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Dynamin A as a one-component division  
machinery for synthetic cells

Nicola De Franceschi    1,2, Roman Barth    1, Sabrina Meindlhumer    1, 
Alessio Fragasso    1 & Cees Dekker    1 

Membrane abscission, the final cut of the last connection between 
emerging daughter cells, is an indispensable event in the last stage of cell 
division and in other cellular processes such as endocytosis, virus release or 
bacterial sporulation. However, its mechanism remains poorly understood, 
impeding its application as a cell-division machinery for synthetic cells. 
Here we use fluorescence microscopy and fluorescence recovery after 
photobleaching measurements to study the in vitro reconstitution of the 
bacterial protein dynamin A inside liposomes. Upon external reshaping of 
the liposomes into dumbbells, dynamin A self-assembles at the membrane 
neck, resulting in membrane hemi-scission and even full scission. Dynamin 
A proteins constitute a simple one-component division machinery capable 
of splitting dumbbell-shaped liposomes, marking an important step 
towards building a synthetic cell.

The ability to divide is one of the most fundamental features of cellular 
life. Since a lipid membrane surrounds all cells, the division process 
necessarily entails a substantial membrane deformation. First, the 
mid-cell region of the cell is constricted, resulting in the formation of 
a so-called dumbbell-like shape, where a narrow neck still connects 
the two future daughter cells. In eukaryotes, this process is driven by 
an actomyosin ring1, whereas constriction in bacteria is intracellularly 
coordinated by the Z-ring2 with peptidoglycan synthesis occurring on 
the outer leaflet of the membrane3. Following constriction, the final step 
consists of membrane scission of the neck (also termed abscission). 
This is believed to be performed by other protein machinery such as 
the ESCRT-III complex in eukaryotes4 and the evolutionary-related Cdv 
complex in Archaea5. It is not yet fully clear how abscission is accom-
plished in bacteria.

Membrane remodelling has been extensively studied in recon-
stituted systems6. Membrane abscission can be studied in various 
membrane geometries, that is, where proteins act from the outside on a 
membrane neck, or in a geometry where a membrane scission machin-
ery acts from the inside of a membrane neck, the so-called ‘reverse 
topology’ (Extended Data Fig. 1)7. An example of the former is endocy-
tosis, where eukaryotic dynamin binds to the outside of a membrane 
neck and induces the scission of endocytic pits8. Reverse-topology 
processes include scission events mediated by the ESCRT-III complex 

in eukaryotes9, and cell division and sporulation in bacteria10. Recent 
years witnessed a growing interest in building a self-sustaining and 
self-reproducing synthetic cell11—a liposome filled with proteins that 
exhibits the features of natural cells. Cell division of such synthetic 
cells should occur in reverse topology as components of the division 
machinery need to be synthesized within the synthetic cell. However, 
such a division system has so far been missing11.

In the filamentous bacteria Streptomyces, two GTPases, dynamin 
DynA and DynB, localize near a septum, where they induce the final 
stage of sporulation12. Although the exact function of DynA/B in Strep-
tomyces remains incompletely understood, bacterial dynamin-like 
proteins have been widely associated with membrane-remodelling 
events13. For example, Bacillus subtilis DynA, which is a fusion protein 
that combines the functionalities of both DynA and DynB within one 
protein14, has been shown to mediate Mg++-dependent membrane 
fusion in vitro by binding to the headgroups of negatively charged 
lipids, whereas GTP hydrolysis was found to be dispensable for this 
process15. Moreover, DynA was shown to counteract stress-induced 
pores16 during phage infections17. Notably, membrane scission and 
fusion involve the same ‘topological reaction’, but run in opposite 
directions—from one to two vesicles or vice versa. Inevitably, they 
both also entail the same hemi-scission/hemi-fusion intermediate 
state (Fig. 1a).
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Fig. 1 | DynA localizes at the necks of dumbbells and affects membrane 
connectivity. a, Schematic depicting the fusion/scission ‘topological reaction’. 
b, Large field of view of the preparation of dumbbells with encapsulated DynA 
generated with the SMS. The insets show detailed views of DynA clusters 
localized at the membrane necks. c, Example of a chain of dumbbells with DynA 
clusters at multiple necks. d, Full recovery of fluorescent lipids to a normalized 
intensity NI ≈ 1 upon photobleaching of one lobe of a chain of dumbbells. 
The bleached and control lobes are indicated by blue and orange asterisks, 
respectively. The right panel shows the normalized intensity (NI) versus time. 

The schematic on top illustrates the membrane connectivity at the neck that 
is compatible with the recovery profile. e, Partial recovery of fluorescent lipids 
to a normalized intensity NI ≈ 0.5 upon photobleaching of a lobe of a chain 
of dumbbells. Colours, time trace and schematic are as in a. f, Absence of the 
recovery of fluorescent lipids upon photobleaching of a lobe of a chain of 
dumbbells. Colours, time trace and schematic are as in a. The gain in the DynA 
fluorescence channel was increased to show the continuous presence of the 
bleached lobe. Scale bars, 5 µm.

http://www.nature.com/naturenanotechnology


Nature Nanotechnology

Article https://doi.org/10.1038/s41565-023-01510-3

Here we address the question of whether the bacterial B. subtilis 
DynA protein can mediate membrane scission when reconstituted 
inside membrane necks. We reconstituted recombinant DynA inside 
liposomes that were deformed into a dumbbell shape using the recently 
developed synthetic membrane shaper (SMS) approach18. Using fluo-
rescence microscopy and fluorescence recovery after photobleaching 
(FRAP), we monitored whether soluble dyes within the liposomes and 
fluorescently labelled lipids in the bilayer leaflets could diffuse across 
the membrane neck. The experiments revealed that DynA localizes at 
the dumbbell neck, catalysing both membrane hemi-scission and full 
scission. Our data demonstrate a novel function for DynA and provide 
insights into the process of membrane scission in reverse topology, 
the biologically relevant geometry for cell division. Moreover, this 
dynamin-based single-protein system presents a simple synthetic 
divisome that is of interest for establishing division in synthetic cells11.

DynA localizes at the neck of dumbbell liposomes
A high yield of dumbbell-shaped liposomes was obtained using the SMS 
technology that we recently introduced18. Often, ‘chains of dumbbells’ 
were generated, which are linear arrays of liposomes that are mutually 
connected by both membrane leaflets, forming a neck (similar to previ-
ously reported ‘necklaces of pearls’19). These resulted from the shape 
transformation of a continuous membrane system during the process 
of liposome formation (Supplementary Video 1).

When DynA was included in the inner solution, a strong prefer-
ential localization of DynA was observed at the membrane necks in 
the resulting dumbbell structures (Fig. 1b), as evidenced by a bright 
fluorescent spot at the neck (Supplementary Video 2). In contrast, the 
binding of DynA to the liposome membrane outside the neck region 
was minimal. This indicates that DynA prefers to bind to highly curved 
membranes. For the present work, we focused on chains of dumbbells 
(Fig. 1c) as they present a useful framework to study the function of 
DynA at dumbbell necks in reverse topology.

DynA induces membrane remodelling
To probe the nature of membrane connectivity between lobes, we 
performed FRAP experiments, where the fluorescent lipids of one lipo-
some within the chain were photobleached. The fluorescence intensity 
recovered over time as lipids flowed across the neck region that con-
nected the adjacent lobes18 (Fig. 1d–f). We quantified the degree of 
fluorescence recovery by the normalized intensity (NI), which measures 

the ratio between the final fluorescence intensity of the bleached lobe 
after recovery and that of a neighbouring control lobe that was not 
photobleached (Supplementary Note 1, Extended Data Figs. 2 and 3 
and Supplementary Fig. 1). This intensity NI is normalized such that a 
final value of NI = 1 indicates full recovery, whereas NI = 0 signifies the 
absence of any recovery.

We observed three distinct outcomes of these FRAP experiments 
on liposome chains that were otherwise indistinguishable from each 
other. In some chains, full recovery occurred at NI = 1 (Fig. 1d and Sup-
plementary Video 3), indicating that both leaflets of the membranes 
of the two adjacent lobes were fully connected and supported lipid 
diffusion. This indicates the presence of an open neck, as confirmed by 
the control FRAP experiments on dumbbell-shaped liposomes without 
DynA, which yielded the same result (Extended Data Figs. 3b and 7a). A 
second set of data showed that even after a prolonged time, there was 
only a partial recovery that plateaued at NI value somewhere between 
0 and 1 (Fig. 1e and Supplementary Video 4). This is consistent with a 
scenario where hemi-scission had occurred, meaning that the inner 
leaflet of the membrane had undergone scission (thus preventing lipid 
diffusion across the neck), whereas lipids in the outer leaflet could 
still freely flow between the lobes, yielding a partial recovery of the 
fluorescence signal. Finally, some dumbbells displayed no recovery in 
FRAP experiments (Fig. 1f and Supplementary Video 5), consistent with 
a scenario where both leaflets had undergone scission. Even on full scis-
sion, we observed that the lobes did not detach from each other, most 
probably due to the presence of Mg++ ions in the outer buffer, which 
bridges negatively charged lipids in the membrane. However, in a few 
cases, we observed lobe detachment on scission (Extended Data Fig. 4).

DynA strongly increases the rate of hemi-scission 
and full scission
To discern to what extent these membrane (hemi-)scission events can be 
attributed to the action of DynA, we performed lipid FRAP experiments 
on chains of dumbbells (n = 190) that were generated by having either 
(1) only bare membrane (BM) or (2) cholesterol–oligo + nanostars on 
the outside (BM + CN) or (3) CN on the outside as well as DynA on the 
inside (BM + CN + DynA). Pooling all the data together yielded a plot 
for the normalized intensity NI with three distinguishable populations 
that we fitted with Gaussians (Extended Data Fig. 5a). From fitting, 
we extracted mean values for the three populations that correspond 
to no lipid recovery (average NI,1 = 0.04, close to 0), partial recovery  
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Fig. 2 | Quantification of membrane-remodelling events at necks in the 
presence or absence of DynA. a, Histogram of normalized intensities NI for 
dumbbells with cholesterol–oligo and nanostars but without DynA (BM + CN; 
60 necks from seven independent preparations). Pie chart indicating the 
fraction of open necks, hemi-scission and full scission events (top right). 

BM, bare membrane; CN, cholesterol–oligo + nanostars. b, Histogram of 
normalized intensities NI for dumbbells with cholesterol–oligo, nanostars and 
DynA (BM + CN + DynA; 68 necks from 12 independent preparations). Pie chart 
indicating the fraction of open necks, hemi-scission and full scission events 
(top right).
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(average NI,2 = 0.31) and full recovery (average NI,3 = 0.92, close to 1.00). 
Note that the NI,2 = 0.31 peak is very close to the expected value of 0.33 
for an ideal case of membrane hemi-scission (Supplementary Note 1 
and Extended Data Fig. 2). The identification of these peaks with no 
scission (open neck), hemi-scission and full scission events, respec-
tively, allowed us to quantify the number of these events in the different 
profiles for NI for each experimental condition.

The vast majority (85%) of dumbbell liposomes formed by CN 
featured an open neck, as only a marginal increase in membrane hemi- 
scission (8%) and full scission (7%) events was observed (Fig. 2a), com-
pared with dumbbells having only BMs that virtually showed all open 
necks (Extended Data Fig. 5b). This, however, strikingly changed upon 
the addition of DynA. The co-reconstitution of DynA on the inside and 
CN on the outside of chains of dumbbells resulted in 36% of necks in a 
hemi-scission state and 26% in a full scission state (Fig. 2b). This shows 
that DynA can induce both membrane hemi-scission and full scission 
in these conditions.

The presence of GTP seemed unnecessary for DynA-mediated 
membrane remodelling (Extended Data Fig. 6a), in agreement with 
the ability of DynA to mediate membrane fusion in a GTP-independent 
fashion15. However, the presence of Mg++ was required for DynA to 
bind the membrane (Extended Data Fig. 6b). DynA was furthermore 
found to narrow the neck, as measured for the subset of dumbbells 
where neither hemi-scission nor full scission occurred (Extended 
Data Fig. 6c).

DynA induces fusion of the inner leaflet that 
signals a hemi-scission state
To verify that the partial lipid recovery in FRAP experiments indeed 
corresponds to membrane hemi-scission, we encapsulated a soluble 
dye and performed the simultaneous photobleaching of lipids in the 
membrane and of the dye that was encapsulated in the lumen of the 
liposome. In the absence of DynA, dumbbells always exhibited full 
recovery of both lipids and soluble dye (Fig. 3a). This indicates that 
lipids and soluble dye could freely diffuse across the necks, as expected. 
In the presence of DynA, however, we often observed that on bleaching 
both dye and lipids, the lipids recovered only partially. In contrast, the 
soluble dye in the liposome’s inner volume did not recover (Fig. 3b). 
This corroborates the presence of a hemi-scission state, which allows 
lipids from the outer leaflet to recover and while preventing both lipids 
of the inner leaflet and soluble dye from flowing across the neck.

We quantified the degree of recovery of both dye and lipids for 
each dumbbell, yielding the scatter plot shown in Fig. 3c. In about half 
of the dumbbells, we observed a full recovery of dye and lipids, indi-
cating the presence of an open neck. In the remaining 50%, however, 
we observed either a partial lipid recovery or a total absence of lipid 
recovery, consistent with the hemi-scission and full scission data shown 
in Fig. 2. Importantly, in 100% of the cases in which the soluble dye did 
not recover, we observed either partial or a complete absence of lipid 
recovery. This correlation is expected for a closed neck, which pre-
vents the dye from recovering. This can happen either by full scission  
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Fig. 3 | Characterization of DynA-induced membrane hemi-scission events. 
a, Concomitant FRAP of lipids and soluble dye in dumbbells in the absence of 
DynA. Normalized intensity versus time of both lipids and dye (bottom). b, Same 
data as a, but in the presence of DynA. c, Scatter plot showing the fraction of open 

necks, hemi-scission and full scission events based on lipid recovery and the 
corresponding recovery or absence of recovery of the soluble dye (n =16).  
The open necks are indicated in light brown; hemi-scission and scission events 
are indicated in dark brown. Scale bars, 5 µm.
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(in which case no lipid recovery is observed) or by hemi-scission (where 
scission of the inner leaflet would allow partial lipid recovery). The data, 
thus, confirm that partial lipid recovery corresponds to a hemi-scission 
state. We also confirmed that in the hemi-scission state, lipid recovery 
occurs by diffusion via the outer membrane leaflet. For this, we used 
fluorescently labelled CN, which was externally added and only bound 
the outer leaflet. Upon bleaching a dumbbell in the hemi-scission state, 
we observed that lipids partially recovered, whereas CN recovered fully 
(Extended Data Fig. 7a,b).

DynA from B. subtilis is a fusion protein composed of two halves, 
D1 and D2, with a similar domain architecture14. Both domains were 
found to mediate membrane fusion in vitro on their own, although with 
different efficiencies14. When reconstituted in our system, both D1 and 

D2 were found to localize at the necks of dumbbells (Extended Data  
Fig. 8a,b). Furthermore, both were found to be able to remodel mem-
branes (Extended Data Fig. 8c). Still, they markedly differed in their 
efficiency, with D1 being more efficient at mediating hemi-scission and 
scission than D2. This may be due to a well-defined membrane binding 
patch in D1 (ref. 13), which may mediate strong lipid binding and thus 
favour membrane remodelling.

Full scission is mediated by smaller DynA clusters
Finally, we were able to capture a membrane-remodelling event live, 
which provides some hints on the mechanism of DynA-mediated 
remodelling (Supplementary Video 6). A dumbbell system composed 
of three lobes and two necks (Fig. 4a) exhibited two DynA–D2 clusters: 
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1, 2 and 3) and two necks (called A and B). b, Lobe 3 was bleached in FRAP and 
subsequently underwent partial recovery, indicating that hemi-scission had 
occurred at neck B. Note that neck A must have stayed open, because lobes 1 
and 2 exhibited a similar degree of fluorescence after recovery. Scale bar, 10 µm. 
c, Zoomed-in view of lobe 2 during the course of the FRAP experiment. A large 
DynA–D2 cluster was stably localized at neck B, whereas a smaller DynA–D2 
cluster (indicated by the yellow arrowheads) was continuously diffusing on the 
inner surface of lobe 2 throughout the experiment. d, Fluorescence recovery 
trace of lobe 3. The recovery plateaued at about 300 s. The vertical arrow 
indicates the first frame in which lobe 2/3 was seen detaching from lobe 1  

(that is, after 640 s of recovery). e, Microscopy image after 760 s showing 
that lobe 2/3 had drifted away by more than 30 µm from lobe 1. Note the large 
DynA–D2 cluster that was still stably localized at neck B, which remained in 
the hemi-scission state as inferred from the fluorescence levels of lobes 2 and 
3. Scale bar, 10 µm. f, Recruitment ratio (RR) of DynA. The line within the box is 
the median value. The lower and upper edges of the box represent the lower 
and upper quartiles, respectively, whereas the upper and lower lines indicate 
the maximum and minimal values of the data points. Here n =18 for open necks; 
n =12 for hemi-scission; n =14 for full scission. p = 0.35 for open necks versus 
hemi-scission; p = 0.006 for open necks versus full scission; p = 0.0004 for hemi-
scission versus full scission using the Mann–Whitney U-test. Methods provide 
the calculation of RR.
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a large cluster that was stably localized at neck B, and a smaller cluster 
that continuously diffused inside lobe 2 (Fig. 4b,c). Upon photobleach-
ing of lobe 3, the data revealed that neck B, which was harbouring the 
larger cluster, was in a stable hemi-scission state (Fig. 4b,d,e). Fluo-
rescence recovery of lobe 3 reached a plateau after about 5 min. Strik-
ingly, about 11 min after bleaching, a spontaneous detachment of lobe 
2/3 from lobe 1 was observed (Fig. 4d,e and Extended Data Fig. 9a,b), 
suggesting that neck A subsequently underwent full scission. These 
findings suggest that full membrane scission is mediated by a smaller 
mobile DynA cluster that only transiently engaged a pre-existing neck. 
The data imply that the efficiency of DynA-mediated full scission may 
be even larger than those reported in Figs. 2 and 3, because we pref-
erentially probed necks that showed a stable cluster. The correlation 
between the degree of DynA enrichment and the propensity of the 
necks to undergo membrane rearrangement is consistent across the 
large dataset shown in Fig. 2. Full scission occurred more frequently 
when the degree of enrichment was relatively low (RR = 8 ± 3, n = 14, 
mean ± standard deviation), whereas it was more probable for the neck 
to be trapped in a hemi-scission intermediate when a higher amount of 
DynA was assembled to the neck (RR = 28 ± 20, n = 12, mean ± standard 
deviation) (Fig. 4f). This may indicate that excessive recruitment of 
DynA can impair the transition from hemi-scission to full scission.

Conclusions
Here we showed that bacterial DynA can trigger membrane scis-
sion when assembled inside membrane necks in dumbbell-shaped 
liposomes. With this demonstrated functionality, DynA adds to the 
family of membrane-remodelling proteins involved in fusion and scis-
sion (Fig. 5a). Previously, eukaryotic dynamin was shown to induce 
membrane scission when assembled on the outside of membrane nano-
tubes20 and a hemi-scission intermediate was visualized21. The present 

work is the first example of the visualization of membrane hemi-scission 
triggered by a protein assembled inside membrane necks. Bacterial 
DynA was also shown to promote membrane fusion when assembled 
on the outer leaflet of liposomes in vitro14. Our work is the first dem-
onstration of membrane scission activity by a bacterial member of the 
dynamin superfamily and, to the best of our knowledge, bacterial DynA 
is the only example of a protein able to trigger both membrane fusion 
and scission. DynA was previously suggested to tether membranes in 
trans13, a configuration that—due to the symmetry of this topological 
reaction—can indeed explain liposome fusion as well as scission when 
DynA is present at the outside or inside, respectively (Fig. 5b,c).

Previous attempts to induce membrane scission in dumbbell 
systems relied on laser irradiation22 or curvature induced by proteins 
bound to the outer leaflet23. In these reports, membrane scission 
was primarily established by observing the separation of daughter 
liposomes. It is, however, very common for liposomes to remain 
connected by lipid nanotubes, but such nanotubes are difficult to 
detect due to their intrinsic low fluorescence intensity (Extended 
Data Fig. 9c,d). Instead of apparent vesicle separation, we analysed 
dumbbells using FRAP, which is the more rigorous way to establish 
membrane connectivity. Furthermore, we performed experiments on 
linear chains of dumbbells, which originated from a single-membrane 
system (Supplementary Video 1). Such linear chains are unlikely to 
result from liposome adhesion, which would instead yield random 
aggregations.

Interestingly, at least half of the membrane-remodelling events 
triggered by DynA were arrested at the hemi-scission stage (Figs. 2b 
and 3b). We observed that the transition to full scission might be hin-
dered by an excessive accumulation of DynA at the neck. In contrast, 
a small mobile cluster that only transiently engaged the neck could 
induce full scission (Fig. 4). Several other factors may contribute to 
the progression from hemi-scission to full scission. This transition can 
spontaneously occur when the neck is thin enough (<3 nm radius)24,25. 
In such a scenario, the role of DynA may be to merely reduce the neck 
width to such low diameters. Furthermore, the transition to full scission 
is favoured by membrane tension26, and our setup with the SMS system 
induces a finite membrane tension18 that may assist the (hemi-)scission 
action of DynA. The ability to visualize the hemi-scission intermediate 
is a unique feature of our approach that may be applied to other cel-
lular processes where hemi-scission membrane is crucial, such as the 
biogenesis of lipid droplets27.

The only other protein machinery that has been demonstrated 
to mediate membrane scission in an inverted topology is the eukar-
yotic ESCRT-III complex. This complex assembles inside mem-
brane necks28–30 and triggers full membrane scission31 in in vitro 
tube-pulling assays. Notably, a hemi-scission intermediate was never 
visualized4,32. However, in these ESCRT experiments, the nanotube 
was kept under a pulling tension, facilitating scission, whereas poten-
tial hemi-scission intermediates probably became short-lived and 
hard to detect. The alternative methodology we have introduced 
based on the FRAP analysis of dumbbell liposomes allows discrimi-
nation between different membrane connectivity states, including 
hemi-scission. We found that DynA assembles in defined structures 
that laterally diffuse on the membrane to get captured by pre-existing 
necks where they can induce full scission. Such a behaviour was 
previously reported for the ESCRT-III protein CHMP2B. Upon recon-
stitution, CHMP2B was shown to quickly assemble into clusters 
that diffuse around the membrane to get captured by the neck28. 
The similarity between both systems may suggest a mechanism of 
membrane scission mediated by shape complementarity that may 
also be at play in the case of DynA.

In summary, we have shown that B. subtilis DynA promotes mem-
brane scission in reverse topology, unveiling a new role for this protein. 
Due to its simplicity, this system presents an attractive candidate for 
building a divisome for synthetic cells11. A mainstream approach to 

b

a

Fusion

Scission

ESCRT-III (CHMP1B + IST1)
Eukaryotic dynamin

Bacterial DynA
ESCRT-III (Snf7 + Vps2 + Vps24 + Vps4)

Bacterial DynA

SNAREs
OPA-1

c

Fig. 5 | DynA in membrane scission and fusion. a, Schematic summarizing 
the proteins involved in membrane scission and fusion. The dots indicate the 
position of the proteins with respect to the membrane and colours correspond 
to the protein names listed. The membrane-remodelling activity of all these 
proteins has been confirmed by previous in vitro reconstitutions15,31,34–37, 
whereas the scission activity of bacterial DynA is established here. b, Schematic 
representing membrane fusion via a hemi-fusion intermediate with DynA 
(in green) reconstituted on the outer leaflet. The black lines connecting the 
membrane with DynA indicate a physical interaction between the membrane  
and protein and clarify the ability of DynA to tether membranes in trans38,39.  
The red arrows indicate the direction of membrane deformation induced 
by DynA. c, Schematic representing membrane scission via a hemi-scission 
intermediate with DynA (in green) reconstituted on the inner leaflet.
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build a synthetic cell relies on using reconstituted transcription/trans-
lation systems to produce the proteins for growth and division33. Mul-
ticomponent systems such as ESCRT-III with defined stoichiometries 
complicate their implementation, whereas a divisome having fewer 
components is favoured. In this regard, a single-component system like 
DynA is an excellent choice for building a synthetic divisome.

Online content
Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information, 
acknowledgements, peer review information; details of author con-
tributions and competing interests; and statements of data and code 
availability are available at https://doi.org/10.1038/s41565-023-01510-3.
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Methods
Reagents
Glucose (G7021), MgCl2 (M8266), silicone oil (317667), mineral oil 
(M3516-1L) and OptiPrep (60% (w/v) iodixanol in water; D1556) were 
purchased from Sigma-Aldrich. Tris-HCl (10812846001) was pur-
chased from Roche. DOPC (1,2-dioleoyl-sn-glycero-3-phosphocholine) 
(850375), DOPE-PEG(2000) amine (1,2-dioleoyl-sn-glycero-3- 
phosphoethanolamine-N-[amino(polyethylene glycol)-2000] (ammo-
nium salt)) (880234), 18:1 (Δ9-Cis) PG (1,2-dioleoyl-sn-glycero-3- 
phospho-(1’-rac-glycerol) (sodium salt)) (840475) and DOPE-rhodamine 
(1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(lissamine rho-
damine B sulfonyl) (ammonium salt)) (810150C) were purchased 
from Avanti Lipids. Lipids were stored and resuspended in anhydrous  
chloroform (288306, Sigma-Aldrich). UltraPure bovine serum albumin 
used for the passivation of glass coverslips was purchased from Thermo 
Fisher. For the FRAP experiments on a soluble dye, Alexa Fluor 488 C5 
maleimide was used (A10254, Thermo Fisher). Extended Data Table 1 
lists the composition of solutions used in SMS preparations.

DNA constructs
The four DNA oligos comprising the cross-shaped nanostars were pur-
chased from IDT. The sequence of DNA oligos comprising the nanostars 
and cholesterol–oligo are reported elsewhere18.

Protein purification and labelling
DynA from B. subtilis was overexpressed from pET16b (kindly provided 
by M. Bramkamp) and purified essentially as described15, but eluted 
with a linear imidazole gradient instead of a step elution. A solution 
of ~10 µM dynamin was labelled with an eightfold molar excess of 
Alexa Fluor 488 maleimide in the presence of 0.05 mM TCEP (45 min 
at room temperature), quenched with 10 mM β-mercaptoethanol and 
separated from free label on a Superdex S200 column equilibrated 
with T5 buffer (50 mM Tris-HCl pH 8.0, 500 mM NaCl, 10% glycerol). 
DynA–D1 (residues 1-609) and DynA–D2 (residues 561-1193) domains 
were cloned in the pET16b vector. Purification and labelling was done 
as for the wild-type DynA.

Lipid-in-oil suspension and droplet preparation
Lipid-in-oil suspensions were prepared according to another work18. 
Briefly, lipids solubilized in chloroform were mixed and blow-dried. 
They were resolubilized with chloroform inside a glovebox, and a 
mixture of silicone and mineral oil39 was added. The resulting suspen-
sion was sonicated in ice for 15 min. The lipids mix used in this study 
was composed of DOPC (89.75% mol/mol), DSPE-PEG2000-biotin 
(2.00% mol/mol), DOPG (8.00% mol/mol) and DOPE-rhodamine  
(0.25% mol/mol).

Dumbbell preparation
Dumbbell liposomes were prepared using the SMS approach18. In this 
technique, droplets were generated by pipetting an ‘inner’ aqueous 
solution into a lipid-in-oil suspension that was subsequently placed 
on top of a water reservoir, referred to as the ‘outer’ buffer. Liposomes 
were then formed when the droplets crossed the oil-to-water interface 
(between oil and outer buffer) as they slowly sank due to gravity. Small 
(96.5 kDa) DNA structures called nanostars (which basically are Holliday 
junctions armed with cholesterol moieties, collectively referred to as 
‘CN’) were present in the outer solution bound to the outer membrane 
during liposome formation. The hyperosmotic outer solution caused 
osmotic deflation and thus high membrane deformability, whereas CN 
binding induced a positive membrane curvature, which led to a high 
yield of dumbbell-shaped liposomes. The inner buffer was composed 
of 50 mM Tris pH 7.5 + 37% OptiPrep. The outer buffer was composed 
of 50 mM Tris pH 7.5 + 5 mM MgCl2, to which glucose was added until 
reaching an osmolarity 40 mOsm higher than the inner buffer. Also,  
250 nM of each of the four oligomers comprising the nanostars and 1 µM  

of cholesterol–oligo18 were added to the outer buffer. DynA at 100 nM 
was added to the inner buffer; droplets were generated by manual pipet-
ting and they were added to the outer buffer. For the experiment shown 
in Supplementary Fig. 5a,c, the DynA concentration of 20 nM was used 
to minimize aggregation and to obtain dumbbells18.

Data collection and analysis
Fluorescence images were acquired at the midplane of liposomes 
using spinning-disc confocal laser microscopy (Olympus IX81 micro-
scope, ×60 objective, iXon camera) with Andor iQ3 software. To induce 
photobleaching, we employed raster scanning with a 491 nm laser  
(at 9.8 mW) over the region of interest. To measure the recovery signal, 
frames were collected every 1 s, starting right after the photobleach-
ing event. Fluorescence images were analysed and processed using  
ImageJ (v. 2.1.0). The extracted fluorescence data were plotted and 
fitted using Python 3. Supplementary Note 1 provides a detailed expla-
nation of the image analysis pipeline.

Statistics and reproducibility
Statistical analysis of the data was performed as indicated in the figure 
captions. No statistical method was used to predetermine the sample 
size. Criteria for excluding data points (that is, individual necks within 
a chain of dumbbells) during image acquisition were (1) the presence of 
lipid clusters at the neck, (2) convoluted chains of dumbbells that pre-
cluded the visual determination of connectivity between lobes and (3) 
lobes smaller than ~3 µm that precluded accurate bleaching. In the plot 
shown in Fig. 4f, two outliers with value more than 160 were excluded.

Calculation of RR

The RR value at the membrane necks was calculated using the follow-
ing formula:

S =
Iproteinneck − Iproteinbackground

IproteinGUV lumen − Iproteinbackground

,

where Iproteinneck  and IproteinGUV lumen  represent the fluorescence intensities of  
the protein at the neck and of the residual protein present in the lumen 
of the liposome, respectively.

Estimation of neck diameter
The neck diameter (Extended Data Fig. 6c) was estimated as detailed 
elsewhere18. Briefly, we encapsulated a small soluble dye (Alexa 647) 
inside the lumen of dumbbells in the presence or absence of DynA. We 
then photobleached the soluble dye present in the lumen of one lobe 
and recorded the dye fluorescence as it recovered from the other lobe 
via the open neck. These recovery curves were fitted using a diffusion 
model18, yielding an estimation of the neck size.

Data availability
The data that support the findings of this study are available within 
the paper and its Supplementary Information. Other relevant data 
are available from the corresponding author on reasonable request. 
Source data are provided with this paper.

Code availability
The image analysis source code is available via Zenodo at https://
zenodo.org/record/8056488.
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Extended Data Fig. 1 | Membrane topologies. Relative positions of membrane and protein machinery for the forward and reverse topology. The membrane is in 
magenta, proteins are in green.
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Extended Data Fig. 2 | Schematic depicting the expected values of NI. Schematic depicting the expected values of NI for different amounts of membrane reservoir in 
control and bleached lobes. (a) equal amount; (b) larger reservoir in control lobe; (c) larger reservoir in the bleached lobe.
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Extended Data Fig. 3 | Recovery times in FRAP experiments and example of 
open neck in the absence of DynA. (a) Median of the duration of recovery times 
in FRAP experiments. Acquisition was stopped when no further lipid recovery 
was apparent. This quantitation is obtained from datasets such as shown in  
Fig. 2a,b and Supplementary Fig. 5b. n = 190 necks from 24 independent 

experiments. Data are presented as median values +/− SEM. (b) example of FRAP 
experiment showing full lipid recovery (open neck) on a chain of dumbbells 
without reconstitution of DynA. The orange asterisk indicates the control lobe, 
the blue asterisk indicates the bleached lobe. Scale bar: 5µm.
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Extended Data Fig. 4 | Lobe detachment upon scission. (a) Confocal images 
of a dumbbell with a DynA cluster (in green) localized at neck. The dumbbell was 
imaged just as scission was occurring and the two lobes are drifting apart.  
(b) same dumbbell as in panel a. After lobes separation, FRAP analysis confirmed 

that the membrane connection between the two lobes had been lost and that 
no lipid recovery occurred. The bleached lobe is indicated by a blue asterisk, 
and its position is revealed by the low fluorescent signal of DynA binding to the 
membrane in the overexposed image.
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Extended Data Fig. 5 | Quantification of the NI in different experimental 
conditions. (a) Quantification of the NI of a large dataset of necks from chains 
of dumbbells. This plot shows the data pooled from the three experimental 
conditions shown in Fig. 2a,b and Supplementary Fig. 6b (n = 190 chains of 
dumbbells), and are decomposed into three peaks using a Gaussian Mixture 
Model. The three peaks correspond to open necks, hemi-scission and full 

scission. For each data point, the fluorescent lipids of one lobe were bleached 
and their recovery was followed over time until reaching the plateau. The final 
intensity was used for calculating and plotting the NI. (b) Plot showing the NI of 
dumbbells having only bare membrane (left), and pie-chart (right) indicating the 
fraction of open necks, hemi-scission and full scission events (BN; 63 necks from 5 
independent preparations).
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Extended Data Fig. 6 | Membrane remodelling by DynA in different 
experimental conditions. (a) pie-charts indicating the fraction of open necks, 
hemi-scission and full scission events in the presence or absence of GTP. Both 
samples include cholesterol-oligo, CN and DynA. With GTP, n = 59; without GTP n 
= 10. (b): lack of binding of DynA-D2 domain to membrane containing 7.5% DOPG 
in the absence of Mg++. Scale bar: 5µm. (c) DynA assembly at the neck results in 
neck constriction. The plot shows the neck diameter in the presence or absence 

of DynA, estimated based on dye recovery upon photobleaching. In open necks 
and in the absence of DynA, the average inner diameter of necks was 134 ± 108 nm 
(mean ± SD). In the presence of DynA, the width of open necks appeared more 
constricted, with an average diameter of 57 ± 33 nm (mean ± SD). n = 8 without 
DynA; n = 9 with DynA. The estimation has been performed according to the 
procedure detailed in Ref. 18.
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Extended Data Fig. 7 | Recovery in hemi-scission state is achieved via the 
outer leaflet. (a) Full recovery of both fluorescent lipids (which are in both 
leaflets of the bilayer) and fluorescent nanostars (which attach to the outer 
leaflet only) upon photo-bleaching of a dumbbell liposome having an open neck 
(without DynA). Scale bar: 5µm. (b) Partial recovery of fluorescent lipids and full 

recovery of fluorescent nanostars upon photo-bleaching of a dumbbell liposome 
with a DynA-D2 cluster. The neck is in a hemi-scission state, as visualized by the 
partial lipid recovery. The green arrowhead indicates the position of the neck 
connecting the two lobes. Scale bar: 10µm.
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Extended Data Fig. 8 | Membrane remodelling by Dyna-D1 and DynA-D2 
domains. (a) DynA-D1 domain reconstituted at necks of dumbbell liposomes. 
(b) DynA-D2 domain reconstituted at necks of dumbbell liposomes. Arrowheads 
indicate protein clusters localized at necks. Scale bars: 10µm. (c) Pie-charts 

indicating the fraction of open necks, hemi-scission, and full scission events 
upon reconstitution of DynA D1 and D2 domains. n = 12 necks from 3 independent 
preparations (D1); n = 27 from 3 independent preparation (D2).
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Extended Data Fig. 9 | Lobe detachment upon scission and visualization 
of nanotube. (a) confocal image of liposomes that underwent full scission 
(identical to Fig. 4e). (b) Same image as in (a) but with increased gain, causing 
overexposure of the liposome membrane. This condition confirms that the two 
lobes indeed underwent scission, since no nanotube is visibly connecting the 
two liposomes. Note that in panel d, a nanotube was visible upon overexposure. 
Scale bar: 10µm. (c) Confocal image of two liposomes under standard imaging 

conditions which allow to clearly see the liposome membrane without 
overexposure. Upon bleaching of one liposome (marked with a blue asterisk) full 
lipid recovery could be observed. (d) Same images as in panel c with increased 
gain, causing overexposure of the liposome membrane. Such conditions reveal 
that a membrane nanotube is connecting the two liposomes and allows full lipid 
recovery. Scale bar: 5µm.
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Extended Data Table 1 | Composition of inner and outer solutions

Composition of the inner and outer solutions used in this study. The osmolarity of the outer solution was adjusted using glucose in order to be 40 mOsm higher than the osmolarity of the 
inner solution.
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