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alveolar septal thickness in human lung tissue explants by
collagen IV degradation

Lina Scheithauer1 | Stefanie Thiem1 | Stefan Schmelz2 | Ansgar Dellmann3 |

Konrad Büssow2 | René M. H. J. Brouwer4,5 | Can M. Ünal1,6 |

Wulf Blankenfeldt2,7 | Michael Steinert1

1Institut für Mikrobiologie, Technische

Universität Braunschweig, Braunschweig,

Germany

2Structure and Function of Proteins,

Helmholtz Centre for Infection Research (HZI),

Braunschweig, Germany

3Institut für Pathologie, Städtisches Klinikum

Braunschweig gGmbH, Braunschweig,

Germany

4Herz-, Thorax-, Gefäßchirurgie, Städtisches

Klinikum Braunschweig gGmbH,

Braunschweig, Germany

5Institut für Psychologie, Technische

Universität Braunschweig, Braunschweig,

Germany

6Fen Fakültesi, Turkish-German University,

Istanbul, Turkey

7Institut für Biochemie, Biotechnologie und

Bioinformatik, Technische Universität

Braunschweig, Braunschweig, Germany

Correspondence

Michael Steinert, Institut für Mikrobiologie,

Technische Universität Braunschweig,

Braunschweig, Germany.

Email: m.steinert@tu-bs.de

Funding information

Bundesministerium für Bildung und Forschung,

Grant/Award Number: 16GW0213

Abstract

ProA is a secreted zinc metalloprotease of Legionella pneumophila causing lung damage

in animal models of Legionnaires' disease. Here we demonstrate that ProA promotes

infection of human lung tissue explants (HLTEs) and dissect the contribution to cell

type specific replication and extracellular virulence mechanisms. For the first time, we

reveal that co-incubation of HLTEs with purified ProA causes a significant increase of

the alveolar septal thickness. This destruction of connective tissue fibres was further

substantiated by collagen IV degradation assays. The moderate attenuation of a proA-

negative mutant in A549 epithelial cells and THP-1 macrophages suggests that effects

of ProA in tissue mainly result from extracellular activity. Correspondingly, ProA con-

tributes to dissemination and serum resistance of the pathogen, which further expands

the versatile substrate spectrum of this thermolysin-like protease. The crystal structure

of ProA at 1.48 Å resolution showed high congruence to pseudolysin of Pseudomonas

aeruginosa, but revealed deviations in flexible loops, the substrate binding pocket S10

and the repertoire of cofactors, by which ProA can be distinguished from respective

homologues. In sum, this work specified virulence features of ProA at different

organisational levels by zooming in from histopathological effects in human lung tissue

to atomic details of the protease substrate determination.

K E YWORD S

alveolar septal thickness, collagen IV, crystal structure, human lung tissue explants, Legionella
pneumophila, zinc metalloprotease ProA

1 | INTRODUCTION

Legionella pneumophila, the infectious agent of Legionnaires' disease,

is transmitted by inhalation of contaminated aerosols and proliferates

in human alveolar macrophages (Blackmon et al., 1981; Escoll,

Rolando, Gomez-Valero, & Buchrieser, 2013; Fraser et al., 1977; Gao,

Harb, & Kwaik, 1997; Mondino et al., 2020). Crucial for escaping the

phagolysosomal pathway is the Dot/Icm type IV secretion system

(T4SS), which exports numerous effectors to establish the replication

niche, called Legionella-containing vacuole (LCV) (Ensminger &
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Isberg, 2009; Hubber & Roy, 2010; Isberg, O'Connor, & Heidtman,

2009; Mondino et al., 2020). L. pneumophila is the only known patho-

gen that also utilises a type II secretion system (T2SS) for infection and

intracellular multiplication (Cianciotto, 2009; White & Cianciotto, 2019;

White, Truchan, Zheng, Tyson, & Cianciotto, 2019). One of its sub-

strates is the zinc metalloprotease ProA, which is also called the major

secretory protein (Msp) (Hales & Shuman, 1999). ProA is a member of

the M4 enzyme family of thermolysin-like proteases (TLPs) and is espe-

cially homologous to the elastase pseudolysin from Pseudomonas

aeruginosa. ProA is initially translated together with a signal- and a pro-

peptide as a 60 kDa large preproenzyme (Adekoya & Sylte, 2009; Poras

et al., 2012). The propeptide exhibits chaperone as well as inhibitory

functions in TLPs, therefore truncation of the gene sequence results in

wrong folding and non-functional conformation of the protein.

Reaching its site of activity after secretion, autoprocessing leads to a

38 kDa mature protease and is strictly depended on catalytical activity

(Black, Quinn, & Tompkins, 1990; Gao et al., 2010; Moffat, Black, &

Tompkins, 1994; Yeats, Rawlings, & Bateman, 2004).

Numerous studies indicate that ProA contributes to the pathoge-

nicity of L. pneumophila in different ways. ProA cleaves a broad spec-

trum of substrates such as gelatin or casein (Baskerville, Conlan,

Ashworth, & Dowsett, 1986; Conlan, Baskerville, & Ashworth, 1986). In

natural aquatic habitats, the role of the zinc metalloprotease has not

been finally clarified and appears to be species-dependent. Whereas

the infection of Acanthamoeba castellanii is not affected by ProA, a defi-

cit in intracellular bacterial growth was observed in other amoeba like

Vermamoeba vermiformes and Naegleria lovaniensis (Moffat, Edelstein,

Regula Jr, Cirillo, & Tompkins, 1994; Rossier, Dao, & Cianciotto, 2008;

Tyson et al., 2013). Experimentally infected guinea pigs also provided

somewhat contradictory results. According to Moffat, Edelstein,

et al. (1994) and Edelstein, Edelstein, Higa, and Falkow (1999), a proA-

deficient mutant showed a delayed course of disease compared to the

wild type, whereas Blander, Szeto, Shuman, and Horwitz (1990) could

not observe any impairment during infection. Less conflicting, purified

ProA was found to evoke lung damage comparable to L. pneumophila

infections in guinea pigs (Baskerville et al., 1986; Williams, Baskerville,

Dowsett, & Conlan, 1987). By using cell culture methods hemolytic and

cytotoxic activities of ProA were described (Keen & Hoffman, 1989;

Quinn & Tompkins, 1989). In U937 macrophage-like cells, it was dem-

onstrated that ProA translocates into the cytosol, where it associates

with the LCV membrane (Truchan, Christman, White, Rutledge, &

Cianciotto, 2017). Beyond that, ProA is involved in preventing immuno-

logical reactions. It impairs the innate function of polymorphonuclear

cells or monocytes by inhibiting their production of reactive oxygen

species, and can moreover affect T-cell activation and proliferation

(Mintz, Miller, Gutgsell, & Malek, 1993; Rechnitzer & Kharazmi, 1992;

Sahney, Summersgill, Ramirez, & Miller, 2001). Regarding the humoral

defense, ProA is able to cleave tumour necrosis factor α, which plays a

decisive role in fighting infections with L. pneumophila (Blanchard, Djeu,

Klein, Friedman, & Stewart, 1988; Brieland et al., 1995; Hell, Essig,

Bohnet, Gatermann, & Marre, 1993). In addition, specific regulatory

functions of ProA, like the activation of other T2SS effectors such as

the glycerophospholipid:cholesterol acyltransferase PlaC, contribute to

host cell manipulation (Banerji, Bewersdorff, Hermes, Cianciotto, &

Flieger, 2005; Lang et al., 2012).

To determine composite effects, we analysed the role of ProA in

infected human lung tissue explants (HLTEs) with their multitude of

cell types and extracellular components. At the cellular and molecular

level, we examined the contribution of ProA to intracellular replica-

tion, proteolysis of type IV collagen, human blood serum resistance

and finally, elucidated its crystal structure at high resolution.

2 | RESULTS

2.1 | L. pneumophila ProA promotes infection of
human lung tissue explants

Human lung tissue explants (HLTEs) represent a very realistic infection

model for Legionnaires' disease, allowing the unique characterisation of

intra- and extracellular pathogenicity in a complex tissue context

(Hoppe et al., 2017; Jäger et al., 2014). Since the zinc metalloprotease

ProA is the major secretory protein of L. pneumophila and shares

sequence homology to essential proteolytic virulence factors of other

pathogens, the impact of ProA on the replication of L. pneumophila was

determined in HLTE infection. For this assay, vital human lung speci-

mens were co-incubated with L. pneumophila strains up to 48 hr. The

bacterial load of the tissue was compared at different sampling time

points using the L. pneumophila Corby wild type (WT), the isogenic

ΔdotA strain as an avirulent control, the deletion mutant ΔproA and the

complemented strain ΔproA proA. The ProA-negative mutant exhibited

a significant growth defect in HLTEs with the bacterial count being

decreased by a half-log range compared to the wild type at 24 and

48 hr post infection (Figure 1a). After 24 hr, the CFU/g tissue of the

ΔproA mutant even equated to the DotA-negative strain, which is

unable to replicate within host cells. Complementation of the ΔproA

strain with wild type proA partially restored this deficit. Thus, our data

demonstrate that ProA contributes to optimal proliferation of

L. pneumophila in pulmonary human tissue. Initial characterisation of the

HLTE infection model by Jäger et al. (2014) demonstrated that the cell

count of the ΔdotA mutant did not exhibit significant changes, hence

excluding extracellular replication of L. pneumophila. However, the over-

all effect does not clarify whether ProA specifically influences the intra-

cellular replication, enables dissemination and access to alveolar cells by

reducing tissue integrity, or interferes with the host immune response.

In the following, we addressed in detail which processes effectuated the

reduced bacterial numbers of the proA-deficient mutant strain in HLTEs.

2.2 | Cell type specific contribution of ProA to
intracellular replication

Legionella pneumophila establishes its replication niche particularly within

human alveolar macrophages but is also able to multiply in epithelial cells

(Jäger et al., 2014; Mody et al., 1993). To reveal whether the attenuation

in HLTEs is due to a limited intracellular proliferation, THP-1
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macrophage-like cells and A549 lung epithelial cells were infected with

the L. pneumophila Corby WT, the deletion mutants ΔdotA and ΔproA

and the complemented strain ΔproA proA. In THP-1 cells all tested

strains, except for the avirulent dotA-deficient mutant, showed intracellu-

lar growth and the CFU/ml increased more than three log stages within

48 hr (Figure 1b). Nevertheless, the ProA-negative mutant displayed sig-

nificantly reduced multiplication after 2 days with a minimally decreased

cell count, whereas the correspondent complementation strain equated

the wild type. Thus, unlike DotA, which is part of the T4SS and thereby

crucial for the intracellular lifecycle of L. pneumophila, ProA only slightly

affects replication within THP-1 cells. Interestingly, growth defects of

the proA-negative mutant became more apparent during analogous

infections of A549 cells (Figure 1c). Additionally, the phenotype was

restored to a greater extent by complementation with significantly

increased CFUs/ml in comparison to the deletion mutant. Thus, the

impact of ProA on intracellular replication of L. pneumophila varies

according to the cell type and suggests that major effects observed in

HLTEs may arise from extracellular activity.

2.3 | L. pneumophila ProA enhances transmigration
in HLTEs

Successful proliferation in multicellular hosts is determined by cycles

between intracellular replication and dissemination of the pathogen to

access new host cells. In histological studies, the bacterial distribution of

the L. pneumophila WT was therefore compared to the L. pneumophila

ΔproA mutant using a HLTE transmigration assay. Localisation of

Legionella in deeper tissue layers was achieved by Warthin-Starry

staining of the prepared microtome slides. Hence, the silver-impregnated

bacteria appeared dark brown to black (Figure 2). Immediately after inoc-

ulation, the pathogen was mostly found in the alveolar space of all

infected tissue samples. First bacteria were attached to potential host

cells or accessible tissue surfaces. After 24 hr L. pneumophila was pre-

dominantly found inside the pulmonary tissue. At this time point HLTEs

infected with the WT showed not only a higher total cell count but also

more invaded bacteria inside deeper layers of the lung tissue compared

to the ProA-negative strain. This suggests that ProA deletion causes a

disadvantage for dissemination of the pathogen inside the host tissue.

2.4 | ProA causes tissue damage and increases
alveolar septal thickness in HLTEs

During the histological analyses, HLTEs infected with the L. pneumophila

WT or a proA-deficient mutant strain both displayed increasing tissue

inflammation and destruction after 24 hr (Figure S1). This can be pro-

voked by a versatile repertoire of virulence factors comprising for exam-

ple lipopolysaccharide (LPS) or various other proteases in addition to

ProA. Consequently, overlapping effects occur, which do not allow the

exclusive examination of a single protein in whole cell infections. Based

on individual observations indicating a lower inflammatory response and

F IGURE 1 Role of ProA during infections of HLTEs, THP-1
macrophage-like cells and the human epithelial cell line A549 with
L. pneumophila Corby. HLTEs were infected with 108 cells/ml (a) and
THP-1 (b) or A549 (c) cells with MOI 1 of the L. pneumophila Corby
wild type (WT), a dotA-negative mutant (ΔdotA), the proA deletion
(ΔproA) and complemented strain (ΔproA proA). The bacterial CFU/g
tissue after homogenisation (a) or the CFU/ml after cell lysis (b, c) was
determined by plating serial dilutions at indicated time points after
infection. The bar graphs show means and standard deviations of

duplicate infections with human lung tissue obtained from nine
donors (a) and 13 independent infection assays for THP-1
macrophage-like cells or ten for A549 lung epithelial cells (b, c). The
proA-negative mutant revealed attenuation in HLTE and A549
infections, and minor defects in THP-1 cells. Significance was
assessed by applying a two-way ANOVA with Tukey's post-hoc test
for simple effects analysis and is indicated by asterisks (*p ≤ .05,
**p ≤ .01, ***p ≤ .001, ****p ≤ .0001)

SCHEITHAUER ET AL. 3 of 15



less tissue damage in HLTEs infected with the ΔproA strain compared to

the wild type (Figure S1), we decided to explicitly address the impact of

ProA by using the isolated protease. For this purpose, HLTEs were

screened via histological analyses after inoculation with 10 μg/ml

natively purified ProA in comparison to a medium control. Variations of

the alveolar septal thickness were quantitatively monitored after 2 and

24 hr with collagen IV antibody staining (Figure 3a). The utilised concen-

tration of ProA was calculated based on publications about the protease

expression to approximately mimic physiological conditions at the site of

infection (Conlan et al., 1986; Rechnitzer & Kharazmi, 1992). Histological

micrographs revealed tissue destruction with increased levels of inflam-

mation and immune cell infiltration after ProA treatment, which is

F IGURE 2 ProA-dependent transmigration of L. pneumophila in HLTEs. HLTE pieces of 500 mg were embedded in 0.5% (w/v) RPMI soft agar
and infected at the top with the L. pneumophila Corby WT or the proA deletion mutant ΔproA compared to a PBS control. At the indicated time
points the tissue was fixed in 7% (v/v) formalin. Microtome slides of deeper tissue layers were stained with Warthin-Starry silver impregnation
after inoculation and 24 hr post infection. Bacteria appear dark brown to black and are indicated with arrows. As a result of transmigration, the
wild type strain can be frequently observed in deeper pulmonary tissue layers
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comparable to the histology after a real infection with L. pneumophila.

Closer analyses of the maximal alveolar septal thickness showed a signifi-

cant increase of about 5 μm in ProA-inoculated tissue compared to the

negative control at both sampling time points (Figure 3b). We hypo-

thesised that collagen IV derangement at the basal lamina leads to

proteolysis-induced edema, which resulted in the quantified swelling of

the septum.

2.5 | ProA hydrolyses type IV collagen

To further specify the microscopic observations in HLTEs indicating a

proteolysis of connective tissue fibres by ProA, collagenase activity of

the enzyme was analysed in vitro. For this purpose, collagen IV was

used in degradation assays, as it is the prevalent collagen type in the

human lung, especially in the affected alveolar septa. During an

F IGURE 3 Alveolar septal thickness in HLTEs after ProA inoculation. HLTEs were cut in blocks of 500 mg and either incubated in cell culture
medium (control) or inoculated with 10 μg/ml of purified protease. After 2 and 24 hr samples were fixed in 7% (v/v) formalin. Microtome slides were
stained with H&E and a collagen IV antibody in red. The maximal alveolar septal thickness was measured as an indicator for collagen IV degradation in
the tissue. (a) Histological pictures of one exemplary assay. Bar = 50 μm. (b) Boxplots show the median and extend from the 25th to 75th percentiles
with whiskers from the minimum to the maximum value. HLTEs exposed to the protease displayed increased inflammation, immune cell infiltration and
alveolar septal thickness demonstrating ex vivo derangement of collagen IV by ProA. Statistical analysis of seven independent experiments in duplicates

was performed by two-way ANOVA with Sidak's post-hoc test. Significant differences are marked with asterisks (**p ≤ .01)
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interval of 24 hr, 500 μg/ml of collagen IV were almost completely

degraded by 2 μg/ml ProA (Figure 4a). Collagen, which builds high

complexes of different subunits, appeared as several differently sized

bands on an SDS gel. Abundant fragments of �400 kDa, �270 kDa

and especially �140 kDa were chosen for a closer analysis of the

cleavage rate (Figure 4b). The latter presumably represents the colla-

gen alpha chains, while the larger forms correspond to complexes of

more than one subunit. Within the first 3–5 min, all bands decreased

with constant velocity and the initial collagen concentration was

halved. After 6 min, only 25% of the 400 kDa and the 270 kDa frag-

ments were left. The degradation of the 140 kDa fragment, in con-

trast, took longer, which is not only due to a higher initial

concentration but a delayed cleavage after 15 min. In this case, prote-

olysis did not follow a hyperbolic-like curve but subsequently showed

a second linear range with a minor slope. Three-fourths of the

140 kDa fragment was not degraded until 35 min. Consequently,

ProA can hydrolyse several regions of collagen IV and especially

breaks up its highly complex, network-like structure, which in turn

might facilitate the dissemination of the pathogen and strengthens

the observations from HLTE transmigration analyses.

2.6 | ProA contributes to serum resistance of
L. pneumophila

Outside the host cell, L. pneumophila is exposed to antimicrobial pep-

tides and complement proteins of the humoral innate immune

defense. In this case, extracellular proteases can function as a com-

mon remedy. Thus, the bactericidal effect of 20% (v/v) normal human

serum was ascertained for the L. pneumophila Corby WT in compari-

son to the ΔproA mutant and the complemented mutant ΔproA proA

(Figure 5). Percental serum resistance was obtained by dividing the

determined CFUs/ml by the initial values after 0 hr and the respective

bacterial cell count in heat-inactivated serum. At every sampling time

point, the ProA-negative mutant was significantly more sensitive to

normal human serum than the wild type. Over 2 days, one third of the

L. pneumophila WT but only 15% of the proA-deficient strain survived

the serum treatment. Already 2 hr after inoculation 40% of the ΔproA

mutant died, whereas the wild type lost the same cell count not until

24 hr. Overall, the significant defect of the proA deletion mutant was

restored to a great extent by complementation, indicating a significant

role of ProA in counteracting antimicrobial properties of the human

serum.

2.7 | Structural homology ranks ProA among other
M4 virulence factors

For enhancing the understanding of target recognition and determina-

tion, recombinantly produced ProA was crystallised at 1.48 Å resolu-

tion and compared to homologous virulence factors (Figure 6a). Like

other M4 proteases, ProA consists of a two-domain structure with N-

terminal β-sheets and C-terminal α-helices. The catalytic electrophile

(Glu-171), the proton donor (His-256) and additional catalytic residues

(Tyr-185, Asp-198) superpose well with those of TLPs such as

pseudolysin (Figure 6a–c). The canonical central zinc ion in the active

centre is coordinated by His-170, His-174 and Glu-194 in ProA. Both

histidines and the catalytic Glu-171 establish the HExxH motif of

F IGURE 4 Degradation rate of ProA-treated collagen IV. 500 μg/ml of type IV collagen were incubated with 2 μg/ml ProA at 37�C and

300 rpm for 24 hr. Aliquots of 15 μl were taken at the indicated time points, and proteolytic activity was stopped with 5 μl SDS loading dye. For
the negative control, heat-inactivated ProA was incubated with collagen IV up to 24 hr. 10 μl samples were loaded on an 8% (v/v) SDS gel stained
with Coomassie Silver Blue. 5 μl of the Spectra Multicolour High Range Protein Ladder by Thermo Scientific were used as a standard. As an
example, the polyacrylamide gel of one experiment is shown (a). The band intensity of the collagen IV fragments at �400, �270 and �140 kDa
were measured with ImageJ. The decreasing concentration of different type IV collagen fragments was elucidated by application of a BSA
standard. Thereby, complete degradation of several collagen IV complexes and fragments by ProA was monitored in vitro. The graph shows
means and standard deviations of three degradation assays (b)
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mono-catalytic zinc metallopeptidases (Jongeneel et al., 1989). Due to

high zinc concentrations in the crystallisation buffer, the crystal struc-

ture contains more zinc ions than physiologically bound in the active

enzyme. Additionally, four calcium ions distant from the active site are

bound in the ProA structure (Figure 6a). Interestingly, when native

ProA was crystallised only the catalytical zinc ion, but no calcium was

identified (Figure S2).

Pseudolysin from P. aeruginosa (sequence identity 47.7%) and

vibriolysin from Pseudoalteromonas strains display minor structural C-

alpha RMSDs of approx. 1.3 and 0.7 Å, respectively, to ProA (Poras

et al., 2012). Differences mainly pertain to outer flexible loop regions

(Figure S3). Compared to the proposed model of ProA by Poras

et al. (2012), the actual protein structure differs in the same three

loops and additionally contains a second β-sheet region, which cannot

be found in the elastase but similarly in vibriolysin (Figure S3b–d). Dis-

crepancies in substrate targeting of TLPs are mainly defined by diver-

gent amino acid residues in specific substrate binding sites.

Accordingly, ProA shares four (Leu-162, Val-167, Leu-230, Tyr-144)

out of five amino acids in the S10 substrate binding pocket of

pseudolysin (Leu-132, Val-137, Leu-197, Tyr-114), whereas Phe-129

in the latter is occupied by Met-159 in ProA (Figure S4) (Yang

et al., 2015). Furthermore, comparison to other collagen peptidases,

such as the M10 matrix metalloproteinase-12 (MMP-12, PDB code:

2N8R), revealed structural differences which might reflect ProA's

adaptation to the physiological occurrence of type IV collagen

(Figure 6d). MMP-12 binds the straight collagen V triple helix in a

rather plain and shallow binding channel. In contrast, the likely binding

site in ProA is much deeper and obstructed at the exit by two loops

containing three methionines (Met-158, Met-159, Met-221) and a

tyrosine (Tyr-227) that confines the proposed S10 substrate binding

pocket. This restriction might hinder binding of stiff and straight colla-

gen fibres. Collagen IV, in contrast, is known to not always follow the

Gly-X-Y rule, and hence the triple helix is found to have distortions

resulting in higher flexibility (Hofmann, Voss, Kühn, & Engel, 1984).

The deeper and restricted binding pocket of ProA thus could be espe-

cially favourable for collagen IV cleavage.

3 | DISCUSSION

Legionella pneumophila infections of human lung tissue are the result

of bacterial strategies for replication, immune evasion and tissue dis-

semination. Early examinations in 1990 did not indicate any effects of

the zinc metalloprotease ProA during L. pneumophila infection of

guinea pigs (Blander et al., 1990). In contrast to that, influence of ProA

on bacterial proliferation and tissue necrosis was later reported in

guinea pig lungs (Edelstein et al., 1999; Moffat, Edelstein, et al., 1994).

In our study, we demonstrate significant growth defects of a proA-

deficient L. pneumophila mutant strain during infection of HLTEs, a

very authentic ex vivo model for Legionnaires' disease that comprises

cellular and extracellular aspects of the site of infection in a human tis-

sue context. By proving ProA's importance in the actual human host,

we now clear up previous inconsistent research results in rodent

models and specify the role of ProA for pathogenesis.

At the cellular level, the zinc metalloprotease seems not to be part

of a fundamental intracellular replication strategy universally used for

all host and cell types. Previous research solely showed relevance of

ProA for intracellular multiplication in the amoeba species

V. vermiformis and N. lovaniensis (Rossier et al., 2008; Tyson

et al., 2013). In guinea pig or human HL-60 derived macrophages, the

ProA-negative mutant did not exhibit a growth defect or reduced

mortality compared to the wild type (Moffat, Edelstein, et al., 1994;

Szeto & Shuman, 1990). In our experiments, however, we identified

impairment in A549 epithelial cells and even slight effects in THP-1

macrophages. At least partially, the observed attenuation of the ΔproA

mutant in HLTEs might therefore be due to a decreased replication in

alveolar host cells. Nevertheless, it has to be taken into consideration

that minor differences in human macrophages are probably not suffi-

cient to explain the effects observed in HLTEs. Moreover, epithelial

cells, though susceptible, are not the preferential reservoir of

L. pneumophila in the human lung (Jäger et al., 2014). Accordingly, we

hypothesised that the main impact of ProA especially results from its

extracellular activity.

In our histopathological analyses, transmigration assays revealed

a reduced dissemination of the proA deletion strain within HLTEs.

This can also explain the attenuated bacterial proliferation in lung tis-

sue, as the encounter of new host cells is limited. Additionally,

F IGURE 5 Bactericidal effect of human serum on L. pneumophila
Corby WT and proA-mutant strains. Serum resistance of the
L. pneumophila Corby wild type (WT), and the proA deletion (ΔproA)
and complementation mutant (ΔproA proA) was ascertained with
5 × 104 cells/ml in 20% (v/v) normal human serum. Counted CFUs at
the indicated sampling time points were related to the cell count at
0 hr and the CFU/ml in 20% (v/v) heat-inactivated serum to receive
the percental serum resistance. The proA deletion mutant exhibits less
resistance to antimicrobial properties of the human serum than the
wild type. Significant differences regarding the survival of the strains
were determined using a two-way ANOVA with randomised block
design and Tukey's post-hoc test based on at least seven independent
experiments (*p ≤ .05, **p ≤ .01)
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ProA-inoculated HLTEs exhibited tissue destruction with inflamma-

tion and immune cell infiltration. Early publications likewise showed

that the treatment of guinea pig lungs with purified ProA-entailed pul-

monary damage similar to the symptoms of Legionnaires' disease

(Baskerville et al., 1986). Concerning lung lesions, a correlation

between the severity of damage and the concentration of zinc

metalloprotease was revealed (Williams et al., 1987). For the first time,

we now confirmed these observations in the human setting, and

quantitatively monitored a new phenotype of increased alveolar sep-

tal thickness in the presence of ProA. Significant septal swelling

occurred already 2 hr post inoculation. These alterations are due to

edema formation and derangements of the connective tissue fibres.

F IGURE 6 ProA structure in comparison with other M4 proteases. (a) ProA structure in superposition with pseudolysin (coloured in grey,
PDB code: 1EZM). Closeup on the conserved active site of ProA and pseudolysin with the central bound zinc and acetic acid. Pseudolysin
residues are not labelled for the sake of clarity. Conserved residues are coloured in reference to their proposed catalytic function (Argos,
Garavito, Eventoff, Rossmann, & Brändén, 1978; Jongeneel, Bouvier, & Bairoch, 1989; Mock & Stanford, 1996). (b) Sequence conservation of
ProA. Surface representation of ProA coloured by conservation with a white-blue-purple gradient based on the sequence alignment in (c). The
active site (coloured in deep purple) is in all structures 100% conserved. (c) Sequence alignment of active site region with the homologous M4
proteases pseudolysin (PDB code: 1EZM), vibriolysin (PDB code: 3NQX), bacillolysin (PDB code: 4GER) and thermolysin (PDB code: 1TLX). ProA
sequence is coloured based on conservation as shown in (b). Sequence identity to ProA is indicated. Active site residues of M4 proteases are
boxed and colour-coded as depicted in (a). The canonical HExxH motif of M4 proteases is highlighted in green. (d) Schematic representation of
collagen IV binding in ProA. The collagen V triple-helix is bound by the M10 matrix metalloproteinase-12 (PDB code: 2N8R) in a rather shallow
and straight ‘furrow’, as shown on the right-hand site. The binding groove is highlighted in blue, the catalytic zinc in purple. The likely binding site
of collagen IV in ProA (left-hand site), is narrower and more deep-seated. The exit on the top is also blocked by two non-conserved loops
comprising three methionines (Met-158, Met-159, Met-221) and a tyrosine (Tyr-227) highlighted in red. Collagen IV, which is reported to be
more flexible than other collagen types, could only bind in a bend fashion as shown in the middle
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Therefore, the measured thickness is proportional to the damage in

respective pulmonary tissue and additionally represents a valuable

indicator for tissue destruction in our HLTE infection model. Interest-

ingly, edematous thickening of alveolar septa was described as a char-

acteristic histologic feature of Legionnaires' disease during

postmortem pathology in 1980 (Hernandez, Kirby, Stanley, &

Edelstein, 1980). Alveolar septa contain collagen IV and elastin fibres.

ProA was already known to cleave structural proteins such as gelatin

and casein, but, unlike the homologous protease pseudolysin, not elas-

tin (Conlan et al., 1986; Thompson, Miller, & Iglewski, 1981). How-

ever, potential collagen degradation was already indicated after

intranasal administration of ProA to guinea pig lungs and activity

assays using azo-collagen (Baskerville et al., 1986; Conlan

et al., 1986). The latter usually consists of type I collagen, whereas col-

lagen IV is the physiologically predominant type in the lung. Since col-

lagen IV antibody staining and quantification of alveolar septal

thickness in HLTEs suggested modification of the collagen backbone,

we performed degradation assays with purified proteins to specify

these histological results in vitro. Thereby, we proved efficient degra-

dation of the host protein collagen IV by ProA. Via proteolysis of col-

lagen IV complexes ProA strongly contributes to pathogenesis, as

extracellular degradation of connective tissue is crucial for bacterial

dissemination (Wagner et al., 2007).

For proceeding in infection, the pathogen leaves its protective intra-

cellular niche and becomes exposed to the host immune response using

extracellular proteases as a first remedy. Early hints indicated a

L. pneumophila metalloprotease to be able to cleave serum proteins

(Müller, 1980). Here, we evidenced a strong contribution of ProA to

inhibiting bactericidal effects of human serum as the survival of a ProA-

negative mutant was reduced by half compared to the wild type. The

major anti-bacterial component in serum is the complement system con-

sisting of an array of effectors that attack bacteria either for complement-

mediated lysis or opsonisation followed by phagocytic removal.

L. pneumophila is considerably resistant towards complement, a dis-

tinguishing feature between virulent and avirulent strains (Caparon &

Johnson, 1988; Plouffe, Para, & Fuller, 1985). Until now only the glycosyl-

ation pattern of LPS has been described as a factor determining serum

resistance (Hoppe et al., 2017; Khan et al., 2013). With our studies, we

were able to show that ProA with its pronounced proteolytic activity also

confers resistance towards complement-mediated killing. It most likely

does so in concert with additional extracellular effectors like the chitinase

ChiA, which very recently was shown to have zinc-dependent protease

activity against C1-esterase inhibitor, a regulator of the complement cas-

cade (Rehman et al., 2020). On another note, ProA is known to degrade

the human serum component alpha-1-antitrypsin (Conlan, Williams, &

Ashworth, 1988). The ProA-homologue pseudolysin of P. aeruginosa also

inactivates alpha-1-antitrypsin, and hence massively contributes to tissue

destruction (Morihara, Tsuzuki, & Oda, 1979). L. pneumophila might exert

an analogous strategy using ProA. Considering versatile effects on

humoral and cellular defense mechanisms, we conclude that ProA exhibits

a major role in protecting the pathogen from the host immune response.

The variety of mammalian host targets attacked by L. pneumophila

cannot be simply explained by adaptation to various protist species.

Instead, there is evidence that L. pneumophila additionally evolved in

coexistence with metazoa serving as natural hosts, vectors or reser-

voirs. Persistence or even replication within nematodes might have

been an occasion for L. pneumophila to acquire eukaryotic-like pro-

teins, collagen binding motifs and immune evasion strategies (Best &

Kwaik, 2018; Brassinga et al., 2010; Rasch et al., 2016). The substrate

spectrum of ProA including several targets of higher organisms leads

to the assumption that the protease evolved to an important virulence

factor for the bacterial lifecycle in multicellular hosts.

A multifaceted spectrum of substrates is characteristic for not only

ProA but all M4 proteases. Despite high sequence homologies, ProA

and the elastase pseudolysin of P. aeruginosa differ in their main sub-

strate, as ProA is not able to cleave elastin (Thompson et al., 1981). The

current structural model of ProA is unsuitable for an adequate elabora-

tion of these differences since it is also based on the elastase

pseudolysin (Poras et al., 2012). To certainly identify determinants

responsible for the divergent target recognition and completing the

overall characterisation of ProA, we resolved the protein crystal struc-

ture at 1.48 Å. Although different degrees of sequence diversity exist

within the family of TLPs, high structural conservation can be found,

especially concerning the active site residues for hydrolysis and zinc

coordination. The cofactor is localised in a central cleft between two

domains, and is always coordinated by two histidines, a glutamate and

one water molecule (Adekoya & Sylte, 2009; Hooper, 1994; Jiang &

Bond, 1992). X-ray crystallography of ProA displayed that the respec-

tive amino acids appear entirely congruent to those of homologous

structures. In pseudolysin the additional catalytic glutamate is represen-

ted by the 338th residue and located at position 141 after processing.

Superimposition of both protease structures revealed Glu-378 or Glu-

171 in the mature enzyme as the equivalent amino acid of ProA. In pre-

vious studies, it was already shown that this residue is essential for pro-

teolytic activity (Moffat, Black, & Tompkins, 1994). Compared to the

proposed model of the zinc metalloprotease from 2012, we resolved

discrepancies concerning flexible loops and β-sheets, since the model

was elastase-based and shared the same differences to ProA as

pseudolysin (Poras et al., 2012). Overall, the crystal structure of ProA

resembles those of homologous virulence-associated TLPs implicating

functional comparability.

Due to particularly high conservations regarding the catalytic cen-

tre, similar targets of M4 enzymes are plausible. The remaining vari-

ety, however, possibly results from variable outer regions participating

in the recognition of targets. Accordingly, we could find three larger,

flexible loops in ProA, by which the structure can be distinguished

from homologues. Furthermore, calcium as a cofactor is widely spread

among TLPs, and can so be found in pseudolysin and vibriolysin but

apparently not in our native ProA crystal structure. This might also

make an impact, as calcium is crucial for production, processing and

thermostability in those M4 family members (Eijsink, Matthews, &

Vriend, 2011; Olson & Ohman, 1992). Non-physiological calcium and

zinc ions in the crystal of ProA from recombinant source most likely

originate from buffer components counteracting previous EDTA-

mediated stripping during the purification process. This also accords

with the atomic absorption spectroscopy of Dreyfus and
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Iglewski (1986), which revealed only a single zinc ion as a cofactor. In

2000, de Kreij et al. discovered that differences in substrate specificity

of TLPs are not due to overall structural or sequential differences but

highly depended on a small subset of amino acids (de Kreij, Venema, &

van den Burg, 2000). One of the major determination sites is the

hydrophobic substrate binding pocket S10. It was reported that a single

amino acid substitution in this area can lead to considerable changes

of the catalytic characteristics (de Kreij et al., 2000; de Kreij

et al., 2001). Regarding pseudolysin five amino acids of the S10 binding

site are postulated to be determinants of elastin recognition (Yang

et al., 2015). Four of them can be found analogously in ProA, while

Phe-129 is exchanged by Met-159. We hypothesise that this disparity

might be together with other unknown factors responsible for a lac-

king ability of ProA to bind and subsequently hydrolyse elastin. More-

over, the amino acid Met-159 also narrows together with three

adjacent residues the exit of the substrate binding groove. This differs

from the shape of other collagenases and makes the catalytic cleft

inaccessible for a straight and rigid collagen triple helix. ProA might be

able to expand the groove in its adjustable interdomain region upon

substrate recognition. Furthermore, this might also display adaptation

to non-fibrillar type IV collagen, which is highly flexible with suitable

kinks and forms thin sheet-like structures (Martin, Timpl, Müller, &

Kühn, 1985).

Altogether, our study revealed a decisive function of the zinc

metalloprotease ProA in degrading connective pulmonary tissue and

thus facilitating dissemination of L. pneumophila. Impaired bacterial

replication plus reduced serum resistance of the proA-negative mutant

were disclosed. Quantification of increased alveolar septal thickness

in HLTEs demonstrated a specific, histopathological feature of

L. pneumophila lung infection. Furthermore, the determined protein

crystal structure resembles other essential virulence factors of TLPs,

and suggests characteristics that may be responsible for substrate

specificity.

4 | EXPERIMENTAL PROCEDURES

4.1 | Cultivation of bacterial and eukaryotic cells

Legionella pneumophila Corby strains were grown at 37�C on buffered

charcoal-yeast extract (BCYE) agar plates for 3–5 days or in liquid cul-

ture with buffered-yeast extract broth (YEB) and agitation at 200 rpm

(Pasculle et al., 1980). Mutants were cultured additionally with

20 μg/ml kanamycin or 12 μg/ml chloramphenicol. Lysogeny broth

(LB) was used for cultivation of Escherichia coli DH10β and BL21

strains. The human monocyte cell line THP-1 (DSMZ, ACC-16) or the

lung epithelial cell line A549 (DSMZ, ACC 107) were grown in RPMI-

1640 with 2 mM glutamine and 10% (v/v) heat-inactivated FCS at

37�C and 5% CO2. Two days prior to infection, THP-1 cells were

seeded in 96-well tissue culture plates at a density of 106 cells/well

and differentiated with 100 nM phorbol myristate acetate (PMA).

A549 cells were seeded at the same cell density 24 hr prior to

infection.

4.2 | Generation of proA mutant strains

4.2.1 | Mutagenesis

For site-directed mutagenesis, the proA gene in L. pneumophila Corby

was replaced by allelic exchange with a kanamycin resistance cassette.

At first, the upstream and downstream regions flanking the proA gene

were amplified with inner primers (2877_UFR/2877_DFF) containing

a short overlap of the antibiotic resistance gene. In a joining PCR, the

two resulting fragments were then fused to the kanamycin resistance

cassette (Derbise, Lesic, Dacheux, Ghigo, & Carniel, 2003). The PCR

product was cloned into the pGEM-T easy vector, produced in E. coli

and finally integrated into the genome of L. pneumophila by homolo-

gous recombination exploiting Legionella's natural competence

(Schunder et al., 2010; Sexton & Vogel, 2004). For this purpose, 1 ml

of a L. pneumophila culture grown to OD 0.9 was mixed with 1 μg of

the linear construct and incubated at 30�C for 3 days. Transformants

were selected by cultivation on BCYE agar plates with kanamycin at

37�C for 3–5 days. The complete list of used primers is shown in

Table S1.

4.2.2 | Complementation

For complementation of the deletion mutant, the proA gene was

amplified together with its promoter region by using the primers

ProA-Pr_fw and ProA+_rv containing restriction sites. After digestion

with SacI and KpnI the PCR fragment was ligated into the pMMB2002

vector (Rossier, Starkenburg, & Cianciotto, 2004). This expression sys-

tem was finally transferred into the L. pneumophila Corby ΔproA strain

by electroporation (Chen, Huang, & Lu, 2006).

4.2.3 | ProA expression

For construction of a recombinant expression vector, the proA gene

from L. pneumophila Corby was amplified with the primers proA_fw

and proA_rv. After digestion with the restriction enzymes NdeI and

XhoI the PCR fragment was integrated into the plasmid pET22b(+)

coding for a C-terminal His6-tag. E. coli BL21 was transformed with

the purified vector for subsequent recombinant production.

4.3 | Purification of native ProA

L. pneumophila Corby was grown in 1 L YEB to stationary phase. Sub-

sequent purification steps were performed similar to previously

described methods by Dreyfus and Iglewski (1986) and Rechnitzer,

Tvede, and Döring (1989). Initially, the supernatant was harvested by

centrifugation at 5000×g and 4�C for 20 min, followed by sterile fil-

tration and precipitation with 390 g ammonium sulfate. After incuba-

tion at 4�C overnight, the suspension was centrifuged at 20 000×g

and 4�C for 30 min. The pellet was resuspended in 15 ml washing
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buffer (20 mM Tris–HCl pH 7.5) and dialysed against 2 L of the same

buffer. ProA was isolated by anion exchange chromatography using a

10 ml DEAE-sepharose column. After loading the sample, unbound

proteins were removed with 5 CV (column volumes) of washing

buffer, followed by addition of 66 ml elution buffer (20 mM Tris–HCl

pH 7.5, 1 M NaCl). ProA fractions without contaminations were con-

centrated and rebuffered (50 mM Tris–HCl pH 7.5, 100 mM NaCl, 5%

(v/v) glycerin) with a centrifugal concentrator (Vivaspin). The protein

was stored at −20�C.

4.4 | Purification of recombinant ProA

Two litres of E. coli BL21 pET22b(+)-proA culture grown overnight at

140 rpm and 30�C in terrific broth (TB) medium (supplemented with

0.02% [w/v] α-lactose and 5 mM MgSO4 for auto-induction) were

used for purification of His-tagged ProA. The cells were harvested by

centrifugation at 5000×g and 4�C for 15 min, and resuspended in

washing buffer (50 mM NaH2PO4, 300 mM NaCl, 10% (v/v) glycerin,

pH 8.0). The periplasmic fraction was isolated with 2 mg/ml poly-

myxin B for 2 hr. Afterwards the cells were spun down for 20 min at

20,000×g and 4�C, and the supernatant was sterile filtered.

4.4.1 | Immobilised metal ion affinity
chromatography

ProA was isolated from the periplasmic fraction via its His6-tag using

a HisTrap HP column (GE Healthcare) previously equilibrated with

washing buffer. During every chromatography step, a flow of 1 ml/

min was used. Unbound sample was washed out with 5 CV washing

buffer, the same amount of a salt-free variant and 10 CV with addi-

tionally 25 mM imidazole. The final elution was performed with

15 CV of salt-free washing buffer and 250 mM imidazole. Fractions

containing ProA were combined for further purification.

4.4.2 | Hydrophobic interaction chromatography

Ammonium sulfate was slowly added to achieve a final concentration

of 1 M. A HiTrap Octyl FF column (GE Healthcare) was equilibrated

with 20 mM Tris–HCl pH 7.5 and 1 M (NH4)2SO4. After loading the

sample, unbound material was washed out with 5 CV of the same

buffer. Gradient elution occurred with 20 mM Tris–HCl and 50% (v/v)

ethylene glycol (Dreyfus & Iglewski, 1986).

4.4.3 | Size-exclusion chromatography

Gel permeation chromatography was performed with 20 mM Tris–

HCl, 10 mM EDTA and 10% (v/v) glycerin using HiLoad Superdex

16/60 75 pg column. Before and after chromatography, the fraction

volume was reduced using a centrifugal concentrator. The protein

buffer was additionally diluted to 1 mM EDTA and 1% (v/v) glycerin

in 20 mM Tris–HCl.

4.5 | ProA crystallisation and X-ray crystallography

Prior crystallisation setup, the protein was ultracentrifuged

(105 000×g, 4�C) for 20 min. Crystals were grown in 96-well plates

using vapour diffusion sitting-drop technique. Suitable conditions

were found in the commercial crystallisation screen JCSG+ (Molecular

Dimensions). Equal volumes of 12 mg/ml purified ProA were mixed

with 0.2 M zinc acetate and 10% (v/v) 2-propanol in 0.1 M sodium

cacodylate pH 6.5. Crystals grew to full size (130 × 130 × 90 μm)

within 37 days at 20�C. Diffraction data to 1.48 Å of a flash frozen

crystal were collected in space group P21212 on MX14.1 beamline at

the BESSY II electron storage ring operated by the Helmholtz-

Zentrum Berlin (Mueller et al., 2015). Coordinates of the zinc meta-

lloprotease vibriolysin (PDB: 3NQX) were used as a searching model

for molecular replacement in Phenix.phaser from the Phenix package

(Liebschner et al., 2019). The initial structure was further built and

optimised using Phenix.Autobuild. Further iterative manual building/

refinement cycles were performed with Coot and Phenix.refine

(Emsley, Lohkamp, Scott, & Cowtan, 2010; Liebschner et al., 2019).

Additionally, native ProA (15.8 mg/ml) was crystallised using 1 M

sodium acetate pH 4.5 and 1.2 M tri-sodium citrate. Data collection

was performed on an in-house X-ray source equipped with a Saturn

944 CCD-detector. Crystals diffracted to 2.18 Å in space group

P212121 and were refined similar to the recombinant protein to an

Rwork/Rfree of 20.5/26.6. Both structures were deposited at the pro-

tein data bank (PDB code: 6YA1 and 6YZE). Data and refinement sta-

tistics are shown in Table S2. Structural figures have been drawn with

PyMOL2.0 (n.d.).

4.6 | Collagen IV degradation assay

Collagen IV from human placenta (Sigma-Aldrich) was dissolved in

PBS to a final concentration of 1 mg/ml and stored at −20�C. Degra-

dation assays were performed similar to Monaco et al. (2006) with

500 μg/ml of collagen IV and 2 μg/ml ProA in 20 mM Tris–HCl pH 7.5

with 2 mM CaCl2. After incubation at 37�C and 300 rpm for different

time intervals, samples were taken, and the enzyme reaction was

stopped in SDS-loading buffer for 10 min at 95�C. Samples were sep-

arated by SDS-PAGE together with a BSA standard.

4.7 | Serum resistance assay

The bactericidal effect of human serum was measured using a previ-

ously described method with modifications (Lüneberg et al., 1998).

The cell count of tested L. pneumophila Corby strains was adjusted to

5 × 104 cells/ml in PBS++ containing 0.5 mM CaCl2 and 0.5 mM

MgCl2 with 20% (v/v) pooled normal human serum (Innovative
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Research). In 96-well plates, bacterial survival was compared to the

survival in 20% (v/v) heat-inactivated serum. Dilutions were plated

after 0, 2, 24 and 48 hr on BCYE to determine the remaining CFU/ml.

4.8 | Infection assays

4.8.1 | Human lung cell lines

According to Hoppe et al. (2017), differentiated THP-1 macrophages

or adherent A549 epithelial cells were washed once with 200 μl cell

culture medium and infected with L. pneumophila Corby at MOI 1. Sub-

sequent to inoculation, the assay plate for A549 infection was cen-

trifuged at 300×g for 5 min. After 2 hr incubation at 37�C and 5%

CO2, the extracellular bacteria were removed by washing with PBS.

After different time points, the eukaryotic cells were lysed with 0.2%

(v/v) Triton X-100. Dilutions of the resulting suspensions were

incubated on BCYE agar plates to determine the CFU/ml of

L. pneumophila.

4.8.2 | Human lung tissue explants

The HLTE infection assay was performed as previously described

(Hoppe et al., 2017; Jäger et al., 2014; Scheithauer & Steinert, 2019).

Tumour-free pulmonary tissue samples obtained from patients

undergoing lobe- or pneumectomy were examined by frozen

section analysis. Specimens without enhanced parameters of inflam-

mation were cut into blocks of 100 mg and inoculated in a 24-well

format with a bacterial count of 107 cells/ml. For sampling, HLTEs

were homogenised, and the bacterial growth was determined by plat-

ing on BCYE. Alternatively, the tissue pieces were placed in embed-

ding cassettes and fixed in 7% (v/v) formalin for continuative

histopathological analyses.

The HLTE transmigration assay was performed to determine bac-

terial dispersal through the tissue pieces by embedding them in 2 ml

0.5% (w/v) RPMI-agar. For inoculation, 5 μl of a bacterial suspension

counting 107 cells/ml were directly injected at the top surface of the

tissue block. Samples were taken after 24 hr and prepared for micros-

copy. A thin tissue slice was isolated from the central part of the

HLTE. For visualisation of L. pneumophila in dark brown/black, a

Warthin-Starry stain was performed, which leads to silver-

impregnation of bacteria and the possibility to evaluate their

localisation (Hayden et al., 2001; Pounder, 1983).

4.9 | Histology of human lung tissue

Tissue effects after infection of HLTEs were screened by utilising

slides with haematoxylin and eosin stain (H&E). Collagen IV degrada-

tion as well as affected cell types and compartments were identified

and validated. In this case, HLTEs were additionally stained with a col-

lagen IV antibody after inoculation with 10 μg/ml of purified ProA

compared to a medium control. The maximal alveolar septal thickness

was measured in the most representative area of each sample.

4.10 | Statistical analyses

All experiments were carried out in duplicates and reproduced at least

three times. Statistical analyses were performed using a two-way

ANOVA with randomised block design and Tukey's or Sidak's post-

hoc test for simple effect analyses in GraphPad Prism version 8.2.0

for Windows, GraphPad Software, La Jolla, CA. Beforehand, normal

distribution of the data was assessed by Shapiro–Wilk test, and resid-

ual analyses were graphically evaluated. Differences were considered

significant at p ≤ .05.
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