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Abstract

Bacterial membrane vesicles (MVs) have been reported to kill other bacteria. In the case of Pseudomonas aeruginosa the bactericidal
activity has been attributed to an unidentified 26 kDa peptidoglycan (PG) hydrolase that is associated with MVs and gives rise to a
lytic band on zymograms using murein sacculi as substrate. In this study, we employed a proteomics approach to show that this PG
hydrolase is the AmphD3 amidase. The analysis of an amphD3 mutant as well as of an AmphD3 overexpression derivative revealed
that this enzyme is not required for the bactericidal activity of P. aeruginosa MVs but is involved in cell wall recycling and thus protects
the cell against PG damage. Another 23 kDa PG hydrolase, which we observed on zymograms of SOS-induced MVs, was identified as
the endolysin Lys, which triggers explosive cell lysis but is shown to be dispensable for MV-mediated killing. We conclude that the
lytic activities observed on zymograms do not correlate with the bactericidal potential of MVs. We demonstrate that P. aeruginosa MVs
are enriched for several autolysins, suggesting that the predatory activity of MVs depends on the combined action of different murein
hydrolases.
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Introduction
Extracellular vesicles are produced by species across all domains
of life, suggesting that vesiculation represents a fundamental
principle of living matter (Gill et al. 2019). Bacterial membrane
vesicles (MVs), which are typically 40 to 350 nm in size, carry
specific cargos, including periplasmic and cytosolic proteins, DNA
and RNA, and are known to transport virulence factors (Wai et al.
2003, Altindis et al. 2014, Sjöström et al. 2015, Koeppen et al. 2016,
Turnbull et al. 2016, Bitto et al. 2017). MVs can fuse with both
eukaryotic and prokaryotic membranes and thereby can deliver
their contents into target cells (Kimmitt et al. 2000, Kuehn and
Kesty 2005, Chatterjee and Chaudhuri 2011). Bacterial MVs were
first shown to originate from blebs of the outer membrane of
Gram-negative bacteria and are therefore often referred to as
outer membrane vesicles (OMVs). More recent work has provided
evidence that Gram-negative bacteria can produce different types
of vesicles and that many Gram-positive bacteria also release MVs
(Toyofuku et al. 2019). Moreover, it has been demonstrated that
MVs are not only produced by living cells but can also originate
from endolysin-triggered cell lysis in both Gram-negative (Turn-
bull et al. 2016) and Gram-positive (Toyofuku et al. 2017) bacteria
via mechanisms termed ‘explosive cell lysis’ and ‘bubbling cell
death’, respectively (Toyofuku et al. 2019). Endolysins are typically
used by double-stranded DNA phages to lyse their hosts, so that
the phage progeny can be released. In P. aeruginosa, DNA-damaging
stress induces the SOS response that leads to the expression of the

endolysin Lys, which is part of a pyocin biosynthesis gene cluster.
As Lys hydrolyses the peptidoglycan (PG) layer, the cells round up,
explode and the remaining shattered membrane fragments self-
assemble into MVs. Explosive cell lysis was shown to be stimu-
lated in biofilms and under anoxic conditions (Toyofuku et al. 2014,
Turnbull et al. 2016).

Various studies showed that MVs affect diverse biological
processes, including virulence, export of metabolites, horizontal
gene transfer, cell-to-cell communication, and protection against
phages and antibiotics (Brown et al. 2015, Schwechheimer and
Kuehn 2015, Orench-Rivera and Kuehn 2016). Moreover, in a semi-
nal study, Kadurugamuwa and Beveridge demonstrated that MVs
of P. aeruginosa PAO1 can kill Gram-negative as well as Gram-
positive bacteria and suggested that MVs may represent a con-
ceptual new group of antibiotics (Kadurugamuwa and Beveridge
1996). A subsequent study showed that naturally produced MVs
isolated from 15 Gram-negative bacteria exhibited bactericidal ef-
fects against various bacteria, albeit to different degrees (Li et al.
1998). The toxicity of such ‘predatory’ MVs was proposed to be
caused by the lytic action of peptidoglycan hydrolases that are
associated with the MVs and which could be visualized by the aid
of zymograms using murein sacculi as substrates (Li et al. 1996, Li
et al. 1998). In the case of P. aeruginosa PAO1 it has been shown that
the luminal content of the MVs contains a 26 kDa murein hydro-
lase, which was suggested to play an important role in bacterial
killing. Although more recent proteomics studies identified vari-
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ous MV-associated autolysins, the identity of this 26 kDa autolysin
has remained unidentified (Clarke 2018).

In this study we demonstrate the 26 kDa major autolysin of P.
aeruginosa MVs is the AmpDh3 amidase. Furthermore, we show
that a 23 kDa hydrolytic enzyme, which we observed in addition
to the AmpDh3 band on zymograms of SOS-induced MVs, as the
endolysin Lys, which triggers explosive cell lysis. We provide ev-
idence that AmpDh3 is not involved in the bactericidal activity
of P. aeruginosa MVs but rather plays a critical role in cell wall
recycling, and thereby protects the cell against PG damage and
counteracts explosive cell lysis. Our data show that the lytic ac-
tivities observed on zymograms do not correlate with the bac-
tericidal potential of the MVs. A proteomics approach revealed
that MVs are enriched for several autolysins, which were not de-
tectable on zymograms, and thus the predatory activity of MVs
appears to depend on the combined action of different murein
hydrolases.

Material and methods
Bacterial strains, plasmids, and growth
conditions
Bacteria strains and plasmids used in this study are listed in Ta-
ble S1. Gene deletion mutants of ampDh2 and ampDh3 were con-
structed using the I-SceI mutagenesis system as described previ-
ously (Flannagan et al. 2008). In short, the ampDh2 and ampDh3
deletion cassettes were inserted into plasmid pGPI using the re-
striction sites XbaI and EcoRI. The resulting plasmids were conju-
gated into PAO1, and mutants were selected on PIA supplemented
with tetracycline. Rhamnose-inducible overexpression of ampDh3,
pbpG, ftsI and ampR was achieved by cloning the respective genes
into pIN299 using the restriction sites NdeI and XbaI. All bacteria
were cultured in Luria-Bertani (LB) broth at 37◦C. If required, an-
tibiotics were added at the following final concentrations: for E.
coli: 15 μg ml−1 gentamycin, 20 μg ml−1 chloramphenicol or 20 μg
ml−1 tetracycline; for P. aeruginosa: 60 μg ml−1 chloramphenicol,
100 μg ml−1 tetracycline or 80 μg ml−1 gentamycin.

For rhamnose-inducible overexpression of target genes,
overnight cultures were inoculated into fresh medium at an
OD600 = 0.01. Following 4 h of incubation at 37◦C, rhamnose
was added to a final concentration of 2% and the cultures were
incubated overnight. To test the effect of different growth con-
ditions on MV productions, overnight cultures were inoculated
at an OD600 = 0.01 and were grown for 4 h at 37◦C before they
were treated with 200 ng ml−1 mitomycin C (MMC, AG scientific),
100 ng ml−1 ciprofloxacin (CIP), 50 μg ml−1 ceftacidime (CAZ)
or exposured to UV-C for 10 min. The cultures were grown for
additional 4 h before they were harvested.

MV isolation, quantification and nanoparticle
tracking analysis
Cell cultures were centrifuged at 10 000 g at 4◦C for 20 min and
the supernatants were filtered through a 0.45 μm Durapore Mem-
brane Filter (hydrophilic PVDF; Merck). The filtrates were ultra-
centrifuged at 150 000 g at 4◦C for 90 min, the pellets were resus-
pended in double distilled water (ddH2O) and MVs were quanti-
fied using three assays: (i) staining with the fluorescent dye FM1-
43 (Life Technologies, USA), (ii) protein quantification using the
BCA protein assay kit (Thermo Scientific), and (iii) nanoparticle
tracking analysis (NTA) using the Nanosight NS300 (Malvern Pan-
alytical) to determine particle concentrations and size distribu-
tions. For NTA, MV samples were diluted in HyClone HyPure Wa-

ter (GE) to a final concentration of 20 to 80 particles per frame
before they were measured in the light scattering mode for 1 min.
Maximum camera detection sensitivity was set, and the process-
ing threshold was set at 5. Data are mean values of 15 technical
replicates. The amounts of MVs were normalized by OD600 of the
culture.

Peptidoglycan extraction and zymography
Peptidoglycan (PG) was extracted using the protocol as described
(Bernadsky et al. 1994). To this end, overnight cultures were cen-
trifuged and the cell pellet was resuspended in 4% SDS and
boiled for 1 h, followed by ultracentrifugation at 150 000 g at
25◦C for 1 h. The pellet was washed twice with ddH2O and re-
suspended in 50 mM Tris buffer pH 8.0 containing 5 mM EDTA
and 0.5 mg ml−1 trypsin (T7409, Sigma) at 25◦C for overnight di-
gestion. The samples were then ultracentrifuged, washed twice
with ddH2O and lyophilized. Purified PG samples were store at
−20◦C. To cast zymogram gels, the PG was resuspended in ddH2O
and sonicated with a SONOPULS HD 2200 homogeniser using a
MS72 probe (BANDELIN) at 25% power, 40% pulsation for 2 min
on ice. Zymographic analysis was performed as described by
Moak and Molineux with 20 μg protein per lane (Moak and
Molineux 2004).

Protein identification and proteomics
For protein identification the in-gel digestion method described
by Liu et al. (Liu et al. 2018) was used with minor modifications.
Hydrolytic bands were cut out of zymograms and de-stained in
50/50 (v/v) MeOH/ammonium bicarbonate (ABC) buffer (50 mM
(NH4)HCO3). The gel pieces were washed with acetonitrile (ACN)
and dried by vacuum evaporation. The gel pieces were soaked
with ABC supplemented with 10 mM dithiothreitol (43819, Fluka)
and incubated at 60◦C for 1 h, followed by washing with ACN.
The gel pieces were then incubated in ABC containing 50 mM
iodoacetamide (I1149, Sigma) and incubated in dark for 30 min,
washed twice with ABC, transferred to 80% ACN and dried by vac-
uum evaporation. The samples were digested with 1 μg trypsin
(V5113, Promega) in 50 mM Triethylammonium bicarbonate (pH
8.5) at room temperature overnight. After acidification with tri-
fluoroacetic acid (TFA) to a final concentration of 0.5% the sam-
ples were desalted with C18 stage tips (Rappsilber et al. 2003). For
label-free quantitative proteomic, the filter-aided sample prepara-
tion method as described previously (Wisniewski et al. 2009) was
used. iRT peptides (Biognosys) were added to the samples for the
calibration of retention times.

Peptides were separated on an ACQUITY UPLC M-Class Sys-
tem (Waters) equipped with a HSS T3 C18 reverse-phase column
(1.8 μm, 75 μm × 250 mm, Waters) and analysed by an Orbitrap
Fusion Lumos Tribrid mass spectrometer (Thermo Fisher Scien-
tific). Thermo raw files were converted to the Mascot generic for-
mat (MGF) by the Proteome Discoverer, v2.0 (Thermo Fisher Scien-
tific) using the automated rule-based converter control (Barkow-
Oesterreicher et al. 2013). The significance threshold was set to P <

0.05 for protein identification. For quantitative proteomics, Proge-
nesis QI software (Waters) was used. The data presented are based
on two independent biological experiments.

Growth inhibition assays
Overnight cultures were diluted to an OD600 of 0.01 and inocu-
lated into 96-well plates. PA14 or PAO1 MVs with protein concen-
trations of 25 and 40 μg, respectively, were added to the wells.
Growth curves were measured over 24 h at 37◦C in a microtiter
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plate reader (Synergy HT; Bio-Tek, Germany). Growth inhibition of
B. subtilis 168 was determined after 6 h and of S. aureus DSM20235
and P. aeruginosa PAO1 were after 12 h of incubation.

Self-toxicity assays
Overnight cultures of overexpression derivatives were diluted into
fresh medium to an OD600 of 0.01. Following 3 h of incubation
at 37◦C, L-rhamnose was added to a final concentration of 2%
(w/v) to induce protein expression. After overnight incubation
cells were harvested and washed twice with PBS. Viability was as-
sessed by staining with 5 μM SYTO 9 (Thermo Fisher Scientific)
and 1 μg ml−1 propidium iodide (Thermo Fisher Scientific). Mi-
croscopic image acquisition was performed using a confocal laser
scanning microscope (DM5500Q, Leica) equipped with × 100/1.44
oil objective.

Metabolic labelling and quantification
For microscopic analysis cells were labelled with D-alkyne alanine
as described previously (Siegrist et al. 2013) with some modifica-
tions. Bacterial overnight cultures were inoculated at an OD600 of
0.02 in fresh LB medium and grown for 3 h at 37◦C before 2% rham-
nose was added to induce protein overexpression. Following 16 h
of incubation, either 1 mM D-alanine (ACROS) or 1 mM D-alkyne-
alanine ((R)-alpha-propargylglycine, ACROS) was added to the cul-
tures. After 90 min the cells were centrifuged and washed twice
with PBS and fixed with 2% formaldehyde. The Cu(I)-catalyzed
azide−alkyne cycloaddition (CuAAC) reaction was initiated with
128 μM TBTA, 1 mM CuSO4, 1.2 mM Sodium ascorbate, and 20 μM
Azide-fluor 488 (Sigma) for 30 min at room temperature. Samples
were washed and inspected using a DM5500Q microscope fitted
with a TCS SPE confocal laser scanning unit (Leica), an HCX PL
APO CS 100x oil-immersion objective (NA = 1.44, Leica) and a
laser line set at 488 nm. Eight-bit TIFF images were acquired in the
490–575 nm fluorescence window with corresponding bright field
signal using the LAS software (Leica). Azide-fluor 488 signal quan-
tifications were performed with Fiji 1.53. Cells displaying mean
fluorescence values greater than the calculated mean Azide-fluor
unspecific binding signal were considered positively labelled.

For chemical quantification, bacterial cultures were inoculated
at an OD600 of 0.02 in fresh LB medium and grown for 3 h at
37◦C before 2% rhamnose was added. After 1 h of incubation 1 mM
D-alanine or 1 mM D-alkyne-alanine were added. Following 1 h of
incubation the cells were pelleted and the CuAAC reaction was
initiated with Azide-fluor 488 (Sigma). PG was then extracted as
described before and treated with 1 mg lysozyme (SERVA, Ger-
many) in 1 ml 50 mM ABC buffer (pH 6.24) at 25◦C overnight.
The samples were analysed by the aid of a Dionex UltiMate 3000
UHPLC (Thermo Fisher Scientific) coupled to a Compact QTOF
(Bruker). An ACQUITY UPLC BEH C18 (130Å, 1.7 μm, 2.1 mm ×
100 mm, Waters) column was used in combination with solvents
A (H2O + 0.1% formic acid) and B (ACN + 0.1% formic acid) buffer.
The gradient started from 0% B for 2 min, followed by a ramp to
100% B for 10 min and was continued at 100% B for 4 min with
a flow rate of 0.3 ml min−1. MSMS fragmentation was performed
for 940.40 m/z and 964.40 m/z with CID 40 eV for PG containing
D-alanine and alkyne-D-alanine, respectively. Alkyne-D-alanine
labelled PG was quantified by integrating the peak of extracted
ion mass at 482.70 m/z ([M+2H]2+) and 964.40 m/z ([M+H]+) at
5.91 min. D-alanine containing PG was quantified by integrat-
ing the peak of extracted ion mass at 470.70 m/z ([M+2H]2+) and
940.40 m/z ([M+H]+) at 5.82 min. Experiments were performed in
biological triplicates.

Figure 1. Electrophoretic profile (zymogram) of MV- and cell-associated
autolysins. Bands with PG-hydrolysing activities were observed as clear
zones in renatured SDS-PAGE gels containing 1% murein sacculi of P.
aeruginosa PAO1. (A) Purified MVs of cultures of the PAO1 wild-type strain
grown in the presence or absence of MMC were compared to
MMC-induced MVs of the ampDh2, ampDh3 and lys deletion mutants. (B)
MMC-induced cell fractions of the ampDh2, ampDh3, and lys deletion
mutants. Orange and green arrows indicate the 23 and 28 kDa bands,
respectively.

Results
MMC treatment increases the amounts of cell
wall-degrading enzymes in P. aeruginosa PAO1
MVs
When purified native P. aeruginosa PAO1 MVs were analysed for PG
hydrolytic activities by zymography, a lytic band with a molecular
weight (MW) of approximately 28 kDa was detected (Fig. 1A). This
is in good agreement with the 26 kDa murein hydrolase first ob-
served on zymograms of P. aeruginosa MVs by Li et al. (Li et al. 1996).
As recent work has demonstrated that DNA damaging agents and
certain antibiotics can stimulate MV formation and that depend-
ing on their formation routes they appear to carry different cargos
(Toyofuku et al. 2019), we analysed the PG hydrolytic activities of
MVs isolated from cultures treated with different antimicrobial
compounds. When the cells were treated with the DNA damag-
ing agent mitomycin C (MMC) or the fluoroquinolone antibiotic
ciprofloxacin (CIP) the 28 kDa lytic band was enhanced and a very
faint 23 kDa band became visible (Fig. 1B, data not shown). As both
compounds are well characterized triggers of the SOS response,
these results suggest that MVs that originate from explosive cells
lysis are enriched for these two cell wall-degrading enzymes. Im-
portantly, two hydrolytic bands (a strong band of 26 kDa and a
barely visible band at 23 kDa) have also been observed by Kadu-
rugamuwa and Beveridge (Kadurugamuwa and Beveridge 1996)
with both native and gentamicin-induced PAO1 MVs. Lytic bands
were only observed with PG of P. aeruginosa as substrate in the zy-
mograms but not with PG of Bacillus subtilis or Burkholderia ceno-
cepacia (Fig. S1), indicating that the MV-associated PG hydrolytic
activity is specific for certain PG types.

The AmpDh3 amidase and the endolysin Lys are
responsible for the PG hydrolytic activities
observed on zymograms
To ascertain the identity of the hydrolytic enzymes observed in
the zymograms, the two bands were excised from the SDS gel and
the eluted proteins were digested and subjected to LC-MS analy-
sis. Among the proteins identified for the 28 kDa lytic band (Table
S2), were the AmpDh2 (PA5485, predicted MW of 28.9 kDa) and
AmpDh3 amidases (PA0807, predicted MW of 28.7 kDa) while the
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endolysin Lys (PA0629), which has a predicted MW of 23.0 kDa, was
among the proteins identified for the 23 kDa band (Table S3). To
validate our results, we analysed purified MVs isolated from MMC-
induced cultures of defined mutants, in which either ampDh2, am-
pDh3 or lys have been inactivated, by zymography. We observed
that the 28 kDa hydrolytic band was missing from samples iso-
lated from cultures of the ampDh3 mutant but not the ampDh2
mutant, while the 23 kDa band was missing in samples of the lys
mutant (Fig. 1A and B).

Collectively, our data show that the cell-wall hydrolytic activi-
ties of P. aeruginosa PAO1 MVs observed in zymograms are the re-
sult of the enzymatic actions of the amidase AmpDh3 and the
endolysin Lys. Our data also suggest that production of both Am-
pDh3 and Lys are boosted by the induction of the SOS response.

Neither the AmpDh3 amidase nor the endolysin
Lys is the killing agent of P. aeruginosa MVs
Previous studies have suggested that the bactericidal activity of
P. aeruginosa MVs is dependent on the 26 kDa murein hydrolase
observed in zymograms (Li et al. 1998). We therefore speculated
that AmpDh3 or Lys, which showed cell-wall degrading activities
in our zymograms, could be responsible for MV-mediated bac-
terial killing. To test this hypothesis, we determined the growth
inhibitory effect of MVs isolated from the wild-type strain, an
ampDh3 and a lys mutant. Both native and MMC-induced MVs
inhibited the growth of the Gram-positive bacteria Bacillus sub-
tilis and Staphylococcus aureus (Fig. 2A and 2B) but not of P. aerug-
inosa PAO1 (Fig. 2C). To exclude that the toxic effect is due to
traces of MMC, which was used to stimulate MV formation, we in-
duced explosive cell lysis by treating cultures with UV-C light (Fig.
S2A-C). No significant difference in the toxicity of UV- and MMC-
induced MVs was observed. Interestingly, native MVs showed a
significantly stronger inhibitory effect than induced MVs, indicat-
ing that the toxic cargo of induced and native MVs is different.
Neither the MVs of the ampDh3 nor of the lys mutant showed
decreased growth inhibition when compared to wild-type MVs.
We also tested MVs of a strain overexpressing AmpDh3. The in-
hibitory effect was similar to the one observed for MVs of the wild-
type strain (Fig. S2D).

In conclusion, our data suggest that the bactericidal effect of
P. aeruginosa MVs cannot be correlated to the lytic activities ob-
served in our zymograms. Hence, bacterial killing may not depend
on a single autolysin but rather on the synergistic action of mul-
tiple enzymes. This may also explain why no hydrolytic activity
could be detected on zymograms with PG from B. subtilis as sub-
strate, although P. aeruginosa MVs showed strong bactericidal ac-
tivity against this organism.

To further test this hypothesis, we determined the toxicity of
MVs isolated from cultures of P. aeruginosa PA14 mutants, in which
different genes encoding PG-modifying enzymes had been inacti-
vated, for growth inhibition of B. subtilis, S. aureus, and P. aeruginosa
PAO1. A strong inhibitory effect was seen with all tested MV prepa-
rations against the Gram-positive bacteria whereas no inhibitory
effect was seen against P. aeruginosa PAO1 (Fig. S3). While none of
the tested mutants showed a significant decrease of bactericidal
activity, we observed an approximately 2-fold increase in growth
inhibition of B. subtilis with MVs of the pbpG (PA14_53020), dacB
(PA14_24690), sltB1 (PA14_12080) and pbpA (PA14_12060) mutants
(Fig. S3A). Nanoparticle tracking analysis (NTA) revealed that the
MVs of the pbpG, dacB, mltF, pbpA, and SltB1 mutants were larger
than the ones of the wild-type strain (Fig. S3D). Moreover, we ob-
served a great variation in the amounts of MVs produced by the

different mutants (Fig. S3D). Although additional work will be re-
quired to unravel why some mutants show increased bactericidal
activity, we speculate that the inactivation of some PG-modifying
enzymes may disturb PG homeostasis and thus lead to an in-
creased or unbalanced biosynthesis of PG hydrolases. It is also
important to note that none of the mutants showed decreased
activity, strengthening the idea that the bactericidal effect of MVs
likely depends on the combined action of multiple enzymes.

MMC-induced MVs are enriched for
PG-modifying enzymes
To validate that expression of Lys and AmpDh3 is induced by
MMC and to investigate whether additional PG-modifying en-
zymes are regulated by the SOS response, we employed a quanti-
tative proteomics approach. Treatment of a P. aeruginosa PAO1 cul-
ture with 200 ng ml−1 MMC resulted in a differential increase of
various enzymes involved in PG metabolism both in cells and MVs
(Table 1). The amounts of Lys, AmpDh3, PbpG, Tse3, and FtsI were
more than 10-fold increased in MMC-treated cells relative to the
untreated control. As with Lys and AmpDh3, expression of PbpG,
Tse3 and FtsI appears to be upregulated by the SOS response.
Given that these enzymes are involved in cell wall hydrolysis, it
is tempting to speculate that they could assist Lys-triggered ex-
plosive cell lysis. We also observed that some PG-modifying en-
zymes were selectively enriched (>10 fold) in MMC-induced MVs,
including MtgA, MltA, DacB, MltF, SltB1, and PbpA. It is interesting
to note that many of these enzymes are predicted to be associated
with the inner membrane, indicating that these MVs were formed
as a consequence of cell lysis.

Despite the presence of various MMC-inducible PG hydrolytic
enzymes in MVs, only two lytic bands were observed on our zy-
mograms (Fig. 1), suggesting that the other enzymes identified
by our proteomics analysis may be produced in low amounts,
cannot be renatured in the zymograms or are inefficient to de-
grade high molecular weight PG. To test this hypothesis, we de-
termined the hydrolytic activities of MVs isolated from P. aerugi-
nosa PAO1 cultures overexpressing enzymes that were particularly
abundant in MMC-induced cells, including AmpDh3, PbpG and
FtsI. (Fig. 3). MVs from the AmpDh3 overexpression strain showed
an enhanced activity of the 28 kDa band, whereas overexpression
of PbpG or FtsI gave rise to a weak band at approximately 23 kDa
corresponding to Lys. Overexpression of AmpR, a global transcrip-
tional factor that controls expression of many PG-modifying en-
zymes (Kong et al. 2005, Balasubramanian et al. 2015), resulted in
increased lytic activities of both bands, suggesting that AmpDh3
and Lys were upregulated by AmpR overexpression. These data
confirm that the hydrolytic bands at 28 kDa and 23 kDa are caused
by the activities of AmpDh3 and Lys, respectively, and show that
neither PbpG nor FtsI can be visualized on zymograms under the
conditions used in our experimental setup.

PG modifying enzymes affect MV formation in P.
aeruginosa
As our data suggest that many PG hydrolases are upregulated
under MMC treatment, they may contribute to Lys-triggered cell
lysis. To test this hypothesis, we quantified the amount of MVs
produced by ampDh3 and lys mutants in the presence of MMC
by NTA. While the amount of MVs produced by the lys mutant
was reduced as previously reported (Turnbull et al. 2016, Zhang
et al. 2020), the ampDh3 mutants produced more MVs relative to
the wild-type strain (Fig. 4A). We also observed that MMC-induced
MVs were larger than native MVs, suggesting that MVs originating
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Figure 2. Growth inhibitory effect of MVs on cultures of B. subtilis (A), S. aureus (B) and P. aeruginosa PAO1 (C). MVs were purified from supernatants of
MMC-treated or untreated cultures of the wild-type strain and various deletion mutants. Following addition of MVs to cultures of the three target
bacteria, growth was monitored spectrophotometrically. Data are presented as mean±SD from triplicate measurements and significant differences
between groups were determined by one-way ANOVA followed by Tukey post-hoc test. ∗, P < 0.05; ∗∗, P < 0.01; ∗∗∗, P < 0.001; ns, not significant.

Table 1. Differential abundance of cell wall-modifying enzymes in cells and MVs of P. aeruginosa PAO1 upon MMC treatment. Predicted
localization of proteins: C, cytoplasm; IM, inner membrane associated; P, periplasm; OM, outer membrane associated; E, extracellular.

Gene number Gene name Protein description Size (kDa)
Possible

localization Fold increase

Cells MVs

PA0378 mtgA Biosynthetic peptidoglycan transglycosylase 26.5 IM < 2.0 11.2
PA0629 lys Endolysin 23.0 P 27.4 2.1
PA0807 ampDh3 AmpDh3 28.7 P 98.0 2.9
PA0869 pbpG (PBP7) D-alanyl-D-alanine endopeptidase 34.0 P 30.5 < 2.0
PA1171 sltB2 (sltG) Soluble lytic transglycolase 42.7 IM 6.8 3.7
PA1222 mltA Membrane-bound lytic murein

transglycosylase A
41.9 OM 5.9 20.4

PA2854 erfK Putative L,D-transpeptidase 34.8 P 2.5 < 2.0
PA2963 mltG Endolytic murein transglycosylase 39.6 IM < 2.0 5.5
PA3020 mltC Probable soluble lytic transglycosylase 73.4 P 5.7 < 2.0
PA3047 dacB (PBP4) Probable D-alanyl-D-alanine carboxypeptidase 51.9 P < 2.0 14.1
PA3484 tse3 Muramidase (toxin of Type VI secretion system) 44.4 E 11.6 < 2.0
PA3764 mltF Membrane-bound lytic murein

transglycosylase F
55.2 OM 3.0 26.6

PA3992 sltB3 (sltH) Soluble lytic (exolytic) transglycosylase 47.8 IM 3.1 3.7
PA4000 rlpA Endolytic peptidoglycan transglycosylase RlpA 36.5 IM < 2.0 7.0
PA4001 sltB1 Soluble lytic transglycosylase B 37.9 IM < 2.0 16.1
PA4003 pbpA Peptidoglycan D,D-transpeptidase MrdA 72.2 IM 6.8 17.6
PA4412 murG UDP-N-acetylglucosamine–N-acetylmuramyl-

(pentapeptide) pyrophosphoryl-undecaprenol
N-acetylglucosamine transferase

37.8 IM < 2.0 5.1

PA4413 ftsW Probable peptidoglycan glycosyltransferase
FtsW

43.8 IM < 2.0 2.3

PA4414 murD UDP-N-acetylmuramoylalanine–D-glutamate
ligase

48.1 C 2.3 < 2.0

PA4417 murE UDP-N-acetylmuramoyl-L-alanyl-D-
glutamate–2,6-diaminopimelate
ligase

51.3 C < 2.0 4.2

PA4418 ftsI (PBP3) Peptidoglycan D,D-transpeptidase FtsI 62.9 IM 59.4 5.5
PA4450 murA UDP-N-acetylglucosamine-1-

carboxyvinyltransferase
44.6 C 2.5 <2.0

PA4700 mrcB (PBP1b) Penicillin-binding protein 1B 85.5 IM 7.7 3.6
PA4749 glmM Phosphoglucosamine mutase 47.8 C 4.2 < 2.0
PA4947 amiB N-acetylmuramoyl-L-alanine amidase 50.7 OM 3.9 < 2.0
PA5045 mrcA (PBP1a) Penicillin-binding protein 1A 91.2 IM 3.0 6.0
PA5485 ampDh2 AmpDh2 28.9 OM 4.1 7.0
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Figure 3. Zymographic analysis of MVs from P. aeruginosa PAO1 strains
overexpressing AmpDh3, PbpG, FtsI, and AmpR. Production of PG
modifying enzymes was induced with 2% rhamnose.

from cell lysis may be larger than those of MVs originating from
classic blebbing mechanisms. Moreover, MVs of the lys mutant
were found to be smaller compared to wild-type MVs, while MVs
of the ampDh3 mutant showed a similar size distribution (Fig. 4A).

We also determined the amounts and sizes of MVs isolated
from the culture supernatants of P. aeruginosa PAO1 strains overex-
pressing AmpDh3, PbpG, FtsI and AmpR. Overexpression of either
PbpG, FtsI or AmpR was found to strongly increase MV production
(Fig. 4B), indicating that these enzymes might play a role in explo-
sive cell lysis. By contrast, AmpDh3 overexpression resulted in a
reduction of MV production (Fig. 4B), which implies that AmpDh3
counteracts explosive cell lysis. In support of this idea, we found
that the average size of MVs from the AmpDh3 overexpression
strain was slightly decreased relative to wild-type MVs (Fig. 4B),
which showed a size distribution similar to the lys mutant (Fig. 4A).

Overexpression of PbpG, FtsI and AmpR but not
AmpDh3 affect cell viability
We noticed that overexpression of PbpG, FtsI and AmpR caused
growth defects of P. aeruginosa PAO1, whereas the AmpDh3 over-
expressing strain grew to a slightly higher optical density than
the wild-type strain after 16 h of incubation (Fig. 5A). Inspection
of the cultures by confocal laser scanning microscopy (CLSM) af-
ter staining with Syto 9 (green) and propidium iodide (PI, magenta)
to visualize living and dead cells, respectively (Fig. 5B). In agree-
ment with their impaired growth, we observed in cultures overex-
pressing PbpG, FtsI or AmpR high numbers of dead cells as well
as extracellular DNA (eDNA). Moreover, the cells often exhibited
an aberrant morphology or were ghost cells. Quantification of the
eDNA showed increased amounts with the PbpG, FtsI and AmpR
overexpressing strains compared to the wild type, while no sig-
nificant effect was observed when AmpDh3 was overexpressed
(Fig. 5C). These results suggest that overexpression of PbpG, FtsI
and AmpR cause an imbalance of PG turnover with the conse-
quence of cell lysis and concomitant MV formation. By contrast,
overexpression of AmpDh3 did not affect cell viability (Fig. 5A).
This is in agreement with our observation that this strain nei-

ther showed a growth defect nor increased cell lysis and sug-
gests that induction of AmpDh3 expression upon MMC treatment
rather represents the cells’ attempt to repair the damage caused
by murein hydrolytic enzymes and thus dampens explosive cell
lysis.

AmpDh3 is involved in PG turnover
Despite the strong hydrolytic activity of AmpDh3 on zymograms
it is neither involved in MV-mediated killing nor does its over-
expression impair cell viability. In fact, our data rather suggest
a role of this amidase in PG repair thereby counteracting explo-
sive cell lysis. To test this possibility, we determined the rate of PG
turnover in the wild-type and the AmpDh3 overexpression strain.
To this end, we employed a metabolic labelling method that is
based on the D-alanine (D-ala) analogue alkyne-D-alanine (alk-
ala) that can readily be covalently linked to an azido-fluorophore
using a copper-catalysed click chemistry (Siegrist et al. 2013) as
detailed in the Material and Methods. Stationary phase cells were
incubated with alk-ala or D-ala for 90 min prior to fluorescent la-
belling with Azide-fluor 488 to visualize the newly synthesized PG
(Fig. S4). Quantification of the fluorescent signal of single cells by
CLSM showed that AmpDh3 overexpression resulted in a signif-
icantly higher incorporation of alk-ala relative to the wild-type
strain (Fig. 6A). Furthermore, we extracted the PG from the two
exponential phase cultures and subjected them to quantitative
LC-MS analysis (Fig. S5A). PG molecules with either D-ala or alk-
ala incorporation were confirmed by MS/MS fragmentation (Fig.
S5B). In support of the results of the microscopic investigation, we
found that the PG of the overexpression strain incorporated much
higher amounts of alk-ala, indicating an accelerated PG renewal
in the AmpDh3 overexpression strain (Fig. 6B). In conclusion, our
data suggest that AmpDh3 plays a critical role in cell wall recy-
cling and thereby protects the cell against PG damage.

Discussion
Work by Beveridge and co-workers showed that MVs contain PG
hydrolases that lyse other bacteria, suggesting that MVs may rep-
resent a conceptually new group of antibiotics (Kadurugamuwa
and Beveridge 1996). In their initial study, they demonstrated
that MVs isolated from culture supernatants of P. aeruginosa PAO1
hydrolyse PG sacculi isolated from Gram-positive and Gram-
negative bacteria (Kadurugamuwa and Beveridge 1996). The bac-
teriocidal effect was tested by adding MVs to viable cells of S. au-
reus D2C, E. coli DH5α, P. aeruginosa PAO1 and P. aeruginosa 8803
and followed growth by determining the CFUs. Only in the case
of P. aeruginosa 8803 inhibition of growth was observed and it was
therefore speculated that the limited bacteriocidal effect on in-
tact cells of other bacteria was because actively growing cells were
able to overcome and cope with the localized hydrolysis of PG af-
ter attack by MV-associated autolysins. To avoid growth of the tar-
get bacteria, a different killing assay was employed by the same
group in a subsequent study, where, in contrast to their initial re-
port, weak inhibition of P. aeruginosa PAO1 by its own MVs was ob-
served (Li et al. 1998). Using this assay, in which the target bacteria
were poured into agar plates without nutrients, and clearing zones
caused by MV samples were measured after overnight incubation,
the authors showed that MVs isolated from 15 Gram-negative bac-
teria exhibited bactericidal effects against various Gram-positive
bacteria as well as E. coli K12 and P. aeruginosa PAO1. In agreement
with the initial report, we show that in a liquid culture assay P.
aeruginosa MVs exhibit no activity against the Gram-negative bac-
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Figure 4. Normalized amounts and size distribution of MVs isolated from MMC-treated and untreated cultures of the PAO1 wild-type carrying pIN299
(A) and various overexpression mutants (B) as assessed by NTA. The mean sizes of MVs from the PAO1 wild-type and the AmpDh3 overexpression
strain were determined to be 141.5 ± 0.29 nm (orange dotted lines, R2 = 0.8988) and 126.5 ± 0.27 nm (green dotted lines, R2 = 0.8991), respectively.

Figure 5. Self-toxicity of PAO1 derivatives overexpressing PG-modifying
enzymes. Bacteria from an overnight culture were inoculated in LB at an
initial OD600 of 0.01. Following 3 h of growth, 2% rhamnose was added.
After 16 h of incubation, bacterial cell densities were determined (A) and
samples were inspected by bright field microscopy (BF) and CLSM (B).
Bacterial cells were stained with Syto 9 (green) and dead cells were
visualized by staining with propidium iodide (PI, magenta). Bar indicates
5 μm. We also quantified the amounts of eDNA in the supernatants of
the tested strains by staining with SYTOX (C). Data are presented as
mean±SD from triplicate measurements and significant differences
between groups were determined by one-way ANOVA followed by
Dunnett’s post-hoc test. ∗, P < 0.05; ∗∗, P < 0.01; ∗∗∗, P < 0.001; ns, not
significant.

Figure 6. PG turnover rates of the P. aeruginosa PAO1 wild-type carrying
pIN299 and an AmpDh3 overexpression strain. The incorporation of the
D-alanine (D-ala) analogue alkyne-D-alanine (alk-ala) was determined.
(A) Quantification of Azide-fluor 488 labelled cells from stationary phase
cultures after CuAAC crosslinking. (B) LC-MS quantification of
incorporated alk-ala in extracted PG from exponential phase cultures.
Data are presented as mean±SD from triplicate measurements and
significant differences between groups were determined by one-way
ANOVA followed by Bonferroni’s post-hoc test. ∗, P < 0.05; ∗∗, P < 0.01; ∗∗∗,
P < 0.001; ns, not significant.

teria tested, while we did observe growth inhibition of the Gram-
positive bacteria B. subtilis and S. aureus. In conclusion, while our
work confirms that MVs are effective to inhibit growth of Gram-
positive bacteria, additional work will be required to fully evaluate
their potential against Gram-negative bacteria under different as-
say conditions.

On zymograms using P. aeruginosa PAO1 murein sacculi as sub-
strate, Kadurugamuwa and Beveridge (1996) observed a major hy-
drolytic band with a MW of approximately 26 kDa and a very
faint band at approximately 23 kDa (Kadurugamuwa and Bev-
eridge 1996). However, the MWs of these bands are not entirely
clear, as no size markers were included on the gels. In another
study analysing P. aeruginosa PAO1 whole cells and supernatants,
the Beveridge group observed two lytic bands with MWs of 26 and
29 kDa (with no size markers included on the gels) and concluded
that the 26 kDa enzyme is the major autolysin of P. aeruginosa
(Li et al. 1996). This 26 kDa enzyme was also proposed to be re-
quired for MV-mediated killing of other bacteria. Yet, the identity
of this autolysin has remained unknown. In this study we used
a proteomics approach to identify the proteins present within
the two lytic bands observed in our zymograms. In good agree-
ment with the estimated MW of 23 and 28 kDa for the lytic en-
zymes, we identified the 23 kDa endolysin Lys and the 28.7 kDa
AmphD3 amidase within the bands, respectively. Further evidence
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that these enzymes are responsible for the hydrolytic activities of
MVs observed on zymograms was obtained by the analysis of de-
fined lys and ampDh3 mutants, each of which missed the respec-
tive hydrolytic band. Based on these results we hypothesize that
the 26 kDa major autolysin that has been observed by the Bev-
eridge group is most likely AmpDh3. Immunogold labeling of thin
sections of P. aeruginosa PAO1 using antibodies raised against the
26 kDa autolysin has shown that this enzyme is mainly localized
within the periplasm (Li et al. 1996). AmpDh3 is in fact a periplas-
mic enzyme that anchors to the PG in a multivalent manner (Lee
et al. 2013, Zhang et al. 2013). We think that it is rather unlikely
that the 26 kDa autolysin observed by the Beveridge laboratory
represents Lys, as this endolysin causes explosive cell lysis when it
enters the periplasmic space through pores that are formed by co-
expressed holins. In contrast, the 26 kDa autolysin was shown to
be associated with the cell envelopes of intact cells when cells are
rapidly dividing (Li et al. 1996). Moreover, AmpDh3 was the major
PG hydrolysing enzyme detected on zymograms of MVs isolated
from untreated cultures, while Lys was barely detectable (Fig. 1)
(Li et al. 1996).

AmpDh3 is a periplasmic zinc protease that together with the
AmpDh2 amidase, which is sequestered on the inner leaflet of the
outer membrane, is intimately involved in cell-wall recycling by
removing the peptide stems from the PG (Martínez-Caballero et al.
2013, Lee et al. 2017). AmpDh3 was shown to have a higher ac-
tivity than AmpDh2 and to interact preferentially with the poly-
meric and insoluble component of the cell wall (Lee et al. 2013).
This may explain why this enzyme causes a pronounced clear-
ing zone in zymograms. Yet, MVs of an ampDh3 mutant did not
exhibit reduced antibacterial activity nor showed MVs of an Am-
pDh3 overexpressing strain increased biocidal activity, providing
strong evidence that AmpDh3 is not the killing agent of MVs. Our
data rather confirm previous reports that AmpDh3 is critical for
PG turnover and repair.

The bacteriophage-derived endolysin lys is part of a gene clus-
ter encoding the R- and F-type pyocins in P. aeruginosa (Nakayama
et al. 2000). The release of these phage tail-like bacteriocins re-
quires Lys-dependent cell lysis. To reach the periplasmic space,
Lys is dependent on small hydrophobic proteins called holins that
upon oligomerization in the cytoplasmic membrane form pores
that allow the endolysin to assess the PG (Catalão et al. 2013). As
a consequence of PG degradation cells undergo explosive cell ly-
sis which not only releases the pyocines but also leads to the lib-
eration of eDNA and the formation of MVs (Turnbull et al. 2016,
Toyofuku et al. 2019). The production and release of the pyocins is
induced through the RecA-mediated SOS response of P. aeruginosa
(Nakayama et al. 2000, Cirz et al. 2006, Penterman et al. 2014), which
is triggered by genotoxic stress. In agreement with this model, we
show that the amount of Lys associated with MVs is greatly in-
creased when cells are treated with the DNA-damaging antibi-
otics MMC and CIP. Interestingly, we observed that expression of
AmpDh3 is also induced by MMC and CIP, indicating that the SOS
response also stimulates expression of this amidase. We specu-
late that AmpDh3 counteracts explosive cell lysis, possibly by re-
cycling damaged PG and thus reduces both MV and eDNA produc-
tion.

While our data support the role of Lys in explosive cell lysis and
the genesis of MVs we could not find evidence that Lys is required
for MV-mediated bacterial growth inhibition. In fact, native MVs
contained very low amounts of Lys, as under normal growth con-
ditions only a small subpopulation (estimated to be > 1%) under-
goes explosive cell lysis (Turnbull et al. 2016). While MMC, CIP and
UV treatment increased the amounts of Lys associated with MVs

(Fig. 1), their bactericidal activities were not enhanced nor showed
MVs of a lys mutant reduced activity (Figs. 2 and S2). Collectively,
our results suggest the two enzymes that showed activity on zy-
mograms, the amidase AmpDh3 and the endolysin Lys, are not
responsible for the antimicrobial effect of MVs. Our proteomics
analysis confirmed previous reports that showed that several PG
hydrolases are associated with MVs. However, apart from Am-
pDh3 and Lys we were unable to visualized these hydrolases on
zymograms under the conditions used. Although additional work
will be required to unravel their contribution to MV toxicity our
data suggest that the bactericidal effect of MVs may not depend
on a single autolysin but rather on the synergistic action of several
enzymes. Moreover, secondary metabolites with antimicrobial ac-
tivity that can be associated with MVs (Wettstadt 2020) could po-
tentially also contribute to their toxicity. Work currently under
progress aims at investigating this possibility.

Supplementary data
Supplementary data are available at FEMSML online.
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