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The fusion pore is the initial narrow connection that forms between fusing membranes. During vesicular release of hormones or neurotransmitters, the nanometer-sized fusion pore may open-close repeatedly (flicker) before resealing or dilating irreversibly, leading to kiss-and-run or full-fusion events, respectively. Pore dynamics govern vesicle cargo release and the mode of vesicle recycling, but the mechanisms are poorly understood. This is partly due to a lack of reconstituted assays that combine single-pore sensitivity and high time resolution. Total internal reflection fluorescence (TIRF) microscopy offers unique advantages for characterizing single membrane fusion events, but signals depend on effects that are difficult to disentangle, including the polarization of the excitation electric field, vesicle size, photobleaching, orientation of the excitation dipoles of the fluorophores with respect to the membrane, and the evanescent field depth. Commercial TIRF microscopes do not allow control of excitation polarization, further complicating analysis. To overcome these challenges, we built a polarization-controlled total internal reflection fluorescence (pTIRF) microscope and monitored fusion of proteoliposomes with planar lipid bilayers with single molecule sensitivity and ∼15 ms temporal resolution. Using pTIRF microscopy, we detected docking and fusion of fluorescently labeled small unilamellar vesicles, reconstituted with exocytotic/neuronal v-SNARE proteins (vSUVs), with a supported bilayer containing the cognate t-SNAREs (tSBL). By varying the excitation polarization angle, we were able to identify a dye-dependent optimal polarization at which the fluorescence increase upon fusion was maximal, facilitating event detection and analysis of lipid transfer kinetics. An improved algorithm allowed us to estimate the size of the fusing vSUV and the fusion pore openness (the fraction of time the pore is open) for every event. For most events, lipid transfer was much slower than expected for diffusion through an open pore, suggesting that fusion pore flickering limits lipid release. We find a weak correlation between fusion pore openness and vesicle area. The approach can be used to study mechanisms governing fusion pore dynamics in a wide range of membrane fusion processes.
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INTRODUCTION
Membrane fusion is a ubiquitous biological process required, e.g., for neurotransmitter and hormone secretion, infection of host cells by enveloped viruses, development, and fertilization (Chernomordik and Kozlov, 2008; Martens and McMahon, 2008). The initial connection between the apposed membranes is a small, ∼1 nm wide dynamic structure called the fusion pore. Fusion pore dynamics have been studied extensively for fusion of enveloped viruses (Spruce et al., 1989; Cohen and Melikyan, 2004; Harrison, 2008) and calcium-triggered secretion of hormones from neuroendocrine cells (Chang et al., 2017; Karatekin, 2018; Rorsman and Ashcroft, 2018; Sharma and Lindau, 2018). It was found that in both cases the fusion pores can flicker open-closed repeatedly at rates up to 4,000 Hz (Cohen and Melikyan, 2004; He et al., 2006; Klyachko and Jackson, 2002; de Toledo et al., 1993; Zhou et al., 1996; Staal et al., 2004; Melikyan et al., 1995; Melikyan et al., 1993a; Melikyan et al., 1993b), then either dilate further or reseal (Monck and Fernandez, 1994; Lindau and Alvarez de Toledo, 2003; Jackson and Chapman, 2008; Karatekin, 2018; Sharma and Lindau, 2018). For neurons, direct measurements of fusion pores are not as abundant but available measurements suggest there is large diversity in fusion pore dynamics, with a clear contribution to release kinetics or endocytosis in some cases (Verstreken et al., 2002; Gandhi and Stevens, 2003; Pawlu et al., 2004; Staal et al., 2004; He et al., 2006; Lisman et al., 2007; Alabi and Tsien, 2013; Chapochnikov et al., 2014). Fusion pores can also act as size-selective filters, as small cargo molecules can escape through a narrow pore while larger cargo are retained (Barg et al., 2002; Hastoy et al., 2017; Rorsman and Ashcroft, 2018). Invasion by enveloped viruses requires the fusion pore to dilate sufficiently to allow the release of viral genetic material into the host (Cohen and Melikyan, 2004). Despite clear evidence that pore flickering occurs, and that the temporal evolution of the fusion pore is a critical determinant of release kinetics and membrane recycling pathways, the mechanisms are poorly understood, partly due to a lack of assays with the required sensitivity and time resolution.
Reconstitution has been key to understand basic mechanisms of the membrane fusion process (Rothman, 2014), with recent applications increasingly focusing on fusion pores (Karatekin, 2018). Where direct measurements are challenging, such as in neurons for monitoring fusion pore dynamics, or for intracellular fusion events, reconstitution is particularly valuable. Early work on intracellular trafficking used a cell-free assay (Balch et al., 1984) that was critical in identification of key molecular components (Rothman, 2014). Later work used minimalistic components to show that soluble NSF attachment protein receptor (SNARE) proteins are sufficient to drive membrane fusion, albeit slowly (Weber et al., 1998) and that SNARE copy numbers determine the size of releasable cargo (Shi et al., 2012; Bello et al., 2016). Although very useful, these bulk studies were limited in the information they could provide. For example, the overall fusion rate is often limited by the docking rate (Smith and Weisshaar, 2011; Xu et al., 2015), so post-docking stages cannot be probed in detail. To overcome these issues and to monitor post-docking stages, assays sensitive to single docking and fusion events were developed both for studying SNARE-mediated mechanisms (Bowen et al., 2004; Fix et al., 2004; Liu et al., 2005; Karatekin et al., 2010; Kiessling et al., 2017) and viral fusion (Floyd et al., 2008; Costello et al., 2013; Bulow et al., 2020). In these assays, a particle mimicking a synaptic vesicle, a small unilamellar vesicle (SUV) reconstituted with neuronal v-SNARE proteins (vSUV), docks and fuses with a planar bilayer supported on a glass substrate, reconstituted with the cognate t-SNAREs (tSBL), as shown in Figure 1A. The vSUV is labeled with fluorescent lipids whose transfer to the supported bilayer (SBL) is monitored. The geometry is ideal for monitoring docking and fusion of the vSUV using total internal reflection fluorescence microscopy (TIRFM), which results in excellent signal-to-noise ratio (Axelrod, 2008). For viral fusion, the vSUV is replaced by a virus (Floyd et al., 2008; Bulow et al., 2020) or a virus-like particle (VLP) (Costello et al., 2013). The supported bilayer can be produced by spreading and fusion of t-SNARE liposomes coated with a poly-ethylene glycol (PEG) cushion (Karatekin et al., 2010; Karatekin and Rothman, 2012), Langmuir-Blodgett deposition of a monolayer followed by fusion with t-SNARE liposomes (Kiessling et al., 2017), or using vesicles derived directly from the plasma membrane of cells expressing a protein of interest (Costello et al., 2013). An alternative to the use of a supported bilayer is to surface-tether target vesicles that bind and fuse with cognate proteoliposomes (Diao et al., 2010; Diao et al., 2013; Kyoung et al., 2013; Lai et al., 2013; Lai et al., 2014). These assays provided detailed mechanistic insights, such as the docking-to-fusion delays reflecting how rapidly t-SNAREs are recruited to a docked vSUV (Karatekin et al., 2010), hemifusion intermediates (Floyd et al., 2008), the number of fusogens needed for efficient fusion (Floyd et al., 2008; Domanska et al., 2010; Karatekin et al., 2010), or role of additional proteins that synchronize fusion to the moment calcium increases (Lai et al., 2017). However, despite their power, these fluorescence-based assays are usually not informative about fusion pore dynamics, because acquisition rates are too slow and/or interpretation of release kinetics is not straightforward.
[image: Figure 1]FIGURE 1 | Intensity changes during liposome-supported bilayer fusion, detected using TIRF microscopy with s-pol excitation. (A) Schematic of the experiment. Small unilamellar vesicles reconstituted with neuronal/exocytic v-SNARE proteins (vSUVs) are labeled with a fluorescent lipid whose excitation dipole is nearly parallel to the membrane. The vSUV docks onto and fuses with a planar bilayer supported on a coverslip, and reconstituted with cognate t-SNAREs (tSBL). The membranes contain 5 mol % PEGylated lipids in order to avoid direct contact of the SBL with the coverslip. Only PEGylated lipids under the SBL are shown for clarity. Once a fusion pore is established, it can flicker open-closed (spending a fraction [image: image] of the time in the open state), before eventually expanding or resealing. During fusion, the total fluorescence intensity around the fusion site increases as the fluorophores are transferred into the SBL, because the fluorophores are excited more efficiently in the SBL than the SUV. (B) An example of a vSUV-tSBL fusion event. Top: Snapshots extracted from an image stack recorded at 56 Hz. Every box is [image: image] -by- [image: image] (43 pixels by 43 pixels). Bottom: the total intensity (sum of pixel values) in a [image: image]-by-[image: image] box centered around the docking site, as a function of time, for the event shown above. vSUVs were labeled with 1 mol % LR-PE and excited at 561 nm in TIRFM. Because the evanescent field is very shallow, vSUVs that are [image: image]100 nm away from the SBL are not visible. Upon initial docking, a fluorescent spot appears and the integrated intensity rapidly increases to a new value (i–ii). Membrane fusion causes a rapid increase in intensity to [image: image] (iii–iv), which is < than the values [image: image] that would be reached were there no photobleaching. After sufficient time, individual lipid-linked fluorophores become visible as they disperse and photobleach (v). The box is chosen large enough that no fluorophores have yet left the box. Fitting the intensity trace to a model, the parameters shown on the figure are extracted. Scale bar = 200 ms.
More direct information about dynamics of single fusion pores using artificial membranes has usually relied on electrical measurements (Melikyan et al., 1993a; Melikyan et al., 1993b; Chanturiya et al., 1997; Wu et al., 2016; Wu et al., 2017; Bao et al., 2018; Dudzinski et al., 2018; Karatekin, 2018; Dudzinski et al., 2019; Das et al., 2020). However, unlike TIRF microscopy based assays, electrical signals are usually not suitable to monitor pre-fusion stages, since a signal appears only after a fusion pore opens. Despite its potential, TIRF microscopy analysis of reconstituted membrane fusion events has typically been limited to extracting rates of docking and fusion, and docking-to-fusion delays for individual vesicles (Floyd et al., 2008; Domanska et al., 2010; Karatekin et al., 2010; Karatekin and Rothman, 2012; Stratton et al., 2016; Kreutzberger et al., 2017). Lipid mixing kinetics are challenging to study quantitatively, because lipid transfer presumably starts with the opening of the initial fusion pore, only ∼1–2 nm wide, but the spread of the signal is not visible until the lipids diffuse a distance on the order of the optical resolution (∼250 nm), which may take ∼10 ms or longer. Spreading kinetics will therefore reflect a convolution of the actual release kinetics through the fusion pore and diffusion of the labels on the SBL surface. For this reason, it is better to rely to on intensity changes as a fluorophore is transferred from the SUV into the SBL (Figure 1B) but there are at least three intertwined factors that may contribute to such an intensity change which complicate analysis (Figure 2): 1) dequenching if the labeling density is too high, 2) evanescent field decay, and 3) polarization effects.
[image: Figure 2]FIGURE 2 | Factors contributing to fluorescence intensity changes observed during SUV-SBL fusion. (A) Dequenching. At sufficiently high density in the SUV membrane, lipid labels are self-quenched prior to fusion. Fusion with the SBL allows the fluorophores to disperse and dequench. In our experiments, the fluorophore density is kept to 1 mol %, minimizing dequenching ([image: image] contribution). (B) Evanescent field decay. Fluorophores closer to the glass-water interface experience a stronger excitation field and are brighter, because the evanescent field decays rapidly going away from the interface. Upon fusion, the fluorophores are transferred to the SBL, closer to the interface, so the total intensity increases. The effect is stronger for larger SUVs, since on average the approach to the interface is larger. (C) Excitation polarization. A fluorophore with an excitation dipole parallel to the membrane will be excited more efficiently in the SBL than the SUV using s-pol excitation [electric field perpendicular to the plane of incidence, indicated by the symbols below the SBL representing arrows going out of the plane of the drawing toward the viewer (dot in a circle) or the other direction (cross inside circle)]. The opposite is true for p-pol excitation (the polarization direction is indicated by the up-down arrows). Note that for all polarizations other than s-pol, the electrical evanescent field is in fact elliptically polarized [see e.g., Axelrod et al. (1984)], which is not shown for simplicity. The structure of the lissamine rhodamine chromophore is shown (R is a phosphatidyl ethanolamine lipid). On average, the excitation dipole (double arrow) is expected to be nearly parallel to the membrane (Crane et al., 2005). (D) Examples of total fluorescence intensity profiles of fusion events recorded with s- or p-pol excitation. LR-PE labeled vSUVs were fused with tSBLs while image stacks were recorded in TIRFM at 56 Hz. Every box is [image: image] -by- [image: image] (30 pixels by 30 pixels), large enough that diffusion of lipids outside the box is negligible during the analysis period. Using s-pol, fusion always results in an increase in total fluorescence (top), because both the evanescent field (B) and polarization effects (C) contribute positively to the intensity change. Using p-pol excitation, the two effects compete, resulting in a minimal change (middle), decrease (bottom), or increase (not shown). Scale bars represent 200 ms. Snapshots of the events are shown to the right, using the same numbering as in Figure 1.
Dequenching always contributes an increase in fluorescence intensity change upon fusion (Figure 2A). However, this contribution is difficult to quantitatively relate to lipid release kinetics, because of the highly non-linear dependence of energy transfer on fluorophore density. Fortunately, this effect can easily be avoided by using dilute labeling. Evanescent field decay similarly always contributes an increase in intensity upon transfer of a label from the SUV into the SBL, because on average, fluorophores move closer toward the glass-water interface where excitation is stronger (Figure 2B). The magnitude of this effect depends on vesicle size, [image: image], because the average change in fluorophore distance from the interface is determined by vesicle size. Finally, polarization effects can contribute to an increase or decrease in signal, depending on whether the label used is excited more efficiently while in the SUV or in the SBL (Figures 2C,D). This effect depends on the orientation of the label’s excitation dipole with respect to the membrane and the polarization of the excitation light (Anantharam et al., 2010). Because of the unique properties of evanescent waves, polarization can be nearly purely parallel (p-pol) or perpendicular to the plane of incidence (s-pol), unlike for wide-field microscopy where only s-pol is possible (Axelrod, 2008). Thus, the final change in signal is a complex combination of possibly competing effects. The challenge then is to quantitatively relate fluorescence intensity changes accompanying a membrane fusion event to the kinetics of lipid transfer from the SUV to the SBL. Since the magnitude of the second effect depends on vesicle radius [image: image], this quantity needs to be estimated. Knowing [image: image] is also required to compare the release rate to what is expected from diffusion-limited kinetics. If the fusion pore slows release by flickering or by another mechanism, release would be slower than expected for diffusion.
Fortunately, in the SUV-SBL TIRF microscopy assay the signal-to-noise is good enough to detect single lipid labels such as lissamine rhodamine linked to phosphatidylethanolamine (LR-PE) as the labels spread in the SBL after fusion (Figure 1B). Direct measurement of single lipid label intensity in the SBL, [image: image], is key to estimating SUV size: given [image: image], vesicle radius [image: image] is deduced from the known labeling density of the SUV membrane and the total intensity change [image: image] after all labels have been transferred into the SBL. Stratton et al. (2016) estimated [image: image] for every fusion event, from which they calculated the release time expected for lipid diffusion. In many cases the actual release time was much slower, suggesting a flickering fusion pore hindered release. A “pore openness” parameter [image: image] (the fraction of time the pore is open during a flickering episode) was used to characterize how much the pore slowed release.
Because the reconstitution procedure produces a polydisperse population of SUV sizes and [image: image] is estimated for every SUV that fused, extrapolation of [image: image] to [image: image] can be used to extract a pure polarization contribution to [image: image] (Stratton et al., 2016). However, the effect of the excitation field polarization was not tested by Stratton et al. (2016), as commercial microscopes do not usually allow control of polarization. Here we built a simple TIRF microscope that allows the excitation polarization to be varied continuously, and recorded SUV-SBL fusion events at multiple polarizations. We found that upon membrane fusion, pure polarization effects can lead to an increase or decrease in total fluorescence intensity that can vary by a factor of >2. The optimal polarization is that which results in the maximal change in intensity, facilitating detection efficiency, and estimation of fusion parameters. For fluorophores whose excitation dipole lies nearly parallel to the membrane, such as LR-PE or 1,1′-dioctadecyl-3,3,3′,3′-tetramethylindodicarbocyanine (DiD), s-pol is optimal. A weak correlation between pore openness and vesicle size is noted, illustrating a possible application that is currently not feasible using existing approaches.
RESULTS
A Custom Built TIRF Microscope with Polarization Control
Because commercial TIRF microscopes do not allow polarization control, we built a TIRF microscope that allows continuous variation of the excitation polarization (Supplementary Figure S1 and Materials and Methods). The light exiting each laser is polarized, with a polarization ratio >1:100 (Materials and Methods). The outputs from individual lasers are coupled into polarization maintaining fibers, which are then combined into a single fiber using a wavelength division multiplexer, preserving polarization. This fiber is mounted into an optomechanical cage system with a rotation stage (Supplementary Figure S1). The fiber can be rotated continuously manually to vary the polarization of the excitation beam. The beam is expanded and deflected by a motorized mirror that also sets the position of the beam focused at the back focal plane, thereby controlling the incidence angle. The setup is controlled through the open-source software micro-manager (Edelstein et al., 2014) (see Materials and Methods). Supported bilayers were generated using the vesicle fusion method in microfluidic channels, as described in Karatekin and Rothman (2012). Rotating the excitation polarization resulted in a sinusoidal variation of the mean fluorescence intensity of LR-PE doped SBLs as expected (Supplementary Figure S2). A Glan-Taylor prism can be inserted into the rotation mount before the beam expansion optics to improve the polarization ratio, but this makes it more challenging to maintain the laser beam’s position at the back focal plane of the objective (hence the evanescent depth) fixed as the rotation mount is rotated.
For SUV-SBL fusion experiments, the SBL is reconstituted with neuronal/exocytotic t-SNARE proteins Syntaxin-1 and SNAP25. After incubation of the coverslip with SUVs for at least 30–60 min, the microfluidic chamber is rinsed. The formation of a homogenous and continuous SBL is verified using the 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(7-nitro-2-1,3-benzoxadiazol-4-yl) (NBD-PE) label in the SBL. Fluorescence recovery after photobleaching of NBD-PE was used to ensure the fluidity of the SBLs (Materials and Methods). If a SBL passed these quality checks, SUVs reconstituted with the cognate neuronal/exocytic v-SNARE vesicle-associated membrane protein 2 (VAMP2, also known as synaptobrevin-2) were introduced at a continuous flow rate of 2 μL/min (with a flow cell cross-section of 300 μm by 75 μm, the mean linear flow rate was ∼1.5 mm/s). The SUVs were labeled with LR-PE, excited at 561 nm. We monitored vSUV docking and fusion events continuously using TIRF microscopy, and recorded stream acquisitions at 56 frames/s. As control experiments, we incubated the tSBLs with a solution containing the soluble cytoplasmic domain of VAMP2 (CDV) that competes with the full-length VAMP2 on SUVs for binding the t-SNAREs on the SBL. The rate of fusion events (normalized to SUV lipid concentration and detection area) was 5-fold smaller for the control, consistent with previous reports (Karatekin et al., 2010; Nikolaus and Karatekin, 2016; Stratton et al., 2016).
We first reproduced previous results (Stratton et al., 2016) obtained with a commercial TIRF microscope (Nikon Eclipse Ti), in which the excitation polarization was fixed to s-pol (perpendicular to the plane of incidence, Figure 2C, corresponding to [image: image] on our rotation stage). With this polarization, the total intensity in a 22 μm by 22 μm box (82 by 82 pixels) around the docking/fusion site first increases suddenly upon docking of a SUV to a value [image: image] (Figure 1B). After a delay [image: image], when the intensity has decreased slightly to a value [image: image] due to photobleaching in the SUV, membrane fusion results in a second increase in the total intensity over timescale [image: image] as the fluorophores are transferred from the SUV into the SBL where they are brighter. This increase tends toward a maximum value [image: image] but reaches a value [image: image] due to photobleaching. The total intensity is lower by a factor [image: image] in the SUV compared to the SBL. After reaching [image: image], the intensity decays with characteristic timescale [image: image] due to photobleaching which is stronger for fluorophores in the SBL (the box size is chosen large enough that no labels leave the box during this time).
If the fusion pore did not hinder release, then release kinetics would be limited by how rapidly the fluorophores diffuse around the SUV and occur on a time scale [image: image], where [image: image] is the SUV area and [image: image] lipid diffusivity. By contrast, if the fusion pore slowed release, [image: image] would be significantly longer than [image: image]. Stratton et al. (2016) defined a pore openness, [image: image], to quantify the degree by which the fusion pore impedes release kinetics:
[image: image]
where [image: image] is a factor that reflects the role of the pore geometry on lipid release rate. With typical values for the height of the pore (Breckenridge and Almers, 1987) [image: image] nm and the fully open pore radius [image: image] nm, [image: image] is of order unity (Stratton et al., 2016). Note that [image: image] includes half the bilayer thickness (2 nm), i.e., the radius of the aqueous lumen of the pore is 1 nm. For a two-state (open-closed) pore, [image: image] is the fraction of the time the pore is in the open state. For a flickering pore with a continuously varying size in time Eq. 1 is equally valid, with [image: image] the time-averaged pore radius relative to the fully open pore radius (Stratton et al., 2016).
Thus, if we knew [image: image], we could deduce whether the fusion pore significantly impedes release. We can in fact estimate [image: image] for every fusion event, from combining the intensity of the docked vesicle, [image: image], single labeled-lipid intensity in the SBL, [image: image], the intensity reduction factor [image: image], the known labeling density [image: image], and the lipid diffusivity, [image: image]. As the lipid labels diffuse away from the fusion site, individual labeled lipids become discernible and thus single-lipid intensity in the SBL, [image: image] (Supplementary Figure S2), and lipid diffusivity, [image: image], can be measured from single particle tracking. This intensity is reduced by a factor [image: image] in the SUV, i.e., the intensity of a single lipid label in the SUV, averaged over all locations in the vesicle, is [image: image]. Thus,
[image: image]
Estimation of [image: image] is not trivial, because of photobleaching. For a good estimate, fitting of the total intensity time profile to a model is needed. However, hindering of release by the fusion pore can qualitatively modify the kinetics of release. Stratton et al. (2016) considered two limiting cases for release kinetics 1) diffusion-limited release (lipids are released as rapidly as they can diffuse through the pore’s neck), 2) pore-limited release (the pore slows release by flickering). These two limiting cases produce qualitatively different release kinetics (Stratton et al., 2016). In the former case, the fraction of labeled lipids remaining in the vesicle a time [image: image] after the pore first opens, [image: image], decays with an inverse time dependence, [image: image], whereas the latter produces an exponential decay, [image: image]. Since a priori it is not known which limiting case describes release better, a procedure was adopted by Stratton et al. (2016) whereby it is assumed release is pore-limited. The total intensity profile [image: image] was then fitted to the kinetics expected for this case to extract [image: image] and [image: image]. In addition, lipid diffusivity, [image: image], was measured by tracking of individual lipid dyes as they became discernible in the SBL (Stratton et al., 2016). Combining these parameters allowed estimation [image: image], [image: image], and [image: image] (Eqs. 1, 2). Only small values of [image: image] are consistent with the pore-limited release assumption. If this procedure produced a [image: image] value nominally [image: image], the event was flagged as a diffusion-limited release. It was then verified that the intensity profiles for such events are better described by the diffusion-limited release case.
No significant differences were found between results obtained using the custom-built pTIRF set to s-pol excitation or the Nikon Eclipse Ti TIRF microscope (Stratton et al., 2016), validating measurements with the new instrument.
Improved Analysis of Fluorescence Intensity Changes Accompanying SUV-SBL Fusion Events
One of the major bottlenecks with the procedure above is estimating lipid diffusivity by tracking of individual lipids. In addition, with polarizations that produced lower fluorescence intensities in the SBL that made single-particle tracking even more challenging, the procedure described above was not practical here. We therefore adopted a modified procedure in which the total fluorescence intensities in five concentric circles of increasing size were fitted simultaneously to a model function which captures both the radial shape of the point-spread function and the expected radial spreading of the released dye due to diffusion (Supplementary Figure S3 and Materials and Methods). This procedure provided a more constrained fit and allowed us to estimate the lipid diffusion coefficient, [image: image], in addition to the bleaching time, [image: image], the lipid release time, [image: image], and the intensity reduction factor [image: image] as independent parameters in the fit. The vesicle intensity just after docking, [image: image] was extracted from the intensity profile with the largest circle radius (11 pixels). The bleaching rate was assumed to be proportional to excitation efficiency (i.e., bleaching in the SUV was assumed to be [image: image] times the rate in the SBL). To estimate the single lipid intensity [image: image], we tracked single labeled lipids in the SBL for [image: image] (s-pol) for which single-lipids were brightest (Supplementary Figure S2). For other polarizations, tracking was not feasible or reliable, so we measured the variation of the average SBL intensity, labeled with 0.5% LR-PE, as a function of polarization angle and used this information as correction factor (Supplementary Figure S2). We then used Eq. 2 to calculate the vesicle area [image: image] and Eq. 1 to obtain the pore openness. A flowchart summarizing the procedure is shown in Supplementary Figure S4. [image: image] quantifies how much lipid release is slowed compared to free diffusion through an un-restricted fusion pore. For our system, we have previously shown that pore flickering is the main mechanism of release-slowing (Stratton et al., 2016), enabling [image: image] to be interpreted as a duty-cycle, but it can equally be used to empirically quantify release-slowing in systems where the mechanism has not been established.
Using this procedure, and for [image: image], we found that for most events, lipid release was slower than expected for lipid diffusion, i.e., [image: image]. Pore openness values were [image: image] for most fusion events (78%), with mean = 0.39. For 19% of the pores, the procedure returned a nominal [image: image] value [image: image], indicating a “permanently” open pore, [image: image]. Note that “permanently” here means that the pore was open long enough that all lipid labels were released during a single flicker. For the largest vesicles studied [image: image], [image: image] (with [image: image]), so “permanently open” pores could in fact be flickering at frequencies <14 Hz. Overall, these results are consistent with those reported previously (Stratton et al., 2016), validating the new procedure.
A Pure Polarization Effect Is Isolated by Extrapolating the Size of the Fusing Vesicles to Zero
What is the contribution of the excitation polarization to the intensity change [image: image] as a lipid-dye is transferred from the SUV to the SBL membrane? Here we use an extrapolation procedure to estimate this quantity. We start with the relationship between the vesicle area (hence vesicle radius [image: image]), the intensity reduction factor, [image: image], and the normalized docked intensity, [image: image], through Eq. 2 (note that the labeling density [image: image] is fixed). Thus, the vesicle radius is a function of [image: image] and [image: image]. The parameters [image: image] and [image: image] are actually not independent from one another, but the theoretical relationship between the two is complex (Stratton et al., 2016). Thus, we determined an empirical relationship between these two quantities by plotting [image: image] as a function of [image: image] in Figure 3A for [image: image] (s-pol). Using this relationship, one can obtain vesicle size either as a function of the normalized docked intensity, [image: image], or as a function of the intensity reduction factor, [image: image]. Both representations are useful. The former is plotted in Figure 3B, which shows that the normalized docked intensity uniquely determines [image: image]. That this should be case is not entirely obvious, because the polarization contribution to [image: image] varies as a function of distance from the interface in a non-monotonic manner (Stratton et al., 2016). The latter representation is inverted, then the value of [image: image] as [image: image] is extrapolated to estimate the pure polarization contribution, as the evanescent field decay contribution vanishes at this limit. It was shown by Stratton et al. (2016) that the slope at the origin is [image: image], where [image: image] is the value of the intensity reduction factor extrapolated to zero vesicle radius and [image: image] is the characteristic decay length of the evanescent field. For the incidence angle used, we independently estimated [image: image] here (Materials and Methods). To estimate the slope at origin, we fitted a line to [image: image] values, while constraining the x-intercept to be equal to [image: image], obtaining, [image: image], and [image: image](95% confidence interval, [image: image]).
[image: Figure 3]FIGURE 3 | Isolation of the pure polarization contribution to changes in fluorescence intensity during SUV-SBL fusion. (A) The relationship between the fluorescence intensity reduction factor [image: image] and docked SUV intensity [image: image] normalized by single lipid intensity in the SBL, [image: image]. The red curve is a fit to an exponential, [image: image], with best-fit parameters (and 95% confidence intervals) [image: image] (0.65, 0.74), and [image: image] ([image: image], [image: image]). The red dots represent individual events. The blue dots are binned values, with bin size = 2. The error bars represent [image: image] standard deviation (SD). (B) Vesicle radius, [image: image], as a function of the normalized docked SUV intensity, [image: image]. The relationship is fit to a power law, [image: image], with best fit parameters [image: image] (1.7, 2.4), and [image: image] (0.54, 0.61). Red and blue dots are as in A, with bin size = 2. (C) Fluorescence intensity reduction factor [image: image] as a function of vesicle radius [image: image]. The continuous red curve is an exponential fit to the data, [image: image], with best fit parameters [image: image] and [image: image]. The red dashed line is a fit to the small [image: image] values [image: image] with the x-intercept constrained at the independently estimated evanescent field depth, [image: image] (see text and Materials and Methods). The y-intercept of this line, [image: image], is our best estimate of the purely polarization contribution to the intensity change as a lipid-dye is transferred from a SUV into the SBL upon fusion. Red and blue dots are as in (A), with bin size = 1 nm. (D) Fluorescence intensity reduction factor due to pure polarization effects, [image: image], as a function of excitation polarization angle, [image: image]. Estimates of [image: image] at [image: image] and [image: image] were done similarly to (A–C) for [image: image], see Supplementary Figure S5. For A-C, 195 events were analyzed, for (D), a total of 446 events were analyzed.
We repeated the procedure described above at additional excitation polarizations (Supplementary Figure S5), finding [image: image], [image: image], and [image: image] for [image: image], [image: image], and [image: image], respectively (Figure 3D). Thus, for θ = 60° and 90° (p-pol) cases, the pure polarization contribution is a decrease in total intensity upon lipid transfer from the SUV to the SBL, with [image: image]. At finite values of [image: image], the polarization effect competes with the intensity enhancement from the evanescent field decay effect (Figure 2). The two contributions are equal at [image: image] for [image: image] and [image: image], respectively (Supplementary Figure S5). For these polarizations, 59, and 80% of all events, respectively, had [image: image]. By contrast, only 4% of all events for [image: image] or [image: image] had [image: image], due to noise. For vesicle sizes close to [image: image], the net change in the total intensity upon fusion is near zero, such as the case depicted in Figure 2D, middle. For such cases, analysis and extraction of a [image: image] value is particularly challenging.
Overall, these results show that for polarizations that contribute a decrease to the change in total intensity upon SUV-SBL fusion [image: image], there is a polarization-dependent vesicle size for which the net intensity change is nil, making analysis of lipid mixing kinetics very challenging. For the commonly used lipid dye LR-PE, pure polarization effects can vary by a factor of ∼2.4; importantly, a polarization with a net positive contribution to the signal change can be chosen to ensure all events can be analyzed for lipid mixing kinetics.
The Effect of Excitation Polarization on Release Parameter Estimates
Two of the main bottlenecks in the analysis pipeline are visual identification of fusion events and single-molecule tracking of lipids for estimation of [image: image] (Supplementary Figure S4). When using non-optimal excitation polarizations, the most obvious effect is that it becomes much harder to visually identify fusion events and distinguish them from undocking events. Thus, considerably more time is spent on identification of events. Although we did not use an automated event-detection algorithm, it is likely that event detection would be more challenging for such an algorithm for non-optimally excited samples.
Once fusion events are correctly identified, with non-optimal excitation polarizations the most important challenge for analysis is a loss of sensitivity to single lipids diffusing in the supported bilayer after vesicle fusion. This made single-molecule tracking based estimation of lipid diffusion more challenging in all but the s-polarized case. We were able, however, to estimate diffusion coefficients based on the lateral spread of the released dye, with these estimates being broadly compatible across polarizations. The distribution of other fitted parameters was also broadly similar across all excitation polarizations (e.g., see distributions for [image: image]; Supplementary Figure S6). We nonetheless observed subtle differences in the observed distribution of pore openness [image: image], with an apparent reduction in the number of slow-release events (small [image: image] values) for p-polarization (Supplementary Figure S6). A potential explanation for this is that the relative fluorescence enhancement/reduction is much less pronounced than for p polarized case, making it significantly harder to unambiguously estimate the time at which the fusion pore opens. This is particularly likely for the slower release events where, in the absence of an enhancement on fusion, the docked vesicle signal will continue to dominate until well after the fusion pore opens.
Together these results let us conclude that choosing an optimal excitation polarization (e.g., s-polarized for LR-PE) is desirable, but that with knowledge of the actual polarization state and a suitable numeric model, useful measurements can be obtained on systems (such as many off-the shelf commercial TIRF microscopes) where polarization may not be controllable nor optimal.
Fusion Pore Openness, the Number of v-SNAREs per Liposome, and Membrane Curvature
As an illustrative application of pTIRF microscopy to the study of fusion pores, we explored the relationship between fusion pore openness and SNARE copy numbers and membrane curvature. How membrane fusion depends on SNARE copy numbers has been studied both using bulk and single-event assays. In single-event SUV-SBL fusion assays, it was found that 5–10 trans-SNARE complexes (SNAREpins) are required for rapid membrane fusion (Domanska et al., 2010; Karatekin et al., 2010). Bulk SUV-SUV fusion studies reported as few as a single SNAREpin could mediate lipid mixing (van den Bogaart et al., 2010), but content release required more (Shi et al., 2012), suggesting more SNAREpins drive larger fusion pores. Consistent with this idea, monitoring release of differently sized cargo in a nanodisc-SUV bulk fusion assay, Bello et al. showed that release of larger cargo required more SNAREpins (Bello et al., 2016). In nanodisc-based assays where single-pore conductance reflects pore size, it was shown that the mean fusion pore size increases with increasing SNARE copy numbers (Wu et al., 2017; Bao et al., 2018), an effect attributed to entropic repulsion among the SNARE complexes lining the pore’s waist (Wu et al., 2017). These results in reconstituted assays are consistent with observations in live cells that cargo release is faster when more SNAREs are available (Zhao et al., 2013; Acuna et al., 2014; Bao et al., 2018).
To test if pore openness, [image: image], depended on the number of v-SNAREs per liposome, [image: image], we plotted the fraction of open pores [image: image] as a function of [image: image] (Figure 4A). Because our [image: image] estimates are most reliable for [image: image], we used the corresponding data set for this analysis. The fraction of open pores [image: image] increased with [image: image] up to [image: image], above which it plateaued around 0.5. We explored this relationship further, by plotting [image: image] values for flickering pores [image: image] as a function of [image: image]. There was a weak trend for [image: image] to increase with increasing [image: image], up to [image: image] (Figure 4B). Note that because the v-SNAREs are incorporated with a random orientation into the SUVs (Karatekin et al., 2010), the effective number of v-SNAREs facing outside the SUV on these plots, [image: image], is ∼1/2 the plotted (total) value.
[image: Figure 4]FIGURE 4 | Pore openness as a function of SNARE copies per liposome or vesicle curvature. (A) The fraction [image: image] of open pores [image: image], as a function of average v-SNARE copies per SUV, [image: image]. The fraction increases up to [image: image], to reach ∼0.5. (B) Pore openness for flickering pores [image: image], as a function of [image: image]. The red circles are original data points (light blue) smoothed with a moving average filter with span = 5. The dashed line is a linear fit to the smoothed data with slope 0.0094 (95% confidence interval = 0.0051–0.0138, [image: image]). Note that because v-SNAREs are reconstituted with random orientation, only ∼1/2 would face outside and contribute to fusion. (C) There is no clear correlation between the fraction [image: image] of open pores [image: image] and total membrane curvature, [image: image]. (D) Pore openness for flickering pores ([image: image]), as a function of membrane curvature. For flickering pores [image: image], [image: image] decreases with increasing curvature for vesicle curvatures that correspond to [image: image] (indicated by a vertical dashed line) or smaller. Symbols represent original and smoothed data points as in (B). For (A,C), 164 events were analyzed. For (B,D), 128 events were analyzed.
Membrane curvature could also contribute to fusion pore dynamics. Smaller liposomes fuse faster both in bulk experiments (Malinin et al., 2002; Hernandez et al., 2012; Yang et al., 2021) and computer simulations (Gao et al., 2008), although the effects on fusion pore dynamics are not clear. In PC12 and chromaffin cells, larger vesicles have more stable initial fusion pores (Zhang and Jackson, 2010), suggesting high membrane curvature may contribute to fusion pore expansion. To test for membrane curvature effects, we first plotted the fraction [image: image] of open pores [image: image] as a function of vesicle curvature, [image: image], but no clear correlation emerged (Figure 4C). However, a weak trend emerged for [image: image] values for flickering pores ([image: image]) to decrease as a function of increasing curvature, [image: image], at high curvatures corresponding to the range of liposome sizes for which [image: image] (Figure 4D).
Overall, these observations suggest that pore openness increases with vesicle area, likely with contributions from both SNARE copy numbers and membrane curvature.
DISCUSSION
Polarization effects in TIRF microscopy have been exploited in the past to study membrane fusion events both for artificial systems (Kiessling et al., 2010; Stratton et al., 2016) and live secretory cells (Anantharam et al., 2010; Anantharam et al., 2012). For a fixed geometry, the effect of excitation polarization on the observed fluorescence intensity can be predicted with reasonable assumptions (Anantharam et al., 2010). The problem is that the geometry, how it evolves during membrane fusion, and diffusion kinetics of labels are usually not known. Consequently, one usually makes assumptions about vesicle size, fusion pathway, and label diffusion in order to solve the equations describing the polarization-dependent fluorescence intensity along the assumed fusion pathway. For example, Anantharam et al. (2010) showed that for a lipid-dye such as DiI with the excitation dipole oriented nearly parallel to the membrane, and assuming a fixed membrane geometry and homogenous label distribution, a particular combination of p- and s-pol excitation leads to a signal that is proportional essentially only to label density convolved with the distance to the glass-water interface, whereas another combination is sensitive mostly to membrane orientation. They showed that fused secretory granules in chromaffin cells typically retain their shapes for many seconds, consistent with previous reports (Taraska et al., 2003; Tran et al., 2007; Anantharam et al., 2010; Anantharam et al., 2012; Chiang et al., 2014; Karatekin, 2018; Shin et al., 2018), presumably long enough for the DiI label to equilibrate. The approach requires fluorescence signals collected under alternating p- and s-pol excitation and is not suited to monitor the kinetics of rapid lipid redistribution, which is our main interest here. Kiessling et al. (2010) took a similar approach to calculate fluorescence intensity changes observed during SUV-SBL fusion. They labeled SUV membranes with lipid dyes and imaged fusion events either with s- or p-pol excitation (without switching), and collected fluorescence from a small region of interest (ROI). However, interpretation relied on various assumptions, including SUV size. Importantly, they assumed lipids were transferred into the SBL from a SUV because the SUV rapidly (within ∼8 ms) flattened into the SBL. Because simultaneous monitoring of content release and lipid mixing shows that most fusion pores reseal after partial content release in a similar assay (Stratton et al., 2016), the intensity changes observed by Kiessling et al. (2010) more likely represent diffusion of the lipid labels from the SUV into the SBL with the SUV retaining an omega-shape until the lipids are dispersed into the SBL. This would be an interpretation consistent with observations of secretory granule exocytosis in neuroendocrine cells (Taraska et al., 2003; Tran et al., 2007; Anantharam et al., 2010; Anantharam et al., 2012; Chiang et al., 2014; Karatekin, 2018; Shin et al., 2018), enveloped viral fusion events (Melikyan et al., 1993a; Melikyan et al., 1993b; Melikyan et al., 1995; Cohen and Melikyan, 2004), and other reconstitutions with artificial membranes with sufficient resolution to monitor fusion pore dynamics (Chanturiya et al., 1997; Lai et al., 2013; Wu et al., 2016; Wu et al., 2017; Wu et al., 2021), where pore flickering and slow changes in the [image: image]-shape of the vesicle appear to be the norm.
Using pTIRF microscopy, we previously reported a quantitative analysis of lipid mixing kinetics from fluorescence intensity changes observed during SUV-SBL fusion (Stratton et al., 2016). A key advance was our ability to detect single lipid labels, which allowed estimation of the SUV size for every fusion event. With the SUV area known, release kinetics could be interpreted and related to fusion pore properties quantitatively using a model. However, the approach suffered from two major bottlenecks: visual detection of SUV-SBL fusion events and tracking single lipids to estimate [image: image]. Here we have improved both of these processes, by optimizing the excitation polarization to make event detection easier and using a modified model for fitting fluorescence profiles so that [image: image] can be estimated without need for lengthy single particle tracking.
Choosing the optimal excitation polarization is critical, because polarization effects can contribute an increase or a decrease to the total intensity change upon fusion. In the latter case polarization-related intensity variations work against evanescent field decay (and dequenching) effects so the change in total intensity upon fusion is reduced or even abolished. Such events become particularly challenging, if not impossible, to detect and analyze. Excitation light used in commercial TIRF microscopes is typically polarized, but the polarization characteristics are rarely specified and the polarization angle cannot be controlled. Additionally, there seems to be no convention in design, as two commercial systems we tested in the past used s-pol (Nikon Eclipse Ti) or p-pol (Olympus CellTIRF) excitation.
With no possibility of changing the excitation polarization with a commercial TIRF microscope, one could in principle use a fluorophore with the excitation dipole oriented with respect to the membrane such that membrane fusion results in a maximal increase in total intensity. However, the orientation of the excitation dipole moment for many fluorophores is not known and compromises may need to be made in other parameters such as excitation and emission maxima, photostability, and/or brightness. To overcome these limitations, here we built a TIRF microscope with continuously variable excitation polarization using off-the-shelf components and controlled it using open-source software. We monitored SUV-SBL fusion events using various excitation polarization angles [image: image]. We found that for the commonly used lipid label LR-PE, purely polarization effects can vary >2-fold. The polarization that results in the largest intensity increase upon fusion is optimal for detection of fusion events, greatly reducing the time spent in event-identification.
In addition to optimizing the excitation polarization, we improved the analysis pipeline by a more robust procedure that allows estimation of lipid diffusivity [image: image] without need for time-consuming single-particle tracking. For initial experiments, the mean intensity of single lipid-linked fluorophores is still required to estimate [image: image], but long and continuous tracks are not needed as they would be for estimation of [image: image] from single particle tracks. Once the relationship between the fluorescence intensity reduction factor [image: image] and the vesicle radius [image: image] is determined for a given optical setup, lipid label, and excitation polarization (Figure 3C), subsequent experiments become simpler as the mean single lipid intensity [image: image] is no longer needed to estimate [image: image]. Another major advantage of such a calibration is that constraints on frame rates and high intensity illumination can be relaxed. For single lipid detection, high intensity illumination and ∼10–30 ms exposure are typically needed. Shorter exposure times result in poor signal-to-noise, while longer exposures result in motion-blur. With no need for single-lipid sensitivity, acquisition rates can be increased several fold to capture lipid release kinetics with better time-resolution. Although our camera is limited to a sampling rate of ∼56 frames/s full-frame, with cropping and binning, sampling rates of ∼1 KHz or even higher are feasible (note that high spatial resolution is not a critical requirement for this application).
As an illustrative example, we explored how fusion pore dynamics depend on SNARE copy numbers and membrane curvature. We first confirmed our previous finding that lipid mixing kinetics are slower than expected for diffusion for most fusion events, suggesting the fusion pore hinders lipid release (Stratton et al., 2016). In addition, here we have uncovered a weak correlation between pore openness, [image: image], and the vesicle area, [image: image]. Both the number of v-SNAREs per liposome, [image: image], and vesicle curvature [image: image] appear to contribute to the trend. The finding that pore openness, [image: image], increases with [image: image] for small values of [image: image] is consistent with previous findings that increased SNARE copy numbers lead to larger fusion pores (Wu et al., 2017; Bao et al., 2018).
We expect the description of our simple polarized TIRF setup and analysis procedure will be of interest to researchers studying mechanisms of membrane fusion using reconstituted liposomes (Kiessling et al., 2010; Stratton et al., 2016), purified secretory granules (Kreutzberger et al., 2017), synaptic vesicles (Kreutzberger et al., 2019), enveloped viruses (Floyd et al., 2008; Ivanovic et al., 2013; Bulow et al., 2020), virus like particles (Costello et al., 2013), live cell exocytosis (Anantharam et al., 2010; Anantharam et al., 2012), or any other system in which membrane fusion can be monitored using polarized TIRFM.
MATERIALS AND METHODS
Materials
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC), 1,2-dioleoyl-sn-glycero-3-phospho-L-serine (sodium salt) (DOPS), 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine (POPE), 1-stearoyl-2-arachidonoyl-sn-glycero-3-phosphoethanolamine (SAPE), 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(lissamine rhodamine B sulfonyl) (LR-PE), 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(7-nitro-2-1,3-benzoxadiazol-4-yl) (NBD-PE), and 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethylene glycol)-2000] (PEG2K-PE) were purchased from Avanti Polar Lipids (Alabaster, AL). NBD-PE (0.5 mol%) was included only in the t-SNARE SBL to test SBL fluidity using fluorescence recovery after photobleaching (Karatekin and Rothman, 2012; Nikolaus and Karatekin, 2016).
Recombinant Protein Expression and Purification
Recombinant proteins vesicle-associated membrane protein 2 (VAMP2, also known as synaptobrevin-2), syntaxin-1, and synaptosomal-associated protein 25 (SNAP25) were expressed, purified, and reconstituted into SUVs as described in detail previously (Karatekin et al., 2010; Karatekin and Rothman, 2012). Plasmids were a generous gift from J. E. Rothman (Yale University). A lipid-to-protein ratio (L:P) of 200 was used for vSUVs and 5,000 or 10,000 for tSBLs.
Preparation of SUVs and SBLs
For reconstitution of protein, we used the method of refs. Karatekin et al. (2010); Karatekin and Rothman (2012). We used the following molar ratios for the vSUVs: POPC/DOPS/(SAPE or POPE)/PEG2KPE/LR = 54/20/20/5/1. The t-SBLs harbored one t-SNARE complex for every 5,000 or 10,000 lipids, and the lipid composition was (in molar ratios) POPC/DOPS/(SAPE or POPE)/PEG2KPE/NBD-PE = 69.5/10/15/5/0.5. As negative controls, we included the soluble cytoplasmic domain of the v-SNARE VAMP2 (CDV, residues 1–92, 10 μM) which associates with the t-SNAREs on the tSBL and inhibits docking and fusion of vSUVs. SUV diameters were 20–200 nm, estimated from dynamic light scattering (DynaPro NanoStar, Wyatt Technology, Santa Barbara, CA, United Sates).
Estimation of SNARE Copy Numbers Per SUV
For every batch of vSUVs, we calculated the actual lipid-to-protein ratio (LP) following ref. Karatekin et al. (2010). The lipid concentration was estimated using LR-PE fluorescence which was independently calibrated using standard solutions. The protein concentration was estimated from SDS-PAGE gels stained with Sypro Orange (MilliporeSigma, St. Louis, MO) running against a known concentration. Assuming an area per lipid (Hung et al., 2007) [image: image] we estimated the SNARE density [image: image] for each batch. For most batches, the resulting snare density was [image: image], with actual [image: image]. For every event that could be analyzed, the vesicle area [image: image] was calculated using Eq. 2, which allowed us to estimate the number of v-SNAREs per SUV, [image: image].
Polarized TIRF Microscopy Setup
Outputs from a LuxX 488 nm or 638 nm continuous-wave diode-pumped laser (200 or 150 mW maximum power, respectively, Omicron, Rodgau-Dudenhofen, Germany) were each coupled to a polarization maintaining fiber. The output of a 561 nm laser (150 mW maximum power, Cobolt 04-01 Series, Jive, Solna, Sweden) was modulated by an acousto-optical modulator (PCAOM V-50, Crystal Technology, Inc., Palo Alto, CA) before coupling into another polarization maintaining fiber. The fibers were combined into a single fiber using a polarization maintaining wavelength division multiplexer (OZ Optics, Ottawa, Canada). The fiber carrying the combined wavelengths was mounted onto a manual rotation mount (Thorlabs, Newton, NJ). We set the desired excitation field polarization by rotating this mount. If desired, the polarization ratio can be improved by inserting a Glan-Taylor prism, but in practice this complicates alignment as polarization is rotated and was not used. The beam was then expanded and passed through an adjustable diaphragm before being reflected by a mirror whose position was controlled by a motorized actuator (CONEX-TRB12CC DC servo actuator, Newport, Irvine, CA). The beam then went through a tube lens, an excitation filter (ZET488/10x, ZET561/10x, or ZET640/20x, Chroma), and a dichroic mirror (ZT488rdc, ZT640rdc, Chroma) before focusing onto the back focal plane of an Olympus PlanApo 60x/1.45 Oil TIRF objective, mounted on an inverted microscope (IX81, Olympus, Tokyo, Japan). Fluorescence was collected through the same objective, passed through a HHQ500LP and ET525/50m, HHQ575LP, and ET610/60M, or HQ660LP and ET700/75 (Chroma), and detected using an EM-CCD camera (Ixon-ultra-897, Andor, Belfast, United Kingdom). One pixel corresponded to 265 nm in the sample plane. We stream-recorded 60 s movies (3,300 frames) with exposure time 17.8 ms (duty cycle 18.3 ms). The microscope, including the mirror position for setting the evanescence depth was controlled by micro-manager (Edelstein et al., 2014) (the configuration file is available upon request). All experiments were carried at 32°C, using a heated stage insert (Thermo Plate, Tokai Hit, Shizuoka-ken, Japan).
Evanescent Field Depth Calibration
The evanescent field depth was estimated by measuring the angle of incidence, [image: image], of the excitation beam with respect to the normal of the imaging plane, and using (Axelrod, 2008) [image: image], where [image: image] is the laser excitation wavelength, and [image: image] and [image: image] are the refractive indices for glass and water, respectively. An N-BK7 right-angle prism (20 mm per side, PS908, Thorlabs) was coupled to the TIRF objective using a cover slip and oil matching the refractive index of the glass. Adjusted to the same mirror position used in the SUV-SBL fusion experiments, the laser beam passed from the objective into the prism undeflected but was refracted at the glass-air interface as it emerged from the prism. The beam was projected onto a wall and the simple geometry was used to calculate the angle of incidence, [image: image], corresponding to [image: image]. The highest intensity of the projected spot on the wall was found at [image: image], [image: image].
Microfluidic Channels and SBL Formation
We followed ref. Karatekin and Rothman (2012). Briefly, microfluidic channels were made by bonding a block of poly(dimethyl siloxane) (PDMS) replica of a microfabricated structure onto a glass coverslip. Prior to bonding, holes were punched into the PDMS block using a hole puncher (Schmidt Manual Press, Schmidt Technology, Cranberry Twp., PA) to connect tubing for introducing solutions. Coverslips (24 mm by 60 mm) were treated with air plasma for 10 min in a plasma cleaner (LTD Model SP100 Plasma system, Anatech, United Sates, Sparks, NV) before bonding to the PDMS. The PDMS was not plasma treated but was placed under vacuum for at least 20 min to avoid bubble formation during experiments. After assembly of microfluidic channels, a diluted and degassed tSUV or pfSUV suspension was introduced into the channels and incubated for at least 30 min. Unbound SUVs were rinsed away. SBL fluidity was tested using fluorescence recovery after photobleaching (FRAP) using the 488 nm laser to excite NBD-PE (Karatekin and Rothman, 2012; Nikolaus and Karatekin, 2016). Occasionally, SUVs adhered to the glass coverslip but did not burst and form a continuous fluid bilayer. In such cases, the coverslips were additionally incubated with reconstitution buffer (25 mM HEPES-KOH, 140 mM KCl, 100 µM EGTA, and 1 mM DTT, pH 7.4) with 10 mM Mg2+ for at least 30 min and then thoroughly rinsed with Mg2+ free buffer.
Detection and Analysis of Fusion Events
Prior to flowing SUVs into a microfluidic channel, the SBL in the viewfield was continuously bleached by 561 nm excitation to reduce background fluorescence. When the first v-SUVs reached the viewfield, image acquisition was initiated to record a 1-min movie consisting of 3,300 frames. Data was recorded for four different excitation polarizations, 0° (s-pol), 30°, 60°, and 90° (p-pol).
Analysis of vesicle fusion was done offline and began with visual identification of fusion events which were then tracked using the SpeckleTrackerJ plugin (Smith et al., 2011) of ImageJ (Schneider et al., 2012) with subpixel resolution. Tracks started the first frame in which a SUV docked onto the SBL until the frame in which it fused with the SBL, as evidenced by the onset of a sudden change in fluorescence intensity, accompanied by the spread of the signal. The track length defined the docking-to-fusion delay [image: image]. Fusion events were further analyzed using PYME (www.python-microscopy.org) and the Python Anaconda platform. The pixel intensities surrounding a particle’s centroid position were summed within concentric circular regions of interest (ROI) with five different radii (3, 5, 7, 9, and 11 pixels radius). The analysis extended from 10 frames prior to docking until 50 frames after fusion. For each fusion event, the total intensity for all radii were simultaneously fitted to a model function which captures both the radial shape of the point-spread function and the expected radial spreading of the released dye due to diffusion. The use of a model encoding this radial information and fitted to multiple different sized ROIs allowed us to estimate the lipid diffusion coefficient, [image: image], the bleaching time, [image: image], and the lipid release time, [image: image], as independent parameters in the fit. Our specific model function describing the total intensity within a radius [image: image] was as follows:
[image: image]
where:
[image: image]
and [image: image]is an approximation to the microscope point spread function, [image: image] is the 2D diffusion Green’s function, [image: image] represents convolution and [image: image] is the gain in intensity that a dye molecule experiences transiting from the vesicle into the bilayer. The bleaching rate is assumed to be proportional to excitation efficiency. The traces were background subtracted and normalized to the total intensity of the docked vesicle before fitted using a weighted least squares fit. Free parameters were [image: image]. Fit quality was evaluated visually for every fit and poor fits were excluded from further analysis. Fusion events with docking-to-fusion delays [image: image] frames were excluded, as shorter docking times did not result in good fits.
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