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Single-vesicle intensity and
colocalization fluorescence
microscopy to study lipid vesicle
fusion, fission, and lipid
exchange

Alexandra Andersson, Marco Fornasier, Katarzyna
Makasewicz, Tinna Palmadéttir, Sara Linse, Emma Sparr and
Peter J&nsson*

Department of Chemistry, Lund University, Lund, Sweden

Interactions of lipid vesicles play important roles in a large variety of functions
and dysfunctions in the human body. Vital for several biochemical functions
is the interaction between monomeric proteins and lipid membranes, and the
induced phenomena such as fusion between vesicles and cell membranes,
lipid exchange between the membranes, or vesicle fission. Identification
of single events and their frequency of occurrence would provide valuable
information about protein-lipid interactions in both healthy and degenerative
pathways. In this work, we present a single-vesicle intensity and colocalization
fluorescence microscopy assay with a custom-written MATLAB analysis
program. The assay can be used to study lipid exchange as well as vesicle fusion
and fission between two vesicle populations labeled with different fluorescent
dyes. Vesicles from the two populations are first mixed and docked to a
glass surface. The sample is then simultaneously imaged using two separate
wavelength channels monitoring intensity changes and colocalization of
vesicles from the two populations. The monomeric pre-synaptic protein
a-synuclein (a-syn) and small unilamellar vesicles consisting of 1,2-dioleoyl-
sn-glycero-3-phosphocholine (DOPC), 1,2-dioleoyl-sn-glycero-3-phospho-
L-serine, (DOPS), and monosialotetrahexosylganglioside (GM1) were used
as a model system to evaluate the method. From our analysis, neither a-syn
induced fusion nor lipid exchange was observed for vesicles consisting of
DOPC:DOPS (7:3). However, including 10% GM1 in the vesicles resulted in a
91% increase of the number of vesicles within 10min, combined with a 57%
decrease in the average fluorescence intensity per vesicle, indicating that
approximately half of the vesicles underwent fission. The method facilitates
the study of lipid vesicle fusion, fission, and lipid exchange under controlled
conditions. It also allows these events to be studied for systems with more
complex composition including exosomes and lipid-based drug carriers, to
enable a better understanding of their physicochemical properties.

KEYWORDS

vesicle fission and fusion, lipid exchange, alpha synuclein, single-vesicle imaging,
fluorescence microscopy
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Introduction

Fusion and fission of lipid membranes play important roles in
a variety of functions and dysfunctions in the human body
(Février and Raposo, 2004; Raposo and Stoorvogel, 2013), such as
cytokinesis (Finger and White, 2002), mitochondrial networking
(Furt and Moreau, 2009), and endo-and exocytosis of the neuron
membrane neurotransmitters at the pre-synapses (Stidhof, 1995).
These phenomena are often enhanced by protein complexes such
as the SNARE complex that mediates lipid membrane fusion (Fix
et al,, 2004; Han et al., 2017), or monomeric proteins such as G
proteins believed to assist in the docking process (Vitale et al.,
2000). Lipid molecules can be exchanged between different
membranes or lipid vesicles, a process that can be aided by lipid
transfer proteins (Jdhnig, 1984; Kinoshita et al., 1993; Lipp et al.,
2020; Peretti et al., 2020). Detection and quantification of vesicle
fusion, fission, and lipid exchange with high sensitivity is therefore
of great importance to better understand under which conditions
these events take place and how they are influenced by protein-
lipid interactions in both healthy and degenerative pathways in
vivo. In this study, we present a single-vesicle intensity and
colocalization fluorescence microscopy assay to characterize
vesicle fusion, fission, and lipid exchange between discrete vesicles.

Fusion and fission of lipid vesicles can be detected by changes
in vesicle and population size, which traditionally have mainly
been studied using bulk techniques. This includes measuring
changes in the average vesicle size using dynamic light scattering
(DLS; Hallett et al., 1991; Pencer and Hallett, 2003) and
fluorescence resonance energy transfer (FRET) spectroscopy
(Thorsteinsson et al., 2020). Changes in vesicle size and lipid
exchange have also been studied using fluorescence cross-
correlation spectroscopy (FCCS) that detects both temporal and
spatial cross-correlation between two channels using two
differently labeled sub-populations of vesicles (Bacia et al., 2002;
Cypionka et al., 2009; Makasewicz et al., 2022). However, DLS
only gives the average vesicle size and does not provide
information about lipid exchange, and FRET spectroscopy is not
able to detect fission events. FCCS can give information about
vesicle fusion, fission, and lipid exchange (Makasewicz et al.,
2022); however, correct quantification of these events typically
requires elaborate fitting processes. Moreover, these and other
bulk-based methods only give an average value across the
population, and it is thus problematic to investigate heterogeneous
samples and to accurately quantify the degree of vesicle changes.
The shortcomings with bulk methods can be overcome by using a
single particle method to study fusion, fission, and lipid exchange
on individual vesicles. This includes various imaging methods
such as cryo-TEM that has previously been used to study size and
morphology of single vesicles with high spatial resolution (Yuana
etal., 2013; Arraud et al., 2014; H66g and Létvall, 2015; Lou et al.,
2017; Zabeo et al., 2017; Cornell et al., 2020; Emelyanov et al,,
2020; Heberle et al., 2020). However, measuring lipid exchange
between otherwise similarly sized vesicles is not possible, and with
cryo-TEM traditionally showing a projected two-dimensional
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image of the vesicles, this can make it nontrivial to differentiate
between vesicle deformation, and fusion and fission (Fusco et al.,
2016; Man et al., 2020; Makasewicz et al., 2021, 2022). It is also
possible to use fluorescence microscopy in combination with
fluorescently labeled vesicles to study vesicle fusion, fission, and
lipid exchange. For example, confocal laser scanning microscopy
(CLSM) has been used to study curvature-specific binding of the
protein GB1y2 to vesicles (Hatzakis et al., 2009) and total internal
reflection fluorescence (TIRF) microscopy has previously been
used to study single vesicle calcium-induced vesicle leakage
(Flagmeier et al., 2017) and a-synuclein (o-syn) induced vesicle
clustering (Lautenschlédger et al., 2018). By mixing two types of
vesicles with one fluorescent dye of a FRET pair each, it is possible
to detect and quantify docking, lipid exchange, or vesicle fusion
between single vesicles using TIRF microscopy (Bowen et al.,
2004; Yoon et al., 2006; Chan et al., 2009; Diao et al., 2012).
Furthermore, docking and fusion of vesicles into a supported lipid
bilayer (SLB) have been studied by detecting changes in intensities
of vesicles labeled with one fluorescent dye (Fix et al., 2004; Liu
et al., 2005; Simonsson et al., 2010).

Inspired by previous methods we developed a single-vesicle
microscopy method combined with a custom-written analysis
program to study fusion, fission, and lipid exchange between
single vesicles. For this, two populations of vesicles, labeled with
separate fluorescent dyes, are used (Figure 1A). The vesicles are
mixed under the experimental conditions studied, and after
mixing they are quickly diluted to single-vesicle concentrations
and deposited on a microscope cover slide for observation in the
two channels. Each vesicle in the two channels is detected using a
MATLAB
information about the fluorescence intensity and the position of

custom-written analysis program providing
the vesicle. After fusion, vesicles will colocalize in the two-color
channels, the total number of vesicles will decrease and the
fluorescence intensity per vesicle will, in each channel, remain
constant or increase (Figure 1B). After lipid exchange, vesicles will
again colocalize in the two channels, but the number of vesicles
will remain unchanged and the fluorescence intensity per vesicle,
in each channel, will decrease (Figure 1C). After fission, the
vesicles will not colocalize in the two channels, the number of
vesicles will increase and the fluorescence intensity per vesicle will
decrease (Figure 1D). Thus, from the number of detected vesicles,
the number of colocalized vesicles observed in the two channels,
and the vesicle fluorescence intensities, quantitative information
about vesicle fusion, fission, and lipid exchange can be obtained.
As a model system for our single-vesicle assay, we investigate
the behavior of small unilamellar lipid vesicles being exposed to
the amyloidogenic protein a-syn, an intrinsically disordered
pre-synaptic protein mainly present in dopaminergic neurons.
a-syn has been shown to be involved in several neurodegenerative
diseases such as Lewy Body Dementia and Parkinson’s disease
(Kim et al., 2004; Cali et al., 2014; Burré, 2015) as one of the main
components of large inclusion bodies (Lewy bodies) of protein
and lipids, which is the hallmark of the diseases (Fahn, 2008). The
function of the protein in the synapses in a healthy neuron is not
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FIGURE 1

(A) Schematic illustration of the experimental procedure. Vesicles
from two differently labeled populations are incubated together.
After incubation, the vesicles are docked onto a passivated glass
surface and imaged in two wavelength channels. The images are
analyzed by detecting the positions, number of vesicles, and
vesicle intensity. (B) Fusion between two differently labeled
vesicles results in a reduced number of vesicles and
colocalization of vesicles in the two wavelength channels with
intensities similar to before vesicle mixing. (C) Lipid exchange
results in an unchanged number of vesicles and colocalization
between the vesicles in the two wavelength channels but with
varying intensities compared to before vesicle mixing. (D) Fission,
where only one vesicle population is needed, results in an
increase in the number of vesicles and a decrease in the vesicle
intensity.

yet fully understood, but monomeric a-syn is known to interact
with acidic lipids such as 1,2-dioleoyl-sn-glycero-3-phospho-L-
serine (DOPS) and monosialotetrahexosylganglioside (GM1).
a-syn-induced fission, disruption, fusion, or clustering may hence
disturb the vesicle trafficking in the neuron and interfere with the
intercellular signaling (Lee and Kim, 2017; Lewis, 2021). When
bound to the membrane, the positively charged N-terminus of the
protein forms an amphipathic a-helix with hydrophobic side
chains preferentially embedded in the upper acyl layer and the
charged side chains in the lipid headgroup area (Davidson et al.,
1998). Binding has been detected at physiological pH (Jo et al.,
2000) but is enhanced in more acidic environment (Hellstrand
etal,, 2013). Since intracellular lysosomes have a pH of 5.5, it has
been argued that pH variations might influence neurotransmitter
release in the synaptic cleft (Ahdut-Hacohen et al., 2004). Further,
an acidic pH renders the C-termini of the proteins less negatively
charged and reduces the electrostatic repulsion to negatively
charged lipids. The protein is believed to promote clustering of
vesicles as an initial step of docking and fusion (Diao et al., 2012;
Fusco et al., 2016; Lautenschléger et al., 2018; Fouke et al., 2021),
and further to assist the SNARE complex in fusion of vesicles into
the cell membrane (Yoon et al., 2006; Diao et al., 2012). It has also
been found that inclusion of 1,2-Dioleyol-sn-glycero-3-phospho-
rac-(1-glycerol) (DOPG) in vesicles leads to a-syn-induced
membrane disruption (Hannestad et al, 2020), and that
co-aggregation of a-syn and GM1-containing vesicles results in a
reduced vesicle size, indicting fission (Gaspar et al., 2021), likely

Frontiers in Molecular Neuroscience

03

10.3389/fnmol.2022.1007699

due to the large headgroup and short tail of the lipid, which allows
the protein to penetrate deeper into the membrane upon
association. Using our single-vesicle assay we can here confirm
these views and show that incubation of a-syn with DOPC:DOPS
(7:3) does not induce fusion, fission or lipid exchange over 48 h.
However, analyzing vesicles consisting of 10% of GM1 incubated
with a-syn with our assay, showed significant vesicle fission
already within 10 min.

Materials and methods
Lipids and a-syn

The following lipids were used: 1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphocholine (POPC), 2-dioleoyl-sn-glycero-3-
phosphocholine (DOPC), 1,2-dioleoyl-sn-glycero-3-phospho-L-
serine (DOPS), and monosialotetrahexosylganglioside (GM1). All
lipids were purchased from Avanti Polar Lipids and diluted in
chloroform to reach a desired stock concentration of 0.1-10 mg/ml.
The samples used for the experiments were (i) POPC vesicles as
control, (ii) DOPC:DOPS (7:3 molar ratio) used as control and as
a model system for interactions with monomeric a-syn, and (iii)
DOPC:DOPS:GM1 (7:2:1 molar ratio) used as a model
system for interactions with monomeric a-syn. Small unilamellar
vesicles of type (ii) and (iii) in addition contained 1 mol% of the
lipid 1-oleoyl-2-[12-biotinyl(aminododecanoyl)]-sn-glycero-3-
(18:1-12:0 Biotin PC). “Blue” labeled
vesicles furthermore contained 1mol% of 1,2-dioleoyl-sn-
glycero-3-phosphoethanolamine-N-(TopFlour®AF488)  (18:1
PE-TopFlour®AF488) and the “red” labeled vesicles 1 mol% of
2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(Cyanine 5)

phosphocholine

(18:1 Cy5 PE). For the control measurements “red + blue” vesicles
containing 0.5-1 mol% of both fluorescently labeled lipids were
used. Wild-type human o-syn was expressed in Escherichia coli
BL21 DE3 PLysS from a Pet3a plasmid carrying a synthetic gene
with E. coli-optimized codons, and purified using heat treatment,
ion exchange and gel filtration chromatography as described
previously (Grey et al., 2011).

Lipid vesicle preparation

Lipid vesicles were prepared from stocks of 0.1-10 mg/ml
lipids in chloroform. The lipids were aliquoted in clean glass vials
and the chloroform was evaporated by insufflating a gentle
nitrogen flow. After complete removal of the organic solvent, the
thin lipid film was hydrated in buffer solution to reach a
final concentration of lipids of 1-4mM. The POPC samples
for the control measurements were hydrated in 10mM
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES)
buffer from Thermo Fisher, at pH 7.4, containing 150 mM NaClL
The DOPC:DOPS and DOPC:DOPS:GM1 samples were hydrated
in a 10mM MES buffer at pH 5.5, containing 200 pM NaN;. To
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obtain small unilamellar vesicles, the samples were vortexed and
sonicated using a tip sonicator (VCX 130; Sonics & Materials, Inc.)
in pulse mode (10s of sonication followed by 10s of break) at
71.5W for 15 min of total sonication time. This resulted in 50 nm
diameter vesicles (checked by Malvern DLS; data not shown).

Surface passivation and sample
preparation

All measurements were conducted in sterile 10pl silica
culture wells from Grace BioLabs attached to glass cover slides
(25mm diameter, thickness 1.5, Menzel-Glizer) cleaned in a
sulfuric acid (99.9%, Sigma-Aldrich): hydrogen peroxide (30%,
Sigma-Aldrich) (3:1 v:v) solution for 30 min at 80°C. The initial
control measurements with POPC vesicles were added directly to
the clean slides. The remaining samples were tethered to cleaned
glass slide using biotin-streptavidin linkage. Culture wells were
incubated with a 0.1mg/ml PLL20-g[3.5]-PEG(2): PLL20-
¢[3.5]-PEG(2)/PEG3.4-biotin (20%) (SuSoS AG, Switzerland),
solution (100:1 w:w) in phosphate-buffered saline (PBS) solution
at pH 6.5 for 30 min. After incubation, the wells were incubated
with 0.1 mg/ml streptavidin (Thermo Fisher) in PBS at pH 6.5 for
15min before rinsing the sample with experimental buffer. All
control samples were diluted to a total lipid concentration of
50nM, with different ratios of red and blue labeled vesicles,
before imaging.

The samples incubated with a-syn were incubated at a lipid
concentration between 0.5 and 2mM and a protein concentration
between 5 and 10puM, resulting in a lipid:protein ratio (L:P)
between 50 and 400. Before imaging, samples with DOPC:DOPS
vesicles were diluted to a total lipid concentration of 50nM, i.e.,
25nM red vesicles and 25 nM blue vesicles. Vesicles consisting of
DOPC:DOPS:GM1 were diluted to a final concentration of 20 nM
before imaging.

Fluorescence microscopy

The microscope system consisted of a customized Nikon
TE-2000U inverted microscope combined with a Nikon Apo
TIRF oil objective (M =60x, NA =1.49). Two diode lasers from the
Cobolt 06.01 series, with central wavelengths of 488 nm and
638 nm, were guided into the microscope for TIRF illumination
of the blue and red channels, respectively. TIRF microscopy has
the advantage of reducing the signal from fluorescent molecules
in the bulk solution. TIRF is for the current experiments not
strictly needed since the fluorescence from vesicles in the bulk
solution is very low, thus other microscopy techniques such as
confocal microscopy and standard epifluorescence microscopy
could also be used in the single-vesicle assay under these
conditions. Fluorescence from the illuminated samples was split
by a dichroic mirror, (405/488/532/635 BrightLine®, Semrock)
and filtered by emission filters (FFO1 512/25 and FFO1 650/13
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from Semrock). The two fluorescence wavelengths were separated
by a Hamamatsu W-WIEW GEMINI (A12801-0) and imaged as
two sub-images onto a 2048x2048 Hamamatsu ORCA-Flash4.0 V3
digital scientific CMOS camera (C13440) with a pixel size of
6.5x6.5um. All measurements were conducted using a 2x2
binning and exposure time of 100 ms.

Analysis program

A custom-written program in MATLAB was developed to
analyze the data. The program reads .tif-files with different sizes,
in either one or two different wavelength channels. In case of
images obtained with one wavelength channel, the program will
only detect the single vesicles and return variables as intensity
and size. Additionally, if the image is obtained using two
wavelength channels, vesicles are colocalized between the
channels. The program is available at https://github.com/
jopeterLU/programs.

All data presented are calculated as mean+ SD from n=3-5
measurements. For each measurement, vesicle data from five
different images were acquired and averaged. A two-sample t-test
in MATLAB was used for the statistical analysis.

Particle detection

Raw data are read from .tif-files into MATLAB 2020b as
two-dimensional arrays and filtered by a low-pass filter. The
background is subtracted by looping a rolling ball algorithm over
all columns of the image to compensate for the Gaussian
illumination profile of the laser beams. The background level is
defined by

BG = [col] - 12 - (kdx)” (1)

where [col] is a column in the two-dimensional image, r is the
radius of the rolling ball, k is the current pixel, and dx is the
spacing of sample points. The background is filtered by a median
filter over a 3x3-pixel area and then subtracted from the raw data
image. The background-subtracted image is finally subjected to a
Gaussian filter.

Single vesicles in the image are detected by creating a
binary mask of the pixels that passes an intensity threshold
depending on a user-determined signal-to-fluctuation ratio,
SFR. The SFR is set by the user at the beginning when using
the program and can be adjusted for every image if needed.
The fluctuation level is pixel specific and is defined as twice the
difference between the median, I, .4 and minimum, I,
intensity row vectors of the two-dimensional image. The
intensity threshold is defined as

1(r, :)th,pos = SFR *2(Imedian (72) = Imin (7)) (2)
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and is hence specific for every pixel, depending on the
two-dimensional fluctuation level. This eliminates further issues
with uneven background intensities due to inhomogeneous
background illumination. The pixels that pass the threshold, i.e. a
“spot’, represent a single vesicle (Figure 2A). Every spot is enlarged
by a 5x5 pixel window, corresponding to an enlargement of a
2-pixel area around the detected spot (Figure 2B). The enlargement
is performed to include the edges of the spot that might not pass the
threshold (Figure 2C). Further, the intensity of the enlarged area of
a spot is integrated to obtain the integrated intensity, I

Lint = leixel(i) (3)

i=1

Since the same enlargement is applied to all spots, the additive effect
is equal for all spots. If no enlargement is done, failing to include the
edges of the spot would lead to greater differences in I, due to the
spread in the intensity distribution of the vesicle population.

The background intensity is calculated for each image by
randomly choosing hundred spots from places where no vesicles
are detected and integrate the intensities. The sizes of the spots
vary from 10 to 100 pixels. The randomly chosen data is used to
make a fit of the background intensity dependence on the spot
size, o, (Figure 2D). A new integrated intensity, I,,, normalized to
the background intensity of a spot of corresponding size, can now
be defined as:

ltot(0)=(lim—IBG(G))/IBG(G) (4)

>
(]

@a

€ 5000 | MM Data
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o

o
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FIGURE 2

(A) Vesicles are detected using a 2-dimensional threshold (Eq. 2)
matrix based on a user-determined SFR (here SFR=2). All red
peaks above the black threshold “floor” are detected vesicles
Note that since the vesicles are smaller than the diffraction limit
of light the measured spot size in the fluorescence microscopy
images does not correspond to their actual size. (B) The area that
is detected as a pixel is enlarged by a 5x5 matrix. The scale bar is
1pm. (C) Intensity from a single vesicle, threshold and baseline.
(D) The background intensity (/zc) dependence on the spot size
(o) for the blue and red channel.

10.3389/fnmol.2022.1007699

The corresponding peak intensity is

Ipeak = (Imax — 186 (1 pixel))/ Igg (1 pixel) (5)

where I, is the maximum intensity of the detected spot. I, the
total intensity of the spot normalized to the background, is used
to detect lipid exchange. During measurements, .. the
maximum intensity of the spot normalized to the background, is
tracked as well to relate peak intensity to integrated intensity, and
to compare size distributions of these two intensity variables.

Colocalizing particles in two channels

In the case of a two-channel image, the procedure described
above is executed for each channel separately. When the spots in
the two channels are detected, the program searches for
colocalization of vesicles between the two sub-images.
Colocalization can be detected by two different methods. The first
colocalization method compares the positions of the spots in both
sub-images and see if there is a vesicle with a center position within
a user-determined area in the second channel (Figure 3A). This
method will further on be referred to as position-detected
colocalization. The second colocalization method applies the mask
from one channel on the second channel and calculates I, in the
second channel. If this integrated intensity is above a threshold set by

Iihint (0) =SFR * Ipg (o) (6)

A

Position-detected Intensity-detected
Red channel  Blue channel colocalization

colocalization

4 =
=
A
Original Drift corrected

B Cc
FIGURE 3

(A) Vesicles can be colocalized by comparing positions. Here, an
area around the center positions of detected vesicles in the first
channel is used to search for center positions in the second
channel (position-detected colocalization). Colocalization can
also be detected by comparing the integrated intensities over the
same areas in the two channels. The mask from one channel is
applied to the second cannel and |, is calculated. The intensities
that pass a SFR-based threshold (Eqg. 6) are colocalized (intensity-
detected colocalization). (B) Image of an overlay of the red and
blue channels of a sample with 100% theoretical colocalization.
All red spots are slightly shifted compared to the blue spots,
indicating that drift correction is needed. The scale bar is 10pm.

(C) Binary image of two detected spots before (left) and after
(right) drift correction. The scale bars are 1lum.
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the vesicles are considered colocalized. This method will
further on be referred to as intensity-detected colocalization
(Figure 3A). To compensate for differences in positional
alignment and chromatic effects between the two channels the
user has the possibility to “drift correct” the images
(Figure 3B-C). To do this, the two sub-images are cross-
correlated. The drift offset between the sub-images is obtained
by finding the maxima in the correlation matrix. If the user
does not want to drift correct, the program gives the
alternative to shift the channels before starting the analysis.
The drift of the detection system must then be known
beforehand. This can be done using a reference colocalized
sample and analyze the images with drift correction. The
offset can then be applied to the rest of the images that are
analyzed without drift correction.

When the program has analyzed colocalization of the first
image in the stack, a composite of the binary masks for the two
sub-images are shown with the colocalized spots circled in white.
Spots are plotted either red, for the left channel, or blue for the
right channel. The user then has the choice to continue or cancel
the analysis. If the user decides to continue, this can be done either
interactively as with the first image or non-interactively, meaning
that the image with detected spots or the composite of colocalized
spots will not be shown, and that the program will analyze the
remaining images without presenting the user with the possibility
to change parameter values.

10.3389/fnmol.2022.1007699

Results

Single-vesicle detection and
characterization in one channel

The ability to detect vesicle fusion, fission, and lipid exchange is
dependent on the ability to correctly detecting single-vesicle
intensities and positions. For this purpose, vesicles labeled either
with AF488 (blue) or Cy5 (red) were used (Figure 4A). The number
of adsorbed vesicles on the glass slide was found to scale linearly
with the concentration of added vesicles (Figures 4B,C) and at a
concentration of 25 nM lipids, the number of adsorbed vesicles was
just below 200 for both the blue and red channel. There is typically
a spread in the peak fluorescence intensity, L. (Eq. 5), from a
vesicle (Figures 4D,E), partly due to differences in illumination
across the sample, an issue that can be reduced by image cropping
and analysis of vesicles from only the part of the image where the
illumination is most flat. However, the main reason for the spread
in intensity is due to an inherent spread in the vesicle size within the
vesicle population. Figures 4EG show the normalized integrated
intensity, I (Eq. 4), from each detected vesicle, which has a similar
spread as the peak intensities. Both the I, and I, distributions
could be fitted by a Weibull distribution since these intensities, for
small vesicles, scale approximately linearly with vesicle size, in
accordance with Fang et al. (1993). The fits to L (L) gave a
population maximum of 8.2 (1.8) and 14.4 (1.5) for the blue and red
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(A) Illustration of the detection process. The vesicles are shown as spots in the two-dimensional image. The number of vesicles is counted, and
the peak intensity (I,..) as well as the integrated intensity (l,) of the individual vesicles are calculated. (B,C) The number of detected vesicles in the
channels as a function of added lipid concentration. The data correspond to mean+SD from n=3-5 measurements. The solid lines are linear fits to
the data. (D,E) Peak intensities, |,..« (Eq. 5), of vesicles in the red and blue channel from one representative measurement. The solid lines are fits to
a Weibull distribution. (F,G) Integrated intensities, | (EqQ. 4), of vesicles in the red and blue channel from one representative measurement. The
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channel, respectively. Both intensity variables have similar accuracy,
but for simplicity only I, is presented in the following results.

Vesicle detection and colocalization in
two channels

The accuracy of the colocalization by the single-vesicle assay
was assessed by measuring on vesicles having blue, red, or blue +
red fluorophores in different molar ratios (Figure 5A). The ratios
were chosen to correspond to 0, 25, 50, 75, and 100% vesicles
containing both dyes and thus mimicking fusion events.
Figures 5B,C show the percentage of colocalized vesicles detected
compared to the theoretical values from the mixed samples for
position-detected and intensity-detected  colocalization,
respectively. The solid lines are linear fits of the drift-corrected
data (25-100% colocalization) with slopes of 0.89 and 1.01 for
position-detected and intensity-detected  colocalization,
respectively. Both colocalization schemes thus agree reasonably
well with the theoretical values, although with a slight drop in
colocalization for the 100% sample, and with better agreement
with the theoretical values for the intensity-detected colocalization.
A reason for this is that intensity-detected colocalization is better

at detecting small or unfocused vesicles from the data that the

10.3389/fnmol.2022.1007699

position-detected colocalization could miss. Thus, if the data
indicates sufficiently high fusion (more than 25% colocalization),
the data is more accurately analyzed by intensity-detected
colocalization. The experimental values of the 0% colocalized, not
drift corrected, samples have a mean value of 0.53% using
position-detected and 4.81% when using intensity-detected
colocalization. Thus, for samples with low colocalization, position-
detected colocalization is preferable whereas intensity-detected
colocalization tends to find “false” vesicles from the background.
Using automatic drift correction for samples with 25% or higher
theoretical colocalization leads to more colocalized vesicles and
values close to the theoretical ones (Figures 5B,C). Thus, automatic
drift correction is advantageous on colocalized samples, but only
works when there are colocalized vesicles in the image; otherwise,
there will be false colocalization that results in a higher
colocalization in the sample.

Figures 5D,E show the normalized integrated intensity I,
(Eq. 4) for detected vesicles in the red (blue) channel when the
positions obtained in the blue (red) channel are being used as
“mask.” This was done for samples with 0% theoretical lipid
exchange (no vesicles are both blue and red) and 100%
theoretical lipid exchange (all vesicles are both blue and red).
“Detected vesicles” refers to vesicles that are detected in the
red (blue) channel and 0 and 100% exchange refers to when
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FIGURE 5
(A) Fluorescence images of two samples of vesicles, either all vesicles are blue or red (0% colocalization) or all vesicles are both blue and red (100%
colocalization). The red and blue channels are merged, and the scale bars are 10pm. (B,C) The measured colocalization as a function of theoretical
colocalization for data that is not drift corrected (green) and data that is drift corrected (black). The data corresponds to mean+SD from n=3-5
measurements. The solid lines are linear fits to the drift corrected data. (D,E) The integrated intensity |, (Eq. 4) distribution for the vesicle
population collected from 1 to 3 measurements. Detected vesicles correspond to vesicles that are detected in the red (blue) channel and 0 and
100% lipid exchange refers to values when the mask from the blue (red) channel is applied to the red (blue) channel for samples with 0 and 100%
lipid exchange.
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the mask from the blue (red) channel is applied to the red
(blue) channel for samples with 0 and 100% lipid exchange.
The results in Figures 5D,E validate the colocalization analysis
as well as provide a method to quantify lipid exchange, and
fusion by comparing the obtained values with the
corresponding <[, >for the “Detected vesicles” in that
channel. From Figure 5D,E, the 0% lipid exchange sample has
an <l >of 0.05+0.03 and 0.09 +0.04 for the red and blue
channel, respectively, which can be compared to <I,,, > for the
detected vesicles of 3.60 +0.64 and 2.32 £ 0.93, corresponding
to a lipid exchange of 1+ 1% and 4 +2% for the red and blue
channel, respectively. This sets a limit for the sensitivity of
detecting lipid exchange in the two channels. For the 100%
lipid exchange sample the corresponding <I,, > values are
3.65+1.23 and 2.35+0.42 for the red and blue channel,
respectively, which are similar to the values for the detected
vesicles, corresponding to a lipid exchange of 101 £39% and
101 +44% for the red and blue channel, respectively. There was
no statistically significant difference between the detected
vesicles and the 100% colocalized sample for neither channel.
However, there was a statistically significant difference
between the detected vesicles and the 0% colocalized sample
(p<0.01 for both channels).

10.3389/fnmol.2022.1007699

a-syn does not induce vesicle fusion or
lipid exchange in DOPC:DOPS vesicles

a-syn was incubated with DOPC:DOPS (7:3) vesicles at
different lipid-to-protein ratios for up to 48h after which the
samples were analyzed using the single-vesicle intensity and
colocalization fluorescence microscopy assay (Figures 6A,B).
Samples incubated with o-syn had an average of 1.3+£0.2%
position-detected colocalization over all time points, compared to
control vesicles that had 1.2+0.3% colocalization (Figure 6C),
which is equivalent to no detectable fusion within the experimental
accuracy. The <I,,> value averaged over all time points for vesicles
incubated with a-syn was for the red channel 0.08 £0.03 and for
the blue channel 0.06 +0.03. Both these values are within error the
same as the corresponding values for vesicles without a-syn
(Control) that had an <I,> of 0.09 +0.02 and 0.05+0.02 for the
red and blue channel, respectively. To get a measure of lipid
exchange, these values can be scaled to the corresponding values
for “detected vesicles,” which were 1.66+0.28 and 1.44 +0.23 for
the red and blue channel, respectively, resulting in an average lipid
exchange for the two channels of 4+2% in absence of a-syn and
5+3% in presence of a-syn (Figure 6D). There was no statistically
significant difference between vesicles in absence and presence of
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(A) Illustration of the mixing of a-syn with vesicles and the resulting outcome. (B) A fluorescence image of blue and red vesicles mixed with a-syn
and docked to a glass slide for single-vesicle analysis. The image is an overlay of the two wavelength channels and the scale bar is 10pm. (C,D)
Measured percentage of colocalized vesicles and amount of lipid exchange after incubating DOPC:DOPS vesicles with a-syn compared to vesicles
without a-syn (Control). The results are averages over all L:P ranges. The data correspond to mean+SD from n=3 measurements. (E-H) The
number of vesicles and average integrated intensity </,,> (Eq. 3) in the red and blue channel for different L:P ratios and incubation times compared
to the control sample without a-syn. The data correspond to mean+SD from n=3 measurements.
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a-syn. Also, the number of vesicles and <[> (Eq. 3) behaved The number of detected vesicles, N, increased by 91 +13% and the
similarly to the control vesicles and did not change significantly integrated fluorescence intensity per vesicle, <I,,>, decreased by
over 48h (Figures 6E-H). Altogether, this indicates that a-syn 57+10% after 10 min of incubation with a-syn (Figures 7C,D),
does not induce any vesicle fusion, fission or lipid exchange within which is statistically significant (p <0.002). Almost all vesicles had
48h for vesicles consisting of DOPC:DOPS. divided into smaller vesicles, but most of these vesicles were still

large enough to be detected. However, the total fluorescence signal
from the sample, Nx <I;,>, had decreased slightly compared to

a-syn induces vesicle fission in the control sample without a-syn (18 +23% lower) indicating that
GM1-containi ng vesicles some fission, or fragmentation, into vesicles below our detection
limit was taking place. There was no statistically significant change
To investigate fission with our single-vesicle assay, we added in vesicle intensity (2 +11%) or in population size (12 +8%) when
GM1 to the vesicles at a 10mol% ratio. To detect fission, the the vesicles only contained DOPC:DOPS. After 24h, the
fluorescence intensity and number of vesicles were analyzed for GM1-containing vesicles showed a 68 + 9% increase in number of
red labeled vesicles after being incubated with a-syn at a L:P ratio vesicles combined with a 75+ 5% decrease in average intensity
200:1 for different times (Figures 7A,B). The inclusion of the lipid (Figures 7C,D), compared to the control vesicles without a-syn,
GML1 in the lipid vesicles and the addition of a-syn resulted in an which is statistically significant (p<0.001) The sample had a
increase in the number of vesicles combined with a decrease in the 58+10% drop in the total fluorescence signal compared to the
integrated intensity per vesicle already after 10 min (Figures 7C,D). control DOPC:DOPS:GM1 sample without a-syn after 24 h. Thus,
A
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(A) Illustration of the measurement. Mixing a sample of fluorescently labeled vesicles containing 10 mol% GM1 with a-syn results in more vesicles
but with lower intensity per vesicle. (B) Image of samples in absence (top) and presence (bottom) of a-syn. The scale bars are 10pm. (C,D) Relative
changes in integrated intensity (A</,,>; Eq. 3) and number of vesicles (AN) for vesicles containing DOPC:DOPS:GML1 (7:2:1) and DOPC:DOPS (7:3)
incubated with a-syn compared to vesicles without a-syn. The data correspond to mean+SD from n=4 measurements. (E) /. (Eq. 3) population
distribution from one representative measurement for DOPC:DOPS:GML1 vesicles either without a-syn incubation (Omin; black circles), 10min
a-syn incubation (blue circles) or 24h «-syn incubation (yellow circles). The solid lines are fits to a Weibull distribution. (F) Change in integrated
intensity (A</;,>) and number of vesicles (AN) for DOPC:DOPS:GM1 and DOPC:DOPS vesicles over 24h in absence of a-syn. The data correspond
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most of the vesicles were now smaller than the detection limit.
That vesicles were not detected in this case can also be observed
from Figure 7E where the intensity histograms are shifted towards
smaller intensity values, and after 24 h a substantial part of the left
tail of the population is below the detection limit. There was again
no statistically significant change in population size (6 £10%) or
in vesicle intensity (—=1+9%) when the vesicles only contained
DOPC:DOPS, indicating that no fission had occurred in this case.
Furthermore, without a-syn, both the DOPC:DOPS and the
DOPC:DOPS:GML1 vesicles appeared stable over 24 h, showing no
change in intensity or number of vesicles (Figure 7F).

Discussion

The single-vesicle intensity and colocalization fluorescence
microscopy assay described here, in combination with the
MATLAB analysis program, was developed to provide an
interactive tool suitable for fluorescence microscopy image
analysis and detection of vesicle fusion, fission, and lipid exchange.
The control measurements using red, blue, and red+blue labeled
vesicles with known composition showed that the method can
detect colocalization and quantify differences in vesicle intensities
and number of vesicles with high precision in order to characterize
these events. The assay was in addition used to study how a-syn
influences different lipid vesicles to better understand the
physicochemical mechanism of a-syn interacting with
lipid membranes.

From the analysis of DOPC:DOPS vesicles mixed with a-syn,
it was concluded that a-syn does not induce detectable vesicle
fusion, fission or lipid exchange between DOPC:DOPS (7:3)
vesicles within 48h. This agrees with recent conclusions by
Makasewicz et al., that shape deformations of DOPE:DOPC:DOPS
(5:3:2) vesicles in presence of a-syn detected by cryo-TEM (Fusco
etal,, 2016; Man et al., 2020), would be mainly deformation of the
vesicles upon binding of the protein, without any changes to the
lipid content of the vesicles (Makasewicz et al., 2022). If the
vesicles contain GM1, it was found that the addition of a-syn
results in a rapid increase of the number of vesicles in the sample,
in agreement with previous results obtained by cryo-TEM (Gaspar
et al., 2021). After 10 min, the sample contained almost twice as
many vesicles as prior to a-syn addition and the average intensity
per vesicle approximately halved, indicating that most of the
vesicles in the sample had undergone fission once. In the absence
of a-syn, the vesicle intensities remained unchanged, thus binding
of a-syn to GMI-containing vesicles facilitates fission. One
possible mechanism is that the large head group and the short tail
of GM1 allow the protein to penetrate deeper into the membrane
upon association. Altogether, this indicates that although a-syn
could assist in the docking process during exo-and endocytosis in
the neuron, it would likely not induce fusion or lipid exchange on
its own. However, a-syn can induce vesicle fission and thereby
disturb the vesicle trafficking in the neuron and interfere with the
intercellular signaling.
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After 24 h incubation of a mixture of GM1-containing vesicle
and a-syn the most prevalent vesicle size was 4 times smaller than
in the control samples without protein (Figure 7E). In addition,
58% of the vesicles were now so small that they were below the
detection limit. It is thus possible from the population information
to compensate for vesicles too small to be detected, whereas this
is more complicated and generally requires more elaborate fitting
using bulk methods. On the other hand, bulk methods such as
DLS and FCCS have the advantage that no docking of the vesicles
to a surface is needed. Although the results in this study are in
agreement with the results obtained from bulk techniques, care
must be taken when docking vesicles to the glass cover slide to
avoid unspecific interactions. In addition, label-free techniques
such as DLS and cryo-TEM have the advantage that no addition
of fluorophores to the studied vesicles is needed to quantify
changes in vesicle size. Even though the density of the fluorescent
lipid in our single-vesicle assay is low (<1 mol%) care should
be taken to ensure that the fluorescent lipid does not alter the
behavior of the vesicles. Data of the actual size of the vesicles can
be obtained using DLS and cryo-TEM, the latter also yielding
information on the size of individual vesicles although
deformations of the vesicles can compromise the accuracy of this
approach. It is also possible to convert the measured fluorescence
intensity using our single-vesicle assay into actual vesicle size by
first measuring the fluorescence intensity from one fluorescent
lipid and use this to obtain the number of fluorescent lipids per
vesicle which in turn can be used to estimate the vesicle size.
Alternatively, fluorescent calibration samples of known size can
be used to convert between fluorescence intensity and actual
vesicle size (Kunding et al., 2008). Another approach to get actual
vesicle sizes would be to use super-resolution fluorescence
microscopy techniques that overcome the diffraction limit
(Sezgin, 2017).

The sensitivity of the assay is partly limited by the homogeneity
of the passivated surface and the vesicle sample. An
inhomogeneous surface will result in a higher or lower number of
vesicles being tethered to different areas of the surface. A deviating
number of vesicles in the image can be misinterpreted as fusion or
fission. The impact of this issue was minimized by always imaging
each sample on at least five different areas and taking a mean value
of these five images. Further, the effect of docking vesicles by
biotin-streptavidin linkage on a passivated surface compared to
docking vesicles on a plain glass surface using a salt-containing
buffer was investigated. Ideally, properly cleaned glass slides will
provide a homogeneous docking surface, but interactions between
lipid bilayers or lipid bilayers and proteins are often driven by
electrostatic interactions and will hence be affected by salt. This is
the case for interactions between a-syn and lipid bilayers.
However, both tethering the vesicles on a passivated surface in
MES buffer, pH 5.5, without any extra salt, or on glass slides in
HEPES buffer, pH 7.4 containing 150mM NaCl, was found to
produce similar results for the studied system. Furthermore, the
homogeneity of the vesicle sample limits the sensitivity of the
intensity distribution. A polydisperse sample will be more difficult
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to detect since small or weekly fluorescent vesicles can
be dismissed during the image analysis. Combined tracking of
population and intensity changes is hence crucial to assure correct
detection of fission and fusion events. The minimum size and
intensity depend on the noise level of the detector and on the
amount of dye that is incorporated in the vesicles, which must
be adjusted with respect to the stability of the lipid membrane and
the saturation intensity of the detector to obtain optimal results.
Hence, the detection limits of the specific system can be optimized
by changing illumination intensities, using detecting sensors with
lower dark current values, and changing the amount of
fluorophores in the vesicles.

Automatic drift correction of the positions in the two channels
can be used to improve colocalization. However, the drift
correction of the wavelength channels might result in falsely
colocalized vesicles if there is a low amount of colocalization in the
sample. For example, for the 0% theoretical colocalization samples
in Figures 5B,C the measured colocalization when automatic drift
correction was used was 3.5 and 6.4% for position-detected and
intensity-detected colocalization, respectively. If there is a drift
between images for a sample with low colocalization then an
option is to find the drift offset of the image using a reference
sample of 100% colocalized vesicles, and then use that offset in the
colocalization analysis without drift correcting the images. Which
method that should be used (position-detected or intensity-
detected) depends on the sample.

In summary, the single-vesicle intensity and colocalization
fluorescence microscopy assay can detect and quantify vesicle
fusion, fission, and lipid exchange events within a vesicle
population based on the colocalization and characterization of
vesicles with two different fluorescent dyes. For the analysis of the
images, an open-source MATLAB program was developed, which
can also compensate for imperfections in the imaging process.
We illustrated the potential of our method by studying the
influence of a-syn on lipid vesicle morphology in terms of fusion
and fission events as well as lipid exchange. Although the added
protein in this study was unlabeled, the method can be easily
adopted to include fluorescently labeled proteins and thereby
investigate the impact of absorbed amount of protein per vesicle
on parameters such as lipid vesicle size and mixed content.
Further, the fusion of vesicles to a supported lipid bilayer under
different solution conditions can be studied by labeling the initial
bilayer and the fusing vesicles with different fluorophores. It is also
possible to combine the method with microfluidic handling to
increase the time resolution of the experiments and for automating
measurements over longer time scales. In addition, by measuring
the FRET signal between the blue and red channels, it would
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