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ABSTRACT: The fundamental task of lipoprotein particles is extracellular transport of cholesterol, lipids, and fatty acids.
Besides, cholesterol-rich apoB-containing lipoprotein particles (i.e., low density lipoprotein LDL) are key players in progression
of atherosclerotic cardiovascular disease and are associated with familial hypercholesterolemia (FH). So far, lipoprotein particle
binding to the cell membrane and subsequent cargo transfer is directly linked to the lipoprotein receptors on the target cell
surface. However, our observations showed that lipoprotein particle cargo transport takes place even in the absence of the
receptor. This finding suggests that an alternative mechanism for lipoprotein-particle/membrane interaction, besides the
receptor-mediated one, exists. Here, we combined several complementary biophysical techniques to obtain a comprehensive
view on the nonreceptor mediated LDL-particle/membrane. We applied a combination of atomic force and single-molecule-
sensitive fluorescence microscopy (AFM and SMFM) to investigate the LDL particle interaction with membranes of increasing
complexity. We observed direct transfer of fluorescently labeled amphiphilic lipid molecules from LDL particles into the pure
lipid bilayer. We further confirmed cargo transfer by fluorescence cross-correlation spectroscopy (FCCS) and spectral imaging
of environment-sensitive probes. Moreover, the integration of the LDL particle into the membranes was directly visualized by
high-speed atomic force microscopy (HS-AFM) and cryo-electron microscopy (cryo-EM). Overall, our data show that
lipoprotein particles are able to incorporate into lipid membranes upon contact to transfer their cargo in the absence of specific
receptors.

KEYWORDS: Low density lipoprotein, (high-speed) atomic force microscopy, fluorescence (cross) correlation spectroscopy,
single-molecule-sensitive imaging, cryo-electron microscopy, cholesterol transfer

T ransport of cholesterol in the bloodstream is facilitated by metabolism." In general, lipoprotein particles play a key role
lipoprotein particles, specialized cargo vehicles made of a in the absorption and assignment of foodborne lipids by the
flexible lipophilic protein scaffold that adapt to different loads small intestine. Hereby, lipids are transported to the liver and
of lipid cargo." These particles are complex conglomerates, then distributed to peripheral tissues or vice versa (in case of
assembled by a core unit containing cholesteryl esters and peripheral lipid overload).” The interaction of lipoprotein
triglycerides, which is enveloped by a shell of free cholesterol, particles with cell membranes and their uptake is mediated by
phospholipids, and apolipoproteins.' Besides serving as a
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regulate the formation of lipoprotein particles and serve as Revised:  February 27, 2019
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Figure 1. Direct visualization of LDL particle interaction and amphiphilic cargo transfer into the planar supported lipid membrane. With NHS-
ester-Atto647N (for protein-labeling) and cholesterol-BodipyFL bifunctionalized LDL particles were covalently bound to the tip of an AFM
cantilever. (a) Sketch of the combined AFM/SMFM approach. The cantilever approached (i) toward the glass supported DOPC bilayer, remained
in contact (ii) for a certain time, and was retracted (iii) from the surface. (b) Fluorescence images at the indicated time points are shown for LDL
particles preloaded with cholesterol-BodipyFL; as control, Atto647N-labeled apolipoprotein was used. Before contact (i), the fluorescent tip was
not observable due to TIR excitation. Transfer of cholesterol-BodipyFL but not of Atto647N-labeled proteins was observable during contact (ii).
The tip was retracted (iii) after a contact time of ~50 ms. Measurements (N = 20) were performed in PBS at room temperature. SMFM
measurements were performed in TIRF configuration. Scale bar = 2 um. (c) Transfer of cargo molecules from LDL particles to the bilayer. Flow
analysis of 20 contact events yielded a linear increase (red line) of the radial width sigma (see Supporting Information, Single Molecule/Particle
Tracking) of the background-corrected fluorescence signal as a function of contact time; D = 0.3 um?*/s.

integral membrane receptors.‘%’4 For example, LDL, VLDL, and
chylomicron removal from the blood circulation is triggered by
binding of the ApoB/E-protein of the lipoprotein particles to
the LDL receptor on liver cells, which subsequently clusters in
clathrin-coated pits. These pits are afterward endocytosed as
vesicles.” The receptor itself unbinds from its cargo in the
endosome due to a locally lowered pH value and is transported
back to the cell surface. Individuals with a genetic disorder
called familial hypercholesterolemia (FH) have very high levels
of circulating LDL particles and thus cholesterol due to
mutations in the LDL receptor or the ApoB/E-protein.”® The
LDL receptor is either totally missing (no expression at all or
no transport to the cell membrane), unable to bind LDL
particles (apoB/E or LDL receptor mutation), or not properly
endocytosed/recycled.® Thus, LDL particles and cholesterol
are not removed from the blood circulation and cardiovascular
disease occurs early in life. Studies on cells from FH-patients
and on cells from Watanabe rabbits with heritable hyper-
lipidaemia (both have defective LDL particle receptors)
demonstrated that LDL-particle-mediated cholesterol uptake
can take place even in the absence of functional receptors.”*
Thus, direct (i.e., nonreceptor-mediated) cholesterol transfer’
has to be a common mechanism for lipoprotein particle
interactions. Several molecular dynamic simulation studies
supported the anchorage hypothesis,'” which in particular
implies that distinct hydrophobic and hydrophilic apolipopro-
tein regions facilitate the engagement to the membrane. Here,
we propose that direct cholesterol transfer at the plasma
membrane takes place besides the receptor-mediated endocy-
tosis”'' and selective cholesteryl ester uptake.'>"*

To measure in detail the lipoprotein-particle/membrane
interaction and the subsequent cargo transfer, two conditions
must be met. First, the cellular system needs to have a
controllable complexity and specificity, and second, the
observation techniques need to have the required temporal
and spatial resolution for visualization of the direct
interaction."*”'® Owing to the complexity of the cell
membrane regarding composition and structure, it is
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challenging to unequivocally decipher the specific structure—
function relationships and the associated interactions. Thus, in
vitro membrane systems are used. These systems allow the
tight control of the parameters such as lipid composition,
membrane curvature, and membrane tension.'” As molecular
interactions take place in very fast temporal and small spatial
regimes, super-resolving techniques should be applied to
obtain information on molecular interactions in combination
with well-defined experimental systems. This allows to study
intelgacztzions at an unprecedented resolution and specific-
ity

We combined several advanced imaging techniques to
investigate the interactions of LDL particles with artificial
and cell-derived biomembranes. We used planar supported
lipid bilayers (SLB), formed on a hydrophilic glass support
from pure 2-dioleoyl-sn-glycero-3-phosphocholine (DOPC)
vesicles, and performed so-called touch-and-watch experi-
ments. Here, an atomic force microscope (AFM) cantilever tip
coated with lipoprotein particles containing fluorescent probes
(cholesterol-BodipyFL) served as a nanopipette to deliver
molecules to the membrane. Simultaneously, the transfer
process was monitored via single-molecule-sensitive fluores-
cence microscopy (SMFM) (Supporting Information, Movie
1). A sketch of the performed experiment is depicted in Figure
la: an AFM cantilever-tip coated with fluorescently labeled
lipoprotein particles (cholesterol-BodipyFL, protein-bound
Atto647N) was moved vertically toward the artificial
membrane, brought into contact at a constant force for a
certain time, and was subsequently retracted (Figure 1b).
Cargo molecules were released into the membrane from LDL
particle upon contact without the need for a receptor and
exhibit a mobility with a diffusion constant of D = 0.3 ym?/s
(Figure Ic).

To avoid any artifacts due to the support of SLBs, we also
evaluated the interaction of LDL particles with free-standing
giant unilamellar vesicles (GUVs). We first visualized the
incorporation of the LDL particles (carrying BodipyFL-labeled
cholesterol and Atto647N-labeled proteins) with vesicles using
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Figure 2. LDL particle induced transfer of amphiphilic cargo into nonsupported biomembranes. FCCS measurements on GUVs incubated with
LDL particles. (a) Visualization of LDL interaction and cargo transfer into GUVs for LDL (scale bar = 10 ym). (b) Generalized polarization (GP)
value determined with the polarity-sensitive dye C-Laurdan of GUVs alone and LDL blended GUVs represents lipid packing and its hydration level
(N = 10). (c) Diffusion for C-BodipyFL and protein-Atto647N signal of fluorescently labeled LDL particles in solution and decorated GUVs,
respectively. (d) FCS and FCCS on protein-Atto647N and C-BodipyFL. Shown are FCS and FCCS curves for the indicated probe molecules after
fusion of LDL particles with GUV membranes (right) or in buffer solution (left). The left graph shows high cross-correlation when LDL particles
were intact (magenta and orange curves virtually identical), whereas the graph on the right side shows no notable cross-correlation after LDL fusion

with the DOPC membrane. Black lines represent the fits.

confocal microscopy. We clearly observed the incorporation of
both cholesterol and proteins into the vesicles (Figure 2a). To
confirm that cholesterol is indeed incorporated into the
membrane, we measured the lipid packing via the general
polarization (GP) analysis of polarity sensitive probe C-
Laurdan.”® Cholesterol is known to rigidify fluid membranes
by increasing the lipid packing (or molecular order), thus the
incorporation of cholesterol via the lipoprotein fusion should
increase the lipid packing of the vesicles. The increase in lipid
packing can be quantified using GP analysis; a higher GP value
corresponds to a tighter lipid packing. We observed significant
increase in GP of GUVs after they were incubated with
lipoprotein particles (carrying no fluorescent labels) (Figure
2b). This can be attributed to a reduced membrane fluidity
(ie, high cholesterol content) and thus altered membrane
elastic properties (Supporting Information, Figure 1a).

We next performed fluorescence cross-correlation spectros-
copy (FCCS) in order to see the molecular interaction
between the cargo and particle before and after the lipoprotein
particle fusion. FCCS measures codiffusion of fluorescently
labeled particles and thus yields information about their
interaction. In FCCS, the cross-correlation amplitude changes
with codiffusion; it is null when there is no codiffusion and
elevated with increasing codiffusion. In solution (i.e., holo-
particle), the C-BodipyFL signal strongly overlapped with the
protein-Atto647N signal (Supporting Information, Figure 1b).
The diffusion coeflicients of C-BodipyFL and protein-
Atto647N were also similar in solution (Figure 2c).
Accordingly, we observed a strong cross-correlation (codiffu-
sion, orange curve) between C-BodipyFL (green curve) and
protein-Atto647N (magenta curve) (Figure 2d). In contrast,
C-BodipyFL and protein-Atto647N showed no cross-correla-
tion once the particle incorporated itself into GUVs (Figure
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2d). Although C-BodipyFL and protein-Atto647N were freely
mobile in the GUV membrane, they moved with different
diffusion coefficients (Figure 2c), which accounts for lack of
cross correlation. This result suggests successful cargo transfer
and subsequent separation between the cholesterol and protein
fraction of the fused lipoprotein particle.

These observations confirm that LDL particle attachment is
sufficient for cargo transfer to model membranes. To test this
in more complex and near-native compositions, we prepared
giant plasma membrane vesicles (GPMVs) from Chinese
hamster ovary (CHO) cells. GPMVs comprise an intermediate
biological membrane model system, together with the
compositional complexity and protein content of live cell
membranes, thus they offer the closest approximation to the
cellular plasma membrane. Similar to GUVs, we observed clear
fluorescence signal of C-BodipyFL and protein-Atto647 in
GPMV membranes (Figure 3a). Moreover, similar to GUVs,
cholesterol-transfer from LDL particles alters membrane
elasticity of GPMV membranes (Figure 3b)

Furthermore, we applied high-speed AFM (HS-AFM),
which allows studying dynamic processes at molecular scale
without any labeling,*~*° to explore the molecular details of
the interaction between LDL particles and biomembranes at a
higher spatial (nanometer) resolution. LDL particles were
either incubated on a mica-supported DOPC bilayer or
immobilized directly on a mica surface. Individual particles
were observed as isolated protrusions from the respective
surfaces (Figure 4a,b). On mica, we detected spherical LDL
particles with an average height of 17.9 nm (SD = 3.3 nm)
(Figure 4a,c; Supporting Information, Figure 2ab). On the
mica-supported DOPC bilayer, the average height was
significantly reduced (10.1 nm, SD = 3.1 nm, Figure 4b,c;
Supporting Information, Figure 2a,b) due to particle
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Figure 3. Transfer of amphiphilic cargo from LDL particles to
GPMVs increase the GP value. GPMVs incubated with LDL particles.
(a) Visualization of LDL interaction and cargo transfer into GPMVs
for LDL (scale bar = 5 ym). (b) Generalized polarization (GP) value
determined with the polarity-sensitive dye C-Laurdan of GPMVs
alone and LDL particles blended GPMVs represents lipid packing and
their hydration level (N = 22).
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Figure 4. Characterization of LDL particle interaction with a planar,
supported lipid membrane and mica. (a) LDL particles incubated on
mica and on (b) mica-supported DOPC bilayers were assessed via
HS-AFM imaging. (c) Probability density function (pdf) of particle
heights on mica (blue line; mean height = 17.9 nm, SD = 3.3 nm, N =
76) and the mica-supported DOPC bilayer (red line; mean height =
10.1 nm, SD = 3.1 nm, N = 225).

integration into the bilayer. LDL particles were immobile on
mica; on the mica-supported DOPC bilayer, we were rarely
able to observe the time point of particle incorporation (as
shown by the sudden particle height drop shown in Supporting
Information, Figure 2c and Movie 2). Interestingly, there were
noticeable differences in the interaction behavior of samples
from individual donors (compare Figure 4c and Supporting
Information, Figure 2a,b). For all subjects, the height
distribution of LDL particles on DOPC membranes (red
line) is in general shifted to lower values in comparison to LDL
particles on mica (blue line), indicating the partial integration
into the lipid bilayer. Thus, we conclude that LDL particles
fuse with the supported bilayer membrane upon contact
without the need of a receptor similar to HDL particles.””
Notably, the interaction behavior strongly varies between
donor samples (Figure 4c and Supporting Information, Figure
2a,b).

As discussed above, HS-AFM data showed that LDL
particles have a reduced average height on supported DOPC
bilayer. An observation which can either be rationalized via
fusion of the particle’s outer lipid monolayer with the SBL
(height difference approximately equal to the sum of the two
displaced membrane leaflets) or a conformational change of
the apoB-lipoprotein. To discriminate between these two
possibilities, we performed cryo-electron microscopy (cryo-
EM) experiments with nonsupported membranes (large
unilamellar vesicles (LUVs)) mixed with LDL particles (Figure
Sb; Supporting Information, Figure 3a). Owing to their
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Figure S. LDL particle fusion with LUVs. Cryo-EM images of (a)
single LDL particles and (b) LDL particle decorated LUV,
respectively. Incorporation of LDL particles into the LUV membranes
(red circles) was confirmed through recording data under different
electron-beam incident angles, thus excluding an accidental overlay of
signals originating from different layers of the vitrified ice (see
Supporting Information, Figure 3a,b). Images were acquired under
low-dose conditions (20 ¢/A) and with the mentioned sample tilt
(see Supporting Information, Figure 3b). Scale bar = 10 nm.

different size and morphology, LUVs (Figure Sa; Supporting
Information, Figure 3b, blue arrow) and LDL particles
(Supporting Information, Figure 3b, red arrow) can be clearly
distinguished. Particle incorporation into the LUV membrane
(Supporting Information, Figure 3a, red arrow) was confirmed
through recording data under different electron-beam incident
angles to exclude a false-positive signal. Thus, we were able to
verify general lipoprotein particle fusion with the spherical,
nonsupported membrane leaflet of LUVs.

Here, we have investigated the LDL—membrane interaction
and the subsequent cargo release to various lipid environments
with nanoscopic spatial resolution in real time. The
combination of five different techniques allows probing
fundamental biological processes at a previously unprece-
dented level. Regardless of shape, support, and composition of
the membrane, lipoprotein particles interact with the
membrane without their respective receptor. Direct, receptor-
less membrane interaction of lipoproteins is a relevant transfer
mechanism for amphiphilic cargo to living cells. However, the
role of the lipoprotein receptors is ambiguous as the ratio
between receptor mediated and direct cargo transfer is
unknown and may be influenced by the biocellular state.
This study demonstrates that single lipoprotein particles
release their cargo through direct contact with membranes,
as presented by the touch-and-watch experiment. Even if the
particle is not immobilized onto the AFM cantilever tip as
shown in our FCCS results and our recent publication,”” cargo
separates from its transfer vehicle and integrates into the
membrane, which is not too surprising in light of the
observation of lipid vesicles fusing to membranes.”® Interest-
ingly, depending on age and general blood parameters of the
sample donor, different behavior in the biomolecular
membrane—interaction of LDL particles was observed. As
shown in Figure 4 and Supporting Information, Figure 2a,b,
our measurements evince different LDL-particle/membrane
fusion kinetics. Either the lipid composition is different,
especially the cholesterol content, or LDL particles of different
donors show alterations, which reduces the interaction. In
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summary, LDL particle fuse with (artificial) membranes as
shown in cryo-EM images and transfer cargo, independently of
receptor presence or difference in cargo composition. Direct
interaction of lipoprotein particles with cellular membranes
without the need for a receptor is a relevant transfer
mechanism for amphiphilic cargo to and from living cells,
which has been recently demonstrated to exist also for HDL
particles.””*” This would clarify why cargo molecules on the
outer shell of the lipoprotein can be released to cells and, more
importantly, how individuals without receptors (FH in
humans, ko-mice) are able to survive. These observations
reveal a new mechanism for lipid uptake and allow novel
insights into how single cell biophysical properties control
lipoprotein particle interactions. Because lipoprotein particles
interact directly with the membrane, either receptor mediated
or simply by fusion and thereby transferring their cargo, they
have a high potential as drug carrier systems. These naturally
occurring particles could be designed to carry out many
beneficial tasks.
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