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Abstract  27 

Pseudomonas aeruginosa is a severe threat to immunocompromised patients due to its numerous 28 

virulence factors and biofilm-mediated multidrug resistance. It produces and secretes various toxins 29 

with hydrolytic activities including phospholipases. However, the function of intracellular 30 

phospholipases for bacterial virulence has still not been established. Here, we demonstrate that the 31 

hypothetical gene pa2927 of P. aeruginosa encodes a novel phospholipase B named PaPlaB. At 32 

reaction equilibrium, PaPlaB purified from detergent-solubilized membranes of E. coli released fatty 33 

acids (FAs) from sn-1 and sn-2 positions of phospholipids at the molar ratio of 51:49. PaPlaB in vitro 34 

hydrolyzed P. aeruginosa phospholipids reconstituted in detergent micelles and phospholipids 35 

reconstituted in vesicles. Cellular localization studies indicate that PaPlaB is a cell-bound PLA of P. 36 

aeruginosa and that it is peripherally bound to both membranes in E. coli, yet the active form was 37 

predominantly associated with the cytoplasmic membrane of E. coli. Decreasing the concentration 38 

of purified and detergent-stabilized PaPlaB leads to increased enzymatic activity, and at the same 39 

time triggers oligomer dissociation. We showed that the free FA profile, biofilm amount and 40 

architecture of the wild type and ΔplaB differ. However, it remains to be established how the PLB 41 

activity of PaPlaB is regulated by homooligomerisation and how it relates to the phenotype of the 42 

P. aeruginosa ΔplaB. This novel putative virulence factor contributes to our understanding of 43 

phospholipid degrading enzymes and might provide a target for new therapeutics against P. 44 

aeruginosa biofilms.  45 
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1. Introduction 46 

P. aeruginosa causes severe hospital-associated infections, especially in immunocompromised 47 

hosts, which are complicated to treat due to the increasing antibiotic resistance and the aggressive 48 

nature of this pathogen leading to the fast progression of the infection [1, 2]. In general, the overall 49 

mortality rate determined on a large group of 213,553 patients with P. aeruginosa septicemia was 50 

16 %, going along with the observation that the incidence of sepsis has increased since 2001 [3]. 51 

This clearly illustrates a need for novel treatments to kill the pathogen or, at least, diminish its 52 

virulence. Therefore, the World Health Organization has classified P. aeruginosa, together with 53 

other “ESKAPE” pathogens including Enterobacter faecium, Staphylococcus aureus, Klebsiella 54 

pneumoniae, Acinetobacter baumannii, and Enterobacter spp., in a priority group for research and 55 

development of novel antibiotics. Unfortunately, despite intensive investigations towards 56 

understanding the virulence of P. aeruginosa, many genes encoding putative virulence factors 57 

remain uncharacterized [4]. 58 

In P. aeruginosa, as well as in other bacterial pathogens, phospholipases, hydrolases with 59 

membrane phospholipid-degrading activity, play an important role during infections [5, 6]. They are 60 

classified into several groups depending on which ester bond of a glycerophospholipid (GPL) they 61 

hydrolyze [7]. While phospholipases C (PLC) and D (PLD), respectively, hydrolyze the glycerol-62 

oriented and the head group-oriented phosphodiester bonds of phospholipids, phospholipases A1 63 

(PLA1) and A2 (PLA2) release fatty acids bound at the sn-1 or sn-2 positions, respectively. 64 

Phospholipases B (PLB) cleave sn-1 and sn-2 bonds of GPL with similar specificity. Lysophospholipids, 65 

degradation products of PLA1 and PLA2, are converted by lysophospholipases A (lysoPLA) to a 66 

glycerophosphoalcohol and a fatty acid.  67 

The contribution of bacterial phospholipases to virulence is predominantly related to damaging the 68 

host cells, which mostly enhances the survival and spread of the pathogen in the host [5, 6]. Several 69 
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phospholipases of P. aeruginosa, namely phospholipases A, ExoU [8] and PlaF [9, 10], phospholipase 70 

A EstA [11], phospholipase C PlcH [12], and two phospholipases D, PldA and PldB [13], were 71 

suggested to be virulence factors in that way. The type III secreted ExoU, and type VI secreted PldA 72 

and PldB are directly delivered into eukaryotic cells, where they modulate native host pathways to 73 

facilitate invasion by P. aeruginosa or inflammation [14]. An EstA of P. aeruginosa, which is anchored 74 

to the outer membrane with the catalytic domain protruding into the extracellular medium, was 75 

shown to affects virulence- and resistance-related phenotypes (cell motility and biofilm formation) 76 

[11]. PlcH, one of three secreted PLCs of P. aeruginosa, is considered as a virulence factor because 77 

(i) it exhibits hemolytic activity; (ii) it is produced during clinical infection with P. aeruginosa [15], 78 

and (iii) plcH deletion strain of P. aeruginosa shows attenuated virulence in mouse burn models [16]. 79 

However, despite more than three decades of research on phospholipases, still little is known about 80 

the direct action of P. aeruginosa phospholipases on the bacterial membrane.  81 

On the contrary, one of the best-studied pathogens concerning phospholipases is Legionella 82 

pneumophila, an intracellularly replicating Gram-negative bacterium [17]. Several phospholipases 83 

of L. pneumophila were proposed to have a function for establishing a proper life cycle inside a host. 84 

One of them is the major surface-associated phospholipase PlaB (LpPlaB). LpPlaB is a serine 85 

hydrolase with hemolytic activity and catalytic activity towards common bacterial phospholipids and 86 

lysophospholipids containing glycerol and choline head groups [18, 19]. However, the catalytic 87 

mechanism of LpPlaB, the mechanism of targeting to the outer membrane, structural features 88 

responsible for binding to the membrane, and its effect on the host are unknown. 89 

Here, we expressed, purified, and characterized a homolog of LpPlaB from the human pathogen P. 90 

aeruginosa PA01, which we named PaPlaB. Comprehensive phospholipolytic enzyme activity studies 91 

revealed that PaPlaB is a promiscuous PLB and lysoPLA, which shows strong activity towards 92 

endogenous phospholipids isolated from P. aeruginosa. Furthermore, we demonstrated that a 93 
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P. aeruginosa ΔplaB deletion strain produces less biofilm with a different architecture compared to 94 

the wild-type bacterium. Thus, the PaPlaB is a novel putative virulence factor of P. aeruginosa PA01 95 

belonging to the poorly understood PLB family.  96 

2. Material and methods 97 

2.1 Sequence analysis 98 

Amino acid sequence search and alignment were performed using BLAST and alignment tools 99 

provided by the National Center for Biotechnology Information (www.ncbi.nlm.nih.gov) [20]. The 100 

sequence alignment was visualized using BioEdit software [21]. TMpred server 101 

(https://embnet.vital-it.ch/software/TMPRED_form.html) was used to predict transmembrane 102 

helices with the length between 17 and 33 residues. Putative TM helices have TMpred scores above 103 

500. 104 

2.2 Molecular cloning  105 

The paplaB gene containing the sequence that encodes a C-terminal His6-tag was amplified using 106 

Phusion® DNA polymerase (Thermo Fisher Scientific, Darmstadt, Germany). In the PCR, the genomic 107 

DNA of P. aeruginosa PA01 [22], isolated with the DNeasy blood and tissue kit (QIAGEN, Germany), 108 

was used as the template together with primers paplaB_for and paplaB_rev (Table S1). The pET22-109 

paplaB vector for T7 RNA polymerase-controlled expression of paplaB was constructed by ligation 110 

of the paplaB gene into the pET22b vector (Novagen, Germany) at NdeI and SacI restriction sites, 111 

using T4 DNA ligase (Thermo Fisher Scientific). Site-directed mutagenesis of PaPlaB was performed 112 

by the Quick® Change PCR method using the pET22-paplaB plasmid as a template and 113 

complementary mutagenic oligonucleotide pairs (Table S1) [23]. E. coli DH5α strain [24] was used 114 

for molecular cloning experiments. After electrophoresis, the plasmid DNA and DNA fragments from 115 

the agarose gel (1 % w/v) were isolated with innuPREP Plasmid Mini Kit 2.0 and the innuPREP 116 

http://www.ncbi.nlm.nih.gov/
https://embnet.vital-it.ch/software/TMPRED_form.html
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DOUBLEpure Kit (Analytik Jena, Germany), respectively. Oligonucleotides synthesis and plasmid 117 

DNA sequencing was performed by Eurofins Genomics (Germany). 118 

2.3 Protein expression and purification 119 

For the expression of PaPlaB with a C-terminal His6-tag, E. coli C43(DE3) [25] cells were transformed 120 

with pET22-paplaB plasmid, and the empty pET22b vector was used as a control. Cells were grown 121 

overnight in lysogeny broth (LB) medium [26] supplemented with ampicillin (100 µg/ml) at 37°C with 122 

agitation. Overnight cultures were used to inoculate the expression cultures to an initial OD580nm = 123 

0.05 in LB medium containing ampicillin (100 µg/ml). The cultures were grown at 37°C, and the 124 

expression of paplaB was induced with isopropyl-β-D-thiogalactoside (IPTG, 1 mM) at OD580nm = 125 

0.4 - 0.6 followed by incubation at 37°C for 5 hours. The cells were harvested by centrifugation 126 

(6,000 g, 4°C, 10 min) and stored at -20° C before further analysis. Active site variants of PaPlaB 127 

carrying S79A, D196A, or H244A mutations were expressed the same way as PaPlaB. 128 

Cells producing PaPlaB were suspended in 100 mM Tris-HCl pH 8, disrupted by a French press, and 129 

incubated for 30 min with lysozyme (2 mg/ml) and DNase (0.5 mg/ml). The cell debris and inclusion 130 

bodies were removed by centrifugation (6,000 g, 4°C, 10 min), and the soluble cell lysate was 131 

ultracentrifuged (180,000 g, 4°C, 2 h) to isolate the membrane fraction. Subsequently, the proteins 132 

were extracted from the membranes upon overnight incubation in the solubilization buffer (5 mM 133 

Tris-HCl pH 8, 300 mM NaCl; 50 mM KH2PO4; 20 mM imidazole, Triton X-100 1 % v/v) at 4°C. 134 

Insoluble debris was removed by ultracentrifugation (180,000 g, 4°C, 0.5 h), and the supernatant 135 

containing PaPlaB was used for purification.  136 

Immobilized metal affinity chromatographic purification of PaPlaB was performed [27] using the 137 

ÄKTA Pure instrument (GE Healthcare). The Ni2+-NTA column (4 ml; Macherey-Nagel, Düren) was 138 

equilibrated with ten column volumes of the solubilization buffer before loading the sample. The 139 

column was washed with five column volumes of the washing buffer (5 mM Tris-HCl pH 8, 300 mM 140 
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NaCl, 50 mM KH2PO4, 50 mM imidazole, 0.22 mM DDM) to remove unspecifically bound proteins 141 

followed by the elution of PaPlaB with 100 ml of buffer (5 mM Tris-HCl pH 8, 300 mM NaCl, 50 mM 142 

KH2PO4, 0.22 mM DDM) in which the concentration of imidazole was increased linearly from 50 to 143 

500 mM. The fractions containing pure PaPlaB were transferred into 100 mM Tris-HCl, pH 8 144 

supplemented with 0.22 mM DDM by gel filtration using the PD-10 column (GE Healthcare). Samples 145 

were concentrated using an Amicon®Ultra-4 ultrafiltration device, with a cut-off of 10 kDa (Merck 146 

Millipore). The protein was incubated at 4°C for 1 h with Bio-BeadsTM SM-2 resin (Bio-Rad) 147 

equilibrated with 100 mM Tris-HCl, pH 8 to remove excess detergent.  148 

2.4 In vitro separation of inner and outer membranes 149 

The separation of the inner and outer membranes of E. coli C43(DE3) pET22-paplaB (25 ml LB 150 

medium, 37°C, 5 h after induction) was performed with a continuous sucrose gradient (20 - 70 % 151 

w/v in 100 mM Tris-HCl pH 7.4). The gradients were prepared in SW40-type tubes (Beckman Coulter) 152 

using the Gradient Station (Biocomp Instruments, Canada). Isolated membranes were suspended in 153 

buffer containing 20 % (w/v) sucrose and loaded on the top of the continuous sucrose gradient 154 

followed by ultracentrifugation at 110,000 g for 16 h, 4°C in swinging-bucket rotor SW40 (Beckman 155 

Coulter). Fractions (1 ml) were collected from the top using the Gradient Station equipped with a 156 

TRIAX UV-Vis flow-cell spectrophotometer (Biocomp Instruments, Canada). The sucrose 157 

concentration in collected fractions was determined with a refractometer (OPTEC, Optimal 158 

Technology, Baldock UK).  159 

2.5 Separation of integral and peripheral bound protein 160 

To identify whether PaPlaB is an integrally or peripherally bound protein, membranes were isolated 161 

from E. coli C43(DE3) pET22b-paplaB expression culture (100 ml). The isolated membranes were 162 

suspended in 500 µl of the following buffers: MES buffer as negative control (20 mM, pH 6.5), an 163 

aqueous solution of Na2CO3 (10 mM), urea (4 M) in MES buffer (20 mM, pH 6.5), Triton X-100 (2% 164 
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v/w) in MES buffer (20 mM, pH 6.5). Membranes were incubated at 22 °C for one hour followed by 165 

ultracentrifugation at 20,000 g for 2 h, 4°C in rotor 55.2 Ti (Beckmann Coulter, California, USA).  166 

2.6 SDS-PAGE and immunodetection 167 

The sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was performed 168 

according to the method of Laemmli [28], and the gels were stained with Coomassie Brilliant Blue 169 

G-250. For immunodetection of PaPlaB, the gel was loaded with 10 µl of the cell, soluble and 170 

membrane fractions isolated from the cell suspension with OD580nm = 25. After SDS-PAGE, proteins 171 

were transferred from the gel onto a polyvinylidene difluoride membrane [29] and detected with 172 

the anti-His (C-terminal)-HRP antibody (Thermo Fisher/Invitrogen) according to the manufacturer's 173 

instructions. The concentration of PaPlaB was determined using the UV-VIS spectrophotometer 174 

NanoDrop 2000c (Thermo Fisher Scientific). The extinction coefficient ε = 73.005 M-1 cm-1 was 175 

calculated with the ProtParam tool [30]. 176 

2.7 Enzyme activity assay and inhibition 177 

Esterase activity of PaPlaB was determined in a 96-well microtiter plate (MTP) at 37ºC by combining 178 

10 µl of enzyme sample with 150 µl of the p-nitrophenyl butyrate (p-NPB) substrate [7]. Hydrolytic 179 

activities towards glycerophospholipids (GPLs) and lysoGPLs (Table S2), which were purchased from 180 

Avanti Polar lipids (Alabaster, USA), were determined by quantification of released fatty acids using 181 

NEFA assay kit (Wako Chemicals, Neuss, Germany) [7]. Lipids were dissolved in NEFA buffer (50 mM 182 

Tris, 100 mM NaCl, 1 mM CaCl2, 1 % (v/v) Triton X-100, pH 7.2). Small unilamellar vesicles (SUVs, 3.3 183 

mg/ml) for enzyme assay were prepared using 1,2-dioleoyl-sn-glycero-3-phospho-(1'-rac-glycerol) 184 

(DOPG) and 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE) at molar ratio 75 : 20 as 185 

described previously [31]. The enzymatic reactions were performed by combining 12.5 µl of enzyme 186 

sample with 12.5 µl of a lipid substrate (0.67 mM) at 37ºC for 15 min. The enzymatic reactions with 187 

SUVs made of DOPE:DOPG were performed by combining 100 µl of enzyme sample with 100 µl of 188 
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SUV (3.3 mg/ml) at 37ºC for 4h. Prior incubation of PaPlaB with SUVs detergent was removed by 189 

incubating 500 µl PaPlaB with 20 BioBeads SM-2 (Bio Rad, Munick, Germany) for 30 min at room 190 

temperature. The fatty acid amount was calculated from the calibration curve made with 0.5, 1, 2, 191 

3, 4, and 5 nmol oleic acid.  192 

The inhibition of PaPlaB with PMSF, paraoxon (both were dissolved in propane-2-ol), and EDTA 193 

(dissolved in 100 mM Tris-HCl pH 8) was tested as described previously [9]. Inhibition of PaPlaB was 194 

performed by incubating enzyme aliquots with the inhibitors for 1.5 h at 30ºC, followed by a 195 

determination of the enzymatic activity using the p-NPB substrate.  196 

2.8 Gas chromatography-mass spectrometric (GC-MS) phospholipase B activity assay 197 

FAs were extracted after 1 h incubation (37°C) of purified PaPlaB (2 ml, 4.28 µg/ml) with 1-oleoyl-2-198 

palmitoyl-PC (PC18:1-16:0; 0.5 mM) in 2 ml NEFA buffer. After incubation, 1 ml of NEFA buffer was 199 

added, and FAs were extracted with 12 ml CHCl3 : CH3OH = 2 : 1. The upper chloroform phase was 200 

withdrawn, and FAs were extracted again with 8 ml CHCl3. CHCl3 extracts were combined, and CHCl3 201 

was evaporated. FAs were extracted from cells suspended in 20 ml H2O the same way as described 202 

for FA extraction from the supernatant. 203 

FAs were dissolved in 200 µl CHCl3. The CHCl3 extract was mixed with ten volumes of acetonitrile 204 

and filtered through a 0.2 µm pore size filter. The residues of the PaPlaB extracts were dissolved in 205 

1 ml acetonitrile : methylenchloride = 4 : 1. Before GC-MS analysis, FAs acids in the PaPlaB extracts 206 

and standard solutions were derivatized to trimethylsilylesters. For this purpose, 100 µl of each 207 

sample solution was mixed with 700 µl acetonitrile, 100 µl pyridine and 100 µl N-methyl-N-208 

(trimethylsilyl) trifluoroacetamide and heated to 90°C for 1 h. An acetonitrile solution of FAs mixture 209 

containing 1 mM C10:0, C12:0, C14:0-, C16:0, C18:0 and C18:1 (oleic acid) was diluted to 50, 100, 200 and 210 

400 µM and derivatized in the same manner as above. The GC-MS system consisted of an Agilent 211 

gas chromatograph 7890A and autosampler G4513A (Agilent, CA, USA) coupled to a TOF mass 212 
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spectrometer JMS-T100GCV AccuTOF GCv (Jeol, Tokyo, Japan). Analytes were separated on a 213 

Zebron-5-HT Inferno column (30 m x 0.25 mm i.d., 0.25 µm film thickness, Phenomenex, USA). 214 

Helium was used as carrier gas at a constant gas flow of 1.0 ml/min. The oven temperature program 215 

employed for analysis of silylated fatty acids was as follows: 80°C; 5°C/min to 300°C, held for 1 min. 216 

The injector temperature was held at 300°C, and all injections (1 µl) were made in the split mode 217 

(1:10). The mass spectrometer was used in the electron impact (EI) mode at an ionizing voltage of 218 

70 V and an ionizing current of 300 µA. Analytes were scanned over the range m/z 50 - 750 with a 219 

spectrum recording interval of 0.4 s. The GC interface and ion chamber temperature were both kept 220 

at 250°C. After the conversion of the raw data files to the cdf-file format, data processing was 221 

performed by the use of the software XCalibur 2.0.7 (ThermoFisher Scientific). Fatty acids from the 222 

PaPlaB sample were identified by comparison of their retention times and mass spectra with those 223 

of fatty acid standards.  224 

2.9 Gas chromatography-mass spectrometric (GC-MS) analysis of FAs extracted from cells 225 

Cells from P. aeruginosa PA01 and ΔplaB overnight cultures (37  C̊, 25 ml LB medium, agitation) were 226 

harvested (10 min, 2790×g, room temperature) and the supernatant was filtered through a filter 227 

with 0.2 µm pore size to remove residual cells. FAs were extracted from supernatant (20 ml) with 228 

CHCl3 : CH3OH = 2 : 1 (60 ml). The upper chloroform phase was withdrawn, and FAs were extracted 229 

again with 40 ml CHCl3. Chloroform extracts were combined and chloroform was evaporated. FAs 230 

were extracted from cells suspended in 20 ml H2O as described for supernatant.  231 

FAs were transferred to 15 ml Falcon tubes by dissolving in 500 µL CH2Cl2 twice. After evaporation 232 

to dryness, the remaining fatty acids were derivatized to methyl esters according to Funada et al. 233 

with modifications.[32] Briefly, the residues were dissolved in 1 ml sulfuric acid (1 M) in methanol 234 

and incubated in an ultrasonic bath for 30 min. The fatty acid methyl esters (FAMEs) were extracted 235 

after the addition of 3.3 ml H2O and 1.7 ml hexane by vigorous shaking for 1 min. The upper organic 236 
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phase was withdrawn and dried over sodium carbonate. An aliquote was directly used for GC-MS 237 

analysis. A methanol solution of FAs containing 1 mM of C10:0, C12:0, C14:0, C16:0, C18:0, C17:0 (cyc (9,10)), 238 

C18:1 (cis-Δ9) and C18:1 (trans-Δ11) was diluted to 50, 100, 200 and 400 µM and derivatized the same 239 

as described above. The Agilent GC-MS system consisted of a gas chromatograph 7890A and an 240 

autosampler G4513A coupled to a quadrupole mass spectrometer MS G3172A (Agilent, CA, USA). 241 

Analytes were separated on a SGETM BPX70 column (30 m x 0.32 mm i.d., 0.25 µm film thickness, 242 

Thermo Fisher Scientific, USA). Helium was used as carrier gas at a constant gas flow of 1.5 ml/min. 243 

The oven temperature program employed for analysis of FAMEs was as follows: 120°C; 20°C/min to 244 

160°C; 3°C/min to 200°C; 20°C to 220°C, held for 8.7 min. The injector temperature was held at 245 

250°C, and all injections (1 µl) were made in the split mode (1:10). The mass spectrometer was used 246 

in the electron impact (EI) mode at an ionizing voltage of 70 eV. Analytes were scanned over the 247 

range m/z 50 - 400 with a spectrum recording interval of 4 scans/sec. The GC interface temperature 248 

was held at 250°C. The MS source and quadrupole temperatures were kept at 280°C and 150°C, 249 

respectively. Data processing was performed by use of the software ChemStation E.02.02.1431 250 

(Agilent, CA, USA). Fatty acids from PlaB samples were identified by comparison of their retention 251 

times and mass spectra with those of fatty acid standards and published data. [33-35] Quantification 252 

of FAMEs C16:0 (1), C17:0 cyc(9,10) (4), C18:0 (5) and C18:1 trans-11 (6) (Fig. 1) were performed by 253 

external calibration with the corresponding reference compounds. C18:1 cis-11 (7) was quantified 254 

by use of the calibration curve of oleic acid (C18:1 cis-9) justified by the almost congruent 255 

calibration curves of elaidic acid (C18:1 trans-9) and C18:1 trans-11. 256 

2.10 Thermal stability analysis 257 

Differential scanning fluorimetric analysis of PaPlaB thermal stability was performed using the 258 

Prometheus NT.48 nanoDSF instrument (NanoTemper Technologies, Germany) [36]. The 259 

Prometheus NT.Plex nanoDSF Grade Standard Capillary Chip containing 10 µl PaPlaB sample per 260 
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capillary was heated from 20°C to 90°C at the rate of 0.1°C/min, and the intrinsic fluorescence at 261 

wavelengths of 330 nm and 350 nm was measured. The first derivative of the ratio of fluorescence 262 

intensities at 350 nm and 330 nm as a function of temperature was used to visualize the denaturing 263 

transition and determine the “melting” temperature. Enzyme activity-based thermal stability 264 

experiments were performed by measuring the residual esterase activity of a PaPlaB sample 265 

incubated 1 h at temperatures from 30°C to 70°C [37]. After the incubation, the enzymatic assay 266 

was performed as described above using the p-NPB substrate, and the inactivation temperature was 267 

determined.  268 

2.11 Multi-angle and dynamic light scattering  269 

Superdex 200 Increase 10/300 GL column (GE Healthcare) was equilibrated overnight at a flow rate 270 

of 0.6 ml/min with 100 mM Tris pH 8 containing 0.22 mM DDM. For each multi-angle light scattering 271 

(MALS) analysis 200 µl PaPlaB at concentrations of 1, 0.5 and 0.1 mg/ml were loaded to the column 272 

at the flow rate of 0.6 ml/min using 1260 binary pump (Agilent Technologies), and the scattered 273 

light (miniDAWN TREOS II light scatterer, Wyatt Technologies) and the refractive index (Optilab T-274 

rEX refractometer, Wyatt Technologies) were measured. Data analysis was performed with the 275 

software ASTRA 7.1.2.5 (Wyatt Technologies) under the assumption that dn/dc of DDM is 0.1435 276 

ml/g and the extinction coefficient of PaPlaB is 1.450 ml/(mg*cm) [38]. 277 

Mean diameters of SUVs were determined using SpectroSize 300 dynamic light scattering (DLS) 278 

device (Fa. Xtal Concepts, Hamburg). The measurements (25 times, each 20 s) were performed using 279 

a 15 µl sample at 20̊C. The viscosity of water of 1.006 cP was used for calculations. 280 

2.12 Size-exclusion chromatography 281 

Size-exclusion chromatographic (SEC) analysis of PaPlaB in Tris-HCl (100 mM, pH 8, 0.22 mM DDM) 282 

buffer was performed using Biosep-SEC-S3000 column (Phenomenex, Aschaffenburg, Germany), LC-283 

10Ai isocratic pump (Shimadzu, Duisburg, Germany), and SPD-M20A photodiode array detector 284 
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(Shimadzu, Duisburg, Germany). The molecular weight (Mw) of standard proteins dissolved in the 285 

same buffer as PaPlaB was determined (Table S3). For the analysis, 100 µl of PaPlaB or protein 286 

standard sample was loaded on the column, and separation was achieved at a flow rate of 0.5 287 

ml/min and 26ºC. 288 

2.13 Fluorescence imaging of biofilm in flow chambers 289 

P. aeruginosa PAO1 and ΔplaB biofilms were grown on a microscope cover glass (24 mm x 50 mm, 290 

thickness 0.17 mm, Carl Roth GmbH & Co. KG, Karlsruhe, Germany), which was fixed with PRESIDENT 291 

The Original light body silicon (Coltène/Whaledent AG, Altstätten, Switzerland) on the upper side of 292 

the three-channel flow chambers [39]. The flow chambers and tubes (standard tubing, ID 0.8 mm, 293 

1/16” and Tygon Standard R-3607, ID 1.02 mm; Cole-Parmer GmbH, Wertheim, Germany) were 294 

sterilized by flushing with sterile chlorine dioxide spray (Crystel TITANIUM, Tristel Solutions Ltd., 295 

Snailwell, Cambridgeshire, United Kingdom). Afterward, the flow chambers were filled with 1 % (v/v) 296 

sodium hypochlorite, and the tubes were autoclaved. All biofilm experiments were performed at 297 

37°C with a ten-fold diluted LB medium. Before inoculation, the flow chamber was flushed with 1:10 298 

diluted LB medium for 30 minutes with a flow rate of 100 µl/min using the IPC12 High Precision 299 

Multichannel Dispenser (Cole-Parmer GmbH, Wertheim, Germany). For inoculation, an overnight 300 

culture of P. aeruginosa PAO1 or ΔplaB was adjusted to an OD580nm of 0.5 in 1:10 diluted LB medium. 301 

The diluted culture (300 µl) was inoculated in each channel. After the interruption of medium supply 302 

for 1 h, the flow (50 µl/min) was resumed, and the biofilm structure was analyzed after 24, 72, and 303 

144 h grown at 37°C. For visualization, the cells were stained with propidium iodide and SYTO 9 dyes 304 

using the LIVE/DEAD™ BacLight™ Bacterial Viability Kit (Thermo Fisher Scientific). Imaging of biofilm 305 

was performed using the confocal laser scanning microscope (CLSM) Axio Observer.Z1/7 LSM 800 306 

with Airyscan (Carl Zeiss Microscopy GmbH, Germany) with the objective C-Apochromat 63x/1.20W 307 

Korr UV VisIR. The microscope settings for the different fluorescent dyes are shown in Table S4. The 308 



14 
 

CLSM images and three-dimensional reconstructions were analysed with the ZEN software (version 309 

2.3, Carl Zeiss Microscopy GmbH, Germany). Experiments were repeated two times, each with one 310 

biological replicate that was analyzed at three different points by imaging a section of 100 x 100 µm. 311 

2.14 Construction of P. aeruginosa ΔplaB strain 312 

The P. aeruginosa ΔplaB mutant strain was generated by homologous recombination [40]. In short, 313 

P. aeruginosa PAO1 cells were conjugated with the pEMG-ΔplaB mutagenesis vector containing the 314 

814 bp fragment of the upstream region of paplaB, followed by a gentamicin resistance gene and 315 

the 584 bp downstream region of paplaB. For that, E. coli S17-1 ʎpir transformed with the pEMG-316 

ΔplaB plasmid was used as a donor strain. Pseudomonas cells with pEMG-ΔplaB plasmid integrated 317 

on the chromosome were selected on LB-agar plates containing gentamicin (30 µg/ml), kanamycin 318 

(300 µg/ml; a kanamycin resistance gene is encoded on pEMG plasmid) and irgasan (25 µg/ml; used 319 

for negative selection of E. coli). Cells transformed with the plasmid pSW-2 containing the I-SceI 320 

restriction endonuclease were cultivated on LB agar plates containing benzoic acid (2mM; for 321 

induction of I-SceI expression) and irgasan (25 µg/ml). The deletion of the paplaB gene was 322 

confirmed by PCR amplification using the genomic DNA of P. aeruginosa ΔplaB as the template (Fig. 323 

S1).  324 

2.15 Crystal violet biofilm assay  325 

P. aeruginosa wild-type and ΔplaB cultures incubated in LB medium overnight at 37°C in Erlenmeyer 326 

flasks (agitation at 150 rpm) were used to inoculate 100 µl culture with OD580nm 0.1 in plastic 96-327 

well MTP. Cultures were grown at 37°C without agitation, and the cells attached to the surface of 328 

MTP after removing the planktonic cells were stained with 0.1 % (w/v) crystal violet solution for 15 329 

min, solubilized with acetic acid (30 % v/v) and quantified spectrophotometrically [41].   330 
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3. Results 331 

3.1 Expression of paplaB in E. coli yields a membrane-bound phospholipase A 332 

P. aeruginosa gene pa2927 encodes a 49.5 kDa protein that shows moderate sequence similarity 333 

(39 %) to LpPlaB (Fig. S2), a major cell-associated PLA of L. pneumophila [18, 19, 42-46]. We named 334 

the P. aeruginosa homolog PaPlaB and set out to experimentally test its sequence-based predicted 335 

PLA function. To achieve this, we constructed the PaPlaB expression vector (pET22-paplaB) suitable 336 

for heterologous expression in E. coli strains containing the T7 RNA polymerase gene. PaplaB gene 337 

in pET22-paplaB plasmid was modified by including a sequence coding for six histidine residues at 338 

the 3’ end to enable purification of the protein using immobilized metal affinity chromatography 339 

(IMAC). The protein expression was conducted in E. coli C43(DE3) cells. SDS-PAGE (Fig. S3) and 340 

Western blot (Fig. 1) analyses of cells sampled during the first 5 h after induction revealed the 341 

expression of a protein with an estimated molecular weight (Mw) of ~50 kDa, which agrees with the 342 

theoretical Mw of PaPlaB (49.5 kDa). The expression of PaPlaB variants with mutated putative 343 

catalytic triad residues S79, D196, and H244 also yielded ~50 kDa proteins as shown by SDS-PAGE 344 

(Fig. S4a) and Western blot (Fig. S4b) analyses. Esterase activity assay with the cell lysates revealed 345 

that the wild-type PaPlaB was active, but all three variants were inactive (Fig S4c). Hence, their 346 

activities were comparable to the activity of the empty vector control. 347 

Considering the membrane localization of the PaPlaB homolog from L. pneumophila [19], we 348 

suspected the same localization of PaPlaB. This was confirmed by Western blot detection of PaPlaB 349 

only in the membrane fraction of E. coli C43(DE3) pET22-paplaB sedimented upon 350 

ultracentrifugation, but no PaPlaB was detected in the soluble fraction containing periplasmic and 351 

cytoplasmic proteins (Fig. 1). Furthermore, we incubated membranes containing PaPlaB with buffer 352 

containing urea, sodium carbonate, or Triton X-100 to test if PaPlaB is a peripheral or integral 353 

membrane protein. Results reveal that PaPlaB was only partially washed from the membrane with 354 
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sodium carbonate and urea (Fig. S5). As PaPlaB has no predicted transmembrane helix (Table S5) or 355 

β-barrel to permanently attach it to the membrane, it is likely a peripheral membrane-bound 356 

protein.  357 

We next investigated whether PaPlaB is associated with the inner or outer membranes of E. coli by 358 

separating these two membranes using ultracentrifugation in a sucrose density gradient. Analysis 359 

of UV absorbance (A280nm) through the gradient after the centrifugation suggested an efficient 360 

separation of inner and outer membranes, which we assigned to be fractions 5-7 (inner membranes) 361 

and fractions 10-11 (outer membranes) (Fig. 2a). The refractometric measurement showed that the 362 

sucrose concentration in fractions 5 and 11 was 45 and 67 % (w/v), respectively, which agrees with 363 

the literature [47]. We confirmed that fractions 10-11 contain the outer membrane proteins by 364 

immunodetection of the outer membrane protein TolC from E. coli, whereas the inner membrane 365 

protein SecY was predominantly found in fractions 5-7 (Fig. 2b). Immunodetection of PaPlaB 366 

revealed a weak PaPlaB signal in fractions 5-7 and a strong signal in fractions 10-11 (Fig. 2b). 367 

However, the highest esterase activity was detected for fraction 5, while the enzymatic activity of 368 

the PaPlaB-enriched fraction 11 was negligibly higher than the activity of the empty vector control 369 

(Fig. 2c). 370 

For protein isolation, we used Triton X-100 detergent to extract of PaPlaB from the membranes. 371 

While mild, non-ionic detergent DDM was added to the buffers used for IMAC purification to 372 

maintain the soluble state of PaPlaB. Elution of PaPlaB from Ni2+-NTA column with buffer containing 373 

an increasing imidazole concentration resulted in highly pure PaPlaB as judged from SDS-PAGE (Fig. 374 

3). The established protocol yielded ~0.25 mg of PaPlaB per one liter of overexpression culture. 375 

Purified PaPlaB showed specific esterase (p-NPB substrate) and phospholipase A (1,2-dilauroyl 376 

phosphatidylcholine substrate) activities of 3.41 ± 0.1 and 6.74 ± 0.8 U/mg, respectively.  377 
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As ethylenediaminetetraacetic acid (EDTA), an inhibitor of metal-dependent enzymes, did not exert 378 

an inhibitory effect on PaPlaB (Fig. S6), we concluded that PaPlaB belongs to the metal ion-379 

independent type of PLAs [48]. We furthermore examined inhibition of PaPlaB activity with two 380 

irreversible inhibitors, paraoxon and phenylmethylsulfonyl fluoride (PMSF) [49]. Under the 381 

conditions used, the activity of the paraoxon-treated PaPlaB was abolished (Fig. S6). Paraoxon 382 

covalently modifies the catalytic serine residue in the serine-hydrolase enzyme family [50]; 383 

therefore, we concluded that PaPlaB contains a nucleophilic serine in its active site, which is in 384 

agreement with the sequence-based prediction of a Ser-His-Asp catalytic triad (Fig. S2) and 385 

mutational studies (Fig. S4).  386 

3.2 PaPlaB shows promiscuous PLB and lysoPLA activities 387 

Using an esterase activity assay, we observed that PaPlaB retained 100 % of its activity after 388 

incubation for 1 h at temperatures up to 42.5ºC (Fig. S7). The thermal stability of PaPlaB was 389 

confirmed by monitoring its thermal unfolding via changes in the intrinsic fluorescence. The 390 

unfolding profile of PaPlaB revealed the transition temperature of ~53°C (Fig. S7). Therefore, a 391 

temperature of 37ºC, relevant to bacterial infections, was used for in vitro activity assays. We next 392 

examined the PLA activity of PaPlaB using a spectrum of glycerophospholipids (GPLs) naturally 393 

occurring in cell membranes. We showed that PaPlaB is a promiscuous PLA, using GPL substrates 394 

with various head groups (ethanolamine, glycerol, and choline) (Fig. 4a) and different fatty acid 395 

chain lengths (C6 – C18) (Fig. 4b). It released fatty acids from all tested substrates with specific 396 

activities ranging from 2 U/mg to 8 U/mg, with 1,2-dimyristoyl-phosphatidylethanolamine (PE14:0) 397 

being the best substrate. We then analyzed whether PaPlaB hydrolyses GPLs containing one fatty 398 

acid linked to the sn-1 position, called lysoglycerophospholipids (lysoGPLs). Experiments using 399 

lysoGPLs with various head groups (ethanolamine, glycerol, and choline) showed that all three lipid 400 

types were accepted as substrates by PaPlaB (Fig. 4c). Notably, the lysoPLA activity of PaPlaB is 401 
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generally lower (2 – 2.5 U/mg) than its PLA activity toward the respective GPLs (Fig. 4c). To analyze 402 

whether PaPlaB shows specificity for hydrolysis of fatty acids bound to sn-1 or sn-2 in GPLs, we 403 

tested if PaPlaB hydrolyzes the natural phospholipid 1-oleoyl-2-palmitoyl-PC (PC18:1-16:0), which 404 

contains different fatty acids bound to glycerol. Spectrophotometric quantification of the total fatty 405 

acid amount after incubation of PaPlaB with PC18:1-16:0 showed a PaPlaB activity of 3.7 ± 0.6 U/mg. 406 

To identify which fatty acids were released, PaPlaB-treated PC18:1-16:0 samples were analyzed by GC-407 

MS. The results of GC-MS quantification revealed 1.6 ± 0.2 µmol and 1.7 ± 0.1 µmol for palmitic and 408 

oleic acid, respectively (Fig. 4d). This result confirmed that PaPlaB hydrolyzes both ester bonds in 409 

PC18:1-16:0 substrate with a similar efficiency, which classifies it into the phospholipase B (PLB) family.  410 

Next, we tested whether PaPlaB can hydrolyze GPLs reconstituted in SUVs in which GPLs organized 411 

in the lipid bilayer resembling the cell membrane. Incubation of PaPlaB with SUVs made of the 412 

mixture of DOPE and DOPG resulted in the release of fatty acids from the GPLs (Fig. 4e) while SUVs 413 

remained intact as confirmed by DLS analysis (Figs. 4e and S8). Hence, to prevent disruption of SUVs 414 

by detergent during the assay, PaPlaB was diluted 10-fold with Tris-HCl (100 mM, pH 8) and 415 

detergent was removed by incubation with a nonpolar polystyrene adsorbent. As expected, 416 

incubation of SUVs made of DOPG and DOPE with Triton X-100 lead to disruption of SUVs indicated 417 

by strong decrease of the average radius determined by DLS (Fig. S8). Conclusively, PaPlaB 418 

hydrolyses GPLs from bilayer at a low rate, therefore, no disruption of SUVs was observed. 419 

3.3 PaPlaB oligomerizes in solution 420 

Reversible formation of dimeric and tetrameric LpPlaB was observed at protein concentrations 421 

ranging from ~0.01 to 1 mg/ml. Therefore, we assessed whether purified and DDM-stabilized PaPlaB 422 

oligomerizes in solution. Size-exclusion chromatography (SEC) analysis of PaPlaB at 0.1, 0.5, and 1.0 423 

mg/ml revealed the presence of several oligomeric PaPlaB species. Protein species of ~45 kDa, and 424 

~360 kDa, as judged through comparison with standard globular proteins of known molecular 425 
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weights, were observed for all tested PaPlaB concentrations (Fig. 5a). According to the theoretical 426 

Mw of PaPlaB of 49.5 kDa, we can interpret the small-Mw species as monomeric while the exact 427 

oligomerization state of high-Mw species cannot be reliably assessed due to detergent bound to 428 

PaPlaB and the likely nonglobular shape.  429 

Notably, at low PaPlaB concentration (0.1 mg/ml), the amount of the estimated monomeric PaPlaB 430 

is much larger than the amount of the large-Mw oligomers. By raising the PaPlaB concentration to 431 

0.5 and 1 mg/ml, the equilibrium shifts towards large-Mw oligomers, and small-Mw species are 432 

depleted. Detection of several intermediate molecular weight species indicates a stepwise and 433 

spontaneous oligomerization of PaPlaB. Determination of absolute Mw of protein:detergent 434 

complexes by SEC analysis is prone to errors. Therefore, we determined the absolute Mw of DDM-435 

stabilized PaPlaB using multi-angle light scattering coupled to SEC (MALS-SEC). The absolute Mw that 436 

was determined at a concentration of 1 mg/ml revealed a distribution starting at ~380 kDa (likely 437 

heptamer), which was continuously decreasing to ~50 kDa (monomer) (Fig. 5b). For the PaPlaB 438 

sample with 0.1 mg/ml, a very broad MALS signal in the range expected for proteins with Mw ~50 439 

kDa was observed (Fig. S9). Similar to SEC experiments, MALS-SEC results showed that the 440 

equilibrium of PaPlaB oligomers depends on the protein concentration. 441 

3.4 PaPlaB is a major cell-associated PLB of P. aeruginosa with hydrolytic activity towards 442 

endogenous phospholipids 443 

To study the in vivo PLB function of PaPlaB in the homologous host, we constructed a P. aeruginosa 444 

deletion mutant ΔplaB, which is missing the entire plaB gene (Fig. S1). The activity assay showed a 445 

60 % reduction of cell-associated PLA activity in P. aeruginosa ΔplaB compared with P. aeruginosa 446 

wild-type (Fig. 6a). PLA activity of proteins secreted into the medium was not significantly different 447 

between these two strains (Fig. 6a), indicating that PaPlaB is a cell-associated and not secreted PLA 448 

of P. aeruginosa. PLA activity of PaPlaB demonstrated in vitro and the membrane localization of the 449 
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enzyme provide a hint that PaPlaB function might be related to the hydrolysis of cell membrane 450 

GPLs. To test this, we have isolated phospholipids (PLs) from the P. aeruginosa wild-type cells by 451 

extraction with an organic solvent. These PL extracts were used at 3.3 mg/ml and 0.46 mg/ml as 452 

substrates for in vitro PLA assay with purified PaPlaB at 450, 45, 4.5 and 0.45 ng/ml.  453 

Results showed that PaPlaB hydrolyzes endogenous PLs with high efficiency (Fig. 6b). Hence, assays 454 

with 3.3 mg/ml endogenous PLs showed comparable activities to those measured with PC12:0, which 455 

was among the best PaPlaB substrates. PaPlaB activity with endogenous PLs was higher at higher 456 

substrate concentrations, as expected for enzyme-catalyzed reactions. We furthermore observed 457 

that specific PaPlaB activities immensely increase by diluting the PaPlaB samples. Consequently, 2 458 

and > 1100 U/mg activities were respectively measured with 450 and 0.45 ng/ml enzyme and 3.3 459 

mg/ml endogenous PLs. We confirmed dilution triggered activation of PaPlaB in the assays 460 

performed with 0.46 mg/ml endogenous PLs or PC12:0 (Fig 6b).  461 

To analyze if PaPlaB releases FA in vivo, we have quantified the intracellular and extracellular FAs in 462 

P. aeruginosa wild-type and ΔplaB cells from the stationary growth phase. GC-MS analysis of FA 463 

extracted from cells and cell-free supernatant revealed eight compounds that could be assigned to 464 

the following FAs: C16:0, C16:1 cis-7, C16:1 cis-9, C17:0 cyc(9,10), C18:0, C18:1 trans-11, C18:1 cis-11, C19:0 465 

cyc(9,10) (Fig. S10a). The structures of these FAs, previously identified in P. aeruginosa [51], were 466 

confirmed by mass spectrometry (Figs. S10b-h), and their quantification was achieved by calibration 467 

with respective FA standards. This revealed C18:0 being significantly (p = 0.02) accumulated in the 468 

supernatant of the wild-type compared to ΔplaB, although its concentration was not significantly 469 

different within the cells (Fig. 6c). Among the other identified FAs only C17:0 cyc(9,10) was 470 

significantly affected, showing accumulation in the cells of ΔplaB (Fig. 6c).  471 
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3.5 PaPlaB affects the amount of produced biofilm and its architecture 472 

To investigate whether PaPlaB affects the formation, maturation, and dispersion of biofilm, we have 473 

performed long-time studies (8 – 216 h) of biofilm formation in microtiter plates (MTP) under static 474 

conditions (crystal violet assay) and in the chamber with a continuous supply of the nutrients under 475 

dynamic conditions (confocal laser scanning microscopic (CLSM) analysis). P. aeruginosa ∆plaB 476 

produces significantly less biofilm under static conditions than the wild-type strain after 8, 24, 48, 477 

and 72 h of growth, indicating that PaPlaB plays a role in the initial attachment and maturation [52, 478 

53] of P. aeruginosa biofilm (Fig. 7a). Under these conditions, the biofilm amount in P. aeruginosa 479 

∆plaB and wild-type cultures grown for 6 and 9 days showed no significant difference, indicating 480 

that PaPlaB likely does not have a function for biofilm dispersion. Based on these results, we 481 

examined the biofilm assembly of 24, 72, and 144 h-old biofilms by using CLSM [54]. Large 482 

differences between the P. aeruginosa ∆plaB and WT were observed (Figs. 7b and S11). After 72 h, 483 

the wild-type strain forms larger aggregates in contrast to small-sized aggregates observed for the 484 

∆plaB strain. The lower density of 72 h-old biofilms found by CLSM correlates with less biofilm 485 

quantified by the crystal violet assay after 72 h of growth. Interestingly, although the crystal violet 486 

assay did not reveal significant differences after six days of growth, the CLSM showed differences. 487 

Hence, the wild-type nearly homogeneously and densely covered the surface of the flow-cell 488 

coverslip after 144 h, whereas the ∆plaB strain showed less dense coverage indicating impaired 489 

maturation [52, 53].  490 

 491 

4. Discussion 492 

Here, we identified P. aeruginosa PA01 gene pa2927, which encodes a novel PLB (PaPlaB) with a 493 

function in biofilm assembly. This enzyme shows moderate global sequence homology (Fig. S2) with 494 

a known virulence-related outer membrane PLA (LpPlaB) of L. pneumophila [18, 19, 43, 44]. The 495 
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sequence-based prediction of PLA and lyso-PLA activities of PaPlaB was experimentally confirmed 496 

(Fig. 4). Although PaPlaB and LpPlaB have similar biochemical functions, their substrate specificities 497 

differ, e.g., PaPlaB shows comparable PLA activities with PG and PC substrates (Fig. 4a), while LpPlaB 498 

hydrolyses PG two times faster than PC [18, 19]. Furthermore, a sequence alignment of LpPlaB and 499 

PaPlaB revealed strongly conserved catalytic triad residues (Ser79, His244, Asp196 in PaPlaB) (Fig 500 

S2) the mutation of which resulted in the loss of PLB activity of these PaPlaB variants (Fig. S4). 501 

We next studied whether PaPlaB is localized within the cell or extracellular protein, as the 502 

physiological function of bacterial PLAs and PLBs differ substantially with regard to the cell 503 

localization [6, 55]. Extracellular PLA/Bs are toxins involved in host cell membrane disruption [56] 504 

or modulation of host cell pathways through the release of bioactive compounds [6]. On the other 505 

hand, the function of cell-bound PLA/Bs in bacteria is still not clearly established, although we 506 

recently discovered a novel cytoplasmic membrane-bound PLA1 PlaF from P. aeruginosa, for which 507 

its activity in the remodelling of membrane GPLs is suggested as a virulence mechanism [9, 10]. 508 

Interestingly, the function of membrane-bound PLAs for the regulation of the fatty acyl chain 509 

composition in GPLs through a deacylation-reacylation pathway called Lands' cycle was described 510 

in yeast [57] and other eukaryotes [58].  511 

Using P. aeruginosa ΔplaB, we observed a ~60 % reduction of a cell-associated PLA activity 512 

compared to the wild type, whereas extracellular PLA activities did not significantly differ (Fig. 6a). 513 

These results suggest that PaPlaB is the main cell-bound PLA of P. aeruginosa. The observed 514 

membrane-bound localization of catalytically active PaPlaB recombinantly produced in E. coli (Fig. 515 

1) is in agreement with this result, although a large portion was accumulated in catalytically inactive 516 

aggregates. Furthermore, activity assays and Western blot analysis of sucrose density gradient-517 

fractionated membranes isolated from fragmented E. coli cells overexpressing PaPlaB indicated dual 518 

membrane localization of PaPlaB (Fig. 2). The absence of a Western blot signal of PaPlaB in the 519 
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soluble fraction isolated from E. coli cells expressing paplaB may be explained by a low 520 

concentration of PaPlaB in the cytoplasm or periplasm, which is not surprising for a hydrophobic 521 

protein. Interestingly, only the cytoplasmic membrane fraction showed PaPlaB activity, whereas the 522 

activity of the outer membrane fraction was comparable to the activity of the negative control 523 

strain. The function of PaPlaB may differ in different cellular compartments as described for several, 524 

so-called, moonlighting enzymes that catalyze different physiologically relevant reactions in 525 

different cellular locations [59].   526 

The cellular localization of PaPlaB only partially agrees with the suggested outer-membrane 527 

localization of LpPlaB, [43] because LpPlaB showed the highest PLA activity in the outer membrane 528 

Momp protein-enriched fractions of L. pneumophila. However, it also showed substantial activity 529 

(~70 % of outer membrane activity) in the fractions containing inner membranes [43]. The drawback 530 

of this fractionation method is the difficulty to exactly separate outer from inner membranes, which 531 

was repeatedly described [43, 60, 61]. Keeping in mind that LpPlaB and PaPlaB do not have predicted 532 

TM helix or β-barrel-like structures, which were recognized in all hitherto known integral membrane 533 

proteins [62, 63], it is likely that these hydrophobic proteins are peripherally associated with one or 534 

both membranes. In line with this suggestion is our observation that urea and sodium carbonate 535 

destabilized the interaction of PaPlaB with the membrane, as it was shown for other peripheral 536 

membrane proteins [64]. These findings strengthen our hypothesis that PaPlaB is a peripheral 537 

membrane protein. Interestingly, in PaPlaB and LpPlaB, [43] no recognizable signature for their 538 

secretion across the membrane was found; therefore, it remains unknown how these proteins are 539 

targeted across the inner membrane and to the outer membrane. 540 

Additionally, LpPlaB and PaPlaB are similar in that they homooligomerize at high concentrations, 541 

which is accompanied by a decrease in their enzyme activity (Fig. 6b) [44]. Using the SEC method, 542 

we observed the equilibrium of PaPlaB monomers and several oligomeric species with Mw of up to 543 
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~360 kDa at concentrations 0.1, 0.5, and 1.0 mg/ml. Since the shape, which presumably deviates 544 

from a sphere, and bound DDM molecules make it difficult to precisely determinate oligomeric state 545 

by SEC, we determined an absolute Mw of PaPlaB by the MALS method. MALS analyses confirmed 546 

PaPlaB monomers and the formation of various oligomers of up to ~380 kDa (Fig. 5). The observation 547 

that PaPlaB:DDM species of Mw between ~45 and ~380 kDa were simultaneously present in the 548 

same sample suggests a stepwise oligomerization of PaPlaB in solution.  549 

SEC and MALS results revealed that increasing the PaPlaB concentration enriches higher oligomeric 550 

species. This is similar to LpPlaB, for which only homotetramers were identified at a concentration 551 

of ≥ 0.3 mg/ml but a mixture of tetramers and dimers at a concentration ≤ 0.05 mg/ml by analytical 552 

ultracentrifugation [44]. Furthermore, the oligomerization at higher protein concentrations was 553 

accompanied by several hundredfolds decrease in activities of PaPlaB and LpPlaB (Fig. 6b) [44], 554 

which was suggested as a mechanism of protecting the host from uncontrolled degradation of the 555 

own membranes [44]. The oligomerization of PaPlaB could open up possibilities for binding different 556 

ligands and protein partners in different cellular compartments, thereby regulating its function. This 557 

has been suggested for P. aeruginosa phospholipase A ExoU [65] and human PLA2 [66], whose 558 

activity is regulated through homomeric and heteromeric protein:protein interactions. 559 

Furthermore, for several cytoplasmic moonlighting proteins, it was shown that homoligomerization 560 

upon association with the membrane is responsible for acquiring the new functions [59].  561 

Although LpPlaB and PaPlaB seem not to be essential for bacterial life, they both affect important 562 

virulence properties of their hosts. It was suggested that the regulation of intracellular replication 563 

of L. pneumophila is a mechanism of LpPlaB-mediated virulence [43], while the regulation of biofilm 564 

maturation is suggested as a mechanism of PaPlaB-mediated virulence (Fig. 7). Although the exact 565 

molecular mechanism by which LpPlaB and PaPlaB contribute to bacterial virulence is unknown, 566 

phospholipid-degrading activities are likely related to their virulence function. We showed that 567 
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PaPlaB rapidly hydrolyses PE (Fig. 4b), which is the most abundant bacterial GPL [51], at the same 568 

rate as it hydrolyzes GPLs extracted from the membranes of P. aeruginosa (Fig. 6b). We showed that 569 

the biochemical function of PaPlaB is related to the complete deacylation of GPLs to fatty acids and 570 

glycerophosphoalcohol as shown by lysoPLA assay (Fig. 4c) and GC-MS analysis of fatty acid products 571 

released from PC18:1-16:0 (Fig. 4d).  572 

In conclusion, the ability of PaPlaB to rapidly degrade endogenous GPLs in detergent micelles and 573 

GPLs in the lipid bilayer (Fig. 4e) and the suggested membrane localization of this novel PLB within 574 

P. aeruginosa cells open up the questions if a) PaPlaB modulates the molecular GPL profile of 575 

bacterial membranes similarly as described for PlaF [9, 10] and PLA2 from rat [67], yeast [57], and 576 

other eukaryotes [58] thus distinguishing it from secreted phospholipase toxins  that target host 577 

membranes and b) the PLB activity of PaPlaB is directly or indirectly responsible for the observed 578 

biofilm phenotype of P. aeruginosa ΔplaB. It was previously shown that adaptive GPL modulation is 579 

important for biofilm formation of P. aeruginosa, which undergoes drastic changes in membrane 580 

GPL composition upon transition from the planktonic to a biofilm lifestyle [51]. Observed differences 581 

in the FA profiles of P. aeruginosa wild-type and ΔplaB (Fig. 6c) indicate that PaPlaB might be 582 

involved in releasing of FAs from endogenous GPLs in vivo, or that PaPlaB indirectly changes FA 583 

concentration by affecting FA metabolism. The exact role of the catalytic activity of PaPlaB for 584 

attachment and biofilm formation of P. aeruginosa remains to be elucidated. Our results contribute 585 

to a still limited understanding of the virulence mechanism of PLA/B from pathogenic bacteria, 586 

which may represent a previously not explored family of antibiotic targets.  587 

  588 
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Figure legends 600 

 601 

Fig. 1: PaPlaB is heterologously expressed in E. coli. The expression, localization, and activity of 602 

PaPlaB was tested at 1, 2, 3, 4, and 5 h after induction. Cell lysates (10 µl, OD580nm = 10) were 603 

analyzed by esterase p-NPB assay (top) and Western blotting against the His6-tag (below). Disrupted 604 

cells were fractionated by ultracentrifugation into soluble (cytoplasmic and periplasmic proteins) 605 

and membrane protein fractions that were analyzed by Western blotting. E. coli C43(DE3) carrying 606 

empty vector pET22b were grown under the same conditions and were used as the negative control. 607 

Molecular weights of standard proteins (St) are indicated on the right-hand side. The esterase 608 

activity results are means ± S.D. of three independent experiments, each set in triplicate. 609 

Fig. 2: Membrane localization of PaPlaB. a) Isolated membranes of E. coli C43(DE3) pET-paplaB 610 

strain cultivated in LB medium (25 ml, 5 h, 37ºC) were separated by sucrose density gradient. E. coli 611 

C43(DE3) pET22b cultivated under the same conditions was used as the empty vector (EV) control. 612 

Fractions (1 ml) were collected, and their sucrose concentration was measured refractometrically 613 

(filled circles, dashed line). Protein absorption at 280 nm is shown in solid lines. b) Sucrose density 614 

gradient fractions of E. coli C43(DE3) pET-paplaB were analyzed by Western blotting using the anti-615 

His (C-term)-HRP antibody for detection of PaPlaB and primary anti-TolC and anti-SecY antibodies 616 

combined with the anti-rabbit immunoglobulin G antibodies for detection of TolC and SecY from E. 617 

coli, respectively. The dashed line indicates that anti-SecY figure was combined from two parts of 618 

the same Western blot. c) Enzymatic activity was measured with p-NPB assay by combining 10 µl of 619 

fraction and 150 µl of the substrate. The activities are means ± S.D. of two independent experiments 620 

with three samples. 621 
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Fig. 3: Purification of detergent-isolated PaPlaB. The fractions eluted from the Ni-NTA column (left) 622 

and pooled PaPlaB after desalting by PD-10 column (right) were analyzed by SDS-PAGE (12 % v/v). 623 

The molecular weights of protein standards (St) are indicated. 624 

Fig. 4: Phospholipolytic activity profile of PaPlaB. a) PaPlaB is a PLA that hydrolases PE, PG, and PC, 625 

which contain unsaturated FAs with C16 (16:0), and C12 (12:0) chain length commonly occurring in 626 

P. aeruginosa membranes. N.D. = not determined. b) Substrate specificity of PaPlaB measured with 627 

PE containing different FA chain lengths (C6 - C18). c) PaPlaB shows hydrolytic activity towards 628 

various lysophospholipids (LPE, LPG, and LPC) containing saturated C16:0 acyl chain. PLA and 629 

lysoPLA activities were measured by NEFA-assay using 54 ng PaPlaB per reaction. d) GC-MS 630 

quantification of oleic (C18:1) and palmitic (C16:0) fatty acid released by PaPlaB from PC18:1-16:0 631 

substrate. The molar ratio of fatty acids released from sn-1 and sn-2 position was 51:49, at the 632 

reaction equilibrium. e) PaPlaB activity with SUVs made of DOPE:DOPG was measured by 633 

quantification of FAs released after 4h incubation with PaPlaB at 37 ºC. Mean ± S.D. of SUV radii and 634 

amount (light intensity) were determined by DLS (three experiments, 25 measurements each). 635 

PaPlaB buffer was used as the negative control. All activities are mean ± S.D. of three independent 636 

experiments with three samples.  637 

 638 

Fig. 5: Concentration-dependent oligomerization of PaPlaB. a) PaPlaB (1.0, 0.5, and 0.1 mg/ml), 639 

and standard proteins (Table S3) dissolved in a buffer containing DDM were separately analyzed 640 

using Biosep-SEC-S3000 column. Proteins were detected by measuring absorbance at 280 nm (solid 641 

curves). b) SEC-MALS analysis using a Superdex 200 Increase column. PaPlaB (1.0 mg/ml) stabilized 642 

by DDM was detected by measuring absorbance at 280 nm (solid curve), and the overall Mw (dashed 643 

line) was determined with the software ASTRA 7.  644 
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Fig. 6: PaPlaB is a cell-associated PLA of P. aeruginosa that releases fatty acids from endogenous 645 

phospholipids and cells. a) PLA activity of the whole cells and the supernatant of P. aeruginosa wild-646 

type and ΔplaB cultivated in LB medium overnight at 37ºC. Cells washed with fresh LB medium were 647 

disrupted by ultrasonication before measurement. NEFA assay with PC12:0 substrate (25 µl) was 648 

performed using cell lysates (25 µl) adjusted to OD580nm = 10 or undiluted cell-free supernatant (25 649 

µl). Results are the means ± S.D. of three measurements with three biological replicates. Statistical 650 

analysis was performed using the t-test, * p < 0.05. b) PLA activity of purified PaPlaB was measured 651 

by NEFA assay using endogenous PLs isolated from P. aeruginosa wild-type cells and synthetic PC12:0, 652 

which was used as control. Free fatty acids were quantified after 15 min incubation of PaPlaB with 653 

the substrate at 37°C. Activities are mean ± S.D. of three measurements with three biological 654 

replicates. c) FAs extracted from P. aeruginosa wild-type (3 biological replicates) and ΔplaB (4 655 

biological replicates) cells and cell-free supernatant were quantified by GC-MS. Results are mean ± 656 

S.D., statistical analysis was performed using the t-test, * p < 0.05. 657 

Fig. 7: PaPlaB affects biofilm formation in P. aeruginosa. a) P. aeruginosa wild-type and ΔplaB were 658 

cultivated in 96-well MTP (LB medium, 37°C, without aeration). The cells not attached to the plastic 659 

surface were removed, and the biofilm stained with crystal violet was quantified at 550 nm. The 660 

results are mean ± S.D. of three independent experiments with five biological replicates, each 661 

measured eight times. Statistical analysis was performed using the t-test, *** p < 0.001. b) Biofilm 662 

architecture analyzed by CLSM after 24, 72, and 144 h growth at 37ºC in a flow cell with continuous 663 

supply (50 µl/min) of LB medium. Experiments were repeated two times, each with one biological 664 

replicate that was analyzed at three different points by imaging a section of 100 x 100 µm. All 665 

collected images are shown in Fig. S12.  666 
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Abstract  27 

Pseudomonas aeruginosa is a severe threat to immunocompromised patients due to its numerous 28 

virulence factors and biofilm-mediated multidrug resistance. It produces and secretes various toxins 29 

with hydrolytic activities including phospholipases. However, the function of intracellular 30 

phospholipases for bacterial virulence has still not been established. Here, we demonstrate that the 31 

hypothetical gene pa2927 of P. aeruginosa encodes a novel phospholipase B named PaPlaB. At 32 

reaction equilibrium, PaPlaB purified from detergent-solubilized membranes of E. coli released fatty 33 

acids (FAs) from sn-1 and sn-2 positions of phospholipids at the molar ratio of 51:49. PaPlaB in vitro 34 

hydrolyzed P. aeruginosa phospholipids reconstituted in detergent micelles and phospholipids 35 

reconstituted in vesicles. Cellular localization studies indicate that PaPlaB is a cell-bound PLA of P. 36 

aeruginosa and that it is peripherally bound to both membranes in E. coli, yet the active form was 37 

predominantly associated with the cytoplasmic membrane of E. coli. Decreasing the concentration 38 

of purified and detergent-stabilized PaPlaB leads to increased enzymatic activity, and at the same 39 

time triggers oligomer dissociation. We showed that the free FA profile, biofilm amount and 40 

architecture of the wild type and ΔplaB differ. However, it remains to be established how the PLB 41 

activity of PaPlaB is regulated by homooligomerisation and how it relates to the phenotype of the 42 

P. aeruginosa ΔplaB. This novel putative virulence factor contributes to our understanding of 43 

phospholipid degrading enzymes and might provide a target for new therapeutics against P. 44 

aeruginosa biofilms.  45 
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1. Introduction 46 

P. aeruginosa causes severe hospital-associated infections, especially in immunocompromised 47 

hosts, which are complicated to treat due to the increasing antibiotic resistance and the aggressive 48 

nature of this pathogen leading to the fast progression of the infection [1, 2]. In general, the overall 49 

mortality rate determined on a large group of 213,553 patients with P. aeruginosa septicemia was 50 

16 %, going along with the observation that the incidence of sepsis has increased since 2001 [3]. 51 

This clearly illustrates a need for novel treatments to kill the pathogen or, at least, diminish its 52 

virulence. Therefore, the World Health Organization has classified P. aeruginosa, together with 53 

other “ESKAPE” pathogens including Enterobacter faecium, Staphylococcus aureus, Klebsiella 54 

pneumoniae, Acinetobacter baumannii, and Enterobacter spp., in a priority group for research and 55 

development of novel antibiotics. Unfortunately, despite intensive investigations towards 56 

understanding the virulence of P. aeruginosa, many genes encoding putative virulence factors 57 

remain uncharacterized [4]. 58 

In P. aeruginosa, as well as in other bacterial pathogens, phospholipases, hydrolases with 59 

membrane phospholipid-degrading activity, play an important role during infections [5, 6]. They are 60 

classified into several groups depending on which ester bond of a glycerophospholipid (GPL) they 61 

hydrolyze [7]. While phospholipases C (PLC) and D (PLD), respectively, hydrolyze the glycerol-62 

oriented and the head group-oriented phosphodiester bonds of phospholipids, phospholipases A1 63 

(PLA1) and A2 (PLA2) release fatty acids bound at the sn-1 or sn-2 positions, respectively. 64 

Phospholipases B (PLB) cleave sn-1 and sn-2 bonds of GPL with similar specificity. Lysophospholipids, 65 

degradation products of PLA1 and PLA2, are converted by lysophospholipases A (lysoPLA) to a 66 

glycerophosphoalcohol and a fatty acid.  67 

The contribution of bacterial phospholipases to virulence is predominantly related to damaging the 68 

host cells, which mostly enhances the survival and spread of the pathogen in the host [5, 6]. Several 69 
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phospholipases of P. aeruginosa, namely phospholipases A, ExoU [8] and PlaF [9, 10], phospholipase 70 

A EstA [11], phospholipase C PlcH [12], and two phospholipases D, PldA and PldB [13], were 71 

suggested to be virulence factors in that way. The type III secreted ExoU, and type VI secreted PldA 72 

and PldB are directly delivered into eukaryotic cells, where they modulate native host pathways to 73 

facilitate invasion by P. aeruginosa or inflammation [14]. An EstA of P. aeruginosa, which is anchored 74 

to the outer membrane with the catalytic domain protruding into the extracellular medium, was 75 

shown to affects virulence- and resistance-related phenotypes (cell motility and biofilm formation) 76 

[11]. PlcH, one of three secreted PLCs of P. aeruginosa, is considered as a virulence factor because 77 

(i) it exhibits hemolytic activity; (ii) it is produced during clinical infection with P. aeruginosa [15], 78 

and (iii) plcH deletion strain of P. aeruginosa shows attenuated virulence in mouse burn models [16]. 79 

However, despite more than three decades of research on phospholipases, still little is known about 80 

the direct action of P. aeruginosa phospholipases on the bacterial membrane.  81 

On the contrary, one of the best-studied pathogens concerning phospholipases is Legionella 82 

pneumophila, an intracellularly replicating Gram-negative bacterium [17]. Several phospholipases 83 

of L. pneumophila were proposed to have a function for establishing a proper life cycle inside a host. 84 

One of them is the major surface-associated phospholipase PlaB (LpPlaB). LpPlaB is a serine 85 

hydrolase with hemolytic activity and catalytic activity towards common bacterial phospholipids and 86 

lysophospholipids containing glycerol and choline head groups [18, 19]. However, the catalytic 87 

mechanism of LpPlaB, the mechanism of targeting to the outer membrane, structural features 88 

responsible for binding to the membrane, and its effect on the host are unknown. 89 

Here, we expressed, purified, and characterized a homolog of LpPlaB from the human pathogen P. 90 

aeruginosa PA01, which we named PaPlaB. Comprehensive phospholipolytic enzyme activity studies 91 

revealed that PaPlaB is a promiscuous PLB and lysoPLA, which shows strong activity towards 92 

endogenous phospholipids isolated from P. aeruginosa. Furthermore, we demonstrated that a 93 
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P. aeruginosa ΔplaB deletion strain produces less biofilm with a different architecture compared to 94 

the wild-type bacterium. Thus, the PaPlaB is a novel putative virulence factor of P. aeruginosa PA01 95 

belonging to the poorly understood PLB family.  96 

2. Material and methods 97 

2.1 Sequence analysis 98 

Amino acid sequence search and alignment were performed using BLAST and alignment tools 99 

provided by the National Center for Biotechnology Information (www.ncbi.nlm.nih.gov) [20]. The 100 

sequence alignment was visualized using BioEdit software [21]. TMpred server 101 

(https://embnet.vital-it.ch/software/TMPRED_form.html) was used to predict transmembrane 102 

helices with the length between 17 and 33 residues. Putative TM helices have TMpred scores above 103 

500. 104 

2.2 Molecular cloning  105 

The paplaB gene containing the sequence that encodes a C-terminal His6-tag was amplified using 106 

Phusion® DNA polymerase (Thermo Fisher Scientific, Darmstadt, Germany). In the PCR, the genomic 107 

DNA of P. aeruginosa PA01 [22], isolated with the DNeasy blood and tissue kit (QIAGEN, Germany), 108 

was used as the template together with primers paplaB_for and paplaB_rev (Table S1). The pET22-109 

paplaB vector for T7 RNA polymerase-controlled expression of paplaB was constructed by ligation 110 

of the paplaB gene into the pET22b vector (Novagen, Germany) at NdeI and SacI restriction sites, 111 

using T4 DNA ligase (Thermo Fisher Scientific). Site-directed mutagenesis of PaPlaB was performed 112 

by the Quick® Change PCR method using the pET22-paplaB plasmid as a template and 113 

complementary mutagenic oligonucleotide pairs (Table S1) [23]. E. coli DH5α strain [24] was used 114 

for molecular cloning experiments. After electrophoresis, the plasmid DNA and DNA fragments from 115 

the agarose gel (1 % w/v) were isolated with innuPREP Plasmid Mini Kit 2.0 and the innuPREP 116 

http://www.ncbi.nlm.nih.gov/
https://embnet.vital-it.ch/software/TMPRED_form.html
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DOUBLEpure Kit (Analytik Jena, Germany), respectively. Oligonucleotides synthesis and plasmid 117 

DNA sequencing was performed by Eurofins Genomics (Germany). 118 

2.3 Protein expression and purification 119 

For the expression of PaPlaB with a C-terminal His6-tag, E. coli C43(DE3) [25] cells were transformed 120 

with pET22-paplaB plasmid, and the empty pET22b vector was used as a control. Cells were grown 121 

overnight in lysogeny broth (LB) medium [26] supplemented with ampicillin (100 µg/ml) at 37°C with 122 

agitation. Overnight cultures were used to inoculate the expression cultures to an initial OD580nm = 123 

0.05 in LB medium containing ampicillin (100 µg/ml). The cultures were grown at 37°C, and the 124 

expression of paplaB was induced with isopropyl-β-D-thiogalactoside (IPTG, 1 mM) at OD580nm = 125 

0.4 - 0.6 followed by incubation at 37°C for 5 hours. The cells were harvested by centrifugation 126 

(6,000 g, 4°C, 10 min) and stored at -20° C before further analysis. Active site variants of PaPlaB 127 

carrying S79A, D196A, or H244A mutations were expressed the same way as PaPlaB. 128 

Cells producing PaPlaB were suspended in 100 mM Tris-HCl pH 8, disrupted by a French press, and 129 

incubated for 30 min with lysozyme (2 mg/ml) and DNase (0.5 mg/ml). The cell debris and inclusion 130 

bodies were removed by centrifugation (6,000 g, 4°C, 10 min), and the soluble cell lysate was 131 

ultracentrifuged (180,000 g, 4°C, 2 h) to isolate the membrane fraction. Subsequently, the proteins 132 

were extracted from the membranes upon overnight incubation in the solubilization buffer (5 mM 133 

Tris-HCl pH 8, 300 mM NaCl; 50 mM KH2PO4; 20 mM imidazole, Triton X-100 1 % v/v) at 4°C. 134 

Insoluble debris was removed by ultracentrifugation (180,000 g, 4°C, 0.5 h), and the supernatant 135 

containing PaPlaB was used for purification.  136 

Immobilized metal affinity chromatographic purification of PaPlaB was performed [27] using the 137 

ÄKTA Pure instrument (GE Healthcare). The Ni2+-NTA column (4 ml; Macherey-Nagel, Düren) was 138 

equilibrated with ten column volumes of the solubilization buffer before loading the sample. The 139 

column was washed with five column volumes of the washing buffer (5 mM Tris-HCl pH 8, 300 mM 140 
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NaCl, 50 mM KH2PO4, 50 mM imidazole, 0.22 mM DDM) to remove unspecifically bound proteins 141 

followed by the elution of PaPlaB with 100 ml of buffer (5 mM Tris-HCl pH 8, 300 mM NaCl, 50 mM 142 

KH2PO4, 0.22 mM DDM) in which the concentration of imidazole was increased linearly from 50 to 143 

500 mM. The fractions containing pure PaPlaB were transferred into 100 mM Tris-HCl, pH 8 144 

supplemented with 0.22 mM DDM by gel filtration using the PD-10 column (GE Healthcare). Samples 145 

were concentrated using an Amicon®Ultra-4 ultrafiltration device, with a cut-off of 10 kDa (Merck 146 

Millipore). The protein was incubated at 4°C for 1 h with Bio-BeadsTM SM-2 resin (Bio-Rad) 147 

equilibrated with 100 mM Tris-HCl, pH 8 to remove excess detergent.  148 

2.4 In vitro separation of inner and outer membranes 149 

The separation of the inner and outer membranes of E. coli C43(DE3) pET22-paplaB (25 ml LB 150 

medium, 37°C, 5 h after induction) was performed with a continuous sucrose gradient (20 - 70 % 151 

w/v in 100 mM Tris-HCl pH 7.4). The gradients were prepared in SW40-type tubes (Beckman Coulter) 152 

using the Gradient Station (Biocomp Instruments, Canada). Isolated membranes were suspended in 153 

buffer containing 20 % (w/v) sucrose and loaded on the top of the continuous sucrose gradient 154 

followed by ultracentrifugation at 110,000 g for 16 h, 4°C in swinging-bucket rotor SW40 (Beckman 155 

Coulter). Fractions (1 ml) were collected from the top using the Gradient Station equipped with a 156 

TRIAX UV-Vis flow-cell spectrophotometer (Biocomp Instruments, Canada). The sucrose 157 

concentration in collected fractions was determined with a refractometer (OPTEC, Optimal 158 

Technology, Baldock UK).  159 

2.5 Separation of integral and peripheral bound protein 160 

To identify whether PaPlaB is an integrally or peripherally bound protein, membranes were isolated 161 

from E. coli C43(DE3) pET22b-paplaB expression culture (100 ml). The isolated membranes were 162 

suspended in 500 µl of the following buffers: MES buffer as negative control (20 mM, pH 6.5), an 163 

aqueous solution of Na2CO3 (10 mM), urea (4 M) in MES buffer (20 mM, pH 6.5), Triton X-100 (2% 164 
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v/w) in MES buffer (20 mM, pH 6.5). Membranes were incubated at 22 °C for one hour followed by 165 

ultracentrifugation at 20,000 g for 2 h, 4°C in rotor 55.2 Ti (Beckmann Coulter, California, USA).  166 

2.6 SDS-PAGE and immunodetection 167 

The sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was performed 168 

according to the method of Laemmli [28], and the gels were stained with Coomassie Brilliant Blue 169 

G-250. For immunodetection of PaPlaB, the gel was loaded with 10 µl of the cell, soluble and 170 

membrane fractions isolated from the cell suspension with OD580nm = 25. After SDS-PAGE, proteins 171 

were transferred from the gel onto a polyvinylidene difluoride membrane [29] and detected with 172 

the anti-His (C-terminal)-HRP antibody (Thermo Fisher/Invitrogen) according to the manufacturer's 173 

instructions. The concentration of PaPlaB was determined using the UV-VIS spectrophotometer 174 

NanoDrop 2000c (Thermo Fisher Scientific). The extinction coefficient ε = 73.005 M-1 cm-1 was 175 

calculated with the ProtParam tool [30]. 176 

2.7 Enzyme activity assay and inhibition 177 

Esterase activity of PaPlaB was determined in a 96-well microtiter plate (MTP) at 37ºC by combining 178 

10 µl of enzyme sample with 150 µl of the p-nitrophenyl butyrate (p-NPB) substrate [7]. Hydrolytic 179 

activities towards glycerophospholipids (GPLs) and lysoGPLs (Table S2), which were purchased from 180 

Avanti Polar lipids (Alabaster, USA), were determined by quantification of released fatty acids using 181 

NEFA assay kit (Wako Chemicals, Neuss, Germany) [7]. Lipids were dissolved in NEFA buffer (50 mM 182 

Tris, 100 mM NaCl, 1 mM CaCl2, 1 % (v/v) Triton X-100, pH 7.2). Small unilamellar vesicles (SUVs, 3.3 183 

mg/ml) for enzyme assay were prepared using 1,2-dioleoyl-sn-glycero-3-phospho-(1'-rac-glycerol) 184 

(DOPG) and 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE) at molar ratio 75 : 20 as 185 

described previously [31]. The enzymatic reactions were performed by combining 12.5 µl of enzyme 186 

sample with 12.5 µl of a lipid substrate (0.67 mM) at 37ºC for 15 min. The enzymatic reactions with 187 

SUVs made of DOPE:DOPG were performed by combining 100 µl of enzyme sample with 100 µl of 188 
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SUV (3.3 mg/ml) at 37ºC for 4h. Prior incubation of PaPlaB with SUVs detergent was removed by 189 

incubating 500 µl PaPlaB with 20 BioBeads SM-2 (Bio Rad, Munick, Germany) for 30 min at room 190 

temperature. The fatty acid amount was calculated from the calibration curve made with 0.5, 1, 2, 191 

3, 4, and 5 nmol oleic acid.  192 

The inhibition of PaPlaB with PMSF, paraoxon (both were dissolved in propane-2-ol), and EDTA 193 

(dissolved in 100 mM Tris-HCl pH 8) was tested as described previously [9]. Inhibition of PaPlaB was 194 

performed by incubating enzyme aliquots with the inhibitors for 1.5 h at 30ºC, followed by a 195 

determination of the enzymatic activity using the p-NPB substrate.  196 

2.8 Gas chromatography-mass spectrometric (GC-MS) phospholipase B activity assay 197 

FAs were extracted after 1 h incubation (37°C) of purified PaPlaB (2 ml, 4.28 µg/ml) with 1-oleoyl-2-198 

palmitoyl-PC (PC18:1-16:0; 0.5 mM) in 2 ml NEFA buffer. After incubation, 1 ml of NEFA buffer was 199 

added, and FAs were extracted with 12 ml CHCl3 : CH3OH = 2 : 1. The upper chloroform phase was 200 

withdrawn, and FAs were extracted again with 8 ml CHCl3. CHCl3 extracts were combined, and CHCl3 201 

was evaporated. FAs were extracted from cells suspended in 20 ml H2O the same way as described 202 

for FA extraction from the supernatant. 203 

FAs were dissolved in 200 µl CHCl3. The CHCl3 extract was mixed with ten volumes of acetonitrile 204 

and filtered through a 0.2 µm pore size filter. The residues of the PaPlaB extracts were dissolved in 205 

1 ml acetonitrile : methylenchloride = 4 : 1. Before GC-MS analysis, FAs acids in the PaPlaB extracts 206 

and standard solutions were derivatized to trimethylsilylesters. For this purpose, 100 µl of each 207 

sample solution was mixed with 700 µl acetonitrile, 100 µl pyridine and 100 µl N-methyl-N-208 

(trimethylsilyl) trifluoroacetamide and heated to 90°C for 1 h. An acetonitrile solution of FAs mixture 209 

containing 1 mM C10:0, C12:0, C14:0-, C16:0, C18:0 and C18:1 (oleic acid) was diluted to 50, 100, 200 and 210 

400 µM and derivatized in the same manner as above. The GC-MS system consisted of an Agilent 211 

gas chromatograph 7890A and autosampler G4513A (Agilent, CA, USA) coupled to a TOF mass 212 
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spectrometer JMS-T100GCV AccuTOF GCv (Jeol, Tokyo, Japan). Analytes were separated on a 213 

Zebron-5-HT Inferno column (30 m x 0.25 mm i.d., 0.25 µm film thickness, Phenomenex, USA). 214 

Helium was used as carrier gas at a constant gas flow of 1.0 ml/min. The oven temperature program 215 

employed for analysis of silylated fatty acids was as follows: 80°C; 5°C/min to 300°C, held for 1 min. 216 

The injector temperature was held at 300°C, and all injections (1 µl) were made in the split mode 217 

(1:10). The mass spectrometer was used in the electron impact (EI) mode at an ionizing voltage of 218 

70 V and an ionizing current of 300 µA. Analytes were scanned over the range m/z 50 - 750 with a 219 

spectrum recording interval of 0.4 s. The GC interface and ion chamber temperature were both kept 220 

at 250°C. After the conversion of the raw data files to the cdf-file format, data processing was 221 

performed by the use of the software XCalibur 2.0.7 (ThermoFisher Scientific). Fatty acids from the 222 

PaPlaB sample were identified by comparison of their retention times and mass spectra with those 223 

of fatty acid standards.  224 

2.9 Gas chromatography-mass spectrometric (GC-MS) analysis of FAs extracted from cells 225 

Cells from P. aeruginosa PA01 and ΔplaB overnight cultures (37  C̊, 25 ml LB medium, agitation) were 226 

harvested (10 min, 2790×g, room temperature) and the supernatant was filtered through a filter 227 

with 0.2 µm pore size to remove residual cells. FAs were extracted from supernatant (20 ml) with 228 

CHCl3 : CH3OH = 2 : 1 (60 ml). The upper chloroform phase was withdrawn, and FAs were extracted 229 

again with 40 ml CHCl3. Chloroform extracts were combined and chloroform was evaporated. FAs 230 

were extracted from cells suspended in 20 ml H2O as described for supernatant.  231 

FAs were transferred to 15 ml Falcon tubes by dissolving in 500 µL CH2Cl2 twice. After evaporation 232 

to dryness, the remaining fatty acids were derivatized to methyl esters according to Funada et al. 233 

with modifications.[32] Briefly, the residues were dissolved in 1 ml sulfuric acid (1 M) in methanol 234 

and incubated in an ultrasonic bath for 30 min. The fatty acid methyl esters (FAMEs) were extracted 235 

after the addition of 3.3 ml H2O and 1.7 ml hexane by vigorous shaking for 1 min. The upper organic 236 
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phase was withdrawn and dried over sodium carbonate. An aliquote was directly used for GC-MS 237 

analysis. A methanol solution of FAs containing 1 mM of C10:0, C12:0, C14:0, C16:0, C18:0, C17:0 (cyc (9,10)), 238 

C18:1 (cis-Δ9) and C18:1 (trans-Δ11) was diluted to 50, 100, 200 and 400 µM and derivatized the same 239 

as described above. The Agilent GC-MS system consisted of a gas chromatograph 7890A and an 240 

autosampler G4513A coupled to a quadrupole mass spectrometer MS G3172A (Agilent, CA, USA). 241 

Analytes were separated on a SGETM BPX70 column (30 m x 0.32 mm i.d., 0.25 µm film thickness, 242 

Thermo Fisher Scientific, USA). Helium was used as carrier gas at a constant gas flow of 1.5 ml/min. 243 

The oven temperature program employed for analysis of FAMEs was as follows: 120°C; 20°C/min to 244 

160°C; 3°C/min to 200°C; 20°C to 220°C, held for 8.7 min. The injector temperature was held at 245 

250°C, and all injections (1 µl) were made in the split mode (1:10). The mass spectrometer was used 246 

in the electron impact (EI) mode at an ionizing voltage of 70 eV. Analytes were scanned over the 247 

range m/z 50 - 400 with a spectrum recording interval of 4 scans/sec. The GC interface temperature 248 

was held at 250°C. The MS source and quadrupole temperatures were kept at 280°C and 150°C, 249 

respectively. Data processing was performed by use of the software ChemStation E.02.02.1431 250 

(Agilent, CA, USA). Fatty acids from PlaB samples were identified by comparison of their retention 251 

times and mass spectra with those of fatty acid standards and published data. [33-35] Quantification 252 

of FAMEs C16:0 (1), C17:0 cyc(9,10) (4), C18:0 (5) and C18:1 trans-11 (6) (Fig. 1) were performed by 253 

external calibration with the corresponding reference compounds. C18:1 cis-11 (7) was quantified 254 

by use of the calibration curve of oleic acid (C18:1 cis-9) justified by the almost congruent 255 

calibration curves of elaidic acid (C18:1 trans-9) and C18:1 trans-11. 256 

2.10 Thermal stability analysis 257 

Differential scanning fluorimetric analysis of PaPlaB thermal stability was performed using the 258 

Prometheus NT.48 nanoDSF instrument (NanoTemper Technologies, Germany) [36]. The 259 

Prometheus NT.Plex nanoDSF Grade Standard Capillary Chip containing 10 µl PaPlaB sample per 260 
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capillary was heated from 20°C to 90°C at the rate of 0.1°C/min, and the intrinsic fluorescence at 261 

wavelengths of 330 nm and 350 nm was measured. The first derivative of the ratio of fluorescence 262 

intensities at 350 nm and 330 nm as a function of temperature was used to visualize the denaturing 263 

transition and determine the “melting” temperature. Enzyme activity-based thermal stability 264 

experiments were performed by measuring the residual esterase activity of a PaPlaB sample 265 

incubated 1 h at temperatures from 30°C to 70°C [37]. After the incubation, the enzymatic assay 266 

was performed as described above using the p-NPB substrate, and the inactivation temperature was 267 

determined.  268 

2.11 Multi-angle and dynamic light scattering  269 

Superdex 200 Increase 10/300 GL column (GE Healthcare) was equilibrated overnight at a flow rate 270 

of 0.6 ml/min with 100 mM Tris pH 8 containing 0.22 mM DDM. For each multi-angle light scattering 271 

(MALS) analysis 200 µl PaPlaB at concentrations of 1, 0.5 and 0.1 mg/ml were loaded to the column 272 

at the flow rate of 0.6 ml/min using 1260 binary pump (Agilent Technologies), and the scattered 273 

light (miniDAWN TREOS II light scatterer, Wyatt Technologies) and the refractive index (Optilab T-274 

rEX refractometer, Wyatt Technologies) were measured. Data analysis was performed with the 275 

software ASTRA 7.1.2.5 (Wyatt Technologies) under the assumption that dn/dc of DDM is 0.1435 276 

ml/g and the extinction coefficient of PaPlaB is 1.450 ml/(mg*cm) [38]. 277 

Mean diameters of SUVs were determined using SpectroSize 300 dynamic light scattering (DLS) 278 

device (Fa. Xtal Concepts, Hamburg). The measurements (25 times, each 20 s) were performed using 279 

a 15 µl sample at 20̊C. The viscosity of water of 1.006 cP was used for calculations. 280 

2.12 Size-exclusion chromatography 281 

Size-exclusion chromatographic (SEC) analysis of PaPlaB in Tris-HCl (100 mM, pH 8, 0.22 mM DDM) 282 

buffer was performed using Biosep-SEC-S3000 column (Phenomenex, Aschaffenburg, Germany), LC-283 

10Ai isocratic pump (Shimadzu, Duisburg, Germany), and SPD-M20A photodiode array detector 284 
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(Shimadzu, Duisburg, Germany). The molecular weight (Mw) of standard proteins dissolved in the 285 

same buffer as PaPlaB was determined (Table S3). For the analysis, 100 µl of PaPlaB or protein 286 

standard sample was loaded on the column, and separation was achieved at a flow rate of 0.5 287 

ml/min and 26ºC. 288 

2.13 Fluorescence imaging of biofilm in flow chambers 289 

P. aeruginosa PAO1 and ΔplaB biofilms were grown on a microscope cover glass (24 mm x 50 mm, 290 

thickness 0.17 mm, Carl Roth GmbH & Co. KG, Karlsruhe, Germany), which was fixed with PRESIDENT 291 

The Original light body silicon (Coltène/Whaledent AG, Altstätten, Switzerland) on the upper side of 292 

the three-channel flow chambers [39]. The flow chambers and tubes (standard tubing, ID 0.8 mm, 293 

1/16” and Tygon Standard R-3607, ID 1.02 mm; Cole-Parmer GmbH, Wertheim, Germany) were 294 

sterilized by flushing with sterile chlorine dioxide spray (Crystel TITANIUM, Tristel Solutions Ltd., 295 

Snailwell, Cambridgeshire, United Kingdom). Afterward, the flow chambers were filled with 1 % (v/v) 296 

sodium hypochlorite, and the tubes were autoclaved. All biofilm experiments were performed at 297 

37°C with a ten-fold diluted LB medium. Before inoculation, the flow chamber was flushed with 1:10 298 

diluted LB medium for 30 minutes with a flow rate of 100 µl/min using the IPC12 High Precision 299 

Multichannel Dispenser (Cole-Parmer GmbH, Wertheim, Germany). For inoculation, an overnight 300 

culture of P. aeruginosa PAO1 or ΔplaB was adjusted to an OD580nm of 0.5 in 1:10 diluted LB medium. 301 

The diluted culture (300 µl) was inoculated in each channel. After the interruption of medium supply 302 

for 1 h, the flow (50 µl/min) was resumed, and the biofilm structure was analyzed after 24, 72, and 303 

144 h grown at 37°C. For visualization, the cells were stained with propidium iodide and SYTO 9 dyes 304 

using the LIVE/DEAD™ BacLight™ Bacterial Viability Kit (Thermo Fisher Scientific). Imaging of biofilm 305 

was performed using the confocal laser scanning microscope (CLSM) Axio Observer.Z1/7 LSM 800 306 

with Airyscan (Carl Zeiss Microscopy GmbH, Germany) with the objective C-Apochromat 63x/1.20W 307 

Korr UV VisIR. The microscope settings for the different fluorescent dyes are shown in Table S4. The 308 



14 
 

CLSM images and three-dimensional reconstructions were analysed with the ZEN software (version 309 

2.3, Carl Zeiss Microscopy GmbH, Germany). Experiments were repeated two times, each with one 310 

biological replicate that was analyzed at three different points by imaging a section of 100 x 100 µm. 311 

2.14 Construction of P. aeruginosa ΔplaB strain 312 

The P. aeruginosa ΔplaB mutant strain was generated by homologous recombination [40]. In short, 313 

P. aeruginosa PAO1 cells were conjugated with the pEMG-ΔplaB mutagenesis vector containing the 314 

814 bp fragment of the upstream region of paplaB, followed by a gentamicin resistance gene and 315 

the 584 bp downstream region of paplaB. For that, E. coli S17-1 ʎpir transformed with the pEMG-316 

ΔplaB plasmid was used as a donor strain. Pseudomonas cells with pEMG-ΔplaB plasmid integrated 317 

on the chromosome were selected on LB-agar plates containing gentamicin (30 µg/ml), kanamycin 318 

(300 µg/ml; a kanamycin resistance gene is encoded on pEMG plasmid) and irgasan (25 µg/ml; used 319 

for negative selection of E. coli). Cells transformed with the plasmid pSW-2 containing the I-SceI 320 

restriction endonuclease were cultivated on LB agar plates containing benzoic acid (2mM; for 321 

induction of I-SceI expression) and irgasan (25 µg/ml). The deletion of the paplaB gene was 322 

confirmed by PCR amplification using the genomic DNA of P. aeruginosa ΔplaB as the template (Fig. 323 

S1).  324 

2.15 Crystal violet biofilm assay  325 

P. aeruginosa wild-type and ΔplaB cultures incubated in LB medium overnight at 37°C in Erlenmeyer 326 

flasks (agitation at 150 rpm) were used to inoculate 100 µl culture with OD580nm 0.1 in plastic 96-327 

well MTP. Cultures were grown at 37°C without agitation, and the cells attached to the surface of 328 

MTP after removing the planktonic cells were stained with 0.1 % (w/v) crystal violet solution for 15 329 

min, solubilized with acetic acid (30 % v/v) and quantified spectrophotometrically [41].   330 
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3. Results 331 

3.1 Expression of paplaB in E. coli yields a membrane-bound phospholipase A 332 

P. aeruginosa gene pa2927 encodes a 49.5 kDa protein that shows moderate sequence similarity 333 

(39 %) to LpPlaB (Fig. S2), a major cell-associated PLA of L. pneumophila [18, 19, 42-46]. We named 334 

the P. aeruginosa homolog PaPlaB and set out to experimentally test its sequence-based predicted 335 

PLA function. To achieve this, we constructed the PaPlaB expression vector (pET22-paplaB) suitable 336 

for heterologous expression in E. coli strains containing the T7 RNA polymerase gene. PaplaB gene 337 

in pET22-paplaB plasmid was modified by including a sequence coding for six histidine residues at 338 

the 3’ end to enable purification of the protein using immobilized metal affinity chromatography 339 

(IMAC). The protein expression was conducted in E. coli C43(DE3) cells. SDS-PAGE (Fig. S3) and 340 

Western blot (Fig. 1) analyses of cells sampled during the first 5 h after induction revealed the 341 

expression of a protein with an estimated molecular weight (Mw) of ~50 kDa, which agrees with the 342 

theoretical Mw of PaPlaB (49.5 kDa). The expression of PaPlaB variants with mutated putative 343 

catalytic triad residues S79, D196, and H244 also yielded ~50 kDa proteins as shown by SDS-PAGE 344 

(Fig. S4a) and Western blot (Fig. S4b) analyses. Esterase activity assay with the cell lysates revealed 345 

that the wild-type PaPlaB was active, but all three variants were inactive (Fig S4c). Hence, their 346 

activities were comparable to the activity of the empty vector control. 347 

Considering the membrane localization of the PaPlaB homolog from L. pneumophila [19], we 348 

suspected the same localization of PaPlaB. This was confirmed by Western blot detection of PaPlaB 349 

only in the membrane fraction of E. coli C43(DE3) pET22-paplaB sedimented upon 350 

ultracentrifugation, but no PaPlaB was detected in the soluble fraction containing periplasmic and 351 

cytoplasmic proteins (Fig. 1). Furthermore, we incubated membranes containing PaPlaB with buffer 352 

containing urea, sodium carbonate, or Triton X-100 to test if PaPlaB is a peripheral or integral 353 

membrane protein. Results reveal that PaPlaB was only partially washed from the membrane with 354 
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sodium carbonate and urea (Fig. S5). As PaPlaB has no predicted transmembrane helix (Table S5) or 355 

β-barrel to permanently attach it to the membrane, it is likely a peripheral membrane-bound 356 

protein.  357 

We next investigated whether PaPlaB is associated with the inner or outer membranes of E. coli by 358 

separating these two membranes using ultracentrifugation in a sucrose density gradient. Analysis 359 

of UV absorbance (A280nm) through the gradient after the centrifugation suggested an efficient 360 

separation of inner and outer membranes, which we assigned to be fractions 5-7 (inner membranes) 361 

and fractions 10-11 (outer membranes) (Fig. 2a). The refractometric measurement showed that the 362 

sucrose concentration in fractions 5 and 11 was 45 and 67 % (w/v), respectively, which agrees with 363 

the literature [47]. We confirmed that fractions 10-11 contain the outer membrane proteins by 364 

immunodetection of the outer membrane protein TolC from E. coli, whereas the inner membrane 365 

protein SecY was predominantly found in fractions 5-7 (Fig. 2b). Immunodetection of PaPlaB 366 

revealed a weak PaPlaB signal in fractions 5-7 and a strong signal in fractions 10-11 (Fig. 2b). 367 

However, the highest esterase activity was detected for fraction 5, while the enzymatic activity of 368 

the PaPlaB-enriched fraction 11 was negligibly higher than the activity of the empty vector control 369 

(Fig. 2c). 370 

For protein isolation, we used Triton X-100 detergent to extract of PaPlaB from the membranes. 371 

While mild, non-ionic detergent DDM was added to the buffers used for IMAC purification to 372 

maintain the soluble state of PaPlaB. Elution of PaPlaB from Ni2+-NTA column with buffer containing 373 

an increasing imidazole concentration resulted in highly pure PaPlaB as judged from SDS-PAGE (Fig. 374 

3). The established protocol yielded ~0.25 mg of PaPlaB per one liter of overexpression culture. 375 

Purified PaPlaB showed specific esterase (p-NPB substrate) and phospholipase A (1,2-dilauroyl 376 

phosphatidylcholine substrate) activities of 3.41 ± 0.1 and 6.74 ± 0.8 U/mg, respectively.  377 
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As ethylenediaminetetraacetic acid (EDTA), an inhibitor of metal-dependent enzymes, did not exert 378 

an inhibitory effect on PaPlaB (Fig. S6), we concluded that PaPlaB belongs to the metal ion-379 

independent type of PLAs [48]. We furthermore examined inhibition of PaPlaB activity with two 380 

irreversible inhibitors, paraoxon and phenylmethylsulfonyl fluoride (PMSF) [49]. Under the 381 

conditions used, the activity of the paraoxon-treated PaPlaB was abolished (Fig. S6). Paraoxon 382 

covalently modifies the catalytic serine residue in the serine-hydrolase enzyme family [50]; 383 

therefore, we concluded that PaPlaB contains a nucleophilic serine in its active site, which is in 384 

agreement with the sequence-based prediction of a Ser-His-Asp catalytic triad (Fig. S2) and 385 

mutational studies (Fig. S4).  386 

3.2 PaPlaB shows promiscuous PLB and lysoPLA activities 387 

Using an esterase activity assay, we observed that PaPlaB retained 100 % of its activity after 388 

incubation for 1 h at temperatures up to 42.5ºC (Fig. S7). The thermal stability of PaPlaB was 389 

confirmed by monitoring its thermal unfolding via changes in the intrinsic fluorescence. The 390 

unfolding profile of PaPlaB revealed the transition temperature of ~53°C (Fig. S7). Therefore, a 391 

temperature of 37ºC, relevant to bacterial infections, was used for in vitro activity assays. We next 392 

examined the PLA activity of PaPlaB using a spectrum of glycerophospholipids (GPLs) naturally 393 

occurring in cell membranes. We showed that PaPlaB is a promiscuous PLA, using GPL substrates 394 

with various head groups (ethanolamine, glycerol, and choline) (Fig. 4a) and different fatty acid 395 

chain lengths (C6 – C18) (Fig. 4b). It released fatty acids from all tested substrates with specific 396 

activities ranging from 2 U/mg to 8 U/mg, with 1,2-dimyristoyl-phosphatidylethanolamine (PE14:0) 397 

being the best substrate. We then analyzed whether PaPlaB hydrolyses GPLs containing one fatty 398 

acid linked to the sn-1 position, called lysoglycerophospholipids (lysoGPLs). Experiments using 399 

lysoGPLs with various head groups (ethanolamine, glycerol, and choline) showed that all three lipid 400 

types were accepted as substrates by PaPlaB (Fig. 4c). Notably, the lysoPLA activity of PaPlaB is 401 
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generally lower (2 – 2.5 U/mg) than its PLA activity toward the respective GPLs (Fig. 4c). To analyze 402 

whether PaPlaB shows specificity for hydrolysis of fatty acids bound to sn-1 or sn-2 in GPLs, we 403 

tested if PaPlaB hydrolyzes the natural phospholipid 1-oleoyl-2-palmitoyl-PC (PC18:1-16:0), which 404 

contains different fatty acids bound to glycerol. Spectrophotometric quantification of the total fatty 405 

acid amount after incubation of PaPlaB with PC18:1-16:0 showed a PaPlaB activity of 3.7 ± 0.6 U/mg. 406 

To identify which fatty acids were released, PaPlaB-treated PC18:1-16:0 samples were analyzed by GC-407 

MS. The results of GC-MS quantification revealed 1.6 ± 0.2 µmol and 1.7 ± 0.1 µmol for palmitic and 408 

oleic acid, respectively (Fig. 4d). This result confirmed that PaPlaB hydrolyzes both ester bonds in 409 

PC18:1-16:0 substrate with a similar efficiency, which classifies it into the phospholipase B (PLB) family.  410 

Next, we tested whether PaPlaB can hydrolyze GPLs reconstituted in SUVs in which GPLs organized 411 

in the lipid bilayer resembling the cell membrane. Incubation of PaPlaB with SUVs made of the 412 

mixture of DOPE and DOPG resulted in the release of fatty acids from the GPLs (Fig. 4e) while SUVs 413 

remained intact as confirmed by DLS analysis (Figs. 4e and S8). Hence, to prevent disruption of SUVs 414 

by detergent during the assay, PaPlaB was diluted 10-fold with Tris-HCl (100 mM, pH 8) and 415 

detergent was removed by incubation with a nonpolar polystyrene adsorbent. As expected, 416 

incubation of SUVs made of DOPG and DOPE with Triton X-100 lead to disruption of SUVs indicated 417 

by strong decrease of the average radius determined by DLS (Fig. S8). Conclusively, PaPlaB 418 

hydrolyses GPLs from bilayer at a low rate, therefore, no disruption of SUVs was observed. 419 

3.3 PaPlaB oligomerizes in solution 420 

Reversible formation of dimeric and tetrameric LpPlaB was observed at protein concentrations 421 

ranging from ~0.01 to 1 mg/ml. Therefore, we assessed whether purified and DDM-stabilized PaPlaB 422 

oligomerizes in solution. Size-exclusion chromatography (SEC) analysis of PaPlaB at 0.1, 0.5, and 1.0 423 

mg/ml revealed the presence of several oligomeric PaPlaB species. Protein species of ~45 kDa, and 424 

~360 kDa, as judged through comparison with standard globular proteins of known molecular 425 
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weights, were observed for all tested PaPlaB concentrations (Fig. 5a). According to the theoretical 426 

Mw of PaPlaB of 49.5 kDa, we can interpret the small-Mw species as monomeric while the exact 427 

oligomerization state of high-Mw species cannot be reliably assessed due to detergent bound to 428 

PaPlaB and the likely nonglobular shape.  429 

Notably, at low PaPlaB concentration (0.1 mg/ml), the amount of the estimated monomeric PaPlaB 430 

is much larger than the amount of the large-Mw oligomers. By raising the PaPlaB concentration to 431 

0.5 and 1 mg/ml, the equilibrium shifts towards large-Mw oligomers, and small-Mw species are 432 

depleted. Detection of several intermediate molecular weight species indicates a stepwise and 433 

spontaneous oligomerization of PaPlaB. Determination of absolute Mw of protein:detergent 434 

complexes by SEC analysis is prone to errors. Therefore, we determined the absolute Mw of DDM-435 

stabilized PaPlaB using multi-angle light scattering coupled to SEC (MALS-SEC). The absolute Mw that 436 

was determined at a concentration of 1 mg/ml revealed a distribution starting at ~380 kDa (likely 437 

heptamer), which was continuously decreasing to ~50 kDa (monomer) (Fig. 5b). For the PaPlaB 438 

sample with 0.1 mg/ml, a very broad MALS signal in the range expected for proteins with Mw ~50 439 

kDa was observed (Fig. S9). Similar to SEC experiments, MALS-SEC results showed that the 440 

equilibrium of PaPlaB oligomers depends on the protein concentration. 441 

3.4 PaPlaB is a major cell-associated PLB of P. aeruginosa with hydrolytic activity towards 442 

endogenous phospholipids 443 

To study the in vivo PLB function of PaPlaB in the homologous host, we constructed a P. aeruginosa 444 

deletion mutant ΔplaB, which is missing the entire plaB gene (Fig. S1). The activity assay showed a 445 

60 % reduction of cell-associated PLA activity in P. aeruginosa ΔplaB compared with P. aeruginosa 446 

wild-type (Fig. 6a). PLA activity of proteins secreted into the medium was not significantly different 447 

between these two strains (Fig. 6a), indicating that PaPlaB is a cell-associated and not secreted PLA 448 

of P. aeruginosa. PLA activity of PaPlaB demonstrated in vitro and the membrane localization of the 449 
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enzyme provide a hint that PaPlaB function might be related to the hydrolysis of cell membrane 450 

GPLs. To test this, we have isolated phospholipids (PLs) from the P. aeruginosa wild-type cells by 451 

extraction with an organic solvent. These PL extracts were used at 3.3 mg/ml and 0.46 mg/ml as 452 

substrates for in vitro PLA assay with purified PaPlaB at 450, 45, 4.5 and 0.45 ng/ml.  453 

Results showed that PaPlaB hydrolyzes endogenous PLs with high efficiency (Fig. 6b). Hence, assays 454 

with 3.3 mg/ml endogenous PLs showed comparable activities to those measured with PC12:0, which 455 

was among the best PaPlaB substrates. PaPlaB activity with endogenous PLs was higher at higher 456 

substrate concentrations, as expected for enzyme-catalyzed reactions. We furthermore observed 457 

that specific PaPlaB activities immensely increase by diluting the PaPlaB samples. Consequently, 2 458 

and > 1100 U/mg activities were respectively measured with 450 and 0.45 ng/ml enzyme and 3.3 459 

mg/ml endogenous PLs. We confirmed dilution triggered activation of PaPlaB in the assays 460 

performed with 0.46 mg/ml endogenous PLs or PC12:0 (Fig 6b).  461 

To analyze if PaPlaB releases FA in vivo, we have quantified the intracellular and extracellular FAs in 462 

P. aeruginosa wild-type and ΔplaB cells from the stationary growth phase. GC-MS analysis of FA 463 

extracted from cells and cell-free supernatant revealed eight compounds that could be assigned to 464 

the following FAs: C16:0, C16:1 cis-7, C16:1 cis-9, C17:0 cyc(9,10), C18:0, C18:1 trans-11, C18:1 cis-11, C19:0 465 

cyc(9,10) (Fig. S10a). The structures of these FAs, previously identified in P. aeruginosa [51], were 466 

confirmed by mass spectrometry (Figs. S10b-h), and their quantification was achieved by calibration 467 

with respective FA standards. This revealed C18:0 being significantly (p = 0.02) accumulated in the 468 

supernatant of the wild-type compared to ΔplaB, although its concentration was not significantly 469 

different within the cells (Fig. 6c). Among the other identified FAs only C17:0 cyc(9,10) was 470 

significantly affected, showing accumulation in the cells of ΔplaB (Fig. 6c).  471 
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3.5 PaPlaB affects the amount of produced biofilm and its architecture 472 

To investigate whether PaPlaB affects the formation, maturation, and dispersion of biofilm, we have 473 

performed long-time studies (8 – 216 h) of biofilm formation in microtiter plates (MTP) under static 474 

conditions (crystal violet assay) and in the chamber with a continuous supply of the nutrients under 475 

dynamic conditions (confocal laser scanning microscopic (CLSM) analysis). P. aeruginosa ∆plaB 476 

produces significantly less biofilm under static conditions than the wild-type strain after 8, 24, 48, 477 

and 72 h of growth, indicating that PaPlaB plays a role in the initial attachment and maturation [52, 478 

53] of P. aeruginosa biofilm (Fig. 7a). Under these conditions, the biofilm amount in P. aeruginosa 479 

∆plaB and wild-type cultures grown for 6 and 9 days showed no significant difference, indicating 480 

that PaPlaB likely does not have a function for biofilm dispersion. Based on these results, we 481 

examined the biofilm assembly of 24, 72, and 144 h-old biofilms by using CLSM [54]. Large 482 

differences between the P. aeruginosa ∆plaB and WT were observed (Figs. 7b and S11). After 72 h, 483 

the wild-type strain forms larger aggregates in contrast to small-sized aggregates observed for the 484 

∆plaB strain. The lower density of 72 h-old biofilms found by CLSM correlates with less biofilm 485 

quantified by the crystal violet assay after 72 h of growth. Interestingly, although the crystal violet 486 

assay did not reveal significant differences after six days of growth, the CLSM showed differences. 487 

Hence, the wild-type nearly homogeneously and densely covered the surface of the flow-cell 488 

coverslip after 144 h, whereas the ∆plaB strain showed less dense coverage indicating impaired 489 

maturation [52, 53].  490 

 491 

4. Discussion 492 

Here, we identified P. aeruginosa PA01 gene pa2927, which encodes a novel PLB (PaPlaB) with a 493 

function in biofilm assembly. This enzyme shows moderate global sequence homology (Fig. S2) with 494 

a known virulence-related outer membrane PLA (LpPlaB) of L. pneumophila [18, 19, 43, 44]. The 495 
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sequence-based prediction of PLA and lyso-PLA activities of PaPlaB was experimentally confirmed 496 

(Fig. 4). Although PaPlaB and LpPlaB have similar biochemical functions, their substrate specificities 497 

differ, e.g., PaPlaB shows comparable PLA activities with PG and PC substrates (Fig. 4a), while LpPlaB 498 

hydrolyses PG two times faster than PC [18, 19]. Furthermore, a sequence alignment of LpPlaB and 499 

PaPlaB revealed strongly conserved catalytic triad residues (Ser79, His244, Asp196 in PaPlaB) (Fig 500 

S2) the mutation of which resulted in the loss of PLB activity of these PaPlaB variants (Fig. S4). 501 

We next studied whether PaPlaB is localized within the cell or extracellular protein, as the 502 

physiological function of bacterial PLAs and PLBs differ substantially with regard to the cell 503 

localization [6, 55]. Extracellular PLA/Bs are toxins involved in host cell membrane disruption [56] 504 

or modulation of host cell pathways through the release of bioactive compounds [6]. On the other 505 

hand, the function of cell-bound PLA/Bs in bacteria is still not clearly established, although we 506 

recently discovered a novel cytoplasmic membrane-bound PLA1 PlaF from P. aeruginosa, for which 507 

its activity in the remodelling of membrane GPLs is suggested as a virulence mechanism [9, 10]. 508 

Interestingly, the function of membrane-bound PLAs for the regulation of the fatty acyl chain 509 

composition in GPLs through a deacylation-reacylation pathway called Lands' cycle was described 510 

in yeast [57] and other eukaryotes [58].  511 

Using P. aeruginosa ΔplaB, we observed a ~60 % reduction of a cell-associated PLA activity 512 

compared to the wild type, whereas extracellular PLA activities did not significantly differ (Fig. 6a). 513 

These results suggest that PaPlaB is the main cell-bound PLA of P. aeruginosa. The observed 514 

membrane-bound localization of catalytically active PaPlaB recombinantly produced in E. coli (Fig. 515 

1) is in agreement with this result, although a large portion was accumulated in catalytically inactive 516 

aggregates. Furthermore, activity assays and Western blot analysis of sucrose density gradient-517 

fractionated membranes isolated from fragmented E. coli cells overexpressing PaPlaB indicated dual 518 

membrane localization of PaPlaB (Fig. 2). The absence of a Western blot signal of PaPlaB in the 519 



23 
 

soluble fraction isolated from E. coli cells expressing paplaB may be explained by a low 520 

concentration of PaPlaB in the cytoplasm or periplasm, which is not surprising for a hydrophobic 521 

protein. Interestingly, only the cytoplasmic membrane fraction showed PaPlaB activity, whereas the 522 

activity of the outer membrane fraction was comparable to the activity of the negative control 523 

strain. The function of PaPlaB may differ in different cellular compartments as described for several, 524 

so-called, moonlighting enzymes that catalyze different physiologically relevant reactions in 525 

different cellular locations [59].   526 

The cellular localization of PaPlaB only partially agrees with the suggested outer-membrane 527 

localization of LpPlaB, [43] because LpPlaB showed the highest PLA activity in the outer membrane 528 

Momp protein-enriched fractions of L. pneumophila. However, it also showed substantial activity 529 

(~70 % of outer membrane activity) in the fractions containing inner membranes [43]. The drawback 530 

of this fractionation method is the difficulty to exactly separate outer from inner membranes, which 531 

was repeatedly described [43, 60, 61]. Keeping in mind that LpPlaB and PaPlaB do not have predicted 532 

TM helix or β-barrel-like structures, which were recognized in all hitherto known integral membrane 533 

proteins [62, 63], it is likely that these hydrophobic proteins are peripherally associated with one or 534 

both membranes. In line with this suggestion is our observation that urea and sodium carbonate 535 

destabilized the interaction of PaPlaB with the membrane, as it was shown for other peripheral 536 

membrane proteins [64]. These findings strengthen our hypothesis that PaPlaB is a peripheral 537 

membrane protein. Interestingly, in PaPlaB and LpPlaB, [43] no recognizable signature for their 538 

secretion across the membrane was found; therefore, it remains unknown how these proteins are 539 

targeted across the inner membrane and to the outer membrane. 540 

Additionally, LpPlaB and PaPlaB are similar in that they homooligomerize at high concentrations, 541 

which is accompanied by a decrease in their enzyme activity (Fig. 6b) [44]. Using the SEC method, 542 

we observed the equilibrium of PaPlaB monomers and several oligomeric species with Mw of up to 543 
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~360 kDa at concentrations 0.1, 0.5, and 1.0 mg/ml. Since the shape, which presumably deviates 544 

from a sphere, and bound DDM molecules make it difficult to precisely determinate oligomeric state 545 

by SEC, we determined an absolute Mw of PaPlaB by the MALS method. MALS analyses confirmed 546 

PaPlaB monomers and the formation of various oligomers of up to ~380 kDa (Fig. 5). The observation 547 

that PaPlaB:DDM species of Mw between ~45 and ~380 kDa were simultaneously present in the 548 

same sample suggests a stepwise oligomerization of PaPlaB in solution.  549 

SEC and MALS results revealed that increasing the PaPlaB concentration enriches higher oligomeric 550 

species. This is similar to LpPlaB, for which only homotetramers were identified at a concentration 551 

of ≥ 0.3 mg/ml but a mixture of tetramers and dimers at a concentration ≤ 0.05 mg/ml by analytical 552 

ultracentrifugation [44]. Furthermore, the oligomerization at higher protein concentrations was 553 

accompanied by several hundredfolds decrease in activities of PaPlaB and LpPlaB (Fig. 6b) [44], 554 

which was suggested as a mechanism of protecting the host from uncontrolled degradation of the 555 

own membranes [44]. The oligomerization of PaPlaB could open up possibilities for binding different 556 

ligands and protein partners in different cellular compartments, thereby regulating its function. This 557 

has been suggested for P. aeruginosa phospholipase A ExoU [65] and human PLA2 [66], whose 558 

activity is regulated through homomeric and heteromeric protein:protein interactions. 559 

Furthermore, for several cytoplasmic moonlighting proteins, it was shown that homoligomerization 560 

upon association with the membrane is responsible for acquiring the new functions [59].  561 

Although LpPlaB and PaPlaB seem not to be essential for bacterial life, they both affect important 562 

virulence properties of their hosts. It was suggested that the regulation of intracellular replication 563 

of L. pneumophila is a mechanism of LpPlaB-mediated virulence [43], while the regulation of biofilm 564 

maturation is suggested as a mechanism of PaPlaB-mediated virulence (Fig. 7). Although the exact 565 

molecular mechanism by which LpPlaB and PaPlaB contribute to bacterial virulence is unknown, 566 

phospholipid-degrading activities are likely related to their virulence function. We showed that 567 
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PaPlaB rapidly hydrolyses PE (Fig. 4b), which is the most abundant bacterial GPL [51], at the same 568 

rate as it hydrolyzes GPLs extracted from the membranes of P. aeruginosa (Fig. 6b). We showed that 569 

the biochemical function of PaPlaB is related to the complete deacylation of GPLs to fatty acids and 570 

glycerophosphoalcohol as shown by lysoPLA assay (Fig. 4c) and GC-MS analysis of fatty acid products 571 

released from PC18:1-16:0 (Fig. 4d).  572 

In conclusion, the ability of PaPlaB to rapidly degrade endogenous GPLs in detergent micelles and 573 

GPLs in the lipid bilayer (Fig. 4e) and the suggested membrane localization of this novel PLB within 574 

P. aeruginosa cells open up the questions if a) PaPlaB modulates the molecular GPL profile of 575 

bacterial membranes similarly as described for PlaF [9, 10] and PLA2 from rat [67], yeast [57], and 576 

other eukaryotes [58] thus distinguishing it from secreted phospholipase toxins  that target host 577 

membranes and b) the PLB activity of PaPlaB is directly or indirectly responsible for the observed 578 

biofilm phenotype of P. aeruginosa ΔplaB. It was previously shown that adaptive GPL modulation is 579 

important for biofilm formation of P. aeruginosa, which undergoes drastic changes in membrane 580 

GPL composition upon transition from the planktonic to a biofilm lifestyle [51]. Observed differences 581 

in the FA profiles of P. aeruginosa wild-type and ΔplaB (Fig. 6c) indicate that PaPlaB might be 582 

involved in releasing of FAs from endogenous GPLs in vivo, or that PaPlaB indirectly changes FA 583 

concentration by affecting FA metabolism. The exact role of the catalytic activity of PaPlaB for 584 

attachment and biofilm formation of P. aeruginosa remains to be elucidated. Our results contribute 585 

to a still limited understanding of the virulence mechanism of PLA/B from pathogenic bacteria, 586 

which may represent a previously not explored family of antibiotic targets.  587 

  588 
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Figure legends 600 

 601 

Fig. 1: PaPlaB is heterologously expressed in E. coli. The expression, localization, and activity of 602 

PaPlaB was tested at 1, 2, 3, 4, and 5 h after induction. Cell lysates (10 µl, OD580nm = 10) were 603 

analyzed by esterase p-NPB assay (top) and Western blotting against the His6-tag (below). Disrupted 604 

cells were fractionated by ultracentrifugation into soluble (cytoplasmic and periplasmic proteins) 605 

and membrane protein fractions that were analyzed by Western blotting. E. coli C43(DE3) carrying 606 

empty vector pET22b were grown under the same conditions and were used as the negative control. 607 

Molecular weights of standard proteins (St) are indicated on the right-hand side. The esterase 608 

activity results are means ± S.D. of three independent experiments, each set in triplicate. 609 

Fig. 2: Membrane localization of PaPlaB. a) Isolated membranes of E. coli C43(DE3) pET-paplaB 610 

strain cultivated in LB medium (25 ml, 5 h, 37ºC) were separated by sucrose density gradient. E. coli 611 

C43(DE3) pET22b cultivated under the same conditions was used as the empty vector (EV) control. 612 

Fractions (1 ml) were collected, and their sucrose concentration was measured refractometrically 613 

(filled circles, dashed line). Protein absorption at 280 nm is shown in solid lines. b) Sucrose density 614 

gradient fractions of E. coli C43(DE3) pET-paplaB were analyzed by Western blotting using the anti-615 

His (C-term)-HRP antibody for detection of PaPlaB and primary anti-TolC and anti-SecY antibodies 616 

combined with the anti-rabbit immunoglobulin G antibodies for detection of TolC and SecY from E. 617 

coli, respectively. The dashed line indicates that anti-SecY figure was combined from two parts of 618 

the same Western blot. c) Enzymatic activity was measured with p-NPB assay by combining 10 µl of 619 

fraction and 150 µl of the substrate. The activities are means ± S.D. of two independent experiments 620 

with three samples. 621 
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Fig. 3: Purification of detergent-isolated PaPlaB. The fractions eluted from the Ni-NTA column (left) 622 

and pooled PaPlaB after desalting by PD-10 column (right) were analyzed by SDS-PAGE (12 % v/v). 623 

The molecular weights of protein standards (St) are indicated. 624 

Fig. 4: Phospholipolytic activity profile of PaPlaB. a) PaPlaB is a PLA that hydrolases PE, PG, and PC, 625 

which contain unsaturated FAs with C16 (16:0), and C12 (12:0) chain length commonly occurring in 626 

P. aeruginosa membranes. N.D. = not determined. b) Substrate specificity of PaPlaB measured with 627 

PE containing different FA chain lengths (C6 - C18). c) PaPlaB shows hydrolytic activity towards 628 

various lysophospholipids (LPE, LPG, and LPC) containing saturated C16:0 acyl chain. PLA and 629 

lysoPLA activities were measured by NEFA-assay using 54 ng PaPlaB per reaction. d) GC-MS 630 

quantification of oleic (C18:1) and palmitic (C16:0) fatty acid released by PaPlaB from PC18:1-16:0 631 

substrate. The molar ratio of fatty acids released from sn-1 and sn-2 position was 51:49, at the 632 

reaction equilibrium. e) PaPlaB activity with SUVs made of DOPE:DOPG was measured by 633 

quantification of FAs released after 4h incubation with PaPlaB at 37 ºC. Mean ± S.D. of SUV radii and 634 

amount (light intensity) were determined by DLS (three experiments, 25 measurements each). 635 

PaPlaB buffer was used as the negative control. All activities are mean ± S.D. of three independent 636 

experiments with three samples.  637 

 638 

Fig. 5: Concentration-dependent oligomerization of PaPlaB. a) PaPlaB (1.0, 0.5, and 0.1 mg/ml), 639 

and standard proteins (Table S3) dissolved in a buffer containing DDM were separately analyzed 640 

using Biosep-SEC-S3000 column. Proteins were detected by measuring absorbance at 280 nm (solid 641 

curves). b) SEC-MALS analysis using a Superdex 200 Increase column. PaPlaB (1.0 mg/ml) stabilized 642 

by DDM was detected by measuring absorbance at 280 nm (solid curve), and the overall Mw (dashed 643 

line) was determined with the software ASTRA 7.  644 
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Fig. 6: PaPlaB is a cell-associated PLA of P. aeruginosa that releases fatty acids from endogenous 645 

phospholipids and cells. a) PLA activity of the whole cells and the supernatant of P. aeruginosa wild-646 

type and ΔplaB cultivated in LB medium overnight at 37ºC. Cells washed with fresh LB medium were 647 

disrupted by ultrasonication before measurement. NEFA assay with PC12:0 substrate (25 µl) was 648 

performed using cell lysates (25 µl) adjusted to OD580nm = 10 or undiluted cell-free supernatant (25 649 

µl). Results are the means ± S.D. of three measurements with three biological replicates. Statistical 650 

analysis was performed using the t-test, * p < 0.05. b) PLA activity of purified PaPlaB was measured 651 

by NEFA assay using endogenous PLs isolated from P. aeruginosa wild-type cells and synthetic PC12:0, 652 

which was used as control. Free fatty acids were quantified after 15 min incubation of PaPlaB with 653 

the substrate at 37°C. Activities are mean ± S.D. of three measurements with three biological 654 

replicates. c) FAs extracted from P. aeruginosa wild-type (3 biological replicates) and ΔplaB (4 655 

biological replicates) cells and cell-free supernatant were quantified by GC-MS. Results are mean ± 656 

S.D., statistical analysis was performed using the t-test, * p < 0.05. 657 

Fig. 7: PaPlaB affects biofilm formation in P. aeruginosa. a) P. aeruginosa wild-type and ΔplaB were 658 

cultivated in 96-well MTP (LB medium, 37°C, without aeration). The cells not attached to the plastic 659 

surface were removed, and the biofilm stained with crystal violet was quantified at 550 nm. The 660 

results are mean ± S.D. of three independent experiments with five biological replicates, each 661 

measured eight times. Statistical analysis was performed using the t-test, *** p < 0.001. b) Biofilm 662 

architecture analyzed by CLSM after 24, 72, and 144 h growth at 37ºC in a flow cell with continuous 663 

supply (50 µl/min) of LB medium. Experiments were repeated two times, each with one biological 664 

replicate that was analyzed at three different points by imaging a section of 100 x 100 µm. All 665 

collected images are shown in Fig. S12.  666 
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