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Abstract
While the role of Synaptotagmin-1 in living cells has been described in detail, it
remains a challenge to dissect the contribution of membrane remodelling by its
two cytoplasmic C2 domains (C2AB) to the Ca2+-secretion coupling mechanism.
Here, we study membrane remodeling using pairs of optically-trapped beads
coated with SNARE-free synthetic membranes. This activity is compared to that
of Doc2b, which contains a conserved C2AB domain and induces membrane
tethering and hemifusion in this cell-free model. We find that the soluble C2AB
domain of Syt1 strongly affects the probability and strength of membranemembrane interactions in a strictly Ca2+- and protein-dependent manner.
Single-membrane loading of Syt1 yielded the highest probability and force of
membrane interactions, whereas in contrast, Doc2b was more effective after
loading both membranes. A lipid-mixing assay with confocal imaging reveals
that both Syt1 and Doc2b are able to induce hemifusion; however, significantly
higher Syt1 concentrations are required. Consistently, both C 2AB fragments
cause a reduction in the membrane bending modulus, as measured by an AFMbased method. This lowering of the energy required for membrane deformation
likely contributes to Ca2+-induced fusion. In living systems, this activity may add
to the previously characterized interactions with proteins of the secretory
apparatus. Overall, our study sheds new light on the mechanism of Ca2+ induced
fusion triggering, which is essential for a fundamental understanding of
secretion of neurotransmitters and endocrine substances.
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5.1 Introduction
Ca2+ sensor proteins tightly control the secretion of neurotransmitters and
endocrine substances. After the arrival of an action potential to the synaptic
terminal, Ca2+ influx triggers the fast fusion of synaptic vesicles with the
presynaptic plasma membrane. This process depends on SNAREs, Munc18-1,
Munc13s, complexins and Ca2+ sensor proteins such as Synaptotagmin-1 (Syt1),
among other proteins1. Syt1 contains a single transmembrane domain and two
cytoplasmic C2 domains (together named C2AB). The C2A and C2B domains can
bind three and two Ca2+ ions, respectively, accompanied by binding to
phosphatidylserine in the membrane2. The C2AB domain also binds to
phosphatidylinositol 4,5-bisphosphate and SNARE proteins3-6. Ca2+ binding is
thought to be the direct trigger for vesicle fusion1,2,7. Other C2-domaincontaining proteins such as Doc2b, which contributes to spontaneous
neurotransmitter release, similarly interact with membranes and SNARE
proteins to trigger fusion8,9.
Despite extensive research, the exact role of Syt1 in membrane fusion, and in
particular, its membrane-bound configuration before and during fusion, remain
uncertain. Several mechanisms have been suggested; the “clamping hypothesis”
proposes that Syt1 (together with complexin) prevents fusion in the absence of
Ca2+ signal10. Syt1 is also proposed to bring the vesicle and plasma membranes
into close proximity upon Ca2+ binding, thus assisting fusion11,12. The C2AB
domain of synaptotagmin-1 was demonstrated to directly bridge the membranes
through simultaneous binding of the Ca2+-binding loops and other regions of the
C2B domain – coined the ‘direct bridging mechanism’12,13. These other regions
may involve conserved basic lysines14-16 (K326,327) and, although debated, two
conserved arginines12,17 (R398 and R399). It was also demonstrated that upon Ca2+
binding, the Ca2+-binding loops not only associate with, but insert into the
membrane18-20. This insertion penetrates one leaflet of the membrane to
approximately the depth of lipid glycerol backbones7,21, thereby inducing local
membrane curvature 22-24. Full membrane fusion is associated with complete
SNARE complex assembly, leading to pore formation and release of the vesicle
cargo, while Syt1 contributes also to pore expansion25-27. Two other studies led
to another possible mechanism involving the interaction of protein oligomers
bound on both membranes or so called ‘oligomerization mechanism’ 28,29,
although such oligomerization may arise because of insufficient purification of
the soluble synaptotagmin-1 fragment used13. Nevertheless, very recent work
proposed a different mechanism according to which synaptotagmins form ringlike oligomers that facilitate vesicle docking, while their disassembly, coupled to
Ca2+ influx, triggers SNARE-driven fusion30-32. There is also evidence that Syt1SNARE interactions are critical for neurotransmitter release, although the
relevant binding mode(s) are still under debate 3-5. In summary, despite the
wealth of information available, the mechanisms by which Syt1 and other Ca 2+
sensor proteins facilitate membrane fusion remain unclear.
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Here, we study membrane remodeling using pairs of optically-trapped beads
coated with SNARE-free synthetic membranes. Through the in vitro observation
of single membrane-membrane interactions we aim to unravel how direct C2ABphospholipid interactions contribute to initiation of membrane fusion. We
reveal distinct differences in membrane interactions of two structurally similar
calcium sensor proteins, providing us with a mechanistic understanding why
Doc2b and Syt1 act differently. Moreover, the results support the idea that Syt1
acts according to a direct bridging mechanism and Doc2b might have
preference for protein-protein interactions. Overall, our study sheds new light
on the mechanism of Ca2+ induced fusion triggering, which is essential for a
fundamental understanding of secretion of neurotransmitters and endocrine
substances.

5.2 Results
Membrane interactions induced by Syt1-C2AB are Ca2+- and proteinconcentration dependent. We probed single membrane-membrane
interactions induced by Syt1-C2AB using a combination of optical tweezers and
confocal fluorescence microscopy. Two microspheres (3.84µm in diameter)
coated with single phospholipid bilayers (PC:PS:Chol, 50:20:30, unless otherwise
specified) were brought into contact by an automated approach-and-separation
method, as previously described33 (Fig. 5.1A). By monitoring the forces upon
approach and retraction of the beads in the presence of proteins, we can: i)
detect the presence of tethers from the change in force (see event 3 in Fig. 5.1A
and force-time plot in Fig. 5.1B; ii) quantify the tether strength, which is the
force at which the beads become disconnected upon membrane pulling (rupture
force, Fig. 5.1B); iii) visualize, using confocal microscopy, single tethers in the
presence of labelled proteins (Syt1-C2AB-mCherry, Fig. 5.1C top panel) or
labelled phospholipids (1% Rhodamine-PE, Fig. 5.1C bottom panel).
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Figure 5.1: Membrane interactions captured with optical tweezers and confocal fluorescence

5

microscopy. (A) Schematic (not to scale) of the dual-beam optical trapping setup used to manipulate
two polystyrene microbeads (grey) coated with a phospholipid bilayer (blue) in the presence of
proteins (green) and Ca2+ ions (yellow dots), panel 1. The liposomes are brought into contact for 5 s
(panel 2) and moved away (panel 3) with a constant velocity, by an automated approach-andseparation method. The force on the left fixed trap is measured. (B) Typical force-time plot showing
8 consecutive interactions. The force is zero when the liposomes are apart (1). A positive force occurs
during membrane contact (2) and a negative force occurs during bead separation (3), indicative of
tether formation. The rupture force (indicated by grey arrow) is used to quantify the strength of
each tether. (C) Confocal fluorescence images of membrane tethers visualized in the presence of
labelled proteins (Syt1-C2AB-mCherry, top panel) or labelled phospholipids (1% Rhodamine-PE,
bottom panel) on both beads. Scale bars: 1 µm.
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Figure 5.2: Membrane interactions induced by Syt1-C2AB are Ca2+- and protein-concentration

dependent. (A) Probability of membrane interactions with increasing Ca2+ concentration (in the
absence of proteins or presence of 0.2 M Syt1 C2AB, grey and orange histogram, respectively).
Number of approach and separation cycles (N) are indicated. At least ten bead pairs were measured
for each sample, with ten cycles for each bead pair. Error bars are statistical error. (B) Median tether
rupture forces at different Ca2+ concentrations, error bars are SD from bootstrapping. Inset:
cumulative distribution functions (Norm. CDF) of the rupture forces (colour coded from yellow to
red as the Ca2+ increases), from which the median forces are calculated. (C) Probability of membrane
interactions with increasing Syt1-C2AB concentration (at fixed 0.5 mM CaCl2). Number of
interactions (N) are indicated. Error bars are statistical error. (D) Median rupture forces with
increasing Syt1-C2AB concentration. Error bars are SD from bootstrapping. Inset: normalized CDF
of the rupture forces recorded (colour coded from light to dark green as the Syt1 concentration
increases). In (B) and (D), the grey background gradient marks the maximum force region that can
be determined with the optical trap at the set laser power (5 W) and beads size (Ø=3.84 m). Error
bars in rupture forces plots are standard deviation of the bootstrapped median rupture force values.

To use this approach for studying C2AB – membrane interactions, we first
established that the observed membrane tethers were Syt1-C2AB–dependent
(Fig. 5.2 and supplementary Fig. S5.1). By increasing the Ca2+ concentration in
the presence of 0.2 µM Syt1-C2AB in solution, the probability of interactions
increased from 40% at 100 µM Ca2+ to 83% at 500 µM Ca2+ (Fig. 5.2A). In the
absence of protein, the probability of tether formation was lower than 3% at any
of the Ca2+ concentrations tested (Fig. 5.2A). The normalized cumulative
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distributions of the tether rupture forces (Fig. 5.2B, inset) and the median of
these distributions (i.e. the forces at which half of the observed interactions
break; Fig. 5.2B) reveal that the tether strength is approximately proportional to
the Ca2+ concentration. Furthermore, the probability of interactions (Fig. 5.2C)
and the median rupture forces (Fig 5.2D) at constant Ca2+ concentration (500
M) increased as a function of the protein concentration. These results
demonstrate that our method is suitable for detecting C 2AB specific
interactions.

Optimal membrane bridging. To investigate how the above described
membrane binding activity is supported by different protein-membrane binding
modes we employed two experimental arrangements, called “symmetric” and
“asymmetric”. In the asymmetric configuration, illustrated in Fig. 5.3A, upper
panel, the proteins were bound only on one membrane-coated microsphere and
brought into contact with a protein-free membrane on the other microsphere.
In the symmetric case, proteins were bound to both membranes, as
schematically shown in Fig. 5.3A (bottom panel) and visualized with fluorescence
in Fig. 5.1C. The confocal imaging confirms that, in the asymmetric
configuration, Syt1-C2AB-mCherry remained bound only to a single membranecoated microsphere, suggesting that protein redistribution by membrane
dissociation and re-association was minimal over the time course of the
experiment. Syt1-C2AB-mCherry was also present on a tether that extended
from the protein-coated bead (fluorescence image Fig. 5.3A, middle panel, and
supplementary Fig. S5.2A). This tether configuration, i.e. extension from one of
the beads, was observed also in symmetric protein configurations with a single
phospholipid-labeled bead (supplementary Fig. S5.2). We note that all force
measurements presented in this manuscript were obtained with unlabeled
proteins, while mCherry Syt-1 was only used for imaging. As shown in Fig. 5.3B,
Syt1-C2AB was more effective in the asymmetric configuration, resulting in a
more than 2-fold higher probability of interactions and 3-fold stronger tethers
(Fig. 5.3B). This behavior was consistent at different Syt1 concentrations, as
shown in supplementary Fig. S5.1, which also demonstrates that the protein was
not saturated under these conditions. Our liposome aggregation assay provides
further evidence that the protein concentrations used throughout the optical
tweezers experiments are below the saturation limit, as shown in supplementary
Fig. S5.3. Performing the same experiments with Doc2b revealed the opposite
behavior: the probability of interactions and rupture forces were strongly
enhanced in the symmetric configuration (Fig. 5.3C). Statistical significance of
the results was determined by a two sample Kolmogorov–Smirnov test. This is a
two-tailed nonparametric test that quantifies the distance between the
empirical distributions of two data sets, where the null hypothesis states that
the two samples are drawn from the same distribution. Rupture forces in
symmetrical vs asymmetrical configurations were found to be significantly
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different for both Syt-1 and Doc2b with P<0.05. The distinct results obtained
with the two proteins are unlikely to arise from differences in their membrane
affinities, as measurements of liposome aggregation as a function of protein
concentration yielded similar EC50 values for the two proteins (Fig. S5.3). The
activity of Syt1-C2AB showed an optimum at 0.8 µM in the liposome aggregation
assay. The reduced clustering activity at higher Syt1 concentrations may be due
to prevalence of symmetric (protein-protein) interactions under such
conditions.

Figure 5.3: Optimal tethering by Syt1 and Doc2b loaded on single and dual membranes,

respectively. (A) Schematic of the two experimental configurations used. Asymmetric: protein was
bound to a single membrane-coated bead (upper panel), as confirmed by confocal imaging where
Syt1-C2AB-mCherry (0.5 M Syt1, 0.25 mM CaCl2) was bound to the left bead and decorated the
tether structure, but not the other bead. Note that at other times the tether was drawn from the
dark bead and no bias of tether extension towards labelled lipids was observed. Symmetric: proteins
were bound to both beads (bottom panel, see Fig 5.1C for confocal image). Scale bar: 1µm. (B) Left:
Probability of Syt1-mediated membrane interactions in the asymmetric (dark grey) and symmetric
(green) configurations. Error bars are statistical error. Right: Median rupture force in the two
configurations. Error bars are SD from bootstrapping. (C) Left: Probability of Doc2b-mediated (0.05
M Doc2b, 0.25 mM CaCl2) membrane interactions in the asymmetric (light grey) and symmetric
(magenta) configurations. Error bars are statistical error. Right: Median rupture force in the two
configurations. The gradient in the symmetric configuration indicates a lower limit of this
quantification (i.e. upper limit of our trapping force). Error bars are standard deviation of the
bootstrapped median rupture force values. Note: the lower concentration of Doc2b compared with
Syt1 is so chosen in order to be within the range of break forces that can be experimentally
quantified.
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The impact of lipid composition. The presence of cholesterol is known to
increase the efficiency of membrane fusion, likely by facilitating membrane
curvature changes that lower the energy barrier for fusion 34,35. To explore the
effect of cholesterol on C2AB-mediated membrane-membrane interactions by
Syt1 and Doc2b, we performed the same experiments in the presence or absence
of cholesterol (PC:PS, 80:20 and PC:PS:chol, 50:20:30). We tested the two Ca 2+
sensors in their most efficient configurations, (i.e. asymmetric for Syt1 and
symmetric for Doc2b). The probability of interactions did not increase further
for Syt1-C2AB (Fig. 5.4A, left panel), but a trend of increase in the median rupture
force was observed, (Fig. 5.4A, right panel). In the case of Doc2b, cholesterol
significantly increased both the probability of interactions and the tether
strength (Fig. 5.4B, cumulative distribution functions for the data presented in
supplementary Fig. S5.4). Statistical significance of the results was determined
by a two sample Kolmogorov–Smirnov test. Using this test to compare the
distributions of tether break forces with and without added cholesterol in the
membrane, we find that the difference for Doc2b and Syt1 mediated tether break
forces are statistically significant with P<0.005.

5

Figure 5.4: Cholesterol significantly increases strength and probability for Doc2b mediated

tethers. Probability of interactions and median rupture forces for membranes containing only
PC/PS (80:20) and in the presence of cholesterol (30%, + Chol): (A) Syt1-mediated interactions tested
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in the asymmetric configuration (0.5 M, 0.25 mM CaCl2). (B) Doc2b-mediated interactions tested in
the symmetric configuration (0.05 M, 0.25 mM CaCl2). Number of approach and separation cycles
(N) are indicated. Error bars in probability plots are statistical error; error bars in rupture forces
plots are standard deviations of the bootstrapped median rupture force values.

In addition to Cholesterol, another lipid that is believed to be important for Syt1
activity is PIP2. It is known to play an important role in determining binding
specificity, as well as decreasing the rate of dissociation of Syt1 from the
membrane while also enhancing its membrane penetration. In addition, it was
shown to lead to preferential association of the Syt1 C2B domain with the plasma
membrane in the low Ca2+ state before fusion (and not with the vesicle
membrane). We therefore examined the effect of 1% PIP2 addition on the
strength and probability of interactions in our system, Fig. S5.7. With added PIP2
at 1%, we did not find statistically significant differences in rupture forces and
probability of interactions.

Syt1 and Doc2b can form different membrane tethers. To understand
the membrane configuration in the tether structure, we used live confocal
fluorescent microscopy to differentiate between protein-mediated membrane
bridging and hemifusion events. To this end, one of the trapped beads was
labeled with a fluorescent phospholipid tracer (PC:PS:Rhodamine-PE, 79:20:1 or
PC:PS:chol:Rhodamine-PE, 49:20:30:1) while the other bead was unlabeled
(PC:PS, 80:20 or PC:PS:chol 50:20:30). The beads were brought into contact and
separated to a distance of 200-300 nm in the presence of Syt1 or Doc2b, with
the whole process of approach, waiting in contact and separation to a small
distance lasting ~10 sec. Once tether formation was measured as a force
increase, continuous confocal imaging was used to monitor the fluorescence of
the dark bead. If hemifusion occurs, phospholipid mixing is expected to cause a
fluorescence increase in the outer leaflet of the dark bead (see schematic in Fig.
5.5A). The same method was previously used to demonstrate that Doc2b can
induce hemifusion, while lack of full fusion is evident from a lipid mixing assay 33.
(We cannot completely exclude the less likely possibility of lipid transfer
mediated by the protein.) Typical images from such experiments are shown in
Fig 5.5B, for one bead pair in the presence of 0.5 M Syt1 (green) showing no
hemifusion, and one bead pair in the presence of Doc2b (magenta) at 0.7 M
showing hemifusion, as seen also from the corresponding fluorescence intensity
for this bead pair in Fig 5.5C, where the fluorescent signal of the dark bead
increased markedly due to lipid mixing. This concentration, which is higher than
used in Fig. 5.3, was experimentally chosen in order to increase the detected
hemifusion events. To explore the conditions that allow hemifusion, we tested
multiple bead pairs at different protein concentrations and different
configurations (symmetric/asymmetric), as well as different lipid compositions
(with/without cholesterol). These measurements are summarized in Fig 5.5D;
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for low concentration of Syt1 C2AB (0.5 M), no hemifusion occurred regardless
of the presence of cholesterol and regardless of the symmetric or asymmetric
configuration. However, at high Syt1 C2AB concentration, we observed a
remarkable effect: while no hemifusion occurred in the symmetric
configuration, the asymmetric configuration yielded hemifusion in 53% of the
cases. Doc2b induced hemifusion already at low concentration of 0.7 M. These
lipids-mixing experiments are limited by an experimental time window of
around 10 minutes due to photobleaching. The observed intensity decrease
between 300 – 700 s in Fig 5.5C is caused by such photobleaching. We conclude
that the membrane tethers formed by Syt1-C2AB typically represent proteolipid
structures held together by membrane bridging, unless a high concentration
and asymmetric configuration are used, whereas Doc2b induced tethers can
represent either membrane-bridged or hemifused states.

5

109

536987-L-bw-Marchetti
Processed on: 15-10-2019

PDF page: 121

Membrane binding, bending and remodeling

Figure 5.5: Membrane bridging and hemifusion induced by Syt1 and Doc2b. (A) Schematic of

possible protein-mediated membrane interactions (proteins bound on the membrane are
represented in green). Left panel: membranes bridging, where the bilayers stay separated and
therefore labelled phospholipids (represented in red) remain on one membrane. Right panel:
hemifusion, where the proximal membrane leaflets have fused, causing lipid-mixing. (B) Confocal
images where only one membrane (left bead) was fluorescently labelled (1% Rhodamine-PE). Imaging
was initiated as soon as a tether was detected. Upper panels: images recorded at t = 0 s. Lower
panels: images recorded after 250 s. Observed interactions mediated by Syt1 (left panel) and by
Doc2b (right panel). (C) Confocal images recorded after 250s interaction in the presence of 20 M
Syt1 in the symmetric configuration (upper panel) and in the asymmetric configuration (bottom
panel). (D) Fluorescence signal recorded from the dark bead over time in the presence of 0.7 M
Doc2b and 0.5 M or 20 M Syt1 in (B). (E) Hemifusion probabilities under different conditions.
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Doc2b and Syt1 reduce membrane bending modulus. Several studies

demonstrated that upon Ca2+ binding, C2AB domains insert into the lipid
membrane7,18. Such insertion is expected to induce membrane curvature 22,23. As
it disturbs the packing of the lipid acyl chains, this might result in a change in
the mechanical properties of the membrane. To quantitatively study how Doc2b
and Syt1 C2AB fragment insertion into the negatively charged membrane
influences its mechanical properties, we used a recently developed method
based on atomic force microscopy (AFM) 36-38. By first imaging liposomes (Fig.
5.6A) and then indenting them with the AFM tip, we can measure the membrane
radius, stiffness and membrane tension of single liposomes. These
experimentally determined parameters are then fitted to a Canham-Helfrich
based model from which the bending modulus is derived 36. A phospholipid
composition of 44% cholesterol, 20% egg PS, 21% egg PC and 15% Egg SM was
chosen because it results in stable liposomes which do not rupture during the
experiments. The extruded liposomes, with a 120±30 nm average diameter (by
DLS), were found to have a bending modulus κ = 9±2 kBT. When performing the
experiments in the presence of 0.9 M Syt1, κ = 9±2 kBT was obtained, similar to
the result in the absence of protein. In the presence of a high protein
concentration (20 µM Syt1-C2AB), which is in the same range as the
concentration previously estimated by western blot analysis of isolated
synaptosomes39 and the concentration when we observe hemifusion induced by
Syt1, the bending modulus was 3-fold reduced (Fig. 5.6C). When performing
these experiments in the presence of Doc2b, the membrane bending modulus
was unchanged at 0.2 M protein concentration; however, a reduction in the
bending modulus was observed already at 0.9 M protein concentration. These
results suggest an active role of C2AB domains in membrane remodeling during
the fusion process: in addition to bringing the membranes into close proximity,
Syt1-C2AB and Doc2b may also contribute to hemifusion by directly lowering the
energy barrier.

5
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Figure 5.6: High concentrations (20 µM) of Syt1-C2AB and lower concentrations (0.9 µM) of

Doc2b-C2AB reduce the membrane bending modulus. (A) AFM image of a typical vesicle, 44%
cholesterol, 20% porcine brain PS, 21% egg PC and 15% Egg SM. (B) Typical force plot obtained by
nanoindentation of a vesicle. From the slope of the initial linear part, the stiffness of the vesicle is
obtained. Two rupture events of the two bilayers can be observed, and a tether is formed upon tip
retraction. Dark blue: approach, light blue: retraction. Inset: zoom in on the tether rupture force,
which is used to calculate the osmotic pressure in the vesicle as described in Vorselen et al.36. Red
arrow shows the difference in force. The experimentally obtained parameters, vesicle size, stiffness
(slope) and tether force are used for fitting to a previously developed model, using kappa as a single
fitting parameter, which allows estimation of the bending modulus for a population of vesicles 36. (C)
Bending modulus values for various concentrations of Syt1-C2AB and Doc2b-C2AB, with N values
indicating the numbers of indented vesicles. Error bars mark 68% confidence intervals determined
by bootstrapping..
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5.3 Discussion
In this work, we observed that the C2AB domain of Syt1 induces the formation of
membrane tethers in a Ca2+ and protein concentration-dependent manner.
Similar to Doc2b induced membrane tethers33, Syt1 induced tethers contained
both protein (shown by Syt1-C2AB-mCherry labeling) and phospholipid (shown
by rhodamine-PE labeling) and resisted high forces during bead separation.
Our experiments highlight several important differences between Syt1- and
Doc2b-induced membrane tethers. When comparing symmetrical (both sides)
and asymmetrical (one side) presence of protein on the membranes, Syt1 favors
an asymmetrical and Doc2b a symmetrical configuration. This difference is
reminiscent of the physiological configuration of the two proteins: Syt1 is
anchored to the vesicle membrane by a transmembrane domain, and Doc2b is a
soluble protein that can diffuse in the cytoplasm and has access to both the
vesicle and target membranes. When expressed as a Doc2b-EGFP fusion, the
fluorescence is usually homogeneously distributed in the cytosol and
accumulates Ca2+-dependently with the plasma membrane. Using subcellular
fractionation & western blotting, Doc2b was also observed in the synaptic
vesicle fraction (40, figure 3 therein, though a direct comparison between the
Doc2b distribution in vivo and the membrane-bound configuration in our
experimental setup is complicated by differences in the free Ca 2+ concentration,
membrane compositions and absence of the Doc2b N-terminal domain which
contains a Munc13-binding site). For Syt1, two hypotheses pertaining to the
mechanism of membrane bridging have been proposed (reviewed by Seven et
al.13): the direct bridging hypothesis, which states that C 2AB molecules bind
simultaneously to both membranes, and the oligomerization hypothesis, in
which interactions between C2AB oligomers formed on both membranes bridge
the membrane gap. The higher activity of Syt1 in the asymmetric setup, which
favors protein-membrane interactions, provides support for the direct bridging
hypothesis. This notion was confirmed by the lack of Syt1-mCherry
redistribution to the unlabeled bead in our experiments. Doc2b, on the other
hand, was more efficient in the symmetric conformation, which may suggest a
preference for protein-protein (and not protein-membrane) interactions.
Nevertheless, we cannot exclude the possibility that while acting on both
membranes, Doc2b increases the probability for a lipid tether formation due to
its effect on lipid packing, without direct protein-protein interactions.

5

Another difference is observed in membrane bridging vs hemifusion. In confocal
fluorescence microscopy of bead pairs, the ability of the fluorescent
phospholipid tracer Rhodamine-PE to diffuse to an unlabeled bead was used to
discriminate between two possible membrane configurations: structures
without membrane continuity (likely resulting from membrane bridging), and
with membrane continuity (likely representing hemi(fused) membranes as
observed previously)13. For lower concentration of Syt1-C2AB, all 58 membrane
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tethers examined in our study appeared to originate from membrane bridging.
This result is consistent with previous studies that demonstrated membrane
bridging by Syt112,13 at similar concentrations. At 20 M protein concentration
Syt1 induced hemifusion, in the presence of cholesterol and only in the
asymmetrical configuration. In contrast, Doc2b induced membrane tethers
caused both membrane-bridged and hemifused structures, already at lower
protein concentrations. Our findings in cell-free conditions should not be
extrapolated to live synapses without caution. Although the estimated in vivo
concentration of 70 µM, a concentration of 20 µM is high with respect to the
local lipid concentration and could thus cause molecular crowding at the
membrane surface. In addition, Syt1 can engage in several other interactions in
vivo. Thus, although our observation of hemifusion for a Ca 2+ sensor implicated
in membrane fusion triggering is of high interest, future research is necessary
to provide definitive proof of this activity in living synapses.
When comparing tether rupture forces, several factors need to be taken into
account. The rupture is expected to occur at the weakest point, therefore most
likely at the contact between the membranes. The contact point can either be
composed of membrane-bound protein (bridging), a continuous outer
membrane leaflet (hemifusion), or a fully fused membrane (which has been
excluded in content mixing experiments33). For Doc2b and Syt1 generated
membrane tethers, the rupture force was increased in the presence of 30%
cholesterol, a lipid that has been suggested to assist membrane fusion 34. Due to
its effective negative curvature, cholesterol has been proposed to lower the
energy for forming lipid hemifusion stalks that are thought to be intermediates
in membrane fusion41,42. As for Doc2b the dramatic increase in rupture force,
beyond the measurement limit, correlates with the increase in hemifusion
observed in our live confocal fluorescence measurements, we hypothesize that
upon hemifusion, stronger tethers will be formed. Possibly, such strong tethers
are not ruptured in our experiments, as the maximal forces we can apply are
limited by the optical trapping power. For Syt1-C2AB induced tethers, the
median rupture force most likely represents protein – membrane interactions
with a median rupture force in the 50 – 200 pN range, strongly dependent on
the Ca2+ (which regulates C2AB-membrane binding) and protein concentration.
The binding force of one Syt1 molecule to a membrane is in the range of several
pN43. Therefore, the differences we observe in the force probably relate to a
variation in the number of bound molecules.
Membrane fusion is energetically unfavorable and does not occur spontaneously
in vivo44. One major energy barrier is associated with the strong repulsive
hydration forces between bilayers. Other energy-costly intermediates include
lipid splaying during initiation of hemifusion-stalk formation, stalk expansionwhich yields the hemifusion diaphragm, and, finally, fusion pore formation 45. In
the case of synaptic vesicle fusion, the activation energy of bilayer-bilayer fusion
is very high (≈40 kBT) and the process is aided by important proteins including
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SNAREs, complexin and Ca2+ sensors. It has been suggested that in response to
Ca2+ binding, Syt1 could promote SNARE-mediated fusion by lowering this
energy barrier via induction of positive curvature in target membranes upon
insertion of C2-domains into the membrane23. Using AFM, we have directly
measured a significant reduction in the bending modulus of a lipid membrane
upon Syt1-C2AB binding (Fig. 5.6) in the presence of 20 µM protein. For Doc2b,
a significant reduction of the bending modulus was observed already at 0.9 µM
protein concentration. This difference could be due to larger effective
spontaneous curvature induced by Doc2b that is expected to decrease
membrane thickness46, thus affecting the bending modulus which depends on
membrane thickness to the power of three47. A membrane inclusion with higher
curvature is theoretically predicted to result in a larger reduction in the bending
modulus48. How does this global change in the mechanical properties of the
membrane contribute to the local event of hemi(fusion)? A possible explanation
is that membrane “dimples” form locally due to protein insertion. The curvature
induction hypothesis predicts the formation of a buckle-like membrane
structure between protein insertions in the membrane. Locally, the end cap
membrane is highly curved and thus the lipids are under stress. This stress is
partially relieved during lipid rearrangements accompanying the fusion process,
which reduces the overall energy cost of the reaction, thus facilitating
membrane fusion22. We note that is difficult to compare results of bending
moduli obtained by different methods, as a large variation exists in bending
modulus values for the same bilayer composition obtained by different
measurement techniques49. Nonetheless, our results are in the same range as
other reported values50,51.

5

Combining all observations, it is likely that membrane insertion of the C 2AB
domain of Doc2b results into a larger disruption of the lipid packing compared
with Syt1, consequently reducing the energy barrier for hemifusion, and
allowing hemifusion already at lower protein concentrations. Syt1, however,
might not sufficiently disrupt membrane structure at lower concentration, and
changing the configuration to asymmetrical or addition of cholesterol is not
sufficient to push the membranes towards hemifusion. Only at higher
concentration enough disruption to membrane packing is attained, which is
manifested in lower bending modulus and concomitantly, high hemifusion
probability in the asymmetrical configuration. The lowering of the energy
required for membrane deformation likely contributes to the overall Ca 2+secretion triggering mechanism by Syt1 and Doc2b, and this mechanism may
also be relevant for other C2AB containing Ca2+ sensor proteins.
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5.4 Materials and methods
Bead coating. 1,2-Dioleoyl-sn-glycero-3-phosphocholine (DOPC) and 1,2-dioleoyl-sn-glycero-3phospho-L-serine (DOPS) and 1-stearoyl-2-arachidonoyl-sn-glycero-3-phospho-(1'-myo-inositol4',5'-bisphosphate (PI(4,5)P2) were purchased from Avanti Polar Lipids. Lissamine-Rhodamine B 1,2dihexadecanoyl-sn-glycero-3-phosphoethanolamine was purchased from Invitrogen. To prepare
membrane-coated microspheres, polystyrene nonporous beads of diameter 3.84 µm±4% were
acquired from Spherotech. Prior to the coating procedure, the beads were washed three times in
milliQ and collected after each wash by centrifugation for 3 minutes at 900 × g. Liposomes were
prepared by mixing lipids in chloroform solutions, extensively drying the mix under a nitrogen gas
stream, and hydrating the lipid cake in milliQ to a final lipid concentration of 1 mg /ml. The
suspension was then vortexed, sonicated on ice water and centrifuged for 90 min at 21,000 × g at
4⁰C. The supernatant was mixed with bead and incubated for 16 h at 4⁰C in presence of 3 mM CaCl2
with gentle continuous rotation to keep the beads dispersed. The beads were washed (each time
collecting the beads for 3 minutes at 900 × g and gently resuspending them) in buffer 1 containing
25 mM HEPES, pH 7.4, 200 mM NaCl, 1 mM Tris 2-carboxyethyl-phosphine (TCEP) and 5 mM EDTA,
then buffer 2 (25 mM HEPES, pH 7.4, 100 mM NaCl, 1 mM TCEP, 0.25 mM CaCl2) and then twice in
buffer 3 (25 mM HEPES, pH 7.4, 25 mM NaCl, 1 mM TCEP and 0.25 mM CaCl2). The coated beads were
stored at 4⁰C prior to use. To visualize lipid tethers that formed in the presence of Syt-1-C2AB or
Doc2b-C2AB, we prepared coated beads containing 1% Rhodamine PE.
Recombinant proteins. Recombinant Doc2b-C2AB (rat, amino-acid residues 115–412) was prepared
as previously described33 . Recombinant Syt1-C2AB (rat, amino acid residues 140-421) or Syt1-C2ABmCherry (same fragment) were cloned into the pGEX4T3 vector and transformed into the E. coli
BL21 strain for expression. Cultures were grown in LB medium (VWR Life Science) enriched with 100
μg/mL ampicillin (Fisher bioreagents), or in LB medium supplemented with both 100 μg/mL ampicillin.
Gene expression was induced with 0.1 mM IPTG (Fisher bioreagents), after which cultures were grown
O/N at 34°C and 210 rpm to maximize aeration. Lysate buffer (300 mM NaCl, 50 mM Tris, pH 7.5, 10
mM EDTA, 1 mg/mL lysozyme, protease inhibitor cocktail) was added to the bacterial pellet, before
the lysate was sonicated 4 times for 15 seconds with 1 minute intervals, while cooling on ice water.
Pellet was incubated for 2 hours with 1% triton-X100, and then centrifuged for 30 minutes at 8500
g to dispose of any insoluble bacterial lysate. Protein purification took place by means of glutathione
agarose beads (Sigma) affinity assay. Glutathione agarose beads slurry was added to the lysate and
incubated O/N at 4°C and 5 rpm. Afterwards, beads were washed with high salt buffer (300 mM
NaCl, 50 mM Tris, pH 7.4, 10 mM EDTA) and loaded into a disposable column. After a wash with 150
mM NaCl, 50 mM Tris, pH 7.4, 1.4 mM MgCl2, the column was incubated with DNAse I (Roche
Diagnostics; 50U/mL) and RNAse A (Invitrogen; 50U/mL) for 15 minutes at RT. Column was washed
with Low salt buffer (150 mM NaCl, 50 mM Tris, pH 7.4). Protein was cleaved from the glutathione
agarose beads by incubation with thrombin (Serva) at 4°C. Protein concentration was determined
with SDS PAGE stained with SYPRO ruby, using known quantities of bovine serum albumin for
calibration. SYPRO ruby signal was visualized with a scan performed by the Fuji5000. For key
experiments, Syt1-C2AB was 15N-labeled by expressing the protein in minimal medium containing
15
NH4Cl as the sole nitrogen source, and the protein was purified by gel filtration and ion exchange
chromatography as described 11. 1H-15N HSQC spectra of the protein were then used to verify the
absence of polyacidic contaminants that are difficult to remove from Syt1 fragments containing the
C2B domain52,53 These key experiments included the AFM measurements and the comparison
between symmetric and asymmetric protein binding to membrane-coated beads. Proteins were
aliquoted and stored at -80°C until use.
Optical tweezers. We use a C-trap confocal fluorescence optical tweezers setup (LUMICKS) made
of an inverted microscope based on a water-immersion objective, together with a condenser top
lens placed above the flow cell. The optical traps are generated by splitting a 1064-nm laser (10-W
CW fiber laser) into two orthogonally polarized independently steerable optical traps. To steer the
two traps both a one coarse-positioning piezo stepper mirror and one accurate piezo mirror were
used. Optical traps were used to capture lipids-coated beads. The displacement of the trapped beads
from the center of the trap was measured and converted into a force signal by back-focal plane
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interferometry of the condenser lens using two position sensitive detectors. The beads distance was
determined by using template-matching on the real-time imaging of a bright-field movie of the
trapped beads. The samples were illuminated by a bright field 875-nm LED and imaged in
transmission onto a metal-oxide semiconductor (CMOS) camera.
Confocal fluorescence microscopy. a single, pulsed laser system (ALP-745-710-SC, 20 MHz, 100ps pulses, Fianium) was used for confocal fluorescence excitation at a wavelength of 543 nm,
selected from a supercontinuum spectrum by using an AOTF (AOTFnc-VIS-TN, AA Opto-Electronic).
For scanning, a fast tip/tilt piezo mirror (S-334.1SD, Physik Instrumente GmbH & Co.,max. scan rate
200 Hz) was used. For confocal detection, the emitted fluorescence was descanned, separated from
the excitation by a dichroic mirror (F33-554, AHF Analysentechnik) and filtered using an emission
filter (F47-586, AHF Analysentechnik). Photons were counted using fiber-coupled APDs (APDs
SPCM-AQRH-14-FC, fibers SPCM-QC9, Perkin Elmer). The multimode fibers (62 μm diameter) serve as
pinholes that provide background rejection. Microfluidics: a 5-channel laminar flow cell (LUMICKS BV)
was assembled onto an automated XY-stage (MS-2000, Applied Scientific Instrumentation). The
latter allowed the controlled transfer, in a highly efficient manner, of the optically-trapped beads
through the channels of the flow cell, containing the proteins of interest.
Approach-and-separation routine. Repeated approach and separation of lipid coated beads was
performed as previously described33 . Briefly, one bead was kept stationary (the left trap, Fig. 5.1A)
and the other bead was moved towards and away from it (the x dimension). We recorded the forces
in x and y directions on both beads, and used the force data in the x direction of the stationary bead,
unless stated otherwise. At the initial separation of ~7 microns between the beads, the force on the
stationary bead is zero. During an experiment, the beads were brought into contact such that a
repulsive force of ~10 pN was exerted on the stationary bead, (step with positive force in Fig. 5.1A),
then separated. The contact time in such experiments was five seconds. If specific protein
dependent interactions occur, rupture forces are recorded upon separation, observed as negative
force peaks (arrows in Fig. 1a indicate rupture events). This procedure was repeated 20 times, or
until a bead escaped the trap due to very strong interactions upon pulling. The speed at which the
bead is retracted is known to influence rupture forces. Therefore, a constant trap speed of 2 m/s
was used in all experiments. The term ‘probability of interactions’ throughout the text refers to the
fraction of approach and separation events that resulted in the formation of a tether, as observed
from the ‘negative’ force peaks in figure 1b. The threshold to distinguish a negative force peak from
noise is described in Brouwer et al., 2015(44). The ‘positive’ force in this plot denotes the force during
bead approach and a slight push into contact. We kept this force roughly constant, at 20-25 pN, to
avoid possible effects of this force on the forces recorded during separation of the beads.
Protein concentrations. The physiologically relevant protein concentrations previously estimated in
synaptic boutons are ~70 µM for Syt1, and ~25 µM for Doc2b (Wilhelm et al. Science, 2014). Protein
concentrations used in our study were always lower and were chosen based on practical
experimental issues. When measuring tether break/unbinding forces, we tuned the concentration
such that it was high enough to allow frequent events, but not too high to keep the forces within the
experimental range. The maximal force we could apply with the optical trap, given our chosen beads,
buffers and laser power, was about 300 pN (slightly varying with the bead diameter). If protein
concentrations were too high, the measured force was limited by the force at which the bead
escaped the optical trap. This led us to use concentrations of 0.1-0.5 µM for Syt1 and 0.05 µM for
Doc2b in figure 3,4. To test if hemifusion or full fusion had occurred by monitoring the change in
fluorescence, we were no longer constrained by this limitation, as there was no need to pull the
beads far apart. Therefore, for the experiments described in figure 5.5 as well as AFM experiments
in figure 5.6, higher and closer to physiological concentrations were used. We further comment that
it is impossible to know the precise local effective concentration at the site of action of the protein,
as proteins might locally associate and cluster together.
Symmetric and Asymmetric experiments: To test the effect of protein coating configuration on
interaction strength and probability, experiments were performed as follows: beads were flushed
into channel 1 containing buffer 3 without protein. After catching two beads, they were moved into
the protein containing channel 4. Following incubation in the protein channel for ten seconds, the
beads were moved into channel 3 which contained the same buffer without protein. Symmetrical
measurements were then conducted directly in channel 3. For asymmetrical measurements, one of
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the beads was dropped and a different non protein coated bead was caught in channel 1. Then the
beads were moved into the buffer-containing channel 3 and measurements were performed. The
fluorescently labelled bead was protein coated in 50% of the cases, and the presence of the protein
coating on either the labelled or unlabeled membrane did not have any effect on the results.
Data acquisition and analysis. Data analysis was performed using custom written software in
python (Gitlab link: https://gitlab.com/sorkin.raya/membrane-interactions-tweezers) to extract
force data at a frequency of 100 Hz. To discriminate protein mediated specific interactions from
unspecific adhesion between the membranes, a force threshold of 25 pN was used throughout the
analysis. Median rupture forces as presented in the figures were determined by bootstrapping with
1000 iterations, resampling 90% of the data. Error bars are standard deviation of the bootstrapped
values.
Liposome preparation for AFM and liposome aggregation experiments. All lipid-chloroform
solutions and cholesterol were purchased from Avanti Polar Lipids. First, a round bottom flask was
cleaned with 96% ethanol, then washed two times with soap followed by rinsing two times with
acetone. After that the round bottom flask was dried under argon flow for ~15 min. The lipids were
mixed in the round bottom flask (for spectrophotometer experiments: 50:20:30 (mole-%) DOPC:
DOPS: chol; for AFM experiments: 44% cholesterol, 20% porcine brain PS, 21% egg PC and 15% egg
SM). The solvent was evaporated in a rotary evaporator at 100 mbar for 60 min immersed in a water
bath (40 °C). After that, buffer was added to the dried lipid cake to attain a final lipid concentration
of 1 mg/ml. Vortexing this mixture together with glass beads (4 mm diameter) supported the
resuspension of the lipids. Subsequently, the re-suspended lipids underwent 5 freeze and thaw
cycles (~20 s in liquid nitrogen followed by 5 min in a water bath at 40 °C, each) before the liposomes
were extruded 31 times using a mini extruder from Avanti® Polar Lipids and a 0.1 µm filter pore size.
Prior to extrusion the mini extruder and syringes were thoroughly cleaned by rinsing with water
and 70% ethanol. The liposomes were stored in the fridge over night and on ice throughout the
measurements and used within 5 days.
Liposome aggregation assay and analysis. The liposome aggregation assay was described in detail
elsewhere8. The spectrophotometer measurements were conducted with a Varian Cary® 50 UV-Vis
Spectrophotometer from Agilent Technologies. For all measurements, a wavelength of 350 nm was
used, the average reading was 0.1 s and a cycle was set to 1.00 s. A precision cell (cuvette) made of
Quartz SUPRASIL® (light path 10.00 mm) from Hellma® was used to perform the experiments. The
blank measurement was done for 500 s with 170 µl buffer 3 + 40 µl liposomes (DOPC:DOPS:Chol
50:20:30 (mole-%) at 1 mg/ml). Right before each measurement the cuvette was rinsed three times
with buffer 3 and then loaded with 160 µl buffer 3 and 40 µl liposomes. The liposome dispersion was
gently mixed twice by flipping the cuvette over. ~87 s after the starting time of the measurement,
the cuvette was taken out of the spectrophotometer. At ~100 s of the measurement 10 µl protein
(titrated before) was added to one side of the precision cell and mixed twice by flipping the cuvette
carefully to the injection side. Right after, the cuvette was inserted back into the spectrophotometer
and the absorbance measurement was continued for a total time of 500 s. Before switching samples,
the cuvette was cleaned by rinsing multiple times with buffer 3 and milliQ water and dried under a
nitrogen flow.
All curves were baseline corrected: the average absorption before extracting the cuvette (first ~87
s) was calculated and subsequently subtracted from all absorbance data points of a measurement.
After that, the average maximum absorbance (maximum liposome binding) and the corresponding
S.E.M. values were determined for each measurement condition, e.g. each protein concentration. At
least three measurements per condition were performed.
AFM experiments. Liposomes were adhered to poly-L-lysine coated glass slides, prepared as
follows: Slides were cleaned in a 96% ethanol, 3% HCl solution for 10 minutes. Next, they were
coated for 1 hour in poly-L-lysine (a 0.001% , Sigma) solution, rinsed with ultrapure water, and dried
20 hr at 37 0C. They were stored at 7 0C for maximally one month. A 10 µL drop of liposomes diluted
in buffer 3 was incubated on the glass slide. Vesicles were imaged in PeakForce TappingTM mode on
a Bruker Bioscope catalyst setup. Imaging was performed at RT, 220C. Force set point during imaging
was 100 pN - 200 pN. Nano-indentations were performed by first making an image of a single
particle, then indenting it until a trigger force of 0.5 nN is reached, and subsequently applying higher
forces (2-10 nN) at a velocity of 250 nms-1. Importantly, both before and after the vesicle indentation,
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the tip was checked for adherent lipid bilayers by recording a force-distance plot on the glass
surface until a trigger-force of 5 nN. Silicon nitride tips with a nominal tip radius of 15 nm on a 0.1
N/m cantilever by Olympus (OMCL-RC800PSA) were used. Individual cantilevers were calibrated
using thermal tuning.
AFM image analysis. Both images and force curves were processed using home-built MATLAB
software. Size and shape were analyzed from line profiles through the maximum of the vesicle along
the slow scanning axis. Circular arcs were fitted to the part of the vesicle above half of the maximum
height to obtain the radius of curvature, from which the tip radius (2 nm/ 15nm, as provided by the
manufacturer) was subtracted. The height of vesicles was derived from FDCs, and the difference
between the height obtained from FDCs and images was used for a subsequent correction of Rc 36.
R0, the unperturbed vesicle radius in dispersion, was calculated under the assumption of surface
area conservation as previously described 36.
AFM FDC analysis. Analysis was done as described in detail previously36. Briefly, raw data of a force
cycle, given by the deflection of the cantilever versus the Z-piezo displacement, was converted to
force versus separation (between the tip and the sample, or FDC) by subtracting the cantilever
deflection. Contact point between tip and vesicle was found by using a change point algorithm and
occasionally manually adjusted. Stiffness of the EVs was found by fitting a straight line in the interval
between 0.02 – 0.1 Rc. For finding the tether force, a step fitting algorithm based on the change point
analysis, which divides the curve into segments with slope 0. Only adhesion events extending
beyond the contact point were included. For fitting to the theory, described in detail elsewhere 36,
the sum of the squared log Euclidian distance between the theoretical curve and the individual
experimental data points was then minimized by adjusting κ as a single fitting parameter. Confidence
intervals were estimated using the bias corrected percentile method with 1000 bootstrapping
repetitions, for which a set of observed value combinations equal in size to the original data set was
randomly drawn and fitted.
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Supporting Information

Figure S5.1: Effect of protein concentration. (A) Probability of interactions in symmetric and

asymmetric configurations for different Syt1 C2AB concentrations (at 0.25 mM CaCl2). For both
symmetric and asymmetric configuration, the probability of interactions increases with the increase
in protein concentration. (B) Median rupture forces in symmetric and asymmetric configurations
for different Syt1 C2AB concentrations. Only cholesterol containing membranes were used for these
measurements.

5

Figure S5.2: (A) Additional fluorescence images showing tether formation between an unlabelled

bead (coated with PC:PS:Chol, 50:20:30) and a labelled protein-coated bead (PC:PS:Chol, 50:20:30
and 0.5 M Syt1-C2AB-mCherry), asymmetric configuration. Images were acquired while the right
bead was gradually pulled away from the left bead, extending the tether that is clearly visible as it is
coated by fluorescently labelled Syt1 C2AB. The right bead remains dark throughout the experiment
as can be seen in the images. Time between first and last image was five minutes (B) Example of a
dark tether being pulled out from the right bead (coated with PC:PS:Chol, 50:20:30)while the left
bead is coated with additional 1% Rhodamine-PE lipids, and dark protein (0.5 M Syt1-C2AB) is
present on both beads (symmetric configuration). Scale bar: 1m.
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Figure S5.3. (A) SYPRO Ruby staining of recombinant Doc2b-C2AB (aa.115–412) and Syt1-C2AB

(aa140-421) fragments separated by SDS-PAGE electrophoresis. Molecular size markers (Prestained
PageRuler™) are indicated on the left. (B) Typical liposome aggregation measurements performed
with different concentrations of Doc2b. First, the absorbance of liposomes diluted with buffer 3 were
measured until t~100 s. Then, 10 µl protein at the corresponding concentration was added and
carefully mixed before the cuvette was inserted again into the measurement device. The absorbance
(which correlates with liposome clustering) was measured for total time of 500 s at a wavelength of
350 nm. All measurements were baseline-corrected. With increasing protein concentration an
increase in the liposome clustering is observed. (C) Similar experiments as in (B) with Syt1-C2AB. For
higher protein concentrations a decrease of the liposome clustering was observed. (D) Maximal
absorption (liposome clustering) versus protein concentration for Doc2b and Syt1. The values are
averages of at least three measurements per condition. The error bars represent the standard error
of the mean. While Doc2b shows an exponential behavior, Syt1 shows a more linear behavior until a
maximum value is reached after which the liposome binding decreases linearly. The EC50 values for
Doc2b and Syt1 are ~0.4 µM.
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Figure S5.4: Normalized cumulative distribution functions (CDF) of the rupture forces for (A) Syt1
and (B) Doc2b, in symmetric and asymmetric configurations for each protein, with and without
cholesterol in the membranes. Gradient grey background marks the maximum force region
determined by the stiffness of the optical trap at the set laser power and bead size.

5

Figure S5.5: (A) Dimensionless pressure versus dimensionless stiffness for SUVs with and without

added Syt1 C2AB. Red line is the theoretically predicted curve. Different colored symbols are the
experimental data for the two vesicle types, as indicated in the inset. Bending modulus was used as
single fitting parameter. (B) Height/ radius ratio of the two vesicle populations, with and without
added protein. In the presence of protein, vesicles are more flattened on the surface as they are
softer.
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Figure S5.6: We quantified the fluorescence intensity emitted by each bead during the hemifusion
fluorescence experiments. The figure shows the frequency (Counts, y-axis) of measuring a certain
intensity (Intensity, x-axis) on a fixed area over each bead. Upper plot: data from the confocal image
(shown in the inset) recorded at t = 0; the intensity profile of the dark bead is shown by the black
peak on the left; the intensity emitted by the fluorescent bead is shown by the green peak on the
right. Bottom plot: data from the confocal image (shown in the inset) recorded at t = 250s; we
observed that the black peak is shifted towards higher intensities (indicated by red arrow), as the
lipid-mixing occurs; in fact at the same time the green peak is shifted towards lower intensities
(indicated by red arrow). Note that the two beads do not have the same intensity shift because
photobleaching occurs during the whole fluorescence experiment, as specified in the main text.

Figure S5.7: Membrane interactions in the presence of PIP2. (A) Schematic illustration of the

experimental configurations used: Syt1-C2AB-mCherry (0.5 M Syt1, 0.25 mM CaCl2) was bound to
a single membrane-coated PC/PS (80:20) bead (left); the opposite bead was coated with additional
1% PIP2 and it was left protein-free (right bead) (+PIP2 configuration). We compare this
configuration with the same asymmetric setting, but in the absence of PIP2 from both membranecoated beads (-PIP2 configuration). (B) Left plot: Probability of Syt1-mediated membrane
interactions in the absence of PIP2 (white bar) and in the presence of PIP2 (as schematically depicted
in panel (a), orange bar). Error bars are statistical error. Right plot: Median rupture force in the two
configurations. Error bars are standard deviations of the bootstrapped median rupture force values.
A Kolmogorov–Smirnov test showed no statistically significant difference at P<0.05
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Abstract
Small multilamellar vesicles may have benefits over unilamellar vesicles for drug
delivery, such as increased volume for hydrophobic drugs. In addition, their
altered mechanical properties might be beneficial for cellular uptake. Here, we
show how atomic force microscopy (AFM) can be used to detect and
characterize multilamellar vesicles. We quantify the size of each break event
occurring during AFM nanoindentations, which shows good agreement with the
thickness of supported lipid bilayers. Analyzing the size and number of these
events for individual vesicles allows us to distinguish between vesicles
consisting of 1 up to 5 bilayers. We validate these results by comparison with
correlative cryo-electron microscopy (cryo-EM) data at the vesicle population
level. Finally, we quantify the vesicle geometry and mechanical properties, and
show that with additional bilayers adherent vesicles are more spherical and
stiffer. Surprisingly, at ~20% stiffening for each additional bilayer, the vesicle
stiffness scales only weakly with lamellarity. Our results show the potential of
AFM for studying liposomal nanoparticles and suggest that small multilamellar
vesicles may have beneficial mechanical properties for cellular uptake.
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6.1 Introduction
Nanovesicles are currently used as nanocarriers in drug delivery, for example
for cancer therapeutics1,2 and protozoan infections treatment.2,3 Characteristic
properties of these vesicles can be tuned by changing their degree of lamellarity,
and it has been suggested that small multilamellar vesicles (sMLVs: ~100 nm) can
have important benefits over small unilamellar vesicles (SUVs: ~100 nm). For
instance, many drugs are hydrophobic4 and sMLVs have more volume for
encapsulation of hydrophobic molecules than similar sized SUVs. sMLVs also
result in slower release kinetics, and antigen carrying sMLVs have furthermore
been shown to form a much more potent vaccine than SUVs.5 sMLVs with crosslinked lipid bilayers seem to have enhanced therapeutic benefits.5,6 On the other
hand, multilamellarity also occurs as an uncontrolled side effect when trying to
achieve a high loading rate of water soluble molecules into vesicles; the high
concentration of vesicles, which is used to achieve efficient loading, results in
formation of multilamellar vesicles.
The mechanical properties of vesicles, and more generally of nanoparticles, is
potentially an important factor for interaction with cells and hence for drug
delivery.7,8 It has been shown that increasing the stiffness of particles, and
specifically vesicles too, significantly facilitated their uptake by cells. 9–11 These
results are supported by theoretical models which suggest that stiffer particles
stay in a more spherical shape upon binding to a cell membrane, leading to more
efficient cellular uptake.12,13 Furthermore, it was reported that the mechanical
properties of nanoparticles can influence the uptake mechanism,14 as well as
circulation and targeting.15 These results show the relevance of vesicle
mechanics for drug delivery. Notably, multilamellarity could have a strong
influence on the mechanical properties of vesicles and therefore potentially on
cellular uptake. However, a quantification of the impact of the degree of
multilamellarity on the mechanical properties is currently lacking.
In this study, we quantify the mechanics of sMLVs using atomic force
microscopy (AFM). AFM nanoindentation is a proven technique to study the
material properties of nanoparticles, such as viruses,16–18 liposomes19,20 and
natural vesicles.21–23 Recently, we applied AFM to study the mechanics of small
unilamellar vesicles and introduced a new quantitative model based on CanhamHelfrich theory24,25 to describe their mechanical response.20 AFM has also been
used to study the penetration of supported lipid bilayers. 26–28 However, it
remains challenging to characterize individual breaks events during
nanoindentation of fluid bilayer stacks.29 In this work, however, we show that by
performing AFM nanoindentations we can determine the degree of lamellarity
for individual vesicles by analyzing bilayer penetrations. The distribution of
lamellarities present in the vesicle populations corresponds well to cryoEM data.
This allows us to study the physical differences between vesicles with 1 up to 5
bilayers. We find that sMLVs stay in a more spherical shape upon adhesion with
a surface. sMLVs are also stiffer than SUVs, however, the stiffness of adherent
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vesicles is only weakly dependent on the degree of lamellarity. These properties
are potentially beneficial for drug delivery.

6.2 Results
Recently, we described the mechanics of unilamellar nanovesicles. 20 In the
current work, we applied a vesicle preparation protocol, which, using a higher
concentration of lipids and leaving out freeze-thaw cycles, gives rise to a high
percentage of multilamellar vesicles. The vesicles were made of a complex lipid
mixture and extruded through 200 nm filters (see materials and methods).
Subsequently they were attached to 0.001% poly-l-lysine coated glass surfaces.
For the mechanical probing of the vesicles, first, an image of individual particles
was recorded. Subsequently, we performed nanoindentation experiments to
obtain force deformation curves (FDCs)16. Initially, an indentation was made until
a maximum force of 0.5 nN. These low-force indentations show strong overlap
between approach and retract curves, showing that the observed behavior is
elastic (Fig. 6.1). This first indentation was followed by at least one more
indentation until a maximum force of 10 nN (Fig. 6.1). For high-force
indentations we sometimes observe similar behavior as previously predicted
and described for SUVs:20 the FDC first shows an approximately linear force
response, which is followed by a flattening of the curve, corresponding to inward
lipid tether formation. Next, there is a steep rise in force, supposedly due to the
two lipid bilayers being pressed together. Finally, two discontinuities are visible,
which likely corresponds to the penetration of the two lipid bilayers. Thereafter,
the AFM tip touches the glass surface (Fig. 6.1A and inset), which appears
infinitely rigid. However, for different vesicles more discontinuities occurred
close to the glass surface, which suggests that more lipid bilayers are penetrated
and hence that these vesicles are multilamellar (Fig. 6.1B,C). Interestingly,
vesicle indentations also reveal discontinuities further from the glass (Fig.
6.1C,D). This calls for a systematic analysis of these discontinuities to determine
lamellarity.
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Fig. 6.1: Typical force indentation curves on unilamellar and multilamellar nanovesicles. First a
low-force indentation was performed (black = approach, grey = retract). The approach and retract
curves highly overlap (the retract curve is mostly behind the approach curve and therefore hard to
see in panel A & B), indicating elastic behavior. In dark blue, a subsequent indentation until a 10 nN
max. force (retract in light blue). Force is initially zero till the contact point (at indentation 0 nm),
then a subsequent rise in force follows. Finally, multiple breaks events can be observed close to the
surface, which is visible as a nearly vertical response. Vesicles showing (A) 2, (B) 4 and (C) 6 break
events close to the surface (magnified and identified with arrows in insets). The last break closest to
the surface is visibly smaller than the other breaks. (C,D) Breaks can also occur far from the surface.
These breaks occur in similar sized steps (~4 nm) (D, inset).

6

In total, we recorded 561 break events in FDCs made on 124 vesicles. To examine
these events, we separated out discontinuities occurring close to the glass
surface, i.e. those occurring within ~3 nm from the surface or from a subsequent
discontinuity (e.g. the discontinuities in the insets of figure panels 6.1A-C). Such
breaks typically occur after a steep rise in force when presumably the bilayers
are compressed into a stack. We quantified the distance of the discontinuities,
which shows a bimodal distribution with peaks at 2.00 ± 0.05 nm and 4.98 ± 0.07
nm (s.e.m. (standard error of the mean), N = 361) (Fig. 6.2A) for the
discontinuities close to the surface. The 5 nm peak corresponds to previously
reported bilayer thicknesses.30,31 The 2 nm peak is caused almost exclusively by
the last discontinuity before the glass surface, which are 1.94 ± 0.04 nm (s.e.m.,
114 events with break size < 4 nm, from 124 in total) (Fig. 6.2A). We separately
investigated the breaks occurring further from the surface (N=200). Unlike
nanoparticles that behave like thin elastic shells (e.g. some viruses), which
buckle during nanoindentations,32,33 no such discontinuity is expected during
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indentations of vesicles with fluid membranes.20 These breaks could therefore
correspond to bilayer penetration events. The vesicle indentations suggest that
these discontinuities can occur in steps of a specific size (Fig. 1D, inset). Indeed,
we observe a large peak around a break size of 4.0 ± 0.1 nm (s.e.m., N = 159) (Fig.
6.2B), again corresponding to reported bilayer thicknesses 30,31 and therefore
suggesting that these breaks could also correspond to bilayer penetrations.

Figure 6.2: Analysis of breaks occurring in FDCs on vesicles. (A) In blue, histogram of breaks

occurring close to the surface (N = 361 breaks in indentations on 124 vesicles, 15 breaks showed a
break size above 10 nm and are not shown). In grey, histogram of the final break occurring before
reaching the surface (N = 124). In black a bimodal Gaussian fit of breaks <7 nm, with peaks at 2.00 ±
0.05 nm and 4.98 ± 0.07 nm (s.e.m.). (B) Breaks occurring farther from the surface (>3 nm from the
surface or a subsequent break, e.g. the discontinuities in the inset of figure panel 1D) in blue (N =
200). In black a Gaussian fit of breaks <7 nm (N = 159) with peak at 4.0 ± 0.1 nm (s.e.m.). Some of the
larger breaks (>7 nm) could correspond to penetration of multiple bilayers at once.

Figure 6.3: Imaging and indentation of supported lipid bilayers. (A) Typical supported lipid
bilayer created by AFM scanning of vesicles at a high force (~2 nN). Image recorded at peak imaging
forces of ~100 pN. (B) Histogram of the height of each pixel of image 3A. The height of the bilayer
was determined as the distance between the peaks (4.1 ± 0.2 nm (s.e.m.), N = 4 bilayers). (C) Typical
FDCs performed on solid supported lipid bilayers. Different colors mark indentations at different
locations.

The thickness of lipid bilayers is typically in the range 3 – 5 nm,30,31 however, we
wanted to compare the break sizes found during vesicle indentations with the
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thickness of lipid bilayers with identical lipid composition. For this purpose, AFM
imaging can be used to rupture vesicles, resulting in supported lipid bilayers; 34
in our experiments we induced vesicle rupture by imaging with a high force
(~2nN). By subsequent AFM imaging at low force (Fig. 6.3A) we found that the
thickness of our lipid bilayers is 4.1 ± 0.2 nm (s.e.m., N=4) (Fig. 6.3B). Note that
for this estimate of the bilayer height we compress the bilayer somewhat due to
the imaging force (~100 pN). By performing nanoindentations on these lipid
bilayers we measured the thickness by quantifying the distance from the contact
point till the surface which should give a better estimate of the thickness,
resulting in 5.2 ± 0.2 nm (s.e.m., N = 54) (Fig. 6.3C), which indeed corresponds
well to the size of the larger breaks occurring close to the surface. During
indentations, we observed that our bilayers deformed strongly and continuously
(3.6 nm ± 0.2 nm) before they show a small break (1.78 ± 0.05 nm, s.e.m., N = 54).
The size of these breaks corresponds well to the final breaks before reaching the
surface in vesicle indentations. This suggests that a ~2 nm break occurs when
puncturing a deformed bilayer on a stiff surface, because the jump is between a
highly deformed state of the bilayer and the solid surface underneath. The 4-5
nm breaks of the indented vesicles on the other hand are then a result of
penetrating a deformed bilayer on top of another deformable bilayer. This
suggests that the vast majority of the observed break events in the
nanoindentations experiments on vesicles correspond to bilayer penetrations.
Next, we summed the distance of all breaks for each vesicle indentation curve
(Fig. 6.4A). We observed a broad distribution of this total distance, with multiple
peaks. To find the location of the peaks we fitted a mixture of five Gaussian
distributions, revealing peaks at 7.3 ± 0.3, 15.9 ± 0.9, 22.9 ± 1.1, 29.4 ± 1.8 and 40.8
± 1.6 nm (s.e.m. determined by bootstrapping). These values correspond well to
multiples of 8 nm, which is approximately two times the height of a lipid bilayer.
This indicates that we indented vesicles with 1 to 5 lipid bilayers and that we can
distinguish vesicles based on their number of bilayers.

6
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Figure 6.4: Determination of the vesicle degree of lamellarity. (A) Total break distance summed

per vesicle (N = 124). In black a multimodal Gaussian fit (5 components, with peaks at 7.3 ± 0.3, 15.9
± 0.9, 22.9 ± 1.1, 29.4 ± 1.8 and 40.8 ± 1.6 nm (s.e.m.)). In light grey the expected total break distance
for vesicles with 1,2,…,8 bilayers, assuming a bilayer thickness of 8 nm. For further analysis, we
separated the particles by their lamellarity creating bins between the minima in the multipleGaussian fit. (B) Cryo-EM image of the vesicles. (C) Average number of lipid bilayers for vesicles as
function of the radius.

To establish how well we can determine the lamellarity of vesicles using AFM,
we used CryoEM for an independent measure of the distribution of degree of
lamellarity for the vesicle population. CryoEM images revealed a distribution of
vesicle lamellarities present in the vesicle population (Fig. 6.4B). Since the
degree of lamellarity depends on the vesicle size, we compared the AFM and
CryoEM data by the average number of bilayers for different vesicle sizes (Fig
6.4C). Especially for the larger vesicles, the two measurements correspond very
well. The deviation for smaller vesicles could be partially caused by our
preference for higher vesicles in the AFM experiments. Overall, the good
correspondence of these data indicates that we can indeed detect the number
of bilayers accurately using AFM nanoindentation. This encouraged us to look
into the effect of number of bilayers on the physical properties of vesicles.
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First, we examined the shape of the vesicles adhering to the surface. Adherent
vesicles typically deform on the surface,20,35 where the optimal shape is that of a
spherical cap, in which the degree of spreading is a balance of bending and
stretching of the bilayer, adhesion energy to the surface and a build-up of
internal osmotic pressure36. We obtained quantitative information on the shape
of individual vesicles by creating a line profile along the slow scanning axes
through the maximum height H of a vesicle. We determined the radius of
curvature Rc by fitting a circular arc to the part of the line profile above half of
the maximum height. We then quantified the shape of the vesicle by dividing the
height by the radius of curvature (Fig. 6.5A and inset). This value is 2 for a sphere
and 1 for a hemisphere. We corrected these measures for tip convolution and
deformation during imaging (see materials and methods). Most vesicles formed
spherical caps with H/Rc between 0.7 and 1. We observed a clear increase of this
ratio with increasing degree of lamellarity, showing that multilamellar vesicles
spread less and stay in a more spherical shape upon adhesion (Fig. 6.5A).
Since the external chemical properties for unilamellar and multilamellar vesicles
are identical, their adhesion energy to the surface is identical too. Hence, the
more spherical shape suggests that the multilamellar vesicles are stiffer. To test
this more directly we measured the stiffness of the initial slope of the
indentation curve (measured between indentation of 0.02 – 0.1 Rc or until the
first discontinuity if it occurred at smaller indentation). We observed a clear
increase, which appears strikingly linear, in stiffness with each added bilayer,
from 0.015 ± 0.002 N/m (s.e.m., N = 26) for unilamellar vesicles to 0.027 ± 0.002
N/m (s.e.m., N = 14) for vesicles with 5 lipid bilayers (Fig. 6.5B). Fitting a linear
relation to this data revealed a slope of 0.0027 N/m per added bilayer. This
corresponds to an increase of only ~20% of the stiffness of an unilamellar vesicle
with each added layer.

6

Figure 6.5: Effect of multilamellarity on vesicle geometry and mechanics. (A) Shape of vesicles
as quantified by the height divided by radius of curvature (Rc). Adherent vesicles containing more
bilayers are less flattened. Inset shows how vesicle shape was quantified. Line profile as measured
by AFM in dotted black. In dark blue the fitted circular arc and in light blue the cap shape after tip
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correction (see materials and methods). Height and radius of curvature are marked by arrows. (B)
Stiffness of vesicles (measured between 0.02 and 0.1 Rc). Vesicles with more lipid bilayers are stiffer.
In red a linear fit. Slope corresponds to ~2.7 * 10-3 N/m per bilayer. Errorbars in both panels
correspond to s.e.m..

6.3 Discussion
In this work, we identified multilamellar vesicles by quantifying the total size of
the break events occurring during nanoindentations (Fig. 6.1, 6.4A). These
penetration events have been previously observed in studies on solid supported
bilayers26 and during vesicle indentations.19 It was also previously observed that
when indenting multiple fluid bilayers, the break closest to the surface is
smaller.28,37 Our data on supported fluid lipid bilayers indeed suggests that they
are strongly deformed, to less than half of their initial thickness, before they are
penetrated (Fig. 6.3C). Although this has been observed previously,38 the
processes that lead to this extent of deformation are unknown. Strong
deformation is presumably due to tilting of phospholipid molecules and bending
of their hydrocarbon chains, and perhaps interdigitation of the two leaflets.
We see a clear effect of the amount of lipid bilayers on the vesicle stiffness (Fig.
6.5B). Our data can be well described by a linear relation with 2.7 * 10 -3 N/m
stiffness added per lipid bilayer. This effect is, however, smaller than would be
expected if membrane bending dominated the mechanical response. If the
stiffness is just affected by bending of additional layers, the system could be
approximated by parallel springs and an increase of ~100% in stiffness would be
expected for each internal vesicle. The smaller effect observed here (~20%
added stiffness per additional bilayer) is consistent with our previous work,
where we found that adherent unilamellar vesicles are pressurized. 20 A linear
relation between number of bilayers and vesicle stiffness would be expected
when a multilamellar vesicle can be approximated as a pressurized unilamellar
vesicle with bending modulus N = 1 * N, where 1 is the bending modulus of a
single lipid bilayer and N number of lipid bilayers in the vesicle. Hence, the linear
appearance of this relationship in our experimental data, indicates that such a
model could be a good approximation for the mechanics of these multilamellar
nanovesicles.

6.4 Conclusions
In summary, our study shows that we can detect and measure mechanical
properties of multilamellar vesicles by AFM nanoindentations. The observed
response is in agreement with our recently proposed model, which described
vesicles indentation using Canham-Helfrich theory.20 sMLVs stay in a more
spherical shape and are stiffer than SUVs. These properties were previously
shown to be beneficial for cellular uptake.9,10,12,13 According to these findings, our
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results suggest that the degree of lamellarity of small vesicles can be tuned for
beneficial physical properties for drug delivery.

6.5 Material and Methods
Vesicle preparation. EggPC (P2772) and Cholesterol (C8667) were ordered from Sigma. Brain

PS (840032C) was ordered from Avanti Polar lipids. Egg PE and Egg SM were ordered from Lipoid.
Small MLVs were produced using the extrusion method39. In short: lipid powder was dissolved at 20
mg/mL in a 9:1 CHCL3:CH3OH solution in a round bottom flask. Molar ratio of mixed lipids was 15%
Egg PC, 17 % Egg PE, 8% Brain PS, 15% Egg SM and 45% cholesterol. This complex lipid mixture is
designed to mimic the lipid concentrations in the red blood cell40 and similarly vesicles excreted by
red blood cells.41 The solvent was dried in a rotary evaporator (Buchi), first for 1 hour at 400 mBar,
then subsequently at least another 30 minutes at 100 mBar. Vesicles with equal buffer conditions in
the lumen and on the outside were created by dissolving the dried lipids in PBS (Phosphate buffered
saline: 10 mM phosphate, 150 mM sodium chloride, pH 7.3 – 7.5) (Invitrogen) at a 20 mg/ml final
concentration. Vesicles were then vortexed for 10 minutes. Finally, vesicles were extruded 15 times
back and forth through a 200 nm filter (Avanti polar lipids).

AFM. Vesicles were adhered to poly-L-lysine coated glass slides in PBS. Slides were first cleaned

in a 96% ethanol, 3% HCl solution for 10 minutes. Afterwards they were coated for 1 hour in a 0.001%
poly-L-lysine solution (Sigma), rinsed with ultrapure water and dried overnight at 370 C. They were
stored at 7 0C for a maximum of 1 month. A 50 µL droplet of vesicle solution was incubated on the
glass slide. Vesicles were imaged in PeakForce TappingTM Mode on a Bruker Biocatalyst setup. Force
setpoint during imaging was 100 pN. Nanoindentations were performed by first making an image of
a single particle, indenting it at 0.5 nN, and subsequently 10 nN with a speed of 250 nms -1.
Subsequently another image was made to check for movement of the vesicle. Importantly, both
before and after the vesicle indentation, the tip was checked for adherent lipid bilayers by pushing
on the glass surface till a force of 5 nN. Tips used were silicon nitride tips with a nominal tip radius
of 15 nm on a 0.1 N/m cantilever by Olympus (OMCL-RC800PSA). Individual cantilevers were
calibrated using thermal tuning.
AFM image analysis. Both images and force curves were processed using home-built MATLAB
software. Size and shape of vesicles were analyzed as described previously 20. Briefly, a circular arc
was fit to the part of the vesicle above half of the maximum height. Subsequently the tip size was
subtracted. Height of the vesicles was determined from the FDC. Radius of curvature was corrected
by 2.5 times the height found in the FDC minus the height found in the images. Size of the vesicle
before deformation was calculated assuming surface area conservation. A minimum radius of
curvature of 5 nm was assumed for where the spherical cap touches the surface.
AFM FDC analysis. The cantilever response was measured on the sample surface and fitted linearly.
The resulting fit was subtracted from the measured response when indenting vesicles to obtain
FDCs. Stiffness of the vesicles was found by fitting a straight line in the interval between 0.02 – 0.1
Rc and was determined using a single FDC per vesicle.

6

Cryo-EM. For the cryo-preparation, glow-discharged R2/2 200 mesh holey carbon films

(Quantifoil) were used. 2.5 μL of sample was applied to the grid and blotted for 2.5 s and then cryoplunged using a Vitrobot (Thermo Fisher Scientific, The Netherlands). In total 90 micrographs were
collected on a Tecnai Spirit (120 kV) cryo-electron microscope using a Eagle 4kx4k CCD camera
(Thermo Fisher Scientific).
Cryo-EM image analysis. CryoEM images were analyzed by measuring the circumference of
individual vesicles and counting the amount of lipid bilayers. A small percentage of multivesicular
vesicles was present, in which case only the bilayers of the internal vesicle with the highest degree
of lamellarity were counted.

141

536987-L-bw-Marchetti
Processed on: 15-10-2019

PDF page: 153

Multilamellar nanovescicles

Acknowledgements
The authors thank L. Dreesens for helpful discussions and help collecting preliminary data and Hans
Duimel for helping in the cryoEM sample preparation. WHR and GJLW acknowledge funding via
respectively a Nederlandse Wetenschappelijke Organisatie (NWO) VIDI and VICI grant and funding
via FOM projectruimte grants. DV, WHR and GJLW acknowledge the Dutch Space Organization
(SRON, grant MG-10-07).

142

536987-L-bw-Marchetti
Processed on: 15-10-2019

PDF page: 154

Chapter 6

References
1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12.
13.
14.
15.
16.
17.

18.
19.
20.
21.
22.
23.

24.

Wang, A. Z., Langer, R. & Farokhzad, O. C. Nanoparticle Delivery of Cancer Drugs. Annu.
Rev. Med. 63, 185–198 (2012).
Torchilin, V. P. Recent advances with liposomes as pharmaceutical carriers. Nat. Rev. Drug
Discov. 4, 145–160 (2005).
Balasegaram, M. et al. Liposomal amphotericin B as a treatment for human leishmaniasis.
Expert Opin. Emerg. Drugs 17, 493–510 (2012).
Wischke, C. & Schwendeman, S. P. Principles of encapsulating hydrophobic drugs in
PLA/PLGA microparticles. Int. J. Pharm. 364, 298–327 (2008).
Moon, J. J. et al. Interbilayer-crosslinked multilamellar vesicles as synthetic vaccines for
potent humoral and cellular immune responses. Nat. Mater. 10, 243–251 (2011).
Joo, K. Il et al. Crosslinked multilamellar liposomes for controlled delivery of anticancer
drugs. Biomaterials 34, 3098–3109 (2013).
Canton, I. & Battaglia, G. Endocytosis at the nanoscale. Chemical Society Reviews 41, 2718
(2012).
Ding, H. & Ma, Y. Theoretical and Computational Investigations of NanoparticleBiomembrane Interactions in Cellular Delivery. Small 11, 1055–1071 (2015).
Zhang, L. et al. Microfluidic Synthesis of Hybrid Nanoparticles with Controlled Lipid Layers:
Understanding Flexibility-Regulated Cell-Nanoparticle Interaction. ACS Nano 9, 9912–9921
(2015).
Sun, J. et al. Tunable Rigidity of (Polymeric Core)-(Lipid Shell) Nanoparticles for Regulated
Cellular Uptake. Adv. Mater. 27, 1402–1407 (2015).
Kol, N. et al. Mechanical properties of murine leukemia virus particles: effect of maturation.
Biophys. J. 91, 767–774 (2006).
Yi, X., Shi, X. & Gao, H. Cellular Uptake of Elastic Nanoparticles. Phys. Rev. Lett. 107, 1–5
(2011).
Yi, X. & Gao, H. Cell membrane wrapping of a spherical thin elastic shell. Soft Matter 11,
1107–1115 (2015).
Banquy, X. et al. Effect of mechanical properties of hydrogel nanoparticles on macrophage
cell uptake. Soft Matter 5, 3984 (2009).
Anselmo, A. C. et al. Elasticity of Nanoparticles Influences Their Blood Circulation,
Phagocytosis, Endocytosis, and Targeting. ACS Nano 9, 3169–3177 (2015).
Roos, W. H., Bruinsma, R. & Wuite, G. J. L. Physical virology. Nat. Phys. 6, 733–743 (2010).
Marchetti, M., Wuite, G. & Roos, W. Atomic force microscopy observation and
characterization of single virions and virus-like particles by nano-indentation. Curr. Opin.
Virol. 18, 82–88 (2016).
de Pablo, P. J. & Mateu, M. G. in Structure and Physics of Viruses 519–551 (2013).
doi:10.1007/978-94-007-6552-8_18
Li, S., Eghiaian, F., Sieben, C., Herrmann, A. & Schaap, I. A. T. Bending and puncturing the
influenza lipid envelope. Biophys. J. 100, 637–645 (2011).
Vorselen, D., MacKintosh, F. C., Roos, W. H. & Wuite, G. J. L. Competition between Bending
and Internal Pressure Governs the Mechanics of Fluid Nanovesicles. ACS Nano 11, 2628–
2636 (2017).
Calò, A. et al. Force measurements on natural membrane nanovesicles reveal a
composition-independent, high Young’s modulus. Nanoscale 6, 2275–85 (2014).
Vorselen, D. et al. The fluid membrane determines mechanics of red blood cell extracellular
vesicles and is softened in hereditary spherocytosis. (2017). doi:10.1101/212456
Sharma, S. et al. Structural-Mechanical Characterization of Nanoparticle Exosomes in
Human Saliva, Using Correlative AFM, FESEM, and Force Spectroscopy. ACS Nano 4, 1921–
1926 (2010).
Helfrich, W. Elastic properties of lipid bilayers: theory and possible experiments. Z.
Naturforsch. C. 28, 693–703 (1973).

6

143

536987-L-bw-Marchetti
Processed on: 15-10-2019

PDF page: 155

Multilamellar nanovescicles
25.
26.
27.
28.
29.
30.
31.
32.
33.
34.
35.

36.
37.
38.
39.
40.

41.

Canham, P. B. The minimum energy of bending as a possible explanation of the biconcave
shape of the human red blood cell. J. Theor. Biol. 26, 61–81 (1970).
Garcia-Manyes, S. & Sanz, F. Nanomechanics of lipid bilayers by force spectroscopy with
AFM: A perspective. Biochim. Biophys. Acta - Biomembr. 1798, 741–749 (2010).
Dufrêne, Y. F., Boland, T., Schneider, J. W., Barger, W. R. & Lee, G. U. Characterization of
the physical properties of model biomembranes at the nanometer scale with the atomic
force microscope. Faraday Discuss. 79-94; discussion 137-157 (1998). doi:10.1039/a807637e
Franz, V., Loi, S., Müller, H., Bamberg, E. & Butt, H. J. Tip penetration through lipid bilayers
in atomic force microscopy. Colloids Surfaces B Biointerfaces 23, 191–200 (2002).
Redondo-Morata, L., Giannotti, M. I. & Sanz, F. AFM-Based force-clamp monitors lipid
bilayer failure kinetics. Langmuir 28, 6403–6410 (2012).
Rawicz, W., Olbrich, K. C., Mcintosh, T., Needham, D. & Evans, E. Effect of Chain Length
and Unsaturation on Elasticity of Lipid Bilayers. 79, 328–339 (2000).
McIntosh, T. J., Simon, S. a., Needham, D. & Huang, C. H. Structure and cohesive properties
of sphingomyelin/cholesterol bilayers. Biochemistry 31, 2012–2020 (1992).
Klug, W. S. et al. Failure of viral shells. Phys. Rev. Lett. 97, 1–4 (2006).
Roos, W. H. et al. Scaffold expulsion and genome packaging trigger stabilization of herpes
simplex virus capsids. Proc. Natl. Acad. Sci. U. S. A. 106, 9673–8 (2009).
Richter, R. P. & Brisson, A. R. Following the formation of supported lipid bilayers on mica:
a study combining AFM, QCM-D, and ellipsometry. Biophys. J. 88, 3422–3433 (2005).
Rupert, D. L. M. et al. Dual-Wavelength Surface Plasmon Resonance for Determining the
Size and Concentration of Sub-Populations of Extracellular Vesicles. Anal. Chem. 88, 9980–
9988 (2016).
Seifert, U. & Lipowsky, R. Adhesion of vesicles. Phys. Rev. A 42, 4768–4771 (1990).
Pera, I., Stark, R., Kappl, M., Butt, H.-J. & Benfenati, F. Using the atomic force microscope
to study the interaction between two solid supported lipid bilayers and the influence of
synapsin I. Biophys. J. 87, 2446–2455 (2004).
Alessandrini, A., Seeger, H. M., Caramaschi, T. & Facci, P. Dynamic force spectroscopy on
supported lipid bilayers: Effect of temperature and sample preparation. Biophys. J. 103, 38–
47 (2012).
Olson, F., Hunt, C. a, Szoka, F. C., Vail, W. J. & Papahadjopoulos, D. Preparation of liposomes
of defined size distribution by extrusion through polycarbonate membranes. Biochim.
Biophys. Acta 557, 9–23 (1979).
Dougherty, R. M., Galli, C., Ferro-Luzzi, a & Iacono, J. M. Lipid and phospholipid fatty acid
composition of plasma, red blood cells, and platelets and how they are affected by dietary
lipids: a study of normal subjects from Italy, Finland, and the USA. Am. J. Clin. Nutr. 45, 443–
455 (1987).
Hagerstrand, H. & Isomaa, B. Lipid and protein composition of exovesicles released from
human erythrocytes following treatment with amphiphiles. Biochim. Biophys. Acta Biomembr. 1190, 409–415 (1994).

144

536987-L-bw-Marchetti
Processed on: 15-10-2019

PDF page: 156

Chapter 6

Supporting Information

Figure S6.1 Break force statistics. Histogram of forces at which break events occur: (A) Break

6

force statistics. Histogram of forces at which break events occur: A) close to the surface (2.2  1.6
nN, st.d., N = 361); (B) the last break event (2.6  1.8 nN, st.d., N = 124); (C) far from the surface (0.8  0.8
nN, st.d., N = 216); and (D) during bilayer indentations (3.5  1.5 nN, st.d. N = 54). Spread in the
observed break forces is generally much larger than when analyzing break distance. The force
required to break through the last bilayer is typically slightly larger than the other breaks close to
the glass surface. A simple explanation for this is that the force at which the AFM tip contacts the
last bilayer is typically higher than for the first contacted bilayer. The force required for penetrating
supported lipid bilayers is higher than the force required for the last adherent bilayer during a vesicle
indentation. Potentially, this can be explained by the higher tension present in the vesicle
membranes than the supported lipid bilayers, which makes penetration by the AFM tip energetically
less unfavorable1 . Finally, the breaks occurring further from the surface during vesicle indentations
occur at significantly lower force than the penetration of the bilayer stack close to the surface. It is
known that the penetration force required to penetrate a lipid bilayer increases with loading rate2 ,
and since in our experimental design the speed (in nm/s) of the AFM tip is constant, the loading rate
depends on the stiffness before penetration. The low rigidity of the vesicle results in a (~5 fold) lower
loading rate for the break events far from the surface, than those
closer to the surface.
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Figure S6.2 Determination of the vesicle lamellarity. In the main text we determine the lamellarity

of vesicles based on the summed distance of the distance of the breaks within each curve.
Alternatively, the amount of break events could be counted to determine lamellarity. Here, we
compare both methods in a 2D-histogram with color (and numbers) indicating the number of
vesicles in each bin. Overall, both methods yield good correspondence (~60% of vesicles are
classified in the same way, and >30% differ only one lipid bilayer. We used classification based on
total break distance, since we believe it represents the most unbiased approach. Some much larger
breaks are present in the FDCs (see main text fig. 6.2D), which likely represent double (or more)
bilayer penetrations. When determining the number of breaks in each curve we would have to decide
what to do with each larger break event separately. (For this figure such larger breaks were counted
as a single lipid bilayer; if an odd number of break events was recorded we rounded up the total.)
We note that determining the lamellarity by the number of break events does not change any of the
main conclusions (data not shown).
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During the non-linear journey of my PhD I took unpredicted paths and multiple
deviations, which lead to new ideas and some successful projects, as well as
unfinished ones. In this final chapter, I briefly introduce the latter. Due to
unavoidable time constraints, I will transfer these works to someone else, with
the hope that they will lead to exciting scientific discoveries.

7.1 Membrane interactions in fertilization
Fertilization is the process by which eggs and spermatozoa interact, achieve
mutual recognition, and fuse to create a single, genetically distinct individual 1.
Fertilization is a multistep and complex process mediated primarily by gamete
surface proteins2. Despite a giant leap forward with the recent discovery of
essential proteins for successful fusion, the molecular mechanism underlying
the multiple key proteins-interactions that lead to the two membranes to fuse
during fertilization, have remained poorly understood 3.
To date, three surface receptors have been identified as having sex-specific
sterility when deleted in vivo: Juno and CD9 on the egg surface, and Izumo1 on
the sperm surface3. Izumo1 and its folate receptor Juno interaction drives the
necessary adhesion step, to which follows fusion4,5. The N-terminal domain of
the sperm protein Izumo1 binds the GPI-anchored protein Juno on the surface
of the egg (Fig. 7.1). This interaction is essential as recognition and adhesion step.
Other molecules are almost certainly required for sperm-egg fusion as it was
found that Izumo1 and Juno are not sufficient to trigger membrane fusion in
heterologous systems4. Moreover Juno was found to form local clusters ensuring
a sufficiently high binding avidity for productive interactions, and it was
suggested that CD9 is responsible for this clustering organizational role 6. This
ability of CD9 relates well to the function of transmembrane proteins which
belong to the tetraspanin family7.

7.1.1 Preliminary experiments
The specific interactions which occur between Juno-Izumo1-CD9 during the
fertilization process, and whether any of these interactions directly contribute
to membrane remodeling, is currently unknown. In this section I present
preliminary experiments aimed to study, at the single-molecule level, the
fertilization fusion system, using a similar approach as described in Chapter 5.
In brief, optical tweezers (OT) allow for manipulation of a bead pair, each coated
with a phospholipid membrane. His-tagged proteins are bound to the Ni-NTA
lipids in the membrane (Fig. 7.1). As the proteins, or the lipids, are fluorescently
labelled, it is possible to select the interactions to study for each bead pair.
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Additionally, fluorescently labelled lipids allow to monitor possible lipid mixing
occurring as the proteins are bound to each other.
The experimental procedure for validating this method is the previously
described approach-and-retraction routine: we bring into contact the two
membrane-containing proteins and by pulling them apart we directly probe the
forces involved and the probability of each specific interaction (Fig 7.2). As
shown in Figure 7.2C Izumo1-Juno shows the highest interaction probability,
encouraging new experiments for studying this system at the single-molecule
level in our setup.

Figure 7.1: Fertilization proteins on membrane-coated beads. (A) Schematic of two
lipid-coated (99% DOPC, 1% DGS-Ni-NTA) polystyrene microspheres: one bead contains
AlexaFluor488-labelled Izumo1-268-His (Iz268-His) and the other bead contains Red-NHS-labelled
Juno-222-His (Juno-His), as illustrated in the schematic. (B) Illustration of how the interaction would
take place on gamete membranes. Izumo1 is a single-pass transmembrane protein and Juno is a

GPI-anchored folate receptor-like.

7.1.2 Future experiments
To further explore in vitro the fertilization system as described in the previous
section, we would change some experimental settings in order to resemble as
much as possible the in vivo sperm-egg system:
i. Liposomes: instead of coating polystyrene beads with a lipid membrane, it
is possible to directly trap single liposome particles. Liposomes filled with
sucrose solution (e.g. 1M sucrose) have a significantly higher refractive
index of water, becoming easy objects to trap, as previously shown in
different optical tweezers studies8–10. On one hand, using liposomes would
lower the range of applicable forces, on the other hand it would probably
facilitate content and lipid mixing experiments, as the membranes are not
restricted by the presence of the beads.

7
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ii.

iii.

Size: the egg cell diameter is 2-orders of magnitudes larger than the
sperm cell head. In order to resemble the real interaction surface areas,
two different liposomes sizes could be used (schematic in Fig. 7.3A). On
one side GUVs (≈10-100 m) coated with Juno and\or CD9, and on the
other side SUVs (≈100 nm) coated with Izumo1. Note that it was
demonstrated that liposomes up to 50 nm in diameter can be optically
trapped11.
Speed and frequency: the swimming velocity of and the forces applied by
the sperm when interacting with the egg surface have been quantified by
means of OT12. Moreover the sperm flagellum beating mode has been
recently shown to affect the egg adhesion process: the flagella oscillations
impose different types of movements of the sperm head, that are likely to
influence its adhesion activity13. Therefore we would redesign the
approach-and-retract routine accordingly, exploring different approach
velocities (v = 5-100 m/s), forces (F = 2-100 pN), and different beating
frequencies (f = 1-10 Hz). Moreover by also changing the sperm-liposome
approach directionality, we would explore how all these parameters affect
single protein interactions during the fertilization adhesion process. A
schematic resuming the changing experimental parameters and
preliminary tests, using membrane-coated beads, are presented in Figure
7.3.

Figure 7.2: Preliminary results summary. Specific interactions between Juno and Izumo1
are measured using optically trapped membrane coated microspheres (Ø=3.8 m). (A), (B) Top
panels: confocal images of bead pairs held in two optical traps, with Izumo1 coated beads in green
and Juno coated ones in red. Bottom panels: measured forces arising from approach-and-retraction
routines. As described in Chapter 5 a positive force arises as the membranes contact and a negative
force, indicative of tether formation, arises during pulling. (C) Probability of interactions - i.e.
formation of tethers upon bead separation - for different bead pair combinations (dark beads are
lipid only beads). Izumo1-Juno interactions occur with the highest probability.
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Figure 7.3: Possible future experiments. (A) Schematic of two trapped liposomes with
different diameters. The bigger and static liposome would resemble the egg, the moving and smaller
liposome would resemble the sperm head. During the approach step different parameters can be
changed according to swimming sperm measured values - i.e. velocity, forces and frequencies of
interaction as well as the approach directionality. (B) Fast approach-and-retraction routine
preliminary trial, using two membrane-coated beads of the same size. Each fast cycle is followed by
static contact and manual pulling for monitoring the presence of a tether. Blue frame inset: details
of 10 s fast routine, where red arrows indicate tethers formation. Note: unlike Fig. 7.2, the tethers
force increase is shown as positive as it represents the force vector magnitude. (C) Position-Time
plot showing a fast routine frequency at 10 Hz. (D) Position-Time plot showing a fast routine moving
the bead at 50 m/s.

7

7.2 Natural viruses assembly
A simple viral capsid assembles through the simultaneous interaction between
capsid proteins and their binding onto a nucleic acid molecule. In Chapter 4 we
explored the assembly process of an artificial viral capsid as a model system for
a deeper understanding of a virus life cycle. In this section I introduce two
natural viruses which are ideal candidates for real-time assembly studies
combining the complementary techniques used in Chapter 4 (i.e. optical
tweezers with fluorescence microscopy and acoustic force spectroscopy - AFS).
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Why choosing these two as suitable viruses for a single-molecule assembly
study?

•
•
•

They have a linear morphology: both the dumbbell optical tweezers (OT)
and AFS configuration fits well with this linearity, as the nucleic-acid
molecule is held and manipulated from both ends.
They are helically arranged viruses: the compaction proceed in a regular
way as the particle grows from one location (or two) and elongates further
from there; this characteristics allows a precise quantification of the
particle growth process.
They are formed by a single capsid protein: this is an advantage as it
simplifies the experimental protocol and the interpretation of the readout
signal from both the protein binding and the induced compaction steps
during growth.

7.2.1 An RNA virus: TMV
Tobacco Mosaic Virus (TMV) is one of the earliest discovered, simplest and most
characterized viruses14–16. Its helical structure (Fig. 7.4) consist of ca. 2130
identical capsid proteins (CPs) subunits which are bound to and protect a singlestranded RNA (ssRNA) molecule of 6.4 knt17. The TMV self-assembly process has
been reproduced in vitro and is characterised in great detail. In short, as
summarized in Fig. 7.518: depending on pH, ionic strength and protein
concentration, the CPs form different oligomer sizes, from small “A-proteins” to
double-layered “disks” of 34 subunits18. The latter are the essential nuclei from
which particle growth can start. Upon their binding to a stem loop along the
RNA genome, known as origin of assembly (OA) (Fig. 7.4), the disks undergo a
conformational change leading to a “lockwasher” configuration. This new shape
allows a RNA fragment to be integrated in between the disks layers. The particle
grows cooperatively through the subsequent addition of CP oligomers both from
the RNA 5’-end (fast growth, as disks are incorporated) and from the 3’-end (slow
growth, as A-proteins are incorporated). The resulting helical structure is
characterized by a pitch of 2.3 nm and the final capsid is 300 nm in length, 18
nm in diameter, with a 4-nm wide inner channel14 (Fig. 7.4).
The single-molecule approach described in Chapter 4 would allow to observe
the TMV assembly process taking place in vitro. The flow-cell system has the
advantage of changing the pH in situ, in order to get a transition from disks to
lockwasher by shifting from pH 7.0 to pH 6.0 19. Even though the TMV growth
process is independent of the specific genome sequence, the presence of the
OA hairpin is required for a high affinity nucleation and efficient RNA
encapsulation20. Therefore, in order to reproduce as best the in vivo assembly
pathway it is advised to design a new RNA-DNA hybrid construct, as
schematized in Fig. 7.6. The construct central part is the wt TMV ssRNA genome,
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at the ends of which are incorporated two double-stranded DNA handles
generated as PCR products, similarly to a previously described protocol 21. The
presence of the RNA-DNA hybrid handles is essential for avoiding experimental
complication which might arise while catching the construct in situ. In fact
secondary structures are formed along the whole ssRNA (see prediction in Fig.
7.4), in case the genome is unconstrained in solution. During the experiments,
when the two ends are brought into close proximity, the absence of such
handles would lower the chances of binding the construct to both beads. One of
the main advantages of using OT/AFS is to probe the yet unknown force
landscape to which the ssRNA is exposed during the TMV self-assembly. This
would allow to test different conditions at which the particle can still undergo
the growth process when exposed to certain forces, or to induce disassembly
and/or protein unbinding.
The complementary fluorescence microscopy would reveal the kinetics of the
assembly process, starting at the OA location and growing in intensity as disks,
A-proteins and CP are added. To this end, the fluorescent labelling of single CP
would allow to distinguish different sizes of oligomers. This observation would
allow to distinguish between the fast and slow growth processes, which can be
in turn related to the corresponding force signal. To be taken into consideration
is the distance between the OA and the construct end, such that the
visualization of the binding process with fluorescence is not affected by the
vicinity of the bead (e.g. ≥ 3000 nucleotides difference). While in Chapter 4
confocal fluorescence microscopy was used to observe events along the whole
-DNA (48.5 kbp), in order to quantify single events at this specific location on
the TMV genome, STED microscopy would be more suited, as already
implemented in our OT setup (with 50 nm resolution, a 6-fold resolution
improvement with respect to confocal microscopy)22.

7
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Figure 7.4: Tobacco Mosaic Virus (TMV). (A) Electron microscopy image of a typical TMV
rod. (B) 3D reconstruction of a TMV rod segment from electron micrographs. Adapted from ref. 23.
(C) Predicted secondary structures of TMV RNA genome where the OA hairpin, with nonanucleotide
loops, is marked by a black frame. Its structure prediction is shown in more detail in the black frame
on the right. Adapted from ref.24.
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Figure 7.5: TMV assembly process. Schematic of the known steps occurring during TMV

assembly. This model describes a bidirectional growth driven by the concurrent binding of different
CP oligomers, i.e. "A-protein" and disks, in vitro. Assembly of TMV starts with insertion of the
RNA (black line) OA-loop into the central hole of a protein disk, resulting in its conformational
change into a helical “lockwasher” and the formation of an RNA “traveling loop” (indicated with
arrow) and integration of the adjacent RNA portion between the CP layers. Fast tube elongation
towards the 5’-tail of RNA is achieved by the serial addition of protein disks, while slow 3'-elongation
occurs through addition of single “A-proteins”. From ref.24.

7
Figure 7.6: DNA-RNA construct. Schematic of the hybrid DNA-RNA construct which can be

used to study TMV self-assembly in an optical tweezers setup. In between two hybrid double
stranded handles (red-orange), the ssRNA genome (blue) is placed which contains the OA from which
the assembly process can start. The handles can generated as two PCR products and hybridized to
the RNA template. The handles can functionalized with Dig and/or Biotin for bead attachment
during the optical tweezers experiments.
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7.2.2 A DNA virus: SIRV2
In the last decades, among the huge variety of viral families, viruses from the
archaeal domain have been brought to light and found to be highly diverse and
complex systems25. The known thousands of archaeal viruses all contain a
double-stranded (dsDNA) genome and only a few of them have been studied at
the molecular level25. The archaeal Rudiviridae family comprises non-enveloped,
stiff rod-like viruses containing a linear dsDNA genome. The rudivirus Sulfolobus
islandicus rod-shaped virus 2 (SIRV2, Fig. 7.7) was isolated from a solfataric
spring in Iceland, which had a temperature of 88 °C and pH of 2.5 26. During its
life cycle SIRV2 encounters a large range of pH and temperatures. Due to its
hyperthermostable and acid-resistant nature, SIRV2 has been studied as a
potential stable viral nanoparticle27. In a recent cryo-EM study the high stability
of this particle has been linked to its structure28. A three-dimensional
reconstruction, with a ~4 angstrom resolution, revealed a new structural
organization: i) half of the capsid protein is unfolded in solution; it folds into a 
helix while wrapping around the DNA (Fig. 7.7C); ii) its DNA is characterized by
an A-form backbone structure (Fig. 7.7D)28.
The single-molecule approach described in Chapter 4 would allow to observe
the assembly process taking place in vitro. The flow-cell system has the
advantage to test the high variety of chemical conditions at which SIRV2 is
exposed to, and to induce both its assembly and disassembly process. Probing
the DNA mechanical changes upon protein binding would reveal the transition
from B-DNA to A-DNA induced by the bound capsid proteins. Moreover SIRV2
genome length (35.8 kbp dsDNA) is ideal to observe the protein binding kinetics
and dynamics of growth through confocal fluorescence microscopy. The more
than 10-fold compacted genome, reaching a final capsid length of 900 nm, could
also be followed in great detail with our OT setup by quantifying single
compaction steps. In contrast to using the TMV ssRNA, using directly the SIRV2
dsDNA genome would facilitate experiments greatly as there is no need of
making a new construct, only the dsDNA ends need to be biotinylated.
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Figure 7.7: SIRV2. (A) TEM of negatively stained SIRV2 particles. Inset shows a high resolution

image of the end structure of the capsid. Scale bar 500 nm. (B) Schematic of SIRV2 particles. Adapted
from ref.27. (C) Cutaway view of the cryo-EM reconstructed virion, showing the capsid proteins
(magenta). The protein -helices wrap around the dsDNA (blue) and encapsidate it. On the right, a
close-up view of the black-framed region shows one protein dimer (yellow-green). (D) Right-handed
solenoidal supercoiling of the encapsulated DNA, showing three turns. Adapted from ref.28.
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7.3 A high-end flow cell system for nanoparticles manipulation
In this section I present a part of the results obtained during the development
of a new AFM setup combined with Raman spectroscopy, aimed at studying
biological systems, such as viruses and vesicles.
In order to facilitate the exchange of liquid in the AFM set-up, a flow cell has
been developed. The goal of having such a flow cell is to be able to quickly and
reproducibly change the pH and/or salt concentration of the liquid in which the
AFM experiments are being performed (Fig. 7.8). In this way the mechanical
properties of particles can be measured before and after exchange of the
surrounding liquid, thereby directly revealing the influence of environmental
parameters on the structural mechanics.

Figure 7.8: Experimental set-up. (A) The flow cell has N inlets where different solutions can be

added. By opening/closing the inlets (using pressure valves) a single solution or a mixture of
solutions can be chosen. The flow velocity can be tuned by the degree of opening of the inlets. This
solution then flows over the sample stage, whereby the AFM, coming from above, and the light
microscope, coming from below, can simultaneously image the solution. (B) Zoom in onto the flow
cell and AFM. The viral nanoparticles are attached to the glass cover slip surface by hydrophobic
interactions. The AFM is used to image and indent single particles.

In collaboration with Micronit Microtechnologies we designed a flow-cell with
three entry channels converging into a central pool where the AFM
measurements take place (Fig. 7.9A). Two different microfluidics systems were
designed: i) a flow-cell with connections from the top, with stainless steel
capillaries which can be bent and adjusted to fit the limited space between the
AFM head and the flow-cell holder during the experiments (Fig 7.9B i); ii) a flowcell with planar connections (SideConnect platform, Fig. 7.9B ii).
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Figure 7.9: Microfluidics system. (A) Schematic of the flow-cell top view, with three input channels
which converge into a central round pool, where the AFM measurements take place, followed by a
single output channel. (B) Micronit Microtechnologies flow-cell and chip holder with (i) top (with
90-degree bent steel tubes) and (ii) planar connections which fit best underneath the AFM head.

7
Figure 7.10: Cantilever holder. (A) Image of cantilever holder for measurements in liquid, with
cantilever placed on top and an example of flat ring sealing which is inserted around the holder
round area. (B) Microfluidics system and placement of the cantilever holder during measurements
(inserted as indicated by arrow). At the interface between the holder and the flow-cell upper surface,
the sealing makes sure no fluid leakage takes place during measurements.
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The AFM cantilever holder for measurements in liquid (Fig. 7.10A) is inserted in
the flow-cell as shown in Fig. 7.10B and an interface sealing (ring-shaped) must
be placed around the holder at the interface with the microfluidic device.
A flat sealing (such as the one in Fig. 7.10A) was tested during AFM imaging in
liquid when (i) not in contact with the flow-cell top surface, leading to good
image (Fig. 7.11A, i); (ii) in contact with the flow-cell top surface, as it would be
during standard measurements, leading to bad images probably due to the
friction during the scanning (Fig. 7.11A, ii). In order to reduce the contact area
between sealing and flow-cell top surface, a new sealing was designed (PDMS
gasket tapered, Fig. 7.11B); the 2.4 mm height of the sealing was tested to be a
good option for sealing and imaging (Fig. 7.11C).

Figure 7.11: Sealing test during AFM imaging. (A) AFM image of flow-cell surface when (i) the flat
sealing is not in contact with the upper surface of the flow-cell and (ii) the flat sealing is brought
into contact with the flow-cell surface as it should be during measurement under flow. In contrast
to image (i), which shows a flat and standard surface image, image (ii) shows imaging distortions
which are attributed to a friction issue of the sealing. (B) New PDMS gasket tapered sealing prototype
with reduced contact area with flow-cell surface. (C) Panel i: Image of the gasket tapered sealing
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inserted into the flow-cell during AFM measurements. Panel ii: correspondent flat AFM image with
no-distortions observed.

In order to perform measurements under a constant and controlled flow a
pressure box was added to the system inside the AFM cage. A holder for the
pressure box and syringes to which the tubings are connected was placed and
integrated in the setup as shown in Fig. 7.12. An additional holder for the waste
products is added at the back of the microscope.

Figure 7.12: Pressure box holder. A pressure box and syringes holder is placed to the side of the
AFM head. Its position and height can be modified according to the user wishes. Highlighted on the
right are the keys elements of the holder. The tubings shown can be connected to the syringes and
can be inserted into different flow-cell channels.
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DNA, proteins, membranes:
exploring the physics behind biomolecular processes
Biomolecular processes represent the fundamental interactions occurring at
the nanoscale which are vital for any biological system to function. The
complexity of these events and the spatial/temporal scale at which they occur,
dictate the biggest challenge in experimental biophysics: unravelling such
processes and their working mechanism. This thesis investigates several
biomolecular processes driven by the interactions between three major
macromolecules of life, namely DNA, proteins and membranes. Thanks to stateof-the-art single-molecule instruments we catch, manipulate and observe one
macromolecule at a time.
The experiments in this thesis are performed with three main techniques which
complement each other in the information that can be extracted from each
studied system. i) Optical tweezers combined with confocal fluorescence
microscopy (OT&C) allows to catch single DNA molecules and to observe
proteins binding, unbinding and moving along the DNA. At the same time the
DNA can be manipulated and its force response provides information on the
induced mechanical properties. OT&C was also used to trap single membranecoated beads and to observe and quantify the interactions induced by
membrane-binding proteins. ii) Acoustic force spectroscopy (AFS) also allows to
perform proteins-DNA interactions experiments, with the advantage of parallel
measurements using short DNA molecules and of applying stable low forces. iii)
Atomic force microscopy (AFM) is a gentle technique as it permits to image
biological particles (soft particles, such as liposomes) placed on a surface by
scanning over them. At the same time AFM was used to push and/or break them,
allowing to get insights into their material and mechanical properties. See
Chapter 1 for more details.
Here a short summary follows for every experimental chapter presented in this
thesis.
Chapter 3
1D-sliding assists σ70-dependent
promoter binding by E.coli RNA polymerase
The flow of genetic information from DNA to RNA is of central importance to
living systems and it can only start after an RNA polymerase has found a
promoter site. But how does this enzyme find its promoter sites on DNA in the
first place? In recent years, the controversial debate on this topic seems to lean
in favor of a promoter search mechanism that is dominated by 3D-diffusion,
rather than by 1D-sliding along DNA. We designed an improved single-molecule
assay that unambiguously revealed extensive 1D-sliding of RNAP. An intriguing
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implication of our quantitative analysis is that around the RNAP concentration
that is present in living cells, the 1D and 3D-search mechanisms are elegantly
balanced, suggestive of a buffering mechanism.
For the direct observation of single E. coli σ70-RNAP, we performed confocal
fluorescence imaging of linear DNA molecules and reproduced all previous key
findings such as binding kinetics and sequence-dependent binding affinity. One
crucial element of our experimental configuration is that we hold single DNA
molecules fully suspended in solution between two optically trapped beads,
which permits full and unimpeded 1D-sliding of RNAP along DNA. Indeed, we
directly observed single RNAPs sliding over thousands of basepairs. This is in
contrast to the lack of evidence for 1D sliding in previous surface-bound assays
where RNAP inevitably encounters a substrate while it undergoes rotationcoupled 1D-diffusion along DNA.
Our results demonstrate a powerful single-molecule fluorescence assay that
avoids potential surface-associated perturbations. This assay is applicable to a
wide range of DNA-protein interactions and is perhaps even essential for
analysing the mobility of DNA-bound species. Foremost, our results provide new
insights into the promoter search mechanism. This is essential for our
fundamental understanding of gene expression and it provides us with the
elementary insights that are required to start interpreting/addressing
situations with elevated complexity such as the impact of crowding on target
search processes.
Chapter 4
Real-time assembly of an artificial virus-like
particle elucidated at the single-particle level
In this study we investigated in real-time the dynamics of assembly of virus-like
particles, which remains one of the poorly understood key steps in the viral life
cycle. Using a powerful combination of single-molecule techniques, such as
confocal fluorescence microscopy of optically trapped DNA molecules and
acoustic force spectroscopy we scrutinized this process. We observe directly
and in real time the critical early stages (i.e. protein nucleation) of the assembly
pathway of an artificial virus-like particle. Furthermore, we followed the growth
of single nuclei and revealed the binding kinetics and dynamics of single capsid
proteins, while monitoring the DNA mechanical changes such as its timedependent compaction. We complemented the study with observations from
atomic force microscopy and bulk assays. Our findings not only contribute to a
fundamental understanding of the complex, dynamic processes occurring
during viral self-assembly, but also support the development of virus-like
particles in order to design effective and controlled novel artificial genetic
carriers. Moreover, our study demonstrates how the powerful combination of
single-molecule fluorescence assays with high temporal/spatial resolution is
well suited to scrutinize proteinaceous structure assembly.
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Chapter 5
synaptotagmin-1 and Doc2b exhibit distinct
membrane remodeling mechanisms
Synaptotagmin-I (Syt1) is a calcium sensor protein that is vital for neural activity,
for example its deletion in mice leads to death within 48 hours after birth. Due
to its central importance during neurotransmitter release, Syt1 has been
extensively studied by various molecular and structural approaches.
Nevertheless, many questions remain on how Syt1 mediates membrane fusion.
In particular, there is extensive debate in the field on the membrane-bound
configuration of Syt1 before and during fusion. This debate is hard to settle due
to a lack of appropriate experimental tools.
In a previous publication our lab demonstrated that optical tweezers combined
with confocal fluorescence can be used to study protein-membrane
interactions. Here we successfully expand the capacity of these tools to directly
observe and quantitatively measure the interactions between single vesicles
with an unprecedented resolution and a degree of control that is impossible to
reach with other techniques. Using this instrument, we have now succeeded to
forge a breakthrough into the understanding of the mechanism of fusionmediation by Syt1. First, we address the long standing question of the binding
configuration between Syt1 and membranes, focusing on discriminating
between binding to an opposing membrane or to another copy of the protein in
the opposing membrane, i.e. establishing if Syt1 binds symmetric or asymmetric
to trigger fusion. Our results clearly show, on the bases of quantitative
measurements of the binding strength and frequency, that Syt1 binds
significantly more strongly to membranes rather than to other Syt1 molecules.
This striking result helps resolve a long-standing controversy in the field for the
mode of Syt1 action during fusion. Second, we succeeded to quantitatively and
directly demonstrate, using AFM nanoindentation, that the binding of Syt1 to
membranes results in membrane softening. This lowering of the energy required
for membrane deformation likely contributes significantly to fusion facilitation
by calcium sensor proteins, and may be a general feature of C2AB domains. The
finding that calcium sensor proteins directly modify the mechanical properties
of membranes in order to trigger membrane fusion was speculated about but
never directly demonstrated before. This study thus sheds new light on the
mechanism of Ca2+ induced fusion triggering, which is essential for a
fundamental understanding of neurotransmitter secretion.
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Chapter 6
Multilamellar nanovesicles show distinct mechanical
properties depending on their degree of lamellarity
Nanoscale vesicles are currently in use as drug delivery vehicles, and are widely
studied for their broader potential in therapeutic applications. It has been
shown that small multilamellar vesicles (sMLVs) can have important benefits for
drug delivery, such as slower release kinetics and larger storage volume for
hydrophobic drugs. Recently, it has also become clear that the mechanical
properties of vesicles affect important processes, such as cellular uptake. Our
lab recently introduced a new approach and model to determine and describe
the mechanics of nanovesicles. Here we expand that approach and present the
first study of the mechanical properties of multilamellar (nano)vesicles. Having
a quantitative understanding of these properties will help with the rational
design of sMLVs for drug delivery applications. In this study, we use atomic force
microscopy (AFM) nanoindentation to obtain this quantitative information on
multilamellar nanovesicles. We scrutinize the break events that occur during
nanoindentations, and show that their size corresponds well to the lipid bilayer
thickness. Moreover, we show that we can determine the lamellarity of
individual vesicles and distinguish between vesicles with 1 to 5 lipid bilayers. To
validate these results, we obtained an independent measurement of the
lamellarities present in the vesicle population using cryoEM. We then quantified
the vesicle geometry and mechanical properties as a function of their
lamellarity, and find that for each additional bilayer adherent vesicles stay in a
more spherical shape and are stiffer. Surprisingly, the stiffness scales only
weakly with the amount of lipid bilayers: every added bilayer makes the vesicle
only ~20% stiffer. We provide an explanation, based on our previous observation
that adherent vesicles are osmotically pressurized. In summary, here we show
that AFM can be used to determine the lamellarity of single vesicles and we made
a big step in understanding the physical properties of multilamellar vesicles.
Importantly, the observed more spherical shape and higher stiffness of
multilamellar vesicles could be beneficial for uptake by cells, suggesting that the
lamellarity of vesicles can be leveraged to tune vesicle behavior for drug delivery
purposes.
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