Cellular and Molecular Life Sciences (2021) 78:3637-3656

https://doi.org/10.1007/500018-021-03766-1 Cellular and Molecular Life Sciences

ORIGINAL ARTICLE q

Check for
updates

The Gb3-enriched CD59/flotillin plasma membrane domain regulates
host cell invasion by Pseudomonas aeruginosa

Annette Brandel'?3 . Sahaja Aigal'*'© . Simon Lagies'**© . Manuel Schlimpert'*® . Ana Valeria Meléndez'%3" .
Maokai Xu'?3 . Anika Lehmann'?3 . Daniel Hummel'?® . Daniel Fisch'?>78® . Josef Madl'*'° .
Thorsten Eierhoff'?? . Bernd Kammerer®>*? . Winfried R6mer'%3>

Received: 18 July 2020 / Revised: 22 December 2020 / Accepted: 15 January 2021 / Published online: 8 February 2021
© The Author(s) 2021, corrected publication 2021

Abstract

The opportunistic pathogen Pseudomonas aeruginosa has gained precedence over the years due to its ability to develop
resistance to existing antibiotics, thereby necessitating alternative strategies to understand and combat the bacterium. Our
previous work identified the interaction between the bacterial lectin LecA and its host cell glycosphingolipid receptor glo-
botriaosylceramide (Gb3) as a crucial step for the engulfment of P. aeruginosa via the lipid zipper mechanism. In this study,
we define the LecA-associated host cell membrane domain by pull-down and mass spectrometry analysis. We unraveled a
predilection of LecA for binding to saturated, long fatty acyl chain-containing Gb3 species in the extracellular membrane
leaflet and an induction of dynamic phosphatidylinositol (3,4,5)-trisphosphate (PIP;) clusters at the intracellular leaflet co-
localizing with sites of LecA binding. We found flotillins and the GPI-anchored protein CD59 not only to be an integral part
of the LecA-interacting membrane domain, but also majorly influencing bacterial invasion as depletion of either of these host
cell proteins resulted in about 50% reduced invasiveness of the P. aeruginosa strain PAO1. In summary, we report that the
LecA-Gb3 interaction at the extracellular leaflet induces the formation of a plasma membrane domain enriched in saturated
Gb3 species, CD59, PIP; and flotillin thereby facilitating efficient uptake of PAOI.
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GAPDH Glyceraldehyde 3-phosphate dehydrogenase

Gb3 Globotriaosylceramide

GPI Glycosylphosphatidylinositol

GSL Glycosphingolipid

P Immunoprecipitation

LC Liquid chromatography

MOI Multiplicity of infection

MS Mass spectrometry

MpCD Methyl-beta-cyclodextrin

PA Pseudomonas aeruginosa

PI3-kinase Phosphoinositide 3-kinase

PIP, Phosphatidylinositol (4,5)-bisphosphate

PIP; Phosphatidylinositol (3,4,5)-trisphosphate

PIPs Phosphatidylinositols

PPMP D-threo-1-phenyl-2-palmitoylamino-3-mor-
pholino-1-propanol

RIPA Radio-immunoprecipitation assay

RPMI Roswell Park Memorial Institute

RT Room temperature

SD Standard deviation

sgRNA Single guide RNAs

StxB Shiga toxin B-subunit

WT Wild type

Introduction

Pseudomonas aeruginosa (PA), a multi-drug resistant bac-
terium takes a spot on WHO’s highest priority list [1]. This
pathogen infects lungs, skin wounds and burns as well as
the urinary and gastrointestinal tract of immunocompro-
mised individuals [2, 3]. The very first contact between a
pathogenic bacterium and its host cell can already decide
the course of infection. Proteins aiding bacteria to success-
fully colonize epithelial cells are broadly divided into adhes-
ins and invasins. The two lectins of PA, namely, LecA and
LecB, were initially defined as exemplary adhesion proteins
[4], however, several reports now suggest an additional role
of LecA in the pathogenicity of PA [5-8]. The homotetra-
meric protein is localized to the outer membrane of the bac-
terium [9] and preferentially binds to the glycosphingolipid
(GSL) globotriaosylceramide (Gb3; also known as CD77
or the P* blood group antigen). Gb3 is the receptor for the
B-subunit of AB; toxins produced by Shigella dysenteriae
and enterohemorrhagic strains of Escherichia coli (Shiga
toxin and Shiga-like toxin B-subunit, respectively, here
referred to as StxB) [10]. We previously demonstrated the
importance of the interaction between Gb3 and LecA for
PA uptake into lung epithelial cells [8]. Moreover, a novel
divalent LecA ligand identified from a galactoside-conjugate
array, bound to the lectin with high affinity and lowered the
invasiveness of PA by up to 90% [11].
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Pathogens hijack GSLs to induce plasma membrane bend-
ing and to transduce signals in order to promote endocytosis
[12, 13]. Both PAO1 and its lectin LecA trigger the acti-
vation of CrkII, an adaptor protein implicated in various
cellular processes including cell adhesion and cytoskeletal
reorganization [14, 15], by phosphorylation at Tyr*?! [16,
17]. Interestingly, induction of this signaling pathway is
dependent on the binding of LecA to Gb3 located in the
extracellular leaflet of the plasma membrane. Clearly, these
observations raise the question of how the signal generated
by receptor binding at the extracellular membrane leaflet,
is transmitted to the intracellular site, activating proteins
such as CrkII. One possibility could be the involvement of
GSLs with long fatty acyl chains interdigitating into the
inner leaflet of the membrane bilayer [18-20]. Addition-
ally, the local lipid and protein environment of Gb3 may
affect the induced signaling events and endocytic trafficking
routes. The lipid environment as well as length and satura-
tion level of the fatty acyl chains of GSLs influence orienta-
tion and accessibility of the carbohydrate groups and affect
the binding behavior of StxB to Gb3 in model membrane
systems [21-23]. Ordered domains in the outer leaflet of
the cellular plasma membrane are often termed lipid rafts.
These domains are enriched in GSLs, cholesterol and glyco-
sylphosphatidylinositol (GPI)-anchored proteins and serve
as sorting and signaling platforms [24-26]. Due to the high
saturation level of the fatty acyl chains of Gb3, the lipid is
preferentially but not exclusively located in lipid rafts [23,
217, 28].

Many bacterial species evade the immune system
by invading their target host cell. The pathogen’s entry
mechanisms comprise an astonishing variety of possibilities.
One of the most common modalities of pathogen entry into
the host cell is by exploiting specialized plasma membrane
domains [29, 30]. Flotillin membrane domains consist of
heterotetrameric protein complexes of flotillin-1 and flotil-
lin-2 [31, 32], that anchor to the cytosolic face of the plasma
membrane and to endosomal structures via myristoylation
and palmitoylation [33]. Flotillins have been implicated in
cell adhesion, vesicle trafficking as well as cytoskeleton rear-
rangement and are commonly known to scaffold lipid rafts
[34-37]. Importantly, flotillin-enriched domains also repre-
sent active cellular signaling platforms typically involving
Src family kinases [38, 39]. A role of flotillins in endocytosis
was first described for the GPI-anchored complement inhibi-
tor protein CD59 and the GSL GM 1, the cholera toxin recep-
tor [40], and later also for the amyloid precursor protein,
glutamate- and dopamine-transporters [41, 42]. In addition,
flotillins have been implicated in bacterial uptake processes
[43, 44].

The search for novel therapeutic approaches for multi-
drug-resistant bacteria is driven by the complexity of bacte-
rial infections, host—pathogen interaction dynamics and the
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rapid adaptation capacity of bacteria. In this study, we focus
on the virulence factor LecA to better understand initial pro-
cesses of host—pathogen interactions. So far, little is known
about important players within and associated to the Gb3-
enriched plasma membrane domain leading to the induc-
tion of signaling and endocytosis of PA via its lectin LecA.
We characterize both proteins and lipids of this membrane
domain and identify interaction partners of LecA and Gb3
using a pull-down strategy followed by mass spectrometry
(MS) analysis. We unravel an involvement of CD59, flotil-
lins, Src family kinases and phosphatidylinositol (3,4,5)-tri-
sphosphate (PIP;) in the process of LecA binding to the
plasma membrane. As major finding, we demonstrate that
CD59 and flotillins promote PA invasion into lung epithelial
cells. Deepening our understanding of the interplay between
virulence factors and the host cell plasma membrane is cru-
cial to develop novel treatment strategies and to minimize
the rising risk of untreatable bacterial infections.

Materials and methods
Cell culture and lectin stimulation

The human lung epithelial cell line H1299 (American Type
Culture Collection, CRL-5803) was cultured in Roswell Park
Memorial Institute (RPMI) medium supplemented with 10%
fetal calf serum (FCS) and 2 mM L-glutamine at 37 °C and
5% CO,. LecA was expressed in E. coli BL21 (DE3), trans-
formed with the plasmid pET25-pall encoding the lectin
and purified as published in Ref [7]. The B-subunit of Shiga
toxin 1 (StxB) was bought from Sigma Aldrich. Lyophi-
lized StxB was resuspended in ultrapure water, while LecA
was diluted in calcium- and magnesium-free Dulbecco’s
phosphate-buffered saline (DPBS—/—). Both lectins were
filtered sterile and stored at 4 °C. Cells were stimulated with
a final concentration of 100 nM LecA or StxB for indicated
time points. For cholesterol depletion, cells were pre-treated
with 10 mM methyl-beta-cyclodextrin (MBCD) in RPMI for
30 min at 37 °C and washed once with DPBS—/— before
lectin stimulation.

SDS-PAGE and immunoblot analysis

Stimulated H1299 cells were harvested in radio-immunopre-
cipitation assay (RIPA) buffer [20 mM Tris (pH 8.0), 0.5%
(w/vol) sodiumdeoxycholate, 13.7 mM NaCl, 10% (vol/vol)
Glycerol, 0.1% (w/vol) SDS, 2 mM EDTA, freshly supple-
mented with phosphatase and protease inhibitors (Sigma)]
for 60 min at 4 °C. Protein concentrations were determined
by Pierce BCA Protein Assay Kit (Thermo Fisher Scien-
tific). Cell lysates were denatured in SDS loading buffer and
boiled at 95 °C for 7 min. Equal amounts of proteins were

separated on 8 or 12% Tris—glycine gels and transferred on a
nitrocellulose membrane by application of 0.12 A/gel. BSA
(3% in TBS-T [50 mM Tris (pH 7.6), 154 mM NaCl, 0.5%
(vol/vol) Tween 20)] was used to inhibit unspecific binding
to the membrane before primary antibodies (1:1000) were
added at 4 °C overnight. The corresponding horseradish
peroxidase-conjugated secondary antibody (1:2000) was
incubated with the membrane for another hour at room tem-
perature (RT) the following day. Finally, Clarity™ Western
ECL Chemiluminescent Substrate (Bio-Rad) was used to
detect the luminescence signal by a Vilber Lourmat Fusion
FX chemiluminescence imager. For the detection of LecA-
biotin, an IRDye 800CW Streptavidin antibody (926-32230)
was used and fluorescence signal was measured by the Odys-
sey CLx (LI-COR). Protein levels were analyzed by means
of Fiji ImagelJ 1.0 software and gel analysis tools.

Pull-down and immunoprecipitation

For pull-down studies, lectins were biotinylated by NHS-
ester conjugation (Thermo Fisher Scientific) and dialyzed
against DPBS-/- overnight. H1299 cells treated with 100 nM
LecA-biotin or StxB-biotin for indicated time points were
lysed by a buffer composition consisting of 25 mM Tris/HCI
(pH 7.4), 150 mM NaCl, 1 mM EDTA, 1% NP40 and 5%
glycerol for 60 min at 4 °C. After a short clarification cen-
trifugation step, normalized protein lysates were incubated
with magnetic streptavidin beads (Thermo Fisher Scien-
tific) for 3 h at 4 °C. Subsequently, beads were washed three
times with lysis buffer and in between rotated for 10 min at
4 °C. Pulled-down proteins were eluted with 2 x SDS load-
ing buffer and subjected to immunoblot analysis for further
characterization. For co-immunoprecipitation, the Capturem
Protein A technology from Takara was employed according
to the manufacturer’s protocol. Briefly, H1299 cells were
stimulated with LecA as described above and lysed by the
provided lysis buffer freshly supplemented with protease
inhibitor cocktail. Cell lysates were incubated with the target
primary antibody for 60 min at 4 °C and end-to-end rota-
tion. The antibody/antigen complex was loaded on equili-
brated spin columns, washed and eluted in elution buffer.
Finally, SDS loading buffer was added to the eluate and
samples were boiled and analyzed by immunoblot analysis
as described. For depletion of GSLs, cells were cultivated
for 4 days in the presence of 2.5 pM p-threo-I-phenyl-2-pal-
mitoylamino-3-morpholino-1-propanol (PPMP; Santa Cruz)
to inhibit synthesis of glucosylceramide-based GSLs [45].

Lipid analysis by MS
Untreated or MPCD-treated H1299 cells were stimulated

with biotinylated lectins for 20 min at 37 °C. Pull-down
was performed as described above with the exception that
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streptavidin beads were finally eluted in methanol/water
(1:1) and stored at — 80 °C until further usage. Lipid extrac-
tion by centrifugation with chloroform (containing 1.5 ng/ul
heptadecanoic acid as internal standard) was performed as
previously described [46]. Lipids were reconstituted in
isopropanol:acetonitrile:water (2:1:1). Initial experiments
were assessed by high-resolution mass spectrometry (Synapt
G2Si, Waters Corporation) operated in positive MSE mode.
Displayed data including the Gb3 profile of H1299 cells and
Gb3 species of pull-down experiments were measured by
targeted LC-QqQ-MS (6460, Agilent Technologies) oper-
ated in SRM/MRM mode. Chromatographic separation was
achieved on a BEH C18 column (100 mm X 2.1 mm, 1.8 um,
Waters Corporation) as previously described [47]. For evalu-
ation of the lectin preferences, cell lysates of unstimulated,
LecA- and StxB-stimulated H1299 cells were split into two
fractions: 10% were used to assess the Gb3 levels present
in the individual sample (input). The remaining 90% of the
lysates were used for pull-down experiments. Obtained val-
ues were normalized to the internal standard, to their cor-
responding input values and, additionally, to correct for
different binding strengths, to the species Gb3(d18:1/16:0).

Protein analysis by MS

The pull-down of H1299 cells stimulated with LecA for 5
and 15 min was conducted as described above. After incu-
bation of the cell lysates with magnetic streptavidin beads,
beads were washed three times with lysis buffer. Further pro-
cessing for protein MS was performed at Toplab GmbH in
Planegg-Martinsried. The samples were submerged in cleav-
age buffer (8 M urea/0.4 M NH,HCO; buffer) and reduced
with 5 pl of 45 mM dithiothreitol for 30 min at 55 °C before
they were alkylated with 5 pl of 100 mM iodoacetamide
for 15 min at RT in the dark. For trypsin digestion, the
samples were diluted to 2 M urea/0.1 M NH,HCO; with
140 pl of HPLC grade water (VWR). Digestion with mass-
spec grade trypsin (Serva, porcine) was performed at 37 °C
overnight. For nano-LC-ESI-MS/MS, the digests were
acidified to 0.05% FA and 10 pl of the digests were sub-
sequently injected. HPLC separation was done using an
EASY-nLC1000 (Thermo Scientific) system with the fol-
lowing columns and chromatographic settings: the pep-
tides were applied to a C18 column (Acclaim PepMap 100
pre-column, C18, 3 pm, 2 cm X 75 pm Nanoviper, Thermo
Scientific) and subsequently separated using an analytical
column (EASY-Spray column, 50 cmx 75 pm ID, PepMap
C18 2 pm particles, 100 A pore size, Thermo Scientific) by
applying a linear gradient (A: 0.1% formic acid in water, B:
0.1% formic acid in 100% ACN) at a flow rate of 200 nl/min.
The gradient used was: 1-25% B in 120 min, 25-50% B in
10 min, 84% B in 10 min.
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MS analysis was conducted on a LTQ Orbitrap XL
mass-spectrometer (Thermo Scientific), which was cou-
pled to the HPLC-system. The mass spectrometer was
operated in the so-called “data-dependent” mode where
after each global scan the five most intense peptide signals
are chosen automatically for MS/MS-analysis.

The LC-ESI-MS/MS data were used for a database
search with the software Mascot (Matrix Science) using
the SwissProt database, species: human. Peptide mass tol-
erance was set to 50 ppm, fragment mass tolerance was
set to 0.6 Da, a significance threshold p <0.05 was used.
Carbamidomethylation at cystein was set as fixed modifi-
cation; oxidation at methionine was set as variable modi-
fication. Peptides with up to 1 missed cleavage site were
searched. Identified proteins are sorted by the Exponen-
tially Modified Protein Abundance Index (emPAI), which
offers approximate, label-free, relative quantitation of the
proteins in a mixture based on protein coverage by the
peptide matches in a database search result [48].

Lectin labeling and immunofluorescence
microscopy

Alexa Fluor 488 or Alexa Fluor 647 dyes (Thermo Fisher
Scientific) were used to label the lectins according to the
manufacturer’s protocol. Hereby, the ratio of dye to lectin
was 5:1. H1299 cells were seeded on glass coverslips and
allowed to adhere. The next day, cells were stimulated with
fluorescently labeled LecA for indicated time points. For
the inhibition of phosphoinositide 3-kinase (PI3)-kinases,
cells were treated with 100 nM Wortmannin (Sigma-
Aldrich) 30 min prior and during stimulation with LecA.
Subsequently, cells were fixed with 4% formaldehyde for
15 min at RT and/or subjected to ice-cold methanol for
8 min at — 20 °C. The membrane was permeabilized by
0.2% TritonX-100 in DPBS-/-, if the cells were not treated
with methanol. Fixed cells were blocked in 3% BSA in
DPBS-/- for 30 min and incubated with target primary
antibodies (1:100) for 1 h at RT. After three washes, cells
were stained with fluorescently labeled secondary anti-
bodies (1:200) for 30 min at RT in the dark. Nuclei were
counterstained with DAPI (1:1000) and samples were
mounted on cover slips using Mowiol (containing the
anti-bleaching reagent DABCO). Samples were imaged
by means of a confocal laser scanning microscope system
from Nikon (Eclipse Ti-E, AIR), equipped with a 60 X oil
immersion objective and a numerical aperture of 1.49. Co-
localization was calculated in Fiji ImageJ 2.0.0 software
using the Coloc2 plugin. A minimum of three biological
replicates with >20 cells per condition were analyzed.
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G-LISA

Racl activation was measured by means of a G-LISA Acti-
vation Assay with luminescence read-out (Cytoskeleton,
Inc.) according to the manufacturer’s protocol. Briefly,
LecA-treated and snap frozen cell lysates were subjected to
a Rac-GTP affinity 96-well plate and incubated for 30 min.
Following a 2 min incubation with antigen presenting buffer,
anti-Rac1 antibody was added and the plate was vigorously
shaken for 45 min at RT. The procedure was repeated with a
corresponding secondary antibody. Subsequently, the lumi-
nescence signal was detected using a HRP detection reagent
and a microplate reader (Synergy H4, Biotek).

Plasmid transfection

H1299 cells were transfected with 1 pg plasmid for single
transfections and 0.5 pg for co-transfection of two plas-
mids. Lipofectamine 2000 was used as transfection reagent
(Thermo Fisher Scientific). Cells were kept in Opti-MEM
Reduced Serum Media (Thermo Fisher Scientific) during
the 3 h incubation before medium was exchanged to RPMI.
The plasmid pcDNA3-AKT-PH-GFP [Addgene #18,836
(Craig Montell)] was requested from the Signaling Factory
of the Albert-Ludwigs-University Freiburg. Flotillin-1- and
flotillin-2-mCherry were kind gifts from A. Echard (Institut
Pasteur, Paris, France).

Live-cell imaging

H1299 cells were grown on glass cover slips (Thermo
Fisher Scientific) until 80% confluency. On the day of the
experiment, cells were pre-washed with and kept in Hanks’
Balanced Salt Solution (Thermo Fisher Scientific) while
imaging. Live cell imaging was performed at 37 °C using
an incubator stage (Okolab) mounted onto a confocal laser
scanning microscope (Nikon Eclipse Ti-E, A1R).

Creation of AFLOT1 cell lines with CRISPR/Cas9
system

Knockout of Flotillin-1 was accomplished according to the
protocol previously described [49]. Briefly, single guide
RNAs (sgRNAs, designed using crispr.mit.edu, listed in
Table S1) were cloned into pX458 vector (Addgene plasmid
#48138) and transfected into H1299 cells. After 72 h, the
transfected cells were trypsinized and resuspended in FACS
buffer. GFP positive cells were sorted into 96-well plates.
After 2 weeks, single cell clones were expanded into bigger
culture dishes. The initial screening for knockout clones was
conducted by immunoblotting against flotillin-1 antibody.
The genomic locus was amplified by PCR and analyzed by
Sanger sequencing to confirm the knockout.

Quantitative RT-PCR

The single clones were subjected to TRIzol (Sigma-Aldrich)
treatment to extract mRNA. Subsequently, the extracted
mRNA was transcribed into cDNA using the Maxima First
Strand cDNA Synthesis kit. SYBR Select Master Mix for
CFX was used for qPCR according to the manufacturer’s
protocol. Samples were analyzed using the CFX384 qPCR
system (Bio-Rad, version 3.0). Relative flotillin mRNA lev-
els were normalized to GAPDH (glyceraldehyde 3-phos-
phate dehydrogenase) mRNA levels. Primer sequences are
listed in Table S1.

siRNA transfection

H1299 cells were depleted by means of on-target SMART
pools of siRNA against flotillin-2 (Cat. No. L-003666-
01-0010) or CD59 (L.-004537-02-0005), purchased from
Dharmacon, Horizon Discovery. The siRNA against cave-
olin-1 was from Santa Cruz (Cat. No. sc-29241). During
the incubation with a mixture of siRNA and Lipofectamine
2000, cells were kept in Opti-MEM Reduced Serum Media.
Sequences of the siRNA are listed in Table S1.

Invasion assay

P. aeruginosa strain PAOI1, characterized first in 1955
[50], was cultivated, GFP-tagged and deleted of LecA as
described before [8]. For the invasion assay, overnight cul-
tures of PAO1 wild-type (WT) and ALecA were centrifuged
before resuspension of the pellet in RPMI containing 1 mM
CaCl, and MgCl,. H1299 cells (with control siRNA (Qia-
gen), CD59- or flotillin-depleted) were treated with PA at
a multiplicity of infection (MOI) of 100 for 2 h at 37 °C.
After washing with PBS, cells were treated with Amikacin
sulphate (400 pg/ml; Sigma-Aldrich) for 2 h at 37 °C to
exclude extracellular bacteria. Finally, the cells were lysed
with 0.25% (vol/vol) Triton X-100, plated on LB-Agar plates
containing 60 pg/ml Gentamicin and incubated at 37 °C
overnight. The following day, colonies were counted and
invasion rate was calculated as percentage of Amikacin-
survived bacteria to the total number of bacteria not treated
with Amikacin. Mean values of three individual experiments
were normalized to the invasion rate of WT PAOI into WT
H1299.

Antibodies and chemical reagents

The following antibodies were obtained from commer-
cial sources: monoclonal mouse anti-CD59 (MEM-43,
Abcam, Cat. No. ab9182), monoclonal rabbit anti-flotillin-1
(D2V7J) XP (Cell Signaling, Cat. No. 18634), monoclonal
mouse anti-flotillin-2 (BD Biosciences, Cat. No. 610383),
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polyclonal rabbit anti-GAPDH (Sigma, Cat. No. G9545),
monoclonal rabbit anti-phospho-Src Family (Tyr*!'®, Cell
Signaling, Cat. No. 6943), monoclonal rabbit anti-Src Fam-
ily (Cell Signaling, Cat. No. 2109), monoclonal rabbit anti-
caveolin-1 (D46G3) XP (Cell Signaling, Cat. No. 3267).
LecA was detected by a custom-made polyclonal rabbit anti-
LecA antibody (Eurogentec, France).

The protease inhibitors Aprotinin, Leupeptin, Pefablock,
Sodium orthovanadate and Phosphatase Inhibitor Cocktail 3
were all obtained from Sigma-Aldrich. RPMI 1640, DPBS-
/-, FCS and L-Glutamine were all purchased from Gibco
(Thermo Fisher Scientific). The following chemicals were
obtained from Roth: BSA, DABCO, DAPI, EDTA, glycerol,
LB, Mowiol, NaCl, sodium deoxycholate, NH,Cl, paraform-
aldehyde, SDS, Tris (hydroxymethyl)-aminoethane, Triton
X-100 and Tween 20. Amikacin sulphate and Gentamicin
were obtained from Sigma-Aldrich. StxB was purchased
from Sigma-Aldrich (Cat. No. SML0562).

Statistical analysis

All data in graphs are presented as mean + standard devi-
ation (SD) and were calculated from the results of inde-
pendent experiments. Statistical testing was performed
with GraphPad Prism software using data of > 3 biological
replicates. When appropriate, one-way analysis of variance
(ANOVA), two-way ANOVA or two-tailed unpaired t-test
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Fig. 1 Lipid analysis by LC-MS reveals a preference of LecA for
saturated Gb3 species. a Distribution of Gb3 species in H1299
cells. Most dominantly present Gb3 species were Gb3(d18:1/16:0),
Gb3(d18:1/24:0) and Gb3(d18:1/24:1). Intensities were normalized
to an internal standard. b Pulled-down Gb3 species [normalized to
internal standard, input values and Gb3(d18:1/16:0)] by LecA-biotin
demonstrated a preference for saturated over unsaturated Gb3 species.
Significantly less Gb3(d18:1/16:0) and Gb3(d18:1/24:1) was pulled-
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was conducted to determine the significance of the data.
Tests with a p value <0.05 are considered statistically sig-
nificant and marked by asterisks.

Results

LecA preferentially binds to Gb3 species
with saturated fatty acyl chains

The length and saturation level of Gb3 affects binding and
subsequent trafficking of StxB [22, 51], however, the influ-
ence on LecA binding is not known. First, we characterized
the Gb3 species dominantly present in our cell model, the
lung epithelial cell line H1299. This cell model was chosen
due to the well-known impact of PA in chronic lung infec-
tions [52]. The cells were lysed in a 1:1 mixture of methanol
and water. Lipids were isolated by chloroform purification
and characterized by MS. Approximately 36% of the Gb3
species present were assigned to the unsaturated species
Gb3(d18:1/24:1). Around 32% were matched to the satu-
rated species Gb3(d18:1/16:0) and 23% to Gb3(d18:1/24:0)
(Fig. la). Additionally, we could detect small traces of
Gb3(d18:1/18:0), Gb3(d18:1/18:1), Gb3(d18:1/22:0) and
Gb3(d18:1/22:1) and hydroxylated versions of the men-
tioned species (9% together). To better understand the influ-
ence of Gb3 length and saturation degree on the binding of
LecA, we developed a pull-down strategy with subsequent

B LecA 3 LecA+MBCD

1.5+ o

o

*kkk

Fold change
(normalized to C16:0)

Gb3 species

down in MPCD-treated cells stimulated with LecA-biotin. The Gb3
species Gb3(d18:1/24:0) seemed less affected by the treatment. Still,
the unsaturated species Gb3(d18:1/24:1) was least preferred. For
clarity, only the three dominantly present species Gb3(d18:1/16:0),
Gb3(d18:1/24:0) and Gb3(d18:1/24:1) are depicted. For all panels:
bars display mean values of three biological replicates, error bars
represent SD, **p<0.01, **¥p<0.001, ****p<0.0001 (one-way
ANOVA and Dunnett’s multiple comparisons test)
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targeted liquid chromatography (LC)-MS analysis (Fig. S1).
We used biotinylated LecA or StxB to stimulate H1299 cells
for 20 min. Lectin-bound membrane fragments were isolated
using streptavidin beads before Gb3 species pulled-down
together with biotinylated LecA or StxB were assessed by
MS. In comparison to the tetrameric LecA, higher numbers
of all detected Gb3 species were measured for the penta-
meric StxB (Fig. S2b), which can be explained by its binding
capacity of up to 15 Gb3 lipids while LecA exhibits only
four binding sites. The normalization to Gb3(d18:1/16:0)
species allowed a comparison independent of binding avid-
ity and demonstrated very similar binding preferences for
both lectins (Fig. 1b for LecA and S2a for StxB). Interest-
ingly, a clear prevalence for Gb3 species with saturated fatty
acyl chains [Gb3(d18:1/16:0) and Gb3(d18:1/24:0)] in com-
parison to the unsaturated Gb3(d18:1/24:1) was unraveled
for both lectins, while no significant difference between
Gb3(d18:1/16:0) and Gb3(d18:1/24:0) was detected. Impor-
tantly, the same trend was observed for the less represented
Gb3 species (Figs. S2c¢ and S2d).

Lipid rafts are known to comprise of GSLs and enriched
levels of cholesterol [27]. We studied the impact of choles-
terol on the binding behavior of LecA to Gb3 by depleting
H1299 cells of cholesterol by MBCD treatment (10 mM,
30 min). The treatment led to a significant cholesterol
reduction in the input samples (Fig. S2e). Subsequently,
we addressed the question whether cholesterol depletion
alters the Gb3 binding preference of LecA. Of note, the
treatment significantly diminished overall binding to Gb3
(Fig. 1b). The strongest effect was observed for the spe-
cies Gb3(d18:1/16:0) and Gb3(d18:1/24:1), whose binding
was significantly reduced as compared to untreated cells.
However, the same cannot be claimed for the saturated
species Gb3(d18:1/24:0) as it displayed high variability
between experiments. Interestingly, the unsaturated species
Gb3(d18:1/24:1) remained least accessible for LecA. Similar
results were obtained for StxB (Fig. S2a).

To assess any unspecific binding of lipids to the beads,
unstimulated H1299 cells were used as control in each con-
dition. A heat-map displaying all significantly changed lipids
is depicted in Fig. S3 and demonstrates the clear increase
in pulled-down lipids for the lectin-treated conditions as
compared to the unstimulated control. Our experiments,
therefore, revealed a preference of the two lectins, LecA and
StxB, for saturated over unsaturated Gb3 species. Overall
binding to Gb3, but not the preference for saturated Gb3 spe-
cies was influenced by cholesterol depletion.

Lipid raft proteins define the binding domain
of LecA at the plasma membrane

The importance of lipids in endocytosis is not yet fully
understood. However, various proteins are integral and

inevitable players of the uptake process. These proteins
can directly interact with the ligand to establish attachment
points, trigger signaling pathways, scaffold the binding
domain, or aid in membrane bending and scission pro-
cesses. We aimed at identifying novel protein interaction
partners of LecA within the Gb3 membrane domain fol-
lowing stimulation of H1299 cells with LecA-biotin for
5 and 15 min. The lysed membrane fragments were incu-
bated with streptavidin beads before pulled-down proteins
were on-bead trypsin-digested and analyzed by MS. The
protein hits included various cytoskeletal components and
cytoskeleton-regulating proteins (Table S2). Already after
5 min of LecA incubation, vimentin was highly enriched in
the LecA-treated sample and after 15 min of stimulation,
actin, tubulin, myosin-9 and the small GTPase Racl were
detected. Additionally, the GPI-anchored protein CD59
and the Src kinase Yes were identified. Together with the
scaffolding protein flotillin-1, which accumulated after
15 min, these proteins represent well-reported lipid raft
components [53].

To characterize the identified hits in more detail, we
performed confocal microscopy, co-immunoprecipitation
(co-IP) and immunoblotting experiments (Figs. 2 and 3).
Fluorescently labeled LecA co-localized with flotillin-1
(Fig. 2a), flotillin-2 (Fig. S4a), and CD59 (Fig. 3a) in immu-
nofluorescence studies. The fluorescence signal overlapped
predominantly at the plasma membrane (see white arrows
in Figs. 2a, 3a and S4a) but also in vesicular structures and
perinuclear regions (marked by asterisks in Figs. 2a, 3a and
S4a). In contrast to CD59, flotillins were detected almost
exclusively in the perinuclear region in untreated control
cells but re-localized to the plasma membrane upon LecA
treatment (Figs. 2a and S4a). Co-localization was quantified
and revealed an increasing overlap between LecA and flotil-
lins or CD59 over time (Figs. 2b, 3b and S4b).

Additionally, we performed pull-down studies of LecA-
biotin and confirmed the presence of the two flotillins and
CD59 in the LecA plasma membrane domain biochemically
by immunoblotting (Figs. 2c, 3¢ and S4c¢). Of note, the pull-
downs suggest a time-dependent recruitment of the proteins
to the binding site indicated by increasing protein levels over
time. Both, flotillin-1 and CD59 could be detected together
with LecA in the eluates of the corresponding co-IP of
LecA-treated H1299 cell lysates (Figs. 2d and 3d). The co-
precipitation was glycan-dependent since PPMP, an agent
that inhibits the synthesis of glucosylceramide-based GSLs
[45], strongly diminished the interaction of LecA with
flotillin-1 or CD59. However, we did not witness a direct
binding of LecA to glycans on flotillin-1 or CD59 as shown
by immunoblots of IP eluates, which were incubated with
LecA-biotin and fluorescent streptavidin (Fig. S5). We,
therefore, conclude that LecA binding to Gb3 induces the

@ Springer



3644

A.Brandel et al.

Merge Zoom

Flotillin-1

)
Zoom Flotillin-1
o
[(e]
Supernatant PD: LecA-biotin
b o054 c
LecA - 10° 30 - 10300,
g 047 Flotillin-1 L —50
3 e e
&§ *
g 0.3 LecA — —
5 —10
§ oo
8 Input IP: Flotillin-1
K] d
3 0.1 LecA . 30 30 - 30 30
PPMP - - + - - *  \Da
0.0- lin. —55
o 15 30 60 90 Flotillin-1 v SR - —
Time of stimulation
LecA
-—— — 10

Fig.2 Flotillins are recruited to the plasma membrane upon LecA
stimulation. a Fluorescence co-localization studies of flotillin-1 (red)
and LecA (green) after 60 min of lectin stimulation. Nuclei were
counterstained by DAPI. Framed areas were magnified. White arrows
point at co-localization events at the plasma membrane, asterisks at
perinuclear co-localization. Scale bar: 10 pm. b Mander’s co-locali-
zation coefficient quantified between the fluorescence signals of flo-

recruitment of flotillins and CD59 into LecA/Gb3 membrane
domains.

We also tested for interactions between the lipid raft
marker caveolin-1 and LecA (Fig. S6). The two proteins
partiallyco-localized at the plasma membrane, how-
ever, quantified values for co-localization of LecA with
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tillin-1 and LecA were statistically compared to time point 0. Bars
display mean values of at least three biological replicates, error bars
represent SD, *p<0.05, ***p<0.001 (one-way ANOVA and Dun-
nett’s multiple comparisons test). ¢ Pull-down of LecA-biotin resulted
in a time-dependent enrichment of flotillin-1. d LecA was co-immu-
noprecipitated with flotillin-1 after 30 min of LecA treatment, the
binding and precipitation was inhibited by PPMP treatment

caveolin-1 were 38% lower than the calculated values
for LecA with flotillin-1 at 60 and 90 min of stimulation
(Figs. 2b and S6b). The quantified co-localization between
LecA and CD59 at 60 min was more than 50% higher com-
pared to co-localization of LecA with caveolin-1 (Fig. 3b).
In caveolin-1-depleted H1299 cells, co-localization
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Fig.3 The LecA plasma membrane domain includes CD59 pro-
teins. a Fluorescence co-localization studies of CD59 (red) and LecA
(green) after 60 min of lectin stimulation. Nuclei were counterstained
by DAPI. Framed areas were magnified. White arrows point at co-
localization events at the plasma membrane, asterisks at perinuclear
co-localization. Scale bar: 10 pm. b Signal overlay of LecA and
CD59 is displayed by Mander’s co-localization coefficient and statis-
tically compared to time point 0. Bars display mean values of at least

between LecA and flotillin-1 was significantly reduced
(Fig. S7). In addition, the observed re-localization of
flotillins to the plasma membrane upon LecA stimula-
tion was attenuated in the caveolin-1 depletion condition.

four biological replicates, error bars represent SD, ***¥p<0.0001
(one-way ANOVA and Dunnett’s multiple comparison tests). ¢ CD59
was validated as component of the LecA-binding domain by pull-
down of LecA-biotin. d Immunoprecipitation of CD59 co-precipi-
tated LecA after 30 min of stimulation. PPMP treatment to deplete
cells in glucosylceramide-based GSLs, such as Gb3, largely inhibited
the precipitation of LecA

Compared to WT H1299 cells, less binding and uptake of
LecA into caveolin-1-depleted cells was observed (Fig.
S7¢).
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LecA activates Src kinases and Rac-1

We recently demonstrated that the adaptor protein CrklI is
activated upon stimulation with LecA in H1299 cells [17].
Src family kinases were identified as a crucial upstream
factor of LecA-induced CrklI activation. Since the Src
kinase Yes was one of the hits detected in the protein MS
analysis, we further analyzed the role of Src family kinases
in processes related to LecA binding. Using immunoblot
analysis, we confirmed the LecA-mediated increase
in phosphorylation of Src kinases at Tyr*!¢ in a time-
dependent manner (Fig. 4a, b, also compare with [17]).
We also validated the presence of Src in the LecA plasma
membrane domain by pull-down of LecA-biotin (Fig. 4c).
We performed Racl G-LISA to analyze the role of Racl, a
multifunctional GTPase found in our MS screen (Fig. 4d).
The small GTPase was activated upon LecA stimulation,
however, great variability between the biological replicates
was observed. Potentially, this was owed to the short life-
time of Racl activation.

Taken together, our data demonstrate that LecA assem-
bles a flotillin/CD59-enriched plasma membrane domain
and induces the recruitment of Src kinases and the small
GTPase Racl for the initiation of cellular mechanisms.

kDa

Src activation
(normalized to ctr)

0" 15" 30" 60" 90'

Time of stimulation

Fig.4 Src family kinases and Racl are activated upon LecA stimula-
tion. a Src family kinases are phosphorylated upon LecA treatment of
H1299 cells as demonstrated by immunoblot analysis. b Src activa-
tion was quantified by the ratio between phospho-Src (Tyr*'®) and Src
and normalized to control levels. Bars display mean values of at least
four biological replicates, error bars represent SD, *p <0.05 (one-way
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These factors in combination with the PI3-kinase signaling
cascade represent critical players in the process of actin
reorganization [54-56].

PIP; clusters are induced upon LecA treatment

Phosphatidylinositols (PIPs) naturally bear a long satu-
rated C18 acyl chain and, therefore, can reach across
the bilayer enabling an interaction with long chains of
lipids in the extracellular leaflet [57, 58]. To investigate
a potential coupling mechanism between the extracellu-
lar and the intracellular leaflet of the host cell plasma
membrane, we studied the influence of LecA-treatment
on phosphatidylinositol (4,5)-bisphosphate (PIP,) phos-
phorylation in H1299 cells. The PH domain of the PI3-
kinase downstream signaling molecule Protein kinase B
(Akt) can sense PIP; and is commonly used as a GFP-
fusion protein to study PIP; dynamics in living cells
[59, 60]. We transfected H1299 cells with PH-Akt-GFP
and traced GFP signal for 60 min following fluorescent
LecA-treatment. Prior to stimulation with LecA, cells
displayed an evenly distributed GFP signal in the cytosol
and at the plasma membrane (Fig. 5, upper panel). Upon
stimulation with LecA, PH-Akt-GFP clusters appeared

C
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ANOVA and Dunnett’s multiple comparisons test). ¢ The Src family
kinase was pulled-down together with LecA after 15 and 30 min of
treatment. d G-LISA of Racl demonstrated a non-significant activa-
tion of the small G protein Racl upon LecA stimulation. Values were
normalized to control levels. Bars display mean values of three bio-
logical replicates, error bars represent SD
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Fig.5 LecA induces clustering of PIP; in H1299 cells. a Left panel:
time-lapse images of PH-Akt-GFP expressing H1299 cells exposed
to fluorescent LecA over 60 min. On the left side, LecA binds two
untransfected cells (traced in grey). Right panel: magnifications of

at LecA binding sites indicating the phosphorylation
of PIP, through activated PI3-kinases and clustering of
PIP; in the intracellular leaflet of the plasma membrane
(Fig. 5, lower panels). The first PIP; clusters appeared
within 2-3 min post treatment as depicted in the anima-
tion (Online Resource 1). Over the whole time-course,
PIP; clusters were dynamic, with some disappearing upon
LecA internalization (blue arrows in Fig. 5).

framed areas highlight dynamic co-localizing events between LecA
and PH-Akt-GFP correlating with LecA endocytosis (marked by blue
arrows). Scale bar: 10 pm

These observations encouraged us to study a potential
link between the PI3-kinase and flotillins by co-transfection
of H1299 cells with PH-Akt-GFP and flotillin-1-mCherry
(Fig. 6). Strikingly, a clear co-localization of all three pro-
teins (PH-Akt, flotillin-1 and LecA) was observed after
30 min of stimulation (Fig. 6a). As described before, flotil-
lin-1 was recruited to the plasma membrane and accumu-
lated at LecA nucleation domains. Addition of Wortmannin,
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a potent inhibitor of PI3-kinase activity [61], disrupted the
co-localization of PH-Akt-GFP and LecA (Fig. 6b) and
lowered the number of PH-Akt-GFP clusters. Interestingly,
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this reduced the co-localization of flotillin-1-mCherry and
LecA (Fig. 6¢). Moreover, Wortmannin-treatment abro-
gated recruitment of flotillin-1 to the plasma membrane and
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«Fig.6 PI3-kinase inhibition diminishes PIP; clustering and recruit-
ment of flotillins upon LecA stimulation. a Confocal microscopy
images of PH-Akt-GFP and flotillin-1-mCherry expressing H1299
cells exposed to fluorescent LecA. Lower two panels: cells were pre-
treated with 100 nM Wortmannin to inhibit PI3-kinase activity. Scale
bar: 10 pm. b Co-localization of PH-Akt-GFP and LecA is depicted
as fold change of Mander’s co-localization coefficient normalized to
the untreated conditions. ¢ Fold change of Mander’s co-localization
coefficient quantified between the fluorescence signals of flotillin-
1-mCherry and LecA in comparison to the untreated conditions. For
all panels: bars display mean values of three biological replicates,
error bars represent SD **p<0.01, ***p<0.001, ****p<0.0001
(two-way ANOVA and Tukey’s multiple comparisons tests)

diminished uptake of LecA. Similar results were obtained
for a co-transfection of PH-Akt-GFP and flotillin-2 (Fig.
S8). Taken together, we propose that the LecA-induced
recruitment of flotillins to the plasma membrane depends
on PI3-kinase activity leading to phosphorylation of PIP,.
The induced processes are important for efficient internali-
zation of LecA.

CD59 and flotillins assist P. aeruginosa invasion into
H1299 cells

LecA is crucial for the pathogenicity of PA [5-8]. Here,
we identified the proteins CD59, flotillin-1 and -2, the Src
family kinases, Rac1 and PIP; as components of the plasma
membrane domain for LecA-induced signaling and entry.
Src kinases, small GTPases and PIPs are host cell factors
with an established role in PA infection [16, 62, 63]. CD59
and flotillins, however, have not been studied in this con-
text yet and we, therefore, aimed to understand the impact
of these newly identified proteins on host cell invasion of
PA. The invasion efficiency of PAO1 was analyzed with
respect to the presence of flotillins and CD59 in H1299 cells
(Fig. 7). To do so, we first created a CRISPR-Cas9 knock-
out model of FLOTI (AFLOTI) in H1299 cells (Fig. S9).
To negate the effects of flotillin-2, we additionally silenced
FLOT? expression by transfection of AFLOT]I cells with
FLOT2 siRNA (Fig. 7a). Here, the interdependency of the
two flotillins could be highlighted in an immunoblot of WT
and AFLOTI lysates additionally subjected to flotillin-2
silencing: flotillin-1 levels decreased in WT cells transfected
with FLOT?2 siRNA, while less flotillin-2 was detected in
AFLOTI cells as compared to H1299 WT. Additionally,
the knockdown of flotillin-2 was more efficient in AFLOTI
cells. We were, therefore, able to conduct the experiments in
H1299 cells almost entirely depleted of flotillins. Similarly,
expression of CD59 was silenced by CD59 siRNA transfec-
tion of H1299 WT cells (Fig. 7b).

Strikingly, the experiments demonstrated a reduction in
PAOI invasiveness by about 50% or 60% in H1299 cells
depleted of flotillins or CD59, respectively (Fig. 7c). These
observations clearly point towards a promotional role of the

two proteins in PAO1 invasion. Similarly, infection of H1299
WT host cells with a ALecA PAOI mutant strain reduced
the invasion efficiency to comparable levels of WT PAO1
invasion into CD59- or flotillin-depleted cells. Interestingly,
infection of CD59- or flotillin-depleted cells with ALecA
PAOIL did not further lower the invasiveness, which suggests
that LecA, CD59 and flotillins act in the same pathway. Our
approach, furthermore, demonstrates the successful transfer
of results obtained by studying a single bacterial virulence
factor, namely LecA, to the complete bacterium—a process
that facilitates the identification of key players in infection.

Discussion

Membrane processes related to the uptake of PA into host
cells are only beginning to be elucidated, in part because this
bacterium is mostly considered as an opportunistic extracel-
lular pathogen [64]. However, at certain sites of coloniza-
tion, for example in the lungs, invasive strains of PA cause
severe and chronic infections. So far, PIPs [63], Src family
kinases [62, 65], caveolins [66, 67], the actin cytoskeleton
and the microtubule network [8, 68, 69] are host cell factors
implicated in the internalization process of PA. Here, we
demonstrate that the flotillin family and the GPI-anchored
protein CD59 (one of the cargo proteins of flotillin-assisted
endocytosis) play a significant role in PAO1 invasion into
lung epithelial cells. Flotillins are evolutionary conserved
and ubiquitously expressed proteins with particularly high
expression levels in heart, brain and lungs [70]. Neverthe-
less, their cellular functions are incompletely understood and
their role in endocytosis is divisive. On one hand, Glebov
and colleagues investigated the uptake of CD59 and GM1,
the cholera toxin receptor, and demonstrated a requirement
for flotillins and dynamin but not for clathrin in endocytosis
of these cargos [40]. On the other hand, several studies sug-
gest that flotillins might work hand-in-hand with clathrin-
mediated endocytosis by clustering of cargos prior to their
internalization via clathrin [41, 71-73]. Similarly, the inter-
action between flotillins and caveolins is controversially dis-
cussed. Various studies describe the segregation of flotillins
and caveolins into distinct membrane domains [40, 74-77].
However, an interaction between the two proteins was dem-
onstrated in other publications [78—81] including the identi-
fication of a functional link during insulin-induced glucose
transporter type-4 trafficking to the plasma membrane [82].
Furthermore, flotillins coordinate cargo sorting, recycling
and trafficking of several toxins without an influence on their
uptake per se [83—85].

Little is known about the interplay between flotillins
and pathogens. Korhonen and colleagues demonstrated a
reduced intracellular growth of Chlamydia pneumoniae
in the absence of flotillin-1 [43]. In addition, the invasion
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Fig. 7 Flotillins and CD59 promote cellular invasion of P. aerugi-
nosa in conjunction with LecA. a CRISPR-Cas9 knockout of FLOTI
and siRNA transfection of FLOT2 depleted H1299 cells almost com-
pletely of flotillins. Note, that protein levels of flotillins are interde-
pendent. b CD59 was efficiently knocked-down by siRNA trans-
fection of WT H1299 cells. ¢ Invasion assay of WT, flotillin- and

of erythrocytes by the parasite Plasmodium falciparum is
dependent on lipid rafts and the recruitment of both flotillin
proteins and CD59 to the parasitophorous vacuole [86—88].
A recent study strengthens the available data by highlighting
a critical role of flotillins in Anaplasma phagocytophilum
infection [44].

The intricacy of bacteria and the host plasma membrane
complicates research on a molecular level. By reducing the
complexity of the system and analyzing the interaction of
a single bacterial factor, namely LecA, with the host cell
plasma membrane, we gained insights into the key players
of binding and uptake processes and determined important
parameters for the invasiveness of P. aeruginosa strains.
Interaction partners of LecA were identified by purification
of proteins directly or indirectly bound by LecA-biotin using
proteomic analysis. Strikingly, many detected proteins are
known lipid raft components including the GPI-anchored
protein CD59, the flotillin proteins and the Src family kinase
Yes [89-91]. The complement regulation factor CD59 was
already functionally linked to Src family kinases in stud-
ies demonstrating the recruitment and activation of trimeric
G proteins and the Src kinase Lyn to CDS59 clusters in the
plasma membrane [89, 92]. Additionally, CD59 is a known
cargo of flotillin-assisted endocytosis [40] and highlighted in
several studies as an interaction partner of flotillins [74, 77].
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CD59-depleted H1299 cells using WT PAO1 and ALecA mutant
PAOL1 strains demonstrated the impact of flotillins and CD59 on
PAOI invasion. Invasion ratio was normalized to WT cells and WT
PAOL1. Bars display mean values of at least three biological repli-
cates, error bars represent SD, **p<0.01. ***p<(0.001 (one-way
ANOVA and Dunnett’s multiple comparisons test)

Moreover, both flotillins can be tyrosine-phosphorylated
by members of the Src family kinases and closely associate
at the plasma membrane [91, 93]. As we previously dem-
onstrated [17] and verified here, Src family kinases are acti-
vated and phosphorylated at Tyr*!® upon LecA treatment of
H1299 cells. The activation of Src kinases might eventu-
ally culminate in cytoskeletal reorganization, a prerequisite
for the uptake of lectins and whole bacteria. Furthermore,
we detected known endocytic players of lipid rafts in our
MS screen. These include the small G protein Racl and
cytoskeletal components like vimentin and myosin 9, of
which the latter, interestingly, is regulated by flotillins [56].
Additionally, an impact of the lipid raft marker caveolin-1
on the re-localization of flotillins upon LecA stimulation
was observed. Even though we did not detect caveolin-1 in
our MS analysis, where we investigated early time points of
LecA stimulation up to 15 min, its participation in the estab-
lishment of the flotillin-enriched membrane domain at later
time points is reasonable. In accordance with the described
dependence of PA invasion on lipid rafts [66, 94, 95], the
here-identified factors might work together to orchestrate the
LecA-triggered uptake of PAO1.

Assembly of transmembrane receptors and scaffolding
proteins into specialized membrane domains is as impor-
tant as the clustering of lipids on both membrane leaflets
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for enabling interactions with recruited proteins and signal
transduction. To further characterize the LecA-induced
plasma membrane domain, we analyzed the Gb3 spe-
cies pulled-down together with LecA-biotin. The three
most abundant Gb3 species present in H1299 cells were
Gb3(d18:1/16:0), Gb3(d18:1/24:0) and Gb3(d18:1/24:1) as
determined by lipid MS. These results agree with data pre-
sented in [96], where the composition of Gb3 species in sev-
eral cell lines is summarized. Strikingly, the saturated Gb3
species Gb3(d18:1/16:0) and Gb3(d18:1/24:0) were enriched
roughly by a factor of 1.7 in comparison to the unsaturated
species Gb3(d18:1/24:1) in eluates of LecA pull-down sam-
ples. The saturation level of Gb3 ceramide tails has been
shown to drastically affect lipid bilayer phases [97]. There-
fore, it is unsurprising that several studies describe the criti-
cal impact of acyl chain length and degree of saturation on
binding and trafficking of protein toxins [21, 26, 98, 99].
The detected preference of LecA towards saturated Gb3
species in our MS analysis suggests preferential binding to
rather tightly packed membrane domains, a characteristic
feature of lipid rafts. Gb3 species with little abundance in
the plasma membrane in our study, e.g., hydroxylated Gb3
species, were reported to play a crucial role in the scission
of StxB-induced membrane tubules [100].

Several studies investigated the binding of StxB to its
receptor Gb3 in synthetic model membranes with diverse
results [22, 98, 99]. Interestingly, it was shown for StxB
and simian virus 40 that successful trafficking to the endo-
plasmic reticulum and induction of toxicity requires bind-
ing to long saturated GSLs [101-103], while cholera toxin
only sorted efficiently from the plasma membrane to the
Golgi network and endoplasmic reticulum by interac-
tion with unsaturated ceramide chains of its receptor, the
GSL GM1 [85]. This provides further evidence that subtle
changes in the lipid bilayer influence carbohydrate expo-
sure and consequently allow, weaken or restrict lectin bind-
ing. Furthermore, the surrounding membrane environment
is critical for Gb3 receptor function [104, 105]. Depletion
of cholesterol by MBCD significantly decreased levels of
isolated Gb3(d18:1/16:0) and Gb3(d18:1/24:1) species. The
amount of measured Gb3(d18:1/24:0) varied between the
three replicates but did not change significantly. The pre-
dilection of LecA-biotin towards the saturated Gb3 species
was, however, maintained.

Of note, LecA and StxB both bind to Gb3, but partially
localize to different membrane domains [23] and exhibit
distinct trafficking routes [106]. In our analysis, no clear
difference in binding behavior to Gb3 species of LecA in
comparison to StxB was observed. Therefore, we suggest
that the fates of the endocytosed lectins are rather deter-
mined by the set of cellular interaction partners responsible
for downstream signal transduction and cargo sorting.

The binding of LecA to Gb3 generates a signal at the
extracellular leaflet but so far no transmembrane-spanning
protein linking Gb3 with the intracellular membrane leaflet
is known. How is the signal then communicated to flotil-
lins and Src kinases? A long-standing, popular hypothesis
suggests a role for fatty acids in signal transduction [19,
107]. Pinto and colleagues studied the influence of cera-
mide (i.e., the backbone of Gb3) structure and acyl chain
length and demonstrated that long-chain ceramides induce
strong alterations in the bilayer, suggesting the formation
of interdigitating phases [108]. Further, GPI-anchored pro-
teins with long saturated acyl chains can interdigitate and
connect the membrane leaflets given that one of the two
leaflets is immobilized [20]. A good example of transbi-
layer coupling through GPI-anchored proteins might be
the prion protein. Clustering of the prion protein in the
extracellular leaflet was suggested to influence flotillins
at the intracellular leaflet through interaction with flotil-
lin myristoyl- and palmitoyl-residues [39]. Recently, PIPs
were proposed to participate in transbilayer coupling [58].
Since PIPs naturally bear a long saturated C18 acyl chain,
they can reach across the bilayer and interact with long
fatty acyl chains of lipids located in the extracellular leaf-
let. Here, we demonstrate an induction of PIP; clustering
upon LecA stimulation of H1299 cells. Cluster formation
was crucial for flotillin recruitment to the plasma mem-
brane. LecA-induced co-clustering of long, saturated Gb3
species and the GPI-anchored protein CD59 with PIPs
might therefore enable communication across the plasma
membrane, inducing intracellular processes that culmi-
nate in endocytosis. Flotillins functionally scaffold and
enhance signal transduction [32, 53]. Since internalization
of PA is known to require PI3-kinase and Src family kinase
activity [62, 63, 65], the induction of these processes by
LecA primes the cellular plasma membrane for PA uptake
(Fig. 8, proposed model).

Conclusion

In this study, we characterize the host cell plasma mem-
brane domain to which the PA virulence factor LecA binds
selectively. This membrane domain is composed of saturated
Gb3 species along with the GPI-anchored protein CD59.
Upon LecA binding and clustering of Gb3, intracellular flo-
tillins are recruited and scaffold active signaling platforms
including Src family kinases. The lectin-induced signal may
be transmitted from the extra- to the intracellular leaflet by
transbilayer coupling between long fatty acyl chains of Gb3
or CD59 and PIPs. Importantly, we discovered that flotillins
and CD59 promote PA invasion into lung epithelial cells.
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LecA

cholesterol

P13-kinase

cytoskeletal
reorganization

Fig. 8 Proposed model of the interactions of LecA with the host cell
plasma membrane. LecA binds to its receptor, the GSL Gb3, induc-
ing clustering of saturated Gb3 species and recruitment of the GPI-
anchored protein CD59 within the extracellular leaflet. At the intra-
cellular leaflet PI3-kinases phosphorylate PIP, to PIP;, which favors
the recruitment of flotillins to the LecA-induced plasma membrane
domain. The signal may be transduced from the extracellular to the

We, therefore, propose a model in which LecA prepares and
reorganizes the plasma membrane to facilitate entry of PA.
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