(Fig. 2C-labeled in red). This reinforces the idea that although the catalytic mechanism of A1-II’ and Alg2A
must be the same, Alg2A could recognize polymer structures of a different composition. Sequence analysis and
comparison with A1-II’ alginate lyase shows a similar picture for AlyA1. The loops suroounding the cavity in the
jelly roll where the substrate should bind are of different length and sequence than Alg2A, and the residues surrounding the active site are conserved with those at one end being different (Fig. 2C-labeled in red). In this case
the number of loops and residues that are different from the crystal structure is larger than Alg2A.

Characterization of the alginate-degrading activity of the identified proteins.

Although we
cloned both hypothetical proteins, we were only able to express and purify WP_012026046.1. Regarding the two
alginate lyases (Alg2A (AEB69783.1) and AlyA1 (WP_013992548.1)) identified as possible orthologues of the
alginate lyases from the extract, we were able to express and purify both. We also included other alginate lyases,
namely A1-II’, A1-II (both PL7 family), and A1-III (PL5 family), to compare the activity of different enzymes
by measuring the degradation of different substrates: brown seaweed, polyM and polyG alginate (Fig. 3; Table 2
and Table 3). Alginate lyase activity was determined by following the increase in absorbance at 235 nm due to the
formation of a carbon-carbon double bond at the end of the product generated from lyase-mediated cleavage
of alginate. We also determined Kcat and Km constants for the different recombinant proteins with PolyG and
PolyM substrates (Table 3; Fig. S2). No activity was found for the hypothetical protein (WP_012026046.1) against
any of the studied substrates (data not shown).
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Figure 3. Enzyme activity against different substrates. Alginate lyase enzyme kinetic activity against different
substrates: (A) brown seaweed alginate, (B) polyM alginate and (C) polyG alginate. Error bars represent the
standard deviation of three different replicates. The blank sample was obtained by adding buffer instead of
enzyme and it was subtracted in all the samples.

Brown seaweed
alginate

PolyM

Slope

r2

Slope

r2

Slope

r2

Alg2A

0.0069

0.969

0.0523

0.995

0.064

0.9936

A1-II

0.0389

0.9965

0.0084

0.9303

0.0651

0.9988

A1-II′

0.0328

0.9985

0.0263

0.9999

0.0299

0.999

A1-III

0.088

0.9995

0.0834

0.9998

0.0024

0.9824

AlyA1

0.0304

0.9906

0.0034

0.9604

0.0312

0.999

PolyG

Table 2. Slope values of the linear equations from the activity curves against different substrates for different
enzymes. R-squared (r2) is the coefficient of determination, or the coefficient of multiple determination for the
linear regression.
PolyG
AlyA1

PolyM

Kcat

Km (mg/ml)

Kcat/Km

19.68

3.083

6.38

A1-II

20.55

1.866

11.01

A1-II′

7.339

1.281

5.73

A1-III

0.4732

1.248

0.38

Alg2A

18.13

5.531

3.28

Kcat

Km (mg/ml)

Kcat/Km

85.37

5.36

15.94

Table 3. Km and Kcat values of different enzimes in presence of PolyM and PolyG substrates.
The two polyM/G alginases, A1-II’ and Alg2A, showed both polyG and polyM activity, but although having
similar residues in the catalytic pocket, Alg2A showed more activity against both alginates than A1-II’. The specificity constant (Kcat/Km) calculated for each enzyme shows that A1-II’ is more specific for PolyG than Alg2A.
Regarding PolyM substrate, we could determine the Kcat/Km specificity constant only for the A1-III enzyme,
since in the case of the other proteins, saturation by substrate was not reached under the different concentrations
tested (Fig. S2). Moreover, A1-II’ exhibited also activity against brown seaweed alginate, whereas Alg2A did not.
AlyA1 has also the QIH sequence characteristic of polyM/G alginate lyases, but lacks activity against polyM
alginate and revealed a similar activity to A1-II, displaying both enzymatic activities against polyG alginate and
brown seaweed alginate. Regarding A1-III, it showed a great polyM activity a low activity against brown seaweed
alginate and without any enzymatic activity against the polyG alginate.
This result confirms what was suggested by the sequence and structural analysis, that the loops surrounding the active site and the residues in the binding pocket far away from the active site play a role in substrate
recognition.

Characterization of the alginate lyase activity of the candidate proteins on P. aeruginosa biofilms. The enzymatic activity of alginate lyases was evaluated in P. aeruginosa biofilms grown for 96 hours
before treatment. The experiment was performed in flow cell chambers where disaggregation was followed
by imaging with a confocal microscope (Fig. 4). After treatment with different alginate lyases for 12 hours,
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Figure 4. Biofilm degradation activity. (A) The histogram shows the ability of different enzymes to degrade
biofilms formed by P. aeruginosa PAO1 wt (solid bars) and PAO1ΔmucA (striped bars). The concentration of
enzyme was the same in each sample (7.09 pmol/µl), that corresponds to 0.32 mg/ml for Alg2A; 0.14 mg/ml for
A1-II; 0.22 mg/ml for A1-II’; and 0.23 mg/ml for A1-III. The values are normalized against the control sample
(non-treated biofilm) that has 100% biomass. The decrease in the percentage of biomass reflects the effect of
the treatment. The asterisk (*) indicates a significant difference (p < 0.05) when the sample is compared with
the control. The (&) indicates a significant difference (p < 0.05) when the PAO1 wt strain is compared with
PAO1ΔmucA. (B) Synergism between antibiotics and the AlyA1, A1-III and Alg2A alginate lyase proteins. The
asterisk (*) indicates a significant difference (p < 0.05) when the sample is compared with the control. The (&)
indicates a significant difference (p < 0.05) when alginase is compared with alginase + ciprofloxacin. The (∞)
indicates a significant difference (p < 0.05) when the sample is compared with ciprofloxacin. (C) Sum of stack
images and the corresponding orthogonal views of the confocal microscopy images of P. aeruginosa PAO1 wt
and PAO1 ΔmucA biofilms treated with 7.09 pmol/µl of the different alginate lyases and 1 µg/ml of ciprofloxacin
(CPX). Red and green colors show the P. aeruginosa dead and alive cells detected by the LIVE/DEAD staining
kit, respectively. Scale bar corresponds to 50 µm.

we measured the biomass, thickness and roughness of the biofilms formed by wild type P. aeruginosa PAO1
(non-mucoid) and PAO1ΔmucA (mucoid strain) (Table S9). By measuring the difference in biofilm biomass
between the untreated and treated samples, we were able to estimate the level of biofilm degradation by different alginate lyases (Fig. 4). After 12 hours of treatment, the Alg2A and A1-II’ proteins resulted in the highest
reduction of biofilm biomass (around 30%) of both P. aeruginosa strains, confirming their degradation activity
(Fig. 4A). Interestingly, Alg2A was more efficient at degrading the biofilm of PAO1ΔmucA than that of PAO1
wt. In contrast, A1-II’ degraded the biofilms formed by both strains to a similar extent. Although some biomass
decrease was observed for A1-II in the PAO1 ∆mucA strain biofilm, the same alginate lyase had no reduction
activity in the PAO1 wt biofilm. In the case of the A1-III alginate lyase, the reduction of the biomass was only
observed in the PAO1 wt strain. However, the activity of these two enzymes (A1-II and A1-III) was lower when
compared to the activity of the rest of the studied proteins (Alg2A and A1-II’). Confocal microscopy images
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corroborated the abovementioned decreases in biomass (Fig. 4C, Supplementary Fig. S4). The ability of these
enzymes to degrade biofilms was also compared with ciprofloxacin (CPX) antibiotic treatment, a benchmark
treatment that results in approximately 15% biofilm reduction (Fig. 4A). After 12 hours of biofilm formation,
A1-II’ is significantly more efficient at degrading the biofilm than pure CPX treatment.
In summary, we have shown that the broad spectrum polyM/G Alg2A and A1-II’ alginate lyases (PL7 family),
but not the polyM or polyG alginate lyases like A1-II, (PL7) A1-III (PL5) and AlyA1 (PL7), can dissolve biofilms
formed by P. aeruginosa.

Synergistic effects between alginate lyases and antibiotic treatment in the degradation of biofilms. To gain insight into the role of alginate lyase activity in enhancing the effect of antibiotics, we treated

P. aeruginosa PAO1 wt biofilms with Alg2A, A1-III or A1-II’ together with CPX and studied the impact on biofilm biomass disaggregation. As shown in Fig. 4B, the combination of A1-II’ or Alg2A with CPX produced a
synergistic effect on biofilm disaggregation, with more than a 10% increase in the reduction of the biofilm biomass. Therefore, as previously shown, the combination of A1-III with CPX did not produced a synergistic effect
(Fig. 4B). Thus, degradation of biofilm by enzymes with polyM/G activity is necessary to see an effect by CPX.
We discarded any antimicrobial activity by A1-II’ and Alg2A because no effect on the viability of PAO1 wt and
PAO1ΔmucA strains was observed when grown in planktonic culture (Supplementary Fig. S3). Altogether, these
results reveal that using Alg2A or A1-II’ alginate lyases to dissolve P. aeruginosa biofilms enhance antibiotic treatment.

Discussion

Alginate, one of the main virulence factors associated with P. aeruginosa biofilms, has been the main target over
the last decades when attempting to uncover alternative treatments for CF. The alginate heterogeneity generated
by different combinations of β-D-mannuronate (M) and α-L-guluronate (G), as well as their different acetylation
profiles, make this exopolysaccharide very difficult to target.
Many studies demonstrating the antibiofilm activity of alginases have used crude cell extracts from P. aeruginosa20,23,45. Other groups used purified enzymes such as A1-III and AlgL, and concluded that the synergistic
effects with antibiotics were independent of the enzyme activity47.
Upon testing the ability to degrade the biofilms of two different P. aeruginosa strains (one of them mucoid), by
different alginases, representing the two major families and with different substrate specificities, we consistently
found that the broad spectra alginate lyases were the most active enzymes. In fact, only when polyM/G enzymes
were combined with ciprofloxacin antibiotic, the synergistic effect was observed. In contrast, enzymes which
only have polyG and polyM degradation activities respectively, showed less activity towards the biofilms and no
synergistic effect with CPX. This agrees with previous results that showed polyG that A1-III did not amplifly the
effect of antibiotics against P. aeruginosa biofilms.
We also found that among polyM/G enzymes, A1-II’ was able to degrade the brown seaweed substrate more
efficiently than Alg2A. Altogether, these results suggest that A1-II’ and Alg2A have a broad activity spectrum
against different biofilms because they degrade a greater variety of alginate matrixes. In fact, a different endolytic
reaction mode was assigned to the Alg2A enzyme because it produces a larger amount of penta-, hexa-, and
hepta-saccharides from the hydrolysis products when compared with other alginate lyases.
In conclusion, we have unraveled the effect that different alginate lyases have on P. aeruginosa biofilm degradation and we have identified Alg2A and A1-II’ as good disperal agents. We show an increase in the efficiency of
antibiotic treatment when combined with Alg2A or A1-II’. Characterization of different alginate lyase proteins
on biofilms reveled that Alg2A and A1-II’, despite having similar polyG/M and different activity against seaweed
brown algynate, are the best candidates to use for degrading biofilms formed by different P. aeruginosa strains.

Methods

Ionic exchange and gel filtration chromatography.

For anion exchange chromatography we used a
HiTrap Q HP column (GE Healthcare product # 17-1153-01) in conjunction with an ÄKTA-FPLC system. The
alginate lyase sample (Sigma #A1603) was dissolved in 20 mM Tris pH 8 as buffer A and applied to the pre-equilibrated column. As buffer B, we used the same buffer with 1 M NaCl. After 20 ml, we increased the salt concentration to 500 mM over 50 ml and collected fractions of 1 ml.
For gel filtration chromatography a Superdex-75 column was used (GE Healthcare product # 17-5174-01) with
20 mM Tris pH 8 and 150 mM NaCl as running buffer. The fraction size was 0.5 ml.
To achieve the presented resolution of proteins in the crude extract, we first performed an anion exchange chromatography, pooled fractions 37–42, 48–51 and 55–60, concentrated them and performed subsequent gel filtration. After the chromatographic runs, all fraction were supplemented with 10% glycerol to ensure protein stability.

Mass spectrometry of fractions.

All experimental proteomics procedures were performed by the UPF/
CRG Proteomics Unit. We performed an initial tryptic digestion and peptide fingerprint MS analysis on the crude
alginate lyase extract (Sigma A1603). Our aim was to screen for known toxins or other proteins with biofilm dissolving properties. We did not yield any reasonable lead from this. Therefore, we cut the protein bands identified
as peaking using the halo activity test from an SDS gel. The bands were digested by trypsin or chymotrypsin and
analyzed by nano-LC MS/MS. The resulting peaks were analyzed as DeNovo assembly using the software PEAKS
(Bioinformatics solutions Inc.).

Bacterial strains. Wild type P. aeruginosa PAO1 (ATCC 15692) and its isogenic mucA mutant PAO1ΔmucA

strain (lab strain) were grown in LB medium at 37 °C. As standard conditions, E. coli BL21 and TOP10 strains
were cultured at 37 °C in LB with the respective antibiotics added (50 µg/ml kanamycin).
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Proteins expression and purification. Synthetic genes encoding for Hypothetical protein
(WP_012026046.1), Alg2A (AEB69783.1), AlyA1 (WP_013992548.1), A1-II (AGJ83952.1), A1-III (BAB03312.1)
and A1-II´ (BAD16656.1) were ordered from GenScript. Then, they were cloned using Gibson assembly into
pETM14, which results in a His-tag on the C-terminus of the protein. Expression was performed in E. coli BL21
and induction was performed at 16 °C with 1 mM of IPTG overnight. Two purification steps were performed: a
nickel affinity chromatography followed by a desalting PD10 column, both in the 50 mM Tris pH 7.4, 300 mM
NaCl, 10% glycerol, and 2 mM DTT. Proteins were analyzed by SDS gel electrophoresis.
Halo test assay.

For the halo test the P. aeruginosa PAO1 wt cells were grown on agar plates with
Pseudomonas isolation medium (PI medium) (Bactopeptone 20 g/l, MgCl2 1.4 g/l, K2SO4 10 g/l, glycerol 1%, pH
7.2). First the Petri dish was seeded with 1 ml of a bacterial culture (OD600=0.8) and paper disks (MDB-oxoid
CT0998-B) were placed on the agar. Then, the disks were soaked with 10 µl of alginate lyase solution (17.5, 8.75
and 4.375 pmols) and the plates incubated for 16 hours at 37 °C. Formation of halos was then evaluated by visual
inspection and direct measurement of halo diameter. Image J program was used to calculate the diameter of halos
obtained from pictures and measured in pixels.

Measurements of activity by UV assay.

Activity of the alginate lyase was determined by the increase
in absorbance at 235 nm due to the formation of a carbon-carbon double bond at the end of the product generated from lyase-mediated cleavage of alginate. Three different substrates were tested: brown seaweed alginate
(Sigma# W201502 A straight-chain, hydrophilic, colloidal, polyuronic acid composed of glucuronic and mannuronic acid residues), ELICITYL # DP25-DP45 Guluronate oligosaccharides (polyG) and ELICITYL # DP20-DP35
Mannuronate oligosaccharides (polyM).
The substrates were dissolved in a solution of 20% glycerol and 20 mM Tris pH 7.4 so as to reach a final alginate concentration of 0.2%. Then, 50 µL of these substrates were added to the wells containing 7.1 pmol of each
enzyme. As positive control we used 10 pmols of Sigma A1603 alginase. Absorbance was measured at 235 nm
every 2 minutes for 78 minutes using UV-star microplates, 96wells, (Greiner #655801).

Biofilm cultivation in flow cell chambers and microscopy.

P. aeruginosa biofilms were grown in LB
medium supplemented with 0.2% glucose at 20 °C in flow cell chambers as was previous described56,57. After
96 h the mature biofilm was treated with different alginate lyases for 12 h. For analysis, the biofilm was stained
using the LIVE/DEAD BacLight Bacterial Viability kit (Thermo Scientific) and visualized with a Zeiss LSM 800
confocal laser scanning microscope (CSLM) using the 20×/0.8 objective with excitation wavelengths of 488 and
560 nm. Microscope images were processed with the ImageJ analysis software and COMSTAT 2, a specific biofilm
analysis software was used to quantify the biofilm biomass, thickness and roughness58.

Antimicrobial activity of alginate lyases. P. aeruginosa PAO1 wt and PAO1 ∆mucA were grown until
an optical density (OD550 nm) of 0.1 was reached and then plated in a microtiter plate (Corning 3596 Polystyrene
Flat Bottom 96 Well Corning, NY, USA). The different alginases were added at a similar concentration to the one
used in the biofilm analysis (7.09 pmol/µl). Bacterial growth at 37 °C and 150 rpm was monitored for 8 hours,
and the absorbance measured at 550 nm every 15 minutes in an SPARK Multimode microplate reader (Tecan,
Männedorf, Switzerland).
Statistical analysis. Values are expressed as mean ± standard deviation (SD). Statistical analyses were performed using GraphPad Prism 6.00 (GraphPad Software, San Diego, CA, USA) software package. Single comparisons were performed with Welch’s correction. A value of p < 0.05 was considered as statistically significant.

Received: 10 June 2019; Accepted: 15 May 2020;
Published: xx xx xxxx

References

1. Hoiby, N., Bjarnsholt, T., Givskov, M., Molin, S. & Ciofu, O. Antibiotic resistance of bacterial biofilms. Int J Antimicrob Agents 35,
322–332, https://doi.org/10.1016/j.ijantimicag.2009.12.011 (2010).
2. Obst, U., Schwartz, T. & Volkmann, H. Antibiotic resistant pathogenic bacteria and their resistance genes in bacterial biofilms. Int J
Artif Organs 29, 387–394 (2006).
3. Smith, A. W. Biofilms and antibiotic therapy: is there a role for combating bacterial resistance by the use of novel drug delivery
systems? Adv Drug Deliv Rev 57, 1539–1550, https://doi.org/10.1016/j.addr.2005.04.007 (2005).
4. Stewart, P. S. Mechanisms of antibiotic resistance in bacterial biofilms. Int J Med Microbiol 292, 107–113, https://doi.
org/10.1078/1438-4221-00196 (2002).
5. del Pozo, J. L. & Patel, R. The challenge of treating biofilm-associated bacterial infections. Clin Pharmacol Ther 82, 204–209, https://
doi.org/10.1038/sj.clpt.6100247 (2007).
6. Ancion, P. Y., Lear, G. & Lewis, G. D. Three common metal contaminants of urban runoff (Zn, Cu & Pb) accumulate in freshwater biofilm
and modify embedded bacterial communities. Environ Pollut 158, 2738–2745, https://doi.org/10.1016/j.envpol.2010.04.013 (2010).
7. Torres, A. et al. International ERS/ESICM/ESCMID/ALAT guidelines for the management of hospital-acquired pneumonia and
ventilator-associated pneumonia: Guidelines for the management of hospital-acquired pneumonia (HAP)/ventilator-associated
pneumonia (VAP) of the European Respiratory Society (ERS), European Society of Intensive Care Medicine (ESICM), European
Society of Clinical Microbiology and Infectious Diseases (ESCMID) and Asociacion Latinoamericana del Torax (ALAT). Eur Respir
J 50, https://doi.org/10.1183/13993003.00582-2017 (2017).
8. Kalil, A. C. et al. Management of Adults With Hospital-acquired and Ventilator-associated Pneumonia: 2016 Clinical Practice
Guidelines by the Infectious Diseases Society of America and the American Thoracic Society. Clin Infect Dis 63, e61–e111, https://
doi.org/10.1093/cid/ciw353 (2016).
9. Leid, J. G. et al. The exopolysaccharide alginate protects Pseudomonas aeruginosa biofilm bacteria from IFN-gamma-mediated
macrophage killing. J Immunol 175, 7512–7518 (2005).

Scientific Reports |

(2020) 10:9390 | https://doi.org/10.1038/s41598-020-66293-2

8

www.nature.com/scientificreports/

www.nature.com/scientificreports

10. Ramsey, D. M. & Wozniak, D. J. Understanding the control of Pseudomonas aeruginosa alginate synthesis and the prospects for
management of chronic infections in cystic fibrosis. Mol Microbiol 56, 309–322, https://doi.org/10.1111/j.1365-2958.2005.04552.x (2005).
11. Gacesa, P. Enzymic degradation of alginates. Int J Biochem 24, 545–552 (1992).
12. Davidson, I. W., Lawson, C. J. & Sutherland, I. W. An alginate lysate from Azotobacter vinelandii phage. J Gen Microbiol 98, 223–229,
https://doi.org/10.1099/00221287-98-1-223 (1977).
13. Franklin, M. J. & Ohman, D. E. Identification of algF in the alginate biosynthetic gene cluster of Pseudomonas aeruginosa which is
required for alginate acetylation. J Bacteriol 175, 5057–5065 (1993).
14. Skjak-Braek, G., Grasdalen, H. & Larsen, B. Monomer sequence and acetylation pattern in some bacterial alginates. Carbohydr Res
154, 239–250 (1986).
15. Davies, J. C. & Bilton, D. Bugs, biofilms, and resistance in cystic fibrosis. Respir Care 54, 628–640 (2009).
16. Hentzer, M. et al. Alginate overproduction affects Pseudomonas aeruginosa biofilm structure and function. J Bacteriol 183,
5395–5401 (2001).
17. May, T. B. et al. Alginate synthesis by Pseudomonas aeruginosa: a key pathogenic factor in chronic pulmonary infections of cystic
fibrosis patients. Clin Microbiol Rev 4, 191–206 (1991).
18. Alipour, M., Suntres, Z. E. & Omri, A. Importance of DNase and alginate lyase for enhancing free and liposome encapsulated
aminoglycoside activity against Pseudomonas aeruginosa. J Antimicrob Chemother 64, 317–325, https://doi.org/10.1093/jac/dkp165
(2009).
19. Alkawash, M. A., Soothill, J. S. & Schiller, N. L. Alginate lyase enhances antibiotic killing of mucoid Pseudomonas aeruginosa in
biofilms. APMIS 114, 131–138, https://doi.org/10.1111/j.1600-0463.2006.apm_356.x (2006).
20. Eftekhar, F. & Speert, D. P. Alginase treatment of mucoid Pseudomonas aeruginosa enhances phagocytosis by human monocytederived macrophages. Infect Immun 56, 2788–2793 (1988).
21. Hatch, R. A. & Schiller, N. L. Alginate lyase promotes diffusion of aminoglycosides through the extracellular polysaccharide of
mucoid Pseudomonas aeruginosa. Antimicrob Agents Chemother 42, 974–977 (1998).
22. Lamppa, J. W., Ackerman, M. E., Lai, J. I., Scanlon, T. C. & Griswold, K. E. Genetically engineered alginate lyase-PEG conjugates
exhibit enhanced catalytic function and reduced immunoreactivity. PLoS One 6, e17042, https://doi.org/10.1371/journal.
pone.0017042 (2011).
23. Mai, G. T., Seow, W. K., Pier, G. B., McCormack, J. G. & Thong, Y. H. Suppression of lymphocyte and neutrophil functions by
Pseudomonas aeruginosa mucoid exopolysaccharide (alginate): reversal by physicochemical, alginase, and specific monoclonal
antibody treatments. Infect Immun 61, 559–564 (1993).
24. Dong, S. et al. Molecular insight into the role of the N-terminal extension in the maturation, substrate recognition, and catalysis of
a bacterial alginate lyase from polysaccharide lyase family 18. J Biol Chem 289, 29558–29569, https://doi.org/10.1074/jbc.
M114.584573 (2014).
25. Ghadam, P., Akhlaghi, F. & Ali, A. A. One-step purification and characterization of alginate lyase from a clinical Pseudomonas
aeruginosa with destructive activity on bacterial biofilm. Iran J Basic Med Sci 20, 467–473, https://doi.org/10.22038/
IJBMS.2017.8668 (2017).
26. Islan, G. A., Dini, C., Bartel, L. C., Bolzan, A. D. & Castro, G. R. Characterization of smart auto-degradative hydrogel matrix
containing alginate lyase to enhance levofloxacin delivery against bacterial biofilms. Int J Pharm 496, 953–964, https://doi.
org/10.1016/j.ijpharm.2015.10.050 (2015).
27. Matsushima, R. et al. Analysis of extracellular alginate lyase and its gene from a marine bacterial strain, Pseudoalteromonas atlantica
AR06. Appl Microbiol Biotechnol 86, 567–576, https://doi.org/10.1007/s00253-009-2278-z (2010).
28. Matsushima, R., Watanabe, R., Tsuda, M. & Suzuki, T. Analysis of extracellular alginate lyase (alyA) expression and its regulatory
region in a marine bacterial strain, Pseudoalteromonas atlantica AR06, using a gfp gene reporter system. Mar Biotechnol (NY) 15,
349–356, https://doi.org/10.1007/s10126-012-9488-6 (2013).
29. Mrsny, R. J., Lazazzera, B. A., Daugherty, A. L., Schiller, N. L. & Patapoff, T. W. Addition of a bacterial alginate lyase to purulent CF
sputum in vitro can result in the disruption of alginate and modification of sputum viscoelasticity. Pulm Pharmacol 7, 357–366 (1994).
30. Rahman, M. M., Wang, L., Inoue, A. & Ojima, T. cDNA cloning and bacterial expression of a PL-14 alginate lyase from a herbivorous
marine snail Littorina brevicula. Carbohydr Res 360, 69–77, https://doi.org/10.1016/j.carres.2012.05.019 (2012).
31. Xu, F. et al. Novel Molecular Insights into the Catalytic Mechanism of Marine Bacterial Alginate Lyase AlyGC from Polysaccharide
Lyase Family 6. J Biol Chem 292, 4457–4468, https://doi.org/10.1074/jbc.M116.766030 (2017).
32. Maki, H., Mori, A., Fujiyama, K., Kinoshita, S. & Yoshida, T. Cloning, sequence analysis and expression in Escherichia coli of a gene
encoding an alginate lyase from Pseudomonas sp. OS-ALG-9. J Gen Microbiol 139, 987–993, https://doi.org/10.1099/00221287-1395-987 (1993).
33. Lee, S. I., Choi, S. H., Lee, E. Y. & Kim, H. S. Molecular cloning, purification, and characterization of a novel polyMG-specific
alginate lyase responsible for alginate MG block degradation in Stenotrophomas maltophilia KJ-2. Appl Microbiol Biotechnol 95,
1643–1653, https://doi.org/10.1007/s00253-012-4266-y (2012).
34. Li, S., Wang, L., Han, F., Gong, Q. & Yu, W. Cloning and characterization of the first polysaccharide lyase family 6 oligoalginate lyase
from marine Shewanella sp. Kz7. J Biochem 159, 77–86, https://doi.org/10.1093/jb/mvv076 (2016).
35. Cantarel, B. L. et al. The Carbohydrate-Active EnZymes database (CAZy): an expert resource for Glycogenomics. Nucleic Acids Res
37, D233–238, https://doi.org/10.1093/nar/gkn663 (2009).
36. Chen, X. L. et al. Characterization of a New Cold-Adapted and Salt-Activated Polysaccharide Lyase Family 7 Alginate Lyase from
Pseudoalteromonas sp. SM0524. Front Microbiol 7, 1120, https://doi.org/10.3389/fmicb.2016.01120 (2016).
37. Yamasaki, M. et al. Structure and function of a hypothetical Pseudomonas aeruginosa protein PA1167 classified into family PL-7: a
novel alginate lyase with a beta-sandwich fold. J Biol Chem 279, 31863–31872, https://doi.org/10.1074/jbc.M402466200 (2004).
38. Osawa, T., Matsubara, Y., Muramatsu, T., Kimura, M. & Kakuta, Y. Crystal structure of the alginate (poly alpha-l-guluronate) lyase
from Corynebacterium sp. at 1.2 A resolution. J Mol Biol 345, 1111–1118, https://doi.org/10.1016/j.jmb.2004.10.081 (2005).
39. Miyake, O., Ochiai, A., Hashimoto, W. & Murata, K. Origin and diversity of alginate lyases of families PL-5 and -7 in Sphingomonas
sp. strain A1. J Bacteriol 186, 2891–2896 (2004).
40. Wong, T. Y., Preston, L. A. & Schiller, N. L. ALGINATE LYASE: review of major sources and enzyme characteristics, structurefunction analysis, biological roles, and applications. Annu Rev Microbiol 54, 289–340, https://doi.org/10.1146/annurev.
micro.54.1.289 (2000).
41. Linker, A. & Evans, L. R. Isolation and characterization of an alginase from mucoid strains of Pseudomonas aeruginosa. J Bacteriol
159, 958–964 (1984).
42. Yoon, H. J. et al. Overexpression in Escherichia coli, purification, and characterization of Sphingomonas sp. A1 alginate lyases.
Protein Expr Purif 19, 84–90, https://doi.org/10.1006/prep.2000.1226 (2000).
43. Hashimoto, W., Miyake, O., Momma, K., Kawai, S. & Murata, K. Molecular identification of oligoalginate lyase of Sphingomonas sp.
strain A1 as one of the enzymes required for complete depolymerization of alginate. J Bacteriol 182, 4572–4577 (2000).
44. Strathmann, M., Wingender, J. & Flemming, H. C. Application of fluorescently labelled lectins for the visualization and biochemical
characterization of polysaccharides in biofilms of Pseudomonas aeruginosa. J Microbiol Methods 50, 237–248 (2002).
45. Bayer, A. S. et al. Functional role of mucoid exopolysaccharide (alginate) in antibiotic-induced and polymorphonuclear leukocytemediated killing of Pseudomonas aeruginosa. Infect Immun 59, 302–308 (1991).

Scientific Reports |

(2020) 10:9390 | https://doi.org/10.1038/s41598-020-66293-2

9

www.nature.com/scientificreports/

www.nature.com/scientificreports

46. Bayer, A. S. et al. Effects of alginase on the natural history and antibiotic therapy of experimental endocarditis caused by mucoid
Pseudomonas aeruginosa. Infect Immun 60, 3979–3985 (1992).
47. Lamppa, J. W. & Griswold, K. E. Alginate lyase exhibits catalysis-independent biofilm dispersion and antibiotic synergy. Antimicrob
Agents Chemother 57, 137–145, https://doi.org/10.1128/AAC.01789-12 (2013).
48. Jang, C. H. et al. Modeling and Re-Engineering of Azotobacter vinelandii Alginate Lyase to Enhance Its Catalytic Efficiency for
Accelerating Biofilm Degradation. PLoS One 11, e0156197, https://doi.org/10.1371/journal.pone.0156197 (2016).
49. Follath, F. et al. Use of ciprofloxacin in the treatment of Pseudomonas aeruginosa infections. Eur J Clin Microbiol 5, 236–240, https://
doi.org/10.1007/bf02013997 (1986).
50. Cendra, M. D. M., Blanco-Cabra, N., Pedraz, L. & Torrents, E. Optimal environmental and culture conditions allow the in vitro
coexistence of Pseudomonas aeruginosa and Staphylococcus aureus in stable biofilms. Sci Rep 9, 16284, https://doi.org/10.1038/
s41598-019-52726-0 (2019).
51. Seidler, J., Zinn, N., Boehm, M. E. & Lehmann, W. D. De novo sequencing of peptides by MS/MS. Proteomics 10, 634–649, https://
doi.org/10.1002/pmic.200900459 (2010).
52. Altschul, S. F., Gish, W., Miller, W., Myers, E. W. & Lipman, D. J. Basic local alignment search tool. J Mol Biol 215, 403–410, https://
doi.org/10.1016/S0022-2836(05)80360-2 (1990).
53. Zhu, B. & Yin, H. Alginate lyase: Review of major sources and classification, properties, structure-function analysis and applications.
Bioengineered 6, 125–131, https://doi.org/10.1080/21655979.2015.1030543 (2015).
54. Yamasaki, M., Ogura, K., Hashimoto, W., Mikami, B. & Murata, K. A structural basis for depolymerization of alginate by
polysaccharide lyase family-7. J Mol Biol 352, 11–21, https://doi.org/10.1016/j.jmb.2005.06.075 (2005).
55. Thomas, F. et al. Comparative characterization of two marine alginate lyases from Zobellia galactanivorans reveals distinct modes
of action and exquisite adaptation to their natural substrate. J Biol Chem 288, 23021–23037, https://doi.org/10.1074/jbc.
M113.467217 (2013).
56. Baelo, A. et al. Disassembling bacterial extracellular matrix with DNase-coated nanoparticles to enhance antibiotic delivery in
biofilm infections. J Control Release 209, 150–158, https://doi.org/10.1016/j.jconrel.2015.04.028 (2015).
57. Crespo, A., Blanco-Cabra, N. & Torrents, E. Aerobic Vitamin B12 Biosynthesis Is Essential for Pseudomonas aeruginosa Class II
Ribonucleotide Reductase Activity During Planktonic and Biofilm Growth. Front Microbiol 9, 986, https://doi.org/10.3389/
fmicb.2018.00986 (2018).
58. Heydorn, A. et al. Quantification of biofilm structures by the novel computer program COMSTAT. Microbiology 146(Pt 10),
2395–2407, https://doi.org/10.1099/00221287-146-10-2395 (2000).

Acknowledgements

We acknowledge support of the European Research Council (ERC) under the European Union’s Horizon 2020
research and innovation program under agreement No 670216 (MYCOCHASSIS), the Spanish Ministry of
Economy and Competitiveness and Fondo Europeo de Desarrollo Regional (MINECO-FEDER) (BIO201563557-R), ‘Centro de Excelencia Severo Ochoa 2013-2017’, FEDER project from Instituto Carlos III (ISCIII,
Acción Estratégica en Salud 2016) (reference CP16/00094) and “Secretaria d’Universitats i Recerca del
Departament d’Economia i Coneixement de la Generalitat de Catalunya / CERCA programme” (2014SGR678
and 2017SGR1079). The CRG/UPF Proteomics Unit is part of the “Plataforma de Recursos Biomoleculares y
Bioinformáticos (ProteoRed)” supported by grant PT13/0001 of Instituto de Salud Carlos III from the Spanish
Government.

Author contributions

B.P. did the purification of the protein from Sigma extract. MLS identified by analysis of M.S. data the novel
alginate lyase. L.S. did the structure analysis of different alginate lyases. T.F. did the recombinant expression and
purification of different enzymes. R.M. did the characterization of alginate lyase activity in the halo test. N.B.C.
did the characterization of all enzymes by confocal microscopy. M.L.S. and L.S. conceived the idea, wrote the
manuscript and supervised the work. E.T. was supervising biofilm experiments.

Competing interests

Bernhard Paetzold is employed by the S-Biomedic N.V. S-Biomedic N.V. focussed on the skin microbiome and
is neither holding any IP rights on the described research results nor active in a related field. All other authors
declare no competing interests.

Additional information

Supplementary information is available for this paper at https://doi.org/10.1038/s41598-020-66293-2.
Correspondence and requests for materials should be addressed to L.S. or M.L.-S.
Reprints and permissions information is available at www.nature.com/reprints.
Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.
Open Access This article is licensed under a Creative Commons Attribution 4.0 International
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
© The Author(s) 2020

Scientific Reports |

(2020) 10:9390 | https://doi.org/10.1038/s41598-020-66293-2

10

