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ABSTRACT Fusion of biological membranes, although mediated by divergent proteins, is believed to follow a common
pathway. It proceeds through distinct steps, including docking, merger of proximal leaflets (stalk formation), and formation of
a fusion pore. However, the structure of these intermediates is difficult to study because of their short lifetime. Previously, we
observed a loosely and tightly docked state preceding leaflet merger using arresting point mutations in SNARE proteins, but
the nature of these states remained elusive. Here, we used interferometric scattering (iSCAT) microscopy to monitor diffusion
of single vesicles across the surface of giant unilamellar vesicles (GUVs). We observed that the diffusion coefficients of arrested
vesicles decreased during progression through the intermediate states. Modeling allowed for predicting the number of tethering
SNARE complexes upon loose docking and the size of the interacting membrane patches upon tight docking. These results
shed new light on the nature of membrane-membrane interactions immediately before fusion.
SIGNIFICANCE Membrane merger through fusion is essential in a myriad of processes, including neurotransmission
and viral infection. Despite the importance of understanding the process of membrane fusion, there are still many open
questions about the exact mechanism. Here, we present a new technique that allows imaging the small vesicles while they
are attached during fusion to another membrane with unprecedented temporal and spatial resolution. This approach in
combination with modeling allowed us to extract novel features of fusion intermediates, which, until now, have remained
elusive. In particular, we were able to dynamically distinguish two states that occur before fusion: a loosely docked and a
tightly docked state. Characterizing these dynamic differences can help us to better understand membrane-membrane
interactions during fusion.
INTRODUCTION

Soluble N-ethylmaleimide-sensitive factor activating pro-
tein receptor (SNARE) proteins mediate membrane fusion
in the secretory pathway of eukaryotic cells and are widely
used as model for studying fusion. They are small, mostly
membrane-anchored proteins characterized by a conserved
motif (SNARE-motif) that is usually located adjacent to
the C-terminal membrane anchor (1). Upon contact between
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membranes destined to fuse, four complementary SNARE
motifs assemble to form a trans-SNARE complex that
cross-links the membranes. Assembly is initiated at the
membrane-distal ends and then progresses toward the C-ter-
minal membrane anchors (‘‘zippering’’), thus pulling the
membranes tightly together (1–3). Zippering is highly exer-
gonic and thus overcomes the energy barriers for membrane
fusion (4–7). After membrane merger is completed, all
SNAREs of the complex are aligned in parallel in the
same membrane (cis-SNARE complex).

Despite major progress, the structural transitions along
the fusion pathway are far from clear. Fusion commences
with membrane contact and then leads via nonbilayer tran-
sition states to the final opening of an aqueous fusion pore.
Experimental evidence complemented with both contin-
uum- and particle-based models have suggested tentative
pathways involving tight membrane contact brought about
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by SNARE zippering, associated with local protrusions of
high curvature in some models (8–10). This state may
then lead to lipid tail splaying between the fusing bilayers
(11), resulting in a merger of the proximal monolayers,
yielding a structure that is also referred to as fusion stalk
(see e.g., (12)). From the stalk intermediate, the system
may progress to forming a hemifusion diaphragm (13)
before the final opening of the fusion pore (8). For the tran-
sition from one intermediate to the next, energy barriers
such as electrostatic repulsion or steric hydration forces
need to be overcome (14–16).

Under physiological conditions, the lifetime of these inter-
mediate states is very short. Indeed, only recently docking in-
termediates preceding hemifusion in SNARE-mediated
fusion have been captured by cryoelectron microscopy
(6,17,18). Deletion of a single amino acid in the SNARE syn-
aptobrevin-2 (D84 syb) results in vesicles that are arrested in
a tightly docked (but not hemifused) state in which the mem-
branes are separated by less than 1 nm. In contrast, substitu-
tion of two amino acids more distal from the transmembrane
domain (I45A, M46A; referred to as AA syb) uncovered a
loosely docked state in which the membranes are separated
by a larger gap only connected by reversible SNARE interac-
tions (17). Finally, extended hemifusion diaphragms were
observed when the wild-type (WT) syb protein was used (6).

In this study, we have used in vitro reconstitution to char-
acterize the nature of the loose- and tight docking states. In
particular, we have analyzed whether diffusion is affected
by the nature of the docking intermediate. To this end, we
have taken advantage of a previously established model sys-
tem in which the SNARE-mediated docking and fusion of
small vesicles with a single giant unilamellar vesicle
(GUV) can be measured (19). In this work, we used the
neuronal SNARE proteins syb, syntaxin-1, and SNAP-25
as models, with syb incorporated into small vesicles and
an activated acceptor complex of syntaxin-1 and SNAP-25
(20) inserted into the GUV membrane. This system is
ideally suited for studying particle diffusion on membranes
because the membrane area is large but diffusion is not hin-
dered by any type of surface contact as, for instance, in sup-
ported planar bilayers (21). We employed interferometric
scattering (iSCAT) microscopy (22–24) to record three-
dimensional (3D) trajectories of particle diffusion on the
surface of GUVs. This technique has been shown to reach
microsecond-temporal resolution and nanometer precision
in detecting and tracking individual nanoparticles via the
interference of their scattered light with a reference beam
(see Materials and Methods). Using iSCAT, we could inves-
tigate the diffusion of unlabeled vesicles arrested at a
loosely or tightly docked intermediate state using syb-point
mutants as previously described (17). Modeling of the diffu-
sion data allowed for approximating the number of SNARE
complexes involved in vesicle docking (loose docking)
as well as the size of the interaction interface (tight
docking).
2432 Biophysical Journal 119, 2431–2439, December 15, 2020
MATERIALS AND METHODS

Protein expression and purification

Rattus norvegicus-derived SNARE proteins (syntaxin-1A (183–288) (25)),

SNAP-25 (cysteine-free) (26), synaptobrevin-2 (WT (27), D84 (28), I45A,

and M46A (AA) (17,29)), 1–96 (30), and synaptobrevin-2 fragment (49–

96) (20) were expressed and purified as described before (17,31). In short,

proteins were expressed in Escherichia coli strain BL21 (DE3) and purified

via nickel-nitrilotriacetic acid affinity chromatography (Qiagen, Hilden, Ger-

many) followed by ion exchange chromatography on an Äkta system (GE

Healthcare, Chicago, IL). The preassembled so called DN complex (20)

was used to mimic plasma membrane SNARE acceptor complex. It consists

of syntaxin, SNAP-25, and syb fragment 49–96. The complex was obtained

by mixing the monomers overnight at 4�C, followed by purification of the

complex using ion exchange chromatography (MonoQ column) in a buffer

containing CHAPS as described before (20,31).
Liposome preparation

Lipids (brain-derived phosphatidylcholine (PC), phosphatidylethanolamine

(PE), and phosphatidylserine (PS) along with cholesterol (ovine wool))

were purchased from Avanti Polar Lipids (Alabaster, AL). For all liposome

mixtures, lipids PC, PE, PS, and cholesterol were mixed in a ratio of

5:2:2:1, respectively. Liposomes were tested on regular basis for reconstitu-

tion efficiency of proteins as described before (6,31).

Large unilamellar vesicles (LUVs; diameter �100 nm) were prepared

with a reverse phase evaporation method as previously described (6,19).

Proteoliposomes were formed using a direct reconstitution method as pre-

viously described (6), with syb WT, D84, or AA reconstituted in a protein/

lipid ratio of 1:500.

Small proteoliposomes (diameter �40 nm) were prepared as described

before (19) by comicellization followed by size exclusion chromatography.

During preparation, DN complex was added to yield a protein/lipid ratio of

1:1000.
GUV preparation

GUVs were prepared from small proteoliposomes containing DN complex

by electroformation using in-house-built electroformation chambers con-

taining platinum wires (32) using a protocol described previously (31).
iSCAT measurements

Liposomes were tracked using iSCAT microscopy (22–24). With iSCAT

technology, we could reach microsecond-temporal resolution in 3D imaging

by acquiring one image per time point instead of a z-stack from which data

were extracted. Moreover, the interferometric nature of iSCAT provides a

much higher axial resolution in comparison to confocal imaging (of the order

of 1 nm) because the iSCAT contrast fully reverses within less than 100 nm of

axial motion, providing a large gradient that reports on the axial location of

the particle. The basic principle is schematically shown in Fig. 1 a (a more

detailed description of the setup can be found in (33)). Briefly, the incoming

light Einc of a 532-nm laser (Verdi 2G; Coherent, Santa Clara, CA) is scat-

tered from the GUV and the liposomes (Escat) and partially reflected at the

glass-sample interface (Eref). Escat and Eref are collected via an oil-immersion

60� objective (ApoN, NA ¼ 1.49; Olympus, Shinjuku City, Tokyo, Japan)

and imaged onto a CMOS camera (MV-D1024E-CL; Photonfocus, Lachen,

Switzerland). The intensity at the camera is given by

Idet ¼ Iref þ Iscat þ Iint ¼ E2
ref þ E2

scat þ 2 � Eref � Escat

� cos4;

(1)



FIGURE 1 iSCAT detection of GUVs and liposomes. (a) Schematic illustration of the experimental optical setup allowing the observation of GUVs in

bright field (on the CCD camera) and iSCAT (on the CMOS camera) as well as micropipette manipulation of GUVs (see inset). BS, beam splitter; l/4, quarter

wave plate; PBS, polarizing beam splitter; AOD, acousto-optical deflector. (b) iSCAT GUV image before (upper image) and after (lower image) background-

correction procedure. In the background-corrected image, two docked LUVs become visible (marked with yellow arrows) with the PSF shape of the wide-

field iSCAT microscope encoding the particular height of the particles. (c) A histogram of the average LUV size determined based on their contrast in iSCAT

(NLUV ¼ 56).
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and is thus dependent on the phase 4 between the scatterer and the reflected

light. Changes in the distance between the scatterer and the glass-sample

interface result in a periodic modulation of the scatterer’s contrast. Scat-

tering at the GUV surface therefore creates a ring pattern, as shown in

Fig. 1 b. In the same fashion, the point spread function (PSF) of a liposome

changes its amplitude when it travels along the GUV surface and thus ap-

pears either bright or dark on the GUV background.

To hold the GUVs in place above the field of view, we used micropipette

aspiration (34) using glass pipettes with an �5-mm opening connected to a

height-adjustable water tank and a micromanipulator (Sensapex, Oulu,

Finland). Using a 90:10 (T:R) beam splitter, a part of the collected light

was sent onto a CCD camera (SensiCam; PCO, Kelheim, Germany) for

monitoring the GUV aspiration process in bright field.

Videos of liposomes bound to GUVs were recorded typically for 5 s at a

1-kHz frame rate. For liposome tracking, we performed background correc-

tion based on image registration (details of the procedure can be found in

the Supporting Materials and Methods). The iSCAT contrast of the lipo-

somes typically amounts to 2–3%. In the background-corrected images,

we fit a two-dimensional (2D) Gaussian function to each PSF for deter-

mining the 2D projected position. The particle height zi in each frame is

calculated based on the GUV center (xGUV, yGUV), the GUV radius rGUV
(which we extract from the bright field image), and the 2D particle locali-

zation (xi, yi):

zi ¼ rGUV �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r2GUV � ðxi � xGUVÞ2 � ðyi � yGUVÞ2

q
: (2)

We determined the center of the GUV using two consecutive routines

adopted from (35), which are described in the Supporting Materials and

Methods.

The diffusion coefficient was calculated for each trajectory from the first

two points of the mean-squared displacement (MSDðtÞ) with time lag t of

Dt and 2Dt (Dt ¼ 1 ms):

D ¼ 1

4

MSDðt ¼ 2DtÞ �MSDðt ¼ DtÞ
Dt

: (3)

Modeling of loose docking

Liposomes loosely docked on the GUV surface were assumed to be tethered

by different numbers of SNARE complexes. Their diffusion was simulated
Biophysical Journal 119, 2431–2439, December 15, 2020 2433



TABLE 1 Symbols used in Eqs. 5 and 6

Symbol Definition

D diffusion coefficient

kB Boltzmann’s constant

T temperature (in K)

mm membrane viscosity (in Pa $ s)
h bilayer thickness

g Euler’s constant

ε parameter derived from Eq. 6

a1, b1, a2, b2 equation scaling coefficients (45)

R membrane inclusion radius

ms viscosity of surrounding medium (in Pa $ s)
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using random walk (36) of individual SNARE complexes in a 2D mem-

brane (similar to (37)). The constraining circular area (50 nm in radius)

was introduced to reflect the maximal surface of the liposome-GUV-dock-

ing interface with the size resembling maximal LUV membrane deforma-

tion during docking as seen in (6,17,38). Other radii (5–100 nm) of

constraint areas, including an adaptive one (constraint radius increasing

with increasing number of tethering SNARE complexes), were also tested;

however, they did not yield substantially different results (data not shown).

The effect of solvent friction on vesicle’s diffusion in this case was assumed

to be negligible (see Fig. S6 and corresponding Supporting Materials and

Methods). It also seems unlikely that membrane deformation generated

here by diffusing SNARE complexes would result in major decrease of

the diffusion coefficient. Therefore, we did not introduce such energy po-

tential in our model.

Initially, a various number of tethering SNARE complexes are randomly

distributed within the constraining area. Each SNARE complex displace-

ment dx was determined in every time step dt (usually 100 ms):

dx ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
dt � 2 � DSNARE

p
; (4)

with DSNARE being the diffusion coefficient of the assembled SNARE com-

plex of 3.8 mm2/s as determined by means of fluorescence correlation spec-

troscopy with fluorescently labeled versions of neuronal SNAREs

incorporated into GUVs in (39). The absolute position of a vesicle after

each displacement step was then calculated as center of mass of all simu-

lated proteins. Each 5-s-long simulation was performed 20 times to deter-

mine average MSD and diffusion coefficient of the vesicle. Further, we

have investigated how clustering of SNARE complexes influences diffusion

of loosely docked vesicles, but we did not observe any large effects

(Fig. S7). The source code used for simulations in Octave (40) and MAT-

LAB (MathWorks, Natick, MA) are available at Zenodo (41).
TABLE 2 Model parameter values used in Eqs. 5 and 6

Parameter Value Comment

kB 1:38064852� 10�23m
2kg
s2K physical constant

T 293 K �20�C
mm 111 mPa $ s calculated from diffusion

coefficient 3.9 mm2/s

determined by FCS in (39)

h 4.6 nm (37)
Modeling of tight docking

The diffusion speed of tightly docked vesicles was modeled with the use of

an analytical expression (42) for the model developed earlier by Hughes

et al. (43) to predict diffusion of membrane-embedded objects (proteins)

based on the hydrodynamic radius of the membrane-embedded part. The

version of the approximation used in this study was presented by (44):

D ¼ kBT

4pmmh

0
BB@
ð2ε� 1ÞlnðεÞ � gþ 8ε

p

1þ 8ε3lnðεÞ
p

þ a1ε
b1

1þa2ε
b2

1
CCA; (5)

with the parameter ε being dependent on the inclusion radius R:

ε ¼ Rms

hmm

(6)

Explanation of used symbols can be found in Table 1. Values used in the

model are given in Table 2.

Simulated example trajectories of tightly docked vesicles were generated

as random walk (Eq. 4) of objects of a certain radius characterized by the

diffusion coefficient obtained from Eq. 5.

g 0.5772 physical constant

a1 0.433274 (45)

b1 2.74819 (45)

a2 0.670045 (45)

b2 0.614465 (45)

R 0.6 nm for single SNARE complex

transmembrane domain (46)

ms 0.96 mPa $ s (44)
RESULTS

To study loosely and tightly docked intermediates, a GUV
containing SNARE acceptor complexes was immobilized
with a micropipette (see Fig. 1 a) and brought in close prox-
imity to the cover glass. Next, we added LUVs (80–100 nm
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in diameter) containing syb and used iSCAT microscopy to
track LUVs on the lower hemisphere of individual GUVs
from a single focus position (47). The LUVs readily bound
to the GUV and either fused with it (as for WT syb (19)) or
they remained docked on its surface and diffused (Videos
S1, S2, and S3). Detection of the LUV-scattering signal
was greatly improved with a background-correction proced-
ure (compare upper and lower image in Fig. 1 b) described
in more detail in Supporting Materials and Methods. The iS-
CAT contrast of a nano-object is directly proportional to its
polarizability, which is, in turn, linked to the particle size
(24). The size of the LUVs was estimated from the observed
iSCAT contrast to be �90 nm (see Fig. 1 c). Thus, an LUV
appears as the iSCAT PSF of microscope, which consists of
few lobes encoding the 3D position of the scatterer (48).
This PSF could be fitted with a physical model to extract
the third dimension (49); however, here, we fitted the
main lobe for the lateral localization and used the change
of the central lobe contrast (50,51) as well as the geometry
of the GUVs (47) to extract the axial position of the vesicles
(Fig. 1 b).

Lack of photobleaching in iSCAT allowed for moni-
toring the 3D motion of docked vesicles over prolonged pe-
riods (as shown exemplarily in Fig. 2 a; Fig. S2) while
maintaining nanometer spatial precision (see Fig. S1 and
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FIGURE 2 Tracking of docked LUVs on a GUV surface. (a) 3D-reconstructed trajectory of a single liposome docked on the GUV surface tracked for 40 s.

The color bar shows the time evolution. The sphere represents a GUV surface with a radius of 18 mm. (b) xy projection of the docked liposome’s trajectory

from (a). The point color depends on the LUV iSCAT signal intensity reflecting fluctuations in the LUV z-position relative to the GUV membrane. Regions

marked in black and red correspond to the regions of dark and bright iSCAT particle contrasts, respectively (see lower insets). The gaps in the trajectory

between regions with positive and negative contrast result from the fact that the vesicle is barely visible when undergoing a contrast switch. (c) Histograms

presenting diffusion coefficients of LUVs docked on the GUV surface depending on the syb variant (AA, D84, or WT). Bin width is 0.2 mm2/s. Blue lines

represent a Gaussian fit. NAA ¼ 32, ND84 ¼ 17, NWT ¼ 32. Illustrations above the graph depict possible docking states of the vesicles.
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corresponding Supporting Materials and Methods).
Docked vesicles closely follow the topography of the
GUV surface, thus displaying a characteristic periodic
ring-shaped contrast pattern (see Fig. 2 b), similar to the
Newton rings encountered in Fig. 1 b (also see inset in
Fig. 2 b). We then compared surface diffusion of docked
vesicles containing either WT syb or the docking mutants
D84 syb and AA syb (described above). As expected, all
three vesicle populations dock to GUVs that contain
acceptor SNARE complexes. However, when we deter-
mined their diffusion coefficients from the measured 3D
trajectories (Fig. 2 a), significant differences were
observed between the three populations (Fig. 2 c). Vesicles
carrying the AA syb mutants showed the fastest diffusion,
followed by those containing the D84 mutant, whereas ves-
icles with the WT protein were the slowest. These data
show that the different states uncovered previously by elec-
tron microscopy (17) indeed represent physical differences
in the nature of membrane attachment between the two
vesicles.
As discussed above, the loosely docked state is probably
governed exclusively by trans interactions between individ-
ual SNAREs whereas in the tightly docked state the mem-
branes are firmly attached, forming a disk that is probably
rigid (6,17). Using the experimentally obtained diffusion
data, rather than extracting data directly from recorded tra-
jectories (as it was demonstrated before for virion tracking
in total internal reflection fluorescence microscopy (52)),
we have therefore carried out random walk simulations to
evaluate whether the data are compatible with these models.
First, we modeled the diffusion of vesicles connected by
multiple (1–20) SNARE complexes (Fig. 3 a upper panel).
To gain insight into the diffusion of a liposome docked on
the GUV surface while being tethered to different numbers
of SNARE complexes we simulated random walks of indi-
vidual SNARE complexes within the constraining circular
area to reflect the maximal docking interface area (Fig. 3
b, for details see Materials and Methods). Vesicle position
was repeatedly determined after each displacement step as
the center of mass of all simulated proteins (Fig. 3 b) to
Biophysical Journal 119, 2431–2439, December 15, 2020 2435
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FIGURE 3 Simulation of diffusion of loosely docked vesicles tethered by multiple SNARE complexes. (a) Schematic illustration of a vesicle tethered by

multiple SNARE complexes to GUV membrane (loose docking, SNARE complexes in red) and vesicle that is tightly docked on a GUV surface with inter-

acting docking membrane interfaces marked in red. (b) Schematic illustration of the random walk diffusion simulation of SNARE proteins (red points) with

liposome position determination (cross) and with a diffusional constraint R for SNARE proteins representing maximal contact area between LUVand GUV

(dashed blue line). Liposome trajectory after multiple displacement steps is schematically shown with a gray dashed line. (c) Representative trajectories

obtained in simulations with 1, 3, or 20 tethering SNARE complexes. (d) MSD obtained from 20 simulation runs with 20 tethering SNARE complexes.

The mean is represented by the dashed black line and the standard deviation of the mean is shown by the shaded area. (e) Dependence of LUV’s diffusion

coefficient on the number of tethering complexes. The mean is represented by the black line and the standard deviation of the mean is shown by the shaded

area around it. Each diffusion coefficient was determined in 20 independent simulation runs. The blue area below the graph shows the range of experimentally

measured diffusion values for syb D84 and AA.
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form a 5-s-long trajectory (see Fig. 3 c). Next, MSD curves
were generated from the trajectories (Fig. 3 d), and diffusion
coefficients for a varying number of tethering SNARE com-
plexes were calculated (Fig. 3 e). The outcome of simula-
tions confirms that the diffusion coefficient of a vesicle
decreases with an increasing number of tethering SNARE
complexes (Fig. 3, c and e). Diffusion speeds obtained in
simulations and experiments let us conclude that loosely
docked vesicles (mainly AA syb and D84 syb) observed
with iSCAT are attached to the GUV with maximally 3–4
assembled SNARE complexes. Docked vesicles moving at
the maximal speed, on the other hand, are found to be
attached via two SNARE complexes. Vesicles attached
with one SNARE complex were probably rejected from
our analyses because of large fluctuations in the position
perpendicular to the GUV surface and the lack of a ring-
shaped amplitude pattern as seen in Fig. 2 b.

Next, we modeled the diffusion of vesicles that were
attached to the GUV through tight docking interfaces by
assuming a disk-like-docking interface that diffuses as a
whole (see Materials and Methods). Here, we have used
2436 Biophysical Journal 119, 2431–2439, December 15, 2020
an analytical approximation of the translational diffusion
in the membrane (42,43) to calculate the theoretical diffu-
sion coefficient of a tightly docked vesicle with a given
docking interface radius (Fig. 4 a, see Materials and
Methods for details). The resulting diffusion coefficients
(Fig. 4, b and c) decrease with increasing interface size at
a slower pace than in the case of a loose docking model
(Fig. 3 e). Remarkably, diffusion coefficient values of the
slowest vesicles containing syb mutants (i.e., potentially
not hemifused, Fig. 2 c) correspond to the modeled interface
radius of around 50 nm, which, in turn, correlates with
maximal feasible LUV deformations based on electron mi-
croscopy studies (6,17).
DISCUSSION

Here, we utilized in vitro reconstitution using previously
described SNARE mutants (6,17) to characterize recently
discovered early membrane fusion intermediates (6,17).
Employing iSCAT microscopy in this work allowed, for
the first time, to our knowledge, for extended 3D-tracking
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FIGURE 4 Modeling the diffusion of tightly docked vesicles. (a) Schematic illustration displaying different docking stages that can be captured by the

model: point attachment by a single tethering SNARE complex, intermediate, and extended docking interfaces with varying radii R of the membrane inter-

action surface. (b) Example trajectories of vesicles over 5 s, moving with diffusion speeds obtained from the model (see (c)) corresponding to point attach-

ment (R ¼ 0.6 nm) and extended docking interface (R ¼ 50 nm). (c) Analytical solution of the tight docking model (dashed line) with parameters (Table 2)

corresponding to the experimental conditions in this work. Thickened gray line and blue area show the range of experimentally measured diffusion values for

syb D84 and AA. Diffusion coefficient values of the trajectories shown in (b) are marked with crosses.
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of vesicles’ dynamics on large, free-standing membranes
with very low curvature as typical for cell membranes
thus avoiding disturbance by surface contact or edge effects
that may occur in supported or pore-spanning membranes
(33). With this approach, we were able to observe that
docked vesicle’s arrest at subsequent membrane fusion in-
termediate states (loose docking, tight docking, and hemifu-
sion) is reflected in decreasing diffusion coefficients.

The loosely docked state, stabilized here by point muta-
tions in the SNARE synaptobrevin, may serve as a model
for partially assembled SNARE complexes in which pro-
gression of zippering is thought to be arrested by regulatory
proteins (1,53). In our experimental system, we find that
such loosely docked vesicles, on average, diffuse faster
than other docked liposomes, which indicates less interac-
tions between docked membranes. Moreover, the number
of connecting SNARE complexes predicted by our model
(up to 3–4) is in good agreement with current, albeit rather
indirect, estimates for the number of SNARE complexes
required for fusion (38,54,55).
Tightly docked membranes have only recently been
observed in fusion reactions mediated by SNARE proteins
(6), viral fusion proteins (56), as well as mitochondrial
fusion proteins (57). Additionally, this state appears to be
also independent of the continued presence of the tethering
proteins because docking becomes irreversible upon
SNARE complex disassembly (17). Moreover, development
of tight membrane-membrane contact patch was also in-
ferred from protein-free coarse-grain simulations (58),
providing further evidence that it constitutes a true fusion
intermediate. Taken together, it seems that tight docking is
independent of the nature of the fusion protein and is thus
an intrinsic feature of the bilayer. In this work, we detected
a high proportion of vesicles with relatively large tight
attachment interfaces, exceeding 10 nm in radius. Together
with previous electron microscopy observations of large,
flattened, interacting membrane patches (6,56,57), it sug-
gests that once formed, expansion of such an adhesion inter-
face can progress up to the point when further membrane
deformation is not possible or when there is steric hindrance
Biophysical Journal 119, 2431–2439, December 15, 2020 2437
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coming from protein tethers. It remains to be established
how the repulsive forces of the negatively charged mem-
branes are overcome at close distance and also whether,
and to which extent, diffusion of membrane constituents is
hindered in the disk-like contact zone.

Do tightly docked intermediates represent fusion interme-
diates in living cells? Extended disk-shaped contacts were
frequently observed in classical electron microscopy studies
of secretory vesicles (59), but they were later attributed to
fixation artifacts (60). However, more recently docked ves-
icles with subnanometer distance from the plasma mem-
brane were seen in electron microscopy images of
synaptic vesicles in neurons obtained with high-pressure
freezing (61,62). Understanding the physical parameters
governing this state such as adhesive and repulsive forces
at the contact zone, the lateral mobility of molecules within
and between the membranes, and the energy barriers leading
from this state to nonbilayer intermediates, such as fusion
stalks, will be instrumental for unraveling the mechanism
of membrane fusion. The methodology applied here may
be useful for analyzing the intermediate states of other
fusion proteins such as those mediating mitochondrial or
viral fusion.
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Image background correction using image registration
For image background (BG) correction we developed a routine which we call Sparse In Time Affine

Registration (SITAR).The procedure is briefly described in the following: Each frame is divided into

16 equally-sized boxes with 3-pixel overlap between all neighboring boxes. For each box, a stack of

images (usually 25 with a spacing of 30 frames) is aligned by translation and scaling to register the

images to the frame of interest (also called "affine mapping"). An optimization routine is applied to

find the coefficients of the registered group of images to optimally describe the background of the

frame of  interest  in this  region.  Finally,  each pixel  value in  the box is  divided by the estimated

background  value  and  multiplied  by  the  mean  value  of  the  background  box.  The  image  is

recomposed from the BG-corrected boxes without the overlapping regions.
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Figure S1 Localization accuracy of determined LUV localization. (a) Localization error distribution for x

and y directions of the trajectory shown in Fig. 2a. Bin width 0.5 nm. All positions with a fit error larger than

0.15  pixel  size  (corresponding  to  9.54  nm)  were  neglected.  (b)  Determination  of  translational  GUV

dynamics. A GUV region (indicated in the snapshot) is selected to calculate the displacement of the same

region relative to the GUV recorded 2 ms earlier in the video. Histogram presents displacements of such

GUV translation. Color map encodes iSCAT gray values. Bin width = 6.3 nm; standard deviation = 8.
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Figure S2 3D reconstructed trajectories of a docked liposomes. Localizations of  ∆84 syb- (a) and WT syb- (b)

liposomes docked on the GUV surface and tracked for 10 s (a) and 5 s (b), respectively. Point color encodes for the

time evolution (see also Fig. 2a). 
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Determining the GUV center
To find  the coarse and more accurate  position  of  the  GUV center  (xGUV,  yGUV),  we applied  two

consecutive routines. For the coarse determination of the GUV center, the direction perpendicular to

the fringes in small image segments was computed. To do so, the raw iSCAT image was divided

into 16 segments and each segment was thresholded individually as shown in Fig. S3a. The Fourier

transform of each binary segment (Fig. S3b) was approximated by an ellipse using image moments.

The major axis of the ellipse was directed along the frequencies with high intensity and thus towards

the GUV center. The eccentricity of the ellipse gives a measure for the strength of the directionality.

Hence, a vector could be assigned to each segment with the direction along the major ellipse axis

and the eccentricity as length (Fig. S3c). The intersection of all vectors determines the coarse GUV

center with an accuracy on the order of a few pixels (1), depending on the number and quality of the

GUV rings, which can in turn be affected by illumination inhomogeneities or strong scatterers in the

field of view.
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Figure S3 Coarse determination of the GUV center position from its iSCAT image. (a) iSCAT image of

a GUV with 20 µm radius divided into 16 segments (2×2 µm²), each individually thresholded. (b) Segment-

wise Fourier-transformed image. In each segment the distribution of the high-power frequencies can be

approximated with an ellipse. (c) Raw iSCAT GUV image overlaid with red lines denoting vectors along the

major ellipse axes each with a length determined by the ellipse eccentricity. The intersection of all vectors

determines the coarse center of the GUV (red square).

To improve the accuracy, this center was used as the starting point for a second routine. Here, it

was assumed that the path difference and the associated phase between the light reflected at the

GUV surface and at  the glass–water  interface can be approximated with a parabola  (1).  In the

parabolic  approximation,  the  radial  intensity  distribution  from  the  GUV  rings  is  modulated

quadratically  as  I (r )=cos (ar2+π ),  where r is  the  radial  distance  from  the  GUV center  in  the

recorded image, and  a is a constant factor. Binning the average intensity values in intervals with

quadratic spacing starting from the assumed GUV center therefore results in a periodicity with a

frequency determined by Fourier transformation. The position r=0 for which the frequency has the

maximum amplitude represents the GUV center.

The parabolic approximation is valid only in the small-angle regime, i.e. up to a relative phase of

about 0.15 rad. For our experimental situation with a GUV radius typically between 10 and 30 µm, at
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least 2.5 interference rings are present in this region, which is sufficient for finding the center with

subpixel accuracy.

In the present example (Fig. S4a and b), we have plotted the average intensity versus the squared

radial distance and the FT of the radial profile for a starting point ~3 pixel off the center (blue curve)

and  for  the  actual  GUV center  (red  curve)  in  comparison.  Although  the  routine  for  the  coarse

determination usually performs much better than 3 pixels deviation, this was chosen for illustration

purposes and furthermore demonstrates that also in cases with a non-optimal starting point  this

routine performs well. In Fig. S4a it becomes clear that when the origin of the radial profile coincides

with  the  actual  GUV  center,  the  periodicity  is  more  pronounced  and  the  corresponding  peak

frequency (marked with an arrow in Fig. S4b) has the maximum amplitude. 

In Fig. S4c we have plotted the amplitude of the peak frequency around the initial center (in this

case  3  pixels  off)  at  (0,0).  The  distribution  is  smooth  with  only  one  global  maximum,  which

represents the true center of the GUV. We determined this maximum iteratively using a MATLAB

nonlinear optimization routine with a stopping criterion of 10-6 pixel accuracy.
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Figure S4 Fine determination of the GUV center position from its iSCAT image. (a) Average radial intensity profile

of the GUV iSCAT image shown in Fig. S3c plotted against the quadratic distance from an assumed GUV center. For

the true GUV center, the amplitude of the periodic intensity profile falls off much slower (red line) than for a radial profile

with a center position about 3 pixels away from the GUV center (blue line). (b) Fourier transforms of the radial profiles

shown in a) (with Hann window and zero padding). Note that the distance of 3 pixels used to calculate the off-center

curves was chosen for illustration—the coarse determination routinely performs better than this. (c) Amplitude of the

peak frequency from the Fourier transform as a function of the assumed GUV center position (with (0,0) corresponding

to  the  coarsely  determined  position,  in  this  case  3  pixels  off).  The  position  at  which  the  amplitude  is  maximal

corresponds to the fine GUV center position.

Unspecific attachment of liposomes on the GUV surface
To estimate the contribution of LUVs that are unspecifically interacting with GUVs (non SNARE-

mediated interactions), we measured syb-LUV to GUV contact times (time from first contact that
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appears as “docking” to “undocking”) in a situation where ΔN complex is either absent (protein free

GUVs) or is inhibited by preincubation with a soluble syb fragment (1–96, for details see (2)). This

was done using confocal  time-lapse microscopy of  LUVs labelled  with  membrane dye DiD and

GUVs with dye Dil (both from Thermo Fisher Scientific) in the same way as described in (2). These

measurements show that unspecific interactions of LUVs and GUVs arising from random collisions

are short-lived, in our hands not exceeding 300 ms (Fig. S5).
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Figure S5 Prolonged docking of  LUVs on GUV surface is  SNARE specific.  Syb WT-containing LUVs appear

docked on protein free GUVs (black, N=209) or ∆N-GUVs preincubated with syb (1–96) (red, N=145) for only short

periods of time, typically below 100 ms. Time from docking start to undocking was measured with time-lapse confocal

microscopy (as in (2)). Boxes represent interquartile range, and whiskers below and above indicate full data range. Line

in a box represents median and square point represents the mean.

Estimation of diffusional slowing down of LUVs induced by GUV proximity
In order to determine the effect of solvent and GUV proximity on the diffusion coefficient of freely

diffusing LUVs, we employed a model of a vesicle moving parallel to a supported planar bilayer (3,

4). In this model diffusion coefficient D∥ :

D∥=
kBT

6 π μsR
×β∥

is scaled with a β∥  factor that describes increased hydrodynamic drag when particles diffuse parallel

to a solid object:

β∥=1−
9
16

R
(R+h)

+ 1
8( R

(R+h))
3

− 45
256( R

(R+h))
4

− 1
16( R

(R+h))
5

where  R is the hydrodynamic radius of the vesicle and  h is the separation distance between the

vesicle and planar surface (GUV membrane in our case).

Diffusion coefficient and hydrodynamic radius of freely diffusing syb-LUVs (Dfree) were measured in

HEPES 20 mM (pH 7.4), KCl 150 mM buffer with dynamic light scattering (DynaPro Titan, Wyatt

Technology)  and  were  estimated  to  be  5.5 μm2/s  and  44 nm,  respectively.  With  these  values

diffusional  slowing  down  of  LUVs  approaching  GUV  membrane  could  be  estimated  from  the

dependency (Fig. S6):
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Figure S6 Diffusional slowing down of LUVs induced by GUV proximity.  Estimation of  decrease in a parallel

diffusion coefficient of a free LUV approaching GUV according to model of (3, 4).

Effect  of  potential  SNARE  clustering  on  simulation  of  diffusion  of  loosely  docked

vesicles
As SNAREs might  also diffuse in small  clusters, we have investigated the effect of  the SNARE

cluster size on the diffusion coefficient of a loosely docked vesicle. Increasing number of SNAREs in

a single tether does slightly slow down docked vesicles (compare black and red lines in Fig. S7),

although much larger effects have number of independently diffusing tethers independent of number

of proteins within the tether.
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Figure S7 Dependence of loosely docked LUV’s diffusion coefficient on the number of independent tethers and

number of SNARE complexes contributing to each tether.  The mean is represented by the thick line and the

standard deviation of the mean is shown by the shaded area around it. Each diffusion coefficient was determined in 20

independent loose docking simulation runs. Diffusion coefficients of clustered SNAREs were obtained by estimating

their hydrodynamic radius and calculating diffusion coefficient  of a single cluster as in  (5).  Data for single SNARE

complex as in Fig. 3e. 
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Movies 1–3 Vesicles docked and diffusing on a GUV surface.  SITAR background-corrected iSCAT

videos of a docked and diffusing AA syb-LUV (Movie 1), ∆84 syb-LUVs (Movie 2), and WT syb-LUVs (Movie

3) on a GUV. Frame rate = 1 kHz, recording time = 1s, videos slowed-down 20×, frame size = 16.28 µm ×

16.28 µm.
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