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Interactions of the bacterial lectin LecA with the host cells glycosphingolipid Gb3 have been shown to be
crucial for the cellular uptake of the bacterium Pseudomonas aeruginosa. LecA-induced Gb3 clustering,
referred to as lipid zipper mechanism, leads to full membrane engulfment of the bacterium. Here, we aim
for a nanoscale force characterization of this mechanism using two complementary force probing tech-
niques, atomic force microscopy (AFM) and optical tweezers (OT). The LecA-Gb3 interactions are recon-
stituted using giant unilamellar vesicles (GUVs), a well-controlled minimal system mimicking the plasma
membrane and nanoscale forces between either bacteria (PAO1 wild-type and LecA-deletion mutant
strains) or LecA-coated probes (as minimal, synthetic bacterial model) and vesicles are measured. LecA—
Gb3 interactions strengthen the bacterial attachment to the membrane (1.5-8-fold) depending on the

Received 28th October 2020,
Accepted 12th January 2021

DOI: 10.1039/d0nr07726g

membrane tension and the applied technique. Moreover, significantly less energy (reduction up to 80%) is
required for the full uptake of LecA-coated beads into Gb3-functionalized vesicles. This quantitative
approach highlights that lectin—glycolipid interactions provide adequate forces and energies to drive bac-
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1. Introduction

Cell membranes have a highly complex composition of pro-
teins and lipids, which frequently hampers the full characteriz-
ation of cellular processes. With defined membrane constitu-
ents, synthetic membrane systems reduce the complexity of
native membranes.' As a minimal membrane model, giant
unilamellar vesicles (GUVs) are well-accepted and widely used
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to reconstitute diverse cellular processes, such as cell adhesion
or endocytosis.””

The internalization of plasma membrane components, extra-
cellular substances or even pathogens is often mediated by the
recruitment of endocytic coat proteins® or clustering of glyco-
sphingolipids (GSLs),” > which then induces membrane curva-
ture. Membrane bending/budding mediated by endocytic coat
proteins of the classical clathrin-dependent endocytic pathway
has been successfully rebuilt in GUVs.”*® Upon binding of
different bacterial toxins and viruses, the formation of
microdomains'>'® or tubular membrane invaginations*'”'®
was observed in GUVs enriched in GSLs. Also for bacteria, the
binding of lectins to GSLs can be important for membrane
bending, for example in lipid-mediated uptake of Pseudomonas
aeruginosa (PA), referred to as lipid zipper mechanism. Here,
the interaction of LecA, a lectin localized at the outer bacterial
membrane,” with the host cell GSL globotriaosylceramide
(Gb3) is sufficient to cause negative membrane curvature and
even engulfment of PA in GUVs.>’ The molecular LecA-Gb3
interaction is crucial, since LecA deletion resulted in a signifi-
cant reduction (about 45%) of PA engulfment in Gb3-functiona-
lized GUVs and also led to significantly less cellular invasion
(60% reduction).>® Furthermore, a direct inhibition of LecA-
Gb3 binding by a divalent glycomimetic used in nanomolar
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concentrations resulted in up to 90% reduction in host cell inva-
sion by PA.>! These findings highlight the importance of LecA-
Gb3 interactions in PA pathogenicity.

The lipid zipper mechanism implies that lectin-GSL inter-
actions generate adequate mechanical forces and energies to
favor bacterial attachment and to induce membrane curvature
to facilitate bacterial internalization into cells. A quantitative
(nano-)mechanical analysis of lectin-GSL interactions will
provide a deeper understanding of this concept. So far, with
regard to interactions of bacteria with surfaces or cells, the
generated forces and mechanical properties of PA type IV pili
and the flagellum as bacterial attachment factors have been
mainly studied.”*®” The measurement of distinct lectin-carbo-
hydrate interaction forces in presence of other attachment
factors (such as protrusive pili, adhesins) or host receptors
(various glycolipids and glycoproteins) with higher affinity (i.e.
higher forces) is technically extremely challenging. In addition,
lectins are known to bind to multiple and different glycoconju-
gates, termed as heterovalency.*®*° Thus, a controllable mem-
brane composition, e.g. as in case of GUVs, is a prerequisite
for the direct mechanical quantification of the interaction of
interest (LecA-Gb3 binding).

Here, we employed two highly sensitive force probing tech-
niques, atomic force microscopy (AFM) and optical tweezers
(OT), in combination with GUVs to analyze in detail the lectin-
GSL-mediated pathogen-membrane interaction. In particular,
we quantified the LecA-Gb3 interaction forces and energies
involved in PA attachment to and engulfment into a mem-
brane model. We used both AFM and OT to study the forces
across different regimes of mechanical membrane properties
(i.e. membrane tension). First, we measured the rather strong
interactions of a single, UV-inactivated PA bacterium with Gb3-
functionalized GUVs using AFM. Then, the interaction of a
minimal, synthetic PA model (LecA-coated AFM tips or OT
beads) with GUVs was studied at different membrane tension
levels. With AFM, the forces acting on the cantilever were
measured while indenting and pulling the membrane of an
adherent GUV (Fig. 1A). Using OT, the displacements (and sub-
sequent forces) of LecA-coated beads were measured while a
GUV was approached and retracted from the trapped bead
(Fig. 1B). Finally, OT permitted tracking the complete uptake
of LecA-coated beads into Gb3-functionalized GUVs.

2. Results

2.1 Membrane attachment of the bacterium P. aeruginosa

We used AFM-based force probing in combination with fluo-
rescence microscopy to measure the interaction forces between
a single PA bacterium, ie. either the PAO1 wild-type strain
(PAO1-WT) or the LecA-deletion mutant strain (PAO1-ALecA),
with Gb3-functionalized GUVs. For biosafety reasons, the bac-
teria were exposed to UV light for 20 minutes before tip
functionalization in order to safely inactivate the pathogenic
bacteria. After attaching an inactivated bacterium to a poly-r-
lysine-coated colloidal tip (Fig. 2A), the cantilever was trans-
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ferred without dewetting to another chamber containing GUVs
that have been adhered on streptavidin-coated coverslips by
incorporation of 1 mol% of biotinylated lipids (Fig. 1A). Two
different effective contact times between tips and GUVs were
tested: immediate retraction of the AFM tip after indentation,
which we termed dwell time 0 s (upper curve in Fig. 2B; left) or
retaining the tip-membrane contact for 5 seconds after reach-
ing the setpoint force (dwell time 5 s, lower curve in Fig. 2B;
left). During contact period, the z-position of the cantilever
was kept at constant height.

2.1.1 LecA- and time-dependent attachment of PA to GUVs.
We analyzed the detachment force (Fg) by the minimum force
in the force-distance (f-d) retraction curve (i.e. the maximum
negative deviation from the baseline, Fig. 2B; right). In
addition, we calculated the detachment work (Wq = [Fdx),
which is integrated along the f-d retraction curve from d = 0
to a distance at which full tip-membrane detachment occurs,
i.e. zero force (grey area in Fig. 2B; right). The pulling
velocity in all experiments was 1 pm s~ '. For a dwell time of
0 s, the presence of LecA had no profound effect on membrane
attachment (Fig. 2C). The average value of the detachment
forces for PAO1-ALecA (Fgq = (104 + 52) pN) was slightly lower
than that for PAO1-WT (F4 = (171 + 102) pN). The detachment
work was averaged to Wy = (17.0 x 10® + 15.7 x 10%) kzT and
(32.7 x 10* + 30.1 x 10%) kT for PAO1-ALecA and PAO1-WT
strains, respectively (Fig. 2D).

Interestingly, the PAO1-ALecA and PAO1-WT strains showed
different effects when they were kept in contact with GUV
membranes for some seconds. Changing the dwell time from
0 s to 5 s resulted in significant increases in detachment force
and work for PAO1-WT in contrast to PAO1-ALecA, which
remained largely unaffected. The average values of the detach-
ment forces were measured as Fq = (122 + 37) pN and (507 =+
55) pN for PAO1-ALecA and PAO1-WT groups, respectively
(Fig. 2C). The detachment work increased from Wy = (20.2 x
10° + 10.5 x 10°) kgT for PAO1-ALecA to Wy = (187.1 x 10° =
28.1 x 10%) kT for PAO1-WT bacteria (Fig. 2D).

The 5.8-fold increase in detachment work for PAO1-WT
(from 0 s to 5 s dwell time condition; box plots of Wy graphs
for PAO1-WT in Fig. 2D) indicates that LecA can distinctly
reinforce the PA attachment to the membranes in a relatively
short time window. The reinforcement can be explained as
Gb3 lipids from the non-contact area can diffuse into the
contact region and bind to unoccupied LecA binding pockets,
which effectively results in the increased Gb3 density and
stronger interaction.

2.1.2 Higher unbinding forces and pulling lengths for
wild-type bacteria. After surpassing a certain force threshold
(Fq), a force-distance curve typically continues with step-like
events, which are attributed to the rupture of adhesive units
(here the lectin LecA and the glycosphingolipid Gb3). The posi-
tion (from zero distance; referred to as pulling length) and
relative height (unbinding force) of each unbinding step
(Fig. 2B; right) were further computed from f~d curves with 5 s
of dwell time (Experimental section and Fig. 2E & F). The
number of unbinding events for PAO1-WT bacteria was signifi-
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Fig. 1 Schematic illustration of the applied experimental techniques for the force quantification of bacterial attachment to and engulfment into a
giant unilamellar vesicle: (A) atomic force microscopy (AFM) and (B) optical tweezers (OT). Giant unilamellar vesicles (GUVs) were adhered for AFM
measurements using biotin—streptavidin linkage. The movement of GUVs in the OT setup was constrained by a silica bead. The changes in the
deflection of the AFM tip or the displacement of the OT bead were recorded by an infrared (IR) laser detection system and then converted to force.

The scheme is not drawn to scale.

cantly higher than for the PAO1-ALecA strain. The unbinding
forces covered much higher values demonstrating increased
affinity when LecA is present on the surface of the bacterium. For
the PAO1-WT strain, two peaks could be possibly conjectured.
The lower peak at ~30 pN was closer to the peak of PAO1-ALecA
strain (24 pN) probably representing non-specific interactions,
while the higher peak at about ~70 pN originates from specific
LecA-Gb3 unbinding events. The average pulling length of steps
was shifted about 2 um showing the prolonged adhesion of
PAO1-WT bacteria due to LecA binding to Gb3 (Fig. 2F).

2.2 Interactions of LecA-coated AFM tips mimicking a
minimal, synthetic PA with membranes

As a consequence of LecA-Gb3 binding, PAO1-WT builds up a
strong attachment to the membrane within seconds. Until
today, LecA is the only identified ligand of PA that binds to
Gb3 lipids.*® In the previous section, the LecA-deletion mutant
strain confirmed that the interaction of PA with a Gb3-functio-

4018 | Nanoscale, 2021,13, 4016-4028

nalized GUV is significantly reduced in the absence of LecA.
However, to completely abolish the possible influence of other
proteins or lipids of PA in the attachment process, we designed
a synthetic, minimal model of PA using functionalized AFM
tips. A tip with an 800 nm diameter hemisphere (Fig. 3A) was
coated with biotinylated LecA (0.1 mg ml™'; Fig. 1A). Tip
functionalization was performed via biotin-streptavidin
linkage to assure that LecA stays attached to the tip in the
course of the experiment due to the very high affinity of
biotin-streptavidin (Kg ~ 107> M (ref. 31)) compared to
medium-range affinity of LecA-Gb3 (Kq = 77 % 107° M (ref. 32)).
As control group, tips were only coated with bovine serum
albumin.

2.2.1 Increased detachment forces and works between
LecA-coated tips and Gb3-functionalized GUVs. GUVs contain-
ing Gb3 (GUV') or GUVs without Gb3 (GUV™) exhibited non-
specific interactions with albumin-coated tips (Fig. 3B). The
average value of detachment forces between albumin-coated

This journal is © The Royal Society of Chemistry 2021
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Fig. 2 LecA- and time-dependent membrane attachment of Pseudomonas aeruginosa. (A) An inactivated GFP-tagged bacterium was attached to
the poly-L-lysin-coated colloidal (i.e. bead) tip (overlay fluorescence/bright field). (B) (Left) Representative force—time curve depicts the dwell time of
(upper) 0 s and (lower) 5 s. (Right) A representative force—distance curve represents the detachment force, detachment work and unbinding steps.
Comparisons of (C) the detachment force (Fq) and (D) the detachment work (W) between WT (PAO1-WT) and LecA-deletion (PAO1-ALecA) PA
strains for 0 s and 5 s of dwell time; the total number of acquired curves for PAO1-WT and PAO1-ALecA was 205 and 295, respectively. ****: P-Value
< 0.0001 using Mann—Whitney-U-test; mean values were marked with a plus sign. Analysis of single unbinding steps showed the frequency distri-
butions of (E) unbinding forces and (F) pulling lengths for the dwell time of 5 s.

tips and GUVs did not significantly depend on the presence of
Gb3 (Fq = (56 + 37) pN for GUV™, F4q = (76 + 54) pN for GUV";
Fig. 3C). Detachment work displayed only a slight change
(Fig. 3D; Wy = (2.4 x 10% + 3.9 x 10°) kT for GUV™ and (3.2 x

This journal is © The Royal Society of Chemistry 2021

10° + 2.3 x 10%) kT for GUV", respectively). In the case of LecA-
coated tips, mainly two types of curves were recorded, ie.
curves with multiple unbinding events or curves with high
detachment forces (Fig. 3B). About 20% of recorded curves

Nanoscale, 2021,13, 4016-4028 | 4019
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Fig. 3 Strong attachment, high unbinding steps and pulled membrane tethers between LecA-coated AFM tips and Gb3-functionalized GUVs. (A) A
SEM image of the used AFM tips (scale bar: 9 pm) shows a pyramid tip with a hemisphere end which is of similar size to a PA bacterium (scale bar in
zoomed area: 900 nm). (B) Representative f—d curves for albumin-coated tips (blue box) and LecA-coated tips (red box) and analyzed parameters:
detachment force (Fy), detachment work (W), the height (unbinding force) and position (pulling length) of unbinding steps. Comparison of (C) the
detachment force and (D) the detachment work for albumin- and LecA-coated tips interacting with Gb3-positive GUVs (GUV*) or Gb3-negative
GUVs (GUV™). Presence of LecA on tips and Gb3 in the GUV membrane led to a significant increase in detachment force and work (the total number
of curves for albumin- and LecA-coated tips is 85 and 60, respectively; ****: P-Value < 0.0001 using Mann—Whitney-U-test). (E) The unbinding force
versus pulling length graph for LecA-coated tips interacting with GUV™ and GUV™ vesicles. Zoomed area in (E) illustrates the unbinding steps with
lower pulling length (<250 nm). (F) Membrane deformation of a GUV during retraction of LecA-coated tips recorded as z-stack with a confocal
microscope. Green and red arrows point to the catenoid shape and membrane tether formation, respectively. The blue hemisphere indicates the tip

position (scale bar: 5 um).

showed high detachment forces (from 530 pN to 1377 pN) and
were similar to f~d curves of the AFM assay with PAO1-WT bac-
teria (dwell time 5 s condition; Fig. 2B). Based on these curves
for LecA-coated tips, the average value of detachment forces
for GUV' was about 8-fold higher than that for GUV~ (Fig. 3C).
Not only showing higher detachment force values, the full
detachment occurred at much higher pulling lengths ((2.60 +
0.43) um) compared to the other conditions (e.g. (0.05 + 0.02)
pm for LecA/GUV™). This resulted in a strong increase of the
average value of detachment work for the LecA/GUV' condition
compared to LecA/GUV™ (about 170-fold; Fig. 3D). For the
LecA/GUV" condition, we often observed that a signal from the

4020 | Nanoscale, 2021,13, 4016-4028

fluorescent membrane marker appeared on the tips after
several force-distance cycles. Since tip-attached lipids might
non-specifically cover LecA or even block LecA binding
pockets, which both result in undesired interactions, the fluo-
rescence signal on the AFM tip was monitored after each
recorded curve to check for lipid contaminations (Fig. S17).
The lipid contamination limited us to dwell time O s.

2.2.2 Higher unbinding forces and pulling lengths as a
result of LecA-Gb3 binding. For Gb3-negative GUVs (GUV"), all
unbinding events happened within the first 450 nm of the
retraction — regardless of the tip functionalization (Fig. 3E for
LecA-coated tips and Fig. S2At for albumin-coated tips). In the

This journal is © The Royal Society of Chemistry 2021
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case of LecA-functionalized tips and Gb3-positive GUVs (GUV")
(Fig. 3E), we observed unbinding steps with different unbind-
ing force values (<1.1nN) in a broad range of pulling lengths
(from 12 nm to 3.06 pm; Fig. 3E). The higher unbinding forces
for LecA/GUV" are due to the rupture of several LecA-Gb3 non-
covalent bonds. Dividing the pulling lengths by the constant
velocity of the retracting cantilever transforms the length to
bond lifetime.*® Increased pulling lengths for LecA/GUV*
might point to an increased lifetime of PA-membrane inter-
actions, which favors PA colonization and host cell infection.
For albumin-coated cantilevers and GUV', unbinding forces
above 150 pN were never observed (Fig. S2Bt).

2.2.3 LecA-coated tip pulls long tethers out of the mem-
brane. Recorded z-stack images from a combined AFM and
confocal laser scanning microscopy (CLSM) system exhibited
the formation of a funnel-like shape (catenoid) of the mem-
brane (green arrow in Fig. 3F) followed by a long membrane
tether outward from the GUV' (red arrow in Fig. 3F).
Membrane tether formation can be recognized in f-d curves
through the presence of a long plateau with a constant force
before the unbinding step.***> This characteristic feature
was only observed for increased LecA coverage on the AFM tips
(by doubling the LecA solution concentration from 0.1 to
0.2 mg ml™"; Fig. S3At). As stated for increased pulling
lengths, the outward tethers imply that LecA-Gb3 interactions
might substantially increase the PA-membrane interactions.
Similar to the lower LecA concentration (0.1 mg ml™"), curves
with high detachment forces (21% of curves; Fig. S3B) were
recorded for 0.2 mg ml™" LecA.

2.3 Interactions of LecA-coated OT beads representing a
minimal, synthetic model of the PA bacterium with
membranes

By AFM quantification of forces and energies, which are
required to detach a single bacterium or a LecA-coated tip as
minimal bacterial model from Gb3-functionalized mem-
branes, we deduce that LecA-Gb3 interactions result in stron-
ger attachment of PA to the membrane in a time-dependent
manner. Reduced membrane tension adjustment’® in artificial
membrane systems like GUVs, due to missing cellular mem-
brane reservoirs, results in larger in-plane tension (pre-stress),
especially in adherent GUVs compared to cells.>” Non-adherent
GUVs possess lower tension than adherent GUVs and can be
more relevant to cellular membrane native conditions with
regard to membrane tension. Thus, another probing technique
with high force resolution, optical tweezers (OT), was
employed to examine LecA-Gb3 interactions in non-adherent
GUVs, while constraining their displacements upon the optical
forces with large silica beads. Moreover, OT are capable of
measuring forces of a few piconewtons and below, which are
within the typical noise level of AFM. A nanometer-precise 3D
control of the OT bead movement allows to bring the bead in
the close vicinity of the membrane and to measure small force
changes during initial attachment. Streptavidin latex beads
(1 pm) were coated with biotinylated LecA to interact
with two groups of vesicles (GUV™ and GUV"). LecA coverage of

This journal is © The Royal Society of Chemistry 2021
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the beads was confirmed by fluorescence microscopy
(Fig. S4t). Streptavidin-coated beads have been used as control
group. Using a piezoelectric stage, a selected GUV was moved
towards the optically trapped LecA-coated bead and pressed
against the bead for a few seconds before the GUV was moved
away.

2.3.1 Increased attachment rate and detachment forces
due to LecA-Gb3 binding. Fig. 4A illustrates different inter-
action cases and the subsequent interaction steps (I-VIII). In
some cases, no attachment between the bead and the GUV was
observed (0) “No Adhesion” case (Fig. 4A). However, when we
observed adhesion, three different interaction courses could
be distinguished during retraction: (1) Adhesion-no detach-
ment: in this case, the strength of the attained adhesion over-
came the optical trapping force, which was neither strong
enough to detach the bead from the membrane nor to produce
any large membrane deformation. Therefore, the bead was
pulled out from the optical trap (VIIL: empty trap) and
remained adherent to the vesicle surface (Fig. 4A).
(2) Adhesion-tether: Here, unlike the previous case, the mem-
brane was deformed following the catenoid-tube equilibrium
shape transition (step II in Fig. 4A). However, the particle did
not detach from the membrane during the retraction part and
a long membrane tube (tether) was formed between the bead
and the GUV (step IV). (3) Adhesion-detachment: In this case,
the membrane abruptly detached from the bead, which
remained trapped by the laser (step VI in Fig. 4A).

The disruption occurred either during the formation of the
catenoid or after the tether extension. The detachment force
was measured only from the Adhesion-detachment events. The
presence of Gb3 and LecA led to a higher probability of
adhesion events (more than 80%, from a total of 102 experi-
ments; see stacked bar graph for LecA/GUV' condition in
Fig. 4B). The frequency of adhesion cases dropped to 41%
when neither LecA nor Gb3 were present (total number of
experiments 51; stacked bar graph for streptavidin/GUV™ con-
dition in Fig. 4B). Similar to AFM results, we measured higher
detachment forces for the LecA/GUV' group (average value:
F4q =(10.1 + 2.6) pN as shown in Fig. 4C). When both LecA and
Gb3 were absent, the detachment force was computed as Fq =
(6.9 + 2.6) pN (streptavidin/GUV™ in Fig. 4C). For other groups,
i.e. LecA/GUV™ and streptavidin/GUV', the average detachment
forces were measured as Fy = (7.2 + 3.3) pN and Fg = (7.2 + 5.9)
PN, respectively (Fig. 4C). These results showed that in non-
adherent GUVs with lower in-plane tension than adherent
GUVs and with lower applied forces (<20 pN) compared to
AFM (>50 pN), LecA-Gb3 interactions still increase the detach-
ment of LecA-coated beads as minimal bacterial model from
GUVs (about 1.5 fold).

2.4 Engulfment of LecA-coated beads into GUVs

In the previous sections, pulling experiments with AFM and
OT demonstrated that LecA-Gb3 interactions reinforce the
attachment of the bacterium to the membrane, which is the
first step of bacterial uptake. However, the experimental
quantification of the impact of LecA-Gb3 interactions on bac-
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Fig. 4

Increased attachment probability and detachment forces for LecA-coated OT beads indenting Gb3-functionalized GUVs. (A) After establish-

ment of contact between the streptavidin- or LecA-coated beads and GUVs (approach and contact box, scale bar: 2 pm), the GUV was moved away
from the bead and different cases of interactions between beads and GUVs were observed and classified as: (0) No adhesion, (1) adhesion-no
detachment, (2) adhesion-tether and (3) adhesion-detachment. I-VIII. Bright field images showed specific stages qualitatively, force—distance (f-d)
profiles allowed quantitative characterization. (B) Frequency of observation of the above-mentioned events for different test groups: streptavidin-
coated beads (as control; 51 experiments) and LecA-coated beads (102 experiments) interacting with GUV~ and GUV™. (C) The detachment force (Fy)
for different test groups (the total number of curves used for Fy calculation is 70 and 21 for LecA- and streptavidin-coated beads, respectively; ***:
P-value < 0.001 using Mann—Whitney-U-test, average values were marked with a plus sign).

terial engulfment still remains unanswered. Unlike AFM, OT
can provide a complete internalization of the probe into GUVs,
thereby mimicking the bacterial uptake process. In a previous
work, a photonic force microscope (PFM) was used to study
how uptake forces and energies are related to changes in the
bead’s position fluctuations, which encode stiffness and
viscous drag of the GUV membrane during bead uptake.*®
Here, we used OT to drive LecA-coated beads into Gb3-func-
tionalized vesicles to further investigate the influence of LecA-
Gb3 interactions on the forces and energies of the uptake

4022 | Nanoscale, 2021,13, 4016-4028

process. As a control, we used DOPC vesicles indented with
pure latex beads, on which LecA was not present.

2.4.1 GUV elasticity defines the deformation energy profile
during uptake. After the initial bead-membrane contact, the
membrane was indented further to progressively wrap the
bead. We defined a complete internalization of the bead when
a membrane tether formation inside the GUV could be recog-
nized in force-distance curves. The force-distance curves
(Fig. 5A) presented a sharp increase in the force starting at d =
0 (bead is in contact with the membrane) until it reached a

This journal is © The Royal Society of Chemistry 2021
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Fig. 5 Different deformation energy profiles and reduced uptake energy as the result of LecA—Gb3 interactions (A) A representative force—distance
(f-d) curve (red) depicts the required force (F,;) and energy (G,,) for the internalization of the bead into the GUV at the distance (d,). The tether
force (Fy) was used to determine the mechanical properties of the membrane. The energy profile (green curve) was obtained by integrating the force
(f) over the distance (d) and used to compute the uptake energy (G,p). (B) Normalized energy-distance curves for tense (gold) and flaccid (green)
vesicles with similar size. Comparison of the energy profiles between DOPC vesicles and (C) tense or (D) flaccid Gb3-functionalized vesicles. (E) The
average uptake energy demonstrated a reduction for the case of LecA-Gb3 interactions in both tense and flaccid vesicles (the total number of
uptake experiments for DOPC and GUV* vesicles are 27 and 26, respectively; *: P-value < 0.05 using Mann—Whitney-U-test, average values were

marked with a plus sign).

maximum value (F,, ) at d = d,, (distance at which uptake
occurs). As theoretically modelled in ref. 20, the LecA-Gb3
interactions add a curvature-promoting energy term during the
indentation stage (d = 0 to d = d,p). At d = dp, the bead
reached a maximum degree of membrane wrapping and the
force dropped to a constant value (Fy; termed as tether force),
which corresponds to the tether formation inside the GUV.

The maximum value of the force (F,,) represents the
required force to overcome the mechanical barrier, which is
imposed by the membrane elasticity. The energy profile, which
is computed from the integral of the force-distance curve
(G = [Fdx), is depicted in Fig. 5A. The tether force (F;) and
the tether radius (R, measured from fluorescence microscopy
images were used to calculate the membrane tension (o) and
bending rigidity () of the vesicles.>**® We used the intrinsic
length scale A (A* =%) parameter, representing the interplay
between stretching and bending energies,***" to sort GUVs in
two groups depending on the membrane mechanical state:
tense and flaccid vesicles. By comparing GUVs with similar A,

This journal is © The Royal Society of Chemistry 2021

we minimized any additional influence in the uptake process
due to the differences in their elastic properties.

The global and local response of the membranes to the
indenting force can be better visualized using the normalized
energy profiles.”® For the tense (A < 0.5 um) and flaccid
(A > 0.5 pm) GUVs with similar size (radius ~9 um), we nor-
malized the energy profiles by their corresponding values of
Gy and dy, (Fig. 5B). We observed that the deformation
energy curves for flaccid GUV' exhibited a linear-like growing
throughout the uptake process, while for tense GUV' the
energy profiles showed a slower growth at the onset of indenta-
tion process followed by a steeper increase in the energy.

2.4.2 LecA-Gb3 binding reduces required energy for bead
engulfment. We compared the energy profiles G(d/d,p) normal-
ized by Gy, from GUV" with those obtained from GUVs solely
composed of DOPC using A to distinguish between flaccid and
tense vesicles (Fig. 5C and D). Interestingly, despite the fact
that vesicles with similar membrane elastic properties (A) have
been compared, differences in the course of the energy curves

Nanoscale, 2021, 13, 4016-4028 | 4023
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could be observed. For the tense vesicles of the LecA/GUV"
group, the energy profiles grew faster than the energy profiles
measured from vesicles of the DOPC group (Fig. 5C). Although
less noticeable, the same held true for the flaccid vesicles
(Fig. 5D). In the framework of local and global deformations,
the faster growth of the deformation energy must be attributed
mainly to the interactions of LecA with Gb3 and not to differ-
ences in the mechanical properties of GUVs.

Moreover, by comparing the average values of the uptake
energy (Gyp) for flaccid and tense GUVs, we observed lower
average uptake energy when both LecA and Gb3 were present
(Gup = (0.81 x 10° £ 0.76 x 10°) kT for tense and Gy, = (0.52 X
10® + 0.48 x 10%) kT for flaccid GUVs; Fig. 5E).

3. Discussion

3.1 Strong bacterial attachment to membrane increases with
LecA-Gb3 interactions and contact time

Nanoscale forces between single inactivated PA bacteria (i.e.
wild-type and LecA-deletion PAO1 strains) and Gb3-functiona-
lized vesicles were measured. The LecA-deletion mutant of PA
bacteria exhibited only low detachment forces both with
minimal dwell time but also after 5 s of contact (Fig. 2C).
Observing almost no change in the measured forces with
increasing dwell time suggests that the host cell glycosphingo-
lipid Gb3 does not interact with any other PA adhesion mole-
cule. In contrast to this, wild-type PA bacteria showed signifi-
cantly higher detachment forces and works, in particular, after
a few seconds of contact. The 6-fold increase in the average
value of detachment work between 0 s and 5 s of dwell time
might originate from increased local density of Gb3 within the
contact region after few seconds, as previously shown by the
increased fluorescence intensity of bound LecA between two
crosslinked GUVs over time.® Comparing the detachment
forces (Fq = (507 + 55) pN) with forces that a single type IV
pilus, as an important bacterial motility motor, generated on
abiotic surfaces (110 + 30) pN (ref. 22) or on epithelial cells (70
+ 20) pN (ref. 42) reveals that LecA-induced Gb3 clustering can
produce strong forces, which presumably lead to membrane
deformation and eventually bacterial engulfment.

The detachment work is comprised of two contributions
that are practically impossible to separate: membrane defor-
mation (bending or stretching) and unbinding work of mul-
tiple adhesion bonds.*> However, dividing the detachment
works by the adhesion energy of a single LecA-Gb3 bond
(5.6 keal mol™, equals to ~9.5 kT per lipid*?), a very simpli-
fied overestimation of the number of LecA-Gb3 bonds can be
calculated. The tetrameric LecA contains four carbohydrate
binding pockets at two opposing sides. Assuming one side of
LecA binds to a GUV (i.e. to 2 Gb3 lipids), the number of GUV-
bound LecA becomes half of the number of LecA-Gb3 bonds.
Therefore, for WT-PAO1 with 5 s of contact (Wg = (187.1 x 10% +
28.1 x 10%) kgT), the number of LecA can be calculated as 9.84
x 10 + 1.47 x 10°. The outer membrane of PA, like for many
other Gram-negative bacteria, is covered with bristle-like short
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fibers termed fimbriae.** Several hundreds to thousands of
fimbriae are evenly distributed on the bacterial membrane,
and they may contain lectins, for example FimH on Escherichia
coli fimbriae.**** No study has resolved the localization of
LecA on the PA outer membrane yet. Considering a dense cov-
erage of the bacterial surface with thousands of fimbriae, the
above-estimated number of LecA suggests that LecA resides on
fimbriae. It is noteworthy to mention that the measured force—
distance curves did not exhibit the characteristic features (i.e.
force plateau and extended rupture lengths) of retracting type
IV pili.>**” Thus, we hypothesize that LecA can be located on
PA fimbriae, but not on type IV pili.

3.2 Simplistic models of bacterium and host cell prove
importance of LecA-Gb3 interactions

The quantifications of the detachment forces and energies
revealed that more work is required to detach LecA-coated
AFM tips from Gb3-positive vesicles than from Gb3-negative
GUVs. Both, increased pulling lengths and formation of mem-
brane tethers in the LecA/GUV' condition imply that LecA-Gb3
binding strengthens PA-host membrane interactions, thus
favoring bacterial colonization and internalization. Albumin-
coated probes showed reduced interactions, meaning that they
required lower unbinding forces and less detachment works,
since they interacted non-specifically with GUVs. Also in the
low force regime, i.e. using OT with LecA-coated beads, higher
detachment forces were observed on Gb3-positive GUVs.

The membrane tension is a crucial physical parameter in
many cellular processes, e.g. endocytosis or phagocytosis.*®
Here, we illustrate that LecA-Gb3 interactions reinforced
the attachment of a minimal bacterial model (i.e. LecA-coated
tips and beads) independently of the membrane tension
level regimes (high lipid bilayer tension in AFM tests
(0.1-1 mN m™" (65)) due to substrate attachment and low lipid
bilayer tension (0.40-1.09 x 107> mN m™") measured from OT
adhesion-tether formation cases (Fig. 4A)).

With the OT setup, it was possible to estimate the prob-
ability for observed adhesion (frequency) between LecA-coated
beads and GUVs. LecA-Gb3 interactions resulted in almost
twice the adhesion frequency compared to the condition
where both LecA and Gb3 were absent. In almost 40% of OT
pulling experiments, the LecA-Gb3 interactions were even
stronger than the optical trapping forces in our experimental
setups and consequently, the bead could not be detached from
the membrane.

3.3 LecA-driven uptake of bacterial model into GUVs is
energetically favorable

During complete internalization of LecA-coated beads into
GUVs, different energy profiles were observed for flaccid and
tense Gb3-positive GUVs (Fig. 5B). As demonstrated for POPC
vesicles in Meinel et al.’® these differences in the energy pro-
files are due to variations in the mechanical state of their
membranes. Briefly speaking, a linear-like growth of the
energy is associated to local deformations of the vesicles.
Therefore, for a flaccid vesicle, due to the excess of membrane,

This journal is © The Royal Society of Chemistry 2021
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the indenting bead can be wrapped without producing major
changes in the global shape of the vesicle. On the other hand,
in a tense vesicle, the changes in membrane tension propagate
rapidly throughout the membrane leading to a global defor-
mation at the beginning of the uptake process (oblate ellipsoid
shape), while local deformations take place at later stages.
Moreover, in comparison to Gb3-negative GUVs, the uptake
energy was reduced by a factor of 4.1 or 5.2 (tense or flaccid,
respectively), which indicates that LecA-Gb3 interactions
reduce the energetic entry costs through local membrane
deformations rather than global changes.

4. Conclusion

The internalization of several pathogenic bacteria such as
Listeria monocytogenes or Staphylococcus aureus over a micro-
meter sized area of the plasma membrane is mediated by cla-
thrin assembly and establishment of actin meshwork, which
are the principal steps of clathrin-mediated endocytosis
(CME), classically described for nanometer sized membrane
invaginations.*®*®* However, the stored energy in a crosslinked
actin meshwork (~10" kT) was estimated to provide about 1/6
of the total energy needed in CME in yeast.*” The polymeriz-
ation energy of clathrin (~40 kT per triskelion®® and ~500 kT
in total®') also can not directly initiate membrane curvature.**
Therefore, above-mentioned energies are not plausibly ade-
quate to accomplish bacterial internalization that occurs at a
larger scale - albeit epithelial cells possess lower internal
pressure (40-400 Pa (ref. 52)) than a yeast cell (~1 MPa (ref.
49,53)), which is the most common model in CME. Hence,
other membrane-deforming mechanisms and force generators
must be involved, as nicely reviewed in ref. 51. We have pre-
viously proposed a lipid-based mechanism for the PA bacter-
ium entry into the non-phagocytic epithelial cells in the
absence of actin.®® The findings of the current study -
increased attachment forces (1.5 to 8-fold increase) depending
on the membrane tension and applied technique and reduced
uptake energy (reduction up to 80%) - manifest the crucial
contribution of yet underrated lectin-glycolipid interactions in
providing additional forces that assist membrane attachment
and internalization of bacteria. This study also proves the
advantages of combining force probing and synthetic biology
for the mechanical characterization of host-pathogen
interactions.

5. Experimental
5.1 Materials

1,2-Dioleoyl-sn-glycero-3-phosphocholine (DOPC) and chole-
sterol were purchased from Avanti Polar Lipids; Texas Red 1,2-
dihexadecanoyl-sn-glycero-3-phosphaethanolamine (Tx-Red
DHPE) from Life Technologies. The purified Gb3 extracted
from red blood cells were supplied from Matreya. FSL-biotin
was obtained from Sigma-Aldrich. Recombinant LecA was pro-
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duced from Escherichia coli according to published
procedures.?*** Sucrose was purchased from Carl Roth.

5.2 Lectin biotinylation

LecA was labelled with biotin NHS ester similar to a previously
described protocol.>>*® The binding of LecA after biotinylation
to Gb3 receptors was examined by means of Gb3-functiona-
lized vesicles (Fig. S51).

5.3 AFM tip and OT bead functionalization

AFM probes (SD-sphere-cont-s and -m; Nanosensors) with a
rounded hemisphere (s: 800 nm diameter and m: 2 um) at the
pyramid apex were purchased from Nanoandmore GmbH.
They were first plasma cleaned and incubated in biotin-conju-
gated bovine serum albumin (biotin-BSA, 0.1 mg ml™) at
37 °C overnight. After three washes with PBS, they were incu-
bated in a streptavidin solution (0.1 mg ml™" in PBS) for
30 minutes. Subsequently, they were rinsed in PBS three times,
incubated with biotinylated LecA (0.1 or 0.2 mg ml™") for
30 minutes and washed with PBS. For AFM experiments, bioti-
nylated lipid species (FSL-biotin; 1 mol%) were incorporated
into the GUV membrane in order to attach vesicles on a strep-
tavidin-coated coverslip. According to confocal microscopy
images of non-adherent (Fig. S6AT) and adherent (Fig. S6BY)
GUVs on streptavidin-coated coverslips, it seemed that biotiny-
lated lipids accumulate and stay at the bottom of the GUV in
the contact area with the coverslip. Nevertheless, to minimize
the undesired interactions between streptavidin molecules on
the tip and biotinylated lipids in the GUV membrane, (any)
free streptavidin molecules on the AFM tip were passivated by
an additional incubation step of the functionalized tips with
biotin (0.1 mg ml™" in PBS; not shown in Fig. 1A) and finally
washed with PBS. Except for the indicated temperature in the
first functionalization step, all other steps have been per-
formed at room temperature.

For the OT measurements, we used streptavidin-coated
latex beads with a radius of 0.5 pm and functionalized them
with biotinylated LecA following the supplier’s protocol
(Polyscience Inc.). Briefly, 50 pl of streptavidin-coated beads
(particle concentration 1.25%) were centrifuged and gently
washed 3 times using a PBS/BSA binding buffer at pH 7.4 and
room temperature. Then, beads were resuspended in 1 ml of
the binding buffer solution and subsequently incubated with
40 pl of biotinylated LecA solution (0.56 mg ml™"). This is
equivalent to 33 mg of LecA per mg of latex polymer,
which resulted in LecA coverage of most of the latex beads. In
order to verify the presence of LecA on the latex microsphere
we incubated them with streptavidin Alexa Fluor 488 conju-
gate, which binds to the biotinylated LecA. The fluorescence
signal of the beads was checked by confocal microscopy

(Fig. S47).
5.4 Bacterial attachment to the AFM tip

The Pseudomonas aeruginosa PAO1 wild-type strain (PAO1-WT)
and the LecA-deletion mutant strain (PAO1-ALecA) were tagged
with GFP as described in ref. 20. Biosafety regulations did not
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permit working with live Pseudomonas aeruginosa PAO1 strain
(biosafety level 2). We decided to use UV irradiation, which
should inactivate the pathogens mainly by affecting nucleic
acids and modifying the DNA,>” as prior tests with formal-
dehyde fixation did not yield sufficient PAO1 inactivation
(unpublished data) and strong chemical fixatives, such as glu-
taraldehyde, are supposed to have significant effects on the
surface structure by crosslinking proteins or affecting the
binding affinity of ligands.?® Both strains were cultured over-
night in Luria Broth (LB) medium in the presence of
Gentamicin (60 pg ml™*) at 37 °C to an OD of 0.6. The over-
night cultures were pelleted and resuspended in PBS. Bacteria
were diluted 1:500 in PBS and 1 ml was transferred to a
plastic Petri dish, followed by UV treatment (UV-lamp at
254 nm, 188 pW cm™?) for different time points (5 min to
20 min). Twenty microliters drops of diluted bacterial cultures
before and after UV treatment were plated on LB agar plates
and incubated overnight at 37 °C. The next day, colony
forming units (CFUs) were counted and UV treatment
efficiency was calculated. Based on the results, 20 min as the
most efficient duration selected for AFM
measurement.

The glass beads (10-15 pm; Kisker Biotech GmbH)
were attached to tipless cantilevers (MLCT-O10, Bruker) using
UV-curable glue.”® Afterwards, bead-attached cantilevers were
incubated in 0.1 w/v poly-i-lysin solution (Sigma-Aldrich)
for 1 h at room temperature, washed with PBS and dried under
a nitrogen stream. Using the AFM device, we caught a single
inactivated bacterium (either PAO1-WT or PAO1-ALecA)
with the coated bead. Afterwards, we transferred the obtained
probe without dewetting the bacterium to a second chamber
containing GUVs to perform the force
measurements.

time was

spectroscopy

5.5 Substrate functionalization for AFM measurement

To prepare functionalized substrates, 24 mm diameter round
glass coverslips were first sonicated in ethanol solution
(50% v/v), then washed in distilled water and activated by
sonication in sodium hydroxide solution (pH 12) to obtain a
hydrophilic surface. The coverslips were rinsed and stored in
distilled water for a few days. Prior to the experiment, the
coverslip’s surface was dried under a nitrogen stream and
first passivated by a 0.1 mg ml~" biotin-BSA solution for a
minimum of two hours, and then incubated in a streptavidin
solution (0.1 mg ml™" in PBS) for 30 minutes. After washing
with PBS, the streptavidin-coated coverslips were ready to
use.

5.6 Liposome preparation

GUVs were prepared using the electroformation method.®
Briefly, 10 ul of a 1 mg m1~" lipid mixture dissolved in chloro-
form was spread on Indium-Tin-Oxide (ITO)-coated glass
slides. The slides were placed in vacuum for several hours for
complete evaporation of chloroform. A chamber was built
between two slides around the lipid deposited area and filled
with ~265 mOsm L™ sucrose solution. Then, by applying an
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alternating electric field (1 V mm™" field strength) to the
chamber for 2-3 hours, GUVs were produced. For AFM
measurements, the molar concentrations of the different GUV
components were 30 mol% for cholesterol, 1 mol% for the
biotinylated lipid (FSL-Biotin), 1 mol% for the glycosphingoli-
pid Gb3 and 0.5 mol% for Tx-Red DHPE. The concentration of
DOPC was adjusted to have in total 100 mol% dependent on
the above mentioned components that have been used. For the
low range of forces applied by OT, it was not necessary to
adhere the GUVs by means of biotin-streptavidin linkage.
Therefore, GUVs were prepared without the biotinylated lipids.

For the uptake experiments with OT, GUVs needed
to possess much lower membrane tension in order to com-
plete the bead internalization. Therefore, a certain membrane
tension was chosen by imposing an average osmotic
difference of 200 mOsm L~" between the interior and exterior
of the GUV.

5.7 AFM force spectroscopy measurements and analysis

All force measurements have been performed using a
NanoWizard 3 and a CellHesion 200 (JPK BioAFM, Bruker
Nano GmbH) integrated with an inverted Nikon Ti microscope
equipped with a 40x water immersion objective and an
Intensilight epifluorescence illuminator. While carefully avoid-
ing lipid contamination on the AFM tips, they were placed on
the top of the vesicles. Potential lipid contamination on the
AFM tip was also checked after each recorded curve. The force
measurements were performed with a velocity of 1 um s™*
equivalent to approximate force rate of 10 nN s~ ' and
200 nN s~ ' for AFM measurements with bacteria and LecA-
coated tips, respectively.

For the experimental setup with the bacteria, the length of
the retraction part was recorded about 3 pm longer than the
approach part to ensure the full separation of the AFM tip
from the membrane.

The detachment forces, detachment works and unbinding
steps were computed using JPK data processing software rou-
tines. To calculate the unbinding force and pulling lengths of
the steps, we used step-fit operation, while keeping the same
smoothing and significance parameters for all tested
conditions.

5.8 Combined AFM and confocal laser scanning microscopy

The JPK Nanowizard 3 system was combined with a confocal
microscope (Nikon Eclipse Ti-E inverted microscope equipped
with a Nikon A1R confocal laser scanning system, 40x water
immersion objective, NA = 1.25, laser line: 561 nm; Nikon
Instruments). To create a deformation large enough to be
detectable by confocal microscopy, we used AFM probes (SD-
sphere-cont-m; Nanosensors) with a larger hemisphere (2 pm
in diameter) and coated them with LecA (0.1 mg ml™") as
described. The 3D image of GUVs was generated incrementally
(0.2 pm steps) through the vesicle using a focal drive while the
AFM force-indentation cycle was being performed.

This journal is © The Royal Society of Chemistry 2021
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5.9 Optical tweezers (OT)

The optical tweezers (OT) were used to trap and manipulate a
dielectric particle in three dimensions through the sample and
detect the changes in the particle position with nanometric
precision.

The OT unit consisted of an infrared laser beam (Smart
Laser Systems, 4 = 1064 nm TEMOO0) focused by a water immer-
sion objective lens (as the trapping lens) (UPLAPO Olympus
60x/IR, NA = 1.2). A latex bead in aqueous medium was
trapped by the focused laser so that its position fluctuations b;
depend on the optical trap stiffness «; in the three directions (i
= x, ), 2). The exerted force on the particle was then given by F;
= k; X b;. A noise eater (miniNE 2.1 TEM Messtechnik) was
used to stabilize the laser power and to avoid undesired inten-
sity fluctuations. The glass chamber was formed by two paral-
lel coverslips separated by a plastic spacer of around ~10 mm
thickness. Two additional SiO, beads of 20 um in diameter
were used to aid the fixation of the vesicles at the bottom
surface.

For the pulling experiments, the power (P) at the focal
plane, inside the sample, was set to ~50 mW producing
a lateral trap stiffness of x, = 90 pN um™'. For the uptake
experiments, the transversal trap stiffness was varied from
5 pN pum™" to 120 pN um ™.

The sample chamber was mounted on a piezoelectric stage
(PZ, Piezosystem jena GmbH) for nanometric positioning
control. The stage was moved with a controlled velocity
(1 pms™" and 0.1 pm s~ for pulling and uptake experiments,
respectively). A second objective lens named as detection lens
(Achroplan 63%, NA = 0.95, Zeiss) collected and imaged at its
back focal plane the interference pattern formed by the
focused incoming light and the light scattered by the trapped
particle. The interference pattern was detected by two quad-
rant photodiodes which recorded separately its lateral (x-y
axis) and axial (z axis) changes at an acquisition rate of 1 MHz.
From these interference patterns, we were able to accurately
measure the changes in position of the trapped particle in 3D.
Additionally, bright field and fluorescence microscopy tech-
niques were integrated with the OT to optically monitor the
GUVs.

5.10 Measurement of GUVs elastic properties

The surface membrane tension of vesicles ¢ = and the

Tt
. R FR
membrane bending rigidity k = % were calculated from the
T

tether force F, and the tether radius R,. The value of F, was
obtained from the force-distance curves of uptake experiments
as shown in Fig. 5A. The tether radius was taken from the fluo-
rescence images by fitting a Gaussian function to the transver-
sal intensity distribution of the formed tube.
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