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Abstract

Background—Pseudomonas aeruginosa is a pathogen that frequently colonizes patients with 

cystic fibrosis (CF) or chronic obstructive pulmonary disease (COPD). Several pathogens are 

known to bind vitronectin to increase their virulence. Vitronectin has been shown to enhance P. 
aeruginosa adhesion to host epithelial cells.

Methods—We screened clinical isolates from the airways of CF patients and from the 

bloodstream of patients with bacteremia for binding of vitronectin. Two-dimensional SDS-PAGE 

and a proteomic approach was used to identify vitronectin-receptors in P. aeruginosa.

Results—P. aeruginosa from the airways of CF patients (n=27) bound more vitronectin than 

bacteremic isolates (n=15, p=0.025). Porin D (OprD) was identified as a vitronectin-binding 

protein. A P. aeruginosa oprD transposon insertion mutant had a decreased binding to soluble and 

immobilized vitronectin (p ≤ 0.001).

Conclusions—P. aeruginosa isolates obtained from CF patients significantly bound vitronectin. 

Porin D was defined as a novel P. aeruginosa vitronectin-receptor, and we postulate that the Porin 

D-dependent interaction with vitronectin may be important for colonization.

Keywords

adhesion molecules; extracellular matrix; Porin D; Pseudomonas aeruginosa; vitronectin

1.1 Introduction

The Gram-negative opportunistic pathogen Pseudomonas aeruginosa is responsible for a 

substantial burden of disease and mortality, particularly for patients with other underlying 
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diseases. P. aeruginosa causes various infections in humans, notably pulmonary infections, 

keratitis, wound infections and septicemia [1]. It has been shown to be the main pathogen 

causing increased morbidity and mortality in patients with cystic fibrosis (CF) [2]. P. 
aeruginosa also associated with a high morbidity in patients with advanced stage of chronic 

obstructive pulmonary disease (COPD) [3], and is reported as the most common bacterial 

species isolated during exacerbations [4]. In parallel, P. aeruginosa is often found as an 

infectious agent in patients suffering from ventilator associated pneumonia (VAP) [5].

Though P. aeruginosa primarily exists in mucus plugs and sputum plaques during long term 

colonization of CF patients, it is known to adhere to epithelial cells, exposed basement 

membrane or other proteins of the extracellular matrix (ECM) [6]. For both P. aeruginosa 
and Pseudomonas fluorescence it has been suggested that the ECM protein vitronectin is 

important for bacterial adherence to respiratory epithelial [7,8].

Vitronectin is a plasma protein that exists naturally as a 75 kDa intact protein and a truncated 

65 kDa form. It was first discovered for its ability to stick to glass surfaces where 

subsequently human primary cells could grow [9]. It has later been found to be associated 

with cell to cell adhesion, wound repair and regulation of the complement system. 

Furthermore, vitronectin promotes coating on polymer surfaces and it may aid to build up 

biofilms, as exemplified by coagulase-negative staphylococci on cerebrospinal shunts [10]. 

During wound healing, vitronectin facilitates mammalian cell adhesion and forms an ECM 

with other glycoproteins that is attached to mammalian cells through αvβ5 integrins, which 

are upregulated during inflammation [11]. Although vitronectin is mainly produced by 

hepatocytes, it is also released by respiratory epithelial cells and present in the healthy lung 

[12]. The vitronectin mRNA expression is upregulated in neutrophils derived from patients 

with CF and the concentration of vitronectin in the airway lumen is increased in patients 

suffering from sarcoidosis and interstitial lung disease, which may reflect the level of 

inflammation [13,14].

The goal of this study was to investigate whether P. aeruginosa has vitronectin-binding 

surface receptors, and to evaluate the ubiquity of this interaction by screening clinical 

isolates. Moreover, we also aimed to identify vitronectin-binding proteins at the surface of P. 
aeruginosa, and to characterize the nature of this interaction in detail. We identified Porin D 

as the main vitronectin-binding receptor, which is a previously unknown function attributed 

to this outer membrane protein (OMP).

1.2 Material and methods

1.2.1 Bacterial strains and culture conditions

Forty-two clinical P. aeruginosa isolates and the reference strain PAO1 were supplied by the 

Clinical Microbiology laboratory (Malmö, Sweden) and the Department of Clinical 

Microbiology at Rigshopitalet (Copenhagen, Denmark) [15]. All isolates were verified as P. 
aeruginosa by using MALDI-TOF. A transposon insertion mutant was obtained from the P. 
aeruginosa two-allele library (Washington university, Seattle, WA): PW2742 

oprDE12::ISphoA7/hah [16]. P. aeruginosa was grown on blood agar plates or in liquid 
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Lysogeny broth (LB). E. coli DH5α and E. coli BL21 (DE3) were also cultured in LB 

medium supplemented with appropriate antibiotics (Table 1).

1.2.2 Vitronectin direct binding assay (DBA)

Vitronectin was labeled with [125I] using the Chloramine-T method [17]. One loop of P. 
aeruginosa was taken from a glycerol stock kept at −80°C and grown overnight on blood 

agar plates. Bacteria were scraped from the plates and resuspended to OD600=1.0 in 

phosphate buffered saline (PBS) containing 1 % bovine serum albumin (BSA). After 

washing, 15 ng of [125I]-vitronectin in 100 μl PBS was added to the bacterial suspension and 

incubated for 1 h at 37°C. The unbound [125I]-vitronectin was removed by 2 washes with 

PBS. Bacterial surface-bound radioactivity was measured in a Tri-Carb liquid scintillation 

counter (Perkin Elmer, Waltham, MA).

1.2.3 Outer membrane protein identification with two-dimensional (2D) gel electrophoresis

Bacterial OMP fractions were prepared from overnight cultures based upon the method of 

Alteri and Moble and analyzed by 2D-SDS-PAGE [18].

1.2.4 Expression and purification of recombinant proteins

The full-length gene encoding for Porin D (oprD) were amplified from genomic DNA of P. 
aeruginosa PAO1 using primers 5’-

CTGAGGATCCGGACGCATTCGTCAGCGATCAGGCC-3’ and 5’-

CTGACAAGCTTCAGGATCGACAGCGGATAGTCGACGATCAG-3’. The amplified gene 

products were cloned into the expression vector pET26b (Novagen, Darmstadt, Germany), 

and used for protein expression and purification [19]. The oprD gene was also cloned into 

pET16b (Novagen) for expression of proteins at the surface of E. coli using primers 5’-

TATACGCATATGAAAGTGATGAAGTGGAGCGCCATTGCA-3’ and 5’-

TCAATTGGATCCTTACAGGATCGACAGCGGATAGTCGA-3’. For expression and 

purification, E. coli DE3 (Novagen) with the appropriate vector was used. Vitronectin 

fragments were expressed in HEK 293T cells and purified by a Ni-NTA resin [18].

1.2.5 Antibody production

Two rabbits were immunized with 200 μg of recombinant protein emulsified in complete 

Freund's adjuvant (CFA; Difco and BD Biosciences, Franklin Lakes, NJ). Booster doses 

were injected on days 18 and 36 with the same dose of protein in incomplete FA. Blood was 

drawn three weeks later. Antibodies were purified by CN-bromide agarose conjugated with 

OprD [20].

1.2.6 Enzyme-linked immunosorbent assay (ELISA)

Initial protein-protein interactions were analyzed with ELISA. Proteins (50 nM) were coated 

in 96-well PolySorp® plates (Thermo Fisher Scientific, Waltham, MA) in coating buffer 

(100 nM Tris-HCl, pH 9.0) and stored overnight at 4°C. Thereafter a standard protocol was 

followed [18]. Haemophilus influenzae hypothetical protein UHP_03526 (GI:144986114) 

was included as a negative control. It is an OMP derived from non-typable H. influenzae 
3655 and does not bind Vn (unpublished data). UHP_03526 was expressed and purified 
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using the same method as described for Porin D and was used to exclude the possibility of 

unspecific binding derived from vector sequences including the Histidine-tag (6 His), or 

from trace amounts of co-purified E. coli contaminants.

1.2.7 Porin D-vitronectin affinity measurements

Kinetic analysis was performed by Biolayer interferometry using a forteBio OctetRed96 

platform (Pall, Menlo Park, CA). Vitronectin aa 80-396 was immobilized on AR2G sensors 

(Pall) by amino coupling. The analyte (Porin D) was serially diluted in running buffer (PBS) 

ranging from 0.016 μM to 1 μM. The experiments were conducted at 30°C. Data analysis 

was performed using the Fortebio Data Analysis software 8.1 (Pall). Curves were fitted with 

1:1 binding kinetics and the Kass, Kdiss, and affinity (KD) was calculated.

1.2.8 Western blot

OMPs were prepared by resuspending bacteria in 50 nM Tris-phosphate buffer containing 

3% Empigen (Calbiochem, Merck Millipore, Darmstadt, Germany) and a protease inhibitor 

(Complete; Roche, Basel, Switzerland). This suspension was incubated at 37°C with glass 

beads and end-to-end rotation. Proteins were separated on a NuPAGE 4-12% or 10% Bis-

Tris gels (Life technologies, Carlsbad, CA) and blotted as described [18].

1.2.9 Flow cytometry

E. coli BL21 (DE3) containing pET16b oprD or pET16 without insert (negative control 

vector) were induced overnight with isopropyl-β-D-1-thiogalactopyranoside (IPTG). 

Bacterial pellets were washed and resuspended to OD600=1.0 in PBS and incubated with 

recombinant vitronectin aa 80-396 in PBS-2% BSA followed by addition of an anti-

vitronectin monoclonal antibody (mAb) VN58-1 (Abcam, Cambridge, UK). After washes, 

FITC-conjugated rabbit anti-mouse polyclonal Abs (Dako, Glostrup, Denmark) was added. 

Finally, samples were analyzed in a flow cytometer EPICS-XL (Beckman Coulter, Pasadena, 

CA). Gates were set to include 2 % of the background and any reading above this was 

considered positive. Controls were prepared in the presence of primary and secondary Abs, 

but in the absence of vitronectin.

1.2.10 Binding of P. aeruginosa to immobilized vitronectin

Glass slides were coated with 0.5 μg human plasma vitronectin and air-dried at 37 °C. 

Bacteria were grown in LB medium, washed and resuspended in PBS (OD600=0.5). The 

slide was submerged in the bacterial suspension and incubated at 37°C for 1 h. After 

washing and drying, the sample was Gram-stained and the main investigator and one 

independent researcher counted adherent bacteria in six randomly selected fields.

1.2.11 Statistical analysis

Comparisons of means were evaluated with unpaired Student's t-test. P-values ≤ 0.05 and 

were considered as statistically significant. Statistical analyses were performed using Graph-

Pad Prism® version 6.0 (GraphPad Software, La Jolla, CA).

Paulsson et al. Page 4

J Cyst Fibros. Author manuscript; available in PMC 2016 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



1.2.12 Ethics statement

Permit (M193-11) was obtained from Malmö/Lund District Court (Djurförsöksetiska 

nämnden, Lund, Sweden) for immunization of rabbits.

1.3 Results

1.3.1 P. aeruginosa isolated from the respiratory tract of patients with cystic fibrosis have 
increased vitronectin-binding capacity

To analyse the vitronectin-binding capacity of clinical P. aeruginosa isolates, we performed a 

DBA with [125I]-labeled vitronectin. Isolates from the airway of patients with CF (n=27) and 

blood isolates from bacteremic patients (n=15) were selected. Binding of vitronectin was 

normalized to the reference strain P. aeruginosa PAO1 that was set to 1.0. Intriguingly, we 

found that airway isolates from CF patients bound significantly (p=0.025) more vitronectin 

in comparison to blood isolates (Fig. 1).

1.3.2 Proteomics reveals Porin D as a vitronectin receptor of P. aeruginosa

To identify vitronectin-binding proteins in the outer membrane of P. aeruginosa, OMPs from 

PAO1 and four selected clinical strains were separated by 2D-SDS-PAGE. A typical gel with 

PAO1 is exemplified in Figure 2A. Vitronectin was used as a probe and the vitronectin-

binding proteins were identified by a far Western blot immunoassay (Fig. 2B). We observed 

a unique spot corresponding to a putative vitronectin-binding protein with molecular mass of 

50 kDa in all strains. This spot was excised from the 2D-gel, analyzed by MALDI-TOF and 

subsequently identified as Porin D (GI: 15596155, PA0958 according to the Pseudomonas 
Genome Project [21]). This indicated that vitronectin acquisition at the surface of P. 
aeruginosa involved Porin D. The protein was thereafter recombinantly expressed in E. coli 
(Fig. 2C), and used for immunization of rabbits. Resulting pAbs recognized the recombinant 

protein (Fig. 2D).

1.3.3 Recombinant Porin D from P. aeruginosa has a high affinity for vitronectin

To confirm that the vitronectin-binding property of the putative vitronectin receptor was not 

an artifact, protein-protein interactions between vitronectin and recombinant Porin D were 

analyzed by ELISA. Porin D was coated on microtiter plates and increasing concentrations 

of vitronectin were added. A dose-dependent binding of vitronectin to Porin D was 

observed, that is, significantly more vitronectin was bound by Porin D in comparison to the 

negative control. (Fig. 3A). To further evaluate the kinetics of this interaction, we performed 

a Biolayer interferometry assay with vitronectin immobilized to the sensors. The interaction 

was analyzed with Porin D in serial dilutions starting with 1 μM. Under these experimental 

conditions and a vitronectin concentration of 125 nM, the dissociation constant (KD) was 

calculated to 3.6 nM (KD error 1.09×10−10) (Fig. 3B).

Vitronectin contains three heparin-binding domains (HBD) (Fig. 3C). We have previously 

shown that Haemophilus surface fibrils (Hsf) from H. influenzae bind to the HBD3 of 

vitronectin (amino acids 352-374) [22]. In the present study, we used truncated vitronectin 

fragments to in detail test the interaction between Porin D and vitronectin (Fig. 3C). Our 

results implied that Porin D bound to vitronectin between amino acid (aa) sequence 352 to 
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374, which corresponds to HBD 3 (Fig. 3D). Moreover, we found that heparin completely 

blocked the binding of vitronectin to Porin D (Fig. 3E), which confirmed involvement of 

HBDs in the Porin D-dependent vitronectin binding.

1.3.4 Porin D is functional and binds vitronectin at the surface of E. coli

The specific function of Porin D was further investigated using E. coli as a heterologous 

host. After transformation, porin D-expressing E. coli was analyzed by flow cytometry using 

anti-Porin D pAbs (Fig. 4A). Porin D was readily expressed at the surface of the E. coli-
OprD transformant as opposed to the control with an empty expression vector. Vitronectin 

binding was confirmed by flow cytometry after incubation with increasing concentrations of 

vitronectin (0-128 nM). A significantly higher vitronectin-binding capacity was observed 

with E. coli-OprD as compared to the negative control (Fig. 4B). Taken together, these 

results confirmed that Porin D is a surface-exposed protein that significantly attracts 

vitronectin at the bacterial surface.

1.3.5 Porin D is expressed in clinical P. aeruginosa isolates, and a Porin D-transposon 
insertion mutant has a decreased vitronectin binding capacity

To confirm expression of Porin D in 12 randomly selected clinical isolates, OMPs were 

isolated followed by Western blot using anti-Porin D pAbs. Four of those are presented in 

Fig. 5A. As seen in the Coomassie stained SDS-PAGE, approximately equal amounts of 

proteins were loaded in the gel (Fig. 5A, left panel). Porin D was expressed in the clinical 

isolates at similar levels as the reference strains tested (Fig. 5A, right panel), except in one 

strain in which no Porin D was detected (data n.s.). To further elucidate the role of Porin D 

as a vitronectin-binding protein, we used an oprD deficient transposon mutant. Porin D 

expression was completely abolished in the P. aeruginosa oprD mutant when compared to 

the wild type (WT) P. aeruginosa MPAO1 in Western blot (Fig. 5A, right panel). 
Importantly, the growth rate of the oprD mutant was similar to that of the wild type P. 
aeruginosa MPAO1 (Fig. 5B).

To further verify that Porin D in P. aeruginosa is important for vitronectin-binding, we 

analyzed bacteria in a DBA using [125I]-vitronectin. The oprD mutant bound significantly 

less [125I]-vitronectin than the Porin D-expressing wild type counterpart (p ≤ 0.001) (Fig. 

5C). Moreover, the importance of Porin D-dependent vitronectin binding was further 

demonstrated when P. aeruginosa was added to vitronectin-coated glass slides. By counting 

the adherent bacteria after rinsing and Gram staining, we found that the P. aeruginosa oprD 
transposon insertion mutant adhered significantly less to the vitronectin-coated glass slides 

in comparison to the wild type strain (p ≤ 0.001) (Fig. 5D-F). Thus, Porin D mediates P. 
aeruginosa adhesion to soluble and to immobilized vitronectin.

1.4 Conclusions

The opportunist pathogen P. aeruginosa causes a great burden of disease, particularly to 

patients with CF. The host–pathogen interactions leading to the first stage of infection have 

not yet been fully elucidated. In the present study, we have shown that P. aeruginosa isolates 

bind the human ECM protein vitronectin and that isolates from the airway of CF patients 

Paulsson et al. Page 6

J Cyst Fibros. Author manuscript; available in PMC 2016 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



have stronger vitronectin-binding phenotypes than isolates obtained from the blood stream. 

Moreover, we identified Porin D as the first known vitronectin-binding protein on the 

surface of P. aeruginosa.

Vitronectin is available in the lower respiratory tract as it is produced by respiratory 

epithelial cells. This production is upregulated in the airway of CF patients [13,23]. Despite 

adhesion may promote the host response and clearance, our observations suggest that 

vitronectin-dependent adhesion may be a virulence strategy promoting colonization of the 

airway of CF patients. Similar mechanisms are used by e.g. Streptococcus pneumoniae [24]. 

For P. aeruginosa, we speculate that adhesion is of importance at least during initial 

colonization and exacerbations.

To identify vitronectin-binding proteins in the outer membrane of P. aeruginosa, we used a 

proteomic approach with 2D-SDS PAGE using vitronectin as a probe. Following this, we 

confirmed the specific interaction between recombinant Porin D and vitronectin by ELISA 

and calculated the dissociation constant to 3.6 nM, which indicates a strong binding affinity. 

Surface expression of Porin D was confirmed in the outer membrane of several clinical P. 
aeruginosa isolates by Western blotting. Moreover, the vitronectin-binding function of Porin 

D was verified by heterologous expression on the surface of E. coli. Importantly, the 

vitronectin binding capacity was significantly reduced in the Porin D deficient mutant, for 

which the interaction with vitronectin was decreased both with soluble vitronectin and 

immobilized vitronectin. Our current data thus clearly indicate that Porin D is a strong 

vitronectin-binding protein of P. aeruginosa. Vitronectin-binding is, however, likely to be 

multifactorial. We did not observe a complete reduction of the vitronectin binding capability 

in the transposon mutant and hence we would expect P. aeruginosa to possess other 

vitronectin-binding proteins. Consequently, it is likely that the clinical strains express 

multiple ECM binding proteins.

Though P. aeruginosa often exists in sputum plaques, adhesion to the epithelial surface is 

likely an important step for successful colonization of the airway. It has previously been 

shown that vitronectin bridges the P. aeruginosa surface and αvβ5-integrins of host lung 

epithelial cells, an interaction that ultimately contributes to the adherence and internalization 

of bacteria [7]. Supporting this observation, we were able to show that P. aeruginosa 
interacts with vitronectin at the C-terminal (HBD-3), leaving the RGD motif at the N-

terminal free to bind integrins [25]. Recruitment of vitronectin by Porin D on the surface of 

P. aeruginosa may thus contribute to adherence to not only the ECM but also indirectly to 

the epithelial cell surface by using vitronectin as a bridging molecule.

Porin D is an OMP of approximately 50 kDa that is also known as OprD, PA0958, occD1 or 

Outer membrane protein D2. The crystal structure of Porin D has recently been solved [26]. 

Following the introduction of imipenem in clinical practice in the late 1980s, Porin D was 

identified as a channel for basic amino acids and imipenem [27]. Mutations in Porin D of P. 
aeruginosa have been shown to increase the bacterial resistance to imipenem, and worldwide 

it is one of the most commonly observed imipenem resistance mechanisms [28]. Porin D 

consists of 9 loops of which loops 2 and 3 have been most extensively studied. Deletions of 

loops cause conformational changes that lower the sensitivity to imipenem. It has recently 
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been reported that oprD deficient strains had an increase in in vivo fitness based on 

gastrointestinal tract colonization and systemic dissemination [29]. The mechanisms behind 

systemic dissemination from the gastrointestinal tract are likely to be different to the 

mechanisms promoting local colonization of the respiratory tract, which is why our results 

are not conflicting. We hypothesize that OprD binding to Vn is of biological importance for 

local colonization of the respiratory tract.

In conclusion, we found that clinical isolates from the airways of CF patients bind more 

vitronectin in comparison to isolates cultured from blood. Furthermore, we identified Porin 

D as the first known surface protein of P. aeruginosa that binds vitronectin. Our study sheds 

light upon the interaction between P. aeruginosa and the human ECM protein vitronectin. 

The findings also pave the way for further studies that aim to analyze the importance and 

function of this interaction in bacterial pathogenesis.
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Abbreviations

aa amino acid

BSA bovine serum albumin

CF cystic fibrosis

COPD chronic obstructive pulmonary disease

CPM counts per minute

DBA direct binding assay

ECM extracellular matrix

FCS fetal calf serum

HBD heparin binding domain

IPTG isopropyl-1-thio-β-D-galactoside

LB lysogeny broth

mAb monoclonal antibodies

NHS normal human serum

OMP outer membrane protein

pAb polyclonal antibodies

PBS phosphate buffered saline

PBST PBS with Tween
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SEM standard error of the mean

VAP ventilator associated pneumonia

WT wild type bacterium

References

1. Lyczak JB, Cannon CL, Pier GB. Establishment of Pseudomonas aeruginosa infection: lessons from 
a versatile opportunist. Microbes Infect. 2000; 2:1051–60. [PubMed: 10967285] 

2. Ciofu O, Hansen CR, Høiby N. Respiratory bacterial infections in cystic fibrosis. Curr Opin Pulm 
Med. 2013; 19:251–8. [PubMed: 23449384] 

3. Eller J, Ede A, Schaberg T, Niederman MS, Mauch H, Lode H. Infective exacerbations of chronic 
bronchitis: relation between bacteriologic etiology and lung function. Chest. 1998; 113:1542–8. 
[PubMed: 9631791] 

4. Domenech A, Puig C, Martí S, Santos S, Fernández A, Calatayud L, et al. Infectious etiology of 
acute exacerbations in severe COPD patients. J Infect. 2013

5. Ahl J, Tham J, Walder M, Melander E, Odenholt I. Bacterial aetiology in ventilator- associated 
pneumonia at a Swedish university hospital. Scand J Infect Dis. 2010; 42:469–74. [PubMed: 
20370356] 

6. Roger P, Puchelle E, Bajolet-Laudinat O, Tournier JM, Debordeaux C, Plotkowski MC, et al. 
Fibronectin and alpha5beta1 integrin mediate binding of Pseudomonas aeruginosa to repairing 
airway epithelium. Eur Respir J. 1999; 13:1301–9. [PubMed: 10445605] 

7. Leroy-Dudal J, Gagnière H, Cossard E, Carreiras F. Role of αvβ5 integrins and vitronectin in 
Pseudomonas aeruginosa PAK interaction with A549 respiratory cells. Microbes Infect. 2004; 
6:875–81. [PubMed: 15310463] 

8. Buommino E, Di Domenico M, Paoletti I, Fusco A, De Gregorio V, Cozza V, et al. Alpha⍰Beta5 
integrins mediates Pseudomonas fluorescens interaction with A549 cells. Front Biosci (Landmark 
Ed). 2014; 19:408–15. [PubMed: 24389192] 

9. Holmes R. Preparation from human serum of an alpha-one protein which induces the immediate 
growth of unadapted cells in vitro. J Cell Biol. 1967; 32:297–308. [PubMed: 10976223] 

10. Lundberg F, Schliamser S, Ljungh A. Vitronectin may mediate staphylococcal adhesion to polymer 
surfaces in perfusing human cerebrospinal fluid. J Med Microbiol. 1997; 46:285–96. [PubMed: 
9128192] 

11. Pilewski JM, Latoche JD, Arcasoy SM, Albelda SM. Expression of integrin cell adhesion receptors 
during human airway epithelial repair in vivo. Am J Physiol. 1997; 273:L256–63. [PubMed: 
9252563] 

12. Salazar-Peláez LM, Abraham T, Herrera AM, Correa MA, Ortega JE, Paré PD, et al. Vitronectin 
expression in the airways of subjects with asthma and chronic obstructive pulmonary disease. 
PLoS ONE. 2015; 10:e0119717. [PubMed: 25768308] 

13. Adib-Conquy M, Pedron T, Petit-Bertron A-F, Tabary O, Corvol H, Jacquot J, et al. Neutrophils in 
cystic fibrosis display a distinct gene expression pattern. Mol Med. 2008; 14:36–44. [PubMed: 
18026571] 

14. Eklund AG, Sigurdardottir O, Ohrn M. Vitronectin and its relationship to other extracellular matrix 
components in bronchoalveolar lavage fluid in sarcoidosis. Am Rev Respir Dis. 1992; 145:646–50. 
[PubMed: 1372162] 

15. Stover CK, Pham XQ, Erwin AL, Mizoguchi SD, Warrener P, Hickey MJ, et al. Complete genome 
sequence of Pseudomonas aeruginosa PAO1, an opportunistic pathogen. Nature. 2000; 406:959–
64. [PubMed: 10984043] 

16. Held K, Ramage E, Jacobs M, Gallagher L, Manoil C. Sequence-verified two-allele transposon 
mutant library for Pseudomonas aeruginosa PAO1. J Bacteriol. 2012; 194:6387–9. [PubMed: 
22984262] 

Paulsson et al. Page 9

J Cyst Fibros. Author manuscript; available in PMC 2016 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



17. Greenwood FC, Hunter WM, Glover JS. The preparation of 131I-labelled human growth hormone 
of high specific radioactivity. Biochemical Journal. 1963

18. Su Y-C, Jalalvand F, Mörgelin M, Blom AM, Singh B, Riesbeck K. Haemophilus influenzae 
acquires vitronectin via the ubiquitous Protein F to subvert host innate immunity. Mol Microbiol. 
2013; 87:1245–66. [PubMed: 23387957] 

19. Studier FW, Moffatt BA. Use of bacteriophage T7 RNA polymerase to direct selective high-level 
expression of cloned genes. J Mol Biol. 1986; 189:113–30. [PubMed: 3537305] 

20. Singh B, Al-Jubair T, Mörgelin M, Thunnissen MM, Riesbeck K. The unique structure of 
Haemophilus influenzae protein E reveals multiple binding sites for host factors. Infect Immun. 
2013; 81:801–14. [PubMed: 23275089] 

21. Winsor GL, Lam DKW, Fleming L, Lo R, Whiteside MD, Yu NY, et al. Pseudomonas Genome 
Database: improved comparative analysis and population genomics capability for Pseudomonas 
genomes. Nucleic Acids Res. 2011; 39:D596–600. [PubMed: 20929876] 

22. Singh B, Su Y-C, Al-Jubair T, Mukherjee O, Hallström T, Mörgelin M, et al. A fine- tuned 
interaction between the trimeric autotransporter Haemophilus surface fibrils and vitronectin leads 
to serum resistance and adherence to respiratory epithelial cells. Infect Immun. 2014

23. Greiff L, Andersson M, Erjefält JS, Persson CGA, Wollmer P. Airway microvascular extravasation 
and luminal entry of plasma. Clin Physiol Funct Imaging. 2003; 23:301–6. [PubMed: 14617258] 

24. Bergmann S, Lang A, Rohde M, Agarwal V, Rennemeier C, Grashoff C, et al. Integrin-linked 
kinase is required for vitronectin-mediated internalization of Streptococcus pneumoniae by host 
cells. J Cell Sci. 2009; 122:256–67. [PubMed: 19118218] 

25. Singh B, Su YC, Al-Jubair T, Mukherjee O, Hallstrom T, Mörgelin M, et al. A fine- tuned 
interaction between trimeric autotransporter Haemophilus surface fibrils and vitronectin leads to 
serum resistance and adherence to respiratory epithelial cells. Infect Immun. 2014; 82:2378–89. 
[PubMed: 24664511] 

26. Li H, Luo Y-F, Williams BJ, Blackwell TS, Xie C-M. Structure and function of OprD protein in 
Pseudomonas aeruginosa: from antibiotic resistance to novel therapies. Int J Med Microbiol. 2012; 
302:63–8. [PubMed: 22226846] 

27. Trias J, Nikaido H. Protein D2 channel of the Pseudomonas aeruginosa outer membrane has a 
binding site for basic amino acids and peptides. J Biol Chem. 1990; 265:15680–4. [PubMed: 
2118530] 

28. Castanheira M, Deshpande LM, Costello A, Davies TA, Jones RN. Epidemiology and carbapenem 
resistance mechanisms of carbapenem-non-susceptible Pseudomonas aeruginosa collected during 
2009-11 in 14 European and Mediterranean countries. J Antimicrob Chemother. 2014; 69:1804–
14. [PubMed: 24603963] 

29. Skurnik D, Roux D, Cattoir V, Danilchanka O, Lu X, Yoder-Himes DR, et al. Enhanced in vivo 
fitness of carbapenem-resistant oprD mutants of Pseudomonas aeruginosa revealed through high-
throughput sequencing. Proc Natl Acad Sci USa. 2013; 110:20747–52. [PubMed: 24248354] 

Paulsson et al. Page 10

J Cyst Fibros. Author manuscript; available in PMC 2016 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Highlights

- Vitronectin is a glycoprotein that is produced by the liver and respiratory epithelial 

cells.

- The production of vitronectin is upregulated in patients with cystic fibrosis.

- Airway isolates from patients with cystic fibrosis bind more vitronectin than 

isolates cultured from blood.

- Porin D is a novel and major vitronectin-binding protein on the surface of P. 
aeruginosa.
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FIGURE 1. P. aeruginosa binds vitronectin
Clinical isolates bind vitronectin as determined by an [125I]-vitronectin DBA. P. aeruginosa 
from the lower airway of patients with cystic fibrosis (n=27) and isolates cultured from 

blood from patients with bacteraemia (n=15) were included. Binding (cpm) of replicate 

values were normalised to PAO1. Mean value of airway isolates: 1.37 ±SEM 0.12, blood 

isolates: 0.98 ±SEM 0.12, p=0.025. Error bars indicate the minium and maximal values. 

Each experiment was repeated three times with triplicates.
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FIGURE 2. Porin D is identified as a vitronectin-binding surface protein of P. aeruginosa
(A) The outer membrane proteome of PAO1 was separated by 2D-SDS-PAGE (pH 4-7) and 

stained with Coomassie-blue (left panel). (B) Another gel was in parallel blotted to a PVDF 

membrane and vitronectin binding was determined by Far-Western blotting using vitronectin 

as bate (right panel). The arrows point at a spot corresponding to a 50 kDa vitronectin-

binding protein, which was subsequently identified by MALDI-TOF as Porin D. (C) 

Recombinant Porin D (5 μg) was separated on a SDS-PAGE and stained with Coomassie-

blue. (D) An identical gel as in (C) was blotted to a PVDF membrane that was incubated 

with anti-Porin D pAbs followed by incubation with HRP-conjugated secondary pAbs.
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FIGURE 3. Porin D interacts with vitronectin at the C-terminal HBD 3
(A) Vitronectin bound to Porin D as shown by ELISA. H. influenzae UHP_03526 was used 

as a negative control. Increasing concentrations of recombinant vitronectin aa 80-396 was 

added and bound vitronectin was detected by an anti-vitronectin mAb. (B) Kinetic analysis 

was performed with Biolayer interferometry (Octet Red96). (C) Truncated vitronectin 

fragments were recombinantly expressed and purified by Ni-NTA affinity chromatography. 

The integrin binding domain (RGD) domain and heparin-binding domains (HBP) 1-3 are 

denoted in the figure. (D) ELISA showing binding of truncated vitronectin fragments (50 

Paulsson et al. Page 14

J Cyst Fibros. Author manuscript; available in PMC 2016 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



nM) to Porin D. (E) The interaction between Porin D and vitronectin was inhibited by 

heparin. Vitronectin at 50 nM was added together with increasing concentrations of heparin. 

In (A) and (D), mean values and SEM of three independent experiments are presented.
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FIGURE 4. Porin D expressed at the surface of E. coli binds vitronectin
(A) E. coli transformed with pET16-oprD expressed Porin D at the surface. E. coli-OprD 

was analyzed by flow cytometry after labeling with anti-Porin D pAbs. E. coli with an empty 

vector (pET16b) was used as a negative control. (B) Porin D was functionally active and 

bound more vitronectin at the bacterial surface than the control (p=0.037 at vitronectin 64 

nM). Mean values and SEM of three independent experiments are shown.
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FIGURE 5. Porin D is important for vitronectin binding in P. aeruginosa
(A) Analysis of Porin D expression in P. aeruginosa PAO1, four clinical P. aeruginosa 
isolates and confirmation of the oprD transposon insertion mutant. The oprD mutant is 

compared to the wild type (WT) counterpart P. aeruginosa MPAO1. OMP were loaded on 

NuPAGE 4-12% Bis-Tris gels that were Coomassie stained (left) and analyzed by Western 

blot (right) using anti-Porin D pAbs. The localization of Porin D is marked with an arrow. 

One representative experiment out of three performed is shown here. (B) Growth curve of P. 
aeruginosa WT (MPAO1) and the oprD insertion mutant cultured in LB medium. (C) The 

vitronectin-binding capacity of the P. aeruginosa oprD insertion mutant and corresponding 

WT as determined by DBA using [125I]-vitronectin. CPM values were normalized to P. 
aeruginosa WT and presented as mean ± SEM of three separate experiments. (D) Adhesion 

of the P. aeruginosa WT and oprD mutant to immobilized vitronectin (0.5 μg) on glass 

slides. The bar diagram represents mean and the error bars SEM of three independent 

experiments. (E-F) Raw data for the results shown in panel D. Adherent bacteria were Gram 

stained and representative pictures were taken at 100x amplification.
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TABLE 1

Clinical Pseudomonas aeruginosa isolates and laboratory strains used in the present study.

Name Description/genotype Reference

Clinical isolates

PA KR794 Urine isolate This study

PA KR796 Airway isolate from patient with CF This study

PA KR799 Blood isolate This study

PA KR801 Airway isolate from patient with CF This study

Laboratory strains

PAO1 P. aeruginosa reference strain [15]

E. coli BL21(DE3) E. coli laboratory strain [19]

E. coli DH5α E. coli laboratory strain

E. coli - OprD E. coli BL21(DE3) pET16b-oprD This study

MPAO1 P. aeruginosa reference strain. Clone of PAO1 used in two allele transposon library. [16]

PW2742 oprD-E12::ISphoA7/hah MPAO1 mutant with transposon insert in oprD [16]
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