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Introduction

At the end of the replication cycle all double stranded

DNA bacteriophages accomplish lysis of the infected host

cell by the concerted action of proteins encoded by

the lysis cassette (Young et al. 2000). Among these, the

endolysin hydrolyses the peptidoglycan layer causing the

host cell to burst due to the internal osmotic pressure.

Although this killing capacity of endolysins has been

known for a long time (Krause 1957), the simple concept

of combating human pathogens with endolysins – their

use as ‘enzybiotics’ – was only explored after the appear-

ance of multiple antibiotic resistant bacteria. Fischetti and

coworkers demonstrated for the first time the therapeutic

potential of bacteriophage C1 endolysin towards group A

streptococci (Nelson et al. 2001). Since then, the use of

endolysin as an attractive and complementary alternative

to control bacterial infections has been well documented

both in vitro and in vivo for other gram-positive patho-

gens including Streptococcus pneumoniae (Loeffler et al.

2003), Bacillus anthracis (Schuch et al. 2002), Strep.

agalactiae (Cheng et al. 2005) and Staphylococcus aureus

(Donovan et al. 2006; Rashel et al. 2007). Currently, an

important limitation of endolysin therapy is the insensi-

tivity of gram-negative bacteria for the exogenous action

of endolysins as the outer membrane (OM) shields the

access of endolysins from the peptidoglycan. This action

prevents the expansion of the range of effective endolysins

to important gram-negative pathogens.

Numerous agents, which increase the permeability of the

OM have been reported (Vaara 1992). Generally, two

different classes of outer membrane permeabilizers (OMP)
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Abstract

Aims: To select and evaluate an appropriate outer membrane (OM) permeabi-

lizer to use in combination with the highly muralytic bacteriophage endolysin

EL188 to inactivate (multi-resistant) Pseudomonas aeruginosa.

Methods and Results: We tested the combination of endolysin EL188 and sev-

eral OM permeabilizing compounds on three selected Ps. aeruginosa strains

with varying antibiotic resistance. We analysed OM permeabilization using the

hydrophobic probe N-phenylnaphtylamine and a recombinant fusion protein

of a peptidoglycan binding domain and green fluorescent protein on the one

hand and cell lysis assays on the other hand. Antibacterial assays showed that

incubation of 106 Ps. aeruginosa cells ml)1 in presence of 10 mmol l)1 ethylene

diamine tetraacetic acid disodium salt dihydrate (EDTA) and 50 lg ml)1

endolysin EL188 led to a strain-dependent inactivation between 3Æ01 ± 0Æ17

and 4Æ27 ± 0Æ11 log units in 30 min. Increasing the EL188 concentration to

250 lg ml)1 further increased the inactivation of the most antibiotic resistant

strain Br667 (4Æ07 ± 0Æ09 log units).

Conclusions: Ethylene diamine tetraacetic acid disodium salt dihydrate was

selected as the most suitable component to combine with EL188 in order to

reduce Ps. aeruginosa with up to 4 log units in a time interval of 30 min.

Significance and Impact of the Study: This in vitro study demonstrates that the

application range of bacteriophage encoded endolysins as ‘enzybiotics’ must

not be limited to gram-positive pathogens.
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are distinguished based on their chemical characteristics.

Polycationic agents (with polymyxin and its derivatives,

lysine polymers and aminoglycosides as major representa-

tives) compete with the stabilizing divalent cations for the

interaction with the anionic lipopolysaccharide (LPS)

components. The divalent cations are displaced, leading to

disorganization of the OM (Vaara and Vaara 1983; Vaara

1992). A second group of OMPs contains chelators with

ethylene diamine tetraacetic acid disodium salt dihydrate

(EDTA) as typical compound. EDTA removes divalent

cations from their binding sites, causing OM disruption.

Weak organic acids such as citric acid show a similar che-

lating activity. The permeabilizing effect is associated with

the protonated form, whereas trisodium citric acid at neu-

tral pH values exhibits only weak permeabilizing activity.

In addition, citric acid acidifies the medium, which may

cause OM damage (Hancock and Wong 1984; Helander

and Mattila-Sandholm. 2000).

In this study, we investigate the effectiveness of EDTA,

citric acid, poly-l-lysine and polymyxin B nonapeptide

(PMBN) to permeabilize the OM of Pseudomonas

aeruginosa strains with varying antibiotic resistance for the

endolysin EL188 (Briers et al. 2007a) and the subsequent

lysis and inactivation of the bacterium. This important nos-

ocomial pathogen causes serious and often fatal infections

in immunocompromised patients suffering burn wounds

or cystic fibrosis and is the most frequent colonizer of med-

ical devices (e.g. catheters). Numerous reports document

the exceptionally low permeability of the Ps. aeruginosa

OM for both hydrophilic and hydrophobic compounds

and antibiotics, which can be attributed to the strongly sta-

bilized LPS layer in the OM, the presence of ‘slow porins’

and multidrug efflux pumps (Nikaido 1996, 2001). EL188

is the endolysin of the giant Ps. aeruginosa bacteriophage

EL (Hertveldt et al. 2005). This enzyme was selected

because of its exceptional high enzymatic activity on

Ps. aeruginosa peptidoglycan (390 000 units per mg), excel-

ling the activity of other endolysins from Ps. aeruginosa

phages (Briers et al. 2007a, 2008a) and the activity of hen

egg white lysozyme about 2–50 times (Briers et al. 2007b).

This property can be ascribed to its modular structure con-

sisting of an N-terminal peptidoglycan binding domain

and a C-terminal catalytic domain, a feature which is rare

among endolysins from a gram-negative background.

Material and Methods

Bacterial strains and chemicals

Pseudomonas aeruginosa strain PAO1 is originally a wound

isolate, but after numerous passages, the strain is generally

considered as a laboratory and genetic reference strain. The

clinical strains Br776 (throat isolate) and Br667 (burn

wound isolate) were isolated in the Military Queen Astrid

Hospital in Brussels (Belgium). The selected strains differ

in antibiotic resistance, AFLP group, oprD and oprL alleles,

serotype, pyoverdine type and belong to a different clonal

group and thus represent the diversity that exists among

Ps. aeruginosa strains (Pirnay et al. 2003). All used strains

were grown in Lysogeny Broth (LB) medium at 37�C with

shaking. All chemicals (1-N-phenyl-2-naphtylamine; ethy-

lenediaminetetraacetic acid disodium salt dihydrate

(EDTA); citric acid; poly-l-lysine hydrobromide mol wt

1000–5000; PMBN hydrochloride) were purchased from

Sigma-Aldrich (St Louis, MO, USA).

Protein expression and purification of EL188 and

PBDKZ-GFP

Expression constructs for the production of endolysin

EL188 and the fusion protein PBDKZ-GFP composed of the

peptidoglycan binding domain of Ps. aeruginosa phage

uKZ endolysin KZ144 and the green fluorescent protein

(GFP) were constructed previously using pQEEC (Lavigne

et al. 2004) and pEXP5CT ⁄ TOPO� expression vectors (In-

vitrogen, Carlsbad, CA, USA), respectively. Protein produc-

tion using Escherichia coli BL21(DE3)pLysS (genotype: F)

ompT hsdSB (rB
) mB

)) gal dcm (kcIts857 ind1 sam7 nin5

lacUV5-T7 gene 1) pLysS (CamR); Invitrogen) as expres-

sion strain and purification (by use of a C-terminal His6-

tag) were performed as described elsewhere (Briers et al.

2007a). No hen egg white lysozyme was used during lysate

preparation of EL188. Protein purity was at least 95% as

assessed visually after SDS-PAGE. Protein solutions were

stored at 4�C. The protein concentration was determined

by spectrophotometric measurement of the absorption at

280 nm using silica cuvettes and an Ultrospec III spectro-

photometer (GE Healthcare, Buckinghamshire, UK).

N-phenylnapthylamine uptake assay

N-phenylnaphtylamine (NPN) fluoresces weakly in aque-

ous environments and strongly in hydrophobic environ-

ments. A defective or damaged OM enables NPN to

partition into the hydrophobic membrane environment of

the outer and inner membrane, resulting in a characteristic

fluorescence peak. The assay was performed as described

previously (Helander and Mattila-Sandholm. 2000). A bac-

terial culture of Ps. aeruginosa PAO1, Br776 or Br667 was

grown in LB medium to OD600nm = 0Æ6 and spun down

(3000 g, 10 min). The cell pellet was resuspended in a half

volume of 5 mmol l)1 HEPES-HCl pH 7Æ2. This buffer was

used in all the experiments. The microtitre plate wells were

supplemented with (i) 100 ll of the bacterial suspension

(ii) 50 ll of 40 lmol l)1 NPN in the above buffer and (iii)

the OMP dissolved in 50 ll of the above buffer. The latter
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50 ll portion contained the OMP (EDTA, citric acid, poly-

l-lysine and PMBN) at a concentration fourfold higher

than the desired final concentration. Control samples were

prepared as follows: (i) buffer alone (200 ll); (ii) buffer

(150 ll) and NPN (50 ll); (iii) bacterial suspension

(100 ll) and buffer (100 ll); (iv) bacterial suspension

(100 ll), NPN (50 ll) and buffer (50 ll). NPN and the

OMP were pipetted into the plates in advance and the bac-

terial suspension was added immediately before measure-

ment of fluorescence (Fluoroscan Ascent FL, Labsystems,

Oy, Finland; excitation at 355 nm (38 ± 3 nm) and emis-

sion at 405 nm (50 ± 5 nm)), allowing the values to be

recorded within 3 min. All conditions were replicated four-

fold. All experiments were performed at least three times.

For each OMP alone or with 10 lmol l)1 NPN, there was

no fluorescence increase compared to mere NPN in buffer.

The (relative) uptake factors were calculated according to.

Uptake factorOMP

¼ Fluo ðCellsþOMPþNPNÞ � Fluo ðCellsþOMPÞ
Fluo ðBufferþNPNÞ � Fluo ðBufferÞ

Uptake factorCells ¼
Fluo ðCellsþ NPNÞ � Fluo ðCellsÞ

Fluo ðBufferþ NPNÞ � Fluo ðBufferÞ
Relative uptake factor ¼ Uptake factorOMP

� Uptake factorCells

PBDKZ-GFP uptake assay

The same bacterial suspension and buffer conditions as

described for the NPN uptake assay were used. For each

OMP ⁄ PBDKZ-GFP combination, a sample composed of (i)

100 ll of the bacterial suspension (ii) 50 ll of PBDKZ-GFP

dialyzed against 5 mmol l)1 HEPES-HCl pH 7Æ2 (final

concentration 0Æ2 lg ll)1) and (iii) 50 ll of fourfold

concentrated OMP (EDTA, citrate, poly-l-lysine or

PMBN) dissolved in the same buffer was prepared. The

samples were incubated at room temperature for 15 min.

Subsequently, they were spun down (16 060 g, 2 min) and

washed with 5 mmol l)1 HEPES-HCl pH 7Æ2. Fluorescence

emission of PBDKZ-GFP was measured at 520 nm, using an

excitation wavelength of 480 nm. At the same time,

OD600nm was measured (Multiscan RC; Labsystems) and

fluorescence was expressed per unit of OD600nm (RFU) to

take small differences in cell density into account. Control

samples contained (i) bacterial suspension (100 ll) (ii)

PBDKZ-GFP (50 ll) and (iii) buffer (50 ll). The results are

represented as the fluorescence of the OMP-treated samples

subtracted with the average control samples. The fluores-

cence of 100 ll buffer, 50 ll PBDKZ-GFP and 50 ll OMP

was measured to evaluate the influence of an OMP on fluo-

rescence of PBDKZ-GFP. All experiments were repeated

threefold.

Lysis assay in the presence of an OMP

A bacterial culture of Ps. aeruginosa strain PAO1, Br776

or Br667 was grown to OD600nm = 0Æ600 and spun down

(3000 g, 10 min). The cell pellet was resuspended in the

same volume of 5 mmol l)1 HEPES-HCl pH 7Æ2. A sam-

ple consists of (i) 100 ll bacterial suspension, (ii) 50 ll

OMP (EDTA, citrate, poly-l-lysine or PMBN) and (iii)

50 ll EL188 dialyzed against 5 mmol l)1 HEPES-HCl pH

7Æ2 (final concentration 0Æ5 lg ml)1; 5 lg ml)1;

50 lg ml)1). The change in optical density was recorded

every 30 s with the Microplate Reader 680 (Bio-Rad,

Hercules, CA) at 655 nm. All samples were replicated

three times within one experiment. Every experiment was

carried out in triplicate.

Antibacterial activity of endolysin EL188 in the presence

of an OMP

A bacterial overnight culture (Ps. aeruginosa PAO1, Br776

or Br667) was diluted 20-fold in LB medium and grown to

OD600nm = 0Æ600. The culture was spun down (3000 g,

10 min) and the cell pellet was resuspended in the same

volume of 5 mmol l)1 HEPES-HCl pH 7Æ2. Subsequently,

the suspension was diluted 100-fold in this buffer (final

density approx. 106 cells ml)1 or higher if mentioned). For

each OMP ⁄ EL188 combination, samples with following

composition were prepared: (i) 100 ll bacterial suspen-

sion, 50 ll OMP (EDTA, citrate, poly-l-lysine or poly-

myxine-B-nonapeptide) and 50 ll EL188 (0Æ5 lg ml)1;

5 lg ml)1; 50 lg ml)1), (ii) 100 ll bacterial suspension

and 100 ll buffer, (iii) 100 ll bacterial suspension, 50 ll

OMP and 50 ll buffer and (iv) 100 ll bacterial suspen-

sion, 50 ll buffer and 50 ll EL188. All samples were

incubated at room temperature for 30 min. Per sample, a

10-fold dilution series was prepared in phosphate buffered

saline. A volume of 100 ll of each dilution was plated on

LB agar plates with sterile glass beads. Residual colonies

were counted after overnight incubation at 37�C. The

number of surviving cells after an OMP ⁄ EL188 treatment

(Ni) was compared to the number of cells treated with buf-

fer (N0). The antibacterial activity is expressed as

log10(N0 ⁄ Ni). The maximal antibacterial activity is deter-

mined by the detection limit of 10 cells ml)1.

Results

Relationship of OMP-induced permeabilization and

antibiotic resistance

Based on a previous susceptibility analysis of a broad

range of Ps. aeruginosa clinical isolates against 11 often

EL188 and EDTA against Ps. aeruginosa Y. Briers et al.
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used antibiotics (Pirnay et al. 2003), three differently

characterized Ps. aeruginosa strains with a varying degree

of antibiotic resistance were selected for this study: PAO1,

Br776 and Br667. Ps. aeruginosa PAO1 is susceptible for

all tested antibiotics; Br776 is resistant to 4 out of 11

antibiotics tested, whereas Br667 is resistant to 10 of

them, with an intermediate resistance to the 11th antibi-

otic. Moreover, Br667 is the most prevalent strain in

the Military Queen Astrid Hospital (Brussels, Belgium)

(Pirnay et al. 2003). N-phenylnaphtylamine (NPN) was

used as a general permeability marker to analyse the effec-

tiveness of the selected OMPs towards the Ps. aeruginosa

OM and to compare the permeability barrier posed by

the OM of the different selected strains.

All OMPs permeabilized these strains successfully

(Table S1). For each compound, the onset of permeabili-

zation was at the lowest concentration for Ps. aeruginosa

PAO1 (0Æ02 mmol l)1, 1Æ0 mmol l)1, 2Æ5 lg ml)1 and

2Æ5 lg ml)1 for EDTA, citric acid, poly-l-lysine and

PMBN, respectively) and at the highest concentration

for the multi-resistant strain Br667 (0Æ2 mmol l)1, 2Æ0
mmol l)1, 20 lg ml)1, 7Æ5 lg ml)1 EDTA, citric acid,

poly-l-lysine and PMBN, respectively). Further, OM per-

meability increased in a dose-dependent manner, which

was notably faster for PAO1 and slower for Br667. Br776

showed an intermediate behaviour under all conditions

tested. These data confirm the outer membrane permeabi-

lizing capacity of the compounds and indicate a correla-

tion between the OMP-induced permeabilization and the

degree of antibiotic resistance.

Permeabilization for PBDKZ-GFP

A fusion protein between the peptidoglycan binding

domain of Ps. aeruginosa bacteriophage uKZ endolysin

KZ144 (PBDKZ) and GFP binds the peptidoglycan with a

high affinity and is a unique fluorescent marker (Briers

et al. 2007a, 2009). Due to its size, hydrophilic nature

and its traceability, studies with this protein visually

simulate uptake of full-length endolysin and the intended

antibacterial effect. The use of this marker has been

successfully implemented before to assess pressure-pro-

moted outer membrane permeability (Briers et al. 2008b).

A fusion of the peptidoglycan binding domain of endoly-

sin EL188 and GFP could not be used due to its instabil-

ity and consequent precipitation. Three concentrations of

each OMP were selected based on the data obtained with

NPN: (i) around the onset of permeabilization, (ii) a con-

centration from the region with a linear dose-dependent

increase of permeabilization and (iii) a saturated amount

where the maximal permeabilization is reached for all

strains. The permeabilization for PBDKZ-GFP induced by

these concentrations of OMPs was analysed. In addition,

the influence of the OMP on the fluorescence of PBDKZ-

GFP in pure solution was controlled to take these effects

into account (Fig. 1 for EDTA and Fig. S1 for citric acid,

poly-l-lysine and PMBN).

Addition of EDTA caused a dose-dependent uptake of

PBDKZ-GFP in all strains and finally resulted in the high-

est fluorescence of all conditions despite the partial loss

of intrinsic fluorescence of PBDKZ-GFP at 10 mmol l)1

EDTA (Fig. 1). This drop in fluorescence is explained by

the acidification of the medium (pH 5Æ5 with

10 mmol l)1 EDTA), which is detrimental for fluores-

cence intensity of GFP (45% residual fluorescence at pH

5Æ5; Patterson et al. 1997). Therefore, the effective uptake

and the corresponding permeabilization at 10 mmol l)1

can be considered as an underestimation of the real value.

The clinical strains were at least as sensitive as the labora-

tory strain. Fluorescence microscopic analysis showed that

at least 99Æ9% of the cells were homogenously labelled

with the probe (Fig. 2).

Incubation of the cells with 0Æ5 mmol l)1 citric acid

(pH 5Æ8) permeabilized them significantly for the hydro-

philic probe PBDKZ-GFP in spite of a negligible uptake of

NPN at this concentration. Due to the strong acidifying

effect of citric acid, no fluorescence could be measured at

higher concentrations (pH 3Æ7 with 2 mmol l)1 citric acid

and pH 2Æ9 with 10 mmol l)1 citric acid) (Fig. S1A). Poly-

l-lysine induced a dose-dependent permeabilization but to

a much lesser extent compared to EDTA. The fluorescence
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Figure 1 Quantitative determination of fluorescence of PBDKZ-GFP in

the presence of ethylene diamine tetraacetic acid disodium salt

dihydrate (EDTA). The permeabilization for PBDKZ-GFP (0Æ2 lg ll)1)

induced by three different concentrations of EDTA are tested on

Pseudomonas aeruginosa PAO1 (dark grey), Br776 (pale grey) and

Br667 (white). The relative fluorescence (fluorescence of outer mem-

brane permeabilizer (OMP)-treated cells subtracted with fluorescence

of OMP-untreated cells, both in the presence of PBDKZ-GFP) is

represented relative to the left Y-axis (bars). The average fluorescence

of untreated cells is 2Æ49. The influence of EDTA on the fluorescence

of PBDKZ-GFP in solution is expressed relative to the right Y-axis (line).

All values are averages of three independent experiments.
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of PBDKZ-GFP was not affected by poly-l-lysine up to

at least 80 lg ml)1 (Fig. S1B). Microscopic analysis

of cells incubated in presence of EL188 and citric acid

or poly-l-lysine showed agglutination of the cells,

explaining the higher standard deviations of PBDKZ-GFP

fluorescence observed under these conditions (Fig. S1).

Polymyxin B nonapeptide barely caused any uptake of

PBDKZ-GFP as could be observed for NPN (Fig. S1C).

Microscopic analysis revealed a few weakly coloured cells,

only visible after long exposure times (data not shown).

Lysis of Ps. aeruginosa cells upon addition of EL188 and

an OMP

Outer membrane permeabilization and subsequent lysis

by EL188 was monitored by spectrophotometric measure-

ment of cell density and compared for the three strains

with three different EL188 concentrations (0Æ5 lg ml)1, 5

lg ml)1 and 50 lg ml)1) (Fig. 3). For each condition, the

lysis rate was calculated by a linear regression method

described previously (Briers et al. 2007b). Generally,

EDTA and EL188 caused lysis in a dose-dependent man-

ner with incremental EDTA concentrations and EL188

amounts leading to a higher lysis rate. PAO1 is the most

sensitive strain, whereas Br776 and Br667 displays simi-

lar but less high lysis rates. The highest lysis rate was

obtained with Ps. aeruginosa PAO1 treated with 10

mmol l)1 EDTA and 5 lg ml)1 EL188. Notably, raising

the amount of EL188–50 lg ml)1 resulted in a signifi-

cantly slower lysis rate. Furthermore, incubation with

50 lg ml)1 EL188 and 0Æ5 mmol l)1 EDTA was slightly

more efficient than that in the presence of 10 mmol l)1

EDTA. These data suggest that for PAO1 a certain

balance of OMP and endolysin should be respected to

maximize the lytic effect. Addition of citric acid, poly-

l-lysine or PMBN combined with EL188 resulted rather

in agglutination of the cells than in lysis (data not

shown). Therefore, EDTA was selected as most suitable

OMP to lead EL188 through the OM of Ps. aeruginosa

and to kill the cell by its lytic activity.

Figure 2 Fluorescence microscopy of Pseudomonas aeruginosa PAO1

treated with ethylene diamine tetraacetic acid disodium salt dihydrate

(EDTA) and PBDKZ-GFP. Ps. aeruginosa PAO1 cells were incubated

with 0Æ5 mmol l)1 EDTA in the presence of 0Æ2 lg ll)1 PBDKZ-GFP for

15 min. Subsequently, the cell pellets were washed with 5 mmol l)1

HEPES pH 7Æ2 and visualized using fluorescence microscopy (2000 ·
magnification, size bar is 5 lm). PBDKZ-GFP is targeted to the cell

wall.
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Figure 3 Lytic activity of ethylene diamine

tetraacetic acid disodium salt dihydrate

(EDTA)-EL188 on Pseudomonas aeruginosa

strains. The lysis rate of a cell culture of

Ps. aeruginosa PAO1, Br776 and Br667 upon

addition of 0Æ5 lg ml)1, 5 lg ml)1 or

50 lg ml)1 EL188 was examined for three

different EDTA concentrations: 10 mmol l)1

(white bars), 0Æ5 mmol l)1 (pale grey bars)

and 0Æ02 mmol l)1 EDTA (dark grey bars). All

data are averages of three independent

measurements. For each sample, the slope of

a linear regression was calculated according

to Briers et al. (2007b).
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Antibacterial activity of OMP/EL188 combinations

The addition of mere EL188 does not cause any signifi-

cant reduction of the Ps. aeruginosa viability due to the

protecting OM (data not shown). Therefore, the antibac-

terial activity of EL188 was initially evaluated in the pres-

ence of 0Æ5 mmol l)1 EDTA (Table 1A). A concentration

of 0Æ5 mmol l)1 EDTA without endolysin reduced the

Ps. aeruginosa cell count only slightly and the addition of

0Æ5 lg ml)1 EL188 was insufficient to inactivate Ps. aeru-

ginosa. From a concentration of 5 lg ml)1 EL188, the

antibacterial activity increased in a dose-dependent man-

ner. The different strains were reduced with approx. 2

and 3 log units by 5 and 50 lg ml)1 EL188, respectively.

If the EDTA concentration was increased to 10 mmol l)1,

Ps. aeruginosa was strongly inactivated by EDTA alone

with PAO1 (2Æ76 ± 0Æ22 log units) as the most sensitive

and Br667 (0Æ35 ± 0Æ10 log units) as the most resistant

strain (Table 1B). The maximal cell reduction of PAO1

(4Æ37 ± 0Æ11 log units) was achieved upon addition of

5 lg ml)1 EL188 with no further increase for 50 lg ml)1

EL188 (4Æ27 ± 0Æ11 log units). This observation was not

unexpected in view of the lysis results, where addition of

50 lg ml)1 EL188 in the presence of 10 mmol l)1 EDTA

did not lead to a stronger lysis of PAO1 either (Fig. 3).

For the clinical strains Br776 and Br667, the antibacterial

activity further increased with higher amounts of EL188.

In spite of the significant lower susceptibility of Br667

compared to PAO1 (a = 0Æ05), addition of 250 lg ml)1

to EL188 resulted in an almost equal maximal cell reduc-

tion of Br667, as observed for PAO1 upon treatment with

5 or 50 lg ml)1 EL188 and 10 mmol l)1 EDTA. Gener-

ally, the surplus of EL188 is greater at 0Æ5 mmol l)1 than

at 10 mmol l)1 EDTA for PAO1 and Br776. In conclu-

sion, application of the correct balance of EDTA and

EL188 results in up to approx. 4 log units reduction of

each strain in only 30 min.

We tested whether colonies surviving the antibacterial

treatment were unaffected due to resistance or decreased

susceptibility. A PAO1 cell suspension (106 per ml) was

treated with 10 mmol l)1 EDTA and 5 lg ml)1 EL188,

diluted and plated. The next day, a surviving colony was

regrown and again treated with 10 mmol l)1 EDTA

and 5 lg ml)1 EL188. The antibacterial activity was

determined during five successive cycles and remained

constant over the different repeats (data not shown).

Thus, development of resistance or decreased susceptibil-

ity could not be observed.

Discussion

Endolysins have been proven as efficient antibacterial

agents against major gram-positive pathogens such as

Staphy. aureus (Rashel et al. 2007), B. anthracis (Schuch

et al. 2002) Strep. agalactiae (Cheng et al. 2005) and

Strep. pneumonia (Loeffler et al., 2003), but their potential

to combat gram-negative infections remains undemon-

strated.

This study elaborates on a possible strategy combining

endolysin EL188 and an OMP to enable passage of this

enzyme through the outer membrane of the opportunistic

Gram-negative pathogen Ps. aeruginosa. Initially, four dif-

ferent OMPs belonging to two OMP classes differing in

their chemical characteristics were selected (Vaara 1992).

Class I constitutes the polycationic agents with poly-

l-lysine and polymyxine derivatives (PMBN) as major

representatives, whereas class II comprises chelators like

EDTA or weak organic acids (such as citrate). All of them

target the cation binding sites of the gram-negative OM,

either by competitive displacement of the stabilizing diva-

lent cations (Class I polycationic agents) or by binding

and removing them (Class II chelators). The cation bind-

ing sites (or basically the phosphate groups in the LPS

structure) are essential for the OM integrity, but are

simultaneously the Achilles’ heel of the OM, especially in

case of Ps. aeruginosa because of the high LPS phosphate

content in its LPS structure (Knirel et al. 2006). Screening

these OMPs with three different Ps. aeruginosa strains

using a standard NPN uptake assay confirmed their

Table 1 In vitro antibacterial activity of a combination of EDTA and

EL188

EL188 (lg ml)1) PAO1 Br776 Br667

A

0 0Æ32 ± 0Æ06 0Æ11 ± 0Æ04 0Æ06 ± 0Æ02

0Æ5 0Æ37 ± 0Æ02 0Æ31 ± 0Æ01 0Æ06 ± 0Æ01

5Æ0 2Æ30 ± 0Æ12 1Æ99 ± 0Æ13 1Æ75 ± 0Æ12

50Æ0 3Æ26 ± 0Æ20 3Æ26 ± 0Æ12 2Æ92 ± 0Æ08

B

0 2Æ76 ± 0Æ22 2Æ17 ± 0Æ05 0Æ35 ± 0Æ10

0Æ5 2Æ76 ± 0Æ07 2Æ22 ± 0Æ05 0Æ65 ± 0Æ07

5Æ0 4Æ37 ± 0Æ11 2Æ72 ± 0Æ24 2Æ41 ± 0Æ10

50Æ0 4Æ27 ± 0Æ11 3Æ29 ± 0Æ20 3Æ01 ± 0Æ17

250Æ0 – – 4Æ07 ± 0Æ09

Incremental amounts of EL188 between 0 and 250 lg ml)1 were

added to Pseudomonas aeruginosa PAO1, Br776 or Br667

(106 cells ml)1) in the presence of 0Æ5 mmol l)1 (A) or 10 mmol l)1

ethylene diamine tetraacetic acid disodium salt dihydrate (EDTA)

(B). After 30 min incubation the mixtures were diluted and plated.

Antibacterial activity is expressed as log(N0 ⁄ Ni) with N0 = the number

of colonies of the negative control and Ni = the number of colonies

after the corresponding treatment with EDTA ⁄ EL188. All values are

an average of at least three experiments. The maximal reduction was

5Æ12 (A) or 5Æ15 log units (B) as determined by the initial density and

the detection level of 10 cells ml)1.
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permeabilizing action on Ps. aeruginosa on the one hand,

and revealed strain-dependent differences in OM perme-

ability, correlated with the varying degree of antibiotic

resistance on the other hand. The most plausible explana-

tion for the altered OMP susceptibility is the replacement

of the lipid A phosphate groups by 4-amino-4-deoxyara-

binose (AraN), decreasing the net charge of the LPS and

the addition of a palmitate C16:0 fatty acid chain to the

lipid A moiety, tightening the LPS structure. These modi-

fications frequently occur in clinical isolated strains, such

as the ones colonizing the airway tract of cystic fibrosis

patients (Ernst et al. 1999; Hajjar et al. 2002). These alter-

ations are generally induced in response to exposure to

cationic antimicrobial agents (e.g. peptides of the innate

immune system or cationic antibiotics). They cause a shift

to a structure, which is less sensitive to these cationic

antimicrobial compounds and simultaneously also less

sensitive to the selected OMPs, which target the divalent

cations at the cation binding sites. From these per-

spectives, the correlation between antibiotic resistance

(especially cationic antibiotics) and the potential to be

permeabilized by different OMPs is not unexpected, but

should be analysed on a broader panel of selected isolates

with differing antibiotic resistance profiles for further

confirmation.

The unique fluorescent fusion protein PBDKZ-GFP is a

highly sensitive probe to visualize and quantify the OM

permeability for larger hydrophilic proteins. The use of

this probe revealed efficient permeabilization of the

Ps. aeruginosa OM by the chelating compound EDTA due

to its strong ability to withdraw the stabilizing divalent

cations from the LPS structure, thereby causing a signifi-

cant release of LPS molecules. Furthermore, the inappro-

priateness of the polymyxine derivative PMBN for

efficient permeabilization of the OM was shown, suggest-

ing that the less destructive permeabilization mechanism

of PMBN (based on intercalation and limited distortion

of the LPS layer) is insufficient and that a more disrup-

tive action with minimal LPS release as realized by the

other OMPs is essential (Vaara 1992). Citric acid and

poly-l-lysine, on the other hand, caused agglutination of

the cells, most likely due to neutralization of the nega-

tively charged outer membranes of the cells because of

the acidification or excess of cationic charges, respectively.

Ethylene diamine tetraacetic acid disodium salt

dihydrate is therefore the best permeabilizer of the four

tested compounds to take advantage of the strong lytic

activity of EL188 to inactivate Ps. aeruginosa cells. Com-

bining EL188 and EDTA reduced Ps. aeruginosa cells in

the mid-log phase in vitro with more than four log units

(>99Æ99% reduction) in a time interval of 30 min, show-

ing the potential of this strategy. Possible applications of

an EDTA ⁄ endolysin mixture are aimed at the treatment

of topical Ps. aeruginosa infections, such as burn wound,

eye and ear infections. The use of this mixture is not suit-

able for the treatment of systemic infections as EDTA

inhibits blood coagulation at concentrations as low as

1Æ3 mmol l)1 (Triantaphpyllopoulos et al. 1955) and an

immune response induced by systemically applied endo-

lysin proteins could interfere with their in vivo antibacte-

rial activity. In conclusion, this study reinforces the

potential use of phage endolysins for topical applications

to combat not only gram-positive but also gram-negative

infections.
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