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Introduction

Biofilms cause significant problems in industrial water facili-
ties, and biofilms forming on indwelling medical devices are 
responsible for a large proportion of hospital-acquired infections. 
Environmental biofilms are reservoirs for pathogens, which may 
acquire increased virulence following their adaptation to the 
biofilm growth mode.1 The prevention and removal of biofilms 
remains a largely unsolved challenge. Most current procedures 
rely on rigorous mechanical and chemical cleaning of colonized 
surfaces, whereas implant infections typically require surgical 
replacement.2 Enzymatic procedures for killing microorganisms 
inside biofilms are also available. Some are based on the in situ 
production of inorganic antimicrobial compounds such as hypo-
thiocyanite or hypoiodite, using a combination of glucose oxi-
dase and lactoperoxidase.3 The degradation of other biofilms can 
be achieved with commercially available proteases such as subtili-
sin, trypsin, proteinase K, and Antarctic krill shrimp proteases.4-6 
Biofilms can also be removed using polysaccharide-degrading 
enzymes such as cellulase7 and Pectinex Ultra SP, a complex mix-
ture commercialized for the clarification of fruit juices.5 Further 
approaches employ cell wall-degrading enzymes such as phage-
derived endolysins,8 bacterial autolysins,9 and lysostaphin.10 
DNase I, which is thought to degrade extracellular DNA, is 
also useful for biofilm inhibition and removal in some cases.11 
Probably the most specific biofilm-degrading agent known at 

present is dispersin B, which hydrolyzes poly-β-1,6-N-acetyl-
d-glucosamine (PNAG).12 This structurally-unique exopolysac-
charide is the major constituent of biofilms produced by many 
nosocomial Staphylococcus epidermidis and S. aureus strains, and 
has also been detected in other gram-positive and gram-negative 
bacteria.13 However, S. epidermidis strains are also known to form 
biofilms in a PNAG-independent manner, mediated by the accu-
mulation-associated protein (Aap) or the extracellular matrix 
binding protein (Embp).14 Enzymes have also been used for the 
production of biofilm-resistant materials by covalent attachment 
or physical entrapment within suitable matrices.4,7,15

The bacterial genus Lysobacter comprises gram-negative rods 
with gliding motility, which typically produce exoenzymes that 
lyse and degrade other microorganisms.16-18 This type of faculta-
tive predatory lifestyle, often described as a microbial wolf pack, 
is also typical of the myxobacteria, with which Lysobacter spe-
cies were confused for a long time. In contrast to myxobacteria, 
Lysobacter species do not form fruiting bodies. L. enzymogenes, 
which has been studied in the most detail, can lyse gram-pos-
itive and gram-negative bacteria, cyanobacteria, certain algae, 
yeasts and filamentous fungi, in addition to killing nematodes. 
Although the ability of different Lysobacter strains to lyse patho-
genic bacteria such as S. aureus is well documented, the use of 
Lysobacter-derived enzymes to combat biofilms has not been 
investigated thus far. We therefore tested preparations of extra-
cellular material secreted by several Lysobacter species for their 

*Correspondence to: Jochen Wiesner; Email: jochen.wiesner@ime.fraunhofer.de
Submitted: 11/19/2013; Revised: 01/13/2014; Accepted: 01/20/2014
http://dx.doi.org/10.4161/viru.27919

Biofilm-degrading enzymes  
from Lysobacter gummosus

Anke Gökçen1, Andreas Vilcinskas1,2, and Jochen Wiesner1,*

1Fraunhofer Institute for Molecular Biology and Applied Ecology IME; Project Group Bioresources; Gießen, Germany;  
2Justus-Liebig University of Gießen; Institute of Phytopathology and Applied Zoology at the Interdisciplinary Research Center; Gießen, Germany

Keywords: biofilm, Lysobacter gummosus, Staphylococcus epidermidis, lytic peptidases, device-related infections

Biofilm-degrading enzymes could be used for the gentle cleaning of industrial and medical devices and the manufac-
ture of biofilm-resistant materials. We therefore investigated 20 species and strains of the bacterial genus Lysobacter for 
their ability to degrade experimental biofilms formed by Staphylococcus epidermidis, a common nosocomial pathogen 
typically associated with device-related infections. The highest biofilm-degradation activity was achieved by L. gum-
mosus. The corresponding enzymes were identified by sequencing the L. gummosus genome. Partial purification of the 
biofilm-degrading activity from an extract of extracellular material followed by peptide mass fingerprinting resulted in 
the identification of two peptidases (α-lytic protease and β-lytic metalloendopeptidase) that were predicted to degrade 
bacterial cell walls. In addition, we identified two isoforms of a lysyl endopeptidase and an enzyme similar to metal-
loproteases from Vibrio spp. Potential peptidoglycan-binding C-terminal fragments of two OmpA-like proteins also co-
purified with the biofilm-degrading activity. The L. gummosus genome was found to encode five isoenzymes of α-lytic 
protease and three isoenzymes of lysyl endopeptidase. These results indicated that the extracellular digestion of biofilms 
by L. gummosus depends on multiple bacteriolytic and proteolytic enzymes, which could now be exploited for biofilm 
control.
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ability to degrade experimental biofilms formed by a PNAG-
producing strain of S. epidermidis. As a commensal resident of 
human skin and mucous membranes, S. epidermidis is thought 
to play a key role in the colonization of medical devices.19 Among 
the species we tested, the highest biofilm-degrading activity was 
achieved by L. gummosus. After partial purification of the extra-
cellular material, two types of lytic proteases, two isoforms of a 
lysyl endopeptidase, a metalloprotease, and putative peptidogly-
can-binding fragments of two OmpA-like proteins were identi-
fied in fractions with biofilm-degrading activity. Further analysis 
of the L. gummosus genome also revealed the presence of genes 
encoding additional related enzymes. L. gummosus therefore 
appears to represent a rich source of enzymes for applications in 
biofilm control.

Results

Identification of biofilm-degrading Lysobacter species
A total of 20 Lysobacter species and strains (see Materials 

and Methods) were tested for biofilm-degrading activity. 
Supernatants from liquid cultures as well as extracts of extra-
cellular material from cultures on solid medium were added to 
S. epidermidis biofilms established on 24-well plates. After incu-
bation, the plates were rinsed and the remaining biofilm was 
stained with crystal violet. The most efficient reduction in stain-
ing was achieved using an extract from L. gummosus grown for 
3 d on solid medium (Fig. 1A). Less pronounced activity was 
also observed with samples from L. antibioticus, L. enzymogenes, 
Lysobacter sp. DSM 3655, and L. panaciterrae.

Chromatographic characterization of biofilm-degrading 
activity from L. gummosus

An aqueous extract of extracellular material was prepared 
from L. gummosus cultured on 20 145-mm Petri dishes. When 
bacteria scratched from the plates were stirred with water, a 
jelly-like mass was produced, which needed to be liquefied by 
homogenization in a blender followed by ultra-sonication. The 
extract was adjusted to pH 8.0 and loaded onto a strong anion-
exchange column (Q Sepharose Fast Flow), and then eluted in a 
stepped gradient of NaCl. Biofilm-degrading activity was recov-
ered at the onset of the 100 mM NaCl elution step and was also 
observed in the flow-through fraction (Fig. 1B). In contrast to 
the starting material, the active elution fraction was not viscous 
and was therefore suitable for further analytical chromatogra-
phy steps. Because the active molecules eluted from the anion-
exchange column at a low salt concentration, they were likely 
to carry only a weak negative charge. We therefore reduced the 
pH to 6.0 to increase the positive charge of the molecules, and 
passed the sample through a strong cation-exchange column 
(Mono S 5/50 GL). Unexpectedly, the activity was almost com-
pletely recovered in the flow-through. Therefore, we re-adjusted 
the sample pH to 8.0 and repeated the separation using a small, 
high-capacity anion-exchange column (Mono Q 5/50 GL). In 
this experiment, a clear activity peak was observed, eluting at ~60 
mM NaCl (Fig. 1C, fractions 5 and 6). SDS-PAGE analysis of 
the active fractions produced a complex band pattern, so further 
purification was carried out by gel permeation chromatography 

(Superdex 75 10/30). However, this step resulted in the loss of 
most of the activity and only residual activity was observed in 
the fractions eluting at an apparent molecular mass <6.5 kDa 
(data not shown). This suggested that the active molecules were 
retained on the column material.

Purification of biofilm-degrading activity for peptide mass 
fingerprinting

In order to identify individual enzymes associated with the 
observed biofilm-degrading activity, we developed a purification 
procedure based on the experiments described above. An extract 
prepared from 100 L. gummosus culture plates was fractionated 
by Q Sepharose Fast Flow chromatography using a step gradient 
in 12 consecutive runs. The combined fractions from the 100 
mM NaCl step were then fractionated in three consecutive runs 

Figure 1. Detection and chromatographic characterization of biofilm-
degrading activity from L. gummosus. (A) Crude extracts prepared from 
the extracellular material of different Lysobacter species grown for 3 d 
on solid medium were tested against S. epidermidis biofilms on 24-well 
plates. Lant, L. antibioticus; Lenz, L. enzymogenes (DSMZ 2043); Lgum, 
L. gummosus; Lsp, Lysobacter sp. (DSMZ 3655); Lbru, L. brunescens; C water 
control. (B) L. gummosus extract was loaded onto a Q Sepharose Fast 
Flow column, and eluted isocratically with 100 mM NaCl (fractions 1–5). 
The flow-through (FT), the wash fractions (W), and the elution fractions 
were tested for biofilm-degrading activity. (C) The active fraction from 
the Q Sepharose column was passed over a Mono S 5/50 GL column and 
subsequently loaded on a Mono Q 5/50 GL column. Fractions 1–18 were 
eluted with 0–225 mM NaCl and tested for biofilm-degrading activity.
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on Source 15 Q resin (a strong anion-exchange material equiva-
lent to Mono Q, but with a larger particle size for higher flow 
rates). The most active fractions eluting at ~50 mM NaCl were 
combined and fractionated on a ProPac SAX-10 strong anion-
exchange column, featuring a nonporous pellicular solid-phase 
resin for high-resolution separation. The fractions eluting at a salt 
concentration of ~38 mM (fractions 12 and 13) showed biofilm 
degradation activity after incubation with the substrate for only 
after 2 h. After overnight incubation, biofilm degradation activ-
ity was also observed in additional fractions eluting over a much 
broader range (Fig. 2A, 15–100 mM, fractions 6–31). Further 
activity was observed in the flow-through. SDS-PAGE analysis 
revealed three protein bands with apparent molecular masses of 
33 kDa (band 1), 18 kDa (band 2), and 12 kDa (band 3), which 
were present at different intensities in fractions 9–15 (Fig. 2B). 
In fractions 7 and 8, only the faint band 2 was visible, whereas 
only band 1 was detected in fractions 17–20. Remarkably, despite 
the absence of clear bands in some of the fractions (e.g. 6, 21 
and 22), biofilm-degradation activity was still present in the 

corresponding assay. Our attempts to purify or concentrate the 
samples further were unsuccessful, possibly reflecting the non-
specific adsorption and/or aggregation of the active molecules.

Identification of proteins co-purifying with biofilm-degrad-
ing activity

The three bands detected by SDS-PAGE in fractions 9–15 
(Fig. 2B) were excised, digested in-gel with trypsin and analyzed 
by nano-LC-Orbitrap-MS/MS. Further relevant proteins pres-
ent at concentrations below the detection limit of SDS-PAGE 
were identified by digesting fractions 8 and 17 in-solution with 
trypsin, and capturing the resulting peptides on a reversed-phase 
cartridge followed by nano-LC-Orbitrap-MS/MS. The MS/
MS data were searched against the L. gummosus genome using 
Mascot software (Table 1). The protein correlating to band 1 
was identified as an M4 family metalloprotease with similar-
ity to an enzyme from Vibrio cholerae previously described as a 
hemagglutinin/proteinase (sequence alignments are presented in 
Figs. S1–S6). Band 2 was found to contain both a serine pep-
tidase and a metallopeptidase with similarity to enzymes from 

Figure 2. Purification of biofilm-degrading activity for peptide mass fingerprinting. (A) The fractions obtained by chromatography of the L. gummosus 
extract on a ProPac-SAX10 column were tested for biofilm-degrading activity (ST, starting material; FT, flow-through; W, wash; C, water control). (B) The 
fractions were analyzed by SDS-PAGE followed by staining with Flamingo Fluorescent Gel Stain. The bands labeled 1, 2, and 3 were excised and digested 
in-gel with trypsin for peptide mass fingerprinting. Fractions 8 and 17 were digested in solution with trypsin for peptide mass fingerprinting.
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other Lysobacter species known as α-lytic protease and β-lytic 
metalloendopeptidase, respectively. The proteins co-migrated 
in the gel because the predicted molecular masses of the mature 
enzymes were similar (20.0 and 19.1 kDa, respectively). Peptides 
matching the αlytic protease and β-lytic metalloendopeptidase 
were also detected in band 3, indicating the presence of proteo-
lytic fragments of these enzymes. Further constituents of band 3 
were found to originate from two OmpA-like outer membrane 
proteins, both with a calculated molecular mass of 36.6 kDa. 
However, the corresponding bands had apparent molecular 
masses of ~12 kDa suggesting they were proteolytic fragments 
rather than full-length proteins. Accordingly, only peptides 
matching the C-terminal parts of these proteins were detected 
(Fig. S7). Peptides from fraction 8 (digested in solution), in 
which only band 2 was detectable by SDS-PAGE, also matched 
the α-lytic protease and β-lytic metalloendopeptidase. Fraction 
17 (digested in solution) yielded peptides matching the hemag-
glutinin/proteinase homolog, the α-lytic protease and the β-lytic 
metalloendopeptidase, even though only band 1 was detected 
weakly by SDS-PAGE. Both fractions digested in solution also 
yielded peptides derived from two isoforms of a protein resem-
bling a lysyl endopeptidase known from other Lysobacter spe-
cies and from Achromobacter lyticus. No SDS-PAGE bands were 
assigned to these proteins. The mature enzymes had predicted 
molecular masses of 27.4 and 28.7 kDa, respectively.

Identification of additional potential biofilm-degrading 
enzymes in the L. gummosus genome

A L. gummosus shotgun library and 8-kbp paired-end library 
were sequenced using the GS FLX+ system followed by PCR and 
conventional sequencing to close gaps, yielding a 5 901 415-bp 
contig with a GC content of 66.7%. Coding sequences predicted 
with GeneMarkS were screened against the enzyme sequences 
derived by peptide mass fingerprinting. The L. gummosus α-lytic 
protease matched four additional α-lytic proteases with more 
distantly-related amino acid sequences, which showed 51%, 
44%, 44%, and 48% identity to the prototypical L. enzymogenes 
preproenzyme (Fig. 3; Fig. S1). In addition to the two L. gum-
mosus lysyl endopeptidases (named Lep1 and Lep2) identified by 

peptide mass fingerprinting, we also found a L. gummosus gene 
encoding a third lysyl endopeptidase (Lep3) (Fig. 3, Fig. S3). 
Lep2 and Lep3 shared a C-terminal extension domain similar to 
the homologous enzymes from other Lysobacter species, whereas 
Lep1 did not contain such a domain.

Discussion

Identification of L. gummosus proteins co-purifying with 
biofilm-degrading activity

We have identified L. gummosus as a potent candidate for the 
production of novel, biofilm-degrading enzymes. The ability to 
secrete a cocktail of such enzymes may enable L. gummosus to 
compete with and to feed on other microorganisms not only in 
soil and fresh water habitats but also those associated with ani-
mals including humans. For example, L. gummosus has been iso-
lated from the skin of redback salamanders and was identified 
by culture-independent methods as the most abundant bacterial 
species on the surface of failed prosthetic hip joints removed dur-
ing arthroplasty.20,21 After purifying the biofilm-degrading activ-
ity using three different types of strong anion-exchange columns 
we identified by peptide mass fingerprinting an α-lytic protease, 
a β-lytic metalloendopeptidase, two isoforms of a lysyl endopep-
tidase (Lep1 and Lep2), a metalloprotease homologous to the 
hemagglutinin/proteinase from V.  cholera, and the C-terminal 
fragments of two OmpA-like proteins.

α-Lytic protease
The prototype α-lytic protease was purified from the culture 

medium of L. enzymogenes strain ATCC 29487 (formerly known 
as Myxobacter or Sorangium strain 495).22,23 Its bacteriolytic 
activity was demonstrated against several soil bacteria, and it was 
also shown to hydrolyze proteinaceous substrates such as casein, 
elastin and insulin. The enzyme is synthesized as a preproenzyme 
that is transported across the inner membrane to the periplasmic 
space, where the signal sequence is removed.24-26 The prodomain 
is a folding catalyst, allowing the protease domain to adopt the 
correct conformation. Following autocatalytic cleavage at the 
junction between the prodomain and the protease domain, the 

Table 1. L. gummosus proteins that co-purified with biofilm-degrading activity

SDS-PAGE band no.a ProPac SAX-10 
fraction no.a Mol. mass (kDa)b pIb

L. gummosus homolog 1 2 3 8 17   

α-Lytic protease nd 832 596 2292 598 20.0 9.8

β-Lytic metalloendopeptidase nd 245 51 1147 291 19.1 9.3

Lysyl endopeptidase 1 nd nd nd 389 60 27.4 9.0

Lysyl endopeptidase 2 32 nd nd 229 253 28.7 6.6

Hemagglutinin/proteinase 545 51 nd 43 479 31.7 5.4

OmpA-like protein 1 93 88 586 87 20 12.3 7.9

OmpA-like protein 2 93 88 419 88 20 12.2 8.6

aMascot scores are indicated for the different samples; nd, not detected. bMolecular masses and pI values were calculated for the predicted fully processed 
enzymes. For the OmpA-like proteins the molecular masses and pI values were calculated for the C-terminal 111 amino acid residues representing the puta-
tive peptidoglycan-binding domain. The corresponding values for the full-length proteins are 36.6 kDa and pI = 4.6 for OmpA-like protein 1, and 36.6 kDa 
and pI = 4.7 for the OmpA-like protein 2.
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two regions remain associated while they are conveyed across the 
outer membrane. The prodomain not only stabilizes the folded 
protease domain but also functions as a strong inhibitor of its pro-
tease activity. Proteolytic degradation of the prodomain, either 
by the α-lytic protease itself or other enzymes, finally releases the 
mature active protease.27 Two enzymes named α-lytic protease A 
(AlpA) and B (AlpB) are produced by Lysobacter sp. XL1, with 
78% and 58% sequence identity to the L. enzymogenes preproen-
zyme.28,29 Another α-lytic protease was purified from the culture 
medium of Achromobacter lyticus, and N-terminal sequencing/
amino acid compositional analysis of the mature enzyme sug-
gested that large segments are identical to the L. enzymogenes pro-
totype.30 The A. lyticus α-lytic protease was shown to cleave the 
N-acetylmuramoyl-l-alanine amide bond and the d-Ala-Gly and 
Gly-Gly bonds of S. aureus peptidoglycan.

We found that the L. gummosus α-lytic protease that co-puri-
fied with the biofilm-degrading activity (L. gummosus α-lytic 
protease isoform 1) is closely related to the corresponding enzyme 
from L. enzymogenes (Fig. 3; Fig. S1). In contrast, the four addi-
tional α-lytic proteases (isoforms 2, 3, 4, and 5) encoded by the 
L. enzymogenes genome cluster into a separate phylogenetic clade, 
possibly indicating unusual physicochemical and/or catalytic 
properties (Fig. 3). Indeed, the predicted isoelectric points of the 
L. gummosus α-lytic protease isoforms 2, 3, 4, and 5 are acidic-to-
neutral (pI values of 5.9, 6.3, 7.0, and 5.5, respectively), whereas 
the previously known α-lytic proteases are characterized by basic 
pI values (9.7, 9.6, and 9.4) for the α-lytic proteases from L. enzy-
moges and Lysobacter sp. XL1 isoforms A and B, respectively).

β-Lytic metalloendopeptidase
The prototype β-lytic metalloendopeptidase (formerly β-lytic 

protease) was originally discovered together with the α-lytic 
protease in the culture medium of L. enzymogenes.22 Its primary 
structure has been determined only by direct protein sequencing 
of the mature enzyme31 but the molecular cloning of an A. lyticus 
homolog confirmed that the enzyme is produced as a prepropro-
tein.32 The mature peptidase domain of the A. lyticus enzyme 
is highly similar to its counterpart from L. enzymogenes (96% 
sequence identity). A full-length gene encoding the Lysobacter 
sp. IB-9374 homolog has also been sequenced and the mature 
peptidase domain was found to be completely identical to that 
of the A. lyticus enzyme, whereas the preprodomains display only 
41% sequence identity.33 The L. enzymogenes enzyme can degrade 
casein and elastin-orcein.32,34 The A. lyticus35 and Lysobacter sp. 
IB-937433 homologs cleave synthetic peptides downstream of 
glycine residues. The Lysobacter sp. IB-9374 enzyme cleaves 
Gly

5
 and Gly

4
 into Gly

3
 and Gly

2
, and can also degrade elas-

tin-Congo red. The A. lyticus enzyme is specific for d-Ala-Gly 
and Gly-Gly bonds in S. aureus peptidoglycan, and for d-Ala-
Ala bonds in Micrococcus luteus peptidoglycan.35 The Lysobacter 
sp. IB-9374 enzymes showed pronounced bacteriolytic activity 
against M. luteus, S. aureus, S. caseolyticus, Microbacterium arbo-
rescens, Bacillus subtilis, Arthrobacter globiformis, and Enterococcus 
faecalis.33 Significant but lower activity was also observed against 
Corynebacterium aquaticum, five species of lactic acid bacteria 
and four species of gram-negative bacteria.

Figure 3. Phylogeny of L. gummosus enzymes that co-purified with 
biofilm-degrading activity. The phylogenetic trees were constructed on 
the basis of the amino acid sequences of the predicted preproenzymes 
using Geneious Tree Builder software (Blosum62; gap open penalty, 3; 
gap extension penalty 3). Alyt, Achromobacter lyticus; Lenz, L. enzymo-
genes; Lgum, L. gummosus; Lsp, Lysobacter sp.; Paer, Pseudomonas aeru-
ginosa. The proteins in the fractions with biofilm-degrading activity are 
marked with an asterisk. Accession numbers are listed in the supplemen-
tal material.
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Staphylolysin (also known as LasA or staphylolytic pro-
tease) from Pseudomonas aeruginosa is another bacteriolytic 
metalloendopeptidase which is homologous to β-lytic metal-
loendopeptidase albeit with a lower sequence identity to the 
proteins discussed above. In contrast to α-lytic protease and 
most other bacterial proteases produced as preproproteins, the 
cleavage of staphylolysin requires exogenous enzymes such as 
P. aeruginosa-derived elastase, lysine-specific protease, alkaline 
proteininase or, under experimental conditions, trypsin.36 It is 
not known whether the A. lyticus and Lysobacter spp. β-lytic 
metalloendopeptidase proproteins are processed using a similar 
mechanism.

The L. gummosus β-lytic metalloendopeptidase that co-
purified with the biofilm-degrading activity was similar to the 
L. enzymogenes, A. lyticus, and Lysobacter sp. IB-9374 homologs 
in the mature peptidase domains (84%, 88%, and 88% sequence 
identity, respectively). However, the predicted preprodomain of 
the L. gummosus enzyme is more closely related to the correspond-
ing domain of the Lysobacter sp. IB-9374 homolog (74% identity) 
and shows little resemblance to the corresponding domain of the 
A. lyticus enzyme (26% identity) (Fig. 3; Fig. S2).

Lysyl endopeptidase
A lysyl endopeptidase that specifically cleaves peptide bonds 

downstream of lysine residues was originally purified from 
A. lyticus culture medium and named Achromobacter protease 
I (API).37 A similar enzyme named endoproteinase Lys-C was 
purified from L. enzymogenes culture supernatant.38,39 The A. lyti-
cus enzyme is derived from a preproprotein comprising a signal 
peptide, a prodomain, the peptidase domain and a C-terminal 
extension domain (Fig. S3).40 A lysyl endopeptidase gene from 
L. enzymogenes strain ATCC 29487 was found to encode a pre-
proenzyme nearly identical to its A. lyticus counterpart, except 
for three residues in the prodomain and one in the C-terminal 
extension (not included in the alignment in Fig. S3).41 The corre-
sponding sequence from L. enzymogenes strain ATCC 27796 has 
recently been published.39 Lysobacter sp. strain IB-9374 contains 
two genes encoding different lysyl endopeptidases named LepA 
and LepB.42 The predicted mature domain of LepA is 100% 
identical to the A. lyticus lysyl endopeptidase, although there 
are differences in the C-terminal extension domain, whereas the 
predicted mature domain of LepB is only 72% identical to the 
A. lyticus enzyme. Cleavage of the LepB prodomain was shown to 
involve an autocatalytic mechanism.42 Little is known about the 
function or cleavage of the C-terminal extension. The naturally-
produced lysyl endopeptidases that have been isolated thus far are 
devoid of the C-terminal extension, which potentially mediates 
transport through the outer membrane, but apparently does not 
influence catalytic activity.40-42

In Pseudomonas aeruginosa, a secreted protease named prote-
ase IV has been identified which is homologous to the A. lyti-
cus and Lysobacter spp. lysyl endopeptidases (albeit with limited 
sequence identity) and has similar substrate specificity.43 Protease 
IV is produced from a precursor comprising a signal peptide, 
a prodomain and the mature peptidase domain, but lacking a 
C-terminal extension. The prodomain is likely to function as a 
folding catalyst and is removed autocatalytically.44

Our analysis revealed the presence of two L. gummosus lysyl 
endopeptidases (named Lep1 and Lep2) in the biofilm-degrading 
fractions. In addition, we found a gene encoding a third lysyl 
endopeptidase homolog (Lep3) in the L. gummosus genome 
(Fig.  3; Fig. S3). As in the other Lysobacter species, Lep2 and 
Lep3 possess the C-terminal extension. In contrast, Lep1 lacks 
this domain making its organization more similar to that of 
P. aeruginosa protease IV. Remarkably, we also detected peptides 
matching the C-terminal extension domain of Lep2, in addition 
to those derived from the mature peptidase domain (Fig. S7).

Hemagglutinin/protease
An enzyme described as hemagglutinin/protease was first rec-

ognized in V. cholerae culture supernatants on the basis of its hem-
agglutinating activity and was subsequently shown to be similar 
to the P. aeruginosa elastase (LasB), which is an M4 family metal-
lopeptidase.45 Hemagglutination was only observed with certain 
types of chicken erythrocytes and was dependent on a proteolytic 
event.46 Depending on its proteolytic activity, hemagglutinin/pro-
tease can activate cholera toxin, El Tor cytolysin/hemolysin and 
can hydrolyze mucin, fibronectin, and lactoferrin. The V. chol-
erae hemagglutinin/protease is produced as a preproenzyme com-
prising a signal peptide, an N-terminal prodomain, the protease 
domain, and a C-terminal extension domain.47 The same domain 
architecture is found in the closely-related metalloprotease from 
V. vulnificus.48 The C-terminal domains of both proteins remain 
covalently connected to the protease domain while it is secreted 
into the medium, at which point the C-terminal domain is auto-
catalytically removed. The exact cleavage sites are unknown, but 
have been tentatively predicted based on the molecular masses of 
the precursor and mature enzymes.47,49 The V. vulnificus metal-
loprotease was more active against insoluble protein substrates 
when it was still connected to the C-terminal extension, whereas 
the variants with and without this domain showed comparable 
activity against soluble substrates.47,49

Analysis of the deduced amino acid sequence of the L. gum-
mosus hemagglutinin/protease (the major component of band 1) 
revealed that the enzyme is produced from a precursor with a 
domain architecture similar to that of the V. cholerae and V. vul-
nificus counterparts (Fig. S4). However, the sequence of the 
L. gummosus C-terminal extension domain differs substantially 
from the corresponding parts of the Vibrio spp. enzymes, and 
indeed we found that the L. gummosus hemagglutinin/protease 
C-terminal domain is remarkably similar to the last 99 residues 
of the C-terminal domain of the L. gummosus lysyl endopepti-
dases (Fig. S5).

OmpA-like proteins
Proteins with a conserved C-terminal peptidoglycan-binding 

domain are widespread among gram-negative bacteria and can be 
assigned either as members of the OmpA family or the peptido-
glycan-associated lipoproteins (PALs), in addition to further less 
well characterized proteins.50 In both gram-negative and gram-
positive bacteria, this structural motif is also part of the MotB 
protein, which links the rotational machinery of the flagellar 
motor to the cell wall. OmpA proteins are characterized by an 
N-terminal eight-stranded β-barrel domain forming an integral 
component of the outer membrane.51 Thus the complete OmpA 
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molecule physically links the outer membrane to the peptidogly-
can layer. In contrast to OmpA proteins, PALs become covalently 
modified by the addition of a phosphatidylglyceryl moiety.52

The in-gel digestion of band 3 identified peptides derived 
from two L. gummosus proteins with 92% sequence identity to 
each other, both possessing the C-terminal peptidoglycan-bind-
ing domain, as predicted by sequence comparison (Fig. S6). The 
N-terminal parts displayed only moderate sequence similarity to 
known proteins. However, based on the analysis of individual 
conserved amino acid residues combined with secondary struc-
ture predictions, we suggest that the two proteins belong to the 
OmpA family. The absence of a cysteine-containing sequence 
motif defining the lipid attachment site (the so-called lipobox) 
clearly distinguished the two proteins from PALs.52 Remarkably, 
the two L. gummosus OmpA-like proteins possess an extended 
linker region of 33 amino acid residues between the putative 
N-terminal integral membrane domain and the C-terminal pep-
tidoglycan-binding domain. The ~12-kDa polypeptides detected 
by SDS-PAGE are probably derived by proteolytic cleavage in 
this region. Accordingly, all peptides derived from band 3 were 
matched to the C-terminal domain of the OmpA-like proteins 
(Fig. S7).

Possible interaction of different proteins in biofilm 
degradation

Among the L. gummosus proteins we identified, the α-lytic 
protease and the β-lytic metalloendopeptidase appear to play a 
key role in biofilm degradation reflecting their predicted abil-
ity to degrade bacterial cell walls. The lysyl endopeptidases and 
the hemagglutinin/protease may contribute to biofilm degrada-
tion by hydrolyzing proteinaceous components. The C-terminal 
fragments of the OmpA-like proteins could also participate in 
biofilm degradation, possibly by mediating the attachment of the 
peptidases to bacterial surfaces based on their predicted pepti-
doglycan-binding ability. The assembly of these individual pro-
teins into supramolecular structures could improve their ability 
to bind bacterial target structures thus allowing the enzymes to 
operate cooperatively. Indeed, the proteins that co-purified with 
the biofilm-degrading activity could not be fully separated by 
chromatography under native conditions. Furthermore, when 
we calculated the theoretical isoelectric points, we recognized 
that the α-lytic protease, the β-lytic metalloendopeptidase, lysyl 
endopeptidase Lep1, and the C-terminal fragments of the OmpA-
like proteins are positively charged (pI > 7), whereas lysyl endo-
peptidase Lep2 and the hemagglutinin/protease homolog are 
negatively charged (pI < 7) (Table 1). Because positively charged 
molecules were not expected to bind to the anion-exchange col-
umns we used during purification, it is likely these proteins form 
complexes with an overall negative net charge. As well as form-
ing aggregates by electrostatic attraction, such structures may 
include outer membrane vesicles, in which the different proteins 
are enclosed. A previous study showed that one of the two iso-
forms of α-lytic protease (AlpA) produced by Lysobacter sp. XL1 
is released by forming outer membrane vesicles, whereas the other 
isoform (AlpB) is secreted directly into the medium.53,54 Although 
the S.  epidermidis strain used in our biofilm degradation assay 
forms a biofilm mainly comprising PNAG, we did not detect 

L.  gummosus enzymes that would be expected to degrade this 
polymer. Instead, we found that the L. gummosus genome con-
tains genes encoding all enzymes required to synthesize, secrete, 
and modify PNAG, suggesting that PNAG represents a compo-
nent of the gummy extracellular material that characterizes this 
bacterium, but has not yet been chemically analyzed. This finding 
does not exclude the possibility that L. gummosus may be capable 
of producing PNAG-degrading enzymes in small amounts, simi-
lar to the PNAG-producing bacterium Aggregatibacter actinomy-
cetemcomitans, which uses such an enzyme to allow cells to spread 
from the extracellular matrix.12 The unambiguous assignment of 
the biofilm-degrading activity of L. gummosus to individual pro-
teins or combinations of proteins will ultimately depend on their 
production in heterologous host cells. Work is currently under-
way to identify appropriate E. coli expression systems that allow 
the secretion of the correctly processed recombinant proteins into 
the periplasmic spaced or culture medium.

Materials and Methods

Biofilm degradation assay
S. epidermidis RP62A (ATCC 35984) was cultured in 

Tryptic Soy Broth (TSB) medium (Fluka, T8907) at 37 °C. 
Cryopreserved cells were prepared using Roti-Store Cryotubes 
(Carl Roth, P730.1). A TSB plate containing 1.5% agar–agar 
was inoculated by streaking the plate with a glass pellet carrying 
cryopreserved cells. After incubation at 37 °C for 72 h, bacteria 
scratched from the plate with a 1-mL serological plastic pipette 
were used to inoculate 25 mL TSB medium in a 50-mL poly-
propylene conical tube. The tube was incubated at 37 °C for 5 h 
without shaking and without aeration. We then transferred 1 mL 
of the bacterial suspension to each well of a 24-well tissue culture 
plate, which was incubated at 37 °C for 24 h. The medium was 
aspirated from the wells, and the biofilm that had formed on 
the bottom was washed with 1 mL water. We added 0.3 mL of 
the test sample to each well. The plate was then incubated at 28 
°C with gentle shaking (50 rpm) for 15 h. The supernatant was 
aspirated, the wells washed with 1 mL water, and the remain-
ing biofilm stained with 0.4 mL 0.1% crystal violet solution in 
water for 5 min. The dye solution was removed and the wells were 
washed with 1 mL water.

Cultivation of Lysobacter spp. and sample preparation
The following Lysobacter strains were cultivated in liquid 

medium under the conditions recommended by the German 
Collection of Microorganisms and Cell Cultures (DSMZ): 
L.  antibioticus (DSMZ 2044), L.  antibioticus (DSMZ 2045), 
L. brunescens (DSMZ 6979), L. capsici (DSMZ 23109), L. capsici 
(DSMZ 19286), L. concretionis (DSMZ 16239), L. daejeonen-
sis (DSMZ 17634), L. defluvii (DSMZ 18482), L. enzymogenes 
(DSMZ 1895), L. enzymogenes (DSMZ 2043), L.  gummo-
sus (DSMZ 6980), L. niabensis (DSMZ 18244), L.  niastensis 
(DSMZ 18481), L.  oryzae (DSMZ 21044), L. panaciterrae 
(DSMZ 17927), Lysobacter sp. (DSMZ 3655), Lysobacter sp. 
(DSMZ 30821), L. spongiicola (DSMZ 21749), L. ximonensis 
(DSMZ 23410), and L. yangpyeongensis (DSMZ 17635). With 
the exception of L. antibioticus (DSMZ 2045), L. brunescens, and 
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L. defluvii, all strains were also cultivated on solid medium com-
prising 10 g skimmed milk, 1 g yeast extract and 15 g agar-agar in 
1 L water. Samples were taken for biofilm activity tests after 3, 7, 
and 10 days. The liquid cultures were centrifuged and the super-
natant was tested. For cultures on solid medium, the grown layer 
comprising the bacteria and extracellular material was scraped 
off the culture plates and transferred to a beaker. The material 
was mixed with water (4 mL per gram wet weight) and stirred at 
room temperature for 15 min. After centrifugation, the superna-
tant was tested as above.

Characterization of biofilm-degrading activity by 
chromatography

L. gummosus was cultured in 20 large petri dishes (145 mm 
diameter) on skimmed milk medium at 28 °C for 3 days. The 
harvested bacterial layer (125 g wet weight) was stirred with 
500  mL water, resulting in a highly viscous mass, which was 
comminuted in a blender. After centrifugation (75 000 × g, 30 
min, 4 °C), the supernatant was treated with ultrasound until a 
less-viscous, liquid was obtained suitable for pipetting. Sonication 
(50% pulse time, 80% amplitude) was carried out in a Rosett 
Cell (RZ 5, Bandelin) packed in an ice-water bath, using an 
ultrasonic homogenizer fitted with a GM 2200 generator, UW 
2200 ultrasonic convertor, SH 213 G booster horn, and a 13-mm 
diameter extended probe VS 70 T (Bandelin). The material was 
centrifuged as above and the pH of the supernatant adjusted to 
8.0 by adding tris(hydroxymethyl)aminomethane (Tris) base.

The supernatant was loaded onto an ÄKTAprime plus (GE 
Healthcare) chromatography system at a flow rate of 5 mL/min 
on a 50 × 50 mm Q Sepharose Fast Flow (GE Healthcare) col-
umn equilibrated with 20 mM Tris-HCl (pH 8.0). The column 
was washed with 20 mM Tris-HCl (pH 8.0) and eluted with a 
step gradient of 100, 300, 500, and 1000 mM NaCl in the same 
buffer. Further chromatography was carried out using a Dionex 
HPLC system consisting of an ICS-3000 low-pressure mixing 
quaternary gradient pump, an AXP auxiliary single-piston pump 
for sample loading, an UltiMate 3000 diode array detector, fluo-
rescence detector and fraction collector. The samples were loaded 
at a flow rate of 2 mL/min and eluted at 1 mL/min.

The most active fraction (45 mL), which eluted from the Q 
Sepharose column at the beginning of the 100 mM NaCl step, 
was diluted with 180 mL 10 mM sodium phosphate buffer 
(pH 6.0), adjusted to pH 6.0 with HCl, and applied to a Mono 
S 5/50 GL column (GE Healthcare) equilibrated with 10 mM 
sodium phosphate buffer (pH 6.0). Samples were eluted with 
a linear gradient from 0 to 500 mM NaCl in the same buffer 
in 20 min. The flow-through fraction (250 mL) containing the 
main activity was diluted with 70 mL 5 mM Tris-HCl (pH 8.0) 
and 210 mL water, and applied to a Mono Q 5/50 GL column 
(GE Healthcare) equilibrated with 5 mM Tris-HCl (pH 8.0). 
Samples were eluted with a linear gradient from 0 to 500 mM 
NaCl in the same buffer in 20 min. The two most active fractions 
(0.5 mL each) were combined and concentrated to 0.2 mL by 
ultrafiltration through a 10-kDa filter, and applied to a Superdex 
75 10/30 column (GE Healthcare) equilibrated with 100 mM 
NaCl, 20 mM Tris-HCl (pH 8.0). Isocratic elution was carried 
out using the same buffer.

Purification of biofilm-degrading activity
L. gummosus was cultured in 100 petri dishes, and an extract 

was prepared from the harvested bacterial layer (650 g wet 
weight) as described above. After adjusting the pH to 8.0 with 
Tris base, 200 mL of the extract was loaded on a 50 × 150 mm Q 
Sepharose Fast Flow column equilibrated with 20 mM Tris-HCl 
(pH 8.0), and eluted with 100 mM NaCl in the same buffer. 
The chromatography was carried out 12 times, with the column 
material replaced after every three runs. The active fractions 
were combined (600 mL). Three 200-mL aliquots were diluted 
with 1 L water each, and loaded in three consecutive runs at a 
flow rate of 10 mL/min on a 26 × 100 mm Source 15 Q col-
umn equilibrated with 5 mM Tris-HCl (pH 8.0). Samples were 
eluted with a linear gradient from 0 to 300 mM NaCl in the 
same buffer at a flow rate of 10 mL/min in 30 min. The main 
fractions were combined (30 mL), diluted with 100 mL water, 
re-adjusted to pH 8.0 with Tris base, and loaded at a flow rate 
of 1 mL/min on a 4 × 250 mm ProPac SAX-10 (Dionex) column 
equilibrated with 5 mM Tris-HCl (pH 8.0). Samples were eluted 
with a linear gradient from 0 to 200 mM NaCl in the same buf-
fer in 60 min. Fractions (1 mL each) were analyzed by sodium 
dodecylsulfate polyacrylamide gel electrophoresis (SDS-PAGE) 
using Mini-PROTEAN TGX 4–20% gradient gels (Bio-Rad). 
Proteins were stained with Flamingo Fluorescent Gel Stain (Bio-
Rad) according to the manufacturer’s instructions and visualized 
with a VersaDoc MP 4000 imaging system (Bio-Rad).

Peptide mass fingerprinting
Peptide mass fingerprinting was carried out by Toplab, 

Martinsried. Gel slices were washed and destained in several 
100-μL aliquots of 50 mM NH

4
HCO

3
 containing 30% aceto-

nitrile, and were then submerged in 100 μL of the same buffer. 
Disulfide bonds were reduced by adding 10 μL 45 mM dithioth-
reitol followed by incubation at 55 °C for 30 min. Thiol groups 
were alkylated by adding 10 μL 100 mM iodoacetamide followed 
by incubation for 15 min at room temperature in the dark. After 
washing in the buffer described above, the slices were submerged 
in acetonitrile before the acetonitrile was removed and the slices 
were allowed to air dry. The slices were rehydrated in 10 mM 
NH

4
HCO

3
 containing ~50 ng porcine trypsin (Serva) and incu-

bated at 37 °C overnight. Liquid samples (~1 mL) were supple-
mented with 250 μL 8 M urea in 400 mM NH

4
HCO

3
 followed 

by 100 μL 45 mM dithiothreitol and incubation at 55 °C for 
30 min. Samples were then digested by adding 2.5 μg trypsin 
and incubating at 37 °C overnight.

The resulting peptides were adsorbed to a SepPac C18 car-
tridge (Millipore) and eluted with 80% acetonitrile containing 
0.1% trifluoroacetic acid. The volume was reduced to 10 μL 
under vacuum in a centrifugal evaporator. LC-ESI-MS/MS 
analysis was performed using an Ettan MDLC nano-LC system 
(GE Healthcare) coupled to an LTQ Orbitrap mass spectrom-
eter (Thermo Scientific). The peptides were applied in 0.1% 
formic acid to a 0.3 × 5 mm C18 PepMap 100 trapping column 
(5 μm particle size, LC Packings) at a flow rate of 6 μL/min, 
and subsequently separated on a 0.075 × 150 mm C18 PepMap 
column (3 μm particle size). Samples were eluted in mixtures of 
buffer A (0.1% formic acid) and B (84% acetonitrile containing 
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0.1% formic acid). A gradient of 0 to 30% A in 80 min, 30 to 
60% B in 30 min, and 100% B for 10 min was applied. The 
LTQ Orbitrap was operated in parallel mode, with a precursor 
ion scan in the Orbitrap (300–2000 m/z, 60 000 full-width at 
half-maximum resolution at m/z 400) and concurrent acquisi-
tion of three data-dependent collision-induced dissociation 
MS/MS scans in the linear ion trap. Mascot software was used 
to search the acquired MS/MS data against the L. gummosus 
genome sequence.

DNA isolation and genome sequencing
L. gummosus genomic DNA was isolated using a modified 

hexadecyltrimethyl ammonium bromide (CTAB) method.55 The 
CTAB/NaCl solution was prepared by dissolving 4.1 g NaCl in 
80 mL water, and 10 g CTAB was stirred in slowly while heating 
to 65 °C. The solution was filter-sterilized before use. The bacte-
rial layers from eight L. gummosus culture plates (50 g wet weight) 
were harvested, mixed with 200 mL water and homogenized in 
a blender. The cells were collected by centrifugation (75 000 × 
g, 30 min, 4 °C), resuspended in TE buffer (10 mM Tris-HCl, 
1 mM EDTA, pH 8.0) and adjusted to an OD

600
 of 1.0. The 

suspension (14.8 mL) was transferred to a 50-mL polypropylene 
conical tube, supplemented with 400 μL lysozyme (100  mg/
mL) and incubated at room temperature for 5 min. The mix-
ture was then supplemented with 800 μL 10% SDS and 160 μL 
proteinase K (10 mg/mL) and incubated at 37 °C for 1 h. We 
then added 2 mL 5 M NaCl and 2 mL CTAB/NaCl solution, 
incubated at 65 °C for 10 min, and extracted the preparation 
with 24:1 (v/v) chloroform:isoamyl alcohol, twice with 25:24:1 

phenol:chloroform:isoamyl alcohol and once more with 24:1 
chloroform:isoamyl alcohol. The DNA in the aqueous phase was 
precipitated with 0.6 volumes of isopropanol at room temperature 
for 30 min, washed with 70% ethanol and dissolved in 100 μL 
TE buffer containing 0.1 mg RNase A. Genome sequencing was 
carried out by Eurofins MWG, Ebersberg, who prepared a non-
cloned shotgun library and an 8-kbp paired-end library accord-
ing to standard protocols (Roche). The libraries were sequenced 
using GS FLX Titanium-series chemistry. Gap closure by PCR 
and Sanger sequencing resulted in a 5 901 415-bp single contig 
with a G/C content of 66.7%. Coding sequences were predicted 
using GeneMarkS software and annotated by homology search-
ing against the Swiss-Prot and TrEMBL databases using NCBI 
BLAST 2.2.25+.
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