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Abstract 

Dynamics, Pathways, and Regulation of Exocytotic Release 

Rui Su 

Exocytosis involves fusion between a membrane-bound vesicle containing signaling 

molecules and the plasma membrane of the cell. Cells use exocytosis to release membrane-

impermeant bioactive molecules to the extracellular space, and to deliver lipids and proteins to 

the plasma membrane. Exocytosis is essential to many fundamental processes including 

neurotransmission and hormone secretion. Exocytosis is triggered and regulated by a range of 

cellular components including calcium, SNARE proteins, and the actin cortex. Despite of the 

accumulative discovery of molecules involved in exocytosis, a unified physical landscape that 

these molecules act on is missing. The biophysical forces driving exocytosis haven’t been 

identified, and the mechanisms by which these biophysical forces regulate exocytosis are not 

established. 

 To address these unsolved questions, we built mathematical model to study exocytosis on 

the single-vesicle level and the cell level. In the first chapter of the thesis we modeled the shape 

evolution of dense-core vesicles in chromaffin cells during exocytosis. Emerged from the model, 

we discovered a novel mechanism that drives vesicles to merge into the plasma membrane. 

Following fusion, the osmotic pressure of the cell squeezes the vesicle and abolishes the vesicle 

membrane tension, and the high plasma membrane tension reels the vesicle onto the adjacent 

cytoskeleton. With no fitting parameters, the model predicted remarkable vesicle shapes 

consistent with real-time visualizations by super-resolution microscopy from the Wu lab. 

Interestingly, we predicted vesicles to adopt elongated tubular shapes under mildly high osmotic 



 

 

pressure, which was confirmed by visualizations from the Wu lab, providing a vivid illustration 

of osmotic squeezing.   

 In the second chapter of the thesis we investigated fusion pores, the membrane 

connection between a fused vesicle and the plasma membrane. As commonly observed in 

amperometric traces, the initially small pore may subsequently dilate for full contents release. 

Here using formalisms of differential geometry, we obtained exact solutions for fusion pores 

between two membranes. We found three families: a narrow pore, a wide pore and an 

intermediate tether-like pore. We suggest membrane fusion initially generates a stable narrow 

pore, and the dilation pathway is a transition to the stable wide pore family. The unstable 

intermediate pore is the transition state that sets the energy barrier for this dilation pathway. Pore 

dilation is mechanosensitive, as the energy barrier is lowered by increased membrane tension. 

Finally, we showed fusion pores are locked into the narrow pore family in nanodisc-based 

experiments, powerful systems for the study of individual pores. 

 In the third chapter of the thesis we investigated the mechanism of spatiotemporal 

regulation of exocytosis on the cell level. By analyzing the spatiotemporal profile of exocytosis 

events in chromaffin cells observed by confocal microcopy from the Wu lab, we discovered a 

novel mechanism of exocytosis regulation via release site availability. We found vesicle fusion 

can happen repeatedly at hotspots, which generated a membrane reservoir consisting of 

unmerged and slowly merged vesicles that are spatially close to hotspots. In turn, unmerged 

vesicles occupy release sites and locally suppress exocytosis frequency. We developed a 

mathematical model to demonstrate that such membrane reservoir requires sufficiently low local 

membrane tension that abolishes the driving force of vesicle merger. 



 

 

 Finally, in the fourth chapter of the thesis we studied virus entry, a process similar to 

exocytosis but involves membrane fusion between the virus and the host cell. SARS-CoV-2 

entry in to host cells is accomplished by the S2 subunit of the spike S protein by capture of the 

host cell membrane and fusion with the viral envelope. Membrane capture requires the native S2 

to transit to its potent, fusogenic form, the fusion intermediate, whose structure is unknown. 

Here, we computationally constructed a full-length model of the CoV-2 fusion intermediate by 

extrapolating from known CoV-2 pre- and postfusion structures. In atomistic and coarse-grained 

molecular dynamics simulations the fusion intermediate was remarkably flexible and executed 

large bending and extensional fluctuations due to three hinges in the C-terminal base. The large 

configurational fluctuations of the fusion intermediate generated a substantial exploration 

volume that aided capture of the target membrane. Simulations suggested a host cell membrane 

capture time of ~ 2 ms. Our simulated structures of the fusion intermediate showed good 

agreement with cryo-electron tomography data from the Moscona’s lab.  
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Introduction 

i. Overview of exocytosis 

Cells use exocytosis to secrete bioactive molecules to the extracellular environment, or to 

deliver proteins and lipids to the plasma membrane (PM). During exocytosis, membrane-bound 

vesicles fuse with the PM and then content molecules inside the vesicle diffuse to the 

extracellular space. Exocytosis is central to many vital processes, including neurotransmitter 

release at the synapse for neurotransmission and insulin secretion by pancreatic β-cells for blood 

glucose level regulation. The vesicle size varies greatly in different cells, from synaptic vesicles 

of ~50 nm diameter in neurons (1) to dense-core vesicles of ~400 nm diameter in chromaffin 

cells (2). 

Three stages are involved in exocytosis. First, vesicles are transported to the release sites 

on the PM mediated by various motor molecules including kinesin, dynein and myosin 

associated with the cytoskeleton (3, 4). Then the vesicle gets docked and primed by forming 

partially assembled SNARE complexes, ready to release its contents upon stimulus (5, 6). 

Second, specialized fusion machineries respond to a signal (usually Ca2+), fuse the vesicle 

membrane with PM, and create a fusion pore through which vesicle contents are released. 

SNARE proteins are the core of the fusion machinery, which zipper into SNAREpins complexes 

to catalyze fusion by pulling membranes together (7-9). Finally, the molecules stored in the 

vesicles secret into the extracellular space through the fusion pore, whose size and dynamics are 

critical to regulate release rates (10, 11). The fused vesicle can merge into the PM, remain static 

or grow dramatically (12, 13). This thesis focuses on the post-fusion stage of exocytosis.  

ii. Post-fusion vesicle evolution  
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From a vast body of research using microscopies and electrophysiological measurements, 

a consensus view has emerged that, immediately following membrane fusion the -shaped 

vesicle-PM composite evolves along one of two pathways (14-16). (1) Full-fusion. The pore 

dilates and the -profile flattens into the PM, with full contents release. (2) Kiss-and-run. The 

pore transiently opens and then closes, giving partial contents release. A new picture was 

suggested by recent super-resolution microscopy studies visualizing exocytosis in chromaffin 

cells (12, 13, 17). Vesicles can merge into the PM, remain static, or grow. Particularly vesicle 

flattening in full-fusion was not observed. Instead, the vesicles shrink into the PM in a self-

similar fashion, remaining their -profiles. However, the driving forces and the mechanisms of 

post-fusion vesicle evolution have not been understood. 

iii. Fusion pores are dynamical structures controlling content release rates 

Once fusion between the vesicle and the plasma membrane is completed, content 

molecules will release through the fusion pore, the connection between the fused membranes 

(18). Conductance measurements at the Calyx of Held revealed minimum synaptic vesicle pore 

diameters of ~ 1 nm that can flicker repeatedly (19). A historic development was the use of 

microelectrodes to detect the far slower release from non-synaptic secretory cells which showed 

that the initial fusion pore is very small but often dilates dramatically after a delay (20). The 

narrow initial pore may serve as a molecular sieve to modulate size and rate of vesicle cargo 

release (10, 21), while full release requires the pore to dilate. For example, fusion events at 

synaptic terminals may result in partial or total neurotransmitter release, depending on whether 

the nascent pore dilates fully or reseals, with important consequences for synaptic activity (11, 

14). Impaired pore expansion is associated with disease such as type 2 diabetes where insulin 

release is misregulated (22).  Although a range of molecules including SNAREs, synaptotagmin 



3 

 

and dynamin were found to regulate fusion pore size (13, 23, 24), the energetic landscape of pore 

dilation on which these molecules act on is not clear.  

iv. Spatiotemporal regulation of exocytosis 

Exocytosis is spatially regulated by cells.  In neurons synaptic vesicles are released at the 

active zone that is precisely aligned with the receptors on the postsynaptic density (25). In 

endocrine cells, the existence of such active zone is not obvious (26). Instead, vesicle fusion can 

happen repeatedly at hotspots (27-29). Lacking such hotspots might be the cause of impaired 

insulin secretion in type 2 diabetes (28). Exocytosis is also temporally regulated, reflected as 

highly modulated exocytosis rates upon different stimulus protocols in different cells (30). In 

neurons the availability of readily releasable vesicles is thought to be cause of short-term 

depression (31-34). In secretory cells such as chromaffin cells, the actin cortex can be a barrier of 

exocytosis by separating vesicles from the PM (35), but meanwhile can serve as a carrier by 

navigating the vesicle to the docking sites (36). Temporal regulation of exocytosis may also be 

executed via the availability of release sites. A fixed number of release sites was suggested by 

early statistics of the postsynaptic currents (37). After a release event, the site experiences a 

refractory period during which the next vesicle is not able to dock (38). It is proposed that to 

make the site reusable again the vesicle components of the previous exocytosis event has to be 

cleared away either by passive diffusion or by active removal of the local membrane (39). 

However, the mechanism of regulating site availability and how hotspots participate in 

temporospectral regulation of exocytosis is unknown. 

  



4 

 

Chapter 1: Vesicle shrinking and enlargement play opposing roles 

in the release of exocytotic contents 

In this chapter, I describe collaborative work combining experimental visualizations of 

vesicle release during exocytosis in chromaffin cells and mathematical modeling of vesicle 

evolution under biophysical forces. The modeling part is my original work with equal 

contribution from Dr. Sathish Thiyagarajan, a former postdoctoral researcher in the 

O’Shaughnessy group.  The experiments are performed by the Ling-Gang Wu group at National 

Institute of Health.  

1.1 Introduction 

Hormone and transmitter release by endocrine cells and neurons mediate many important 

functions, such as stress responses, immune response, control of blood glucose with relevance to 

diabetes, and synaptic transmission which is essential for cognition and coordinated motor activity 

(5, 14, 16, 40-42). Regulation of the amount and the rate of release is physiologically crucial, and 

much research has addressed the mechanisms involved (5, 14, 16, 40-42). From decades of 

research, a widely held view emerged that content release by neurons and endocrine cells is 

controlled by two modes of fusion: 1) full-collapse, in which the fusion pore dilates while the 

vesicle flattens into the membrane, resulting in rapid and complete release, and 2) kiss-and-run, 

when a narrow fusion pore opens and then closes, giving a slow and/or partial release of contents 

(5, 14, 16, 40-42).  

Recently, this view has been questioned in two respects. First, kiss-and-run often involves 

a large pore (13, 43), inconsistent with the assumed narrow pore. Second, while full-collapse was 

proposed on the basis of electron microscopy data (44), it has not been observed in live cells. 

Imaging in endocrine cells shows shrinking fusion spots, rather than growing fusion spots that 
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subsequently disappear, as would be expected from full-collapse (12, 17). It was proposed that the 

shrinking spots indicated a fusion mode termed shrink-fusion, in which the vesicle shrinks while 

retaining its shape without pore dilation, and shrink-fusion was suggested to be mediated by F-

actin-dependent plasma membrane tension (17).   

While these observations imply the possibility of replacing full-collapse with shrink-

fusion, direct evidence of shrink-fusion is lacking. To demonstrate shrink-fusion would require 

visualization of vesicle membrane profiles to measure the evolution of vesicle shape and to 

demonstrate that the pore does not dilate. Such visualization is also required to eliminate other 

possibilities, including rapid budding of clathrin-coated vesicles at the fusion-generated -profile 

as recently suggested (45, 46). Direct visualization is indeed feasible, as shown in recent studies 

that visualized -shaped membrane profiles and their pores (13, 47). However, these studies did 

not investigate -profile shrinking or pore dynamics during shrinking (13, 47).  

The proposal of shrink-fusion in replacement of full-collapse raises the question as to why 

shrinking is preferred to the intuitively appealing full-collapse pathway, whether shrink-fusion 

promotes release and by what mechanism. The observation that kiss-and-run does not limit content 

release (13, 43) raises the question whether there is a fusion mode specifically for the limiting of 

content release. Here we addressed these fundamental questions by super-resolution STED 

imaging of vesicular membrane profiles and fusion pore dynamics, confocal imaging of content 

release, electron microscopy and realistic mathematical modelling in neuroendocrine chromaffin 

cells. We found that facilitation of content release is not mediated by full-collapse, but by shrink-

fusion with a large fusion pore, and that inhibition of release is not mediated by kiss-and-run, but 

by enlarge-fusion mode, in which -profiles increase in size, but maintain a narrow pore. We 

discovered that cells’ physiological osmotic pressure squeezes, but not dilates the -profile, 
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explaining why shrink-fusion, rather than full-collapse, is the default fusion more for merging 

vesicles with the plasma membrane and for promoting content release. We concluded that shrink- 

and enlarge-fusion control the yin and yang of exocytotic content release.  

1.2 Results 

Direct observation of fused vesicle shrinking and enlargement in live cells 

To determine how vesicles merge with the plasma membrane (PM) during exocytosis, we 

transfected bovine adrenal chromaffin cells in primary cultures with EGFP or mNeonGreen 

attached to phospholipase C delta PH domain (PHG: either PH-EGFP or PH-mNeonGreen). PHG 

binds to PtdIns(4,5)P2 (PIP2) at PM cytosolic-facing leaflet and thus labels PM (Fig. 1.1A) (13, 

47). We added Atto 532 (A532) in the bath (Fig. 1.1A), which enters the fusing -profile to 

confirm the structural changes revealed by PHG imaging (12, 13). We induced vesicle fusion using 

1-s depolarization from -80 to +10 mV through a pipette in the whole-cell configuration, which 

induced calcium currents and capacitance changes reflecting robust exo- and endocytosis 

(Fig. 1.1A). STED imaging of A532 and PHG was performed in the microscope XZ plane at a 

fixed Y-location near the cell bottom every 26-300 ms per frame (XZ/Yfix imaging) before and 

after depol1s for ~20-30 s. Each cell was subjected to only one depol1s, which induced fusion mostly 

during and ~3 s after depol1s (12, 13). 

Depol1s induced PHG-labelled -shape profiles (PH-) filled with A532 (Figs. 1.1B-H), 

reflecting diffusion of PHG and A532 from PM and bath into the fusion-generated -profile. PH-

 without A532, which reflected hemi-fusiowrn (47), was not analysed here. In ~20% of cells, we 

observed a depol1s-induced, fusion-generated A532-filled PH- with a clear membrane outline. 

Following PH- appearance (236 events, 202 cells), the -profile either 1) shrank while 

maintaining an -shape until it became undetectable (shrink-fusion, 45 events, Figs. 1.1B-D), 2) 
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shrank partially, then maintaining a reduced-size -profile (partial-shrink-fusion, 24 

events, Figs. 1.1E-F), 3) maintained its -profile and A532 spot size (same-size-

fusion, 136 events, Fig. 1.1G), or 4) increased in size while maintaining its -shape (enlarge-

fusion, 31 events, Fig. 1.1H; summarized in Fig. 1.1I). The PH- width at the fusion onset was 

similar for these four fusion modes. 

Shrink-fusion was rapid, with a 20-80% shrinking time mostly <2 s (Figs. 1.1B-D).  During 

shrinking episodes (both shrink-fusion and partial-shrink-fusion), in most cases the  shape of the 

vesicle was preserved as the width and height decreased proportionally (Figs 1.1B, 1.1C and 1.1E). 

However, in some instances of shrink-fusion the vesicle had an extended tubular shape with a 

height considerably greater than the width (Figs. 1.1D, 1.1F). We did not observe vesicle budding 

off the PH- during shrink-fusion (n = 45), excluding this as the mechanism that shrinks the PH-

.  

Enlarge-fusion was slower than shrink-fusion, with a 20-80% time of ~2-20 s (Fig. 1.1H). 

Enlarge-fusion was detected when the width of the PH- measured at 20-30 s after fusion onset 

(516 ± 18 nm) increased by >15% as compared to that at the fusion onset (~26 ms – 300 ms, 

352 ± 13 nm, n = 31; t test, p <0.001). The width of PH- measured at 20-30 s after the onset of 

enlarge-fusion (516 ± 18 nm, n = 31) was significantly larger than that of same-size-fusion 

(374 ± 7 nm, n = 136; t test, p < 0.001).  
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Figure 1.1. Direct visualization of Ω-shape membrane profile shrinking and enlargement. 

 (A) Upper: setup drawing. Cell’s membrane and bath are labelled with PHG (green) and 

A532 (red, pseudo-colour), respectively. ICa and Cm (capacitance) are recorded via a 

whole-cell pipette. Lower: Sampled ICa and the Cm change induced by depol1s at the 

whole-cell voltage-clamp configuration. (B-H) PH- fluorescence 

(FPH, normalized to baseline), A532 spot fluorescence (F532, normalized to baseline), PH- 

height (H, circles), PH- width (W, triangles), and sampled images at times indicated with 

lines showing fusion with various patterns of -profile structural changes: B-D, shrink-

fusion (B, slow; C, fast; D, generation of tubular intermediates); E-F, partial-shrink-fusion 

(E, generation of reduced-size -profile; F, generation of reduced-size tubular structure); 

G, same-size-fusion; H, enlarge-fusion. The inset in G-H is shown at the same time scale 

(right) for side-by-side comparison.  When PH- was too dim or smaller than our 

resolution, PH- height and width were not measured. Images were acquired at the STED 

XZ/Yfix configuration. (I) The percentage of shrink-fusion, partial-shrink-fusion 

(shrinkpartial), same-size-fusion and enlarge-fusion (total PH- number: 236; from 202 

cells). 

 

The width and height of the PH- increased approximately proportionally to one another 

during enlarge-fusion (Fig. 1.1H). Additional vesicle fusion at the PH- was not observed during 

enlarge-fusion (n = 31), excluding compound fusion as the origin of enlarge-fusion. 

Three sets of evidence showed that shrinking or enlargement was not due to -profile 

movement in the XY-plane. First, random -profile movement would in general involve 

displacements in both the X- and Y- directions – whereas during shrinking or enlargement captured 

by STED XZ/Yfix imaging the -profile did not shift in the X direction (n = 69, Fig. 1.1B-H). 

Second, STED XY-plane imaging at a fixed Z-focal plane (XY/Zfix imaging) showed that depol1s 

induced the appearance of PH-labelled rings containing A532 spots, which reflected fusion-

generated -profiles induced by depol1s (12, 13). These PH-labelled rings shrank, remain 

unchanged or enlarged, but did not move in the XY-plane (102 events, 7 cells). Third, in cells 

treated with high potassium (70 mM) solution for 45 s and fixed with 4% paraformaldehyde, we 

observed PH- most likely induced by high potassium stimulation. All these PH- (59 PH- in 
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39 cells) did not change in width over 20-30 s STED XZ/Yfix imaging, indicating that PH- size 

changes observed in live cells are not due to microscopic Y-axis drift. 
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Figure 1.2. Observation of Ω-shape membrane profile shrinking and enlargement while 

releasing FFN511.  

(A) Schematic diagram of the experimental setup: vesicles are loaded with FFN511 (red, 

pseudo-color), plasma membrane is labelled with PHG (green), and ICa and capacitance 

(Cm) are recorded via a pipette at the whole-cell configuration. (B-E) PH- fluorescence 

(FPH, normalized to baseline), FFN511 fluorescence (F511, normalized to baseline), PH- 

width (W, triangles), and sampled images at times indicated with lines showing release of 

FFN511 for shrink-fusion (B), partial-shrink-fusion (C), same-size-fusion (D) and enlarge-

fusion (E). (F) 20-80% decay time of FFN511 (TFFN_decay) for shrink-fusion (8 events), 

partial-shrink-fusion (13), same-size-fusion (53 events) and enlarge-fusion (18 events). Data 

taken from 71 cells where STED XZ/Yfix imaging of PHG/FFN511 was performed. **: 

p<0.01; ***: p<0.001; ANOVA test.  

 

To verify that the observed PH- structural changes reflect post-fusion structural changes, 

we loaded vesicles with fluorescent false neurotransmitter FFN511 via bath application (Fig. 1.2A) 

(48). Depol1s induced PH-Ω that released FFN511, as observed with STED XZ/Yfix imaging of 

PHG and FFN511 (Figs. 1.2A-E, n = 92 events, 71 cells) (13). Similar to STED PHG/A532 

imaging, we observed shrink-fusion (n = 8), partial-shrink-fusion (n = 13), same-size-fusion 

(n = 53), and enlarge-fusion (n = 18, Figs. 1.2B-E). The 20-80% FFN511 release time depended 

on the fusion mode (Fig. 1.2F), which would be further discussed later. These results confirmed 

that the observed PH- size changes reflect post-fusion vesicle size changes.  

Consistent with -profile shrinking and enlargement (Fig. 1.1), electron microscopy 

revealed Ω-profiles of various sizes, some of which approached a tubular shape (Figs. 1.3A-B); 

widths ranged from 56-784 nm, and larger width was correlated with larger height (Fig. 1.3C-

upper). The height/width ratio was mostly > 1 (85% of cases, Fig. 1.3C-lower), indicating that -

profiles were mostly somewhat elongated with some approaching a tubular-shape, consistent with 

STED observation of mostly elongated -profiles (e.g., Figs. 1.1B-H, 1.3D-H). The pore size 

range measured with electron microscopy was similar to the STED-measured Porev range (13).  
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As the PH- shrank, remained unchanged in size or enlarged, in some cases the pore 

closed. This was reflected as decay of the spot A532 fluorescence (F532, strong excitation) to the 

baseline while PH- size remained unchanged, due to closure of the pore that prevented exchange 

of the bleached A532 (caused by strong excitation) with fluorescent A532 in the bath (12, 47). 

Since the present work focuses on PH- size changes, unless otherwise stated we do not further 

analyze pore closure. 

Resolving fusion pore during vesicle shrinking or enlargement  

At fusion onset, sampled every 26-300 ms, ~21% of PH- (50 of 236 PH-) showed a 

visible pore (Porev), i.e. a pore size exceeding our STED resolution of ~60 nm (Figs. 1.3D-H). The 

pore in the remaining PH- could not be resolved, mostly because it was below our STED 

resolution (13). The percentage of Porev (Porev%) for shrink-related fusion (shrinkrelated-fusion), 

which denotes both shrink-fusion (e.g., Figs. 1.3D-E) and partial-shrink-fusion (e.g., Fig. 1.3F), 

was significantly larger than that for enlarge-fusion (e.g., Fig. 1.3H), but not significantly larger 

than that for same-size-fusion (e.g., Fig. 1.3G) (summarized in Fig. 1.3I). Results similar to those 

in Fig. 1.3I were obtained when pore closure events were excluded. Thus, fusion pores are larger 

during shrinkrelated-fusion than during enlarge-fusion. This finding suggests that shrinkrelated-fusion 

releases contents faster than enlarge-fusion, a conjecture which was experimentally verified, as 

described in the next section. 

We noticed that in 3 of 14 shrink-fusion events with a Porev, following substantial 

shrinking of the -profile so that the width had become smaller than the pore size, the -shape 

changed into a -shape during the final stages (e.g., Fig. 1.3E). Such -profiles were not observed 

during shrink-fusion with no Porev (31 out of 31 events, e.g., Figs. 1.1B-D). Thus, only ~7% of 
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shrink-fusion events showed a late stage -profile. These results suggest that as the shrinking -

profile approaches the size of its own pore, a conversion to a -profile occurs before finally 

merging with the flat PM. 
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Figure 1.3. Fusion pore dynamics during shrink-, partial-shrink-, same-size- and enlarge-

fusion.  

(A) Electron microscopic images of Ω-profiles with different sizes. Cells were in 70 mM 

KCl for 90 s (applies to panels A-C). (B) Electron microscopic images of elongated Ω-

profiles resembling cylinders with different sizes. (C) The width (W, upper) and the ratio 

between the height (H) and width (H/W, lower) of -profiles observed with electron 

microscopy (each circle represents one -profile, 84 -profiles from 800 cell cross 

sections). The line in the upper panel is a linear regression fit (correlation coefficient: 0.81). 

Dotted line in the lower panel indicates H/W = 1. Most data are above the dotted line, 

indicating that most -profiles are somewhat elongated. (D-H) FPH (PH- fluorescence), 

F532 (A532 fluorescence), H (PH- height, circles), W (PH- width, triangles), Pore (PH-

 pore size, squares) and sampled images at times indicated with lines showing pore 

dynamics during shrink-fusion (D-E), partial-shrink-fusion (F), same-size-fusion (G), and 

enlarge-fusion (H). Gray squares (G-H): below STED resolution of ~60 nm. (I) The 

percentage of observing a Porev (Porev%) during Shrinkrelated-fusion fusion (including 

shrink-fusion and partial-shrink-fusion), same-size fusion and enlarge-fusion 

(total fusion event number: 236; from 202 cells). *: p < 0.05, ANOVA.  

 

Shrink-fusion releases contents much faster than enlarge-fusion 

To determine whether shrink-fusion and enlarge-fusion are associated with different 

release kinetics, we overexpressed a vesicular lumen protein neuropeptide Y-EGFP (NPY-EGFP) 

and performed confocal imaging of NPY-EGFP with Alexa 647 (A647, in the bath) in the XY/Zfix 

configuration ~200 nm above the cell bottom (Fig. 1.4A). Depol1s induced NPY-EGFP spot release 

(218 spots, 28 cells, Figs. 1.4B-G), accompanied by sudden A647 spot appearance and increase in 

A647 fluorescence (F647) due to A647 diffusion from the bath to the fusion-generated -profile 

(12). 

Under strong excitation we observed four distinct patterns of evolution of A647 spots 

(218 spots, 28 cells) (12). First, shrink-fusion was reflected as A647 spot width shrinking until it 

was undetectable while F647 decayed to the baseline (Fig. 1.4B, 41 events). Second, the A647 spot 

width could shrink partially with partial F647 decrease, then maintaining a spot of reduced size, 

which reflected partial-shrink-fusion (Figs. 1.4C-D, 28 events). The reduced-size spot was 
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sometimes followed by spot F647 decay to baseline while the spot size did not change further, 

reflecting pore closure that prevented exchange of bleached A647 in the spot with fluorescent 

A647 in the bath (partial-shrink-fusion with pore closure, Fig. 1.4D) (12). Third, A647 spot size 

and F647 could remain unchanged (same-size-fusion, Fig. 1.4E, 111 events), sometimes followed 

by F647 decay to baseline without spot size change (same-size-fusion with pore closure, Fig. 1.4F). 

Fourth, spot width and F647 could increase (enlarge-fusion, Fig. 1.4G, 38 events), occasionally 

followed by spot F647 decay to baseline without further change in spot size (enlarge-

fusion with pore closure, not shown). Consistent with STED XY/Zfix imaging, we used these A647 

spot behaviours to identify shrink-fusion, partial-shrink-fusion, same-size-fusion and enlarge-

fusion (12).  

The percentage of shrink-fusion (19 ± 4%, n = 28 cells) and enlarge-fusion (17 ± 4.6%, n 

= 28 cells) were not significantly different compared to those without NPY-EGFP overexpression 

(shrink-fusion: 18 ± 3.4%; enlarge-fusion: 10 ± 2.3%, n = 60 cells) (12). Thus, NPY-EGFP 

overexpression is not crucial in determining whether vesicle undergoes shrink- or enlarge-fusion.  

 NPY-EGFP release was detected as decay of NPY-EGFP fluorescence (FNPY, Figs. 1.4B-

G) (49, 50). The FNPY 20-80% decay time (TNPY_decay) ranged from 12 ms – 12 s, in most cases 

< ~2 s. Of 218 spots, 6 did not release or else partially released NPY-EGFP, due either to rapid 

pore closure (5 out of 95 pore closure events) or a narrow pore (1 out of 82 same-size-

fusion or enlarge-fusion without pore closure) (13). These 6 events were excluded from further 

analysis. 

 TNPY_decay for shrinkrelated-fusion was much shorter than that for same-size-fusion, whereas 

enlarge-fusion showed a much longer TNPY_decay than that of either same-size-fusion or shrinkrelated-

fusion (Fig. 1.4H-I, upper; 212 events, 28 cells). Similar results were obtained when pore closure 
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events were excluded (122 events, 28 cells), or partial-shrink-fusion was excluded from 

shrinkrelated-fusion. Thus, shrinkrelated-fusion and enlarge-fusion are associated with faster and 

slower contents release, respectively.  

STED XZ/Yfix imaging of FFN511 release further confirmed that shrinkrelated-fusion and 

enlarge-fusion are associated with faster and slower contents release, respectively. The 20-80% 

decay time of FFN511 (TFFN_decay) during shrink-fusion and partial-shrink-fusion, as observed with 

STED XZ/Yfix imaging, was much shorter than that for same-size-fusion, whereas enlarge-fusion 

observed with STED XZ/Yfix imaging showed the longest TFFN_decay (e.g., Figs. 1.2B-E, 

summarized in Fig. 1.2F; 92 events, 71 cells). These results were analogous to different TNPY_decay 

observed during shrinkrelated-, same-size- and enlarge-fusion (Fig. 1.4I).  

Three sets of evidence suggest that, to facilitate content release, shrinkrelated-fusion employs 

a larger fusion pore than enlarge-fusion. First, as mentioned above, Porev% of shrinkrelated-fusion 

was significantly larger than that of enlarge-fusion (Fig. 1.3I). Second, release of either NPY-

EGPF or FFN511 was fastest for shrinkrelated-fusion, slower for same-size-fusion, and the slowest 

for enlarge-fusion (Figs. 1.2F and 1.4I-upper), supporting that these different release time courses 

are controlled by the fusion pore size differences. Third, the F647 20-80% rise time (T647_rise) was 

shortest for shrinkrelated-fusion, significantly longer for same-size-fusion, and longest for enlarge-

fusion (Figs 1.4H and 1.4I, lower), mirroring the order of the respective TNPY_decay values for the 

three classes of events (Figs. 1.4H and 1.4I, upper). The same order for the time course of content 

release and A647 entry into the fusing vesicle further suggests that this order reflects the fusion 

pore size differences.  

Both TNPY_decay and T647_rise were shorter for shrinkrelated-fusion than for same-size fusion, 

(Figs 1.4H-I), suggesting that shrinkrelated-fusion employs a larger fusion pore than does same-size-
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fusion. We could not detect a difference in Porev% values for shrinkrelated-fusion and same-size-

fusion (Fig. 1.3I), likely due to our limited STED resolution (~60 nm). Although shrink-fusion 

was associated with fast NPY release, shrinking was apparently not the cause of this fast release, 

because NPY release time, TNPY_decay (0.14 ± 0.03 s, n = 41), was much faster than the time for the 

vesicle to shrink, the 20-80% decay time of F647 during shrink-fusion 

(0.80 ± 0.25 s, n = 41, t test, p < 0.01; e.g., Fig. 1.4B, summarized in Fig. 1.4J).  
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Figure 1.4. Imaging NPY-EGFP release and structural changes of A647-labelled fusing 

vesicles.  

(A) Schematic drawing of a cell with vesicles containing NPY-EGFP (green) on the 

coverslip bathed with a solution containing A647 (red). (B-G) F647 (A647 spot fluorescence), 

FNPY (NPY-EGFP spot fluorescence), A647 spot width (W, full-width-half-maximum), and 

A647/NPY-EGFP confocal XY-images at times indicated with lines for various rates of 

NPY-EGFP release at various fusion modes: B, shrink-fusion (inset shows traces in larger 

time scale); C, partial-shrink-fusion; D, partial-shrink-fusion followed by pore closure; E, 

same-size-fusion; F, same-size-fusion followed by pore closure; G, enlarge-fusion 

(inset shows traces in larger time scale). (H-I) Cumulative frequency (H, normalized) or the 
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mean (I, mean + s.e.m.) of TNPY_decay (20-80% FNPY decay time, upper) and T647_rise (20-80% 

F647 rise time, lower) for shrinkrelated-fusion (69 events, 28 cells), same-size-fusion (111 

events, 28 cells) and enlarge-fusion (38 events, 28 cells). ***: p < 0.001, ANOVA. (J) 20-

80% decay time of NPY-EGFP (TNPY_decay) and A647 fluorescence during shrink-fusion 

(mean + s.e.m., 41 events). A647 fluorescence decay was measured after the peak was 

reached. **: p < 0.01, t test.  

 

Mechanisms underlying shrink-fusion 

What mechanism leads to shrink-fusion, and why is this pathway preferred to the full 

collapse pathway envisaged in the classical picture? To address this, we mathematically modelled 

the merging of a fused vesicle with the chromaffin cell PM (Fig. 1.5A and Appendix) and verified 

the model’s predictions with experimental data.   

The vesicle membrane is treated as a continuous surface, with bending and osmotic 

pressure energy contributions following the well-established Helfrich theory (51). The membrane 

connects to the PM in a small area assumed free of actin cortex (Table 1.1, and Fig. 1.5A), and 

elsewhere the PM is assumed adhered to the actin cortex, likely via actin-binding transmembrane 

and membrane-associated proteins (17, 52-55).  Using a method similar to a previous study (56) 

we obtained differential equations whose solution yielded the minimum energy shape and volume 

(see Appendix). All model parameters were fixed by experiment, either from the present study or 

published data (Table 1). 

A key model assumption is that during shrink-fusion the vesicle and extracellular pressures 

are equal because fusion pores are large enough to allow rapid pressure equilibration, unhindered 

by vesicular lumen contents (Fig. 1.5A). Several observations support this assumption. First, ~26% 

of shrink-fusion events involved pores > 60 nm (Fig. 1.3I). Second, shrink-fusion events permitted 

rapid ~0.14 s release of the ~4 nm NPY-EGFP (57) (Fig. 1.4J), much faster than the -profile 

shrinking time (~0.80 s, Fig. 1.4J, p < 0.01). Thus, content release precedes -profile shrinking. 
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Consist with this, chromogranin A, a major vesicular matrix component, was released in ~0.1 s 

during high potassium application (58), which might induce mostly shrink-fusion (17). Once the 

contents are gone, pressure equilibration is almost instantaneous: even for a small 4 nm diameter 

pore, we estimate unhindered pressure equilibration requires only milliseconds (see Appendix). 

Pressure equalization has significant consequences: since cells maintain a swelling osmotic 

pressure ( Δ𝑃  = intracellular osmotic pressure – extracellular osmotic pressure) (59), it follows 

that the fused vesicle experiences a squeezing osmotic pressure Δ𝑃, equal to the cell swelling 

pressure but acting in reverse (Fig. 1.5A). Computed shapes are shown in Fig. 1.5B for a typical 

squeezing pressure Δ𝑃 = 100 Pa and vesicle sizes up to effective diameter 𝐷 = 400 nm, typical 

for shrink-fusion onset. The sequence follows a shrink-fusion trajectory of mildly prolate -

shapes, with height-width ratios ~1.2-1.5 close to our EM measurements (Fig. 1.3C).  

We calculated the free energies of the vesicle states in Fig. 1.5B and found the free energy 

monotonically decreased with decreasing vesicle size, demonstrating that the shrink-fusion 

trajectory is indeed selected (Figs 1.5B, 1.5C and Appendix). The decrease originated in the 

osmotic squeezing force, which deflated the vesicle and abolished its tension to negative values 

(Figs. 1.5D and S1.1A). Thus, a powerful membrane tension gradient reels in membrane, from the 

tensionless vesicle into the PM, driven by the PM tension and the PM-actin cortex adhesion forces 

(Fig. 1.5G). For a membrane area Δ𝐴 reeled onto the PM, we find a free energy decrease Δ𝐹 =

−(𝜖adhesion + 𝛾PM − 𝛾ves) Δ𝐴 , where 𝜖adhesion, 𝛾PM, 𝛾ves  are the membrane-cytoskeleton 

adhesion energy, the PM tension and vesicle membrane tension, respectively (see Appendix). 

In the late stages of the shrink-fusion sequence (Fig. 1.5B), the model generated Λ shapes 

similar to those in STED images (Fig. 1.3E). The → shape transition depended on the diameter 

𝑤  of the actin cortex-free zone where the vesicle joins the PM (Fig. 1.5A). For example, if 
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𝑤 = 80 nm, → transition occurred as vesicle diameter D shrank to ~56 nm (Fig. 1.5B); the 

transition was delayed to 𝐷 = 14 nm if 𝑤 = 20 nm (Figs. S1.1B-F). The merging of a -shaped 

membrane with the PM is a full-collapse subsequence; thus, full-collapse shapes are realized only 

in the latest stages of the trajectory. 

From the computed shapes shown in Fig. 1.5B we measured fusion pore diameters, defined 

as the minimum width near the PM for  shapes, or the vesicle width at a fixed height for  shapes. 

The latter is similar to the definition used for experimental pore size measurements (Fig. S1.1F). 

Down to a height of ~ 200 nm in the shrink-fusion sequence of Fig. 1.5B the pore size increases 

gradually from 16 to 23 nm (Fig. S1.1F), then increasing more sharply to 42 nm before decreasing 

to zero during the  shape sequence as the vesicle flattens into the PM. The qualitative behaviour 

is similar for larger diameters of the actin cortex-free zone 𝑤, but with somewhat larger pores 

(Figs. S1.1B-F). In the experiments we measured a monotonic decrease in pore size (Figs. 1.3D-

E). We speculate that the more monotonic behavior observed experimentally may be associated 

with changes in 𝑤 during the shrink episode, or with the effects of dynamin or synaptotagmin, 

beyond the scope of the present model (13, 60). 

For even larger vesicles (e.g. 𝐷 > 400 nm at Δ𝑃 = 100 Pa) the model reproduced the 

remarkable tubular shapes that we observed in cells, a vivid consequence of squeezing forces (Fig. 

1.5E). Tubular vesicles had large height-to-width ratios and widths that decreased with height, 

asymptoting a pressure-dependent width for large heights (Fig. 1.5F).   

Agreeing with experiment, the model identified three vesicle classes: -shaped, tubular-

shaped and Λ-shaped. In Fig. 1.5F, model-predicted isobars (constant Δ𝑃) are plotted in the vesicle 

height-width plane, together with the EM data of Fig. 1.3C. Each experimental point belongs to 

one of the three vesicle shape sectors and to a certain isobar, illustrating how measurement of 



22 

 

vesicle shape enables the model to predict the squeezing pressure on that vesicle. The data in Fig. 

1.5F suggest vesicles in cells were subject to squeezing pressures from ~40 to ~400 pa. 

Four specific model predictions are confirmed by experimental observations, considerably 

strengthening our model’s conclusions. (1) During shrink-fusion, predicted vesicle shapes have 

mild prolateness (height greater than width), and a late transition to -shape before flattening into 

the PM (Fig. 1.5B). This is experimentally confirmed (Figs 1.1 and 1.3). (2) Tubular shapes are 

predicted for large squeezing pressures or vesicle size, a vivid manifestation of osmotic squeezing 

closely related to the spherical-to-prolate first order transition previously predicted for closed 

vesicles under high squeezing pressure (56). Tubular-shaped vesicles were predicted to be 

shrinking (Fig. 1.5E), consistent with our observations of large shrinking tubular vesicles (Figs. 1.1 

and 1.3). (3) Lowering the osmotic squeezing driving force by increasing extracellular osmolarity, 

or (4) lowering the reeling-in force by compromising adhesion between the PM and the actin cortex 

is predicted to reduce the shrink-fusion frequency (Fig. 1.5A). Both predictions were confirmed 

by a recent study, where increased extracellular osmolarity or inhibition of F-actin by latrunculin 

A, cytochalasin D or actin knockout significantly reduced the percentage of shrink-fusion detected 

by confocal imaging of fusion spots (17). 
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Figure 1.5.Mathematical model of vesicle evolution during exocytosis. Model parameters as 

in Table 1.1.  

(A) Schematic of the model (not to scale). Cells maintain an outward (swelling) osmotic 

pressure 𝚫𝑷 = 𝑷𝐜𝐞𝐥𝐥 − 𝑷𝐞𝐱𝐭 (green arrow, left), with cell pressure 𝑷𝐜𝐞𝐥𝐥 exceeding 
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extracellular pressure 𝑷𝐞𝐱𝐭. Intact vesicles maintain swelling pressure (red arrow), with 

vesicle pressure 𝑷𝐯𝐞𝐬 > 𝑷𝐜𝐞𝐥𝐥. Following fusion with the plasma membrane (PM), rapid 

equilibration between the vesicle lumen and extracellular medium is assumed, so 𝑷𝐯𝐞𝐬 =
𝑷𝐞𝐱𝐭. The vesicle osmotic pressure then equals 𝚫𝑷, but is now an inwards squeezing 

pressure (green arrow, right). The model calculates the vesicle tension, 𝜸𝐯𝐞𝐬, while the PM 

tension, 𝜸𝐏𝐌, and the adhesion energy 𝝐𝐚𝐝𝐡𝐞𝐬𝐢𝐨𝐧 to the actin cortex (maroon layer adjacent 

to PM) are taken from experiment (see Table 1.1). (B) Predicted -shrink sequence. 

Computed vesicle shapes and free energies for squeezing pressure 𝚫𝑷 = 100 Pa and the 

indicated effective diameters 𝑫 (such that vesicle area equals 𝝅𝑫𝟐). A transition occurs at 

𝑫 = 56 nm from  to  shape (defined as a profile lacking overhang). (C) Free energy 

versus diameter for the vesicles in panel B. (D) Vesicle membrane tensions for the vesicles 

in panel B. (E) Osmotic squeezing generates tubular vesicles. Predicted tubular shapes for 

two squeezing pressures. Tubular vesicles are predicted for large squeezing pressure or 

large vesicle area. (F) Three classes of vesicle shape are predicted, , tubular and , each 

corresponding to one sector in the vesicle width-height plane. Predicted isobars are shown 

for the indicated osmotic squeezing pressures. The electron microscopy data of Figure 1.3C 

are also plotted. Each experimental point belongs to one isobar, representing the predicted 

squeezing pressure for the observed vesicle. (G) Ω-shrink mechanism predicted by the 

model. Osmotic squeezing deflates the vesicle and abolishes its membrane tension, so 

membrane is reeled into the PM by the PM tension and PM adhesion to the actin cortex. 

 

Table 1.1 Model parameters 

Symbol Meaning Value Reference 

𝜅 Membrane bending modulus 20 kBT (A)  

𝑤 Diameter of actin cortex-free zone 80 nm (B) 

𝛾PM Plasma membrane tension 0.04 pN nm-1 (C) 

𝜖adhesion Membrane-cortex adhesion energy 

density  

0.02 pN nm-1 (D) 

 

(A) Ref. (61). 

(B) Model solutions with w=80 nm had ~30 nm diameter fusion pores, consistent with the 

experimental  shapes of Figure 3A. The solutions exhibited a -to- transition at vesicle 

diameter 56 nm, slightly less than the STED resolution limit, consistent with the finding that 93% 

of shrink-fusion events lacked a visible  sequence in STED measurements (see main text).  

(C) Ref. (62).  

(D) Ref. (53). 

 

1.3 Discussion 

Recent imaging of dense-core vesicle fusion in chromaffin cells shows that fusion spots may shrink 

or enlarge in size, and that F-actin-dependent plasma membrane tension is needed for shrinking 
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(12, 17). The present work advanced over these studies in three aspects. First, with STED imaging 

of PHG-labelled fused vesicular membrane dynamics and the dynamics of FFN511 release from 

vesicular lumen in chromaffin cells, we directly visualized, and thus verified two fusion modes 

associated with size changes, the shrink-fusion (or shrinkrelated-fusion) and enlarge-fusion 

(Figs. 1.1-1.3). Second, we found that shrinkrelated-fusion is associated with a large pore that 

promotes rapid content release, whereas enlarge-fusion is associated with a narrow pore that slows 

down content release (Figs 1.2-1.4). These two fusion modes may contribute to explain diverse 

release rates reported in decades of studies that had interpreted release under the framework of 

full-collapse and kiss-and-run fusion mode (14, 16, 40). Third, we discovered the underlying 

mechanism of shrink-fusion: the swelling osmotic pressure maintained by cells squeezes the -

profile and abolishes the -profile membrane tension, producing a tension gradient (from PM to 

-profile) that reels -profile membrane into the PM (Fig. 1.5). The requirement of the PM-to-

-profile tension gradient explains why F-actin-dependent PM tension is needed to mediate 

shrink-fusion, as suggested recently (17). The squeezing pressure is equal in magnitude to the 

swelling osmotic pressure of the cell (17, 59, 63-65), once the fused vesicle equilibrates with the 

extracellular medium (Fig. 1.5A). With squeezing force and membrane-reeling-in force, -profile 

shrinking is free energetically favoured over full-collapse (Figs. 1.5, S1.1G-H), challenging the 

traditional view that full-collapse is the default fusion mode (14, 16). 

Our findings as summarized above, together with a recent finding that most fusion pore 

closure events (kiss-and-run) on average do not slow down content release (13), lead us to suggest 

that shrink- and enlarge-fusion are the yin and yang of fusion modes that control the rate of content 

release. This suggestion challenges the classical view that full-collapse and kiss-and-run serve as 

the yin and yang fusion modes accounting for rapid and slow release observed in endocrine cells 
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and neurons (14, 16, 40). Decades of studies on the release rates (14, 16, 40) that interpret 

exocytosis with the classical view may need to be re-examined with new fusion modes reported 

here.  

Our finding that cells use shrink-fusion instead of full-collapse to promote content release 

has broad implications, for two reasons. First, swelling osmotic pressure and membrane-actin 

cortex adhesion, both required for shrink fusion (Fig. 1.5), are general properties of cells (17, 53, 

59, 63-65). Consequently, shrink-fusion may serve as the fusion mode that facilitates exocytotic 

content release in many cell types. Second, shrink-fusion may describe exocytosis of various sizes 

of vesicles, because -profile shrinking was observed down to our STED resolution limit of 

~60 nm (Fig. 1.1). A recent study had speculated that as the width of the -profile shrinks to an 

extent that is smaller than its pore, -profile may appear as a collapse-like -shape profile before 

flattening at the PM (17). Modeling and imaging in the present work showed that, during the final 

stage of shrinking, the -profile undergoes a transition to a -profile (Figs 1.3 and 1.5). Indeed, 

such -profiles, observed with electron microscopy, are the basis for the full-collapse fusion 

hypothesis (14, 16, 44). Thus, we propose a shrink-collapse fusion mode, in which -profile 

shrinking is followed by a transition to a -profile and then flattening, to unify the apparently 

contradictory observations of shrink-fusion and full-collapse. 

Although vesicles smaller than 60 nm, such as synaptic vesicles (~20-60 nm), are beyond 

our detection limit, it is likely that these vesicles display shrink-collapse, with shrinking as the 

main component for larger vesicles (near 60 nm), and collapse as the main component for smaller 

vesicles (near 20 nm). It would be of great interest to verify this possibility in the future. The forces 

involved in mediating shrink-fusion, as described here (Fig. 1.5), could not account for same-size- 
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and enlarge-fusion. Additional unknown mechanisms must be involved in mediating same-size 

and enlarge-fusion.  

Here we mathematically modelled shrink-fusion events, for which we assumed that the 

vesicle contents are released before the onset of the shrinking dynamics, based on the observed 

fast release of NPY-EGFP (Fig. 1.4I). However, for other event types (same-size-fusion and 

enlarge-fusion) NPY-EGFP release was significantly slower, so that contents may influence 

vesicle shape evolution. Previous studies have shown a relationship between the amount of cargo 

in a vesicle and its pore size. For example, overexpression of NPY-EGFP, chromogranin A-EGFP 

or tissue plasminogen activator-EGFP affected pore lifetimes and sizes (58, 66), and in 

chromogranin-knockout mice the amount of catecholamine released is lowered (67). However, in 

the present work with overexpression of NPY-EGFP the percentage of shrink- and enlarge-fusion 

was not significantly different to that in an earlier study without overexpression (12), suggesting 

that the initial amount of NPY-EGFP is not a crucial factor in deciding whether vesicle undergoes 

shrink- or enlarge-fusion. It would be of great interest to investigate this point in the future.  

The mathematical model we presented elucidated the basic effects due to the biophysics of 

the vesicle and plasma membranes and the actin cortex. Other components such as dynamin or 

synaptotagmin may be relevant  (13, 60), but their roles are beyond the scope of this study. 

Dynamin was proposed to assist constriction of fusion pores (13) . Different synaptotagmin 

isoforms sort to different chromaffin granule populations, and granules with Syt-1 have larger 

fusion pores with shorter lifetimes than granules with Syt-7 (68, 69). 

Various sizes of -, tubular- and -profiles have been reported in electron microscopy 

studies (44, 70). The present work revealed that these structures can originate from the dynamic 

processes of shrink-, partial-shrink-, and enlarge-fusion. For example, large -profiles were 
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previously presumed to result from bulk endocytosis, phagocytosis, or compound exocytosis of 

large vesicles formed by vesicle-vesicle fusion (16, 40, 71). We showed that they may alternatively 

originate from enlarge-fusion. Enlarge-fusion may not be limited to chromaffin cells; capacitance 

recordings in mast cells show that the capacitance up-step is sometimes followed by a larger down-

step, suggesting that retrieved vesicles can be larger than fused vesicles (72). Fusion pore closure 

after enlarge-fusion may thus be a mechanism to generate large endosome-like structures 

previously attributed to bulk endocytosis. What controls vesicle size is largely unclear; our work 

suggests that fusion pore closure after partial-shrink-fusion and enlarge-fusion may produce 

different sizes of vesicles. The origin of tubular membrane structures is unclear and often attributed 

to bulk endocytosis (16, 40, 71). The present work reveals that partial-shrink-fusion, mediated by 

the osmotic squeezing forces, may generate tubular membrane shapes. Closure of these tubular 

structures may thus constitute a novel mechanism to generate tubular vesicles widely observed. 

1.4 Appendix: Justification and details of the mathematical model 

Estimating vesicle pressure equilibration time 

We estimate here an upper bound of the time required, during shrink fusion, for the pressure 

inside the fused vesicle to decrease and become equal to the extracellular pressure. The 

equilibration is assumed unhindered by vesicular contents, which are assumed released before 

shrink fusion commences (see main text). During this equilibration, a small volume of fluid flows 

out of the vesicle and the membrane tension of the fused vesicle decreases simultaneously. This 

tension change is due to an increase in lipid density at a constant number of lipids, as lipid flow 

from the vesicle to the plasma membrane is much slower than the flow of the content fluid (54). 

We calculate the timescale of tension relaxation below, which is the same as the timescale for 

pressure relaxation as the two are related according to Laplace’s law.  
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We first estimate the volume change Δ𝑉ves needed to let the vesicle membrane tension 

relax to zero. We assume a linear stress-strain relation for the membrane tension (73): 

Δ𝛾 = −
𝐸mΔ𝜌

𝜌0
,    [𝟏. 𝟏] 

where 𝐸m is the area expansion modulus of the vesicle membrane and 𝜌0 is the lipid density under 

zero tension.  

We assume the total number of lipids does not change as stated earlier, so the area of the 

membrane is inversely proportional to lipid density.  Then the area change is given by Δ𝐴ves =

−𝐴iΔ𝛾/𝐸m, where Ai is the initial membrane area. For simplicity we assume the vesicle remains 

a sphere, so the corresponding change in volume Δ𝑉ves to completely abolish the tension is given 

by 

Δ𝑉ves =
𝜋𝐷i

3𝛾i

2𝐸m
,    [𝟏. 𝟐] 

where 𝐷i is the initial vesicle diameter and 𝛾i the pre-fusion vesicle tension. This volume change 

is relatively small compared to the initial vesicle volume 𝑉i as Δ𝑉ves/𝑉i ≈ 𝛾i/𝐸m ≪ 1.  

 The flux 𝑄 of the content fluid through a fusion pore with a diameter 𝐷pore is given by 

𝑄~ 𝐷pore
2 𝑣̅, where 𝑣̅ is the mean vertical velocity across the cross-section of the fusion pore. This 

flux is caused by the high initial vesicle pressure Δ𝑃i, set by initial tension 𝛾i following Laplace’s 

law Δ𝑃i = 4𝛾i/𝐷i . The mean velocity 𝑣̅  is estimated by the Stokes equation (ignoring inertial 

terms) 𝜂𝑣̅/𝐷pore ~ Δ𝑃i, where 𝜂 is the viscosity of the content fluid. Thus, the flux is given by 

𝑄 ~ 
Δ𝑃i𝐷pore

3

𝜂
,    [𝟏. 𝟑] 

 The pressure relaxation time 𝜏relax is given by 
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𝜏relax ~ 
Δ𝑉ves

𝑄
 ~ 

𝐷i
4𝜂

𝐸m𝐷pore
3 .    [𝟏. 𝟒] 

 We use the following parameter values from experiment: 𝐷i = 350 nm, the mean diameter 

of large dense-core vesicles in chromaffin cells (74); 𝜂  = 1.1 cP, the measured cytoplasmic 

viscosity in fibroblast cells (75); and 𝐸m  = 250 pN nm-1, measured expansion modulus of 

phosphatidylcholine bilayers (61). For a relaxation time of ~1 ms, 𝐷pore~ 4 nm. This is an upper 

bound for the relaxation time as larger pores have been observed (Fig. 1.3D). These have much 

smaller relaxation times as 𝜏relax ~ 𝐷pore
−3 . 

Calculation of fused vesicle shapes 

Our procedure yields the shape of a fused vesicle corresponding to an area 𝐴ves, an actin 

cortex-free zone of diameter 𝑤, and a squeezing pressure Δ𝑃 (Table 1). Such a shape has a local 

balance of forces and moments, which are produced by osmotic pressure Δ𝑃, membrane tension 

𝛾ves, and force 𝑞 that arises from membrane bending. The membrane bending energy is given by 

𝐹bend = 𝜅/2 ∫(2𝐻)2𝑑𝑆 (the integral is over the entire surface of the vesicle) (51), where 𝜅 is the 

bending modulus and 𝐻 is the mean curvature.  These force and moment balance equations stated 

below were derived by Jenkins (56). 

We assume the vesicle shape is axisymmetric with the vertical axis being the symmetry 

axis. We numerically solve a system of six first order equations for the height coordinate 𝑧, the 

cross-sectional radius 𝑟, the angle between the tangent plane and the z-axis 𝜙, mean curvature 𝐻, 

force that arises from bending 𝑞, and membrane tension 𝛾ves. All the six variables (except 𝜙) as 

well as the parameter Δ𝑃 are nondimensionalized as 

𝑟̃ = 𝑟𝑅ves
−1 , 𝑧̃ = 𝑧𝑅ves

−1 , 𝐻 = 𝐻𝑅ves, 𝑞̃ = 𝑞(2𝜅)−1𝑅ves,   

𝛾̃ = 𝛾ves(2𝜅)−1𝑅ves
2 , 𝑝̃ = Δ𝑃(2𝜅)−1𝑅ves

3 ,    [𝟏. 𝟓] 
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where 𝑅ves = √𝐴ves/4𝜋. These quantities are obtained as a function of an angle S as defined by 

Jenkins (56), which ranges from 0 to , where 𝑆 = 0 and  denote the top and the bottom of the 

fused vesicle respectively (the vesicle membrane joins the cytoskeleton-attached plasma 

membrane at the bottom). The six first order equations are 

𝑑𝑟̃

𝑑𝑆
=

sin 𝑆

𝑟̃
sin 𝜙 

𝑑𝑧̃

𝑑𝑆
= −

sin 𝑆

𝑟̃
cos 𝜙 

𝑑𝜙

𝑑𝑆
=

2 sin 𝑆

𝑟̃
𝐻 +

sin 𝑆

𝑟̃2
cos 𝜙 

𝑑𝐻

𝑑𝑆
=

sin 𝑆

𝑟̃2
𝑞̃ 

𝑑𝑞̃

𝑑𝑆
= −𝑝̃ sin 𝑆 − 2𝐻 sin 𝑆 (𝛾̃ + 𝐻2 +

cos 𝜙

𝑟̃
(2𝐻 +

cos 𝜙

𝑟̃
))  

𝑑𝛾̃

𝑑𝑆
= 0,    [𝟏. 𝟔] 

for 0 ≤ 𝑆 ≤ 𝜋. Of the following six boundary conditions, the first is vanishing force at 𝑟̃ = 0 and 

the others are geometric constraints. 

𝑞̃(0) = 0, 𝜙(0) = 𝜙(𝜋) =
𝜋

2
, 𝑟̃(0) = 0, 𝑟̃(𝜋) =

𝑤̃

2
, 𝑧̃(𝜋) = 0,    [𝟏. 𝟕] 

Here, 𝑤̃ = 𝑤/𝑅ves is the normalized diameter of the cortex-free zone.  

These differential equations are solved using the solver ‘bvp4c’ in MATLAB using an 

absolute error tolerance of 10-4 and a relative error tolerance of 10-2 (MathWorks, Natick, MA). 

We get the sequence of shapes and tensions along one isobar by solving these equations for 

different 𝑅ves values, and by repeating this procedure for different Δ𝑃 values, several isobars were 

achieved (Fig. 1.5F). For one isobar, the vesicle adopts  shapes for small sizes and tubular ones 
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for large sizes. The -tubular boundary is defined as points where the vesicle width is a maximum 

for a given pressure value (Fig. 1.5F, dashed line). 

Evaluation of free energy changes 

We estimate the free energy change during shrink-fusion using the shapes and tensions of 

a fused vesicle at a constant squeezing pressure calculated as described above. For each shape 

which has area 𝐴ves and volume 𝑉ves, the squeezing pressure Δ𝑃 = 𝑃cell − 𝑃ves and the vesicle 

membrane tension 𝛾ves  are related to partial derivatives of the membrane bending energy 

𝐹bend  (76), 

Δ𝑃 = −
𝜕𝐹bend

𝜕𝑉ves
|

𝐴ves

              

𝛾ves = −
𝜕𝐹bend

𝜕𝐴ves
|

𝑉ves

.    [𝟏. 𝟖] 

The evaluation of the free energy change during shrink-fusion involves not only the 

membrane bending energy 𝐹bend, but also the contribution from the vesicle interior (whose free 

energy is denoted as 𝐹ves
i ), the cell interior (𝐹cell

i ), and the cell membrane (𝐹cell
m ). The total free 

energy 𝐹 is the sum of the above four free energies, given by 

𝐹 = 𝐹ves
i (𝑉ves) + 𝐹bend(𝐴ves, 𝑉ves) + 𝐹cell

i (𝑉cell) + 𝐹cell
m (𝐴cell),     [𝟏. 𝟗] 

where 𝑉cell  is the cell volume and 𝐴cell  is the cell membrane area. We assume the chemical 

potential of the content molecules is the same between the vesicle and the extracellular solution, 

hence their free energy does not appear in 𝐹. The differential of 𝐹 is given by 

𝑑𝐹 =  
𝜕𝐹ves

i

𝜕𝑉ves
𝑑𝑉ves +

𝜕𝐹bend

𝜕𝑉ves
𝑑𝑉ves +

𝜕𝐹bend

𝜕𝐴ves
𝑑𝐴ves +

𝜕𝐹cell
i

𝜕𝑉cell
𝑑𝑉cell +

𝑑𝐹cell
m

𝑑𝐴cell
𝑑𝐴cell

= −𝑃ves𝑑𝑉ves − Δ𝑃𝑑𝑉ves − 𝛾ves𝑑𝐴ves − 𝑃cell𝑑𝑉cell − 𝛾𝑑𝐴cell,    [𝟏. 𝟏𝟎] 
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where 𝛾  is the sum of plasma membrane tension 𝛾PM  and membrane-cortex adhesion energy 

density 𝜖adhesion (Table 1). 

As total fluid volume and membrane area are conserved, 𝑑𝑉ves + 𝑑𝑉cell = 0 and 𝑑𝐴ves +

𝑑𝐴cell = 0. Thus, the above equation can be simplified as 

𝑑𝐹 = (𝛾PM + 𝜖adhesion − 𝛾ves) 𝑑𝐴ves.    [𝟏. 𝟏𝟏] 

Integrating, we get the free energy of a fused vesicle with area 𝐴  

𝐹(𝐴) = ∫(𝛾PM + 𝜖adhesion − 𝛾ves) 𝑑𝐴ves

𝐴

𝐴0

.    [𝟏. 𝟏𝟐] 

The reference area 𝐴0  is 𝐷0
2 where 𝐷0  = 42 nm. We numerically calculated the free energy 

change as shown in Fig. 1.5C using the above equation with the equilibrated vesicle shapes and 

tensions 𝛾ves  calculated as described before at a constant squeezing pressure Δ𝑃 = 100 Pa.  

Free energy landscape of fusion pore dilation 

We developed a Monte Carlo (MC) method to calculate the minimum energy shapes of 

vesicles with a fixed pore diameter, which allows determination of free energy landscape of fusion 

pore expansion by measuring the forces to expand or constrain the fusion pore. The contour of the 

axially symmetric vesicle is described by a function 𝑟(𝑧) (𝑟 and 𝑧 are defined same as in the 

previous section) and discretized into N points ( (𝑧i, 𝑟i) , i=1, 2, …N) which are uniformly 

distributed along the 𝑧 axis. The MC method seeks the shape that minimizes the vesicle free energy  

𝐹ves = 𝐹bend + 𝑉vesΔ𝑃 +
𝑘membrane

2
(𝐴ves − 𝐴ves

0 )2 +
𝑘pore

2
(𝑑pore − 𝑑pore

0 )
2

 ,    [𝟏. 𝟏𝟑] 

where two quadratic terms serve to constrain the vesicle membrane area 𝐴ves and fusion pore 

diameter 𝑑pore to their set values 𝐴ves
0  and 𝑑pore

0   (𝐹bend, 𝑉ves and Δ𝑃 are defined same as in the 

previous section). The vesicle membrane tension is given by 𝛾ves = 𝑘membrane(𝐴ves − 𝐴ves
0 ) and 
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the force to constrain the fusion pore 𝑓pore = 𝑘pore(𝑑pore − 𝑑pore
0 ), which are obtained from 

partial derivatives of 𝐹bend. As one expands the fusion pore, the variation of the free energy of the 

vesicle with respect to fusion pore diameter 𝑑 is given by  

𝐹expansion(𝑑) = ∫ −𝑓pore

𝑑

𝑑0

𝑑(𝑑pore),   [𝟏. 𝟏𝟒] 

where 𝑑0 is the fusion pore diameter of the reference state. 

 The simulation investigates the free energy landscape of fusion pore expansion of a fused 

vesicle with effective diameter 𝐷 = 200 nm (𝐴ves = 𝜋𝐷2) with subject to a squeezing pressure Δ𝑃 

= 100 Pa, and the reference state is 𝑑pore = 6 nm. The vesicle contour is discretised into N = 401 

points. To ensure the calculated vesicle area and fusion pore diameter fall within ±1% of the set 

value, 𝑘membrane = 4×10-6 pN nm-3 and 𝑘pore = 103 pN nm-1 were chosen. The simulation runs at 

zero temperature and a move that generates a new shape will be accepted only if it leads to a lower 

free energy 𝐹ves. Each move is either a local radial change (neighbouring 𝑟i) with a maximum 

displacement of 10-4 nm or a change in vesicle height of 10-4 nm (all 𝑧i scale with the same factor). 

All the simulations are equilibrated after 2×108 MC steps as in the final 2×107 steps 𝐹ves only 

decreases by ~ 0.05 kBT. 
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Figure S1.1. Modelling of -profile shrinking, Related to Figure 1.5.  

(A) Vesicle membrane tension versus effective diameter 𝐷 (vesicle area equals 𝜋𝐷2) for -

shape of Fig. 1.5B. (B-E) The predicted sequences of shapes are calculated for diameter of 

actin cortex-free zone 𝑤 equal to (B) 300 nm, (C) 150 nm, (D) 40 nm and (E) 20 nm, 

respectively. The four sequences show that the -to- transitions in the shrink trajectory 

occur at effective diameter 𝐷 of (B) 202 nm, (C) 104 nm, (D) 28 nm and (E) 14 nm, 

respectively. Conclusion: a large 𝑤 leads to earlier -to- transition while for small 𝑤 
values,  shapes are adopted at smaller sizes. (F) Vesicle pore diameter versus vesicle 

height with diameter of actin cortex-free zone 𝑤 equal to 80 nm (solid line) or 300 nm 

(dashed line). The largest vesicle in each sequence has an effective diameter of 400 nm. For 

 shapes, the pore diameter is defined to be the vesicle width at fixed height. This height is 

chosen to be the height of the fusion pore of the last -shaped vesicle before the transition 

to the  regime. (G) Three examples of minimum energy shapes of fused vesicles calculated 

with Monte Carlo method. The constrained pore diameter for each shape is shown in the 

label above. The vesicle diameter is 200 nm. The energetically preferred pore diameter is 

~26 nm as at that diameter no external force is needed to constrain the pore size. (H)  Free 

energy landscape of fusion pore expansion. An energy barrier of ~140 kBT (red arrow) is 

needed to expand the fusion pore from the preferred size to 80% of the diameter of the 

actin cortex-free zone.  
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Chapter 2: Three membrane fusion pore families determine the 

pathway to pore dilation 

In this chapter, I describe theoretical work on solving exact fusion pore shapes and 

determining the pathway to pore dilation. This work has been made available on bioRxiv. 

Shuyuan Wang and Zachary McDargh, two former members in the O’Shaughnessy group, also 

contributed to this work.  

2.1 Introduction 

Phospholipid membranes are essential to life as enforcers of compartmentalization, 

providing impermeable yet flexible surfaces whose highly adaptable shapes readily adjust to 

enclose compartments and maintain specialized conditions and contents within (77-79).  

Consisting of ~5nm thick phospholipid bilayers dressed with transmembrane proteins, channels, 

receptors and other  machineries (80, 81), cell membranes are used to enclose diverse 

compartments, from ~ 50 nm synaptic vesicles for neurotransmitter release to ~100-400 nm 

dense core vesicles for secretion of hormones such as insulin (2, 82, 83), to large organelles (84) 

and the cell itself. 

The most extreme demands on membrane shape occur during processes such as secretion 

and trafficking, when membranes of different compartments undergo topological change by 

membrane fusion, resulting in a membrane fusion pore connecting the compartments (16). Here 

we consider purely lipidic fusion pores (85), but the initial fusion pore in cells has also been 

proposed to be proteinaceous, lined by a complex of transmembrane domains of the SNARE 

proteins syntaxin and synaptobrevin (86-89). The simplest membrane shape is the sphere, a 

surface of minimal area that also minimizes the membrane bending energy, adopted by closed 

secretory vesicles. Much less is established about the shapes and dynamics of fusion pores.  
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At neuronal synapses, the cellular fusion machinery creates a fusion pore within less than 

a millisec of presynaptic calcium influx, inferred from delay times in electrophysiological 

measurements of excitatory postsynaptic currents (90). Conductance measurements at the Calyx 

of Held revealed minimum synaptic vesicle pore diameters of ~ 1 nm that can flicker repeatedly. 

A historic development was the use of microelectrodes to detect the far slower release from non-

synaptic secretory cells which showed that the initial fusion pore is very small but often dilates 

dramatically after a delay (20). In amperometry recordings this is indicated by a flickering low 

amplitude 1-50 ms “foot” signal that abruptly transits to a spike (18, 91, 92). In neuroendocrine 

chromaffin cells, pores can dilate to ~ 100 nm and remain open for >30 sec (13, 93). Fusion 

pores are mechanosensitive, as higher membrane tension correlates with larger pores and favors 

full fusion and contents release over partial release (“kiss-and-run”) (17, 94).  

The sizes, shapes and evolution of fusion pores are critical to exocytosis, when secretory 

vesicles fuse with target membranes and release contents through pores. The narrow initial pore 

may serve as a molecular sieve to modulate size and rate of vesicle cargo release (10, 21), while 

full release requires the pore to dilate. For example, fusion events at synaptic terminals may 

result in partial or total neurotransmitter release, depending on whether the nascent pore dilates 

fully or reseals, with important consequences for synaptic activity (11, 14). Pore dilation is 

assisted by SNARE proteins and Synaptotogamin (Syt) (23, 24, 95), components of the cellular 

fusion machinery (9, 96, 97), but the membrane energy barriers they must overcome to dilate 

pores are not known. Impaired pore expansion is associated with disease such as type 2 diabetes 

where insulin release is misregulated (22). Membrane fusion pores are also used for host cell 

entry by membrane-enveloped viruses such as influenza, HIV and SARS coronaviruses, whose 
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genomes enter via a fusion pore following fusion of the viral and host membranes by specialized 

glycoproteins (98-100). 

Theoretical works have sought to establish fusion pore shapes between two planar 

membranes, accounting for free energy contributions from membrane tension (tending to 

minimize area) and from surface bending energy (51). Fusion pores were predicted, but the 

shapes were assumed to belong to a particular class, either toroidal, ellipsoidal, or a combination 

of catenoidal and cylindrical (101-103), or were approximated by polynomials (102, 104). 

Continuum models and MARTINI simulations showed pores that bowed outwards beyond the 

planar membranes (104, 105).  These studies identified a single family of narrow fusion pores, 

with minimum diameter < 10 nm.   By contrast, an important recent study found exact solutions 

minimizing the Helfrich free energy corresponding to three fusion pore families, using freely 

hinged boundary conditions at the membrane edges (106).  Membrane tethers are structures 

closely related to fusion pores, typically pulled from cells or artificial liposomes by optical 

tweezers that use the measured pulling force to infer membrane tension (53, 54). Rigorous 

analysis showed that long tethers approach a cylindrical shape, with a more complex transition 

region where the tether attaches to the planar membrane (107, 108).  

Classical soap films are a natural reference point for the study of microscopic membrane 

surfaces. These macroscopic surfactant-stabilized water films have surface tension and thus if 

equilibrated adopt surfaces minimizing the area, including the spherical soap bubble. Another 

classical shape is the catenoid. Given two planar soap films enclosed by hoops, if the films 

become fused the preferred shape is the catenoid, the minimal area open surface given the 

constraints (109). In fact two catenoidal solutions exist, but only the wider catenoid family is 

stable. Bending energy is unimportant for macroscopic soap films, but for the microscopic scales 
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of cell membranes this component becomes significant so the selected surface shape minimizes 

the sum of the tension and bending energies, the Helfrich free energy (51). A natural question is 

whether microscopic membrane fusion pores adopt catenoid or catenoid-like solutions similar to 

soap films. The study of ref. (106) showed that when bending energy features, the second thinner 

catenoid family can also be realized if the far field boundary conditions are freely hinged (106).  

Here we obtain exact shapes and energetics of fusion pores between planar membranes 

by minimizing the Helfrich free energy (51). With simplified freely hinged boundary conditions, 

appropriate to soap films, there are three families as reported by Powers et al. (106): the wide 

and thin catenoids and the tether-like family. We show the thin catenoid is unobservable in soap 

films, being locally stable for membrane tensions within a band whose width decreases with 

increasing membrane size. Accounting properly for bending constraints from the planar 

membranes, we find three fusion pore families with shapes and energetics close to those of the 

freely hinged families. We propose that the nascent fusion pore generated by the cellular fusion 

machinery during exocytosis is the quasi-thin catenoid, whose dilation is a transition to the 

quasi-wide catenoid as observed in amperometric foot-to-spike transitions (18, 91, 92). The 

transition energy barrier is set by the unstable tether intermediate and is lowered by membrane 

tension, consistent with experiments showing facilitated dilation at higher tensions (17, 94). 

Finally, we study nanodiscs, model systems allowing long time measurements of stabilized pores 

(23, 24). We show that nanodiscs stabilize fusion pores by locking them into the thin catenoidal 

fusion pore family.  

2.2 Results 

Mathematical model of the fusion pore 
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During exocytosis, content molecules are released through the fusion pore, the initial 

connection between the fused vesicle and cell membrane. We consider a somewhat simpler 

geometry, a fusion pore between two planar membranes of diameters 𝐷mb
1  and 𝐷mb

2 , separated by 

distance ℎ maintained by a force 𝑓 (Fig. 2.1A). The classic Helfrich free energy (51) 𝐹 includes 

contributions from bending 𝐹bend and tension 𝐹tension,  

𝐹 = 𝐹bend + 𝐹tension =
𝜅

2
∫(2𝐻)2 𝑑𝑆 + 𝛾 ∫  𝑑𝑆 ,      [𝟐. 𝟏] 

where 𝜅 is the bending modulus, 𝐻 = (𝑐1 + 𝑐2)/2 is the mean curvature, the average of the two 

principal curvatures 𝑐1 and 𝑐2, 𝛾 is the membrane tension, and the integral is over the membrane 

surface 𝑆. We take 𝜅 = 20 kT (61). 

An equilibrium fusion pore shape 𝑿 satisfies 𝛿𝐹(𝑿)/𝛿𝑿 = 0, which leads to the shape 

equation (see refs. (108, 110)),  

2𝜅(∇2𝐻 + 2𝐻3 − 2𝐻𝐾) − 2𝛾𝐻 = 0,      [𝟐. 𝟐] 

where ∇2 is the Laplace–Beltrami operator on the surface and 𝐾 is the Gaussian curvature 

defined as the product of the two principle curvatures.  

Assuming an axisymmetric fusion pore shape for simplicity, with the vertical axis 𝑧 being 

the symmetric axis (Fig. 2.1B), the fusion pore is a surface generated by revolution of a curve in 

the meridian plane. Parameterizing this contour curve by its arclength 𝑠, the shape equation Eq. 

2.2  is then expressed as an ordinary differential equation involving the vertical coordinate 𝑧(𝑠), 

the cross-sectional radius 𝑟(𝑠), and the tangent angle 𝜙(𝑠) (107) (Fig. 2.1B, and see Appendix 

for a derivation),  

𝜙′′′ = −
1

2
(𝜙′)3 −

2 cos 𝜙

𝑟
𝜙′′ +

3 sin 𝜙

2𝑟
(𝜙′)2 +

3 cos2 𝜙 − 1

2𝑟2
𝜙′ +

𝛾

𝜅
𝜙′ −

cos2 𝜙 + 1

2𝑟3
sin 𝜙

+
𝛾

𝜅

sin 𝜙

𝑟
 ,     [𝟐. 𝟑] 
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where prime denotes derivative with respect to 𝑠. This is the same shape equation as for the 

tether analysis of ref. (107), but our boundary conditions (BCs) are different: the membrane 

tangent points inwards at the outer edge of both upper and lower membranes, 𝑑𝑟/𝑑𝑠 > 0 at 𝑧 =

ℎ/2 and 𝑑𝑟/𝑑𝑠 < 0 at 𝑧 = −ℎ/2 (Fig. 2.1B). In ref. (107) the upper membrane tangent points 

outwards at the edge.   

Three fusion pore families: wide catenoid, thin catenoid, tether 

A proper treatment must account for the bending constraints from the upper and lower 

planar membranes. However, it is helpful to first study solutions to the shape equation, Eq. 2.3, 

for the simplified case of freely hinged BCs (Fig. 2.1A, zero torque, or equivalently 𝐻 = 0) at 

the boundary of the planar membranes, appropriate to macroscopic soap films which have 

tension but cannot support bending stress (111, 112). We consider first equal membranes, 𝐷mb
1 =

𝐷mb
2 ≡ 𝐷mb. As shown previously (106, 113), there are three fusion pore solutions: two 

catenoids and one tether-like solution (Fig. 2.1C). The stability of the three solutions will be 

discussed in later sections. 
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Figure 2.1. Three families of fusion pores between two planar membranes.  



44 

 

(A) We study fusion pores between two planar membranes of diameters 𝑫𝐦𝐛
𝟏  and 𝑫𝐦𝐛

𝟐  with 

a separation 𝒉 maintained by a force 𝒇. Two boundary conditions (BCs) are considered, 

with and without bending constraints from planar membranes (clamped and freely hinged, 

respectively). Freely hinged BCs describe soap films, but proper treatment of microscopic 

membranes requires clamped BCs. The fusion pore diameter 𝑫𝐩𝐨𝐫𝐞 is the minimal cross-

sectional diameter. (B) Coordinate system of an axisymmetric fusion pore. (C) The three 

fusion pore families for freely hinged BCs. Examples of the wide catenoid, thin catenoid 

and tether family are shown for 𝑫𝐦𝐛 = 𝟐𝟎𝟎 𝐧𝐦 and membrane tension 𝜸 = 𝟎. 𝟏 𝐩𝐍/𝐧𝐦. 

At the critical separation 𝒉𝐜~𝟗𝟓 nm, the tether and thin catenoid are identical. (D) Pore 

diameter vs membrane separation for the three families (freely hinged BCs). The two 

catenoids do not depend on membrane tension, while the tether becomes thinner at higher 

tension. For high tensions the tether diameter depends non-monotonically on membrane 

separation. (E) For high tensions the tether requires a non-monotonic compressive force to 

maintain the pore height.  

 

Wide and thin catenoids. The freely hinged BCs allow for two catenoidal solutions 

(106, 108). Consider first a fusion pore that is a minimal surface (114), locally minimizing the 

membrane area 𝐴 and the tension contribution to the free energy of Eq. 2.1,  𝛿(1)𝐹tension =

𝛾𝛿(1)𝐴 = 0.Parameterizing the surface 𝑿(𝑢, 𝑣) with coordinates (𝑢, 𝑣), the surface area element 

𝑑𝑆 = 𝑔1/2𝑑𝑢𝑑𝑣. Thus, a minimal surface satisfies (115) (see SI Text for a derivation) 

𝛿(𝑑𝑆) = −2𝑔
1
2𝐻𝜓 𝑑𝑢𝑑𝑣 = 0,       [𝟐. 𝟒] 

for arbitrary variation 𝛿𝑿. Here 𝑔 is the determinant of the metric tensor and 𝜓 is the normal 

component of 𝛿𝑿 (the tangential component reparametrizes the surface without affecting 𝐴). 

Thus, a minimal surface has zero mean curvature, 𝐻 (114). Expressing 𝐻 in terms of our 

coordinate system 𝑟(𝑧) for an axisymmetric surface and solving 𝐻 = 0 leads to the general 

catenoidal solution (108),  

𝑟(𝑧) =
𝐷pore

2
cosh(

2𝑧

𝐷pore
) , 𝑟 (±

ℎ

2
) =

𝐷mb

2
,       [𝟐. 𝟓] 
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where 𝐷pore is the pore diameter, the minimal cross-sectional diameter (Fig. 2.1A). For a given 

pore height ℎ, two values of 𝐷pore satisfy the BCs of Eq. 2.5: 𝐷pore = 𝐷pore
wide (wide catenoid) and 

𝐷pore = 𝐷pore
thin  (thin catenoid), see Fig. 2.1.   

Since the mean curvature 𝐻 = 0, the catenoid simultaneously minimizes the positive 

definite bending free energy, 𝜅/2 ∫(2𝐻)2 𝑑𝑆  , and satisfies the freely hinged BCs. Thus, both 

catenoids satisfy  𝛿(1)𝐹 = 0 (Eq. 2.1). Since the catenoids minimize the area regardless of 

membrane tension 𝛾, the catenoidal solutions are unaffected by the value of 𝛾. Note the freely 

hinged BC (𝐻 = 0) guarantees an exact catenoid solution as the BC cost no additional bending 

energy.  

Tether. Numerical solution of Eq. 2.3 yields a third “tether” solution family (106) in 

addition to the two catenoids. For illustration Fig. 2.1C shows tethers for 𝐷mb = 200  nm 

(similar to the size of a dense-core vesicle (74, 116)) and  membrane tension 𝛾 = 0.1 pN/nm 

(117). For large separations, the third tether solution adopts almost cylindrical shapes whose 

radius equals the capillary length 𝜆 ≡ (𝜅/2𝛾)1/2, similar to a tether pulled from a membrane 

(107, 108). For small separations, tethers require a compressing force (𝑓 < 0) between the two 

planar membranes, unlike catenoids (Fig. S2.1). In contrast to the two catenoids, the shape of the 

tether solution is tension-dependent (Fig. 2.1D). For small tensions, the tether has monotonically 

decreasing pore diameter with increasing membrane separation. However, above a certain 

tension, neither the pore diameter nor the compressing force 𝑓 are monotonic (Figs. 2.1D, 2.1E, 

S2.2). Notably in studies of tether pulling (107, 108), an oscillation in the force-height plane was 

also found for larger ℎ values where a cylindrical tether starts to form, but unlike our study those 

tethers are under a positive pulling force. Regardless of membrane tension, the tether branch 
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always intersects the thin catenoid branch at a critical separation ℎ𝑐 where the two branches 

share the same shape (Figs. 2.1C, D). The critical separation decreases with membrane tension.  

The thin catenoid is stable on nanoscales 

Thus far we have used the shape equation, Eq. 2.3, to determine equilibrium fusion pore 

shapes. However, whether an equilibrium shape can be observed depends on its stability. Only 

the fusion pore shapes that locally minimize the free energy 𝐹 can be realized. Thus, we next 

considered the second variation of the Helfrich energy 𝛿(2)𝐹 of each catenoidal surface to 

determine whether it is positive definite.  

Soap films: wide catenoids. For macroscopic soap films, the bending energy is a 

negligible contribution, so 𝐹 ≈ 𝛾 ∫ 𝑑𝑆 in Eq. 2.1 (118). Thus, stability of a soap film depends 

only on the second variation of the film area 𝐴,  𝛿(2)𝐴. Under an arbitrary deformation 𝛿𝑿 whose 

normal component is 𝜓, the second variation can be expressed as (119)  

𝛿(2)𝐴 =
1

2
∫ 𝜓𝐿𝜓 𝑑𝑆,      [𝟐. 𝟔] 

where the operator 𝐿 ≡ −∇2 + 2𝐾 and the integral is over the reference surface (in our case the 

exact catenoidal surface, Eq. 2.5). We consider the eigenvalue problem 𝐿𝜓 = 4𝜆𝜓/𝐷pore
2 , which 

becomes a Sturm-Liouville problem when we parameterize the axisymmetric deformation 𝜓(𝑣) 

by the normalized vertical coordinate 𝑣 ≡ 2𝑧/𝐷pore (Fig. 2.1B, see Appendix for a derivation) 

(109), 

𝜓′′ +
2

cosh2 𝑣
𝜓 + 𝜆 cosh2 𝑣 𝜓 = 0,     [𝟐. 𝟕] 

where prime denotes derivative with respect to 𝑣 and the boundary conditions are 

𝜓(±ℎ/𝐷pore) = 0. Note that the thin and wide catenoids have distinct sets of eigenvalues and 

eigenfunctions determined by the ratio 𝐷pore/ℎ.  Numerically solving the eigenvalues and the 
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eigenfunctions of Eq. 2.7, it can be shown that for wide catenoids all the eigenvalues are 

positive, while for thin catenoids one of the eigenvalues is negative, 𝜆1 < 0 (109) (Fig. S2.3).  

An arbitrary deformation 𝜓 can be expressed in terms of  the eigenfunctions 𝜓i (𝑖 =

1,2, … ) of Eq. 2.7, 𝜓 = ∑ 𝑐i𝜓i𝑖  (𝑐i are constants), and the second variation in the area is 𝛿(2)𝐴 =

𝜋 ∑ 𝜆i𝑐i
2

𝑖  where 𝜆1 < 𝜆2 < ⋯ are the eigenvalues of Eq. 2.7. Thus, whether a deformation mode 

𝜓i contributes negatively or positively to 𝛿(2)𝐴 depends on the sign of the corresponding 

eigenvalue 𝜆𝑖. With all 𝜆𝑖 > 0, 𝛿(2)𝐴 is always positive for wide catenoids and they can stably 

exist, as observed in soap film experiments (120). In contrast, thin catenoids are unstable as the 

first deformation mode 𝜓1 makes 𝛿(2)𝐴 negative (𝜆1 < 0).   

Cellular membranes: wide and thin catenoids. On cellular scales (nm to μm) bending 

energy is important, so the second variation 𝛿(2)𝐹 of the full Helfrich energy Eq. 2.1 must be 

considered. For a catenoid whose mean curvature 𝐻 is zero, 𝛿(2)𝐹 given a normal deformation 𝜓  

can be greatly simplified to (119) (see SI text)  

𝛿(2)𝐹 =
𝜅

2
∫ 𝜓[−∇2 + 2𝐾]2𝜓 𝑑𝑆 +

𝛾

2
∫ 𝜓(−∇2 + 2𝐾)𝜓 𝑑𝑆 

= ∫
𝜅

2
𝜓𝐿2𝜓 +

𝛾

2
𝜓𝐿𝜓 𝑑𝑆,      [𝟐. 𝟖] 

where the integral is over the catenoidal surface. Thus, using the same eigenvalues 𝜆𝑖 and 

eigenfunctions 𝜓𝑖 of Eq. 2.7, we obtain (see SI Text for derivation)  

𝛿(2)𝐹 = ∑ 𝜆𝑖 (
𝐷pore

2 𝛾

4𝜅
+ 𝜆𝑖)

∞

𝑖=1

4𝜋𝜅

𝐷pore
2

𝑐𝑖
2.      [𝟐. 𝟗] 

A stable catenoid requires positive definite𝛿(2)𝐹 such that 𝜆𝑖(𝐷pore
2 𝛾/4𝜅 + 𝜆𝑖) > 0 for 

any deformation mode 𝜓i. Consider positive membrane tension 𝛾. Then wide catenoids are 

always stable, as all eigenvalues are positive, but since a thin catenoid has one negative 
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eigenvalue, 𝜆1 < 0, it is stable only if its spatial dimensions are sufficiently small, 𝐷pore
2 <

4 |𝜆1| 𝜅/𝛾, or equivalently ℎ < ℎ𝑐 where ℎ𝑐 is the critical membrane separation corresponding to 

this upper limit for pore size. These stable and unstable regions are shown in Fig. 2.2D. Note that 

the limit of stability ℎ = ℎ𝑐 on the small catenoid solution is precisely the point where the curve 

intersects the tether solution, Figs. 2.1D, 2.2A. Thus, increasing membrane separation beyond 

the critical point, ℎ > ℎ𝑐 (at fixed tension), the small catenoid becomes unstable and is replaced 

by the tether. This is an example of a bifurcation occurring when a solution becomes unstable, 

qualitatively similar to the behavior of a spherical vesicle under pressure (56): above a critical 

pressure, the spherical solution becomes unstable and two new solution branches appear, prolate 

and oblate. The stable prolate shape replaces the sphere.  

Stability can also be phrased in terms of tension, 𝛾. For wide catenoids, the lowest 

eigenvalue 𝛾1 sets a negative lower bound on the tensions for which stability holds. For thin 

catenoids the negative lowest eigenvalue and lowest positive eigenvalue, 𝜆1 and 𝜆2, set an upper 

and lower bound on tension, respectively. Thus  

𝛾 > −𝜆1𝛾0,    stable wide catenoid 

−𝜆2𝛾0 < 𝛾 < |𝜆1|𝛾0,     stable thin catenoid 

              𝛾0 ≡ 4𝜅/𝐷pore
2        [𝟐. 𝟏𝟎]. 

Since the characteristic tension 𝛾0 decreases with increasing spatial dimension (measured by 

𝐷pore), it follows that thin catenoids are observed only at small scales: as the scale increases the 

band of tensions where thin catenoids are stable shrinks and tends to zero, Fig. 2.2D. Thus, at 

macroscopic scales (soap films) only wide catenoids are seen. Thin catenoids are specific to 

scales found in cells. For example  𝛾0~10−1 pN/nm for 𝐷pore~50 nm and 𝜅 =20 kT (61), 
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comparable to cellular membrane tensions (121). These results are consistent with ref. (106) 

where the buckling transitions of fixed-area catenoidal membranes were studied.  

 

Figure 2.2. Two microscopic catenoidal fusion pores are observable between freely hinged 

membranes.  

(A) Stability of the three fusion pore families. At sufficiently small membrane separation, 

thin and wide catenoids are both stable. Free energy landscape is shown for three h values 

(right). The stable (unstable) fusion pores localize in valleys (ridges). Pore dilation from a 
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thin to wide catenoid requires surmounting an energy barrier set by the tether. At the 

critical height 𝒉𝐜 the tether and the thin catenoid coincide. (B) Free energy landscape. (C) 

For higher membrane tensions and sufficiently close membrane there are five pore 

families, three of which are stable. (D) Thin catenoidal fusion pores are only observable on 

microscopic scales within band of tensions which shrinks to zero on macroscopic scales. 

 

Free energy landscape for fusion pore expansion 

The three families (thin catenoid, wide catenoid and tether) are different minimum energy 

fusion pore shapes with different fusion pore diameters, 𝐷pore. Each family defines a valley (or 

ridge, if unstable) in (say) the ℎ − 𝐷pore plane (Fig. 2.1D).  Which pore family has lowest 

energy, and what energy barriers oppose transitions between pores? This is crucial in the context 

of exocytosis, when an initially small pore must dilate for full contents release (18, 91, 92). 

To address this we solved the shape equation, Eq. 2.3, constraining the pore diameter to have an 

arbitrary value 𝐷pore (see SI Text). The radial force to maintain a pore with this diameter is 

2𝜅(𝑑𝐻/𝑑𝑠) evaluated at the pore (122). Integrating this force over a range of 𝐷pore values and 

using the free energies of thin catenoids calculated from Eq. 2.1 as the reference levels, we 

obtained the free energy landscape of Figs. 2.2A-C. 

For a given membrane separation ℎ, the free energy reaches maxima or minima at the 

pore diameters corresponding to the three solution families (Fig. 2.2A). Consistent with the 

stability analysis, the thin catenoid where predicted to be stable (unstable) lies in a valley (on a 

ridge). The tether solution has the opposite stability to the thin catenoid. For ℎ < ℎ𝑐 (typically 

the physiologically relevant scales for exocytosis) the wide catenoid is also stable and has the 

lowest energy. Separating the thin and wide catenoids is a barrier, at the peak of which lies the 

unstable tether. Thus, if membrane fusion creates a thin catenoid pore, a thermodynamic driving 

force tends to dilate the pore to the wide catenoid.  However, the dilation pathway must traverse 
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a substantial barrier whose height is determined by the unstable tether intermediate which plays 

the role of a transition state.  

For high tensions, the tether solution oscillates in the ℎ − 𝐷pore  plane at small 

separations, with five solutions (two catenoids and three tethers) for a given separation (Fig. 

2.2C). Calculating the free energy landscape as a function of 𝐷pore at such a fixed ℎ we found 

three valleys and two ridges as the fusion pore expands. Thus, in addition to the thin catenoid, a 

second metastable fusion pore is the tether with intermediate pore diameter in the middle valley.   

With realistic membrane bending constraints there are three fusion pore families  

Next we solved the shape equation, Eq. 2.3, accounting properly for the bending 

constraints supplied by the planar membranes connected by the fusion pore. We used the 

appropriate zero slope BC at the boundaries, not freely hinged BCs, to account for the far field 

bending constraint. The exact catenoids are no longer solutions as they violate the boundary 

conditions, but we find there are still three fusion pore families (Figs. 2.3A, S2.4).  

 Again, we find there are three pore families whose properties depend on the capillary 

length 𝜆 ≡ (𝜅/2𝛾)1/2. Scales smaller (larger) than 𝜆 are dominated by bending (membrane 

tension). For high membrane tensions such that the capillary length is smaller than the membrane 

diameter 𝐷mb, the three families are close to those freely hinged BCs (Figs. 2.3A, 2.3B, S2.4). 

For physiologically relevant small separations, the fusion pore with the smallest width resembles 

the thin catenoid (we call it the thin quasi-catenoid) while the pore with the largest width 

resembles the wide catenoid (we call it the wide quasi-catenoid). A third unstable family with 

intermediate width appears. Note that switching on the bending constraint disconnects the quasi-

thin catenoid and the unstable pore families.  
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Figure 2.3. A narrow and a wide fusion pore family are stable for realistic membrane 

bending constraints.  

Solid lines: stable. Dashed lines: unstable. (A) Stability of the three fusion pore families 

with realistic clamped boundary conditions. Free energy landscape for four values of 𝒉 

(right). Dilation from the thin to the wide catenoidal pores requires crossing an energy 

barrier 𝚫𝑭 set by the third unstable solution. (B) Three fusion pore families and their free 
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energies for two membrane tensions. (C) Free energy landscape. (D) Energy barrier for 

pore dilation vs height for three membrane tensions. An example of a dilation transition is 

shown (black line, 𝒉 = 𝟔𝟎 nm, barrier height ~10 kT). The barrier is lower at higher 

tensions.  

 

Realistic membrane bending constraints: free energy landscape  

To determine the stability of the three families, their relative energies and the barriers for 

transitions, we repeated the free energy calculations above, but with clamped BCs. We find the 

thin and wide quasi-catenoids are stable, while the intermediate pore is unstable and sets the 

barrier separating the thin and wide pores which increases for smaller membrane separations 

(Figs. 2.3A, 2.3C). For example, for membrane separation 60 nm and membrane tension 0.1 

pN/nm, the barrier is ~10 kT. Dilation, however, is thermodynamically favored only when the 

membranes are sufficiently distant, when the wide catenoid energy drops below that of the thin 

catenoid (Fig. 2.3A). 

 The free energy landscape is highly sensitive to membrane tension (Fig. 2.3B). Increased 

tension lowers the free energy barrier Δ𝐹 for physiologically relevant small heights (Fig. 2.3D). 

When tension is below a certain threshold, the wide quasi-catenoid family disappears (Fig. S2.5), 

so that dilation of the narrow thin catenoid is no longer possible. These findings are consistent 

with experiments showing high membrane tension favors full-fusion exocytosis (94) and 

correlates with larger fusion pores (17). 
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Figure 2.4. Nanodiscs lock fusion pores into thin quasi-catenoids.  

(A) Fusion pore between a nanodisc (ND) and a planar membrane. A torque balance 

boundary condition is imposed at the upper membrane edge, representing resistance to 

twisting from the ND scaffold. (B) Thin quasi-catenoid fusion pores. (C) Pore diameter vs 

height for the thin quasi-catenoid pore family. The thin quasi-catenoid develops into tether-

like shapes for large 𝒉. (D) Unphysical wide quasi-catenoid pores. The ND scaffold is 

twisted by a large angle 𝝓 > 𝟗𝟎° which may disassemble the scaffold. 

 

Fusion pore between a nanodisc and a planar membrane 

Membrane nanodiscs (NDs) are powerful systems for the study of individual pores (23, 

24, 95, 123, 124). NDs are nanosized phospholipid membrane patches bounded by a lipoprotein 

scaffold forming a wall of two parallel alpha helices (125). By stabilizing fusion pores, NDs 

allow pore sizes and fluctuations to be inferred from conductance measurements. However, the 
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mechanism of pore stabilization and the relation to pores in larger membranes of phycological 

relevance is not understood.  

 Here we used a simple elastic model (23) to determine the torque required to rotate the 

scaffold a certain angle and we repeated pore shape calculations with this torque-balance BC at 

the ND edge (Fig. 2.4A, see Appendix). This BC is intermediate between the clamped and freely 

hinged limits. With a typical ND diameter 𝐷ND = 24 nm and membrane tension 0.1 pN/nm, we 

find the ND fusion pores can only adopt thin quasi-catenoidal shapes (Figs. 2.4B, 2.4C). The 

wide quasi-catenoid is theoretically also accessible (Fig. 2.4D), but the membrane is forced to 

bend outward at the ND edge, rotating the scaffold > 90°. We suggest this would disassemble 

the scaffold and the ND. Furthermore, an energy barrier  > 150 kT (set by the third unstable 

pore solution) impedes transition to this wide pore (Fig. S2.6). Our results also suggest the ND 

studies are not able to probe fusion pores under high membrane tension, as tensions as high as 2 

pN/nm may activate the wide catenoidal pore since the barrier is lowered to ~10 kT (Fig. S2.6). 

In summary, we conclude that NDs stabilize fusion pores by banishing access to the dilated wide 

catenoidal pore. 
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Figure 2.5. Model of the pore dilation transition during exocytosis.  

Three fusion pore families define the dilation pathway. Membrane fusion generates a 

narrow pore permitting release of smaller molecules only. Dilation to the wide pore family 

requires a barrier to be surmounted, whose height is set by the unstable intermediate pore 

and is lowered by increased membrane tension. The wide pore permits full contents release 

including larger molecules. 

 

2.3 Discussion 

Membrane fusion pores are critical to many fundamental processes such as 

neurotransmission, hormone release, trafficking and fertilization (16). Here we identified three 

fusion pore families:  two quasi-catenoids and a third unstable family that sets the scale of the 

energies (Fig. 2.3A). The thin catenoid family has the narrowest waist, and is unique to the 

microscopic scales of cellular membranes, being stabilized by membrane bending forces, while 

the wide catenoid is a fully dilated pore. These conclusions are based on properly accounting for 

the bending constraints provided by the membranes away from the fusion pore. For sufficiently 
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low membrane tensions or large membrane separations, the wide catenoid fusion pore no longer 

exists, leaving only thin catenoids (Figs. 2.3A, 2.3B). We call the pore of intermediate size the 

unstable intermediate; however, for certain membrane separations this family in fact has regions 

of stability, corresponding to oscillations in the membrane separation-pore size plane (ℎ − 𝐷pore 

plane of Fig. 2.3B). A related oscillation was found for pulled membrane tethers (107). 

In contrast to microscopic membrane surfaces, macroscopic soap films adopt only the 

wide catenoid, as bending forces contribute negligibly so that thin catenoids are always unstable.  

Indeed, using the freely hinged BCs appropriate to soap films, we showed the thin catenoid 

family is then stable for a band of tensions (with positive and negative upper and lower bounds) 

which shrinks to almost zero for macroscopic scales, while the wide catenoid is stable for any 

tension above a minimum value which tends to zero on macroscopic scales (Fig. 2.2D).  

During exocytosis vesicle-plasma membrane fusion generates a small nascent ~1 nm 

fusion pore (14, 18), which must dilate if full release of the vesicle contents is to occur. Pore 

dilation has been characterized by amperometry recordings during dense core vesicle release, 

showing an initial small flickering pore (prespike foot) that suddenly dilates to a large pore 

(spike) (18, 91, 92, 126). The energy barrier for membrane fusion was estimated (127), but the 

energy landscape for pore dilation has not been clear. Here, the three families of fusion pores 

from our analysis suggest the initial flickering pore belongs to the stable narrow pore family, and 

the abrupt dilation is a transition to the stable wide pore family over a barrier whose height is set 

by the unstable intermediate pore family (Fig. 2.5). For example, for ~ 400 nm dense core 

vesicles in chromaffin cells, we estimate the barrier is ~30 kT, depending on membrane tension 

and separation (Fig. 2.3D). This energy landscape that the three pore families belong to is the 

landscape that pore size-regulating factors such as dynamin, amisyn, Syt and SNARE family 
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proteins (13, 22-24, 95) must navigate (Fig. 2.3C). Its knowledge will help to establish the 

molecular mechanisms controlling pore dilation.  

An important study showed that the initial small fusion pore is longer lived for larger 

vesicles, reflected by amperometric feet of greater duration (128). It was argued that larger 

vesicles have dilated pores of higher energy, explaining the increased dilation delay time.  

Correspondingly, we also found that the dilated (wide quasi-catenoidal) pore has higher energy 

for larger fusing membranes (larger 𝐷mb, Fig. S2.7). However, more importantly the barrier to 

dilation is lower for larger membranes, the dominant effect being the large energy increase of the 

thin quasi-catenoid due to its large increase in area. For example, at tension 0.1 pN nm−1 the 

barrier is ~ 30 kT for 200 nm membranes and a pore height 50 nm, comparable to dense core 

vesicle sizes in neuroendocrine cells, decreasing to ~ 5 kT for 300 nm membranes with the same 

pore height ratio. We speculate this may be due to vesicle size dependence of other factors such 

as pore regulation by dynamin, amisyn, Synaptotagmin and SNARE family proteins (13, 22-24, 

95).  

For synaptic vesicles, our results suggest pore dilation is energetically challenging, given 

their typical ~ 50 nm diameter. Thus, full release may occur via the “omega-shrink” mode, where 

vesicles merge with the membrane without shape change (93). For example, at tension 

0.1 pN nm−1 a 12 nm tall pore between 50 nm membranes cannot fully dilate as the wide pore is 

not a solution (Fig. S2.8). However, the dilation barrier is mechanosensitive (Fig. 2.5): higher 

tensions activate the wide pore, though the dilation barrier is high (e.g. ~ 70 kT at 1 pN nm−1, 

Fig. S2.9). For large dense-core vesicles of ~400 nm diameter, membrane tension has been 

shown to correlate with larger fusion pores and favor full-fusion over kiss-and-run (17, 94). Our 

analysis rationalizes these observations, as we found the barrier to pore dilation decreases with 
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increasing membrane tension (Figs. 2.5, 2.3D). As membrane tension decreases, dilation 

becomes increasingly energetically demanding, until below a certain tension dilation cannot 

occur as the stable wide pore family ceases to exist (Fig. S2.5). 

Finally, we studied fusion pores between a nanodisc and a large planar membrane (such 

as an extended cell plasma membrane). Nanodiscs are nanoscale membranes, powerful systems 

to study single fusion pores by conductance measurements (23, 24, 95, 123, 129), but it has been 

unclear how representative these fusion pores are of physiological pores. For typical 10-30 nm 

nanodiscs, we find only the narrow pore family is accessible. Theoretically, if a large energy 

barrier is surmounted wide pores are also accessible. However, the wide catenoid requires 

outward-oriented membrane at the nanodisc edge (Fig. 2.4D), a disruption imposing large 

twisting forces that we suggest would destabilize the nanodisc. In effect, only the small nascent 

fusion pore is realizable. This quantifies how nanodiscs stabilize fusion pores, by locking them 

into the narrow pore family and blocking dilation.  

2.4 Appendix: Derivation of the model and numerical methods to solve the 

model 

Model description 

Here we present a concise derivation of the shape of catenoid, a minimal surface, and the 

shape equation for axisymmetric membranes, the stability analysis of catenoidal membranes with 

subject to classic Helfrich free energy (Eq. 2.1, (51)) using variational principles.  

Basic differential geometry 

We parameterize an arbitrary surface 𝑿(𝑢1, 𝑢2) with coordinate (𝑢1, 𝑢2). The two 

tangent vectors 𝑒1, 𝑒2 are 



60 

 

𝒆1 ≡
𝜕𝑿

𝜕𝑢1
, 𝒆2 ≡

𝜕𝑿

𝜕𝑢2
    [𝑆2.1.1] 

The metric tensor, or the first fundamental form, is defined as 

𝑔𝑖𝑗 ≡ 𝒆𝑖 ∙ 𝒆𝑗 .    [𝑆2.1.2] 

The inverse metric 𝑔𝑖𝑗 is the inverse of the metric tensor 𝑔𝑖𝑗  such that  

𝑔𝑖𝑗𝑔𝑖𝑗 = 𝛿𝑖
𝑘 ,    [𝑆2.1.3] 

where 𝛿𝑖
𝑘 is the Kronecker symbol. The second fundamental form 𝑏𝑖𝑗 is given by 

𝑏𝑖𝑗 ≡ 𝒆𝑖 ∙ 𝒏,𝑗 ≡ 𝒆𝑖 ∙ 𝜕𝒏 𝜕𝑢𝑗⁄ ,    [𝑆2.1.4] 

where 𝒏 is the normal vector given by  

𝒏 ≡
𝒆1 ∙ 𝒆2

|𝒆1 × 𝒆2|
.    [𝑆2.1.5] 

The mixed second fundamental form 𝑏𝑖
𝑗
 is defined as  

𝑏𝑖
𝑗

≡ 𝑏𝑖𝑘𝑔𝑘𝑗 .    [𝑆2.1.6] 

The mean curvature 𝐻 is defined as  

𝐻 ≡
1

2
𝑏𝑖

𝑖 ,    [𝑆2.1.7] 

while the Gaussian curvature G is defined as  

𝐾 ≡ 𝑏/𝑔,    [𝑆2.1.8] 

where 𝑔 and 𝑏 are the determinant of the first fundamental 𝑔𝑖𝑗 and the second fundamental 𝑏𝑖𝑗. 

Minimal surface  

A minimal surface is a surface whose area is locally minimized. To derive a minimal 

surface we consider the area variation with subject to an infinitesimal perturbation 𝑿 → 𝑿 + 𝛿𝑿. 

The perturbation 𝛿𝑿 has a normal component (in the direction of 𝒏) and two tangent components 

(in the directions of  𝒆1 and 𝒆2), 
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𝛿𝑿 ≡ 𝜙𝑖𝒆𝑖 + 𝜓𝒏.    [𝑆2.2.1] 

The variation in the tangent vector is 

𝛿𝒆𝑖 =
𝜕

𝜕𝑢𝑖
(𝜙𝑖𝒆𝑖 + 𝜓𝒏) = (∇𝑖𝜙𝑘 − 𝜓𝑏𝑖

𝑘)𝒆𝑘 + (𝜙𝑘𝑏𝑘𝑖 + ∇𝑖𝜓)𝒏,    [𝑆2.2.2] 

where ∇𝑖 is the covariant derivative with respect to 𝑢𝑖. Note that 𝛿𝒆𝑖  only has the first order 

term. The variation of the first fundamental form 𝑔𝑖𝑗  has a first order term 𝛿(1)𝑔𝑖𝑗 and a second 

order term 𝛿(2)𝑔𝑖𝑗, 

𝛿𝑔𝑖𝑗 = (𝛿𝒆𝑖 ∙ 𝒆𝑗 + 𝛿𝒆𝑗 ∙ 𝒆𝑖) + 𝛿𝒆𝑖 ∙ 𝛿𝒆𝑗 

= ∇𝑖𝜙𝑗 + ∇𝑗𝜙𝑖 − 2𝜓𝑏𝑖𝑗 + 𝒪(2), 

≡ 𝛿(1)𝑔𝑖𝑗  +  𝛿(2)𝑔𝑖𝑗      [𝑆2.2.3] 

where 𝜙𝑖 ≡ 𝜙𝑗𝑔𝑗𝑖.  The variation of the determinant 𝑔 is then 

𝛿𝑔 = (𝑔11 + 𝛿𝑔11)(𝑔22 + 𝛿𝑔22) − (𝑔12 + 𝛿𝑔12)(𝑔21 + 𝛿𝑔21) − (𝑔11𝑔22 − 𝑔12𝑔21).    [𝑆2.2.4] 

Extracting the first order term 𝛿(1)𝑔 in 𝛿𝑔, we have 

𝛿(1)𝑔 = 𝑔(2∇𝑖𝜙
𝑖 − 4𝐻𝜓).    [𝑆2.2.5] 

The infinitesimal area 𝑑𝑆 = √𝑔 𝑑𝑢1𝑑𝑢2. The first variation in area 𝛿(1)𝐴 is  

𝛿(1)𝐴 = ∫ 𝛿(1)√𝑔  𝑑𝑢1𝑑𝑢2 = ∫(∇𝑖𝜙
𝑖 − 2𝐻𝜓)√𝑔  𝑑𝑢1𝑑𝑢2 

= ∫ −2𝐻𝜓√𝑔  𝑑𝑢1𝑑𝑢2.    [𝑆2.2.6] 

Note since the tangent terms only reparametrize the surface and do not change the area, we only 

keep the normal term.  

A minimal surface requires 𝛿(1)𝐴 = 0. Thus a minimal surface has zero mean curvature 

𝐻 = 0.  
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Catenoid 

To derive the shape of catenoid, the axisymmetric minimal surface, we parametrize the 

surface by the arclength of the contour in a meridian plane 𝑠 and the azimuthal angle 𝜃, such that  

𝑿(𝑠, 𝜃) = 𝑿(𝑟(𝑠)𝑐𝑜𝑠𝜃, 𝑟(𝑠)𝑠𝑖𝑛𝜃, 𝑧(𝑠)),    [𝑆2.3.1] 

where 𝑟 and 𝑧 is the correctional and vertical coordinate, respectively (Fig. 2.1B). The two 

tangent vectors are 

𝒆1 = (𝑟′𝑐𝑜𝑠𝜃, 𝑟′𝑠𝑖𝑛𝜃, 𝑧′),               

𝒆2 = (−𝑟𝑠𝑖𝑛𝜃, 𝑟𝑐𝑜𝑠𝜃, 0).    [𝑆2.3.2] 

The first fundamental 𝑔𝑖𝑗  is 

𝑔𝑖𝑗 = (
1 0
0 𝑟2).    [𝑆2.3.3] 

The second fundamental 𝑏𝑖𝑗 is 

𝑏𝑖𝑗 = (𝑧′𝑟′′ − 𝑧′′𝑟′ 0
0 −𝑟𝑧′

).    [𝑆2.3.4] 

The mean curvature 𝐻 is  

𝐻 =
1

2
(𝜙′ +

𝑠𝑖𝑛𝜙

𝑟
).    [𝑆2.3.5] 

where 𝜙 is the tangent angle (Fig. 2.1B, different from the tangent variation 𝜙𝑖) such that 

𝑡𝑎𝑛𝜙 = −𝑑𝑧/𝑑𝑟. To solve the shape of catenoids 𝑟cat(𝑧), we set 𝐻 = 0 which gives  

𝑟cat(𝑧) =
𝐷pore

2
cosh (

2𝑧

𝐷pore
).    [𝑆2.3.6] 

Shape equation 

The shape of the membrane that minimizes the classic Helfrich free energy (Eq. 2.1) has 

to satisfy the shape equation 

2𝜅(∇2𝐻 + 2𝐻3 − 2𝐻𝐾) − 2𝛾𝐻 = 0,      [𝑆2.4.1] 
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For an axisymmetric membrane the Laplace–Beltrami operator ∇2 is  

∇2≡
1

√𝑔

𝜕

𝜕𝑢𝑖
(√𝑔𝑔𝑖𝑗

𝜕

𝜕𝑢𝑗
) =

1

𝑟

𝜕

𝜕𝑠
(𝑟 ∙ 1 ∙

𝜕

𝜕𝑠
) +

1

𝑟

𝜕

𝜕𝜃
(𝑟 ∙

1

𝑟2
∙

𝜕

𝜕𝜃
) =

𝜕2

𝜕𝑠2
+

𝑟′

𝑟

𝜕

𝜕𝑠
,    [𝑆2.4.2] 

Note that 𝜕 𝜕𝜃 = 0⁄  for axisymmetric membranes. Also the Gaussian curvature 𝐾 is  

𝐾 =
𝑠𝑖𝑛𝜙

𝑟
𝜙′.    [𝑆2.4.3] 

By plugging Eq. S2.3.4, Eq. S2.4.3 into Eq. S2.4.2 we derive the shape equation for 

axisymmetric membranes (Eq. 2.3). Note that 𝑟′ = 𝑐𝑜𝑠𝜙.  

Catenoid stability 

To analytically derive the stability of the catenoidal membranes, we consider the second 

variation. For soap films with no bending energy, we consider the second variation in the area, 

𝛿(2)𝐴. For a membrane of an arbitrary shape,  

𝛿(2)𝐴 =
1

2
∫ 𝜓(−∇2 + 2𝐾)𝜓 𝑑𝑆 ≡

1

2
∫ 𝜓𝐿𝜓 𝑑𝑆.    [𝑆2.5.1] 

The derivation is similar to that of the first variation 𝛿(1)𝐴, but the variations in the metric tensor 

elements 𝑔𝑖𝑗  have to be expanded to second order. A detailed derivation can be found in ref. 

(119).  

 We parameterize the catenoidal surface 𝑆𝑐𝑎𝑡  with two parameters, azimuthal angle 𝑢 and 

normalized height 𝑣, such that 

𝑺𝒄𝒂𝒕(𝑢, 𝑣) = (𝑐 cosh 𝑣 ∙ cos 𝑢 , 𝑐 cosh 𝑣 ∙ sin 𝑢 , 𝑐𝑣),    [𝑆2.5.2] 

where 𝑐 is half of the pore diameter 𝐷pore (Fig. 2.1A).  

The two tangent vectors are 

𝒆1 ≡
𝜕𝑺𝒄𝒂𝒕

𝜕𝑢
= (− 𝑐 cosh 𝑣 ∙ sin 𝑢 , 𝑐 cosh 𝑣 ∙ cos 𝑢 , 0)         
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𝒆2 ≡
𝜕𝑿

𝜕𝑢2
= (𝑐 sinh 𝑣 ∙ cos 𝑢 , 𝑐 sinh 𝑣 ∙ sin 𝑢 , 𝑐),    [𝑆2.5.3] 

The metric tensor 𝑔𝑖𝑗  is  

𝑔𝑖𝑗 = (𝑐2 cosh2 𝑣 0
0 𝑐2 cosh2 𝑣

).    [𝑆2.5.4] 

The determinant 𝑔 is 

𝑔 = 𝑐2 cosh2 𝑣 .    [𝑆2.5.5] 

The Laplace–Beltrami operator ∇2 is 

∇2=
1

𝑐2 cosh2 𝑣
(

𝜕

𝜕𝑢2
+

𝜕

𝜕𝑣2
).    [𝑆2.5.6] 

The Gaussian curvature 𝐾 is 

𝐾 =
1

𝑐2 cosh4 𝑣
.    [𝑆2.5.7] 

Thus keeping only the axisymmetric term 𝜕 𝜕𝑣2⁄  the operator 𝐿 ≡ −∇2 + 2𝐾 is 

𝐿 =
1

𝑐2 cosh2 𝑣
(

𝜕

𝜕𝑣2
+

2

cosh2 𝑣
).    [𝑆2.5.8] 

The eigenvalue problem 𝐿𝜓 = 𝜆𝜓/𝑐2 leads to a Sturm-Liouville problem 

𝜓′′ +
2

cosh2 𝑣
𝜓 + 𝜆 cosh2 𝑣 𝜓 = 0.    [𝑆2.5.9] 

whose eigenfunctions and eigenvalues are 𝜓𝑖 and 𝜆𝑖. For a perturbation 𝜓 = ∑ 𝑐𝑖𝜓𝑖
∞
1=1 Thus, in 

terms of 𝜓𝑖 and 𝜆𝑖 the second variation in area is  
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𝛿(2)𝐴 =
1

2
∫ 𝜓𝐿𝜓 𝑑𝑆

=
1

2
∫ ∫ ∑ 𝑐𝑖𝜓𝑖

∞

𝑖=1

∙ ∑
𝑐𝑖𝜆𝑖

𝑐2
𝜓𝑖

∞

𝑖=1

√𝑔 𝑑𝑢𝑑𝑣
2𝜋

0

ℎ/2𝑐

−ℎ/2𝑐

=
1

2
∫ 2𝜋𝑐2 cosh2 𝑣 ∑ 𝑐𝑖𝜓𝑖

∞

𝑖=1

∙ ∑
𝑐𝑖𝜆𝑖

𝑐2
𝜓𝑖

∞

𝑖=1

𝑑𝑣
ℎ/2𝑐

−ℎ/2𝑐

=
1

2
∫ 2𝜋 cosh2 𝑣 ∑ 𝑐𝑖

2𝜆𝑖𝜓𝑖
2

∞

𝑖=1

𝑑𝑣 = 𝜋 ∑ 𝑐𝑖
2𝜆𝑖

∞

𝑖=1

ℎ/2𝑐

−ℎ/2𝑐

,    [𝑆2.5.10] 

where ℎ is the height of the catenoid. The properties of Sturm-Liouville eigenfunctions are used 

∫ cosh2 𝑣 𝜓𝑖𝜓𝑗 𝑑𝑣 =
ℎ/2𝑐

−ℎ/2𝑐

{
1, 𝑖𝑓 𝑖 = 𝑗
0, 𝑖𝑓 𝑖 ≠ 𝑗

.    [𝑆2.5.11] 

With the inclusion of bending energy, the second variation in Helfrich free energy (Eq. 2.1) is 

𝛿(2)𝐹 =
𝜅

2
∫ 𝜓[(∇2)2 + 4𝐻𝑏𝑖𝑗∇𝑖∇𝑗 + (2𝐻2 − 4𝐾)∇2 + 2𝑏𝑖𝑗∇𝑖∇𝑗𝐻 − 2𝐻∇2𝐻 + 2(∇𝑖𝐻)(∇𝑖𝐻)

+ 4𝐾2 + 16𝐻4 − 20𝐻2𝐾 − 4𝐺𝑖𝑗𝑏𝑖𝑗𝐻]𝜓 𝑑𝑆

+
𝛾

2
∫ 𝜓(−∇2 + 2𝐾)𝜓 𝑑𝑆,     [𝑆2.5.12] 

where 𝑏𝑖𝑗 is the inverse of the second fundamental form 𝑏𝑖𝑗, ∇𝑖≡ 𝑔𝑖𝑗∇𝑗, 𝐺𝑖𝑗 is the Einstein tensor 

and the integral is over the reference surface. A detailed derivation can be found in ref. (119) 

 For a catenoid whose mean curvature is zero, Eq. S2.5.9 can be greatly simplified to  

𝛿(2)𝐹 = ∫
𝜅

2
𝜓𝐿2𝜓 +

𝛾

2
𝜓𝐿𝜓 𝑑𝑆,      [𝑆2.5.13] 

The variation in the bending term 𝛿(2)𝐹bend is 
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𝛿(2)𝐹bend ≡ ∫
𝜅

2
𝜓𝐿2𝜓 𝑑𝑆

=
𝜅

2
∫ ∫ ∑ 𝑐𝑖𝜓𝑖

∞

𝑖=1

∙ 𝐿 (∑
𝑐𝑖𝜆𝑖

𝑐2
𝜓𝑖

∞

𝑖=1

) √𝑔 𝑑𝑢𝑑𝑣
2𝜋

0

ℎ
2𝑐

−
ℎ

2𝑐

= 𝜋𝜅 ∫ ∑ 𝑐𝑖𝜓𝑖

∞

𝑖=1

 𝑐2 cosh2 𝑣 ∙ ∑
𝑐𝑖𝜆𝑖

2

𝑐4
𝜓𝑖

∞

𝑖=1

𝑑𝑣 =
𝜋𝜅

𝑐2

ℎ
2𝑐

−
ℎ

2𝑐

∫ cosh2 𝑣 ∑ 𝑐𝑖
2𝜆𝑖

2𝜓𝑖
2

∞

𝑖=1

𝑑𝑣

ℎ
2𝑐

−
ℎ

2𝑐

=
𝜋𝜅

𝑐2
∑ 𝑐𝑖

2𝜆𝑖
2

∞

𝑖=1

,    [𝑆2.5.14] 

Thus the second variation of the free energy is 

𝛿(2)𝐹 =
𝜋𝜅

𝑐2
∑ 𝑐𝑖

2𝜆𝑖
2

∞

𝑖=1

+ 𝜋𝛾 ∑ 𝑐𝑖
2𝜆𝑖

∞

𝑖=1

= ∑ 𝜆𝑖 (
𝑐2𝛾

𝜅
+ 𝜆𝑖)

∞

𝑖=1

𝜋𝜅

𝑐2
𝑐𝑖

2,    [𝑆2.5.15] 

Radial force on the pore 

 To calculate the free energy landscape of fusion pores with an arbitrary diameter 𝐷pore, we 

need to calculate the radial force acting on the pore to maintain 𝐷pore. Because the two 

membranes have the same size, 𝐷𝑚𝑏
1 = 𝐷𝑚𝑏

2  (Fig. 2.1A), the minimal cross-sectional diameter 

will always appear in the middle, 𝑧 = 0. Thus, we solve the same shape equation Eq. 2.3 but 

only solve the shape of half of the pore (−ℎ/2 < 𝑧 < 0) where the imposed pore diameter 

comes into the boundary condition at 𝑧 = 0. To calculate the radial force acting on 𝑧 = 0 we use 

the stress tensor (a derivation see ref. (130)) 

𝒇𝒊 = [2𝜅𝐻(𝑏𝑖𝑗 − 𝐻𝑔𝑖𝑗) − 𝛾𝑔𝑖𝑗]𝒆𝑗 − 2𝜅(∇𝑖𝐻)𝒏,     [𝑆2.6.1] 

where 𝒇𝒊 is a 3 × 2 tensor.  

 The force per unit length exerted on the boundary 𝑧 = 0 is 

𝐹𝒆𝒙𝒕 = 𝑙𝑖𝒇
𝑖 ,    [𝑆2.6.2] 
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where 𝑙𝑖 (𝑖 = 1,2) are constants such that 𝑙𝑖𝒆𝒊 is the normal vector that lies in the tangent plane 

and is perpendicular to the boundary. Here 𝑙𝑖𝒆𝒊 is the unit vector pointing in the 𝑧 direction (Fig. 

2.1B). Using the axisymmetric parameterization 𝑿(𝑠, 𝜃) (Eq. S2.3.1), the two normal vectors at 

the boundary 𝑧 = 0 where 𝜙 = 𝜋/2 are 

𝒆1 = (cos 𝜙 𝑐𝑜𝑠𝜃, cos 𝜙 𝑠𝑖𝑛𝜃, 𝑠𝑖𝑛𝜙) = (0,0,1),               

𝒆2 = (−𝑟𝑠𝑖𝑛𝜃, 𝑟𝑐𝑜𝑠𝜃, 0).    [𝑆2.6.3] 

Thus 𝑙1 = 1 and 𝑙2 = 0. 𝐹𝒆𝒙𝒕 is then 

𝑭𝒆𝒙𝒕 = 𝑓1 = [2𝜅𝐻(𝑏1𝑗 − 𝐻𝑔1𝑗) − 𝛾𝑔1𝑗]𝒆𝑗 − 2𝜅(∇1𝐻)𝒏.    [𝑆2.6.4] 

Since we are interested in the radial force we only extract the normal component,  

𝑭𝒆𝒙𝒕 = 2𝜅
𝑑𝐻

𝑑𝑠
|

𝑧=0
.    [𝑆2.6.5] 

The free energy change Δ𝐹 from a pore diameter 𝐷𝑝𝑜𝑟𝑒
1  to anther diameter 𝐷𝑝𝑜𝑟𝑒

2  is 

Δ𝐹 = ∫ 2𝜋𝐷𝑝𝑜𝑟𝑒 𝐹𝑒𝑥𝑡

𝐷𝑝𝑜𝑟𝑒
2

𝐷𝑝𝑜𝑟𝑒
1  

𝑑𝐷𝑝𝑜𝑟𝑒 ,    [𝑆2.6.6] 

where the factor of 2 comes from the fact that both the upper (0 < 𝑧 < ℎ/2) and the lower 

membrane (−ℎ/2 < 𝑧 < 0) are exerting forces on the boundary.   

Torque balance boundary condition 

To more realistically model the nanodisc (ND) fusion pores, we further used a torque-

balance boundary condition where the fusion pore meets the ND scaffold (Fig. 2.4A). Our 

torque-balance condition relies on a simple elastic model of the ND scaffold originally 

developed in ref. (23). Because of the two-alpha helix structure of the ND scaffold, it is more 

difficult to bend the scaffold in one material direction than another. Approximating the cross 

section of the scaffold as a rectangle with dimensions 𝑤 × 2𝑤, where 𝑤 = 1.2 nm is the 
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diameter of a typical alpha helix, it is much harder to bend the scaffold across its wider face (in 

the transverse direction) than across the thinner face (in the lateral direction).  

The elastic energy of the scaffold is given by 

𝐹scaffold = 𝜋𝐷ND {
𝐾soft

2
𝐶soft

2 +
𝐾hard

2
𝐶hard

2 }      [𝑆2.7.1] 

where 𝐷ND is the ND diameter, 𝐾soft and 𝐾hard are the respective moduli for lateral and 

transverse bending modes of the scaffold, and 𝐶soft and 𝐶hard are the respective material 

curvatures of the scaffold in the lateral and transverse directions. Classical elasticity theory 

shows that, for a rod with a 𝑤 × 2𝑤 rectangular cross section, the bending moduli are given by 

𝐾soft = 2 𝐾  

𝐾hard = 8 𝐾,    [𝑆2.7.2] 

where 𝐾 is the bending modulus of a 𝑤 × 𝑤 rod. The bending modulus of a typical single alpha 

helix is 𝐾 ≈ 100 𝑘𝑇 ⋅ nm; thus the ND scaffold has bending moduli 𝐾soft = 200 𝑘𝑇 ⋅ nm,

𝐾hard = 800 𝑘𝑇 ⋅ nm.  We find that torque balance between the membrane and the ND scaffold 

is achieved when  

2𝜅𝐻 =
𝐾hard − 𝐾soft

2(𝐷ND/2)2  
sin 2𝜙 ≡ 𝑘 sin 2𝜙,      [𝑆2.7.3] 

where 𝜙 is the angle by which the cross section of the ND scaffold has been rotated, and 𝑘 is the 

twisting stiffness of the ND (see SI). A non-elastic soft scaffold (𝐾hard = 𝐾soft) will lead to 

freely hinged boundary condition (𝐻 = 0) while a stiff scaffold (𝐾hard ≫ 𝐾soft) will give a 

clamped zero-slope boundary condition. 

 To model the fusion pore of a membrane ND fusing with a cell membrane, we solved the 

shape equation Eq. 2.2, applying the torque balance condition, Eq. S2.7.3, at the ND edge, 𝑧 =

ℎ/2, and clamped boundary conditions where the fusion pore meets the cell membrane, 𝑧 =
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−ℎ/2. The ND scaffold is assumed to have a diameter of 24 nm, while the diameter of the 

boundary meeting the cell, 𝐷∞, is chosen to be a much larger value, 60 nm (23) (Fig. 2.4A). 

 

 

Figure S2.1. Force vs height for the fusion pore families with freely hinged boundary 

conditions.  

Membrane tension is 0.1 pN/nm and the membrane diameter 𝑫𝐦𝐛 is 200 nm. Catenoids 

(red and blue) require a pulling (positive) force to maintain the height, while for tethers of 

small heights compressive forces are required.   
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Figure S2.2. Large tether oscillations under a higher membrane tension.  

Under freely hinged boundary conditions, the tether family oscillates to negative 

separations. However, these solutions are not physical.   

 

 

Figure S2.3. The smallest three Eigenvalues of Equation 2.8.  

For thin catenoids (blue), the first (smallest) eigenvalue 𝝀𝟏 is negative but other eigenvalues 

𝝀𝟐, 𝝀𝟑, … are always positive. For wide catenoids (red), all the eigenvalues are positive.  
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Figure S2.4. Pore diameter, free energy and force of the three fusion pore families vs pore 

height under clamped boundary conditions.  

Membrane diameter is 200 nm. With decreased membrane tension, the wide quasi-

catenoids (blue) only exist in a smaller range of heights, and below a certain tension, the 

thin quasi-catenoids (red) starts to have the lowest energy.   
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Figure S2.5. Thin quasi-catenoid is the only realizable pore under low membrane tension 

and clamped boundary conditions.  

With membrane diameter is 200 nm, only the thin catenoid pores are found, consistent with 

Fig. S4 where the other two families, wide catenoid and the unstable intermediate, exist in a 

smaller and smaller height range with decreased tension.    

 

 

 

Figure S2.6. Nanodiscs lock the fusion pore into the thin quasi-catenoid family but high 

tension may activate pore dilation.  

Under normal tension (left), the transition from the thin catenoidal pore (blue) to the 

unphysical wide catenoidal pore (red) is blocked by a high energy barrier 𝚫𝑭 of ~150 kT. 

However, under high tension (middle), the barrier decreases to ~10 kT (right, zoom-in of 

the dotted box in the middle panel) which makes the unphysical wide catenoidal pore 

realizable.  
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Figure S2.7. Pore dilation is favored by larger vesicles.  

(A) The free energies of the three families of fusion pore all increase with increased 

membrane diameter, but at different rate. The energy of the thin quasi-catenoid increases 

the most, mainly attributed to the large area increase (right). The energy of the unstable 

intermediate only increases moderately, thus the energy barrier for pore dilation 𝚫𝑭  is 

smaller with increased vesicle size. (B) Energy barrier of pore dilation decreases with 

membrane diameter. 

 

 

 

Figure S2.8. Only the thin quasi-catenoid fusion pore exists for small membrane diameter 

and normal tension.  

 

 

 

Figure S2.9. High membrane tension activates the wide pore.  

For a membrane diameter comparable to synaptic vesicle diameters, 𝑫𝒎𝒃 = 𝟓𝟎 𝐧𝐦, the 

wide pore (red) becomes a solution at high tensions. At tension 1 𝐩𝐍 ∙ 𝐧𝐦−𝟏 the energy 
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barrier for the transition from the small pore (blue) to the wide pore has height 70 kT for 

membrane separation h=12 nm. 
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Chapter 3: Spatiotemporal regulation of exocytosis by a membrane 

reservoir via release site availability 

In this chapter, I describe computational work on understanding spatiotemporal 

regulation of exocytosis in chromaffin cells. The experiments I analyzed here were done by the 

Ling-gang Wu group at National Institute of Health. Dong An, a Ph.D. student in the 

O’Shaughnessy group, also contributed to this work. 

3.1 Introduction 

Exocytosis involves a vesicle enclosing bioactive molecules such as hormones and 

neurotransmitters to fuse with the plasma membrane (PM) of excitable cells, leading to release of 

content molecules to the extracellular environment and delivery of proteins and lipids to the PM 

(8, 14, 16, 131). Exocytosis is spatially regulated by cells. The location of vesicle release is 

carefully controlled.  In neurons synaptic vesicles are released at the active zone (AZ), a highly 

specialized region of ~0.2 µm (132) consisting of a dense protein network tightly attached to the 

presynaptic terminal membrane (133). The AZ is precisely aligned with receptors on the 

postsynaptic density, allowing ultrafast information passage at the synapse by minimizing the 

diffusion distance of the neurotransmitters (25). In endocrine cells, however, the existence of 

such AZ is not obvious from microscopy studies (26). Instead, for example, in insulin secreting 

cells, vesicle fusion can happen repeatedly at hotspots (27-29). Lacking such hotspots might be 

the cause of impaired insulin secretion in type 2 diabetes (28). 

 Exocytosis is also temporally regulated, reflected as highly modulated exocytosis rates 

upon different stimulus protocols in different cells (30). The exocytosis rate is an overall 

measurement taking all steps of vesicle release into consideration, including delivering the 

vesicles to the PM, docking the vesicles to sites of release, catalyzing vesicle membrane fusion 
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upon stimulus, recycling vesicles and refilling the vesicles with signaling molecules (134). These 

steps are regulated by cellular machineries on different time and length scales, and which step is 

the rate-limiting one is stimulation and cell dependent. (135). For example, repeated stimulation 

in neurons lowers the exocytosis rates, known as short-term depression (31-34). The traditional 

view attributes depression to failure in replenishing the readily releasable pool (RRP), a 

subgroup of docked and primed synaptic vesicles that fuse rapidly upon an action potential  (34). 

In secretory cells such as chromaffin cells, disruption of the actin cortex results in an overall 

increase but initial decrease in exocytosis rates, revealing a dual role of the cortex (136). Being a 

barrier, the actin cortex has to disassemble for a vesicle to approach the PM (35), while being a 

carrier, the associated proteins in the cortex such as myosin II navigate the vesicle to the docking 

sites (36). Finally, vesicle release probability determines the number of docked vesicles that 

release their contents per stimulus, providing another layer of exocytosis rate regulation (137, 

138). This release probability is determined by the membrane fusion rate set by the conserved 

fusion machinery across eukaryotes.   Among the fusion machinery, SNARE and 

Synaptotagmins are the core proteins and they work cooperatively in a calcium-dependent 

manner to surmount the large energy barrier of vesicle fusing with the PM (96, 139, 140).  

 Temporal regulation of exocytosis may also be regulated via the availability of release 

sites. Availability of locations where vesicles can dock and then fuse may be the bottleneck for 

sustained synaptic vesicle release (39). This proposal contradicts the widely accepted hypothesis 

that the available vesicles in the RRP is the bottleneck (34). Evidence supporting a fixed number 

of release sites dates back to statistics of the postsynaptic currents, which is triggered by release 

of neurotransmitters from the postsynaptic vesicles. The fluctuations of the postsynaptic current 

become very small at high stimulus frequency (37). This suggests the number of release sites is 



77 

 

fixed and almost all vesicles dock to the release sites will release, as either a varying release site 

number or a moderate release probability will greatly enhance the fluctuations in the 

postsynaptic response (39). Consistently, a small fluctuation in the number of release sites 

(~10 ± 1 sites per hippocampal bouton) was observed from a recent microscopy study (141). 

However, not all the sites are available all the time. After a vesicle release its content, the site 

experiences a refractory period during which the next vesicle is not able to dock (38). It is 

proposed that to make the site reusable again the vesicular component of the previous exocytosis 

event has to be cleared either by passive diffusion of the component or by active removal of the 

local membrane (39). 

 The need for clearance of release sites leads to an underestimated role of endocytosis. 

Under mild stimulation which does not deplete the RRP, inhibiting endocytosis in hippocampal 

neurons caused accumulation of exocytosed vesicular component and release depression (142). 

This provides strong evidence that release site availability regulates exocytosis rate and 

endocytosis serves to clear release sites. Cells use different forms of endocytosis to clear protein 

and recycle membrane on different time scale. For example in neurons, clathrin-mediated 

endocytosis takes 30 s (143), kiss-and-run (whose existence is still under debate) takes 1-2 s 

(15). Recently ‘flash-and-freeze’ electron microscopy revealed another form of endocytosis, 

ultrafast endocytosis, occurring within 100 ms at sites flanking the active zone (144). Given an 

estimation of refractory time of < 200 ms during high-frequency stimulation (39), ultrafast 

endocytosis may play a key role in this scenario to clear the release sites and make them usable 

again.   

 However, the mechanism by which site availability is regulated is not fully understood. 

Hotspots were visualized in multiple cell types, but how this repeated usage of release sites 
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regulates exocytosis rate is not clear. Recent breakthrough using super resolution microscopy 

revealed a variety of exocytosis and endocytosis evolution in chromaffin cells at single vesicle 

level (13, 93, 145). Vesicles can shrink into the PM driven by osmotic pressure and PM tension 

(93), but a significant number of vesicles either stay at the release site maintaining their original 

size, or even grow in size. The mechanism by which these unmerged vesicles occupy the release 

sites is not known. A unified picture of spatiotemporal exocytosis regulation via these different 

vesicle evolutions is also missing.  

Here we used confocal microscopy to measure the spatiotemporal distribution of dense-

core vesicle exocytosis events in chromaffin cells. By analyzing the spatiotemporal profile, we 

found a novel mechanism of spatiotemporal exocytosis regulation via release site availability. 

We found a membrane reservoir consisting of unmerged and slowly merged vesicles emerges 

from repeated exocytosis at hotspots. In turn, the release sites occupied by unmerged vesicles in 

the reservoir locally suppress exocytosis event frequency. We use mathematical modeling to 

reveal such spatiotemporal regulation is via membrane tension. PM tension has to drop below a 

threshold otherwise the membrane reservoir would not form as the driving force for vesicle 

merging from osmotic pressure still exists. Repeated exocytosis is likely to lower the plasma 

membrane tension locally by providing excessive lipids. The vesicles in the reservoir may further 

be cut away from the PM and recycled. This shortcut to endocytosis will make the sites reusable 

and might be important for sustained release. 

3.2 Results 

Imaging exocytosis events  

We used inverted confocal microscopy to image individual exocytosis events in live, 

primary-cultured bovine adrenal chromaffin cells (17). Exocytosis of ~400-nm diameter dense-



79 

 

core vesicles was triggered by whole-cell dialysis of 1.5 μM Ca2+, in which a pipette solution of 

Ca2+ and EGTA was injected into the cell to maintain an intracellular concentration of 1.5 μM. 

Two fluorescent dyes were added to the bath solution culturing the chromaffin cells: A647 (red) 

and A488 (green).  To image exocytosis events in which vesicles fused with the lower planar 

plasma membrane (PM) in contact with the coverslip, the focal plane included this part of the 

PM and a region extending ~ 350 nm into the cell (Fig. 3.1A).  The lateral resolution was ~230 

nm, and the imaging area comprised 400×255 pixels with a pixel size of 46.5, 56.42, or 58.85 

nm, for a total area of ~220, ~325, or ~353 μm2, respectively. 

Before exocytosis is triggered, a dark region with baseline fluorescence intensity 

indicates the region where the PM contacts the coverslip (Fig. 3.1A). Confocal images were 

collected every 18.5 or 40.5 ms, beginning immediately following calcium dialysis (time 𝑡 = 0). 

Each movie lasts either 60 or 90 s. Calcium dialysis caused dense-core vesicles to fuse with the 

PM. When a fusion event occurred, solution containing the dyes flowed into the fused vesicles 

and a bright spot was suddenly apparent (Fig. 3.1B). These spots are typically circular with ~500 

nm diameter, comparable to the dense-core vesicle diameter. At the onset of imaging (𝑡 = 0), 

some pre-existing spots are present whose sizes are similar to the vesicle size (Fig. 3.1B).  
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Figure 3.1. Confocal imaging of cultured chromaffin cells following whole-cell calcium 

dialysis.  

(A) Schematic of a chromaffin cell dialyzed by Ca2+. The lower plasma membrane and a 

region ~ 350 nm deep into the cell is imaged. (B) Images at the indicated times following 

𝐂𝐚𝟐+ dialysis.   

 

Analysis of the exocytosis events 

For 𝑛 = 26 movies of 60 or 90 seconds each from nine cells total, we measured 678 

exocytosis events in total, with 5-70 exocytosis events in each movie. An exocytosis event is 

manifested by the sudden appearance of a bright circular spot. For each such event, we measured 

the fluorescence intensities of the two dies in the spot region as function of time. The A488 dye 

(green) is excited weakly, so its intensity is almost unchanged over the course of the entire movie 

and can be used to measure the evolving size of the fused vesicle. Since the A647 dye (red) is 

strongly excited, if the fusion pore closes the dye within the vesicle is rapidly bleached and the 

intensity decays to background, whereas an open pore allows turnover of the dye within the 

vesicle so the intensity is maintained. Thus, an open pore is indicated by non-decaying red and 
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green signals, while for a closed pore the green signal is maintained but the red signal decays to 

background.  

 To analyze the spatiotemporal profile of the exocytosis events, for each event we 

recorded its position in the confocal plane (the planar surface where the cell membrane meets the 

coverslip) and the time when the spot appeared. We define the location of an exocytosis event 

𝒓𝒊 ≡ (𝑥𝑖 , 𝑦𝑖) as the coordinate of the brightest pixel in the ~ 500 nm spot, and we define its time 

of appearance 𝑡𝑖 as the frame when both A647 and A488 intensities increased to > 2-fold the 

baseline level. This two-fold increase typically occurs over ~200 ms (5 or 11 frames). From the 

measured locations and times of many exocytosis events, we calculated 𝑃cum(𝑅, 𝑇), the 

spatiotemporal cumulative distribution function (cdf) for the pairwise separation Δ𝑟𝑖𝑗 ≡ |𝒓𝑖 − 𝒓𝒋| 

and time interval 𝑡𝑖𝑗 ≡ |𝑡𝑖 − 𝑡𝑗| between two exocytosis events 𝑖, 𝑗 in the same movie. 𝑃cum(𝑅, 𝑇) 

is defined as the fraction of pairs of exocytosis events which occurred within a distance 𝑅 of one 

another (Δ𝑟𝑖𝑗 ≤ 𝑅) and within a time 𝑇 of one another (|𝑡𝑖 − 𝑡𝑗| ≤ 𝑇), averaged over all movies.  

We estimated the evolving surface area of a fused vesicle, the area of membrane 

enclosing the vesicle. For an exocytosis spot, at each time 𝑡 we measured the total green A488 

intensity relative to background intensity integrated over a circular region just covering the spot, 

which we took to be proportional to the total vesicle volume. To convert from total intensity to 

volume, we measured the peak intensities relative to background for 50 (subsequently shrinking) 

spots and assumed this average represents the volume of a vesicle having the mean diameter, 300 

nm, measured from electron microscopy (2). Given the volume of a vesicle inferred in this way, 

we estimated its area by making the approximation that the vesicle is spherical.   

Four fundamental classes of exocytosis event  
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Among the total of 678 measured exocytosis events, we found four fundamental classes 

(Figs. 3.2A-D) (12, 13). (i) Shrink events (77.8 ± 2.7% of all events, mean ± s.e.m). Following 

appearance of a spot, the green A647 spot intensity decreases to baseline, indicating a continuous 

merging of the vesicle into the membrane. (ii) Stay events (12.8 ± 2.4%). The vesicle size does 

not change, from the instant of fusion to the end of the movie (constant A647 intensity). (iii) 

Grow events (3.3 ± 1.0%). The vesicle grows, continuing to grow until the end of the movie 

(increasing A647 intensity). (iv) Close events (0.6 ± 0.5%). The fusion pore closes immediately 

(constant green A647 intensity, decay of red A488 intensity to background.)   

While ~ 95% of exocytosis events belonged to these four fundamental categories, the 

remaining ~5% were composite events, in which a vesicle first underwent one type of evolution 

and then switched to another class (Fig. 3.2D). Composite events were either (i) grow-shrink (1.8 

± 0.7%), (ii) stay-shrink (0.8 ± 0.4%), or (iii) shrink-stay (2.9 ± 0.7%).  

In addition to the above, several fluorescent spots were present at the beginning of each 

movie, presumably indicating vesicles already fused with the membrane. Over time these shrank, 

stayed or grew. 
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Figure 3.2. Four fundamental classes of vesicle evolution during exocytosis.  

(A) Typical shrink event. Fluorescence intensity traces of the green A647 and red A488 

dyes show abrupt increase at the instant of vesicle fusion, followed by a decay as the vesicle 

merges with the membrane. Confocal microscopy images of the spot at four times (right). 

Idealized intensity trace is shown (top left). (B) Fluorescence intensity traces for typical 

shrink, grow and close events, respectively. Symbolic trace for each is shown at top. For 

close events the red A488 dye trace decays to baseline, indicating a closed fusion pore. (C) 

Fraction of events belonging to the shrink, stay, grow, or close categories (mean ± s.e.m) in 

𝒏 = 𝟐𝟔 movies from 𝟗 cells (678 events total). (D) Three classes of observed composite 

events.  

 

Almost half of exocytosis events are clustered at hotspots 

“Hotspot” sites where repeated exocytotic release occurs have been identified in insulin-

secreting endocrine cells such as INS-1 cells and pancreatic 𝛽 cells (27-29). However, the 

functional roles of these hotspots in exocytosis regulation have not been identified.  

We analyzed the present exocytosis data for evidence of hotspots. From a visual 

inspection of the release sites, it was evident that in some cases successive release events 

occurred at the same location (Fig. 3.3A), and release sites tended to be clustered (Fig. 3.3B). To 

quantify these observations, we calculated the cumulative pair distribution function (cdf) 

𝑃cum(𝑅), the mean fraction of pairs of release events occurring within distance 𝑅 of each other, 
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Fig. 3.3C. We defined a release event to have occurred at a hotspot if its location was within 0.4 

μm (the mean vesicle diameter) of at least one other release event in the same movie.  

From 𝑃cum(𝑅), we found ~1.4% of pairwise distances being less than 0.4 µm, 

corresponding to ~38 % of exocytosis events (255 out of 678) occurring at hotspots. Further, for 

smaller separations (𝑅 < 2 µm) 𝑃cum(𝑅) is significantly greater than the cdf for completely 

randomly positioned sites, 𝑃cum
rand(𝑅). For small 𝑅, 𝑃cum

rand = 𝜋𝑅2 < 𝑁release/𝐴cell >/<

𝑁release > where 𝑁release and 𝐴PM are the total number of release events and PM area in one 

movie, and the average < ⋯ > is over all observed release events (see methods). For the random 

distribution, only ~ 9.0 ± 1.0 % of release sites lie within 0.4 μm of another release site (~ 

0.28 ± 0.05 % of pairwise distances). The chance of observing a hotspot event (38%) is four 

times larger than that of the random distribution (9%) Moreover, the probability distribution 

(pdf), minus the derivative of the cdf, exceeded the random pdf for relevant distances, 𝑅 ≤ 6 μm 

(Fig. 3.3D). We conclude that release sites tend to be clustered. Overall, the data provides strong 

quantitative evidence for a significant amount of hotspot release.  
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Figure 3.3. Vesicles release at hotspots.  

(A) Two vesicles successively merge into the PM at a hotspot. (B) Spatial distribution of 

exocytosis events. The positions of all exocytosis events for a 60 s movie whose final frame 

of the A488 intensity is shown, are replotted regardless when they happen. Note at some 

places two or three vesicles fused with PM. (C) Cumulative distribution of the pairwise 

distance of exocytosis events. We define a hotspot exocytosis if another vesicle releases 

within 0.4 µm. The analytical approximation 𝑷𝐜𝐮𝐦
𝐫𝐚𝐧𝐝 = 𝝅𝑹𝟐 < 𝑵𝐫𝐞𝐥𝐞𝐚𝐬𝐞/𝑨𝐜𝐞𝐥𝐥 >/< 𝑵𝐫𝐞𝐥𝐞𝐚𝐬𝐞 > 

for small 𝑹 is shown with black dashed lines. (D) Probability distribution function (pdf) of 

the pairwise distance shown in (C).  

 

Repeated exocytosis generates a membrane reservoir storing a small proportion of added 

membrane 

Over the course of a typical 60s − 90s movie, ~5-70 vesicles fused with the imaged 

portion of the PM of total area ~ 100-250 μm2. Given a typical vesicle membrane area ~ 

0.5 μm2, the net vesicle membrane area added to the PM is the equivalent of ~7 ± 4% (𝑛 = 26 

movies) of the original PM area. This is a huge addition, given that the tension of a membrane is 
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highly sensitive to its area: an additional ~ 2% of area typically suffices to lower the membrane 

tension to a negligibly small value (146).  

Take the movie whose data shown in Fig. 3.4 as a typical example. Exocytosis added ~ 

10 μm2 to the PM by 20s, with a total of ~ 20 μm2 added in 69 vesicles after 60s. Most of this 

added membrane merged with the PM, but ~ 1.5-2.2 μm2 remained fused to the membrane as 

~4-5 unmerged or slow merging (duration >10 s) vesicles (Figs. 3.4A-B).  This reservoir of 

internal exocytosis-generated membrane was established within ~ 20s, showing only a small 

~15% fluctuation in total area (1.9 ± 0.3 μm2) over the remaining 40 s of the movie. Note that at 

the start of each movie (𝑡 = 0) a few fused vesicles are present of unknown history, most of 

which subsequently merge with the PM (shrink events).  

A membrane reservoir storing membrane was seen for all 26 movies. The reservoir is 

highly dynamical: vesicles that fuse with but do not merge with the PM (stay and grow events) 

add the reservoir area, while the slowly merging vesicles remove the area. For >70 % of the 

movies (19 out of 26), the reservoir area (summed over all vesicles in the reservoir) reached a 

steady state within 15-30 s, while in the remaining 7 movies the reservoir area kept increasing till 

the end (60 or 90 s). The cause for the steady state area is rate of adding membrane by new stay 

or grow events is equal to the rate of removing membrane by slowly merging vesicles (or both 

rates go to zero at the end). Averaging over all the 26 movies, the final reservoir contains ~8 

vesicles and stores ~20% of the area added by exocytosis (Fig. 3.4C).  

Membrane reservoir sites are spatially correlated with hotspots 

We hypothesized that the large amount of membrane added to the PM by exocytosis was 

the driving force for formation of the membrane reservoir. Indeed, from visual inspection, sites 

containing the unmerged or slowly merged vesicles that constitute the reservoir tend to be close 
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to hotspots of repeated vesicle release, Fig. 3.4D. To test this hypothesis quantitatively, we 

determined the reservoir-hotspot pdf 𝑃res−hot(𝑅) and the reservoir-non-hotspot pdf 

𝑃res−nonhot(𝑅), averaged over all movies (Fig. 3.4E). For all separations up to ~4 µm, 𝑃res−hot 

is larger than 𝑃res−nonhot, and by summing up the pdfs, ~34% of the pairwise distance between a 

reservoir site and a hotspot event is within 4 µm, while only ~25% of the distance between a 

reservoir site and a non-hotspot event is within 4 µm. This indicates it is more likely for a 

reservoir site to have a hotspot neighbor than a non-hotspot neighbor. 
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Figure 3.4. Repeated exocytosis generates a membrane reservoir spatially close to hotspots  

(A) A small proportion of the membrane added by exocytosis are stored in the reservoir. In 

an example movie, 69 vesicles fused with PM adding ~20 𝛍𝐦𝟐 membrane (top), while ~5 

vesicles remained unfused and contributed to the reservoir (~2 𝛍𝐦𝟐, bottom). (B) Location 

of the reservoir sites and evolution of the vesicle size. For the movie in (A), the vesicles in 

the reservoir (blue) are drawn 4 times the measured length for visibility. The two vesicles 

appeared at 𝒕 = 𝟎 continuously grew and become the largest two at the end. (C) 

Histograms of final reservoir membrane area, final reservoir vesicle number, and the ratio 

of final reservoir area and the membrane area added by exocytosis for all 26 movies. The 

final values were averaged over the last 5 s of each movie. The final reservoir area is 𝟐. 𝟓 ±
𝟐. 𝟏 𝛍𝐦𝟐, consisting of  𝟕. 𝟖 ± 𝟓. 𝟒 vesicles and accounting for 𝟐𝟏 ± 𝟏𝟒% of the total 

membrane area added by exocytosis. (D) Location of the reservoir sites, the hotspots, and 

non-hotspot release events. In the same movie as (B), the hotspots (green, twice the length), 

the reservoir vesicles (blue, the final size for stay/grow events or the initial size for shrink 

events is drawn), and non-hotspot shrink events (pink, twice the length) are drawn. (E) 

Hotspots are closer to the reservoir than other non-hotspot shrink events. The probability 

distribution function (pdf) of the pairwise distance of reservoir-hotspot pairs is larger than 

that of reservoir-shrink pairs on small scales 𝑹 < 𝟒 µ𝐦, averaged 𝒏 = 𝟐𝟔 movies. (F) 

Occupied sites locally suppress exocytosis frequency. For each of the 71 sites in 26 movies, 

the mean exocytosis rate (number of release events divided by duration time of occupied 

period or unoccupied period) was measured for within 1 µm of the site (left) and the whole 

cell (right). Then the rate is averaged over 71 sites (mean ± s.e.m. was plotted).   

 

An occupied reservoir site locally suppresses exocytosis frequency 

How does the reservoir in turn regulate exocytosis? To answer this question, from a total 

of 210 reservoir sites out of all 26 movies, we selected 71 sites that have a period of being 

occupied and a period of being unoccupied by unmerged or slowly merged vesicles during the 

movie. The other sites are always occupied by vesicles during the entire movie. For these 71 

sites, we measured the local time-averaged exocytosis frequency (number of release events per 

minute) within 1 μm of these sites, for the occupied period and unoccupied period, respectively. 

We found that the local exocytosis frequency averaged over these 71 sites is ~2 times lower 

when the site is occupied than unoccupied (Fig. 3.4F). To rule out the possibility that this ratio 

reflects lower exocytosis frequency of the whole cell, we measured the whole-cell exocytosis 

frequency for these 71 sites, during the occupied period and unoccupied period, respectively, and 
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found the frequencies were similar (Fig. 3.4F) Thus, we conclude the reservoir suppresses the 

local exocytosis frequency.  

Mathematical modeling suggests membrane reservoir requires plasma membrane tension 

below a threshold 

From the above analysis we found vesicles that do not merge into the PM form a 

reservoir, accounting for a ~20% of the membrane added by exocytosis and spatially correlated 

with hotspots. Interestingly, some of the fused vesicles even grow in size. What drives formation 

of membrane reservoir and what determines the reservoir vesicle size? 

To address this we consider a simple mathematical model of the reservoir considering 

effects from membrane tension and osmotic pressure. We consider a portion of the PM at tension 

𝛾PM with 𝑁 release sites (Fig. 3.5). The vesicles are under a squeezing pressure Δ𝑃 tending to 

minimize the volume of the vesicles. Such Δ𝑃 was shown to be a biophysical driving force to 

merge vesicles in chromaffin cells (93). The PM away from the release sites is attached to the 

cytoskeleton which provides adhesion energy per unit area 𝜖. We ask what’s the equilibrium 

state, or the final destiny, if 𝑁 vesicles fuse with membrane at the 𝑁 sites. The total free energy 

𝐹 of the reservoir-PM system is  

𝐹 = 𝐹0 + ∑(𝛾PM + 𝜖)

𝑁

𝑖=1

∙ 𝐴𝑖 − ∑ 𝛾𝑖𝐴𝑖

𝑁

𝑖=1

+ ∑ Δ𝑃 ∙ 𝑉𝑖

𝑁

𝑖=1

,    [3.1] 

where 𝐹0 is the reference free energy where all 𝑁 release sites are unoccupied, 𝛾𝑖 , 𝐴𝑖 and 𝑉𝑖 are 

the membrane tension, area and volume of the 𝑖th vesicle. In equilibrium, 𝐹 is minimized with 

respect to 𝐴𝑖, such that 𝜕𝐹/𝜕𝐴𝑖 = 0, which gives 

𝛾𝑃𝑀 + 𝜖 = 𝛾𝑖 .    [3.2] 
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 Under mild compression, the vesicle would adopt a spherical shape (56, 93) so its 

membrane tension 𝛾𝑖  is determined by the squeezing pressure Δ𝑃 via an equation similar to the 

Laplace’s law but in the compression regime,  

𝛾𝑖 = −
Δ𝑃 ∙ 𝑅𝑖

2
,    [3.3] 

where 𝑅𝑖 is the radius of the 𝑖th vesicle. Eq. 3.3 is a good approximation as long as the squeezing 

pressure Δ𝑃 does not exceed the critical value Δ𝑃C ≡ 12𝜅/𝑅𝑖
3 where 𝜅 is the bending modulus of 

the membrane. For typical values 𝑅 = 200 nm (for chromaffin vesicles) and 𝜅 = 80 pN ∙ nm, 

Δ𝑃C is 120 Pa, which is smaller than the intracellular pressure measured in a range of cells (147).  

 Combining Eq. 2 and Eq. 3 gives the equilibrium vesicle radius 𝑅eq,𝑖 in the reservoir,  

𝑅eq,𝑖 = −2
𝛾PM + 𝜖

Δ𝑃
.    [3.4] 

Eq. 3.4 implies all reservoir vesicles adopt the same size set by the local PM tension. Any fused 

vesicle will shrink or grow until its radius reaches 𝑅eq,𝑖 . Eq. 3.4 also implies a critical PM 

tension 𝛾PM
∗  above which the reservoir would not form, 

𝛾PM
∗ = −𝜖.    [3.5] 

If 𝛾PM > 𝛾PM
∗ , Eq. 3.4 will not be suitable as it will give a negative 𝑅eq,𝑖. Instead, the 𝑅𝑖 

minimizing the free energy 𝐹 (Eq. 3.1) will be zero, implying no reservoir will form. This critical 

tension can be reached by repeated exocytosis events as a fused vesicle will deliver large amount 

of low-tension lipids. This is consistent with our finding that the reservoir is spatially correlated 

with hotspots.  

 



92 

 

 

Figure 3.5. Schematic of the mathematical model of the reservoir.  

We consider a portion of PM under tension 𝜸𝐏𝐌 with 𝑵 release sites. Each release site is 

occupied by a vesicle under squeezing pressure 𝚫𝑷. The PM away from the release site is 

attached to the cytoskeleton with adhesion energy 𝝐. 
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Chapter 4: Host cell membrane capture by the SARS-CoV-2 spike 

protein fusion intermediate 

In this chapter, I describe computational work on predicting the structure of SARS-CoV-

2 spike protein fusion intermediate and measuring its membrane binding time via molecular 

dynamics simulations. This work has been made available on bioRxiv. Jin Zeng, a former Ph.D. 

student in the O’Shaughnessy group, also contributed to this work. The cryo-electron 

tomography data that this computational study compared to were obtained by Dr. Tara Marcink 

from Professor Anne Moscona’s lab at Columbia University.  

4.1 Introduction 

The COVID-19 global pandemic is this century’s third coronavirus epidemic following 

SARS-CoV in 2002 and Middle East respiratory syndrome coronavirus (MERS-CoV) in 2012, 

suggesting that coronaviruses will remain a global health threat for the foreseeable future. The 

responsible pathogen is the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), a 

~100-nm diameter betacoronavirus (148) whose lipid envelope encloses a positive-sense single-

stranded RNA genome complexed with the nucleocapsid (N) protein. The lipid envelope houses 

the spike (S) glycoprotein, the envelope (E) protein and the membrane (M) protein (149). The S 

protein is a trimeric class I fusion protein that catalyzes entry into lung, nasal mucosa or small 

intestine cells and has two subunits, S1 and S2 (150, 151). Following S1-mediated binding to 

host cell membrane Angiotensin-Converting Enzyme 2 (ACE2) receptors and proteolytic 

activation at locus S2′ by TMPRSS2 on the plasma membrane (PM) (152) or by endosomal 

cathepsins B and L (153), S1 and S2 are thought to dissociate, releasing S2.  

Entry is the job of the S2 subunit, by fusion of the viral envelope and host cell membrane. 

To become fusion competent, S2 must first undergo a major structural transition from its 
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prefusion state to the potent, fusogenic form, the extended fusion intermediate (FI) (154, 155) 

which bears three N-terminal fusion peptides (FPs) that capture the host cell membrane. 

Subsequent refolding of the fusion intermediate into its postfusion configuration (156) pulls the 

viral envelope and target membrane together for fusion and delivery of viral genomic material 

(157). 

The fusion intermediate is the unsheathed weapon of CoV-2 entry, but the mechanism 

and timescales of FI-mediated host cell membrane capture are unknown. Little is known about 

this critical machinery. While the prefusion and postfusion CoV-2 S protein structures are known 

from cryo-EM and x-ray crystallography (150, 156, 158, 159), the FI structure is undetermined.  

Extended intermediate states of class I fusion proteins have generally proved experimentally 

elusive, likely due to their estimated sec-min lifetimes, far shorter than the pre- or postfusion 

lifetimes (154, 160, 161) . Indeed, no class I fusion protein intermediate had been visualized until 

very recently, when the HIV-1 gp41 intermediate, the parainfluenza F intermediate and the 

influenza HA2 intermediate (161-163) were visualized with cyro-EM for the first time.   

The spike protein is a target for vaccines, therapeutic antibodies and other antivirals. 

Most current recombinant neutralizing or vaccine-elicited antibodies to CoV-2 bind S1 (164-

167). Viral fusion inhibitors targeting S2 (159, 168) and the fusion-executing subunits of other 

class I fusion proteins have been developed, including one FDA-approved drug against HIV 

(169-171). Importantly, recently emerged CoV-2 variants harboring spike protein mutations, 

B.1.351 (South African variant) and P.1 (Brazilian variant), escaped from two S1-targeting 

antibodies one of which has FDA emergency authorization, whereas the efficiency of S2-

targeting antivirals was unaffected (172). Moreover, S2 is conserved among coronaviruses (99). 
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Thus, unveiling the mechanisms of the CoV-2 S2 fusion intermediate will be vital in the search 

for robust and pan-coronavirus antiviral drugs.  

Detailed computational studies of the CoV-2 FI and the kinetics of FI-mediated 

membrane capture are unavailable, to our knowledge. However the prefusion S protein was 

atomistically simulated (173-175), one study revealing a highly flexible prefusion structure due 

to three hinge-like regions, consistent with cryo-ET (174). Membrane binding by the isolated FP 

was simulated (176-178), including Ca2+-dependent binding which involved the conserved 

coronavirus LLF motif in the N-terminal FP helix (176). A coarse-grained model of the whole 

virion was developed (179). For other class I fusion proteins, a model structure of the Ebola GP2 

extended intermediate was constructed (180) and local transitions of the influenza HA and HIV 

gp41 intermediates were modelled (181, 182).  

Here, we constructed a full-length structural model of the CoV-2 FI by extrapolating 

from known CoV-2 pre- and postfusion structures. The model suggests a “loaded spring” 

mechanism triggers the prefusion-to-FI transition, similar to that for influenza HA thought 

triggered by folding of the B-loop into a helix (183). We studied membrane capture by the FI, 

using all-atom (AA) and MARTINI coarse-grained (CG) molecular dynamics (MD) simulations 

to access timescales up to a ms. Simulations showed the FI is highly flexible, subject to large 

orientational and extensional fluctuations due to three hinges in the C-terminal base closely 

related to the prefusion hinges (174). These fluctuations greatly increased the volume swept out 

by the FI, helping it capture target cell membrane. The highly liberal FI configurations in the 

simulations agree well with the recent cryo-ET data showing flexible FIs spanning the 

membranes, which strongly supports our proposed FI model. A critical N-terminal amphiphilic 

helix in the FP mediates membrane binding, but we find FP-only simulations severely mispresent 
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the kinetics, as membrane capture is far slower in the native structure with the FP attached to the 

FI. Our CG simulations suggest FI-mediated membrane capture requires ~ 2 ms, a critical step 

on the pathway to fusion. In addition to facilitating membrane capture, we propose that large FI 

fluctuations set the timing of fluctuation-triggered FI refolding on the pathway to membrane 

fusion. Our work identifies several novel potential drug targets. 

4.2 Results 

Model of the CoV-2 spike protein fusion intermediate 

Entry of SARS-CoV-2 is catalyzed by the trimeric S protein, consisting of three S1 heads 

sitting upon a trimeric S2 stem (150).  Following binding of S1 to the host cell ACE2 receptor 

(152), S1 dissociates from S2 (184) and the prefusion S2 trimer undergoes a major structural 

transition to its potent, fusogenic form, the fusion intermediate (FI) (154) (Fig. 4.1A).  

We predicted the structure of the FI based on information from the partially solved pre- 

and postfusion cryo-EM structures (156) (Figs. 4.1B-C). A natural question is whether formation 

of the FI from its prefusion state uses a load spring mechanism similar to that used by influenza 

HA for the analogous transition (183). We hypothesized that in S2 a transition converts the 

prefusion heptad repeat 1 (HR1) domain into a continuous alpha helix, itself continuous with the 

downstream central helix (CH). That is, all unstructured loop domains in HR1 become helical 

and rotate like torsional springs, straightening HR1 (Figs. 4.1A, 4.1D). The result is a three-helix 

HR1-CH coiled coil in the FI trimer, the mechanical backbone of the FI. The hypothesis is 

tantamount to assuming CH and HR1 adopt their postfusion structures in the FI, since the 

postfusion HR1 and CH are continuous helices in a trimeric coiled coil (156) (Fig. 4.1C).  
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Figure 4.1. Model of the SARS-CoV-2 spike protein fusion intermediate.  

(A) Model of the fusion intermediate (FI) of the CoV-2 spike (S) protein, schematic. One 

protomer of the S trimer is shown. Schematics of the pre- and postfusion S2 states from the 

known structures, other than unknown regions (boxed). Details of BH and adjacent 

domains, at right. Following dissociation of S2 from S1, the unstructured pre-fusion HR1 

loops become helical (loaded spring release), giving the HR1-CH backbone that thrusts the 

FPs toward the host cell membrane. The FI subsequently refolds into the postfusion 

structure, driven by structural changes in RFH and chaperoned by GP, with RFH and 

HR2 providing leashes that pack the HR1-CH backbone grooves. (B) Model of the FI of the 

CoV-2 spike (S) protein, exact structure. Source structures for each S2 subunit domain are 

indicated, either CoV-2 prefusion (PDB: 6XR8), CoV-2 postfusion (PDB: 6XRA) or HR2 of 

CoV (PDB: 2FXP). Transmembrane domain (TMD) and cytoplasmic tail (CT) structures 

predicted by QUARK. (C) Comparison between predicted FI structure and known crystal 

structures of the prefusion (PDB: 6XR8) and postfusion (PDB: 6XRA) CoV-2 S2 subunit. 

One protomer highlighted in color. Dashed lines: missing domains from partially solved 

crystal structures. (D) Details of loaded spring transition. (E) β-hairpin (BH) domains in 

the known prefusion and predicted FI structures (boxed regions of (C)). The RFH domain 

is omitted from the FI BH for clarity. Following the loaded spring transition, HR1, CR and 

FP (shown faint in the prefusion BH) vacate their prefusion locations in BH. The resultant 

cavity (arrow) would presumably be unstable. We assume the FI adopts the more compact 

postfusion BH structure (right). (F) The golden peptide (GP) domain chaperones refolding 

of the fusion intermediate (FI) into the postfusion structure. Blowups of boxed regions in 

(C) are shown. Refolding of the refolding hinge (RFH) domain is guided by GP. RFH forms 

a parallel β-strand with GP (red circle), the RFH unstructured portion packs the CH-GP 

groove, and RFH helices interact with two GP helices.  Colored BH and CH belong to one 

protomer; colored RFH belongs to a different protomer.  

 

The S2′ site is assumed cleaved before this transition, exposing the FP N-terminus ready 

for host membrane capture, consistent with CoV-2 lung cell entry being blocked by inhibition of 

the serine protease TMPRSS2 that cleaves S2′ at the host cell plasma membrane (152). This 

cleavage disconnects the golden peptide (GP) domain, but GP remains physically attached to S2 

(156). (We tested an uncleaved model with connected GP and FP, but the FPs were sequestered 

and unable to access the target membrane, Fig. S4.1.) 

We assumed the β-hairpin (BH) domain adopts its postfusion configuration in the FI. 

Straightening of HR1-CH pulls these domains away from their prefusion locations and would 

leave large destabilizing cavities in BH, favoring transition to the postfusion configuration where 
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BH is raised to fill the cavities and assembles into a pyramidal base (Fig. 4.1E). The same is 

assumed of GP, since a GP β-strand interacts strongly with an antiparallel β-sheet in BH (Fig. 

4.1A). GP also contributes two small helices, and a long helix in a CH coiled coil groove 

completing a six-helix bundle (Figs. 4.1A, 4.1E) providing structural support at the base of the 

CH-HR1 backbone (see below).  

Downstream of BH the refolding hinge (RFH) domain, remote from the loaded springs, 

was taken as the prefusion structure, while we used the HR2 structure of SARS-CoV from NMR 

(185) whose HR2 sequence is the same as that of CoV-2 (159). The unknown TM and CT 

structures were predicted by QUARK (186).  

These components were integrated into the predicted CoV-2 FI structure shown in Fig. 

4.1B (see Appendix). The model implies that subsequent refolding of the FI to the postfusion 

conformation occurs by the unstructured N-terminal loop of the refolding hinge (RFH) domain 

folding into BH by contributing a β-strand to an antiparallel β-sheet (Figs. 4.1A, 4.1F). The 

remainder of RFH folds back as a leash packing a GP-CH groove in the six-helix bundle, ending 

in a small helix that attaches between the two small GP helices of the other two protomers, 

oriented almost perpendicular to the HR1-CH backbone. Refolding is completed when the 

helical HR2 becomes partially unstructured to pack a second leash into a HR1-CH groove and 

supply one helix to a six-helix postfusion bundle with HR1, the fusion core (156).  

All-atom simulation of the fusion intermediate 

Using complementary atomistic and coarse-grained MD methods, we tested the FI model 

of Fig. 4.1B and measured its configurational statistics and dynamics (see Appendix).  

During ~ 0.4 μs of AA simulation the basic secondary structure remained unaltered (Fig. 

S4.2), lending credibility to the model. Far from the rigid extended object one might anticipate 
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given its long helical domains (Fig. 4.1B), the FI was highly flexible and underwent large 

configurational fluctuations, adopting bent configurations without structural damage (Fig. 4.2). 

The structural robustness was due to energy-absorbing features. The RFH-HR2 base region 

downstream of the BH domain was highly flexible, allowing large tilt (Fig. 4.2B). Relative to the 

prefusion structure the three RFH helices, known as the stem helices, became splayed with 

separated N-termini, in an inverted tripod suspension system that buffered large displacements of 

the upstream BH and backbone. The HR2 helices became partially unstructured, a structural 

plasticity that helped the FI tilt to greater angles at the membrane (Fig. 4.2B).  

 

Figure 4.2. All-atom simulation of the SARS-CoV-2 fusion intermediate  

Color code for this and all subsequent Figures., as for Fig. 4.1. In addition, the N-terminal 

helices of the fusion peptides are shown orange. (A) Snapshots of the FI during the ~ 0.4 

𝛍𝐬 all-atom simulation of the model of Fig. 4.1B. The FI undergoes large bending and 
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extensional fluctuations. (B) Snapshot of the FI after 250 ns of the AA simulation. The RFH 

and HR2 domains (highlighted) show secondary structural plasticity. Relative to the 

prefusion structure, the RFH stem helices splayed into an inverted tripod that behaves as a 

mechanical suspension system for the BH and GP domains and the HR1-CH backbone. 

The HR2 secondary structure is dynamic. Bending of the FI stretched the outermost HR2 

helices, triggering partial conversion into unstructured sections.  

 

Three hinges endow the fusion intermediate with high flexibility 

Next we measured longer time FI dynamics using MARTINI CG simulations which fix 

the secondary structure but access timescales two orders of magnitude beyond those accessible 

with AA.  

In 40 μs total running time over 5 runs, the FI exhibited large configurational fluctuations 

as in the AA simulation, bending and reorienting over a wide range of angles (Figs. 4.3A, 4.3C). 

To quantify the flexibility we measured the curvature statistics along the FI (Figs. 4.3B, S4.3, 

and Appendix). This procedure identified three high flexibility hinge regions in the base, with 

similar mean magnitudes of curvature and large fluctuations (Fig. S4.4). Mapping back to the 

atomistic structure located the hinges as unstructured loops at the BH/RFH, RFH/HR2 and 

HR2/TMD interfaces, respectively (Figs. 4.3B-C).  

These hinges have roughly the same locations as three hinges identified in the prefusion 

CoV-2 S protein by a study combining cryo-ET and MD simulations (174). Thus we adopt the 

“ankle, knee, hip” notation of that study. However, the hip hinge (RFH/BH interface) in the FI 

structure is more flexible than the prefusion hip due to the significantly altered RFH structure 

with splayed stem helices (Fig. 4.2B).   
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Figure 4.3. The fusion intermediate is highly flexible and visits a large capture volume.  

(A) In coarse-grained MARTINI simulations the FI had large configurational fluctuations, 

measured by the extension and angle of orientation of the FI backbone (black curve). (B) 

Time averaged backbone curvature versus normalized backbone arclength. Three high 

curvature hinges are apparent (arrows). Each hinge region (red) was defined as the quarter 

width of a fitted Gaussian (orange). Green envelope indicates SD. (C) Simulation snapshots 
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with the three hinges highlighted, identified as residues 1084-1138, 1156-1178 and 1204-

1213. (D) Distributions of FI extensions and angles. (E) The FI has a large capture volume. 

Top and side views of FP locations visited. The FI extension and orientation ranges are 

~21-30 nm and of ±𝟓𝟔°, respectively (95% of sampled values) so that a large capture 

volume is swept out over time, shown schematically (left). Dashed circle: approximate 

region explored by the FP in 1 µs.  (B), (D), (E) Statistics are averages over the last 4 µs of 

five 8 µs runs, for a total of 20 µs simulation time. 

 

Large fluctuations of the fusion intermediate lead to a large membrane capture 

volume  

The first task of the unleashed FI is thought to be capture of the host target membrane by 

insertion of the fusion peptides at the protomer N-termini. Due to its flexibility the FI extension 

ranged from ~ 21-30 nm (mean ~ 26 nm), its orientation varied over angles ~ ±60° to the 

membrane normal, and the FPs in consequence swept out a volume ~ 25,000 nm3 at rate ~ 750 

nm3 μs−1 (Figs. 4.3D-E, 95% of sampled locations). 

 Thus, due to the flexible base hinges combined with the large reach of the HR1-CH 

backbone, the FI accesses a substantial capture volume, equivalent to that of a ~ 36-nm-diameter 

sphere. Following dissociation of S2 from the S1/ACE2 complex, this may help the virus rapidly 

reconnect with the host cell and limit refolding back into the virion membrane in a postfusion 

configuration without host cell contact. Indeed, postfusion spike proteins were observed by cryo-

ET on intact SARS-CoV-2 virions (187).  

Structure and dynamics of the membrane-bound fusion peptide  

We used a multiscale approach to study the secondary structure and spatiotemporal 

statistics of the membrane-bound FP removed from its host FI (Fig. 4.4A). The FI model of Fig. 

4.1B assumed the prefusion FP, but once bound its structure likely changes in the radically 

altered membrane environment. Thus we used CG MARTINI MD to bind and equilibrate the 
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bound FP (24 μs total), followed by 2 µs of AA simulation to realistically evolve the bound 

secondary structure (Fig. 4.4B).  

 During the AA simulation the secondary structure evolved (Figs. 4.4B-C). The N-

terminus helix barely changed, but the two C-terminal helices merged into one. (The mean total 

helix content was 35%, compared to ~20% from circular dichroism spectroscopy (188), a 

difference possibly explained by the differing simulated and experimental membrane 

compositions.) The equilibrated helices were amphiphilic and anchored the FP to the membrane 

with hydrophobic and hydrophilic residues oriented towards and away from the membrane, 

respectively (Figs. 4.4D-E).  

In an 80 µs CG simulation we then measured the statistics of the bound, equilibrated FP. 

The depth of residues decreased somewhat (Fig. S4.5A), and the C-terminal helix became 

repeatedly unanchored (Fig. S4.6). The bound FP had rms length ~ 1.5 nm and width ~ 0.9 nm, 

defined as the greater and smaller of the gyration tensor eigenvalues in the x-y plane, while the 

rms thickness was ~ 1.0 nm (Figs. 4.4F, S4.7 and Appendix). The FP extended with the anchored 

helices at either end, roughly speaking, as the length was strongly correlated with their 

separation. The radius of gyration autocorrelation function revealed a configurational memory 

time of ~ 270 ns (Fig. 4.4G), with similar times for the length, width and thickness (Fig. S4.8).  
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Figure 4.4. Multiscale simulations of the membrane-bound fusion peptide.  

(A) Multiscale simulation strategy to measure secondary structure and spatiotemporal 

statistics of the membrane-bound FP. The prefusion structure is coarse-grained to 

MARTINI representation and bound to and relaxed within the membrane in a 𝟐𝟒 𝛍𝐬 

simulation (binding required ~ 𝟒 𝛍𝐬). Following backmapping to atomistic resolution, the 

secondary structure of the membrane-bound FP is relaxed in a 2 𝛍𝐬 AA simulation. 

Assigning each residue its most frequently visited secondary structure during the final 0.8 

µs of the AA simulation, the FP is again coarse-grained and its spatial dimensions and 

relaxation time measured in an 80 µs CG simulation. (B) Evolution of FP structure during 

the 𝟐 𝛍𝐬 AA simulation of (A). Initial and final states are shown. FP resides in one of three 

colors depending on the hydrophobicity. (C) Evolution of bound FP secondary structure 

during the 𝟐𝛍𝐬 AA simulation of (A). The initial (prefusion) and final (equilibrated) 

structures are compared. For each residue the equilibrated structure shows the most 

frequently adopted in the final 0.8 µs.  (D) Equilibrated bound FP following the AA 

equilibration of (A), schematic. The principal anchor is the amphiphilic N-terminal helix, 

with a secondary amphiphilic C-terminal helix anchor. Hydrophobicity color scheme as for 

(B). (E) Mean membrane insertion depth profile along the bound FP in the equilibrated 

structure represented in (C) (see Appendix). Mean values over 0.8 µs. (F) Length and helix 

separation of the bound FP during the 𝟖𝟎 𝛍𝐬 MARTINI simulation of (A). Mean 

dimensions averaged over the final 𝟕𝟖 𝛍𝐬 (left).  (G) Temporal correlation function of the 

radius of gyration of the bound FP yields shape memory time 𝝉 = 𝟐𝟔𝟗 ± 𝟏 𝐧𝐬 . (Bin size, 40 

ns. 100 data points per bin.) Inset: log-lin representation. Dashed lines: exponential fit. Top 

view, schematic (right).  All error bars: SD. 

 

Measurement of fusion peptide-membrane binding rate constant  

The target membrane is captured by insertion of the fusion peptide. To quantify the 

binding kinetics, we removed a FP from its FI host and measured the binding rate constant 

between two membranes separated by ℎ = 5.5 nm (Fig. 4.5). The binding time itself is not an 

invariant quantity, as it depends on the proximity of the membranes.  

Defining a collision as an approach to within the rms FP end-to-end distance, 

𝑅FP ~ 1.6 nm, the FP collided ~ 27 times per μs with the membrane before irreversibly binding 

(Fig. S4.9). Thus, effects of initial condition dependence and diffusion-control were negligible 

(189). Averaged over 10 CG MARTINI simulations the unbound probability decayed 

exponentially with time constant 𝜏bind~ 4.0 ± 0.6 μs (Fig. 4.5A). The binding rate constant 

𝑘bind is defined by an imagined situation with a solution of FPs at density 𝑐FP contacting a 
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membrane, such that 𝑑𝜌/𝑑𝑡 = 𝑘bind 𝑐FP where 𝜌 is the areal number density of bound FPs 

(189). From the binding assay,   

𝑘bind
FP =

ℎ

2 𝜏bind
≈ 0.7 nm μs−1,    [𝟒. 𝟏] 

where the factor of 2 reflects the two membranes.  

Importantly, binding was mediated by the N-terminal helix of the FP, which provided 

first contact with the membrane during a binding event (Fig. 4.5B). Since cleavage at the S2′ site 

would expose this helix, this is consistent with this cleavage being required for viral entry (152).  

 

 

Figure 4.5. Membrane binding kinetics of an isolated fusion peptide.  

(A) Binding assay to measure the membrane binding rate constant, 𝒌𝐛𝐢𝐧𝐝
𝐅𝐏 , of a FP removed 

from its host FI. Initially the FP is positioned between two membranes separated by 5.5nm 

(left). FP dynamics are simulated using the CG MARTINI force field and the time to 

irreversibly bind the membrane is measured. The unbound fraction (blue, right) among ten 

simulated FPs decays exponentially with time constant 𝝉𝐛𝐢𝐧𝐝 = 𝟒. 𝟎 ± 𝟎. 𝟔 µ𝐬 (dashed 

orange curves). Inset: log-lin representation. (B) Typical binding event. The N-terminal 

helix (orange) is the first binding contact. To show secondary structure, the FP was back-

mapped to all-atom representation.   
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The fusion intermediate captures target membrane on a millisecond timescale  

Next we studied membrane capture by the full FI (Fig. 4.6A). Surprisingly, membrane 

binding was so much slower than suggested by the binding kinetics of the removed FP (Fig. 4.5) 

as to be unobservable on available computational timescales. However, we observed binding of a 

truncated FI, from which we inferred a membrane capture time by the full FI of ~ 2ms.  

We simulated the full FI in the presence of a target membrane 20 nm from the viral 

membrane. Enabled by its high flexibility hinges, the FI adopted highly bent shapes in which the 

FPs were oriented toward the membrane (Fig. 4.6A). However, we recorded no FP-mediated 

binding events during a total ~ 300 µs of CG simulation over 20 independent runs (see 

Appendix). Thus, binding is much slower when the FPs are attached to the FI. The FP-only 

binding kinetics are unrepresentative, as they suggest the FI will bind at rate ~ 𝑘bind
FP  𝑐FP

1 (0) 

where 𝑐FP
1 (0)~1/Δ𝑧 is the 1D FP density evaluated at the membrane and Δ𝑧~ 10 nm is the 

spread of FP N-terminal helix distances from the membrane (Fig. S4.10). This yields a binding 

time 𝜏bind ~ Δ𝑧/𝑘bind
FP  ~ 15 μs, clearly a huge underestimate. 

It is unclear if binding is computationally accessible even with CG dynamics, given that 

longer than ~ . 3 ms is required. Thus we accelerated the kinetics by truncating the FI, excluding 

all domains downstream of HR1. We measured the binding time of this partial FI, consisting of 

HR1, CR and FP domains only, between two membranes separated by 8.3 nm (Fig. 4.6B). In two 

of six runs each lasting 160 µs, the membrane was captured by insertion of the N-terminal helix 

of one FP, after 23 µs and 133 µs.  (In another case, binding was followed by unbinding after 

~42 µs.) This implies a best estimate of ~390 ± 280 µs for the mean time for the partial FI to 

bind in this assay (see Appendix).  
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To translate this result to binding of the full FI, we measured the fractions of time for 

which one of the three FP N-terminal helices lies within 1 nm of the membrane. The full FI 

satisfied this criterion ~ 5-fold less frequently than did the partial FI (~0.07% vs. ~0.33%, Fig. 

4.6C and Appendix), suggesting membrane binding is ~ 5-fold slower than in the partial FI 

assay. Thus we estimate the target membrane is captured by the full FI after ~ 2 ms.   

Finally, to verify the full FI is capable of maintaining a bound state, we enforced binding 

by pulling the FP of an FI into the membrane (Fig. 4.6D). The FP remained stably bound for all 

of an 8 μs simulation.  

Fusion peptides and connecting regions form a disordered cluster  

These results show that the ability of the FP to access target membrane is strongly 

constrained by its local environment in the FI. In the CG simulations this environment was a 

disordered cluster that the FPs and neighboring CR domains organized into, laterally extended at 

the N-terminal end of the HR1-CH backbone (Fig. 4.6E). We call this the head of the FI. Two of 

the three FP N-terminal helices resided at one end of the head, and one more exposed helix at the 

other. With the host membrane ~ 20 nm away, likely imposed by the earlier S1-ACE2 binding 

episode, the FI is severely bent (Fig. 4.6E). The lateral orientation of the head appears optimal 

for presenting the helices to the membrane for binding in this bent configuration.  
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Figure 4.6. Interaction of the fusion intermediate with a target membrane.  

(A) Snapshots from CG MARTINI simulations of the full FI in the presence of a target 

membrane 20 nm from the viral membrane. The N-terminal helices of the FPs are shown 

orange. (B) Simulation of membrane binding by a truncated FI consisting of the HR1, CR 

and FP domains between two target membranes. Initial condition (left). Binding was 

mediated by the N-terminal FP helix (right). (C) Probability density versus distance 𝒛 of 

the nearest N-terminal FP helix from the membrane during simulations of membrane 

binding by the partial or full FI. In both cases the density is depleted close to the 

membrane. The net probability for the N-terminal helix of the FP to lie within 1 nm of the 

membrane was 0.33% for the partial FI and 0.07% for the full FI (hatched areas).  (D) 

Enforced binding of a FP. The FP N-terminal helix was pulled into the membrane over a 

period of 1.2 µs, and then released. The FP remained bound to the membrane for all of a 8 

µs CG MD simulation. (E) The three FP-CR domains organize into a disordered laterally 

extended blob at the N-terminal end of the FI backbone, the FI head. Two FP N-terminal 

helices reside at one end of the head, one at the other end (orange stars). End view 

(perspective of red arrow) of N-terminal helix beads and their density distribution along 

the principal axis (dashed black line) in the plane normal to the backbone.  

 

Cryo-ET density is well explained by the simulated fusion intermediate configurations 

So far we’ve simulated the unbounded FI and estimated the binding time, using a highly 

constrained structure constructed computationally. We recently used cryo-electron tomography 

(cryo-ET) to visualize the membrane-bound CoV-2 FI that bridges the membranes of virus-like 

particles (VLPs) and target extracellular vesicles (tEVs) (190). To lock S2 into the transient FI 

state, we used a lipopeptide [HR2-PEG4]2-chol, which consists of two HR2-derived peptides 

conjugated by a cholesterol (Fig. 4.7A). The cholesterol is thought to anchor into the tEV 

membrane and the HR2-derived peptides are thought to bind FI’s HR1 to prevent binding of the 

FI’s own HR2 which further blocks FI refolding. These stabilized FIs are highly flexible 

structures in cryo-ET densities (Fig. 4.7B).  

To compare with the experiments we performed CG MARTINI simulations of the FI 

with its FP bound to the target membrane (Fig. 4.7C). The target membrane is separated from the 

virus envelope by 15, 20 and 25 nm, consistent with the separation range observed in cryo-ET 

(190). We first enforced binding by pulling one FP of the FI into the target membrane, using the 
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same procedure as for testing robust membrane binding of the FI (Fig. 4.6D). Then we simulated 

the membrane-bound FI for 20 µs to generate FI configurations to fit the cryo-ET densities. The 

FI remained stably bound for all three separations. Although the FPs remained bound, the FI 

backbone bended over a large range of angles with respect to the target membrane due to the 

three C-terminal hinges (Fig. 4.7D).  

Then we quantitatively examined the similarity of the FI configurations between the 

cryo-ET experiments and MD simulations. By extracting the cryo-ET density map in 3D, we 

identified ten membrane-spanning FIs from seven tomograms (Fig. 4.7B). For each of the ten FI 

densities, we searched for a best matched FI structure sampled in the three 20 µs simulation. 

First we estimated the end-to-end distance between the TMD and FP anchor points in the two 

membranes from cryo-ET and found candidate structures with similar distances from 

simulations. Then we properly rotated these candidates and selected the one maximizing the 

Pearson correlation between the simulated and experimental density distribution (see Methods). 

7/10 of the observed FIs have a good fitting counterpart in the simulations (Pearson correlation > 

0.15). Among these examples an elongated tubular volume in cryo-ET (Fig. 4.7B) resembling 

the HR1-CH backbone (Fig. 4.7A) is always found. Such tubular volume is not necessarily in the 

xy plane which in turn justifies the necessity of examining the density in 3D. For the remaining 

three potential FIs, the cryo-ET density map branches in the middle and thus the FI has two 

connections to the target membrane, indicating an overlap between two FIs. The good match 

between the experiments and simulations in turn validates our proposed highly constrained FI 

structure (Fig. 4.1). 
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Figure 4.7. Comparison of the fusion intermediate simulations with cryo-ET density maps. 

(A) Schematic of the fusion intermediate stabilized by a lipopeptide inhibitor. The 

lipopeptide (168) (black) is anchored to the target membrane via its cholesterol. The two 

HR2-derived peptides of the inhibitor bind to HR1 of the FI (red) so that the FI’s HR2 cannot 

bind to HR1 and the subsequent FI refolding is prevented.    

(B) Cryo-ET images (190) showing fusion intermediates spanning the membranes of virus-

like particles (VLPs) and target extracellular vesicles (tEVs). The cryo-ET density is 

replotted using data published in ref. (190) and a tomogram z-slice (left) shows the flexible 

FIs connecting the membranes (arrows). The 3D density map (middle and right, shown in 

the isosurface representation) was used to find the best fit structures chosen from simulation 

snapshots. The FIs span a long distance in the z direction (side views, right).  
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(C) Snapshots from CG MARTINI simulations of membrane-bound FIs for three membrane 

separations. The structures used to fit the cryo-ET densities in (b) are shown (arrows).  

(D) Distribution of the angle that the FI backbone bends with respective to the target 

membrane for three membrane separations. (e) Schematic of the refolded intermediate. In 

the presence of the lipopeptide, the FI can almost fully refold, except that the last HR2 

refolding is blocked by the lipopeptide. The refolded intermediate configuration is close to 

the postfusion state of S2. In cryo-ET images (190) such refolded intermediate was often 

observed and the density agreed well with the postfusion structure (156) (right).     
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Figure 4.8. Model of the SARS-CoV-2 fusion intermediate and the pathway to fusion.  

(A)  Schematic of the fusion intermediate. The ankle, knee and hip hinges impart high 

flexibility to the FI. RFH is an inverted tripod suspension system buffering longitudinal 

backbone fluctuations. GP supports the backbone and chaperones refolding. The CH-HR1 

backbone provides mechanical strength and reach. The FP-CR head houses the fusion 

peptides for host membrane capture. (B) Pathway to the fusion intermediate. Following 

dissociation of S2 from the S1/ACE2 complex, a loaded spring release mechanism generates 

the fusion intermediate after proteolytic cleavage at the S2′ site (upper pathway) or before 

cleavage (lower pathway). RBD, receptor binding domain of S1. TMPRSS2, 

transmembrane protease serine 2. (C) Schematic of host cell membrane capture by the 

fusion intermediate. Three base hinges endow the fusion intermediate with high flexibility 

and large configurational fluctuations, so the N-terminal fusion peptides sweep out a large 

volume for membrane capture. (D) Model of fluctuation-triggered, GP-chaperoned 

refolding. A sufficiently large rotational fluctuation at the RFH/BH hip joint unfolds a 

RFH stem helix into an unstructured loop. The loop is grabbed by a GP 𝜷-strand in BH, 

initiating RFH refolding, and guided into a GP-CH groove which it packs as a leash. Leash 

zippering into the groove is stabilized by the GP catch, preventing unzippering. Refolding 

of the HR2 leash completes refolding of one protomer, pulling the membranes together and 

helping the other protomers refold. The trans postfusion structure catalyzes membrane 

fusion in cooperation with other refolded fusion proteins.  

 

4.3 Discussion 

The outbreak of Covid-19 saw rapid efforts to characterize the pre- and postfusion 

SARS-CoV-2 spike protein structures (150, 156, 158, 159), but the structure of the fusion 

intermediate (FI) that facilitates fusion and entry remains unknown and the pathway to fusion 

and entry is poorly characterized. The first step on this pathway is capture of the host cell target 

membrane by the FI, but the mechanism and timescale are unknown for CoV-2 or indeed any 

coronavirus.  

Here we built a full length model of the CoV-2 FI, extrapolating from pre- and postfusion 

structures (156) (Fig. 4.1A). Our FI model was validated by our cryo-ET data. The cryo-ET 

densities of the flexible FIs spanning the two membranes were well explained by the simulated 

FI configurations with huge fluctuations (Fig. 4.7B). From coarse-grained simulations we 

inferred a FI-mediated membrane capture time of a few ms. Macroscopically this is fast, 
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suggesting that therapeutic strategies targeting the FP are limited by a small ~ ms window during 

which the FP is exposed, and that targeting the refolding process (159, 168, 191) may be more 

fruitful. However, a ms timescale is very long from a computational perspective: given our 

computational resources, membrane capture would require several hundred years of atomistic 

simulation (see Appendix), and so is observable only with coarse-grained MD methods. These 

membrane binding rates were overestimated ~ 2 orders of magnitude by simulations with the FP 

removed from its host fusion protein, although a 10 residue N-terminal helix directing and 

maintaining FP binding was identified (Fig. 4.5B) in accord with a recent study (176). 

Simulations of isolated viral fusion peptides are commonly implemented (176-178, 192), but our 

results suggest they should be interpreted with caution as the fusion peptide environment is 

radically altered when attached to its host fusion protein.   

Atomistic and coarse-grained simulations presented a picture of the FI as a machinery 

designed to efficiently capture membrane (Fig. 4.8). The FI suffered large bending and tilting 

fluctuations due to 3 highly flexible hinge regions (Figs. 4.2, 4.3, 4.6), similar to 3 hinges 

identified in the prefusion structure that were proposed to aid receptor binding (174). We suggest 

the hinges are most critical to the FI. Large fluctuations may aid capture of host cell membrane 

by enlarging the region accessible to the FPs at the FI terminal (Fig. 4.7C), and may help to 

coordinate capture by multiple FIs at different distances. Indeed, influenza, parainfluenza and 

HIV-1 appear to use several FIs (161, 163, 193). Further, by allowing the ~25 nm long FI to 

bend significantly, the extreme flexibility may facilitate the prefusion-to-FI transition even in the 

confined circumstances of a nearby host cell membrane (Fig. 4.6A) and allow the FI to tilt its 

head and present the FPs directly to the target membrane (Figs. 4.6E, 4.7C). A milder flexibility 
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was observed in the prefusion HA of influenza, which was reported to bend through ~250 

mediated by a linker between the ectodomain and TMD (194).   

Following binding of the FI to the target membrane on a ms timescale, the next step on 

the pathway to fusion and cell entry is refolding of the FI that pulls the viral and target 

membranes together. What sets the timing of refolding? Refolding requires a major structural 

transition of the RFH domain, which folds into the GP domain and the CH-HR1 backbone (Fig. 

4.1A). In AA and CG simulations the RFH domains had a highly dynamic structure, permitting 

large bending fluctuations of the hip hinge at the RFH/BH interface (Figs. 4.2, 4.6A). This 

suggests the refolding time may be the waiting time for a rotational hip hinge fluctuation 

sufficiently large to destabilize one of the splayed RFH helices into an unstructured loop (Fig. 

4.8D). The loop would be highly susceptible to GP-chaperoned refolding. FI refolding and the 

drawing together of the host and viral membranes may be mutually reinforcing elements in a 

cooperative process, as a smaller membrane separation presumably favors refolding, while 

refolding decreases the membrane separation.  

As the machinery that achieves cell entry, the FI is a natural therapeutic target. A number 

of candidate drugs have targeted the refolding step. HR2-derived peptides inhibit fusion by 

SARS-CoV-2 and MERS-CoV, presumably blocking formation of the HR1-HR2 six-helix fusion 

core (159, 168, 195). Their efficiency as fusion inhibitors is insensitive to mutations in the spike 

protein (172), suggesting potential as robust antiviral drugs.  

Understanding the mechanisms of such candidate drugs and discovery of new FI-

targeting drugs will be helped by establishing the structure and dynamics of this elusive 

intermediate. For example, another potential target is the golden peptide (GP) domain extending 

from the S1/S2 to the S2′ cleavage site (Fig. 4.1). In addition to its structural role as a stabilizing 
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socket for the CH-HR1 backbone (Fig. 4.8A), GP chaperones RFH refolding (Fig. 4.8D). First, 

GP helps initiate RFH refolding by providing the β-strand that the RFH N-terminus loop folds 

onto as a parallel β-strand.  Second, GP supplies a groove with the neighboring CH helix into 

which the RFH leash packs, continuing refolding. Third, a small RFH helix is pinned by the GP 

catch, a U-shaped sequence including 2 small helices, that may rectify zippering of the RFH 

leash by preventing its unravelling from the groove. Thus, GP- or RFH-derived peptides could 

inhibit FI refolding by binding the RFH or GP domains. Such peptides might also stabilize the 

short-lived unfolded FI for visualization.  

Interestingly, a recent study identified an 8-residue region in the prefusion RFH stem 

helix as the epitope of two cross-reactive monoclonal antibodies (196). This region becomes the 

small RFH helix that engages the GP catch during refolding, together with the four downstream 

residues. Thus, the antibodies may neutralize CoV-2 by binding RFH and interfering with the GP 

catch that rectifies RFH refolding. Our simulations suggest another possibility is that binding of 

the RFH stem helices in the FI alters their dynamics and lowers the hip hinge flexibility, with 

possible consequences for membrane capture and/or refolding. This would be similar to the 

effect of antibodies targeting the linker domain adjacent to the TMD of HA, which reduced the 

linker flexibility and suppressed orientational fluctuations (194).   

Another practical issue of inhibiting FIs is whether the FI is “long-live” enough to allow 

binding of fusion inhibitors before it refolds. Interestingly, the observed cryo-ET FIs in the 

presence of HR2-derived lipopeptides suggest the subsequent refolding might be slow. The 

lipopeptides only block the last step of refolding, the formation of HR1-HR2 six-helix bundle, but 

do not interfere with the initial refolding which is probably triggered by large fluctuations in the 

BH/GP base (Fig. 4.8D). Thus, one should expect in the presence of such lipopeptides, the S2 
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should almost fully refold except for the last bundle, adopting a configuration close to the 

postfusion state (Fig. 4.7E). Indeed, a subset of the connections spanning the two membranes in 

cryo-ET resemble the rather refolded, postfusion-like S2 (190) (Fig. 4.7E).  Observing these 

unexpected extended FIs in the presence of HR2-derived peptides suggests that the subsequent 

refolding of the FI might be the rate-limiting step compared to membrane capture. Measuring the 

life time of the extended FI would be interesting and important, as fusion inhibitors may have to 

bind to FI rapidly enough before the FI refolds. Interestingly, the “pioneer” extended intermediate 

of influenza hemagglutinin, the first hemagglutinin intermediate to bridge the virus and host cell 

membranes, was suggest to stably exist for a minute as it has to wait for other intermediates to 

form before the intermediates cooperatively refold and trigger membrane fusion (160). The 

dependence of membrane fusion rates on the number of CoV-2 spike FIs would be interesting to 

investigate.  

In summary, the extended FI is the fusogenic form of the spike protein that captures host 

cell membrane for fusion and entry and is a critical but relatively unexplored therapeutic target. 

Our model suggests a loaded-spring mechanism generates the FI from the prefusion structure, 

related to the mechanism for HA of influenza (162, 183) . The FI has unexpectedly large bending 

fluctuations that help it capture membrane in a few ms and may trigger the refolding transition 

that draws the viral envelope and host membranes together for subsequent fusion (Fig. 4.8). 

These results provide an account of a critical episode during cell entry and offer a framework for 

rational design of new therapeutic strategies to disable the FI.  

4.4 Appendix: Details of the simulations and the analysis 

Building a complete structure for the fusion intermediate of the SARS-CoV-2 spike 

protein.  
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The primary sequence of the SARS-CoV-2 S protein was obtained from the NCBI database 

(GenBank: MN908947). We first built the HR1-RFH portion of the FI (including the associated 

GP domain). We used Modeller (197) with two specified templates: the postfusion structure (PDB: 

6XRA) for HR1-BH and GP, and the prefusion structure (PDB: 6XR8) for RFH. Several 

constraints including 3-fold symmetry and preservation of secondary structure were specified. The 

C-terminal domains (HR2, TMD and CT) were then appended to the HR1-RFH portion one by 

one using Modeller. The source for HR2 was a SARS-CoV HR2 NMR structure (PDB: 2FXP), 

while the TMD/CT structure was predicted by the QUARK server by providing the primary 

sequences. The FP and CR were then extracted as a whole from the prefusion structure (PDB: 

6XR8) and appended to the HR1 domain in the FI with an arbitrary angle using Pymol. Finally, a 

complete GP structure was made in the FI using Modeller, by appending the N-terminal portion 

(residues 686-702) and C-terminal portion (residues 771-815) of the prefusion structure to the 

solved postfusion GP (residues 703-770).  

All-atom simulation of the fusion intermediate.  

The full-length fusion intermediate (FI, Fig. 4.1B) with its TMD inserted in the 

membrane was placed in a simulation box of 16 × 16 × 43 nm3. The membrane-protein system 

was built using the CHARMM-GUI membrane builder (198), consisting of 786 lipids for the 

pure DPPC membrane. The termini and ionizable residues were treated in their charged states 

assuming neutral pH. The disulfide bond in FP was added according to the prefusion structure 

(PDB: 6XR8), while the disulfide bonds in the other domains, BH and GP, were added based on 

the postfusion structure (PDB: 6XRA, the disulfide bonds were conserved in the pre- and 

postfusion structures). The resulting simulation box contained approximately 300,000 water 
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molecules and was neutralized with 150 mM NaCl ions. The TIP3P model was used for water 

(199). 

The system was first energy-minimized for 1,000 steps. Then, 2 equilibrations in the 

NVT ensemble were each performed for 0.1 ns with position restraints on all protein atoms. 

Subsequently, 4 equilibrations in the NPT ensembles were each performed for 0.5 ns with 

position restraints on protein heavy atoms. The production simulation was run for 406 ns in the 

NPT ensemble at 1 bar and 310 K and with a time step of  2 fs. The temperature and pressure 

were maintained using the Nose´-Hoover thermostat (200, 201) and Parinello-Rahman barostat 

(202), respectively. All the energy-minimization, equilibration, and production simulations were 

performed using GROMACS 2019.6 (203, 204). The secondary structure of each residue in the 

FI was analyzed using the dssp algorithm (205, 206) for every 0.1 ns. 

Coarse-grained simulation of a fusion intermediate with uncleaved S2’ sites. 

Atomistic coordinates of the full-length fusion intermediate (Fig. 4.1B) were converted 

onto the MARTINI 2.2 topology using the martinize utility and placed in a simulation box of 

40 × 40 × 50 nm3. The unsolved C-terminal part of the GP domain in the postfusion structure 

(156) (residues 771-815) was forced to be a loop, by changing the input secondary structural file 

to the martinize utility. The terminal and ionizable residues were treated in their charged states 

assuming neutral pH. The box was then solvated by approximately 600,000 coarse-grained water 

particles and was neutralized by 150 mM NaCl ions. 

In each protomer, the FP N-terminus residue (residue 816) and the GP C-terminus residue 

(residue 815) were pulled together at a constant rate of 10 nm/µs by a harmonic potential with a 

force constant of 500 kJ mol−1 nm−2. Position constrains by a harmonic potential with force 

constant of 1,000 kJ mol−1 nm−2 were applied to the beads in the domains other than GP, FP 
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and CR. The pulling simulation took ~1.5 µs so that in the final configuration, the COG distance 

between residues 815 and 816 in one of the three protomers reaches ~0.5 nm. 

The final coordinates of the coarse-grained FI were then backmapped into atomistic 

resolution in CHARMM36 force field (207, 208). The residues 815 and 816 were covalently 

connected in the protomer with the smallest separation between the two residues, and this 

protomer was duplicated twice to make a trimer using Pymol. Now a structure of the FI with its 

S2’ sites uncleaved was created. Then, the all-atom structure of the FI with its S2’ sites uncleaved 

was converted into MARTINI coarse-grained representation using the martinize utility. A 

simulation box of 30 × 30 × 50 nm3 was generated using the insane utility, in which the coarse-

grained FI with its S2’ sites uncleaved was inserted in a crystalline DPPC bilayer consisting of 

2,831 coarse-grained lipids that represented the viral envelope.  

The system containing the coarse-grained FI with its S2’ sites uncleaved on the viral 

envelope was first energy-minimized for 2,000 steps in the vacuum. Subsequently, the box was 

solvated with approximately 300,000 coarse-grained water particles and neutralized with 150 

mM NaCl ions. The system was then energy-minimized for 2,000 steps and equilibrated for 4 ns 

in NPT ensemble sampling. Then the system was subjected to a production simulation lasting 

4 μs in the NPT ensemble. The system temperature, membrane tension, and system pressure 

were maintained at the same value using the same thermostat and barostat as mentioned above. 

Coarse-grained simulations of the fusion intermediate. 

Atomistic coordinates of the modeled full length fusion intermediate (Fig. 4.2A) were 

converted onto the secondary structure based coarse-grained MARTINI 2.2 topology (209, 210) 

using the martinize utility. The termini and ionizable residues were treated in their charged states 

assuming neutral pH. Disulfide bonds were added to the same residues as in the all-atom 
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simulation. The simulation box of 30 × 30 × 50 nm3 was generated using the insane utility 

(211), in which the coarse-grained (CG) FI with its TMD inserted in a crystalline DPPC bilayer 

consisting of 3,024 coarse-grained lipids that represents the viral envelope. 

The system was first energy-minimized for 2,000 steps in vacuum. Subsequently, the box 

was solvated with approximately 300,000 coarse-grained water particles and neutralized with 

150 mM NaCl ions. The system was then energy-minimized for 2,000 steps and equilibrated for 

4 ns in NPT ensemble sampling. Then the system was subjected to 5 independent production 

simulations, each lasting 8 μs in the NPT ensemble. Equations of motion were integrated using 

the Verlet leapfrog algorithm with a 80 fs time step. Bonds were constrained with the LINCS 

algorithm. The system temperature (310K) was maintained by the velocity rescale thermostat 

(212). The membrane tension (0.05 pN/nm) and the system pressure (1 bar) were maintained by 

the Berendsen barostat with surface-tension coupling (213). 

Fitting a curve to the fusion intermediate ectodomain 

To fit a curve to represent the FI ectodomain backbone (residues 912-1237) in the 

MARTINI simulations of the FI (Figs. 4.3 and S4.2), we first represented the backbone by 

points. Each point represented a residue and its position was calculated by the averaged position 

of the MARTINI backbone bead (the non-sidechain bead) of each residue among the three 

protomers. The coordinates of the beads were extracted from the simulation trajectory using the 

mdtraj (214) python package. Then the FI backbone was divided into an upper part (residues 

912-1191) and a lower part (1152-1237) with an overlapping region of 40 residues. Each part 

was separately smoothed by the following steps. (1) All points (𝑥i, 𝑦i, 𝑧i) were calibrated so that 

the center of gravity (COG) was at the origin, (2) All points were rotated so that the new x,y,z 

axis are aligned with the eigenvectors of the gyration tensor of the rotated points (𝑥i
′, 𝑦i

′, 𝑧i
′). This 
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rotation maximized the root mean square projected length onto the 𝑧 axis. (3) A smoothed curve 

(𝑥i
′̅, 𝑦i

′̅, 𝑧i
′) was generated by the LOWESS algorithm in python, in which the smoothed 𝑥i

′̅ and 𝑦i
′̅ 

value for each 𝑧i
′ was set by its neighboring points spanning one tenth of the entire z range. Then 

the smoothed upper/lower part was rotated back to the original orientation and the overlapping 

region was averaged between the upper/lower parts. Finally the reconnected points were 

smoothed by the B-spline method with 4th order polynomial functions. To find the location (from 

the N- to the C-terminus) of each domain on the fitted the curve, the curve was first 

reparametrized by its normalized arclength. The location of each residue was determined as the 

normalized arclength of the nearest point on the fitted curve to the position of this residue 

averaged over the three protomers, using only the backbone bead to locate the residues.  

The isolated fusion peptide binding assay. 

The atomistic structure of the fusion peptide (FP, residue 816-855) was extracted from 

the crystal structure of the prefusion structure (PDB: 6XR8). Then the atomistic structure of the 

FP was coarse-grained into the MARTINI representation. The ionizable residues were treated in 

their charged states assuming neutral pH. The C-terminal carboxyl group at residue 855 was 

neutralized by changing the type of the backbone bead from Qa to Na and changing the 

backbone bead charge from -1 to 0 in the itp topology file, as the residue 855 connects CR in the 

full-length FI. The disulfide bond was added according to the solved prefusion structure (PDB: 

6XR8). The coarse-grained FP was placed approximately 1 nm above a crystalline DPPC bilayer 

consisting of 162 coarse-grained lipids in a 7 × 7 × 10 nm3 box using the insane utility(211). 

By implementing periodic boundary condition, this is equivalent to placing a FP between two 

planar membranes separated by ~5.5 nm.The system was first energy-minimized for 500 steps in 

vacuum. Subsequently, the box was solvated with approximately 2,000 coarse-grained water 
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particles and neutralized with 150 mM NaCl ions. The system was then energy-minimized for 

500 steps and equilibrated for 4 ns in the NPT ensemble with a 80 fs time step. Then the system 

was subjected to 10 independent production simulations, each lasting 24 μs in the NPT 

ensemble. The system temperature (310K) was maintained by the velocity rescale thermostat 

(212). The membrane tension (0.05 pN/nm) and the system pressure (1 bar) were maintained by 

the Berendsen barostat with surface-tension coupling (213). A binding event was defined to be 

when the z coordinate of the FP COG first had a value that positioned it below the upper 

membrane leaflet and above the lower membrane leaflet, where the leaflet locations were defined 

as the average locations of the PO4 beads in each leaflet.  

All-atom simulation of a membrane-bound fusion peptide. 

In one of the CG simulations in the FP-only binding assay, the final configuration of the 

FP and the membrane to which it was bound is converted to atomic resolution in CHARMM36 

force field (207, 208) using the backward utility (215). The ionizable residues are treated in their 

charged states assuming neutral pH. The C-terminal carboxyl group is neutralized. The Disulfide 

bond is added to the same residues as in the FP-only binding assay. The resulting simulation box 

contained approximately 9,000 water molecules and was neutralized with 150 mM NaCl ions. 

The TIP3P model was used for water (199). 

4 equilibrations in the NVT and NPT ensembles were each performed for 50 ns with 

position restraints on peptide heavy atoms. The production simulation was run for 2 μs in NPT 

ensembles at 1 bar and 310 K and with a time step of  2 fs. The temperature and pressure were 

maintained using the Nose´-Hoover thermostat (200, 201) and Parinello-Rahman barostat with 

isotropic coupling (202), respectively. The secondary structure of each residue in the FP was 

analyzed using the dssp algorithm (205, 206) for every 0.1 ns. The membrane insertion depth of 
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each FP residue was defined as the vertical distance between the residue COG and the COG of 

PO_4 groups in the membrane leaflet to which the FP was bound. 

Coarse-grained simulations of an equilibrated fusion peptide bound to a membrane. 

In the AA simulation of a membrane-bounded FP simulation, the final configuration of 

the FP and the membrane to which it was bound was converted to MARTINI CG representation 

using the martinize utility. The ionizable residues were treated in their charged state. The C-

terminal carboxyl group was neutralized. 

The system was first energy-minimized for 1,000 steps in the vacuum. Subsequently, the 

box was solvated with water particles and ions to attain a salt concentration of 0.15 M. The 

system was then energy-minimized for 5,000 steps and equilibrated for 0.8 ns in the NPT 

ensemble. Then the system was subjected to the production simulation for 80 μs in the NPT 

ensemble. The system temperature (310K) and pressure (1 bar) were maintained by the velocity 

rescale thermostat and Parinello-Rahman barostat, respectively.  

The membrane insertion depth of each residue was defined in the same way as for the AA 

simulation (see above). The gyration tensor 𝑀 of the FP was defined as 

𝑀 =
1

𝑁
∑ (𝑟i − 𝑟c)⨂(𝑟i − 𝑟c)

𝑁

i=1
,    [𝑆4.1] 

where ⨂ represents the dyadic product, 𝑟i is the coordinate of the ith bead in the FP, 𝑁 is the 

total number of beads, and rc is the COG of the FP, as rc = ∑ r𝑖
𝑁
𝑖=1 /𝑁. The radius of gyration 𝑅g 

was computed as the square root of the trace of 𝑀. The length and the width of the FP were 

defined as, respectively, greater and smaller of the eigenvalues of 𝑀 projected onto the x-y 

plane, and the thickness was defined as √𝑀zz.   
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Coarse-grained simulations of the fusion intermediate interacting with a target 

membrane. 

For ten of the simulations of the FI interacting with a target membrane, ten snapshots 

from three FI simulations (one membrane) were chosen as the initial condition in which the FI 

ectodomain protruded ~20 nm normal to the membrane. Another pre-equilibrated planar 

membrane (run for 4 µs) was placed 20 nm above the membrane anchoring the FI in the selected 

configurations. Each configuration containing an FI and two membranes was re-solvated by 

approximately 200,000 coarse-grained water particles and neutralized by 150 mM NaCl ions. 

Then, each of the 10 systems was equilibrated for 4 ns, and subject to a production simulation for 

8 µs in the NPT ensemble. The system temperature (310K) was maintained by the velocity 

rescale thermostat. The membrane tension (0.05 pN/nm) of the two membranes and the system 

pressure (1 bar) was maintained by the Berendsen barostat with surface-tension coupling.  

In an additional set of simulations, all ten runs started from a biased initial condition, in 

which the COG of the nearest N-terminal FP helix was within 1 nm of the adjacent membrane 

and the FI head was in the (1,2) configuration. Here, the membrane position was defined to be 

the mean location of all the PO4 beads in the lower leaflet of the upper membrane. Each 

production simulation lasted 22.4 μs with the same system temperature, pressure and the 

membrane tension.    

Coarse-grained simulations of membrane binding by the partial fusion 

intermediate.  

The structure of the HR1, CR and FP domains in the MARTINI CG representation was 

extracted from the final configuration of a simulation of the FI interacting with a target 

membrane. The ionizable residues were treated in their charged states assuming neutral pH. The 



129 

 

C-terminal carboxyl group at residue 984 was neutralized by changing the type of the backbone 

bead from Qa to Na and changing the backbone bead charge from -1 to 0 in the itp topology file, 

as the residue 984 connects CH in the full-length FI. This partial FI was positioned above ~ 0.5 

nm above a crystalline DPPC bilayer consisting of 676 coarse-grained lipids in a 20 × 20 × 13 

𝑛𝑚3 box with periodic boundary conditions, equivalent to two planar membranes separated by 

~8.3 nm.  

The system was first energy-minimized for 500 steps in vacuum. Subsequently, the box 

was solvated with approximately 26,000 coarse-grained water particles and neutralized with 150 

mM NaCl ions. The system was then energy-minimized for 2,000 steps and equilibrated for 4 ns 

in the NPT ensemble with a 80 fs time step. Then the system was subjected to 6 independent 

production simulations, each lasting 160 μs in the NPT ensemble. The system temperature 

(310K) was maintained by the velocity rescale thermostat (212). The membrane tension (0.05 

pN/nm) and the system pressure (1 bar) were maintained by the Berendsen barostat with surface-

tension coupling (213).  

The exact time for a binding event was defined to be when the vertical distance between 

the FP N-terminal helix COG and the membrane first had a value smaller than the averaged FP-

membrane distance when the partial FI was stably bound. The membrane locations were defined 

as the average locations of the PO4 beads in leaflet to which the partial FI was bound.   

To infer the averaged binding time 𝜏 of a partial FI, we assumed that at time 𝑡 the 

unbound probability 𝑃 follows an exponential function 𝑃 = exp (−𝑡/𝜏). Given that at the end of 

the six simulations 𝑡 = 160 𝜇𝑠 the unbound probability is 4/6, we estimated 𝜏 = 390 ± 280 µ𝑠, 

where the uncertainty of the estimation is obtained using from error propagation.  

Pulling the fusion peptide into the target membrane.  
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An initial condition was chosen with the nearest N-terminal FP helix lying within 1 nm of 

the membrane and with the FI head in the (1,2) configuration. The FP N-terminal helix was 

pulled vertically towards the upper membrane at a constant rate of 2.5 nm/µs by a harmonic 

potential with a force constant of 1,000 kJ mol−1 nm−2. The system temperature, membrane 

tension, and system pressure were maintained at the same value using the same thermostat and 

barostat as mentioned above. The pulling process took ~1.2 µs. In the final configuration the 

distance between the COG of the FP N-terminal helix and the COG of the entire upper 

membrane reached ~0.1 nm, and the FP N-terminal helix was pulled into the adjacent membrane 

patch by ~1 nm. Then the force was released and a subsequent 8 μs CG simulation was run, in 

which the system temperature, membrane tension, and system pressure were maintained at the 

same value using the same thermostat and barostat. 

Fitting simulated structures to cryo-ET density map.  

The raw cryo-ET data was processed and visualized in ImageJ. The data was first smoothed 

by a Gaussian filter of radius 2𝑑, where 𝑑 = 0.6484 nm is the cryo-ET voxel size, and then the 

image contrast was enhanced by 0.3%.  The isosurface representations of the cryo-ET data were 

made in Chimera, from which we found ten potential FIs connecting the membranes of VLPs and 

tEVs. For each of the ten FIs, the end-to-end distance between the two membrane-anchor points 

were calculated. For the three 20-µs CG MARTINI simulations, the FI was equilibrated for 1 µs 

and the FI configurations were extracted every 10 ns from subsequent trajectories of 19 µs. Among 

these FI configurations a subset with the FI end-to-end distance close to the experimental values 

was selected as simulation candidates to fit the cryo-ET density. For each of the FI candidate 

configurations, a simulated cryo-ET density was generated, by summing up Gaussian point spread 

functions whose centers are the backbone bead positions of all residues and whose widths are 
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𝑑, 𝑑, 3𝑑 in the 𝑥, 𝑦, 𝑧 direction, respectively, of the experimental cryo-ET density map. The large 

width in the 𝑧 direction, 3𝑑, accounts for the missing wedge effects. Then the position and the 

rotation angles of the FI simulation candidate were optimized to maximize the Pearson correlation 

between the simulated and experimental density map. Such optimization was repeated for each 

simulation FI candidate, and the simulation candidate with the highest Pearson correlation was 

chosen as the best fit structure.  

 

 

 

Figure S4.1. Simulation of the fusion intermediate with uncleaved S2’ sites.  

(A) Construction procedure for a fusion intermediate with uncleaved S2’ sites. Starting 

from the model structure in Fig. 4.2B, the C-terminus of three GPs and the N-terminus of 

three FPs were pulled together in ~1.5 µs in a MARTINI CG simulation. Then the C-

terminus of GP and the N-terminus of FP in one protomer were connected covalently 

(stars). This protomer was duplicated twice to generate a FI homotrimer with uncleaved 

S2’ sites. (B) Snapshot from a 4 µs simulation. The fusion peptides (green) are sequestered. 

The FI with uncleaved S2’ sites exhibits similar flexibility to the normally cleaved FI.  
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Figure S4.2. Evolution of the secondary structure of the fusion intermediate during 406 ns 

of all-atom simulation.  

The secondary structure of each residue was measured every 0.1 ns during the AA 

simulation (Fig. 4.2). Each panel refers to one protomer of either the main body of the S2 

subunit (top row) or the cleaved GP (bottom row). The secondary structure of the fusion 

intermediate model of Fig. 4.1B is shown to the right of each panel for comparison.   
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Figure S4.3. Fitting a curve to represent the fusion intermediate ectodomain.   

(1) The coordinate of each coarse-grained bead is extracted by Python package mdtraj. (2) 

Each residue is represented by one point, averaged over three protomers. The upper part 

of the FI (blue, residues 912-1191) and the lower part (red, residues 1152-1237) are 

separated. (3) The upper and the lower parts are rotated so that the three principal axes 

are aligned with three eigenvectors of the gyration tensor of the rotated points. The rotated 

points are smoothed by the LOWESS algorithm. (4) The upper and lower parts are rotated 

back to their original orientations and reconnected. The overlapping region (purple, 

residues 1152-1191) is averaged over the upper and lower parts. (5) The final curve is fitted 

by the B-spline method.  
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Figure S4.4. Time averaged backbone curvature versus normalized backbone arclength for 

five parallel runs.  

The three hinges (Fig. 4.3B, arrows) show different magnitudes of curvature in the five 

parallel runs. Green envelope indicates SD. 
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Figure S4.5. Fusion peptide residue insertion depth measured in MARTINI coarse-grained 

simulations.  

The insertion depth is defined as the vertical distance between the center of gravity (COG) 

of each fusion peptide residue and the COG of the PO4 beads in the leaflet to which the 

fusion peptide is bound (same definition as for the all-atom simulation). The secondary 

structure used is (A) the equilibrated secondary structure from the all-atom simulation, 

and (B) the equilibrated secondary structure but imposing the C-terminal helix to be a 

loop. The insertion depths are averaged over the last 78 µs. Error bars: SD over the same 

time frame. Bars were colored by the hydrophobicity of the corresponding residues (red: 

hydrophobic, grey: neutral, blue: hydrophilic), using the same color scheme as in Fig. 4.4B.  

 

 

 

 

Figure S4.6. MARTINI simulation snapshot showing a transient detachment of the fusion 

peptide C-terminal helix.  

The fusion peptide C-terminal helix (purple) unanchored transiently from the membrane 

for ~0.3 µs (the instance depicted here occurred after ~52 µs of the simulation). In contrast, 

the N-terminal helix (orange) always remained buried in the membrane. 
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Figure S4.7. Measured length, width and thickness versus time of the fusion peptide during 

the MARTINI coarse-grained simulation of an equilibrated fusion peptide bound to a 

membrane.  

 

 

 

Figure S4.8. Correlation times of the fusion peptide shape properties during MARTINI 

coarse-grained simulation of an equilibrated fusion peptide bound to a membrane.   

The radius of gyration, length, width, thickness and insertion depth of the fusion peptide 

are calculated for the last 78 µs of the MARTINI simulation. The radius of gyration, 

length, width and thickness are calculated from the gyration tensor (see Appendix). The 

insertion depth of the entire fusion peptide is defined as the vertical distance between the 

center of gravity of the fusion peptide and the center of gravity of the PO4 beads in the 

leaflet to which the FP is bound. The correlation time is calculated in the same way as in 

Fig. 4.4G. Error bars: 95% confidence interval.  
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Figure S4.9. Evolution of fusion peptide vertical position during a binding assay of an 

isolated fusion peptide.  

(A) Evolution of the center of gravity of the fusion peptide (blue). The vertical positions of 

the two leaflets to which the FP is likely to bind are calculated by averaging the PO4 bead 

positions in each leaflet (black). A collision event is defined as an approach to the 

membrane to within 𝑹𝐅𝐏 ~ 𝟏. 𝟔 𝐧𝐦 of either leaflet (black), where 𝑹𝐅𝐏 is the rms FP end-

to-end distance. A binding event is defined to be when the FP center of gravity first has a 

value that positioned it below the upper membrane leaflet and above the lower membrane 

leaflet (green arrow). (B) Evolution of the center of gravity of the fusion peptide N-terminal 

helix (blue). The positions of the two leaflets are defined in the same way as for (A). Before 

the binding event, the N-terminal helix approached several times to within 1 nm of either 

leaflet (red).  

 

 

 

 

Figure S4.10. Distance of the nearest FP N-terminal helix from the membrane versus time 

in three runs.  
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Here the position of the nearest FP N-terminal helix was defined to be its COG location. 

The membrane position was defined to be the mean location of all the PO4 beads in the 

lower leaflet of the upper membrane. 
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Conclusion 

 In this thesis I made significant progress in understanding how exocytosis is regulated by 

biophysical forces on the vesicle and cell level. I used a combination of mathematical modeling 

and statistical analysis to demonstrate (i) osmotic pressure and membrane tension drives vesicle 

merging into the plasma membrane, (ii) fusion pore expansion requires surmounting a tension-

dependent energy barrier set by three families of fusion pore solutions, and (iii) membrane 

reservoir regulates exocytosis rates via release site availability. Our model and analysis are 

highly motivated and constrained by experiments including recent breakthrough from the Wu 

lab. In a related project I used molecular dynamics simulations to demonstrate (iv) fusion 

intermediate of SARS-CoV-2 spike protein uses its structural flexibility to capture the host cell 

membrane in milliseconds. 

i. Osmotic pressure and membrane tension drives vesicle merging into the plasma 

membrane 

Recent super-resolution microscopy experiments in chromaffin cells revealed that fused 

dense-core vesicles shrink into the plasma membrane (PM) in a self-similar fashion while 

retaining their Ω-shaped profile of the membrane composite (“Ω-shrink”) (12, 13). However, 

what drives Ω-shrink has not been understood. In Chapter 1, we mathematically modeled the 

evolution of a dense-core vesicle fused to the chromaffin cell PM, accounting for membrane 

bending energies and tension, osmotic forces and membrane-cytoskeleton adhesion. A novel 

mechanism emerged from the model, quantitatively explaining the experiments. Compressive 

osmotic pressure on the vesicle is instantaneously established following fusion, and this osmotic 

squeezing deflates the vesicle and abolishes its membrane tension. The high PM tension then 

reels membrane from the vesicle onto the cytoskeleton with no resistance. Interestingly, the 
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model predicted vesicles adopt vertically elongated tubular shapes for larger vesicles or higher 

osmotic pressure, a vivid manifestation of the novel osmotic squeezing mechanism. In agreement 

with the model, the Wu lab identified such remarkable tubular shapes using super-resolution 

STED imaging. By comparing the predicted vesicle shapes with electron microscopy 

measurements, we suggest the vesicles in chromaffin cells were subject to squeezing pressures 

from ~40 to ~400 Pa.  

ii. Fusion pore expansion requires surmounting a tension-dependent energy barrier 

set by three families of fusion pore solutions 

Amperometric traces suggest fusion pores are initially small and may subsequently dilate 

for full contents release. However, exact fusion pore shapes and energies along the dilation 

pathway have not been available. In Chapter 2 using formalisms of differential geometry, we 

obtained exact solutions for fusion pores between two membranes accounting for membrane 

tension and bending energy constraints. We found three families: a narrow pore, a wide pore and 

an intermediate tether-like pore. For high tensions these are close to the catenoidal and tether 

solutions recently reported for freely hinged membrane boundaries. We suggest membrane 

fusion initially generates a stable narrow pore, and the dilation pathway is a transition to the 

stable wide pore family. The unstable intermediate pore is the transition state that sets the energy 

barrier for this dilation pathway. For ~ 400 nm dense core vesicles in chromaffin cells, we 

estimated the barrier is ~30 kT, depending on membrane tension and separation. Pore dilation is 

mechanosensitive, as the energy barrier is lowered by increased membrane tension. For 

sufficiently low membrane tension, pore dilation becomes impossible as the wide pore family 

disappears. In nanodisc-based experiments where individual fusion pores were studied, we 

showed that nanodiscs stabilize fusion pores by locking them into the narrow pore family. 
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iii. Membrane reservoir regulates exocytosis rates via release site availability 

Release site availability is thought to regulate exocytosis rates and in endocrine cells 

exocytosis can happen at hotspots where release sites are repeatedly used. However, how release 

site availability is regulated and how hotspots regulate exocytosis is not known. In chapter 3 we 

analyzed spatiotemporal profile of exocytosis events in chromaffin cells observed by confocal 

microscopy, and discovered a novel mechanism of exocytosis regulation via release site 

availability. Vesicle fusion can happen repeatedly at hotspots, which generated a membrane 

reservoir consisting of unmerged and slowly merged vesicles that are spatially close to hotspots. 

This reservoir accounts for ~20% of the total membrane area added by exocytosis and reaches 

the steady state in ~20-60 s. In turn, unmerged vesicles in the reservoir occupy release sites and 

locally suppress exocytosis frequency. We developed a mathematical model to demonstrate that 

such membrane reservoir requires sufficiently low local membrane tension that abolishes the 

driving force of vesicle merger. 

iv. Fusion intermediate of SARS-CoV-2 spike protein uses its structural flexibility to 

capture the host cell membrane in milliseconds 

Cell entry by SARS-CoV-2 requires the prefusion S2 subunit of the spike S protein to 

transit to its potent, fusogenic form, the fusion intermediate (FI). However, the FI structure is 

unknown and the mechanisms and timing of membrane capture and fusion are not established. In 

chapter 4, we computationally constructed a full-length model of the CoV-2 FI by extrapolating 

from known CoV-2 pre- and postfusion structures. In atomistic and coarse-grained molecular 

dynamics simulations the FI was remarkably flexible and executed large bending and extensional 

fluctuations due to three hinges in the C-terminal base. Simulations suggested a host cell 

membrane capture time of ~ 2 ms. Isolated fusion peptide simulations identified an N-terminal 
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helix that directed and maintained binding to the membrane but grossly underestimated the 

binding time, showing that the fusion peptide environment is radically altered when attached to 

its host fusion protein. The large configurational fluctuations of the FI generated a substantial 

exploration volume that aided capture of the target membrane, and may set the waiting time for 

fluctuation-triggered refolding of the FI that draws the viral envelope and host cell membrane 

together for fusion.  
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