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ABSTRACT Pseudomonas aeruginosa is considered one of the most challenging, 
drug-resistant, opportunistic pathogens partly due to its ability to synthesize robust 
biofilms. Biofilm is a mixture of extracellular polymeric substances (EPS) that encapsu­
lates microbial cells, leading to immune evasion, antibiotic resistance, and thus higher 
risk of infection. In the cystic fibrosis lung environment, P. aeruginosa undergoes 
a mucoid transition, defined by overproduction of the exopolysaccharide alginate. 
Alginate encapsulation results in bacterial resistance to antibiotics and the host immune 
system. Given its role in airway inflammation and chronic infection, alginate is an obvious 
target to improve treatment for P. aeruginosa infection. Previously, we demonstrated 
polysaccharide lyase Smlt1473 from Stenotrophomonas maltophilia strain k279a can 
catalyze the degradation of multiple polyuronides in vitro, including D-mannuronic acid 
(poly-ManA). Poly-ManA is a major constituent of P. aeruginosa alginate, suggesting that 
Smlt1473 could have potential application against multidrug-resistant P. aeruginosa and 
perhaps other microbes with related biofilm composition. In this study, we demonstrate 
that Smlt1473 can inhibit and degrade alginate from P. aeruginosa. Additionally, we show 
that tested P. aeruginosa strains are dominant in acetylated alginate and that all but 
one have similar M-to-G ratios. These results indicate that variation in enzyme efficacy 
among the isolates is not primarily due to differences in total EPS or alginate chemical 
composition. Overall, these results demonstrate Smlt1473 can inhibit and degrade P. 
aeruginosa alginate and suggest that other factors including rate of EPS production, 
alginate sequence/chain length, or non-EPS components may explain differences in 
enzyme efficacy.

IMPORTANCE Pseudomonas aeruginosa is a major opportunistic human pathogen in 
part due to its ability to synthesize biofilms that confer antibiotic resistance. Biofilm 
is a mixture of polysaccharides, DNA, and proteins that encapsulate cells, protecting 
them from antibiotics, disinfectants, and other cleaning agents. Due to its ability to 
increase antibiotic and immune resistance, the exopolysaccharide alginate plays a large 
role in airway inflammation and chronic P. aeruginosa infection. As a result, colonization 
with P. aeruginosa is the leading cause of morbidity and mortality in CF patients. Thus, 
it is an obvious target to improve the treatment regimen for P. aeruginosa infection. 
In this study, we demonstrate that polysaccharide lyase, Smlt1473, inhibits alginate 
secretion and degrades established alginate from a variety of mucoid P. aeruginosa 
clinical isolates. Additionally, Smlt1473 differs from other alginate lyases in that it is 
active against acetylated alginate, which is secreted during chronic lung infection. These 
results suggest that Smlt1473 may be useful in treating infections associated with 
alginate-producing P. aeruginosa, as well as have the potential to reduce P. aeruginosa 
EPS in non-clinical settings.
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M icrobial cells can exist in a tightly linked network known as a biofilm (1). Biofilms 
are formed in a multi-stage process when bacterial cells colonize a surface via 

adhesion, followed by encapsulation in an extracellular polymeric substance (EPS) matrix 
comprised of polysaccharides, proteins, cell debris, and nucleic acids (2). Reversible 
attachment occurs initially, followed by EPS production to form an adherent state 
(1). Of note, in some cases, biofilm can form without surface attachment (3). As the 
EPS accumulates, the biofilm matures, and microcolonies detach from the biofilm and 
colonize other surfaces or solutions (4). A mature biofilm provides a valuable defense 
by acting as a barrier limiting antibiotic penetration and shielding cells from immune 
system detection, thereby reducing opsonization (5, 6). Furthermore, detoxification 
enzymes are often present within Pseudomonas aeruginosa biofilm EPS. One example 
is the major catalase, KatA, in P. aeruginosa, which offers additional protection to the cell 
to survive under stress conditions (7, 8). Thus, there is a need for novel approaches to 
inhibit and remove microbial biofilms in order to reduce pathogen persistence, spread, 
and antibiotic resistance.

P. aeruginosa is one of the most frequently occurring opportunistic pathogens 
responsible for hospital-acquired infections. Its ability to form biofilms is a major 
factor contributing to its widespread hospital occurrence (9). Moreover, P. aeruginosa 
is the primary pathogen associated with drug-resistant infections in patients with cystic 
fibrosis (CF). In patients with CF, the mucoid phenotype, characterized by the overpro­
duction of the exopolysaccharide alginate, accelerates a decline in lung function (10, 
11). Alginate is a heteropolymer comprised of two uronic acids, mannuronic acid (M) 
and guluronic acid (G). Differences in the M-to-G ratio in alginate confer changes in 
biofilm mechanical properties, as well as metal and antibiotic binding abilities (12–15). 
For example, increases in mannuronic acid content have been shown to reduce biofilm 
permeability to antibiotics (16). P. aeruginosa-synthesized alginate can also be acetylated, 
which has been implicated in enhancing resistance to phagocytosis, increasing biofilm 
viscosity and hydrophobicity, and creating 3D biofilm architectures (12, 17, 18). Thus, the 
properties of mucoid biofilms are strongly dependent on alginate chemical composition, 
and thus, P. aeruginosa biofilm removal strategies must be able to address a range of 
alginate compositions and properties.

Enzymes are a promising approach to targeting and degrading specific biofilm 
components including EPS and DNA (19). Enzymes also hold promise for synergizing 
with antimicrobial agents and photodynamic therapy methods to treat biofilm-positive 
infections more effectively. Additionally, enzymes may enhance biocompatibility in 
these approaches (19–21). Alginate lyases are a class of enzymes that degrade uronic 
acid-containing EPS such as alginate through a β-elimination mechanism. P. aeruginosa 
produces an intracellular alginate lyase (AlgL) that plays a role in regulating alginate 
secretion during biofilm formation (22). Previous research has investigated AlgL, and 
other alginate lyases have been explored for mucoid biofilm removal. However, varying 
effects on alginate biofilm removal are observed depending on the enzyme chosen, 
leading to variability in antibiotic susceptibility. This is due in part to differences in 
specificity for M versus G linkages (23). Combinations of enzymes with diverse substrate 
specificities are often used for removing mucoid biofilms, but typically, testing is limited 
to reference mucoid strains rather than clinical isolates (23). Thus, a clear relationship 
between alginate lyase substrate specificity, biofilm composition, and effects on removal, 
particularly from clinical samples, remains an area of active research.

We previously demonstrated that a predicted alginate lyase, Smlt1473, from 
Stenotrophomonas maltophilia clinical strain k279a, is secreted into the culture, where 
it can depolymerize multiple substrates including alginate and hyaluronic acid (24). 
Polysaccharide lyases (PLs) such as Smlt1473 depolymerize uronic acid-containing 
substrates according to a β-elimination mechanism. Specifically, Smlt1473 belongs 
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to polysaccharide lyase family 5 (PL-5) in the Carbohydrate-Active enzymes (CAZY) 
database (25). Alginate lyases belonging to the PL-5 family, such as Smlt1473, are known 
to have specificity towards mannuronic acid (M), in contrast to those in the PL-7 family 
that generally prefer guluronic acid (G) (26, 27). Given that our carbohydrate composition 
analysis and NMR data on the polysaccharide fractions from mucoid P. aeruginosa clinical 
isolates show dominant M-rich alginate composition, this characteristic points to PL-5 
family lyases with specificity toward M-blocks as prime candidates to target P. aeruginosa 
alginate in the clinical context. A comprehensive study conducted by Blanco-Cabra et al. 
compared five different alginate lyases against P. aeruginosa biofilm; however, four out of 
the five belonged to the PL-7 family (23). Additionally, Mahajan et al. found four alginate 
lyases that inhibited P. aeruginosa biofilm formation, but again, only one belonged to the 
PL-5 family (28). Overall, many of the alginate lyases being studied against P. aeruginosa 
belong to the PL-7 family, and the literature contains fewer studies on PL-5 lyases (23, 
26, 28, 29). Thus, this study further evaluates the activity of Smlt1473, a member of the 
less studied PL-5 family, against P. aeruginosa alginate. Unique to Smlt1473, the optimal 
activity toward each substrate is strongly pH-dependent; alginate and poly-mannuronic 
acid are favored at basic pH (> 7), poly-glucuronic acid is favored over a broad pH 
range (5–9), and hyaluronic acid is favored at acidic pH (< 7) (24). We also previously 
solved a high-resolution structure of Smlt1473 in a complex with multiple substrates and 
provided a mechanism for Smlt1473 in which regions of high dynamic flexibility change 
with pH to accommodate the chemical diversity of substrates (30).

In this study, we evaluated the ability of Smlt1473 to degrade alginate produced 
by multiple, clinical isolates of P. aeruginosa. Our results demonstrate that Smlt1473 
can prevent the formation of alginate as well as remove established alginate across 
multiple P. aeruginosa clinical isolates. However, the concentration of enzyme necessary 
for alginate inhibition and removal varies across isolates. To understand differences in 
enzyme concentration needed for efficacy against individual isolates, we characterized 
the total polysaccharide composition as well as the chemical composition of alginate 
present in each mucoid isolate. Interestingly, we find that all secreted fractions are 
essentially acetylated alginate, and the M-to-G ratio of alginate for each is similar across 
all but one clinical isolate. Thus, the chemical composition of alginate alone does not 
explain the differences in Smlt1473 concentration needed for EPS removal and inhibition 
across strains. Addition of Smlt1473 did not inhibit P. aeruginosa growth in culture, 
consistent with its primary effect being on alginate exopolysaccharide rather than on 
cell wall or surface polysaccharides. Collectively, our results demonstrate that Smlt1473 
has a robust ability to inhibit and degrade alginate exopolysaccharide from a range of 
P. aeruginosa clinical isolates. However, through characterization of alginate chemical 
composition, data suggest that other factors such as the rate of alginate production or 
percentage of non-EPS components may explain isolate-specific differences in enzyme 
concentration needed for treatment.

RESULTS

Characteristics of clinical isolates and engineered strain

We used multiple mucoid, clinical P. aeruginosa isolates in this study to capture a range 
of potential phenotypes. The strains used, including clinical metadata, are summarized 
in Table 1. Of particular note, the clinical isolates used include male and female patients 
over a range of ages and also include patients with CF and diabetes. Finally, the site of 
isolation for each strain is included. Strain PDO300 is an engineered strain derived from 
PAO1, which confers a mucoid phenotype and serves as a useful benchmark for Smlt1473 
activity against a well-defined mucoid strain (31).

Smlt1473 inhibits P. aeruginosa mucoid phenotype

To determine if Smlt1473 could inhibit the formation of P. aeruginosa mucoid phenotype 
due to depolymerization of alginate, we coated agar plates with WT Smlt1473 at 0.2 mg, 
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0.1 mg, and 3 μg concentration and examined the resulting EPS formation for the 
mucoid isolates by measuring uronic acid concentration, which correlates to alginate 
content. For clarity, a decrease in the y-axis value correlates to an increase in enzyme 
activity for inhibition studies, resulting in lower amounts of uronic acid content. Visually, 
Fig. 1A shows that pre-treatment with 0.1 mg Smlt1473 results in decreased mucoid 
phenotype for UVA 44618. In the treated condition, there is a decrease in the raised, 
mucoid architecture, along with increased visibility of single colonies compared with the 
untreated control. Figure 1B quantifies uronic acid concentration after various treatments 
for one clinical isolate (UVA 44618) and demonstrates that pre-treatment with both 
0.1 mg and 3 μg WT Smlt1473 inhibits the mucoid phenotype for this isolate compared 
with the untreated control. Additionally, of note, 0.1 mg (high) and 3 μg (low) WT 
Smlt1473 inhibit the mucoid phenotype of UVA 44618 with near identical efficacy. Figure 
1C and D show that uronic acid concentration for two other clinical isolates (UVA 55009 
and UVA 61605) is decreased compared with buffer at 0.1 mg Smlt1473 concentration, 
but not at the 3 μg concentration. These data indicate that inhibiting the mucoid 
phenotype of different isolates is enzyme-concentration dependent. To demonstrate 
that the inhibition of the mucoid phenotype is due to Smlt1473, we compared WT results 
against results using a catalytically inactive mutant (Y222F) described previously by our 
group (32). At 0.1 mg, the inactive mutant Y222F is statistically insignificant in terms 
of inhibiting the mucoid phenotype for all of the isolates, confirming that the catalytic 
activity of the enzyme is responsible for mucoid phenotype inhibition (Fig. 1B through 
D). Figure 1E demonstrates that Smlt1473 was additionally able to inhibit the mucoid 
phenotype of well-defined mucoid strain PDO300 that is an engineered variant of PAO1. 
Similarly to UVA 55009 and UVA 61605, Smlt1473 inhibits the mucoid phenotype of 
PDO300 more efficiently at 0.1 mg compared with 3 μg. As PDO300 is extremely robust 
at alginate production, 0.2 mg of WT Smlt1473 was also tested for its inhibitory effects. 
As displayed in Fig. 1E, 0.2 mg Smlt1473 behaves similarly to 0.1 mg Smlt1473 against 
PDO300. These data indicate an upper limit for the enzyme concentration that will 
inhibit alginate formation, but the specific, maximal concentration varies across isolates. 
Finally, Fig. 1F shows that the mucoid phenotype for UVA 84977 is neither inhibited by 
3 μg nor 0.1 mg Smlt1473. However, 0.2 mg Smlt1473 shows a robust inhibitory effect 
against the mucoid phenotype of UVA 84977. Overall, these results show that Smlt1473 
can inhibit the mucoid phenotype of P. aeruginosa across all clinical isolates, but the 
concentration necessary for maximal efficacy varies across different isolates.

SEM images of Smlt1473-treated P. aeruginosa

To visualize, at a more microscopic level, the effects that Smlt1473 has on P. aeruginosa 
mucoid isolates, SEM was performed on Smlt1473-treated and untreated samples. P. 
aeruginosa was grown on agar plates coated with either buffer, 0.1 mg Smlt1473, or 
0.2 mg Smlt1473 and left to incubate for 24 h at 37°C. Due to results from the quantita­
tive data, UVA 84977 and strain PDO300 were both grown in the presence of 0.2 mg 
Smlt1473 for SEM imaging, whereas the others were grown in the presence of 0.1 mg 
Smlt1473. Samples were transferred to 12 mm glass slides, glutaraldehyde fixed, and 
imaged using SEM. SEM was performed for each isolate and images that represent 
the quantitative data in Fig. 1 were chosen. It is important to note that Smlt1473 

TABLE 1 Summary of clinical isolates of P. aeruginosa from the UVA Health System Clinical Microbiology Laboratory and engineered strain used in this study

Isolate Sex Age Cystic fibrosis status Diabetes status Site of isolation Extra info

PDO300 NAa NA NA NA NA Derivative of PAO1 with mucA22 allele
UVA 44618 Male 28 Yes No Lung/trachea NA
UVA 55009 Female 39 Yes Yes Lung/trachea NA
UVA 61605 Male 53 No Yes Lung/trachea NA
UVA 84977 Male 20 Yes No ENT/sinus NA
aNA, not applicable.
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does not completely eradicate alginate secretion but on average leads to a significant 
decrease. Figure 2 shows SEM images for each isolate at 50,000× magnification. For UVA 
44618, buffer-treated cells (Fig. 2A) are heavily intertwined and surrounded by thick EPS. 

FIG 1 Smlt1473 inhibits the mucoid phenotype of P. aeruginosa, but data suggest most effective enzyme 

concentration varies by isolate. (A) Representative image of phenotypic changes for P. aeruginosa UVA 

44618 in the presence and absence of Smlt1473 indicating an inhibitory function. (B–F) Each isolate 

of P. aeruginosa was grown in the presence and absence of Smlt1473, plate contents were collected, 

and uronic acid concentration, which corresponds to alginate content, was quantified. Uronic acid 

concentration was determined by measuring the absorbance at 530 nm (A530) of the resulting solution. 

High A530 corresponds to high alginate content, whereas low A530 corresponds to low alginate content. 

Y222F is the catalytically inactive form of Smlt1473 used to show that results are due to an active enzyme. 

The results are means and standard deviations and statistical analysis was performed using a One-way 

Welch’s ANOVA and Dunnett’s T3 multiple comparison post-hoc test.
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However, for Smlt1473-treated cells (Fig. 2B), there is minimal EPS observed, and the cells 
are significantly less connected to each other. These observations hold true for all of 
the other isolates as well (Fig. 2C through J), and consistent with our quantitative data 
from Section 3.2, these images show that Smlt1473 is able to inhibit alginate secretion. 
Thus, SEM further supports the ability of Smlt1473 to inhibit the mucoid phenotype of P. 
aeruginosa for all of the mucoid strains tested in this study.

FIG 2 SEM images of all mucoid P. aeruginosa isolates treated with Smlt1473 and buffer showing 

enzymatic inhibition of mucoid phenotype. Samples were grown in the presence of enzyme or buffer, 

transferred to 12 mm glass slides, glutaraldehyde fixed, and imaged using SEM. Each set of images is 

shown at 50,000× magnification. The left side of the figure panel depicts samples that were grown in the 

presence of buffer, whereas the right side shows samples that were grown in the presence of Smlt1473. 

(A and B) UVA 44618, (C and D) UVA 61605, (E and F) UVA 84977, (G and H) UVA 55009, and (I and J) 

PDO300.
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Smlt1473 degrades P. aeruginosa alginate

To examine if Smlt1473 could degrade alginate secreted by P. aeruginosa, we grew each 
clinical isolate on untreated agar plates for 24 h (Fig. 3A). Contents from the agar plates 
were collected and used as substrates in the TBA assay. The TBA assay is an established 
method to measure the formation of unsaturated products formed by alginate lyase-
catalyzed depolymerization of alginate, and details of the assay are provided in Materials 
and Methods. As a control to prove Smlt1473 activity against alginate substrates, the TBA 
assay was conducted using a standard solution made from purified alginate from Sigma 
(Fig. S1). Similarly, this assay was used to investigate the ability of Smlt1473 to depoly­
merize the heterogeneous secreted fractions from various P. aeruginosa clinical isolates. 
Figure 3B shows that for isolate UVA 44618, 0.8 mg/mL, 0.65 mg/mL, and 0.02 mg/mL 
WT Smlt1473 all significantly degrade the alginate secreted by P. aeruginosa compared 
with the buffer control and the inactive mutant (Y222F). Similarly, for isolates UVA 84977, 
UVA 61605, engineered strain PDO300, and UVA 55009, all WT Smlt1473 concentrations 
tested were able to degrade the secreted EPS fractions (Fig. 3C through F). Figure 
3C shows the colorimetric output for the TBA assay where the EPS mixture of UVA 
55009 treated with sodium phosphate buffer (left) remains clear, and the EPS mixture 
treated with 0.8 mg/mL Smlt1473 (right) turns pink, indicating double bond formation 
and thus alginate depolymerization via Smlt1473 activity. For each isolate, the buffer 
condition and inactive mutant, Y222F, behave nearly identical, proving that, similar to 
the inhibition study, catalytic activity of the enzyme is responsible for the degradation 
effects shown. For all isolates tested, there is no significant difference in degradation 
activity between 0.8 mg/mL and 0.65 mg/mL Smlt1473; however, differences do exist 
between the highest (0.8 mg/mL) and lowest (0.02 mg/mL) concentrations. For UVA 
55009 and UVA 61605, there is no significant difference in degradation activity between 
high and low Smlt1473 concentrations; however, there are noticeable differences for 
UVA 44618, UVA 84977, and engineered strain PDO300 between these concentrations. 
These data demonstrate that Smlt1473 can degrade established P. aeruginosa alginate 
after it has been secreted by the bacteria for all isolates tested, although the enzyme 
concentration needed for efficacy depends on the specific isolate.

Characterization of EPS by carbohydrate content and alginate composition

Our prior characterization of Smlt1473 indicated a preference for depolymerization of 
mannuronic acid (M)-containing blocks within alginate. In our current study, Smlt1473 
has variable effects on EPS formation and removal, depending on the concentration 
of Smlt1473 that is used against a specific isolate. For example, we show that for UVA 
44618, 0.1 mg and 3 μg inhibit the mucoid phenotype almost identically (Fig. 1B). 
However, for the rest of the isolates tested, 0.1 mg Smlt1473 inhibits EPS production 
more efficiently than 3 μg Smlt1473 (Fig. 1C through F). For all isolates tested, there is 
no significant difference in degradation activity between 0.8 mg/mL and 0.65 mg/mL 
Smlt1473. However, although there is no significant difference between 0.8 mg/mL and 
0.02 mg/mL Smlt1473 for UVA 61605 or UVA 55009, there is a difference in degradation 
activity between these concentrations for UVA 44618, UVA 84977, and engineered strain 
PDO300. Given these data, we were interested in determining whether changes in total 
alginate levels or variations in M-to-G ratio within alginate for a given clinical isolate 
could help explain the observed variability in Smlt1473 effects. Table 2 summarizes 
the total carbohydrate composition of the EPS sample isolated from each strain used 
in this study. The EPS of all five strains is dominantly comprised of alginate, with no 
significant levels of other key EPS, such as Pel or Psl, that are also known to play 
important roles in P. aeruginosa biofilm structure (33). In a study conducted by Wozniak 
et al., the same assay described in our manuscript was used to explore the carbohydrate 
monomer composition profiles of various P. aeruginosa strains. In this study, it is shown 
that the assay can indeed detect levels of glucose, rhamnose, and mannose that are 
attributed to Psl, as well as the presence of amino sugars attributed to Pel (34). This 
result proves that the assay is indeed able to detect other monosaccharides present in 
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FIG 3 Smlt1473 degrades the mucoid biofilm of P. aeruginosa after it has been established on a surface. 

(A) UVA 61605 biofilm after 24 h of growth showing a prominent raised, mucoid phenotype. (B–F) Each 

P. aeruginosa isolate was grown on LB agar for 24 h at 37°C with no treatment to develop an established 

mucoid phenotype, as shown in panel A. Plate contents were collected, and the alginate-containing 

biofilm was used as the substrate in the TBA assay. Upon addition of enzyme, alginate is depolymerized 

via β-elimination mechanism where unsaturated products react with thiobarbituric acid to create a 

pink chromogen with absorbance at 540 nm. High A540 corresponds to greater alginate depolymeri­

zation, and low A540 corresponds to minimal alginate depolymerization. The results presented are 

means and standard deviations, and statistical analysis was performed using a one-way Welch’s ANOVA 

and Dunnett’s T3 multiple comparison post-hoc tests. (G) Representative image displaying the pink 

chromogen as a result of the addition of Smlt1473 to UVA 55009 biofilm mixture (right) compared with 

the addition of buffer to the mixture (left).
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Psl or Pel; however, our samples just did not contain these monosaccharides. Overall, our 
data indicate that differences in total alginate levels do not explain the varying effects 
of high and low Smlt1473 concentrations for alginate inhibition and removal across 
the clinical isolates. Since previous work has shown Smlt1473 prefers to depolymerize 
mannuronic acid (M) residues of alginate, we next sought to investigate the M-to-G 
ratios of the alginate-dominant EPS. Four of the five strains (PDO300, UVA 44618, UVA 
61605, and UVA 84977) have similar M-to-G ratios between 3.28 and 3.68 (Table 3). 
However, UVA 55009 is distinct in that it is significantly enriched in mannuronic acid 
with an MM percentage of 75% compared with the other isolates that range from an 
MM percentage of 53%–57%. Ultimately, this resulted in an M-to-G ratio of 7.24 for 
UVA 55009, more than double that of the other four strains (Table 3; Fig. 4). None of 
the samples contained detectable levels of consecutive G residues (GG blocks), which is 
typical of alginate isolated from P. aeruginosa (Table 3) (35). All five EPS samples exhibited 
strong 1H NMR peaks characteristic of acetylation (Fig. 5A), and the degree of acetylation 
was quantitatively determined using previously described methods (36, 37), confirming 
that all samples contained significant levels of acetylated alginate (Fig. 5B). Overall, the 
alginate-dominant EPS samples isolated do not show differences in total alginate levels, 
and only one of the five show a distinct difference in M-to-G ratio compared with the 
others. No significant differences in acetylation across the clinical isolates are observed 
either. Therefore, total alginate content, M-to-G ratio, and degree of acetylation are not 
major contributors to why different concentrations of Smlt1473 have varying effects on 
alginate inhibition and removal across the clinical isolates.

DISCUSSION

Adhesion to a surface is the first step in biofilm formation, and once this occurs, bacteria 
form a tightly linked network that enhances resistance mechanisms (5). Once bacteria 
have entered the sessile state, they become increasingly difficult to treat compared 
with their planktonic counterparts (38). In this study, we show that Smlt1473 can 

TABLE 2 Amount and mole percentage of each monosaccharide detected in the P. aeruginosa biofilm samples

PDO300
(250 mg)

61605
(350 mg)

55009
(190 mg)

44618
(400 mg)

84977
(300 mg)

Glycosyl reside Mass (mg) Mol % Mass (mg) Mol % Mass (mg) Mol % Mass (mg) Mol % Mass (mg) Mol %

Rhamnose 0.3 0.2 0.1 0.1 0.3 0.4 0.4 0.3 0.2 0.1
Fucose n.d.a n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Xylose 0.4 0.3 0.8 0.8 0.5 0.8 0.7 0.6 0.6 0.6
Galactose 1.2 0.8 2.6 2.2 0.5 0.6 1.5 1.0 1.2 1.0
Glucose 1.8 1.2 3.3 2.8 2.0 2.3 1.4 0.9 1.8 1.5
N-acetyl glucosamine 0.3 0.2 0.4 0.4 n.d. - 0.4 0.3 0.3 0.3
Alginate 160.5 97.3 119.3 93.7 87.6 95.9 149.5 96.9 121.1 96.5
Sum 164.6 100 126.5 100 90.0 100 153.9 100 125.1 100
Carbohydrate content in sample 59% 33% 43% 35% 38%
an.d., not detectable.

TABLE 3 Fractional composition and M-to-G ratio for all of the alginate dominant P. aeruginosa biofilm 
samplesa

Composition Doublet frequency

Sample FG FM FGG FMM FMG = FGM M-to-G ratio

PDO300 0.21 0.79 0 0.57 0.21 3.68
61605 0.23 0.77 0 0.54 0.23 3.35
55009 0.12 0.88 0 0.75 0.12 7.24
44618 0.23 0.77 0 0.53 0.23 3.28
84977 0.23 0.77 0 0.54 0.23 3.39
aFG, fraction of singlet guluronic acid; Fm, fraction of singlet mannuronic acid; FGG, fraction of doublet guluronic 
acid; FMM, fraction of doublet mannuronic acid; M, mannuronic acid; G, guluronic acid.
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inhibit the formation of alginate, a dominant component of P. aeruginosa biofilm, from 
various clinical isolates and an engineered strain. However, inhibition data suggest 
that enzyme concentration plays a role in treatment efficacy depending on the strain. 
Biofilm formation is a challenging process to target as it involves many factors includ­
ing bacterial motility, quorum-sensing, and polysaccharide synthesis (39). Our current 
results indicate alginate is the dominant EPS present in all tested strains of P. aeruginosa, 
suggesting it is the primary substrate for Smlt1473 in this context. Alginate degradation 
by Smlt1473 also helps explain the observed difference in colony morphology and 
measured reduction in uronic acid content when bacteria are grown in the presence of 
Smlt1473. Our prior work characterizing Smlt1473 demonstrated robust in vitro alginate 
degrading activity, again consistent with our current results on alginate-dominant EPS 
mixtures (24). In CF patients where mucoid biofilm is common and a major determinant 
of virulence, overproduction of alginate occurs later in biofilm development, whereas 
initial colonization by P. aeruginosa involves biofilm with a distinctly different, non-algi­
nate EPS composition (34). Thus, it is interesting to observe that pre-treatment with 
Smlt1473 is able to decrease alginate secretion; this may be related in part due to 
variation in the rate of alginate synthesis among the strains or other secreted factors 
unique to individual strains able to overcome effects of Smlt1473 treatment. We do 
not observe any growth inhibition due to treatment with Smlt1473 (Fig. S2), which is 
consistent with Smlt1473 having its primary effect on alginate exopolysaccharide rather 
than the cells.

Since it is often difficult to inhibit P. aeruginosa colonization, an alternative solution 
is to degrade established, mucoid biofilms to facilitate removal. Our results demon­
strate Smlt1473 can degrade established P. aeruginosa alginate, which dominates the 
composition of the secreted fractions from all five strains tested (Fig. 3). Results also 
suggest that, similar to the inhibition data, concentration efficacy may differ among 
strains. For example, the lowest concentration (0.02 mg/mL) behaves most similarly to 
the highest concentration (0.8 mg/mL) for UVA 61605 and UVA 55009, where it is not as 

FIG 4 1H NMR spectrum of acid-hydrolyzed alginate sample from UVA 55009. Peaks in the 4.6–5.3 ppm range correspond to 

those of the M and G residues in the alginate sample. The integral value for the peak in the 5.02–5.13 ppm range is 12.13, 

which is roughly half of that for the other isolates. This is the defining peak that separates the M-to-G ratio of 55009 from the 

others.
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effective as the highest concentration for the other strains. However, given that Smlt1473 
has robust alginate degrading activity in vitro and all strains tested have EPS that is 
dominantly comprised of alginate (Table 2), observing degradation activity across all five 
isolates is consistent with expectation. To add, all five EPS samples show acetylation 
(Fig. 5A and B), which has been described previously in increasing the hydrophobicity 
of P. aeruginosa mucoid biofilm, enhancing clustering of cells within the biofilm, and 

FIG 5 Stacked 1H NMR spectra of all five P. aeruginosa isolates showing acetylation and quantitative 

determination of degree of acetylation. (A) Peaks around 2.12ppm are a result of the acetyl group 

of acetylated sugars, indicating all of the isolates in this study are comprised of acetylated alginate. 

(B) The degree of acetylation was quantitatively determined using a method previously described, further 

proving that all biofilm samples have some fraction of acetylated alginate. Data in Fig. 2 shows that 

Smlt1473 degrades established mucoid biofilm, and in combination with these NMR and degree of 

acetylation results, we can conclude that Smlt1473 is effective against acetylated alginate.
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reducing alginate lyase efficacy (40). Catalytically inactive forms of alginate lyases have 
been shown to disperse P. aeruginosa biofilm (41); however, in the current study, we 
demonstrate that catalytic activity is essential for the inhibition and degradation of 
alginate-dominant EPS (Fig. 1 and 3). Moreover, unlike other alginate lyases characterized 
for biofilm removal activity (23), Smlt1473 is able to degrade established alginate across 
all five strains, albeit with varying enzyme concentrations needed for efficacy.

Another potential reason for variation in Smlt1473 activity for both EPS inhibition 
and degradation is variation in alginate composition. Alginate is comprised of 1,4-linked 
β-D-mannuronic (M) and α-L-guluronic (G) acids, and the final polysaccharide can be 
arranged in M-blocks (MM), G-blocks (GG), or MG-blocks (MG or GM) (42). In patients 
with CF, alginate is enriched in M, which makes alginate more elastic (42). This increase 
in mucoid biofilm elasticity due to greater amounts of M is also thought to confer 
advantages in terms of persistence in the lung (12). We previously determined that 
Smlt1473 has robust lyase activity against alginate, with a preference for poly-M rather 
than poly-G (24). Interestingly, when we measured the M-to-G ratio of alginate isolated 
from each of the five mucoid samples, all of them were enriched in M versus G, but 
four of the five samples had essentially identical M-to-G ratios (Table 3). However, strain 
UVA 55009 had a significantly higher M-to-G ratio and enrichment of M-blocks (Table 3; 
Fig. 4). Of note, the lowest concentration of Smlt1473 (0.02 mg/mL) behaves similarly to 
the highest (0.8 mg/mL) for strain UVA 55009 with the highest M-to-G ratio, consistent 
with the greater poly-M-degrading activity for Smlt1473. However, this trend is also 
observed for UVA 61605, which has an M-to-G ratio similar to that of the other clinical 
isolates. Moreover, in terms of alginate inhibition, strain UVA 44618 and engineered 
strain PDO300 had greater inhibition at lower Smlt1473 concentration than strain UVA 
55009; however, UVA 44618 and PDO300 have lower M-to-G ratios than strain UVA 
55009, suggesting that although M-to-G ratio may play a role in Smlt1473 degradation 
of alginate, other factors such as rate of alginate production or percentage of non-EPS 
components may be important.

Aside from acetylation (Fig. 5), there may also be differences in other EPS character­
istics in the early stages of biofilm formation that play an important role in biofilm 
architecture and accessibility of alginate to degradation. Psl and Pel are two polysacchar­
ides that are often studied in biofilms of non-mucoid strains, but prior work indicates 
they also can be present in mucoid biofilm (43, 44). We did not detect the presence of 
saccharides associated with Psl or Pel in mucoid biofilm isolates (Table 2) but cannot rule 
out the possibility of low levels in mucoid strains or their presence at higher levels in 
our inhibition studies before the mature biofilm is formed. Future studies determining 
biofilm polysaccharide composition during the transition to mucoid state, as well as 
changes in M-to-G ratio during this transition, may provide further insight into how 
Smlt1473 is able to inhibit and degrade P. aeruginosa biofilms. Additionally, adaptations 
that clinical isolates make to overcome treatment with Smlt1473, the rate at which 
alginate is secreted, and alginate polysaccharide sequence/chain length for each isolate 
may provide further insight into the characteristics/environment needed for optimal 
Smlt1473 activity against specific P. aeruginosa alginate. Although alginate is shown to 
be a dominant component of all of the isolates in this study, variations in percentages 
of non-EPS components such as DNA and protein could also contribute to differences in 
enzyme efficacy.

In conclusion, we demonstrate that the polysaccharide lyase, Smlt1473, can inhibit 
alginate formation in all P. aeruginosa isolates tested but that the concentration able 
to do so is strain-dependent. Additionally, we demonstrated Smlt1473 can degrade 
mature and established alginate mixtures for all five isolates, but again, the concentra­
tion efficacy varies across isolates. We used the carbazole assay (43, 45) for inhibition 
experiments to quantitatively determine uronic acid, that is, alginate, concentration as 
a result of pre-treatment with Smlt1473 and the TBA assay (32, 46) for degradation 
experiments, which gives a direct, quantitative readout of product concentration from 
polysaccharide lyase-catalyzed alginate depolymerization rather than indirect staining 
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methods such as the crystal violet assay (47–49). Although carbohydrate composition, 
alginate M-to-G ratio, and acetylation were explored, additional studies are needed to 
determine the causative agents that can predict Smlt1473 efficacy. Future studies will 
need to further explore characteristics of mucoid biofilm that can better predict enzyme 
efficacy, including rate of alginate secretion, alginate sequence, and chain length. 
Additionally, differences in non-EPS components such as DNA and protein among the 
isolates could be explored to see if there is a link to enzyme efficacy based on these 
factors. Acquired mutations in genes responsible for the mucoid phenotype such as 
mucA or mucB, as well as differences in genetic background across the clinical isolates, 
could also be explored in a future study for insight into enzyme efficacy.

It is important to emphasize that this study used a range of P. aeruginosa clinical 
isolates from the UVA Health System (Table 1) to demonstrate Smlt1473 robustness, 
as opposed to other studies which commonly use PA14, PAO1, or FRD1 strains (23, 
41, 50–52). Additionally, although Smlt1473 can be characterized as an alginate lyase, 
it is unique in that it can degrade other polysaccharides as well (24). This charac­
teristic differentiates Smlt1473 from other alginate lyases in that Smlt1473 can be 
used more broadly against polysaccharides from a variety of pathogens rather than 
being constrained to alginate producers such as P. aeruginosa. We have also shown 
that Smlt1473 is active against acetylated alginate, which differs from some lyases, 
including A1-II from Sphingomonas sp. and AlgL from P. aeruginosa that prefer non-ace­
tylated alginate (23). This characteristic is important for treating P. aeruginosa as it 
secretes O-acetylated alginate during chronic lung infection (53). A study conducted 
by Blanco-Cabra et al. claims that broad spectrum (polyM/G) enzymes, such as Alg2A 
from Flavobacterium sp. S20 and A1-II’ from Sphingomonas sp. A1, are the most active 
(23). However, our work shows that Smlt1473, which preferentially degrades polyM, is 
highly efficacious against five mucoid isolates of P. aeruginosa. This result highlights that 
high activity toward both M and G is not always required for efficacy against alginate 
produced by P. aeruginosa. To add, work done by Blanco-Cabra et al. comprehensively 
looks at alginate lyases and compares five different enzymes; however, the study does 
not explore if the lyases are toxic to human cells (23). We have shown that our enzyme 
does not affect the viability of bronchial epithelial cells by testing on the BEAS-2B 
cell line (Fig. S4), which is an important metric for possible future treatment regimens 
using Smlt1473. Overall, our work demonstrates successful inhibition and degradation 
of P. aeruginosa alginate by polysaccharide lyase Smlt1473 over a wide range of clinical 
isolates, which may have utility in removing mucoid biofilm associated with drug-resist­
ant infections. We recognize the opportunity to add to this work and hope to do so in 
the future by exploring the synergism of Smlt1473 treatment with different classes of 
antibiotics to enhance the utility of the enzyme and further contribute to the field.

MATERIALS AND METHODS

Molecular biology

An E. coli codon-optimized nucleotide sequence of Smlt1473 (GenBank accession 
number CAQ45011) was synthesized and cloned into pET-28a(+) using NcoI/XhoI 
restriction sites (GenScript). The coding sequence contains N- and C- terminal hexahisti­
dine tags suitable for our protein purification method via affinity chromatography. The 
plasmid was transformed into E. coli DH5a for DNA isolation and E. coli BL21 for protein 
expression. For site-directed mutagenesis, primers were designed using PrimerX, and 
amino acid substitutions were made using QuikChange II site-directed mutagenesis kit 
(Agilent). All sequences were verified by DNA sequencing (Eurofins).

Protein expression and purification

Smlt1473 cloned into pET-28a(+) was transformed into E. coli BL21 cells. Cells were 
grown in 10 mL of LB with kanamycin (50 μg/mL) overnight at 37°C and shaking 
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at 200 rpm. Cells were harvested by centrifugation at 3,000 g for 10 min and then 
resuspended in 1 mL of fresh LB media. One milliliter of the cell suspension was used 
to inoculate a flask with 250 mL of LB. Flasks were incubated at 37°C shaking until an 
OD600 between 0.6 and 0.8 was reached. Protein expression was induced using 1 mM 
isopropyl β-D-1-thiogalactopyranoside (IPTG), and then, flasks were incubated at 20°C 
shaking for 16–18 h. Cells were harvested by centrifugation at 5,000 g for 15 min, 
the supernatant was discarded, and the cells were resuspended in lysis buffer (50 mM 
Tris-HCl, 100 mM NaCl, 5% vol/vol glycerol) prior to sonication. Thirty milliliters of lysis 
buffer were used for 500 mL of expression culture. Sonication was performed with 20 s 
pulses for 20 min. After sonication, the mixture was clarified by centrifugation at 10,000 
× g for 15 min. The supernatant containing protein was collected, and the insoluble 
fraction was discarded. The supernatant containing protein was purified via immobilized-
metal ion affinity chromatography (IMAC). The column was equilibrated with five column 
volumes of 10 mM imidazole/IMAC solution before adding the 0.2 μm filtered protein-
containing supernatant. The protein was separated using imidazole elutions of 10, 20, 30, 
50, 100, and 250 mM; 100 mM typically yielded the highest concentration of Smlt1473. 
Each fraction was analyzed by SDS-PAGE with Precision Plus protein all-blue molecular 
weight standard (Bio-Rad) used as a molecular weight standard. The fractions with the 
highest purity were then dialyzed in 3.5 L of 20 mM sodium phosphate buffer (pH 8) 
overnight at 4°C with stirring. Protein concentration was determined by using either the 
bicinchoninic acid (BCA) protein assay or by measuring the absorbance at 280 nm and 
determining concentration using a calculated extinction coefficient of 74,495 M−1 cm−1. 
Protein aliquots were stored at −20°C to be used in future experiments.

Enzyme activity assay

To ensure Smlt1473 was functional post-purification, the thiobarbituric acid (TBA) assay, 
with some adaptations, was used (46). Alginate lyases depolymerize alginate via a 
β-elimination mechanism, which results in the formation of a double bond, that is, an 
unsaturated product that ultimately reacts with thiobarbituric acid, leading to a pink 
chromogen with absorbance at 540 nm. Thus, absorbance at 540 nm correlates to 
alginate depolymerization (32, 46).

Briefly, the assay used a 2 mg/mL alginate solution created from purified alginic acid 
(Sigma), 0.025 M periodic acid in 0.125 N sulfuric acid, 2% arsenite in 0.5 N HCl, and 
0.45 µm filtered 0.71% 2-thiobarbituric acid in 0.7 mM NaOH. Due to light sensitivity, 
0.71% TBA solution was stored in a dark container. Fifty microliters of 2 mg/mL alginate 
were added to a 1.5 mL microcentrifuge tube along with 40 μL of the enzyme, mixed, 
and left to incubate for 30 min at room temperature. After incubation, 15 μL of 0.025 
M periodic acid was added and mixed, and the tubes were incubated for an additional 
40 min at room temperature. To terminate the reaction, 30 μL of 2% sodium arsenite was 
added, mixed, and left to incubate for 2 min. For activity detection, 290 μL of 0.71% TBA 
reagent was added to each tube and placed in a heat block at 90°C for 10 min. Following 
incubation, tubes were centrifuged for 2 min, and then, 150 μL was added into a 96-well 
plate to measure absorbance at 540 nm.

Bacterial strains

Five mucoid isolates of P. aeruginosa were used in this study. The clinical isolates used in 
this study (UVA 44618, UVA 61605, UVA 55009, and UVA 84977) are from a collection of 
isolates from the University of Virginia hospital acquired from February 2019 to February 
2020, as described in a publication by Dunphy et al. in 2021 (54). In addition to what was 
included in Table 1, the publication reports bacterial susceptibility profiles, virulence-
linked morphological phenotypes, as well as patient metadata including antimicrobial 
prescription history. Several of these isolates were also sequenced and deeply charac­
terized with computational methods in a recent work published by Islam et al. in 
2024 (55). Susceptibility to antibiotics as well as determination of the virulence-linked 
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morphological phenotypes were performed by the Clinical Microbiology Laboratory at 
UVA. The fifth strain, PDO300, was kindly provided by Dr. Joanna Goldberg at Emory 
University School of Medicine. PDO300 is a defined isogenic derivative of PAO1 that 
was engineered to have the mucA22 allele, allowing it to constitutively overproduce the 
alginate exopolysaccharide (56). From the whole genome sequencing data, there appear 
to be differences in mucA and mucB between UVA 44618, UVA 61605, and UVA 55009. 
These genes are known to be important for the conversion to the mucoid phenotype; 
hence, differences in these genes could account for the variability in alginate production 
among the clinical isolates (57). There are no observed differences in mucC or mucD 
between the clinical isolates that were sequenced.

Mucoid phenotype inhibition assays

Blood agar or LB agar plates were coated with 20 mM sodium phosphate buffer, 0.2 mg 
wild-type (WT) Smlt1473, 0.1 mg WT Smlt1473, 3 μg WT Smlt1473, or 0.1 mg inactive 
mutant Y222F using glass spreaders to distribute the treatment across the entire plate. 
Plates were dried, and P. aeruginosa was streaked using an inoculating loop either from 
liquid culture or frozen stock, depending on the isolate. For liquid culture, 5 mL of LB was 
inoculated using frozen stock and grown at 37°C for 18 h at 150 rpm. Alternatively, an 
inoculating loop was used to scrape P. aeruginosa directly from frozen stock and plated. 
Agar plates were wrapped in parafilm to avoid desiccation and incubated at 37°C for 
24 h. Following incubation, all plate contents were collected using 10 mL of 0.85% NaCl 
and vortexed to ensure a homogenous solution before use in the carbazole assay to 
quantify total uronic acid content (58). OD600 of the suspension was measured undiluted, 
5-fold diluted, 10-fold diluted, and averaged for normalization purposes. Dilutions were 
used where undiluted sample OD600 >0.8.

Uronic acid content was quantified using the carbazole assay based on an established 
protocol to quantify the amount of alginate in each sample in the presence and absence 
of Smlt1473 pre-treatment (58). Alginate is made up of two different uronic acids—
mannuronic and guluronic acid. The carbazole assay (used in this study) is a common 
method to detect uronic acid, which in this case corresponds to alginate content (58–61). 
The sample solution is added to ACS-grade sulfuric acid, which hydrolyzes the polysac­
charides in the mixture to their uronic acid monomer components. Carbazole is then 
added which reacts with the uronic acid monomers to form a pink/purple solution that 
is measured by absorbance at 530 nm, indicating the presence or absence of uronic acid 
(in our case, alginate). It was reported by Wozniak et al. that alginate is not a significant 
component of the EPS matrix for PA14 (34). Therefore, to prove specificity to uronic acid, 
we conducted the carbazole assay with supernatant from nonmucoid P. aeruginosa strain 
PA14 to show that when uronic acids are not present, detection by carbazole assay is 
very minimal (Fig. S3). For the assay, 5 mL of 2 M BO3

−3 was made by dissolving 24.74 g 
H3BO3 in 45 mL of 4 M KOH with heat, and then deionized water was added to a total 
volume of 200 mL. Next, the 2 M BO3

−3 solution was added to ACS grade H2SO4 to 
create a 95% H2SO4 solution; H2SO4 must be ACS grade for the reaction to occur. Finally, 
0.1% carbazole (Alfa Aesar) reagent was made. Alginate standards were created using 
purified alginic acid (Sigma) diluted in 0.85% NaCl to concentrations of 100–1,300 μg/mL 
depending on the amount of alginate produced. For reactions, 3 mL of H2SO4 was added 
to glass tubes on ice, followed by 350 μL of alginate standard or mucoid suspension 
collected from agar plates. The tubes were vortexed to mix, and then, 100 μL of 0.1% 
carbazole was added. The tubes were again vortexed and then incubated in a heat 
block at 55°C for 30 min for reaction product to occur. After incubation, the tubes were 
vortexed, and 200 μL was transferred to a 96-well plate for absorbance measurements at 
530 nm. For analysis, values at 530 nm were used from an averaged standard curve to 
determine uronic acid concentration, that is, alginate for each isolate and treatment. To 
account for differences in growth, the results are reported as uronic acid concentration 
divided by OD600.
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Electron microscopy

P. aeruginosa was grown on agar plates to support mucoid phenotype formation. Agar 
plates were coated with either buffer as a control or 0.1 mg Smlt1473 (similar to in 
Section 2.5). Polycarbonate membrane filters were placed on the agar plate prior to 
streaking the bacteria for ease of transfer to glass slides for imaging, and plates were 
left to incubate for 24 h at 37°C. Prior to bacterial adherence, slides were pre-treated 
with 1 mL 0.1 mg/mL poly-D-lysine and left to incubate for 1 h. Following incubation, 
poly-D-lysine was aspirated, and the slides were washed with PBS and left to dry for 
1 h. For bacterial transfer from agar to slides, 12 mm circle No. two slides (VWR) were 
placed on top of the polycarbonate membranes with bacteria and allowed to adhere for 
30 min. Slides were then transferred to a 12-well plate and left to dry overnight. Two 
milliliters of 2.5% glutaraldehyde were slowly added and left on the slides for 1–2 h, 
followed by a PBS wash. The slides were then stored in 1 mL PBS at 4°C before being sent 
to the United States Department of Agriculture (USDA) for scanning electron microscopy 
(SEM) imaging. The remainder of the preparation for SEM was done at the USDA using 
previously described methods (62). All SEM images were collected using a Quanta 200 
FEG scanning electron microscope.

Secreted alginate degradation assay

P. aeruginosa isolates were streaked on LB agar from frozen stock and incubated at 37°C 
for 24 h. Contents of the agar plate were collected using 10 mL of 0.85% NaCl and 
vortexed thoroughly to ensure a homogenous solution. OD600 was measured undiluted, 
5-fold diluted, 10-fold diluted, and averaged for normalization purposes. Dilutions were 
used where undiluted sample OD600 >0.8. To examine the degradation capability of 
Smlt1473 against alginate secreted by P. aeruginosa, the TBA assay described in Section 
2.3 was used. Plate contents were collected in 3.3 mL of 0.85% NaCl (3× concentrated) 
so that less sample and more enzyme could be used while maintaining the same sample 
mass. Then, 16.7 μL of sample and 73.2 μL of buffer or treatment were used for final 
concentrations of 0.8 mg/mL WT Smlt1473, 0.65 mg/mL WT Smlt1473, 0.02 mg/mLWT 
Smlt1473, and 0.65 mg/mL Y222F. Since secreted fractions containing alginate from 
clinical isolates were used rather than purified alginic acid, we divided absorbance at 
540 nm by OD600 of the initial mucoid suspension to account for differences in bacterial 
growth and alginate production between the trials.

As a control, purified alginic acid (Sigma) was used in the TBA assay as well to 
prove Smlt1473 activity against alginate substrates (Fig. S1). In total, 73.2 μL of buffer or 
enzyme at various concentrations was added to 16.7 μL of 2 mg/mL alginate solution, 
corresponding to a final concentration of 370 μg/mL, which is in the range of alginate 
production for the mucoid P. aeruginosa isolates. The rest of the assay was conducted as 
described in Section 2.3.

Total carbohydrate analysis and determination of alginate composition

First, polysaccharide fractions were isolated from each P. aeruginosa strain. P. aeruginosa 
was grown at 37°C for 24 h on LB agar, and then, plate contents were collected with 
0.85% NaCl. The mixture was centrifuged at 8,300 g and 22°C for 15 min to remove 
the cells. The supernatant was collected and incubated with 75% vol/vol ethanol at 
4°C for 1 h. The formed precipitate was washed 3 times with 100% ethanol and then 
resuspended in 2 mL of buffer (1 mM CaCl2 and 2 mM MgCl2 in 50 mM Tris pH7.5). In 
total, 250 μL of DNase I and 250 μL of RNase A were added to the suspension, which then 
was incubated for 2 h at 37°C. Additionally, 250 μL of Proteinase K was added, and the 
suspension was incubated at 37°C overnight. Finally, the suspension was dialyzed against 
H2O, lyophilized, and sent to the Complex Carbohydrate Research Center (CCRC) at the 
University of Georgia for analysis.

Glycosyl composition analysis was performed by the CCRC using combined 
gas chromatography-mass spectrometry (GC-MS) of the per-O-trimethylsilyl (TMS) 
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derivatives of the monosaccharide methyl glycosides produced from the sample by 
acid methanolysis using a method previously described (63). Prior to GC-MS of the 
TMS derivatives, samples were depolymerized and N-acetylated. Additionally, CCRC 
performed NMR spectroscopy for this study. Prior to spectroscopy analysis, pronase 
digestion and deacetylation were performed on each of the samples to remove protein 
contamination and acetyl groups. NMR data were acquired using standard procedures.

Degree of acetylation

P. aeruginosa isolates were streaked on LB agar from frozen stock and incubated at 
37°C for 24 h. Contents of the agar plate were collected using 10 mL of 0.85% NaCl 
and vortexed thoroughly to ensure a homogenous solution. The carbazole assay to 
determine alginate concentration was conducted as described in Section 2.5 as the 
concentration of acetyl groups would be normalized by the total alginate content.

Alginate acetylation was measured using a method previously described by Hestrin 
(36, 37). In total, 500 μL of mucoid sample was added to 500 μL of alkaline hydroxylamine 
(0.35 M NH2OH, 0.75 M NaOH) and incubated for 10 min. at 25°C. Next, 500 μL of 1 M 
perchloric acid was added, and then, 500 μL of 70 mM perchlorate in 0.5 M perchloric 
acid was added. Absorbance was then measured at 500 nm. A standard curve was 
generated using ethyl acetate where 10 mM acetyls = 192 μL of ethyl acetate in 100 mL 
of H2O (64). The concentration of acetyl groups was determined using the ethyl acetate 
standard curve and then divided by the concentration of alginate present in the sample 
to determine the degree of acetylation.

P. aeruginosa growth curves

For each P. aeruginosa isolate, 5 mL of LB was inoculated using frozen stock and grown at 
37°C for 20 h shaking at 150 rpm. Cultures were diluted to a starting OD600 of 0.01. Two 
conditions were evaluated: Smlt1473 treated and buffer treated. Seventy-five microliters 
of Smlt1473 or buffer was added to 125 μL of diluted culture for a final concentration 
of 0.47 mg/mL Smlt1473 in a total volume of 200 μL. This was the highest achievable 
concentration of Smlt1473 in liquid culture. Growth was monitored at 37°C for 17.5 h 
using the Tecan Infinite 200 PRO.

Statistical analysis

Statistical analyses were performed using RStudio 2021.09.2 + 382 and GraphPad Prism 
Version 9.3.1. Values in all graphs are expressed as mean with standard deviation (SD). 
Comparisons were done using one-way Welch’s ANOVA and Dunnett’s T3 multiple 
comparison post-hoc tests due to unequal variance and sample size, respectively. The 
number of trials for each isolate with its corresponding experiment was dependent upon 
variance in mucoid phenotype production, as this varied among the clinical isolates. 
P-values are provided on the respective data figures in the manuscript.
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