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Abstract
Ca2+-sensor proteins control the secretion of many neuroendocrine substances. 
Two main views exist on their mechanism. In the clamping hypothesis, sensors in-
hibit SNARE-driven membrane fusion until the blockade is relieved by Ca2+. Alterna-
tively, Ca2+ binding to the sensor’s C2AB domain is believed to trigger phospholipid 
remodeling and directly enhance fusion. Here we developed a method using two 
optically trapped beads coated with synthetic membranes to elucidate the role of 
the C2AB domain of the soluble Ca2+-sensor Doc2B in membrane fusion. After con-
tact, opposing membranes were often coupled by a Doc2B-coated membrane stalk 
that resisted forces up to 250 pN upon bead separation. Real-time fluorescence 
imaging revealed phospholipid but not content mixing, indicating membrane hemi-
fusion. Stalk formation depended strictly on Ca2+ and phosphatidylserine. Thus, the 
C2AB domain of Doc2B acts directly on phospholipid membranes in this SNARE-free 
system and enhances membrane fusion by stabilizing the hemifusion state. In living 
cells this mechanism may co-occur with progressive SNARE complex assembly, to-
gether defining Ca2+-secretion coupling.

Introduction
Many biological functions depend on regulated secretion. Secretory events pro-
ceed through a hemifusion intermediate in which only the proximal leaflets of the 
vesicle and plasma membrane have fused1. Membrane fusion essentially requires 
the gradual assembly of the SNARE complex that progresses from a trans- to a 
cis-conformation2-4. The precise timing of secretory events is regulated by signaling 
pathways that differ between tissues, but almost always converge upon the gener-
ation of an intracellular Ca2+ signal. Ca2+ ions activate C2 domain-containing proteins 
such as members of the Synaptotagmin, Doc2 and Ferlin families5, which interact 
with membranes and SNARE proteins to trigger secretion6.
Two major views exist on how Ca2+-sensors regulate vesicle release. According to the 
clamping hypothesis, the SNARE complex drives membrane fusion and Ca2+-sensors 
block this process in the absence of Ca2+4,7,8. This inhibitory activity of the sensor 
may involve a polybasic amino acid motif that binds to SNAREs and PIP2

6,9,10. On 
the other hand, tandem C2 domains are sufficient to induce local curvature11,12 by 
shallow insertion of these domains into the lipid bilayer13,14, thereby directly con-
tributing to membrane fusion12,15-17. Despite many elegant efforts to resolve this 
debate, it remains a challenge to investigate the role of the sensor-SNARE and sen-
sor-membrane interactions by mutagenesis because the sensor’s residues that me-
diate SNARE binding also mediate membrane binding8-10. To address this issue we 
established a new method combining real-time fluorescence imaging, microfluidics 
and force spectroscopy, and found that C2-phospholipid interactions are sufficient 
to induce hemifusion in the absence of SNAREs. 
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Results
We focused on the C2AB fragment of the Ca2+-sensor Doc2B (referred to as Doc2B 
in this study) for several reasons. First, soluble C2AB fragments of Doc2B and Syn-
aptotagmin-1 are sufficient for Ca2+-dependent membrane fusion in cell-free assays, 
whereas membrane anchorage of synaptotagmin is nonessential for fusion12,17,18. 
Moreover, Doc2B is more sensitive to Ca2+ than Synaptotagmin-118,19, allowing to 
perform our measurements at lower Ca2+, minimizing the risk of forming artificial 
structures previously observed in phosphatidylserine (PS)-rich membranes20. The 
geometry of fusing membranes was approximated by coating individual micro-
spheres (3.84 µm diameter; Fig. 1A) with phospholipid bilayers containing 20% PS 
and 80% phosphatidylcholine (PC). Uniform bead coating was confirmed using the 
fluorescent tracer NBD-phosphatidylethanolamine (NBD-PE) in control samples, as 
well as by electron microscopy (Fig. S1). The microspheres were manipulated with 
subnanometer precision in two optical traps enabling force detection with 0.1 pN 
precision21. After 5s of membrane contact in buffer containing 735 nM Doc2B and 
250 µM Ca2+ the beads were separated and membrane stalks were often observed 
(Figs. 1A; S2A and supplemental information). The stalks were visualized by re-
al-time imaging of either NBD-PE (Fig. 1B) or Doc2B (1.47 µM C2AB-EGFP; Fig. 1C). 
These experiments show that the membrane including the stalk was completely 
coated with Doc2B, suggesting that it may help to induce or stabilize the stalk.

F

A

B

v

C

Figure 1. Principle of combined dual-beam optical trapping and fluorescence microscopy 
to detect membrane fusion. A. Schematic (not to scale) of two polystyrene beads (grey) 
coated with a lipid bilayer (blue) trapped in focused laser beams (orange). Protein fragments 
comprising Doc2b (green) were added to the aqueous compartment and could bind phos-
pholipids in presence of Ca2+ (yellow). Upon bead separation, the force on the left bead was 
measured. F – force, v – velocity. Unless otherwise indicated, experiments were performed 
at 735 nM Doc2b with membranes composed of 80% PC and 20% PS and in 250 µM Ca2+. 
B. High-force events were accompanied by the formation of a micrometers-long membrane 
stalk, revealed by simultaneous fluorescence imaging in presence of the fluorescent phos-
pholipid NBD-PE. C. Using unlabeled membranes, a fluorescently-tagged Doc2B fragment, 
1.47 µM C2AB-EGFP, bound efficiently to the entire bilayer including the membrane stalk. 
Scalebars, 1 µm. 
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To quantitatively study the stalk formation process under various conditions, we 
developed an automated approach-and-separation routine (see supplemental in-
formation). Our hypothesis was that it should take significant force to rupture a 
stalk when separating the beads22,23. Rupture events can therefore act as readout 
for stalk formation (Figs. 2; S2A-B).  As expected, we observed many interactions 
between the beads in presence of all components (Doc2B, Ca2+ and PS). The rupture 
forces of these interactions exhibited a distribution with a prominent peak around 
6±1 pN (N=314) and a long tail with events up to 250 pN (N=144) (Fig. 2C). In ab-
sence of Doc2B, the rupture forces during bead separation exhibited a distribution 
with only a peak around 4.18±0.03 pN (N=661) and lacking the long tail (Fig. 2D). 
Based on this observation we consider this low force peak as the background signal 
in our experiments and the high force tail as indicative of stalk formation. 
To discriminate protein-mediated fusion events from background events, we intro-
duced a threshold defined as the mean of the low force peak + four times its SD (see 
Fig. S4). We chose this relatively high threshold to make sure that the specific inter-
actions are not overwhelmed by the background (Fig. 2C). The average force of the 
rupture events in presence of all components was 46±6 pN in line with previously 
reported values of membrane stalk rupture22,23 (Fig. 2F). Successive approach-re-
traction cycles did not significantly change the rupture force. The latter is important 
because it indicates that the lipid coating of the beads remains intact during the 
experiment (Fig. S3). 
Using this method for separating signal from background, we tested if the observed 
stalk formations required Doc2B, Ca2+ and PS. High-force ruptures were detected 
during 117 of 458 bead separations in presence of Doc2B, Ca2+ and PS (26±2%), only 
in 1 of 661 in absence of Doc2B (0.2±0.2%), in 1 of 291 in absence of Ca2+ (0.3±0.3%) 
and in 0 of 556 in absence of PS in the membrane (<0.2%; Fig. 2E,G). Thus the prob-
ability of membrane stalk formation increased about 200-fold in presence of Ca2+, 
PS and Doc2B, indicating that stalk formation is a specific process which involves 
C2-phospholipid interactions24.
The Doc2B-covered membrane stalk could represent various molecular configura-
tions: it could consist of i) two individual membranous tubes connected by a protein 
bridge; ii) a structure with a continuous outer membrane leaflet (hemifusion); or iii) 
a continuous membrane tube that connects the lumen of the two membrane-coat-
ed beads (full fusion). To distinguish between these scenarios we conducted exper-
iments that probed either lipid or content mixing between the lumen of the two 
membranes. To test lipid mixing, we captured one bead coated with 70%PC, 20%PS 
and 10% fluorescent NBD-PE and a second bead coated with 80%PC/20%PS. After 
formation of a membrane stalk, we always observed that the stalk and unlabeled 
bead started to fluoresce (Fig. 3A). Hence we concluded that the stalk consists of a 
continuous phospholipid structure as expected for hemifusion or full fusion. 
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Figure 2. Doc2b induces stalk formati on in a Ca2+- and PS-dependent manner. A. Typical 
force-distance curve in case no membrane stalk was formed. During bead approach, the 
force initi ally increases due to interference between the two opti cal traps. When the beads 
touch, a drop in the force is recorded as the beads are pushed out of their traps. Retracti on 
speed of the bead was 2 µm/s in all experiments. B. Typical force-distance curve in case of a 
stalk formati on event. A clear peak is observed (shown in red) with a corresponding rupture 
force (indicated in red as Frupture) ranging up to 0.6 nN. C. During bead separati on in presence 
of 20% PS, 250 µM Ca2+ and 0.74 µM Doc2b, a broad distributi on of rupture forces values 
was observed. Inset: same distributi on but with diff erent scaling of the verti cal axis. Blue 
dashed line shows the threshold of 11.3 pN (defi ned as mean + 4 x SD, see Fig. S3) used to 
discriminate high-force events. D. In absence of Doc2b but presence of 20% PS and 250 µM 
Ca2+, only one high-force event was observed out of 661 trials. Inset as in (C). E. Cumulati ve 
distributi ons of rupture events in presence of 735 nM Doc2b, 20% PS and 250 µM Ca2+ (pur-
ple) or in absence of Ca2+ (grey), PS (pink) or Doc2b (red). F. Probability of stalk formati on 
in the absence of Ca2+ (grey, 0 events during 291 trials), PS (pink, 1 event during 556 trials) 
or Doc2b (red, 1 event during 661 trials) or in presence of 0.74 µM Doc2b, 20% PS and 250 
µM Ca2+ (purple, 117 events during 458 trials) and G. corresponding rupture forces (mean 
± sem).
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To test if the membrane stalk also allows content mixing, we captured a bead with 
soluble fl uorescein, (a 389 Da fl uorophore small enough to diff use through a fu-
sion pore) in the luminal compartment between the membrane and bead while the 
other trapped bead was unlabeled. In these experiments the fl uorescence signal of 
the unlabeled bead and the stalk never increased (Fig. 3B). In additi on, a strong fl u-
orescence signal was observed in the stalk region for the NBD-labeled lipids while 
no signifi cant intensity was observed in the case of fl uorescein-labeled lumen (Fig 
3C). The absence of luminal content mixing demonstrates that the membrane stalk 
does not contain a fusion pore. Thus, Doc2B directly induces hemifusion in absence 
of SNAREs (Fig. 3E).

Figure 3. Membrane hemifusion. A. In presence of fl uorescent NBD-PE in a single mem-
brane-coated bead, membrane stalk formati on was accompanied by a strong fl uorescence 
increase in the unlabeled membrane and a concurrent decrease in the labeled membrane. 
Fluorescence intensiti es were normalized with respect to the initi al intensity on the NBD-la-
belled bead. Even though stalk formati on happens readily, to track lipid conti nuity and con-
tent mixing we require long-lived membrane stalks (>100 s). The small peaks in the signal 
are due to presence of autofl uorescent contaminati ons in the buff er fl ow.  B. To disti nguish 
between hemifusion and full fusion we tested if membrane stalk formati on allowed content 
mixing by coati ng the beads with nonfl uorescent PC/PS liposomes while one of the beads 
was loaded with fl uorescein in the liposomal lumen. On a ti mescale of 1000 s, we did not de-
tect a fl uorescence increase in the unlabelled bead or membrane stalk. The decrease in fl uo-
rescence of the fl uorescein-labeled bead is due to photobleaching. Fluorescence intensiti es 
were normalized to the initi al intensity on the fl uorescein-labelled bead. In total, 4 such 
events were measured. C. Fluorescence intensity profi les along the dashed line indicated in 
the inset at 3 diff erent ti mepoints. Intensiti es were averaged over 20 pixels perpendicular 
to the dashed line and normalized to the background signal. D. Schemati c representati on of 
the proposed hemifusion confi gurati on with Doc2B bound to the membrane surface.
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To confirm Doc2b dose-dependence, rupture force profiles were measured in pres-
ence of 0 to 0.74 µM Doc2b (fig. 4A). The hemifusion probability increased drasti-
cally from negligible to 26±2% (fig. 4B, Table S1). We could only reliably determine 
the average rupture for concentrations above 0.15 µM where it increased from 
18±4  to 47±6 pN (fig. 4C, Table S1). The increased probability suggests that Doc2b 
binding primarily lowers the energy barrier for hemifusion, while the increase in 
rupture force suggests a stabilization of the membrane stalk due to protein cov-
erage. In previous studies with atomic force microscopy (AFM), Synaptotagmin-1 
- membrane interactions23 yielded  rupture forces in the similar range of 72−122 
pN (at a ~20 times higher loading rate). Note that in these experiments the molec-
ular arrangement was different due to the immobilization of GST-C2AB on a canti-
lever. In another study, AFM tips were coated with lipid bilayers to study synapsin 
I-mediated interactions between opposing membranes22 . At a retraction velocity 
of 80-400 nm/s, this yielded rupture forces up to 3 nN indicative of phospholipid 
rearrangements at short distances (<25 nm), but membrane stalk structures could 
not be visualized. Given the differences in retraction speed and the fact that forces 
above 1 nN cannot be detected in our system, the reported rupture forces in these 
studies correspond well with our experimental results.

Figure 4. Doc2B concentration dependence of membrane stalk formation.  A. Cumula-
tive distributions, B. stalk formation probabilities and C. average of rupture forces observed 
during bead separation in presence of 20% PS and 250 µM Ca2+ and various concentrations 
of Doc2B. A strong increase in the probability of stalk formation was observed as a function 
of concentration.
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Discussion
Our findings demonstrate that Doc2B C2AB domains are active directly on phospha-
tidyserine containing membranes, and can induce hemifusion in the absence of the 
SNARE complex. In previous studies, C2AB domains from Doc2B and Synaptotag-
min-1 induced membrane curvature stress in liposomes12,18, which was suggested 
to facilitate hemifusion. We now demonstrate that Doc2B can indeed produce a 
hemifusion intermediate, and the observed activity is physiologically relevant due 
to its calcium-, phosphatidylserine- and Doc2B dose- dependency.

We conclude that Doc2B contributes to Ca2+-dependent secretion by lowering the 
energy barrier of hemifusion through direct interaction with phosphatidylserine. 
Since C2AB domains and their phospholipid interaction surfaces are highly con-
served between Ca2+-sensors, this activity is likely to be present in Synaptotagmins, 
and contribute to many secretory processes.

Materials and methods
Bead coating 
DOPC (1,2-dioleoyl-sn-glycero-3-phosphocholine) and DOPS (1,2-dioleoyl-sn-glyce-
ro-3-phospho-L-serine) were acquired from Avanti Polar Lipids (Alabaster, AL, USA) 
as solutions in chloroform. NBD-PE (N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)-1,2-di-
hexadecanoyl-sn-glycero-3-phosphoethanolamine) was acquired from Invitrogen 
as chlorophorm solution. The protocol for coating beads with lipids was adapted 
from (26). Polystyrene nonporous beads of diameter 3.84 μm ± 4% (manufacturer’s 
specifications) were acquired from Spherotech (Lake Forest, IL, USA). For each coat-
ing procedure, the beads were washed 3 times in milliQ and sonicated shortly. Li-
posomes were prepared by mixing the lipids from chloroform stocks in desired pro-
portion, extensively drying the mix under a nitrogen gas stream, and reconstituting 
the lipids in milliQ to a final concentration of 1 mg/ml. The solution was vortexed in 
order to form giant multilamellar vesicles and then sonicated on ice (8 times for 6 
seconds, with at least 1 minute interval between each sonication) to produce small 
unilamellar vesicles. To get rid of the residual multilamellar vesicles, the solution 
was centrifuged at 21,000 x g for 30 min at 4°C. The supernatant was mixed with 
beads, with addition of CaCl2 to 3 mM, and incubated for 16 h at 4°C with gentle 
mixing to keep the beads in suspension. The beads were washed (by spinning at 900 
g and gently resuspending) in buffer 1 (Hepes pH 7.4, 200 mM NaCl, 1 mM TCEP, 5 
mM EDTA), then buffer 2 (25 mM Hepes pH 7.4, 100 mM NaCl, 1 mM TCEP, 0.25 mM 
CaCl2) and then 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 4°C and used within 5 days.
To monitor the bead coating procedure, we prepared in parallel a sample with ad-
dition of 1.5% fluorescent NBD-PE. These beads were imaged in solution by con-
focal microscopy on a LSM510 meta system (Carl Zeiss) with excitation at 488 nm 
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(emission 514 nm) with a 63× oil objective (NA 1.3). In addition, we prepared a 
batch of beads containing 10% NBD-PE in the membrane coating for the imaging 
experiments (Fig. 1B). Since stalk formation was observed with (Fig. 1B) and with-
out NBD-PE (Fig. 1C) and similar rupture forces where measured under both condi-
tions, we concluded that the addition of NBD-PE does not have a significant effect 
on stalk formation. For the experiment shown in Fig. 3B we used beads containing 
fluorescein. To prepare these beads, the procedure was the same as above except 
that the dried phospholipids were suspended in a solution containing 250 µM fluo-
rescein-5-isothiocyanate (Molecular Probes) dissolved in 10 mM Tris pH 7.4, leading 
to the inclusion of fluorescein in the lumen of the liposomes and, ultimately, of the 
membrane-covered beads.  
Recombinant protein production
Recombinant Doc2B C2AB (rat, amino acid residues 115-412) was subcloned into 
the pGEX vector (GE Healthcare), and transformed into E. Coli BL21 DE3 strain for 
expression. To express a fusion protein of Doc2B aa115-412 and EGFP, the 231 bp 
EcoR1-NotI fragment of pGEX-GS-C2AB was replaced with the 989 bp EcoR1-NotI 
fragment of pEGFP-N2-Doc2B25. Cultures in LB medium supplemented with 200 µg/
ml ampicillin were grown to OD600 0.6-0.8 and gene expression was induced with 
0.5 mM IPTG at 37°C for 4 hours. Bacterial pellets were lysed in 300 mM NaCl, 50 
mM Tris pH 7.5, 10 mM EDTA, 1 mg/ml lysozyme and protease inhibitor cocktail, 
sonicated 5 times for 15s, incubated in presence of 1% Triton-X100 and centrifuged 
for 30 min at 10,000 x g to remove insoluble cell debris. GST-tagged C2 domains 
were isolated from bacterial lysates by affinity purification with glutathione agarose 
(Sigma), washed extensively in high-salt buffer (300 mM NaCl, 50 mM Tris pH 7.4, 
10 mM EDTA). The beads were then loaded into a disposable column where the buf-
fer was replaced with DNA/RNA digestion buffer (150 mM NaCl, 50 mM Tris pH 7.4 
and 1,4 mM MgCl2), followed by incubation with 1 mg/ml each of DNAseI (Roche) 
and RNAse A (Boehringer Mannheim) for 20 min at 37 °C. The beads were washed 
again five times with high salt buffer and three times with low salt buffer (150 mM 
NaCl and 50 mM Tris pH 7.4). C2AB domains were then cleaved from GST using 
thrombin (Serva, Heidelberg, Germany) for 16h at 4°C. Protein concentration was 
determined by SDS-PAGE and SYPRO Ruby staining, using bovine serum albumin 
(Sigma) as a standard. Proteins were diluted to the indicated concentration in buffer 
3 as specified above. All buffers were filtered through a 0.2 µm pore size and stored 
at 4°C for no longer than a week. 
Optical Trapping
All measurements were performed at room temperature. The optical tweezers set-
up was used has been previously described in detail26. Briefly, the combined optical 
trapping and fluorescence-microscopy setup was custom-built around a Nikon in-
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verted microscope, equipped with a 1064 nm trapping laser. The laser beam is split 
into two perpendicularly polarized beams using a half-wave plate and a polarizing 
beam splitter to produce two independent traps that can be used to manipulate 
two individual beads. The position of the first trap can be controlled by steering 
one of the telescope lenses. The two beams are combined using another polarizing 
beam splitter and coupled into a water-immersion objective. Force-detection on 
one of the beads is then achieved by collecting the transmitted light in an oil-im-
mersion condenser, rejecting the unwanted polarization using a polarizing beam 
splitter and imaging on a position-sensitive diode. 

Using a blue LED to illuminate the sample, brightfield images of the trapped beads 
were obtained on a CCD camera allowing real-time determination of the bead-to-
bead distance. For the widefield fluorescence microscopy, NBD-PE, EGFP and fluo-
rescein were excited by a 491 nm laser, coupled into the microscope and imaged on 
an EMCCD camera.  A custom-made glass multichannel laminar flowcell was used 
to obtain parallel flow and to facilitate rapid buffer exchange between channels 
containing lipid-coated beads, buffer and protein. 

Stepping algorithm
When the beads were kept far apart (> 2 µm), the measured force was zero. When 
the beads were moved very close together (<0.5 µm) one optical trap exerts a force 
on the bead in the other trap in the range of 5-15 pN (see Fig S3B, top panel); an 
effect that was independent of lipid coating on the beads. Because of the intrinsic 
variation in bead size (standard deviation 4% as indicated by the manufacturer), an 
automated stepping procedure was employed for each bead pair to determine the 
distance at which specific Doc2B induced interactions occurred (Fig. S2A).This step-
wise exploration was stopped as soon as a rupture force of at least 5 pN was detect-
ed during bead separation. The approach and retraction cycle was then repeated 
20 to 160 times using the same distance (Fig. S2B, arrows indicate rupture events). 
During many repeated cycles there was no detectable trend in the observed force 
values, suggesting that the membrane coating remained intact (Fig. S3). The speed 
at which the bead is retracted is known to influence rupture forces. Therefore, a 
constant trap speed of 2 µm/s was used in all experiments.

Data acquisition and analysis

Data analysis was performed using custom written software in LabView (National 
Instruments, Woerden, Netherlands) to extract force data at a frequency of 50 kHz. 
In post-processing, peak heights were determined from force traces (such as Fig. 
S2B) by subtracting the baseline (average of force-values before the peak) from the 
maximum force (at the top of the peak). To discriminate between stalk formation 
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events and unsuccessful events we used a single threshold, determined by perform-
ing a Gaussian fit to the major peak in the rupture force distribution containing all 
observed peaks (Supplementary Fig. S4). We then used the mean value plus 4 times 
the standard deviation of this peak as a threshold, resulting in a threshold value of 
11.3 pN.

Electron microscopy
Polystyrene beads were coated with lipid membrane as described above, and in-
cubated with protein and calcium-containing buffers as indicated. The beads were 
fixed and contrasted by 1% osmium-tetraoxide (EMS, Hatfield, PA, USA) before em-
bedding in 10% gelatine droplets for cryo-sectioning. 70 nm sections were collected 
on carbon/formvar-coated mesh grids and stabilized by methylcellulose in presence 
of 0.4% uranyl acetate when indicated. Transmission electron microscopy images 
were collected on a JEOL1010 TEM (JEOL, Tokyo, Japan) with Morada CCD camera 
(Olympus Soft Imaging Solutions, Munster, Germany) at 80 000x magnification. The 
thickness of the electron-dense coating was quantitated in iTEM software (Olym-
pus).
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Supplementary Information:

Fig. S1. Liposome absorption to polystyrene beads results in the formation of a uniform 
phospholipid bilayer. A. Typical examples of beads covered with 75%PC, 20% PS and 5% 
NBD-PE. Confocal imaging shows a complete coverage of the bead (3.84 µm in diameter) 
with the fluorescent phospholipid NBD-PE. B-E. Electron microscopy images of polystyrene 
beads in presence or absence of phospholipids (80%PC/20%PS), protein (735 nM Doc2b) 
and Ca2+ (250 µM) as indicated on the right. In the left column, OsO4 was applied as con-
trasting agent to stain lipids only. Note the presence of a well-defined electron-dense layer 
except in absence of phospholipids (E), where the bead produces some background staining 
but lacks an electron-dense layer. In the right column, both OsO4 and uranyl were applied as 
contrasting agents to stain lipids combined with proteins. Under these conditions the bead 
surface acquires some contrast even in absence of  phospholipdis and protein (bottom). In 
presence of phospholipids and/or protein, the membrane coverage was clearly visible as a 
thin electron-dense layer covering the entire bead surface. F-G. The thickness of the elec-
tron-dense layer, derived from electron micrographs after staining with OsO4 alone (F) or 
both OsO4 and uranyl (G). For comparison the thickness of a single phospholipid bilayer is 
known to be 4 nm. ***, p<0.001; *, p<0.05, Mann-Whitney test.
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Figure S2. Stepping Algorithm used to probe successive membrane stalk formati on events. 
A. Schemati c representati on of the stepping algorithm. Between consecuti ve probing 
events, the distance between the beads was decreased in 5 nm steps. Aft er 5s to allow 
for interacti ons to occur, one bead was retracted at a constant speed of 2.0 µm/s. If the 
bead separati on was accompanied by signifi cant force increase, the stepping algorithm was 
stopped and the same bead distance was probed repeatedly as shown in Fig. S3B. B. Force 
and distance signals recorded over ti me during multi ple approaches and retracti ons of the 
right bead. Occasionally, high force peaks occurred, such as visible indicated by arrows, sug-
gesti ng the rupture of a structure connecti ng the beads. 
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Figure S3. Lipid coati ng remains intact during force measurements. A. Stalk formati on 
probabiliti es during successive measurements with the same bead pair and B. successive 
rupture force values obtained with the same bead pair during repeated measurements. 
Values do not change signifi cantly, showing that the lipid coati ng remains intact during the 
enti re experiment.
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Table S1. Total number of attempts, stalk formation events, stalk formation proba-
bilities and average rupture forces. 

Lipid 
composition

Ca2+ 
concen 
(µM)

Doc2b 
concen
(nM)

# of 
attempts

# of stalk 
forma-
tion 
events 

Probility of 
stalk forma-
tion

Average 
rupture 
force 
(pN)

20% PS/80% PC 250 0 661 1 0.002±0.002 16±16

20% PS/80% PC 250 735 458 117 0.26±0.02 47±6

20% PS/80% PC 0 735 291 0 NaN NaN

100% PC 250 735 556 1 0.002±0.002 20±20

20% PS/80% PC 250 5.88 521 4 0.008±0.004 13±1

20% PS/80% PC 250 29.4 777 7 0.009±0.003 41±11

20% PS/80% PC 250 147 694 24 0.035±0.007 18±4

Figure S3. Lipid coating remains intact during force measurements. A. Stalk formation 
probabilities during successive measurements with the same bead pair and B. successive 
rupture force values obtained with the same bead pair during repeated measurements. 
Values do not change significantly, showing that the lipid coating remains intact during the 
entire experiment.
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