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Abstract

The dynamin GTPase is known to bundle actin filaments, but the underlying molecular mechanism 

and physiological relevance remain unclear. Our genetic analyses revealed a function of dynamin 

in propelling invasive membrane protrusions during myoblast fusion in vivo. Using biochemistry, 

total internal reflection fluorescence microscopy, electron microscopy and cryo-electron 

tomography, we show that dynamin bundles actin while forming a helical structure. At its full 

capacity, each dynamin helix captures 12–16 actin filaments on the outer rim of the helix. GTP 

hydrolysis by dynamin triggers disassembly of fully assembled dynamin helices, releasing free 

dynamin dimers/tetramers and facilitating Arp2/3-mediated branched actin polymerization. The 

assembly/disassembly cycles of dynamin promote continuous actin bundling to generate 

mechanically stiff actin super-bundles. Super-resolution and immunogold platinum replica 

electron microscopy revealed dynamin along actin bundles at the fusogenic synapse. These 

findings implicate dynamin as a unique multifilament actin-bundling protein that regulates the 

dynamics and mechanical strength of the actin cytoskeletal network.

Cell-cell fusion is essential for the conception, development, regeneration and physiology of 

multicellular organisms1–3. A common theme underlying various cell-cell fusion events 

ranging from insects to mammals is the presence of actin-propelled invasive protrusions at 

the site of fusion, known as the fusogenic synapse4–10. Such invasive protrusions were first 

identified as part of an F-actin-enriched podosome-like structure (PLS) in Drosophila 
myoblast fusion6,11. The PLS is generated by the attacking fusion partner (fusion-competent 

myoblast (FCM)), which drills multiple invasive protrusions into the receiving fusion partner 

(muscle founder cell) to promote cell membrane juxtaposition, fusogen engagement and 

fusion pore formation6,12,8,13,14. Although each membrane protrusion has a diameter similar 

to that of a filopodium, these protrusions are mechanically stiffer than filopodia and are 

capable of triggering myosin II- and spectrin-mediated mechanosensitive responses in the 

receiving cell15,16. Interestingly, the invasive protrusions are propelled by Arp2/3-mediated 
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branched actin polymerization. How branched actin filaments are organized to generate 

mechanically stiff membrane protrusions to promote cell fusion is unknown.

Dynamin is a large GTPase best known for its role in endocytosis. It also regulates the 

formation and/or function of F-actin-enriched cellular structures, such as podosomes17,18, 

invadopodia19, filopodia20, lamellipodia21, actin comet tails22,23, phagocytic cups24 and 

stress fibres25. Dynamin contains a G domain that catalyses GTP hydrolysis, three bundle-

signalling elements mediating protein self-folding, two stalk domains critical for 

oligomerization, a pleckstrin homology (PH) domain that interacts with phosphatidyl-

inositol-4,5-biphosphate and a proline-rich domain (PRD) for SH3 domain interaction and 

dynamin localization26. Dynamin catalyses membrane fission by forming rings/helices 

around the neck of a budding endocytic vesicle26. Within the dynamin helix, each monomer 

folds upon itself, resulting in its PH domain residing inside the helical turn, with the stalk 

regions forming the backbone, and the G domain at the outer rim27,28. Although the PRD is 

relatively unstructured and absent from crystal structures, it is predicted to extend outward 

of the dynamin helix beyond the G domain29. How dynamin interacts with actin remains a 

widely documented but poorly understood phenomenon. Previous studies suggest that 

dynamin bundles actin either directly30,31 or indirectly in a cortactin-dependent 

manner20,32,33. The direct binding of actin by dynamin was proposed to antagonize gelsolin-

mediated filament capping, thus promoting polymerization at the barbed ends of the actin 

filaments30. The cortactin-mediated dynamin-actin interaction was thought to stabilize and 

bundle actin20,32,33. In either model, the precise mode and function of dynamin-actin 

interactions—in particular, how dynamin bundles actin filaments and how GTP hydrolysis 

by dynamin affects actin cytoskeletal dynamics—remain unclear.

Results

Dynamin is required for myoblast fusion in vivo and co-localizes with the F-actin foci at the 
fusogenic synapse.

The presence of a PLS at the fusogenic synapse6 prompted us to examine whether dynamin 

plays a role in Drosophila myoblast fusion. The single Drosophila dynamin, shibire (Shi), 

shares 67% protein sequence identity with human dynamins. Temperature-sensitive (ts) 

alleles of shi (shitsl and shits2), each containing a point mutation in the G domain, exhibited a 

severe myoblast fusion defect at restrictive temperature (34 °C) (Fig. 1a,b and Extended 

Data Fig. 1a–c). The unfused, mononucleated myoblasts in these mutant embryos expressed 

tropomyosin and muscle myosin heavy chain, indicating that they had properly 

differentiated (Fig. 1a and Extended Data Fig. 1a,b). Expressing wild-type Shi-green 

fluorescent protein (GFP) in all muscle cells or specifically in FCMs, but not in founder cells 

alone, in shits2 mutant embryos substantially rescued myoblast fusion at 34 °C (Fig. 1b and 

Extended Data Fig. 1d), showing that the fusion defect was caused by the loss of Shi in the 

FCMs. The homozygous mutant of the dynamin-interacting protein cortactin20,32,33 is viable 

as an adult34 and did not exhibit a fusion defect in embryos (Extended Data Fig. 1e), 

suggesting that cortactin does not have an essential function in Drosophila myoblast fusion.

Consistent with its role in FCMs, the Shi protein co-localized with the FCM-specific F-actin 

foci at the fusogenic synapse in fixed embryos (Extended Data Fig. 2a). In addition, live 
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imaging of embryos co-expressing GFP-tagged Shi (Shi-GFP) and monomeric red 

fluorescent protein-tagged Actin (Actin-mRFP) in muscle cells revealed that Shi co-

localized with the F-actin foci during their entire life span and dissolved together with the F-

actin foci when fusion was completed (Fig. 1c and Supplementary Video 1). Recruitment of 

Shi to the fusogenic synapse depended on the FCM-specific cell adhesion molecule Sns, but 

not on the actin nucleation-promoting factors and their associated proteins, such as WASP, 

WASP-interacting protein/Solitary (Sltr) and Kette (in the Scar complex)5,12 (Extended Data 

Fig. 2a–e).

A general role for Shi in cell-cell fusion was supported by experiments in Drosophila S2R+ 

cells (of haemocyte origin) induced to fuse8 by co-expressing Sns and a Caenorhabditis 
elegans fusogen Eff-1, the latter of which resembles a type II virus fusogen required for cell 

fusion in C. elegans embryos and heterologous cells8,35–37. Knockdown of Shi in Sns- and 

Eff-1-expressing S2R+ cells using double-stranded RNA (dsRNA) against the 5’ 
untranslated region did not affect Eff-1 localization or concentration at the fusogenic 

synapse (Extended Data Fig. 2h), but resulted in a fusion defect, which was substantially 

rescued by Shi expression (Fig. 1d–f). As in Drosophila embryos, Shi co-localized with the 

F-actin foci at the fusogenic synapses in S2R+ cells (Fig. 1g and Extended Data Fig. 2i). In 

addition, Shi and F-actin co-localization was observed at actin-propelled protrusions in S2R+ 

cells expressing Sns alone, suggesting a general correlation between Shi and F-actin in these 

actin-enriched structures (Extended Data Fig. 2j). It is worth noting that although dynamin 2 

has been implicated in the fusion of cultured mouse myoblasts and osteoclasts, as well as in 

viral fusogen-induced fusion of insect cells, the underlying mechanisms have remained 

unclear9,38–40.

Dynamin is required for generating invasive protrusions at the fusogenic synapse.

Confocal microscopy showed that founder cells were invaded by the FCM-specific PLS with 

an average depth of 1.1 ± 0.3 μm (n = 67) in wild-type embryos (Fig. 1h, left), compared 

with 0.6 ± 0.2 μm (n = 38; P< 0.0001) in shits2 mutant embryos (Fig. 1h, right). Consistent 

with this, transmission electron microscopy studies revealed that wild-type PLSs projected 

longer (384.4 ± 249.5 nm; n = 18 protrusions), albeit fewer protrusions (3.8 ± 1.3; n = 9 

fusogenic synapses), compared with 139.3 ± 87.6 nm (n = 39 protrusions; P< 0.001) and 6.7 

± 2.2 (n = 21 fusogenic synapses; P < 0.001) in shits2 mutant embryos (Fig. 1i). In addition, 

the actin-enriched areas were devoid of ribosomes and intracellular organelles such as 

mitochondria in wild-type, but not in shits2 mutant, embryos. Thus, Shi is involved in 

organizing densely packed actin filaments and promoting the formation of long invasive 

protrusions at the fusogenic synapse. Despite the enrichment of dynamin at the fusogenic 

synapse, no endocytic pit accumulation was observed at 34 °C (Fig. 1i), as opposed to many 

that are found at the neuronal synapse41. In addition, neither clathrin light chain nor the a 

subunit of the AP-2 clathrin adaptor complex was enriched at the fusogenic synapse 

(Extended Data Fig. 2f,g). These data, together with the high cortical tension generated by 

the actin-propelled protrusions, suggest that the likelihood of plasma membrane retrieval by 

endocytosis at the fusogenic synapse is low and that dynamin may be involved in processes 

other than endocytosis at these sites. Consistent with this, it has been shown that inhibition 

of human dynamin 2 (hDyn2), but not endocytosis, perturbed podosome formation42.

Zhang et al. Page 4

Nat Cell Biol. Author manuscript; available in PMC 2021 March 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Dynamin bundles actin filaments by forming regularly spaced rings/helices in vitro.

The co-localization of Shi with the actin structures and its role in promoting invasive 

protrusions prompted us to investigate the potential interaction between Shi and actin. Low-

speed F-actin co-sedimentation assays revealed that purified Shi bundled F-actin in a 

concentration-dependent manner under low-ionic-strength conditions (50 mM KCl) known 

to allow the formation of higher-order structures of dynamin, such as rings and helices43,44 

(Fig. 2a and Extended Data Fig. 3a). In addition, high-speed co-sedimentation assays 

showed that Shi bound actin (Extended Data Fig. 3b) with a Kd of 0.19 ± 0.03 μM 

(Extended Data Fig. 3c,d), similar to that of the hDyn1-actin interaction (~0.4 μM)30.

Using total internal reflection fluorescence (TIRF) microscopy, we observed that both linear 

actin filaments (in the absence of Arp2/3) and branched actin filaments (in the presence of 

Arp2/3) formed thick actin bundles when Shi or SNAP-tagged Shi (Shi-SNAP) was added to 

the actin polymerization reaction (Fig. 2b,c). Strikingly, Shi appeared to rapidly freeze the 

dynamically polymerizing branched actin network and crosslink the entire network by 

forming actin bundles at numerous locations (Supplementary Video 2). The Shi-actin 

bundles were straighter compared to single actin filaments, as measured by their 

convolutedness, indicating that they were mechanically stiffer (Fig. 2d). In fact, the Shi-actin 

bundles were sufficiently stiff to preclude measurement of mechanical properties by 

observing their thermally induced fluctuations. At the single-filament level, Shi-induced 

actin bundling could occur between two well-formed actin filaments (Fig. 2e and 

Supplementary Video 3) or between a founding filament and additional ones that were being 

polymerized alongside (Fig. 2f,g and Supplementary Video 4).

Negative-stain electron microscopy revealed that Shi formed regularly spaced, lighter 

coloured bands along the actin bundles when Shi and actin were mixed at equal 

concentrations (1 μM; Fig. 2h, top two images). The average distance between the Shi bands 

was 15.1 ± 1.8 nm (n = 401), comparable to the average pitch of Shi helices around lipid 

nanotubes (15.3 ± 1.6 nm; n = 418) (Fig. 2h–j). We temporarily refer to the Shi bands as Shi 

rings, although it was unclear at this resolution whether Shi formed individual rings or 

helices. In addition to single actin bundles, super-bundles were also observed in which two, 

three or more actin bundles aligned in parallel, each of which could be distinguished by the 

slightly out-of-sync Shi rings (Fig. 2h, third and fourth images). Occasionally, the Shi rings 

appeared more in sync across multiple actin bundles (Fig. 2h, bottom image). The average 

outer diameter of an actin bundle was 32.0 ± 3.6 nm (n = 259), similar to that of Shi rings 

alone (31.3 ± 2.9 nm; n = 282) (Fig. 2h,k,l), but smaller than that of Shi helices surrounding 

membrane nanotubes (50.7 ± 3.3 nm; n = 252) (Fig. 2j,l), suggesting that Shi rings may 

interact differently with actin filaments versus membrane tubules. At a lower Shi 

concentration (0.125 μM), Shi rings occupied isolated segments along the actin bundle and 

appeared to be arranged in doublets (Fig. 2m). The average distance between the two Shi 

rings in a doublet was 16.3 ± 2.5 nm (n = 315), and that between two doublets was 20.2 ± 

1.6 nm (n = 189) (Fig. 2i,m). Interestingly, the sum of the two distances (~36.5 nm) largely 

coincided with a half helical pitch of actin (36 nm). Such characteristic spacing of Shi rings 

at a low Shi concentration suggests the existence of high-affinity binding sites for Shi on the 

actin filaments.
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Like Drosophila Shi, hDyn1 and hDyn2 also formed regularly spaced rings that directly 

bundled actin, as shown by negative-stain electron microscopy (Fig. 3a, top three images for 

hDyn1 and top two images for hDyn2). The average distances between the hDyn1 and 

hDyn2 rings along the actin bundle (15.6 ± 1.4 nm (n = 307) and 15.4 ± 1.4 nm (n = 245), 

respectively; Fig. 3a,b) were similar to the average pitch of hDyn1 helices around nanotubes 

(15.4 ± 1.7 nm; n = 252; Fig. 3b,e). Moreover, the average outer diameter of the hDyn1 rings 

along the actin bundles (44.7 ± 3.0 nm; n = 220; Fig. 3a,c) was closer to the outer diameter 

of hDyn1 rings alone (40.2 ± 4.3 nm; n = 132) than that of hDyn1 around nanotubes (51.3 ± 

1.8 nm; n = 226) (Fig. 3c–e).

The PRD of dynamin plays a primary role in mediating dynamin-actin interactions.

To map the specific actin-binding sites in dynamin, we first mutated four positively charged 

residues in the stalk region of Shi, K410/417/422E and R411E (ShiAKE), corresponding to 

the human Dyn1K414/415/419/421/426E (Dyn1AKE) mutant that was reported to impair the 

dynamin 1-actin interaction30. ShiAKE was expressed at a lower level than wild-type Shi in 

S2R+ cells, suggesting that the mutant protein is unstable (Extended Data Fig. 3e,f). Despite 

this, the small amount of purified ShiAKE was able to bundle actin, albeit lacking the 

characteristic Shi rings along the actin bundle (Extended Data Fig. 3g). These results suggest 

that the AKE mutations may affect Shi’s normal assembly to form higher-order structures 

and that Shi interacts with actin using other domain(s). Surprisingly, a Shi mutant carrying a 

deletion of the PH domain (ShiΔPH) bound and bundled actin as effectively as wild-type Shi 

(Fig. 4a,b and Extended Data Fig. 4a,b), even though ShiΔPH failed to form helices around 

lipid nanotubes as predicted (Extended Data Fig. 4c). Thus, the PH domain is not required 

for Shi-actin interaction and Shi does not appear to wrap actin filaments in the middle of the 

rings.

Deleting the PRD domain (ShiΔPRD) decreased Shi’s actin-binding and -bundling activities, 

as shown by high-/low-speed co-sedimentation assays (Extended Data Fig. 4a,b). Consistent 

with this, negative-stain electron microscopy revealed that ShiΔPRD failed to organize actin 

filaments into tight bundles (Fig. 4b), despite forming normal helices around lipid nanotubes 

(Extended Data Fig. 4c). Since PRD is known for SH3 interaction, we tested whether 

isolated SH3 domains would interfere with the PRD-actin interaction. Although SH3 

domains compromised the Shi-actin interaction, a substantial portion of Shi remained in the 

pellet in the high-speed sedimentation assay, suggesting that the PRD can accommodate 

interactions with SH3 domains and actin simultaneously (Extended Data Fig. 4d). 

hDyn2ΔPRD also exhibited decreased activities in actin binding and bundling, demonstrating 

a conserved function of PRD in the dynamin-actin interaction (Fig. 3f,g). Notably, deleting 

the G domain (ShiΔG) also decreased Shi’s actin-bundling activity, albeit to a lesser extent 

than deleting the PRD (Extended Data Fig. 4a,b). Negative-stain electron microscopy 

revealed that ShiΔG could bundle actin to some extent (probably due to the presence of the 

PRD) without forming regularly spaced rings (Fig. 4b). Taken together, these results suggest 

that the PRD is the primary actin-binding domain in dynamin and that the G domain may 

play a minor role in facilitating PRD in bundling actin and/or in enhancing ring assembly to 

position the PRDs for efficient actin binding.
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To test whether the PRD is sufficient for actin binding/bundling, we purified the Shi PRD 

and a tandem repeat of PRD (2×PRD). 2×PRD exhibited higher actin-binding/-bundling 

activity than that of PRD (Extended Data Fig. 4e,f), and 2×PRD organized tight actin 

bundles despite not forming regularly spaced rings (Fig. 4c). Similarly, the 2×PRD of both 

hDyn1 and hDyn2 also bundled actin filaments (Fig. 3h). Therefore, PRD binds actin and 

the tandem PRD functions as an artificial two-filament actin crosslinker. Furthermore, fusing 

the Shi PRD domain to the carboxy terminus of Drosophila dynamin-related protein 1 

(Drp1), which is required for mitochondrial fission45 and does not contain a PRD (Fig. 4a), 

converts Drp1 from a weak to a strong actin-bundling protein, as demonstrated by the tight 

actin bundles organized by regularly spaced Drp1-ShiPRD rings (Fig. 4d and Extended Data 

Fig. 5a). Consistent with this, Drp1-ShiPRD, but not Drp1, partially rescued the fusion defect 

in Sns- and Eff-1-expressing Shi knockdown cells (Extended Data Fig. 5b). The partial 

rescue may be due to the requirement of a higher concentration of Drp1-ShiPRD than that of 

Shi to organize tight actin bundles (Extended Data Fig. 5a). Consistent with this, 

overexpressing Drp1-ShiPRD, which was enriched at the fusogenic synapse (Extended Data 

Fig. 5c), exhibited a dominant negative effect in wild-type cell fusion, presumably by 

interfering with the function of endogenous Shi (Extended Data Fig. 5b). Taken together, 

these results demonstrate that the PRD is the primary actin-binding domain in dynamin.

Point mutations in the PRD are required for actin bundling.

To gain further insight into the PRD-actin interaction, we mutated four highly conserved, 

positively charged Arg residues (R804, 829, 846 and 853) to negatively charged Asp in the 

Shi PRD (Fig. 4e). While the single mutants (ShiR804D and ShiR829D) and the double mutant 

(ShiR846/853D) did not affect the Shi-actin interaction, the quadruple mutant 

(ShiR804/829/846/853D or Shi4RD) exhibited a substantial decrease in actin binding/bundling 

(Fig. 4f and Extended Data Fig. 5d,e). Furthermore, Shi4RD, but not the single or double 

mutants, failed to rescue the fusion defect in Sns- and Eff-1-expressing Shi knockdown cells 

(Fig. 4g,h), despite co-localizing with the F-actin foci at the fusogenic synapse (Extended 

Data Fig. 6a). The normal localization of the Shi mutants was probably mediated by PxxP-

SH3 domain interactions, because most of the PxxP motifs in the PRD were not disrupted by 

the mutations (Fig. 4e). Although Shi4RD was unable to rescue cell fusion (Fig. 4g,h), it 

partially rescued the endocytosis defect in Shi knockdown cells (Fig. 4i and Extended Data 

Fig. 6b), supporting a potential role for dynamin-mediated actin bundling in endocytosis.

Multiple actin filaments are associated with the outer rim of the dynamin helix.

The specific PRD-actin interaction suggests that actin filaments are likely to be attached to 

the outer rim of the dynamin ring where the PRD resides. Indeed, negative-stain electron 

microscopy revealed stretches of naked actin filaments running along the outer rim of the 

Shi rings at a low Shi concentration (0.125 μM) (Fig. 5a, top). Occasionally, the actin 

filaments were not bundled by dynamin at the ends. Such split ends allowed us to discern at 

least eight actin filaments within a Shi-actin bundle (Fig. 5a, bottom).

To achieve a higher-resolution view of the dynamin-actin bundles, we performed cryo-

electron tomography (cryo-ET) using hDyn1 (or Shi) with actin. Cryo-ET revealed that 

hDyn1 assembled as a helix with actin filaments attached to the outer rim (Fig. 5c–f, 
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Extended Data Fig. 7a,b and Supplementary Video 5–8). The hDyn1 helices were evident by 

analysing the tomogram at different sections. The hDyn1 bands on the top section had a 

right-handed tilt, whereas the corresponding hDyn1 bands on the bottom section exhibited a 

left-handed tilt (Fig. 5d, Extended Data Fig. 7a and Supplementary Video 6). The middle 

section contained T-shaped structures characteristic of dynamin helices (Fig. 5d, Extended 

Data Fig. 7a and Supplementary Video 6). Based on the outer diameter (42 nm) and the 

pitch (16.8 nm) of the hDyn1 helix observed by cryo-ET, we modelled the hDyn1 helix and 

positioned the actin filaments based on the tomogram (Fig. 5e,f and Extended Data Fig. 7b). 

Since the length per turn (L) of the hDyn1 helix was 133 nm (L = (C2+H2)0.5, where C is the 

circumference and H is the height or pitch) and the distance between hDyn1 dimers was 8.3 

nm, based on the high-resolution Cryo-ET map of hDyn146, we determined that there were 

~16 hDyn1 dimers per turn (133 nm divided by 8.3 nm) of the hDyn1 helix along the actin 

bundle, which correlated with the helical parameters of a 22.5° twist and 10.5 Å rise 

between dimers. Segmentation of a particular actin bundle organized by the hDyn1 helix 

revealed 11 actin filaments associated with the outer rim (Fig. 5f, Extended Data Fig. 7b and 

Supplementary Video 6–8), corresponding to a partially occupied hDyn1 helix in which 11 

of the 16 dimers per helical turn engaged with actin filaments. Similarly, Drosophila Shi was 

also assembled as a helix, the outer rim of which engaged actin filaments (Extended Data 

Fig. 7c,d and Supplementary Video 9). The Shi helix was narrower than that of hDyn1 and 

contained 12 Shi dimers per turn, based on the outer diameter (32 nm) and the helical pitch 

(15.1 nm). The eight-filament bundle shown in Fig. 5a is therefore a partially occupied Shi 

helix. Taken together, each dynamin-mediated actin bundle consists of a centrally localized 

dynamin helix and multiple actin filaments attached to its outer rim. Interestingly, when lipid 

nanotubes were added to the Shi/actin mix, the nanotubes were wrapped by Shi helices in 

the centre, with the actin filaments captured at the outer rim (Fig. 5b). This result suggests 

that the dynamin-mediated endocytosis and actin bundling are not mutually exclusive.

GTP hydrolysis of dynamin disassembles the dynamin helices and loosens the actin 
bundles.

All of the above experiments were performed in the absence of GTP, which is an energy 

molecule contained in every cell. To investigate how dynamin bundles actin filaments in 

vivo, we first examined how GTP affected dynamin-mediated actin bundling with purified 

proteins. Structured illumination microscopy (SIM) revealed that GTP addition decreased 

the amount of Shi-SNAP associated with the actin super-bundles, leaving sparselylocalized 

Shi-SNAP punctae (Fig. 6a). Under electron microscope, most of the Shi helices appeared to 

be disassembled upon GTP addition, resulting in loose actin bundles largely held together by 

some residual Shi helices (Fig. 6b,d). Consistent with this, low-speed co-centrifugation 

assay showed that Shi bundled actin in the presence of GTP (Extended Data Fig. 3h). 

Similar to Shi, hDyn1 and hDyn2 helices along actin bundles were disassembled upon GTP 

addition, resulting in loosened actin bundles (Fig. 3a, bottom images for hDyn1 and hDyn2). 

In contrast, point mutations in the Shi G domain that disable GTP hydrolysis, such as 

ShiQ35E (corresponding to hDyn1Q40E; Fig. 6b), ShiG141S (Drosophila ts2 mutant; 

hDyn1G146S; Fig. 6c) and ShiK137A (hDyn1K142A; Fig. 6b), completely or partially blocked 

GTP-induced Shi helix disassembly and actin bundle dissociation in the presence of GTP (at 

the restrictive temperature for ShiG141S). Similarly, both ShiΔPH and a point mutation in the 
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PH domain (ShiI527A; hDyn1I533A) bundled actin normally but blocked GTP-dependent Shi 

helix disassembly and actin bundle dissociation (Fig. 6b). The GTPase activity of ShiΔPH 

remained similar to that of Shi (Fig. 7a–d), suggesting that the PH domain is involved in 

conformational changes required for Shi helix disassembly upon GTP hydrolysis.

GTP hydrolysis triggers dynamic assembly/disassembly of dynamin and actin filament 
bundling.

To examine the dynamics of Shi helices along the actin bundles, we performed fluorescence 

recovery after photobleaching (FRAP) analyses. Substantial fluorescence recovery was 

observed after photobleaching a stretch of fluorescently labelled Shi helix in the presence of 

GTP (52.0 ± 16.9%), but not in the absence of GTP (7.7 ± 8.9%) (Fig. 6e,f and 

Supplementary Video 10), suggesting that GTP hydrolysis triggered the disassembly of 

photobleached Shi helices and allowed the reassembly of new helices. Thus, in the presence 

of GTP, Shi cycles between assembled helices along the actin bundles and disassembled 

dimers/tetramers in the solution. Interestingly, Shi’s GTPase activity increased ~ 12-fold 

when it was pre-assembled along the actin filaments (Fig. 7a,b,e,f), presumably due to the 

G-G domain interactions between the helical turns, as shown for hDyn1 helices around lipid 

nanotubes47. Therefore, once Shi assembles into a complete helix, it will be rapidly 

disassembled upon GTP hydrolysis.

Time-lapse imaging showed that GTP addition into a pre-incubated Shi/actin mix rapidly 

disassembled most, if not all, of the fully assembled Shi helices and released the actin 

filaments back into the solution (Fig. 6g and Supplementary Video 11). Some actin filaments 

in the solution were re-bundled by Shi and released again upon additional GTP hydrolysis, 

presumably after the dynamin helices were fully assembled (Fig. 6g and Supplementary 

Video 11), and such bundling/dissociation cycles continued (Fig. 6g and Supplementary 

Video 11). Taken together, the GTP hydrolysis-mediated cycling of Shi between helices and 

dimers/tetramers leads to dynamic bundling and dissociation of the actin filaments.

GTP hydrolysis facilitates branched actin polymerization.

Synchronized disassembly of Shi helices upon GTP addition can only occur in vitro when 

Shi helices are fully assembled along the actin bundles. However, when the amount of Shi is 

limited, such as in vivo, actin filaments are bundled by both fully and partially assembled 

Shi helices, resulting in unsynchronized disassembly of Shi helices along the actin bundles 

in the presence of GTP. Stretches of unprotected actin filaments, in turn, may be bound by 

the Arp2/3 complex to initiate new branched actin polymerization. Indeed, disassembly of 

the Shi helices triggered by GTP addition in vitro led to Arp2/3-mediated generation of 

branched actin filaments, whereas Shi-protected actin bundles in the absence of GTP failed 

to initiate branched actin polymerization (Fig. 6h, Extended Data Fig. 8a–c and 

Supplementary Videos 12 and 13). Moreover, the new short actin filaments could be further 

bundled by Shi (Fig. 6i and Supplementary Video 14). Similarly, disassembly of hDynl 

helices upon GTP addition also led to robust Arp2/3-mediated branched actin 

polymerization (Extended Data Fig. 8d,e and Supplementary Video 15). Thus, GTP 

hydrolysis by fully assembled dynamin helices exposes new sites for branched actin 

polymerization to maintain the dynamics of the actin cytoskeletal network.
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Dynamin bundles actin filaments in vivo.

A major question regarding dynamin-actin interaction is whether dynamin bundles actin in 

vivo. Results from our in vitro analyses predict that only partially, but not fully, assembled 

dynamin helices may be observed in vivo due to the presence of GTP in the cytosol and 

unsynchronized GTP hydrolysis. Indeed, super-resolution microscopy (SIM and stimulated 

emission depletion (STED)) revealed sparse Shi punctae along the actin bundles at the 

fusogenic synapse in Sns- and Eff-1-expressing S2R+ cells (Fig. 8a and Extended Data Fig. 

9a). In Shi knockdown cells expressing ShiQ35E, more Shi punctae were observed along the 

actin bundles (Fig. 8b), consistent with the inhibition of Shi helix disassembly by the GTP 

hydrolysis mutant (Fig. 6b,c). To ask whether dynamin exhibits a similar pattern of 

localization on other actin-enriched structures, we examined hDyn2 on actin comet tails, 

which are membraneless Arp2/3-dependent actin structures induced by the bacteria Listeria 
monocytogenes. Indeed, similar punctate hDyn2 localization was observed on actin comet 

tails in HeLa cells (Extended Data Fig. 9e,f).

To visualize Shi on actin bundles at the ultrastructural level, we performed immunogold 

labelling of Shi with platinum replica electron microscopy (PREM). In membrane-extracted 

Shi knockdown S2R+ cells expressing Sns, Eff-1 and Shi-GFP, tight actin super-bundles 

were observed at the fusogenic synapse extending towards the fusion partner (Fig. 8c–e and 

Extended Data Fig. 9b). Gold-labelled Shi-GFP localized sparsely, but specifically, on the 

actin bundles (Fig. 8c), which could be an under-representation of Shi because of the 

inaccessibility of some GFP epitopes within the tight actin bundles and the residual 

endogenous Shi that was unlabelled. Applying a point spread function-like mask of ~110 nm 

on each gold particle revealed matching patterns of Shi localization (Fig. 8c,d, bottom right 

image in each panel) between immunogold PREM and SIM/STED imaging (Fig. 8a,b and 

Extended Data Fig. 9a), validating the specificity of both methods. Furthermore, 

immunogold labelling of ShiQ35E (or Shits2 at restrictive temperature) in Shi knockdown 

cells revealed more clustering of gold particles along the actin bundles than that of wild-type 

Shi (Fig. 8d,e and Extended Data Fig. 9c,d), consistent with the inhibition of Shi helix 

disassembly by these GTP hydrolysis mutants. Occasionally, large clusters of gold particles 

were observed on the actin bundles (Fig. 8e). A cluster with a width of ~100 nm may 

represent a Shi ring/helix, based on the diameter of the Shi helix and the sizes of antibodies/

gold particles (Fig. 8e). Taken together, these data are consistent with the dynamic assembly/

disassembly of dynamin along the actin bundles in the presence of GTP, and strongly 

suggest that dynamin bundles actin filaments in vivo.

Dynamic disassembly of dynamin helices is required for cell-cell fusion.

Finally, we tested whether disassembly of Shi helices is required for cell-cell fusion by 

performing rescue experiments in S2R+ cells co-expressing Sns, Eff-1 and Shi dsRNA. The 

G domain mutants ShiQ35E and ShiK137A and the ts2 allele (at restrictive temperature) failed 

to rescue the cell fusion defect in Shi knockdown cells (Fig. 6j,k). In addition, 

overexpression of ShiQ35E in Sns- and Eff-1-expresssing wild-type S2R+ cells caused a 

strong dominant negative effect on cell-cell fusion, whereas ShiK137A had a weaker 

dominant negative effect (Fig. 6j), corresponding to the partial disassembly of the ShiK137A 

helices in the presence of GTP (Fig. 6b). Consistent with a defect in helix disassembly, 
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ShiI527A also failed to rescue the cell-cell fusion defect in Shi knockdown cells, and caused a 

dominant negative effect on cell-cell fusion when expressed in wild-type cells (Fig. 6j). 

These results show that the dynamic disassembly of dynamin is required for cell-cell fusion.

Discussion

In this study, we investigated how dynamin bundles actin and how GTP hydrolysis by 

dynamin regulates actin cytoskeletal dynamics to promote invasive protrusions in cell fusion. 

Our genetic, biochemical, TIRF microscopy, single-filament imaging, negative-stain electron 

microscopy, cryo-ET and PREM studies have led to the following model (Extended Data 

Fig. 10a,b). During dynamin’s assembly into a helical structure, actin filaments are bundled 

to the outer rim of the partially assembled dynamin helices via the PRD domain. Once a 

dynamin helix is fully assembled, the assembly-stimulated GTPase activity of dynamin 

triggers rapid GTP hydrolysis and helix disassembly, freeing dynamin dimers/tetramers to 

bundle new actin filaments (Extended Data Fig. 10a). Since each actin super-bundle consists 

of multiple dynamin helices that are being assembled, the asynchronous GTP hydrolysis 

results in a hybrid actin bundle that contains stretches of unprotected filaments held together 

at random locations by partial dynamin helices. The unprotected stretches of the actin bundle 

become new sites for Arp2/3-mediated branched actin polymerization, to generate short 

actin filaments more suitable for mechanical work13. The new actin filaments can either 

form new bundles de novo or join pre-existing actin bundles via actin-PRD interactions. 

Thus, through dynamin’s cycling between helix assembly and disassembly as a function of 

GTP hydrolysis, the actin bundles grow thicker and mechanically stiffer by incorporating 

and bundling numerous short filaments. As a consequence, the PLS at the fusogenic synapse 

is able to propel membrane protrusions to promote cell-cell fusion (Extended Data Fig. 10b). 

In contrast, the disassembly-defective dynamin mutants remain bound to actin bundles, 

leaving few free dynamin proteins available to bundle new actin filaments, and partially 

blocking Arp2/3-mediated branched actin polymerization. Both of these events reduce the 

mechanical strength of the actin network, resulting in stubby protrusions at the fusogenic 

synapses in shits2 mutant embryos. Continuous actin polymerization organized by the 

nucleation-promoting factors in the vicinity, in turn, generates additional stubby protrusions 

at the fusogenic synapse (Fig. 1h,i).

Our study establishes dynamin as a unique actin-bundling protein. Most non-motor actin-

bundling proteins, such as α-actinin, fascin, fimbrin, filamin and spectrin, form linear or V-

shaped structures that each crosslink two actin filaments at a time48. In contrast, dynamin is 

a multifilament bundling protein by forming a helical structure that can engage 16 (hDyn1) 

or 12 (Shi) actin filaments at its full capacity (Extended Data Fig. 10a). Due to the tilt of the 

dynamin dimers along the long axis of the actin bundle, each actin filament is bound by two 

PRDs from two different dimers in each turn of a dynamin helix. By interacting with more 

PRDs from additional turns along the dynamin helix, the multifilament actin bundle is 

further stabilized. Moreover, the multifilament single bundles can align in parallel to form 

super-bundles, mediated by trans-bundle PRD-actin interactions, which facilitates the 

crosslinking of the entire actin network. The unique mode of dynamin-actin interaction 

makes dynamin a powerful actin-bundling protein that enhances the mechanical strength of 

the actin network. We propose that the mechanisms underlying dynamin-actin interaction 

Zhang et al. Page 11

Nat Cell Biol. Author manuscript; available in PMC 2021 March 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



uncovered in this study will be generally applicable to other cellular processes involving 

dynamin-mediated actin cytoskeletal rearrangements, such as the formation and function of 

podosomes, invadopodia and comet tails, as well as the fission of endocytic vesicles.

Methods

Fly stocks and genetics.

The following stocks were obtained from the Bloomington Drosophila Stock Center: w1118 

(wild type; BL#3605), shits1 (BL#7068), shits2 (BL#2248), ketteJ4–48 (BL#8753), 

Cortactin6A2 (BL#9367), CortactinM7 (BL#58495), twi-GAL4 (BL#914), UAS-Actin5C-
mRFP (BL#24778), UAS-Clc-GFP (BL#7107) and AP-2α-GFP (AP-2αMI03502-GFSTE1; 

BL#59834). Other stocks used were: sntf40–49/CyO51, wasp3/TM352, sltrS1946/CyO53, 
rP298-GAL4 (ref.50) and sns-GAL4 (ref.54). Transgenic flies carrying UAS-Shi-GFP were 

generated by P-element-mediated germline transformation. To express Shi-GFP in all 

muscle cells, flies carrying the UAS-Shi-GFP transgene were crossed with the twi-GAL4 
line. For transgenic rescue experiments, shits2; UAS-Shi-GFP flies were crossed with shits2; 

twi-GAL4 (all muscle cells), shits2;rP298-GAL4 (founder cells) or shit!l;sns-GAL4 flies 

(FCMs). For phenotypic analyses of embryos carrying shits1 or shits2 mutations, shits 

embryos were collected for 1 h at 20 °C, incubated at permissive temperature (18 °C) for 16 

h to allow the specification and proliferation of muscle cells, shifted to the restrictive 

temperature (34 °C) for 4 h, and washed and dechorionated in buffers pre-warmed to 34 °C 

before fixation and staining. To generate Cortactin maternal zygotic null mutant embryos, 

homozygous CortactinM7 female flies were crossed to Cortactin6A2 males.

Cell culture.

S2R+ cells were cultured in Schneider’s medium (Gibco) supplemented with 10% foetal 

bovine serum (Gibco) and penicillin/streptomycin (Sigma-Aldrich). S2R+ cells were 

induced to fuse as previously described8. Briefly, 1.2 × 106 cells were plated in each well of 

a 6-well plate and transfected with Sns and Eff-1 constructs (200 ng each) using Effectene 

(Qiagen), per the manufacturer’s instructions. Transfected cells were fixed after 48 or 72 h 

for phenotypic analyses. For Shi RNA RNAi knockdown experiments, cells were incubated 

with 3 μg ml−1 dsRNA for 4 d, transfected with the appropriate DNA constructs, then 

incubated again with 3 μg ml−1 dsRNA for 48–72 h. For the rescue experiments, a Shi 

construct (100 ng) was co-transfected with Sns and Eff-1 in the Shi knockdown cells. 

Between six and eight random 20× microscopic fields in each well were imaged and 

analysed for the fusion index. The fusion index was determined as the percentage of the 

number of nuclei in multinucleated syncytia (≥3 nuclei) versus in total transfected cells, 

normalized to the control (cells expressing Sns and Eff-1 without knockdown).

Sf9 cells were cultured in suspension medium of Sf-900 III SFM (Gibco) with L-glutamine 

(Gibco) and Antibiotic-Antimycotic (Gibco). The cells were grown at a density of 0.5 × 

106−6 × 106 cells per ml at 150 r.p.m. and 27 °C. For protein expression, cells were diluted 

to 0.5 × 106 cells per ml with fresh medium and cultured for 24 h, followed by transfection 

with the corresponding DNA constructs using Transfection Reagent I (Avanti), per the 

manufacturer’s instructions, and continued culturing for 48 h.
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HeLa cells (ATCC; CCL-2) were cultured in DMEM (Gibco) supplemented with 1× non-

essential amino acids (Gibco) and 10% foetal bovine serum (Gibco).

Immunofluorescence staining and confocal microscopy.

For Drosophila embryo staining, embryos were fixed in a 1:1 mix of heptane and 4% 

formaldehyde in phosphate-buffered saline (PBS) for 20 min, devitellinized in 1:1 heptane/

methanol by vigorous shaking, washed in methanol and incubated in PBSBT (0.2% bovine 

serum albumin (BSA) and 0.1% Triton in PBS) for 2 h. Embryos were then incubated with 

primary antibodies overnight at 4 °C, followed by PBSBT washes and incubation with 

secondary antibodies. The following primary antibodies were used: rabbit anti-Shi (1:500)55, 

rabbit anti-MHC (1:2,000; a gift from B. Paterson), rat anti-Tropomyosin (1:1,000; Abcam; 

ab50567), guinea pig anti-Duf (1:500)6, rabbit anti-Ants (1:2,000)49, rabbit anti-Eve (1:30; 

Developmental Studies Hybridoma Bank; 3C10), rabbit anti-GFP (1:500; Invitrogen; 

A11122) and chicken anti-GFP (1:5,000; Invitrogen; A10262). The following secondary 

antibodies were used at 1:200: Alexa Fluor 488-, 568- and 647-conjugated (Invitrogen) and 

biotinylated antibodies (Vector Laboratories) made in goat. A Vectastain ABC kit (Vector 

Laboratories; PK-4000) and the TSA system (PerkinElmer; SAT701001EA) were used to 

amplify weak fluorescent signals for anti-Eve staining. Nuclei were labelled with Hoechst 

33342 (1:1,000; Invitrogen; H3570). For Shi antibody staining, embryos were fixed in a 1:1 

mix of heptane and 37% formaldehyde for 5 min. For F-actin labelling, embryos were fixed 

in formaldehyde-saturated heptane for 1 h at room temperature, hand-devitellinized and 

incubated with Alexa Fluor 488-, 568- or 647-conjugated phalloidin (1 mg ml−1) (Sigma-

Aldrich) at 1:200 for 2 h at room temperature.

For S2R+ cell staining, cultured cells were fixed in 3.7% formaldehyde for 10 min, unless 

otherwise noted. Samples were incubated with primary antibodies for 1 h at room 

temperature, followed by PBSBT washes and incubation with secondary antibodies for 1 h 

at room temperature. The following primary antibodies were used: mouse anti-hTfR 

(1:600)56, rabbit anti-HA (1:600; Sigma-Aldrich; H6908) and hDyn2 (1:50; Santa Cruz 

Biotechnology; G4). Nuclei were labelled with Hoechst 33342 (1:1,000; Abcam; 27671). 

The following secondary antibodies were used at 1:200: Alexa Fluor 488-, 568- and 647-

conjugated (Invitrogen) and biotinylated antibodies (Vector Laboratories) made in goat. F-

actin was labelled with Alexa Fluor 488-, 568- or 647-conjugated phalloidin (Sigma-

Aldrich) at 1:600.

Labelled samples were mounted in Vectashield (Vector Laboratories) or Aqua-Poly/Mount 

(Polysciences). Confocal microscopy was performed using a Zeiss LSM 700 microscope 

equipped with EC Plan Neofluar DIC M27 40×/1.3 and Plan-Apochromat DIC 63×/1.4 oil 

objectives, a Nikon A1R confocal microscope (Ti-E) equipped with CFI Plan Fluor 40×/1.3 

and CFI Plan Apo VC 60×/1.4 oil objectives, or a Leica TCS SPE confocal microscope 

(DMi8) equipped with an HC PL APO 20×/0.8 dry objective. The images were processed 

using Adobe Photoshop CS6 and ImageJ (National Institutes of Health (NIH)) software.

Molecular biology.

All of the molecular reagents used in this study are described in Supplementary Table 1.
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Electron microscopy.

The high-pressure freezing and freeze substitution method was used to fix the fly embryos, 

as described previously6,57. Briefly, fly embryos at stage 12–14 were frozen with a Bal-Tec 

device, followed by freeze substitution with 1% osmium tetroxide, 0.1% uranyl acetate in 

98% acetone, and 2% methanol on dry ice. Embryos were then embedded in Epon (Sigma-

Aldrich). Thin sections (70 nm) were cut with an ultramicrotome (Leica EM UC7), mounted 

on copper grids, and post-stained with 2% uranyl acetate for 10 min and with Sato’s lead 

solution58 for 1 min for contrast enhancement. Images were acquired on a transmission 

electron microscope (CM120; Philips).

Protein purification.

Most recombinant proteins generated in this study (Drosophila Shi, Shits2, ShiQ35E, 

ShiK137A, ShiI527A, ShiAKE, Shi-SNAP, ShiΔG, ShiΔPRD, ShiΔPH, ShiPRD, Shi2xPRD, Drp1, 

Drp1-ShiPRD, Shi4RD, ShiR804D, ShiR829D, ShiR846/853D, hDyn1, hDyn2, hDyn12xPRD, 

hDyn22xPRD and hDyn2ΔPRD) were expressed in inset Sf9 cells transiently transfected with 

the corresponding constructs. These amino-terminally His-tagged fusion proteins were 

purified with nickel-nitrilotriacetic acid resin (Thermo Fisher Scientific) according to the 

manufacturer’s instructions. ShiPRD, Shi2xPRD, hDyn12xPRD and hDyn22xPRD were further 

purified with gel filtration. All purified proteins were dialysed against 20 mM HEPES (pH 

7.3), 150 mM KCl, 1 mM EGTA and 1 mM dithiothreitol (DTT), flash frozen in liquid 

nitrogen and stored at −80 °C.

The hDyn1 used in the Cryo-ET study was cloned into the pcDNA3.1 mammalian 

expression vector with an amino-terminal His tag. This construct was transiently transfected 

into 293-F cells (Thermo Fisher Scientific) using polyethylenimine at a 

DNA:polyethylenimine ratio of 1.5:1. Cells were harvested 3 d post-transfection. Proteins 

were purified by Ni-NTA chromatography and gel filtration using a SEC 650 column (Bio-

Rad). Human Drp1 was purified using bacterial BL21 (DE3)-RIPL cells, as described 

previously59.

All of the SH3 domains used in this study (Drosophila Drk-SH3.1, Drk-SH3.2, Dock-SH3.2, 

Dock-SH3.3, SH3PX1-SH3 and amphiphysin II-SH3) were expressed in Escherichia coli 
BL21 (DE3). Glutathione S-transferase-tagged fusion proteins were affinity purified using 

Glutathione Superflow Agarose (Thermo Fisher Scientific) according to the manufacturer’s 

instructions. The glutathione S-transferase tags were removed by thrombin. All purified 

proteins were dialysed against 10 mM Tris-HCl (pH 8.0), flash frozen in liquid nitrogen and 

stored at −80 °C.

Co-sedimentation assay.

High- and low-speed F-actin co-sedimentation assays were performed to determine the F-

actin-binding and -bundling activity of Drosophila and human dynamin (and their mutants), 

respectively. F-actin pre-assembled from 3 μM G-actin was incubated with the indicated 

concentrations of proteins in 5 mM HEPES (pH 7.3), 50 mM KCl, 2 mM MgCl2, 0.5 mM 

EGTA, 3 mM imidazole, 60 nM ATP, 60 nM CaCl2, 0.4 mM DTT and 0.003% NaN3 for 30 

min at room temperature. The samples were then spun for 30 min at 4 °C and 50,000 g 
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(high-speed co-sedimentation) or 13,600g (low-speed co-sedimentation). The supernatants 

and pellets resulting from centrifugation were resolved by 10% sodium dodecyl sulfate 

polyacrylamide gel electrophoresis (SDS-PAGE) and the gels were stained with InstantBlue 

(Expedeon).

TIRF microscopy.

To visualize Shi-actin bundles (Fig. 2b), rabbit skeletal muscle G-actin (90% unlabelled and 

10% rhodamine-G-actin; cytoskeleton) and Shi were incubated at concentrations of 2 and 1 

μM, respectively, in actin polymerization buffer (6.5 mM HEPES (pH 7.3), 50 mM KCl, 1 

mM MgCl2, 0.3 mM EGTA, 80 nM ATP, 80 nM CaCl2, 0.3 mM DTT and 0.004% NaN3) 

for 2 h. Then, 10 μl of the reaction mix was mixed with 10 μl 2× TIRF buffer (1× TIRF 

buffer: 50 mM KCl, 1 mM MgCl2, 1 mM EGTA, 10 mM imidazole, 100 mM DTT, 0.2 mM 

ATP, 15 mM glucose, 20 μg ml−1 catalase, 100 μg ml−1 glucose oxidase, 0.2% BSA and 

0.5% methylcellulose (pH 7.0)) and loaded onto flow chambers prepared as follows. Flow 

chambers were assembled and coated with 10 nM NEM-myosin in HS-TBS buffer (50 mM 

Tris-HCl (pH 7.5) and 600 mM NaCl) for 1 min, washed with HS-BSA (1% BSA, 50 mM 

Tris-HCl (pH 7.5) and 600 mM NaCl) twice, washed with LS-BSA (1% BSA, 50 mM Tris-

HCl (pH 7.5) and 150 mM NaCl) twice and incubated for 5 min, and washed with the TIRF 

buffer. The loaded samples on the flow chambers were incubated for 5 min and subjected to 

TIRF imaging using a Nikon Eclipse Ti microscope equipped with an Apochromat DIC N2 

TIRF 100×/1.49 oil objective lens and an Andor DU-897 X-8654 camera. Convolutedness 

was calculated as the ratio of traced filament length to the length of the longest side of a 

bounding rectangle encompassing the same filament60.

To visualize Shi-mediated bundling of the Arp2/3-mediated branched actin network (Fig. 

2c), 50 nM Arp2/3 (cytoskeleton), 1 μM Verprolin, cofilin, acidic (VCA) domain of WASP 

(cytoskeleton), 1.5 μM G-actin and 0.5 μM Alexa Fluor 568-phalloidin were mixed in 1× 

TIRF buffer, loaded into the flow chambers and subjected to TIRF imaging immediately. A 

total of 0.2 μM Shi-SNAP-Surface 488 was loaded into the NEM-myosin-coated flow 

chambers ~20 min later to bundle the actin filaments. To visualize GTP hydrolysis-triggered 

dynamic assembly/disassembly of actin bundles (Fig. 6g), 50 nM Arp2/3, 1 μM VCA and 

1.5 μM G-actin (15% rhodamine-G-actin) were mixed in 1× TIRF buffer to generate the 

branched actin network, followed by the addition of 0.2 μM Shi-SNAP-Surface 488 to 

bundle the actin filaments. Then, 1 mM GTP was loaded into flow chambers to trigger the 

dynamic disassembly and (re)assembly of Shi helices and actin bundles.

To monitor the process of Shi bundling of pre-assembled actin filaments at the single-

filament level (Fig. 2e), experiments were performed on His-tagged ezrin-bound supported 

lipid bilayers (SLBs). SLBs were prepared as previously described61. Briefly, a 96-well 

glass-bottomed plate (Matrical) was pre-treated with Hellmanex III (Hëlma Analytics) 

overnight, thoroughly rinsed with Milli-Q H2O, washed with 300 μl 6 M NaOH for 30 min 

at 45 °C, repeated once, rinsed with 500 μl Milli-Q H2O three times, and washed with 500 μl 

HEPES buffer (50 mM HEPES (pH 7.3), 150 mM NaCl and 1 mM TCEP) three times to 

equilibrate the wells; finally, 200 μl HEPES buffer was kept in each well. Some 10 μl of 

small unilamellar vesicles (98% POPC, 2% DOGS-NTA and 0.1% PEG-5000PE) were 
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added into wells and incubated for 1 h at 40 °C to form SLBs, followed by three washes 

with 500 μl HEPES buffer. Next, 100 μl BSA buffer (50 mM HEPES (pH 7.3), 50 mM KCl, 

1 mM TCEP, 1 mM MgCl2 and 1 mg ml−1 BSA) was added into each well and incubated for 

30 min at room temperature. Ultimately, His-tagged ezrin at 40 nM in BSA buffer was added 

into each well and incubated for 1 h at room temperature, followed by five washes with 500 

μl BSA buffer to remove the unbound His-ezrin. Pre-assembled actin filaments (90% 

unlabelled G-actin and 10% rhodamine-G-actin) were added into wells and incubated for 5 

min at room temperature followed by 100 μl image buffer addition (0.02 mg ml−1 catalase, 

0.1 mg ml−1 glucose oxidase and 15 mM glucose in BSA buffer) to adjust the actin 

concentration to 100 nM. Immediately before imaging, Shi was added into a well to a final 

concentration of 10 nM and imaged using a TIRF/iLas2 TIRF/FRAP module (BioVision) 

mounted on a Leica DMI6000 microscope base equipped with a 100×/1.49 oil objective lens 

and a Hamamatsu ImagEM X2 EMCCD camera.

To monitor Shi-mediated actin bundling during actin filament growth (Fig. 2f), experiments 

were performed in flow chambers prepared as previously described62, except that piranha 

cleaning was replaced with ultraviolet-ozone treatment. Briefly, microscope slides and 

coverslips (#1.5; Thermo Fisher Scientific) were washed for 30 min with acetone and 10 min 

with 95% ethanol, sonicated for 2 h with Hellmanex III detergent (Hellma Analytics), 

washed extensively with Milli-Q water and treated with UVO cleaner (Jetlight Company) for 

10 min. Slides were then immediately incubated for 18 h with 1 mg ml−1 mPEG-Silane 

(5,000 MW) in 95% ethanol (pH 2.0). Parallel strips of double-sided tape were placed on a 

coverslip to create multiple flow chambers. To initiate the experiment, 1.5 μM MgATP-actin 

(10% tetramethylrhodamine labelled) and 1 μM Shi were mixed with 2× TIRF buffer (1× 

TIRF buffer: 10 mM imidazole (pH 7.0), 50 mM KCl, 1 mM MgCl2, 1 mM EGTA, 50 mM 

DTT, 0.2 mM ATP, 50 μM CaCl2, 15 mM glucose, 20 μg ml−1 catalase, 100 μg ml−1 glucose 

oxidase and 0.2% (400 centipoise) methylcellulose) and transferred to a flow chamber for 

imaging. TIRF microscopy images were collected at 10-s intervals using a Nikon Inverted 

Ti-E microscope base equipped with a 100×/1.49 oil objective lens and an Evolve EMCCD 

camera (Photometrics) with through-the-objective TIRF illumination.

To visualize Arp2/3-mediated branched actin polymerization on the dynamin-actin bundles, 

both Shi-actin and hDyn1-actin (Extended Data Fig. 8b,d) bundles were examined. Shi-actin 

bundles were pre-assembled with 2 μM Shi, 1 μM G-actin and 1 μM Alexa Fluor 488-

phalloidin. The pre-assembled samples were loaded into the NEM-myosin-coated flow 

chambers, incubated for 5 min and then washed and incubated with TIRF buffer with or 

without 1 mM GTP for an additional 5 min. Subsequently, 50 nM Arp2/3, 1 μM VCA and 

250 nM rhodamine-G-actin were loaded into flow chambers with or without 1 mM GTP and 

subjected to TIRF imaging immediately. To visualize Shi in the actin polymerization process 

(Fig. 6h), Shi-SNAP was labelled fluorescently with SNAP-Surface 488 (New England 

Biolabs), and Shi-SNAP-Surface 488-mediated actin bundles were visualized by TIRF 

imaging. To visualize Shi-mediated bundling of Arp2/3-mediated branched actin filaments 

on Shi-actin bundles (Fig. 6i), 0.2 μM Shi was loaded into the flow chamber containing pre-

formed Shi-actin bundles with branched actin filaments. hDyn1-actin bundles were pre-

assembled with 2 μM hDyn1, 1 μM G-actin and 1 μM Alexa Fluor 488-phalloidin, loaded 

into flow chambers, incubated for 5 min, and washed and incubated with TIRF buffer with 
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or without 0.01 mM GTP for an additional 1 min. After another brief wash with TIRF 

buffer, 50 nM Arp2/3, 1 μM VCA and 250 nM rhodamine-G-actin were loaded into flow 

chambers without GTP and subjected to TIRF imaging immediately.

Negative-stain electron microscopy.

Negative-stain electron microscopy was performed to visualize the distribution of dynamin 

and mutants along actin bundles. A total of 1 μM G-actin was incubated with an appropriate 

concentration of dynamin (or dynamin mutant) in 6.5 mM HEPES (pH 7.3), 50 mM KCl, 2 

mM MgCl2, 0.3 mM EGTA, 20 nM ATP, 20 nM CaCl2, 0.3 mM DTT and 0.001% NaN3 at 4 

°C overnight. The reaction mixture was loaded onto carbon-coated, glow-discharged 400 

mesh copper grids and incubated for 5 min, followed by two quick washes in actin 

polymerization buffer (50 mM KCl, 1 mM MgCl2, 1 mM EGTA and 10 mM imidazole). 

The grid was stained in two drops of 0.75% uranyl formate for 20 s and air dried. Electron 

micrographs were collected on a JEOL 1200-EX II transmission electron microscope.

To test the effects of GTP on dynamin-actin bundles by negative-stain electron microscopy, 

1 μM G-actin was incubated with an appropriate concentration of dynamin (or dynamin 

mutant) in the presence or absence of 1 mM GTP at room temperature for 30 min.

To visualize dynamin helices on lipid nanotubes, lipid nanotubes were generated with 40% 

phosphatidylcholine (1,2-dioleoyl-sn-glycero-3-phosphocholine), 40% NFA-GalCer, 10% 

cholesterol and 10% PtdIns(4,5)P2 (to a total lipid concentration of 1 mM) (Avanti). Then, 3 

μM dynamin (or dynamin mutant) was incubated with lipid nanotubes in lipid buffer (20 

mM HEPES (pH 7.3), 150 mM KCl, 2 mM MgCl2 and 1 mM DTT) at 4 °C overnight, 

followed by the negative stain described above, except that the washes were done in the lipid 

buffer.

To visualize the actin-dynamin-lipid nanotube complex, 2 μM Shi and 1 mM lipid nanotubes 

were mixed and incubated at 4 °C overnight. Then, 1 μM G-actin was added to the mix and 

incubated for another 4 h at room temperature, followed by the negative stain.

To visualize dynamin self-assembled rings, 0.2 mg ml−1 dynamin was dialysed against 20 

mM HEPES (pH 7.3), 25 mM KCl, 1 mM EGTA and 1 mM DTT at 4 °C overnight. 

Samples were loaded onto grids and incubated for 1 min, followed by two quick washes 

with the same dialysis buffer and staining in two drops of 0.75% uranyl formate for 1 min.

Western blot.

Expression constructs were transfected into S2R+ cells. Cells were harvested, washed in 

PBS and lysed in lysis buffer (50 mM Tris (pH 7.5), 200 mM NaCl, 10 mM MgCl2, 1% 

NP-40 and 0.5% Triton X-100) supplemented with 1× protease inhibitor cocktail (Sigma-

Aldrich). After centrifugation, cell lysates were analysed on an SDS-PAGE gel. The 

following antibodies were used for blotting: rabbit anti-HA (1:1,000; Thermo Fisher 

Scientific; 715500), mouse anti-tubulin (1:1,000; DSHB; E7), chicken anti-GFP (1:5,000; 

Thermo Fisher Scientific; A10262), anti-rabbit-HRP (1;10,000; Invitrogen), anti-mouse-

HRP (1;10,000; Invitrogen) and anti-chicken-HRP (1:20,000; Invitrogen).
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Pulse-chase transferrin uptake assay.

A total of 1.2 × 106 S2R+ cells were plated in each well of a 6-well plate and transfected 

with 100 ng human transferrin receptor (and 100 ng of rescue construct if applicable) using 

Effectene (QIAGEN), according to manufacturer’s instructions. At 36 h post-transfection, 

cells were washed with PBS, incubated in PBS++++ (1 mM CaCl2, 1 mM MgCl2, 5 mM 

glucose and 0.2% BSA) for 30 min and incubated with 5 μg ml−1 Alexa Fluor 488- or 568-

transferrin (Molecular Probes; T13342 and T23365) for 5 min. Subsequently, cells were 

placed on ice, washed three times with cold PBS and three times with acetic acid (0.2 M 

acetic acid and 0.2 M NaCl (pH 2.5)) for 5 min each, then three times again with cold PBS, 

fixed with 4% formaldehyde, and stained for human transferrin receptor and haemagglutinin 

(HA). Stained cells were mounted and subjected to confocal imaging.

For image analysis, transfected cells were identified and manually outlined, yielding the 

total surface area (TSA). Within these TSAs, fluorescent signals of interest were 

automatically determined using the triangular threshold method, and particles were analysed 

through the built-in ImageJ algorithm. Relative transferrin uptake was determined by the 

transferrin particle count divided by the TSA, followed by normalization to the relevant 

control.

Cryo-ET.

Cryo-ET was used to determine the three-dimensional organization of actin filaments 

bundled by dynamin. Some 5 μM G-actin was incubated with 0.625 μ.M hDyn1 (or Shi) in 

actin polymerization buffer (20 mM HEPES (pH 7.3), 50 mM KCl, 1 mM EGTA, 80 nM 

ATP, 80 nM CaCl2, 1 mM DTT and 0.004% NaN3) at 4 °C overnight. Aliquots of 3.5 μl of 

the overnight actin/dynamin reaction mixture with 10-nm gold fiducials were loaded onto 

glow-discharged gold C-flat grids (Electron Microscopy Sciences; CF-1.2/1–4Au-50) for 20 

s, back-blotted on the sample-free side with filter paper for 2 s (22 °C; 90% humidity) and 

then plunged into liquid ethane using the EM Grid Plunger (Leica Microsystems). Electron 

micrographs for the cryo-ET study were collected with a 200-kV TF20 transmission electron 

microscope (FEI) at 29,000x magnification, with a defocus of −3.0 μm using a K2 Summit 

camera (Gatan). Tilt series were collected using SerialEM at angles between around −60° 

and +60° for each dataset. Tomograms were generated from the tilt series with the IMOD 

package63. Modelling of dynamin (EMDB code: EMDB-7957) and actin (provided by K. 

Chinthalapudi using the Protein Data Bank entry 5ONV) into tomograms was done in 

Chimera64, guided by segmented tomograms obtained using the EMAN2 semi-automated 

segmentation package65. The helical parameters of dynamin were calculated based on the 

diameter, pitch and known distance between dynamin subunits along the helical path.

GTPase activity assay.

The GTPase activity of Shi (or ShiΔPH) was measured according to previously published 

methods66. For basal GTPase assay, 0.1 μM Shi (or ShiΔPH) was incubated in the GTPase 

assay buffer (20 mM HEPES (pH 7.5), 50 mM KCl, 2 mM MgCl2 and 1 mM DTT) with a 

series of GTP concentrations (10, 15, 25, 50, 100, 150 and 200 μM) at room temperature. 

Samples were harvested from the reaction mixes at 2-min intervals over a 16-min period, 

and reactions were stopped by EDTA addition to a final concentration of 100 mM EDTA. 
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Malachite green solution was added to each sample and the absorbance at 650 nm was 

determined using a microplate reader. Released inorganic phosphate detected by malachite 

green was fitted to a linear curve versus time course, and the GTP hydrolysis rate was 

calculated for each GTP concentration. Subsequently, the GTP hydrolysis rates were plotted 

against the initial concentrations of GTP to calculate the Michaelis-Menten constants Kcat 

and Km.

For actin-stimulated GTPase assay, 0.1 μM Shi (or ShiΔPH) was pre-incubated with 0.3 μM 

G-actin in the GTPase assay buffer for 1 h at room temperature to allow the formation of 

stable Shi-actin (or ShiΔPH-actin) bundles. GTP was added to the reaction mixes at a series 

of final concentrations of 10, 15, 25, 50, 100, 150 and 200 μM. Samples were harvested 

from the reaction mixes at 2-min intervals over a 12-min period and processed as described 

above. To further test the effect of Shi-actin bundling on the GTPase activity of Shi, 0.1 μM 

Shi was pre-incubated with G-actin at a series of concentrations (0, 20, 40, 80, 160, 320, 640 

and 1,280 nM) in the GTPase assay buffer for 1 h at room temperature. Then, 0.5 mM GTP 

was added and samples were harvested from the reaction mixes at 2-min intervals over a 16-

min period, and processed as described above.

FRAP.

To visualize the dynamics of Shi along actin bundles with or without GTP, actin bundles 

were prepared by incubating 1 μM Shi-SNAP-Surface 488 and 1 μ.M G-actin in actin 

polymerization buffer (6.5 mM HEPES (pH 7.3), 50 mM KCl, 1 mM MgCl2, 0.3 mM EGTA 

and 0.3 mM DTT) for 2 h at room temperature. Before imaging, 0.25 μM Shi-SNAP-Surface 

488 in fluorescence buffer with or without 1 mM GTP was mixed with the samples. To 

perform the FRAP assay, two pre-photobleaching images were recorded, followed by 

quickly photobleaching the region of interest to ~15% of its original intensity. Subsequently, 

images were acquired every 30 s using a Nikon A1R confocal microscope (Ti-E) equipped 

with a CFI SR Apochromat TIRF 100×/1.49 oil objective lens. The mean fluorescence 

intensity of the photobleached region was calculated using ImageJ software, and the un-

photobleached region in the vicinity was used to correct the curve.

Super-resolution microscopy.

To visualize the distribution of Shi along the actin bundles generated with purified actin and 

Shi in vitro (Fig. 6a), 1 μM Shi-SNAP-Surface 488 was incubated with 1 μM G-actin and 1 

μM Alexa Fluor 568-phalloidin, in the presence or absence of 1 mM GTP, in actin 

polymerization buffer (6.5 mM HEPES (pH 7.3), 50 mM KCl, 1 mM MgCl2, 0.3 mM EGTA 

and 0.3 mM DTT) for 2 h at room temperature. Subsequently, the samples were diluted 20-

fold in fluorescence buffer (0.5% methycellulose, 50 mM KCl, 1 mM MgCl2, mM EGTA, 

10 mM imidazole, 100 mM DTT, 0.02 mg ml−1 catalase, 0.1 mg ml−1 glucose oxidase, 15 

mM glucose, 0.1 mM CaCl2, 0.1 mM ATP and 0.005% NaN3). Then, 4 μl of diluted samples 

were mounted onto a slide, covered with a poly-L-lysine-coated coverslip and subjected to 

SIM imaging.

To visualize Shi localization along actin bundles at the fusogenic synapse (Fig. 8a,b and 

Extended Data Fig. 9a), 1.2 × 106 S2R+ cells were seeded into each well of a 6-well plate 
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and transfected with pAc-Eff-1-FLAG (200 ng), pAc-Sns-GFP (200 ng) and pAc-Shi-3×HA 

(or pAc-ShiQ35E-3xHA) (100 ng) for SIM imaging, or pAc-Eff-1-FLAG (150 ng), pAc-Sns-

HA (150 ng), pUAST-Shi-GFP (50 ng) and pUbi-Gal4 (50 ng) for STED imaging using 

Effectene (Qiagen). Samples were washed twice with PBS++ (PBS plus 1 mM CaCl2 and 

0.5 mM MgCl2) at 36–48 h post-transfection, fixed with 4% paraformaldehyde diluted in 

cytoskeleton preservation buffer (80 mM PIPES (pH 6.8), 5 mM EGTA and 2 mM MgCy for 

10 min at 37 °C (ref.67), washed in PBS, permeabilized and incubated in PBSBT, and 

subjected to immunostaining. For SIM imaging, the following labelling reagents were used: 

rabbit anti-HA antibody (1:600; Thermo Fisher Scientific; 715500), Alexa Fluor 647-

conjugated goat anti-rabbit antibody (1:600; Invitrogen) and Alexa Fluor 568-phalloidin 

(1:200; Sigma-Aldrich). For STED imaging, the following labelling reagents were used: 

rabbit anti-HA antibody (1:600; Thermo Fisher Scientific; 715500), mouse anti-GFP 

antibody (1:600; DSHB; 8H11), CF405M-conjugated goat anti-rabbit antibody (1:600; 

Biotium), Star580-conjugated goat anti-mouse antibody (1:600; Abberior) and StarRed-

phalloidin (1:200; Abberior).

To visualize hDyn2 localization along actin bundles on comet tails (Extended Data Fig. 

9e,f), 4.5 × 105 HeLa cells were seeded onto 25-mm glass coverslips (Warner Instruments; 

64–0715) deposited in 6-well plates the day before infection. GFP-expressing L. 
monocytogenes strain 10403s (provided by D. Portnoy, University of California, Berkeley) 

was cultured in 3 ml brain heart infusion media (Gibco) at 30 °C overnight without shaking 

until an optical density at an absorbance, measured at 600 nm, of 0.8 was reached. The 

following day, 1 ml Listeria culture was centrifuged at 16,000g for 1 min, washed with PBS, 

and resuspended in a final volume of 1 ml PBS. HeLa cells were infected with Listeria at a 

multiplicity of infection of 60, and infection was synchronized by centrifugation for 10 min 

at 800g. The cells were then incubated at 37 °C for 90 min and washed with PBS, followed 

by another incubation in fresh media containing 50 μg ml−1 gentamicin for 5 h. HeLa cells 

were washed twice with PBS++, then fixed with 4% paraformaldehyde diluted in 

cytoskeleton preservation buffer for 10 min at 37 °C (ref.67). Samples were washed in PBS, 

permeabilized and incubated in PBSBT, followed by immunostaining. The following 

labelling reagents were used: mouse anti-hDyn2 (1:50; Santa Cruz Biotechnology; G4), 

Star580-conjugated goat anti-mouse antibody (1:600; Abberior) and StarRed-conjugated 

phalloidin (1:200; Abberior).

SIM imaging was performed using a Nikon N-SIM E microscope (Ti-E) equipped with a 

CFI SR Apochromat TIRF 100×/1.49 oil objective lens and an ORCA-Flash 4.0 sCMOS 

camera (Hamamatsu Photonics K.K.). Excitation of the fluorophores was performed with 

three lasers (488, 561 and 640 nm).

STED imaging was performed using an Abberior Instruments Expert Line STED 

microscope (Abberior Instruments) equipped with an SLM-based easy3D module, an 

Olympus IX83 microscope body and an UPLSAPO 100×/1.4 oil objective. Excitation of the 

fluorophores was performed with pulsed excitation lasers at 561 and 640 nm. A pulsed 775-

nm laser (pulse width: ~1.2 ns) was used for STED. Both excitation and STED lasers were 

synchronized and operated at 40 MHz. Time-gated detection of the fluorescence was 
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performed at 605–625 nm for the orange channel and 650–720 nm for the far-red channel. 

The images were processed using Adobe Photoshop CS6 and ImageJ (NIH) software.

Immunogold PREM.

To visualize Shi localization along actin bundles at the fusogenic synapse at the 

ultrastructural level, 1.2 × 106 Shi knockdown S2R+ cells were seeded and transfected using 

Effectene (Qiagen) with pAc-Eff-1-FLAG (175 ng), pAc-Sns-iBlueberry-T2A-HO1 (175 

ng) and various Shi constructs: (1) pUAST-Shi-GFP (or pUAST-ShiQ35E-GFP) (100 ng) and 

pUbi-Gal4 (100 ng); or (2) pAc-Shits2-3×HA (200 ng).

For membrane extraction, cells on glass coverslips were rinsed twice in PBS++ and 

incubated in extraction solution containing 1% Triton X-100, 4% polyethylene glycol (or 

PEG), 2 μM unlabelled phalloidin (Sigma-Aldrich; P2141) and 2 μM taxol (Sigma-Aldrich; 

T7402) in PEM buffer (100 mM PIPES-KOH (pH 6.9), 1 mM MgCl2 and 1 mM EGTA) for 

4 min. Membrane-extracted cells were fixed with 0.2% glutaraldehyde (Ted Pella; 18426) 

prepared in PEM buffer at room temperature for 30 min.

Immunogold staining and platinum replica sample processing were performed as described 

previously68,69. For immunogold staining, the fixed cells were quenched with 2 mg ml−1 

NaBH4 in PBS twice for 10 min each and blocked with 1% BSA in PBS for 20 min. The 

cells were then incubated with rabbit anti-HA (Sigma-Aldrich; H6908) or anti-GFP 

(Invitrogen; G10362) antibody diluted 1:50 in PEM buffer for 1 h. The samples were 

washed in immunogold buffer containing 0.5 M NaCl, 0.05% Tween 20 and 0.05% sodium 

azide in 20 mM Tris-HCl (pH 8.0) and incubated with secondary antibodies conjugated with 

18-nm colloidal gold (Jackson Immuno Research; 111-215-144) diluted (1:10) in 

immunogold buffer overnight. After washing, the samples were post-fixed with 2% 

glutaraldehyde. For platinum replica, the cells were post-fixed by sequential treatment with 

0.1% tannic acid and 0.2% uranyl acetate in water, dehydrated through a graded ethanol 

series (10, 20, 40, 60 and 80% for 5 min each, 100% twice for 5 min each, 0.2% uranyl 

acetate in 100% ethanol for 20 min, and 100% ethanol four times for 5 min each), critical 

point dried, coated with platinum and carbon and transferred to electron microscopy grids 

for observation. PREM samples were examined using a JEM-1400Plus transmission electron 

microscope (JEOL USA) operated at 120 kV. Images were acquired using an AMT 

BioSprint 16M-ActiveVu CCD camera (AMT) and presented in inverted contrast.

To simulate super-resolution imaging of Shi from the PREM images, a green point spread 

function mask with a diameter of 110 nm (ref.70) was placed on each gold particle using 

Adobe Illustrator CC. The opacity was set to 40% for all masks to allow stacking of the 

green masks where they overlapped.

To analyse the frequency of Shi clusters on actin bundles at the fusogenic synapse (Extended 

Data Fig. 9c,d), the total number of gold particles, number of gold particles in clusters (each 

containing ≥3 gold particles in a 100 nm2 square box) and surface area of the actin bundle 

examined were measured using ImageJ (NIH) software. The density of gold particles was 

determined as the total number of gold particles divided by the surface area of the actin 

bundle examined. Actin bundles with similar Shi density were used to analyse the 
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occurrence of Shi clusters, which was determined as the percentage of gold particles in 

clusters versus the total number of gold particles.

Statistics and reproducibility.

Statistical significance was assessed using two-tailed Student’s t-test. P values were obtained 

using Microsoft Excel 2016. The numbers of biological replicates for each experiment, 

independent samples for immunofluorescence images and independent experiments for 

western blots are indicated in the figure captions.

Reporting Summary.

Further information on research design is available in the Nature Research Reporting 

Summary linked to this article.
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Extended Data

Extended Data Fig. 1 |. Shi is required for myoblast fusion.
a, Myoblast fusion defect in shits2 mutant embryo. The somatic muscles in stage 15 wild-

type (WT) and shits2 mutant embryos were labeled by anti-muscle myosin heavy chain 

(MHC) antibody. Note the presence of unfused mononucleated myoblasts in shits2 mutant 

embryo at the restrictive temperature (several selected unfused FCMs indicated by 

arrowheads). n = 11, 8, 40 and 74 (top left, bottom left, top right, bottom right) embryos 

were imaged, with similar results. See quantification in Fig. 1b. b, Myoblast fusion defects 

in shits1mutant embryo. The somatic muscles in stage 15 wild-type and shits1 mutant 

embryos were labeled by anti-Tropomyosin antibody. Several selected unfused FCMs in 
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shits1mutant embryo at the restrictive temperature are indicated by arrowheads. n = 8 and 24 

(left to right) embryos were imaged, with similar results. See quantification in (c). c, 

Quantification of the fusion index of genotypes shown in (b). n = 40 DA1 muscles analyzed 

for wild type and shits1, respectively. Mean±s.d. values are shown in the dot plot, and 

significance was determined by the two-tailed Student’s t-test. d, Phenotypic rescue of 

myoblast fusion in shits2 mutant embryos. Note that expression of Shi-GFP in all muscles 

(twi-GAL4) or FCMs (sns-GAL4), but not in founder cells (rP298-GAL4), restored 

myoblast fusion in shits2embryos at the restrictive temperature. Several selected unfused 

FCMs indicated by arrowheads. n = 22, 7 and 8 (left to right) embryos were imaged, with 

similar results. See quantification in Fig. 1b. e, Myoblast fusion is normal in CorfacfinM/Z 

mutant embryos. The somatic muscles in late stage 15 wild type and CorfacfinM/Z mutant 

embryos were labeled by anti-MHC antibody. n = 20 and 15 (top to bottom) embryos were 

imaged, with similar results. Scale bars: 20 μm (a, b, d and e). Numerical source data are 

provided with the paper.
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Extended Data Fig. 2 |. Localization of Shibire at the fusogenic synapse in Drosophila embryos 
and S2R+ cells.
a-e, The recruitment of Shi to the fusogenic synapse depends on the FCM-specific cell 

adhesion molecule (CAM) Sns, but not on actin polymerization regulators. Stage 14 

embryos of various genotypes were labeled with anti-Shi (endogenous Shi; green), 

phalloidin (F-actin; red), and anti-Duf (founder cell-specific CAM enriched at the fusogenic 

synapse; blue). Shi and F-actin were enriched at the fusogenic synapse in wild type (a), 

waspm/z (c), slfr (d), and keffe (e) mutant embryos, but not in the sns mutant embryo (b). n = 

72, 60, 92, 96, 65 fusogenic synapses (left to right) were imaged, with similar results. f-g, 

Two endocytosis-related proteins, Clc and AP-2a, are not enriched at the fusogenic synapse. 

Stage 14 embryos expressing Clc-GFP (f) or AP-2α-GFP (g) were labeled with phalloidin 
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(red) and anti-Duf (blue). The FCM is outlined. n = 55 and 54 fusogenic synapses (left to 

right) were imaged, with similar results. h, Eff-1-mCherry localization in wild type and Shi 

knockdown S2R+ cells. Cells expressing Eff-1-mCherry (green) and Sns-GFP (blue) were 

labeled with phalloidin (red). Note the indistinguishable Eff-1-mCherry enrichment 

(arrowheads) at the fusogenic synapse in wild type and Shi knockdown cells. n = 65 (wild 

type) and 70 (Shi knockdown) fusogenic synapses were imaged, with similar results. i,j, Shi 

colocalizes with F-actin-enriched structures in S2R+ cells. Cells expressing Shi- 3xHA 

(green) and Sns-GFP (blue) with (i) or without (j) Eff-1 were labeled with phalloidin (red). 

Note that Shi-3xHA colocalized with the F-actin and Sns enriched areas (arrowheads) 

regardless of Eff-1 expression. n = 92 (i) or 65 (j) fusogenic synapses were imaged, with 

similar results. Scale bars: 5 μm (a-e and h), 2 μm (f and g), 10 μm (i and j).
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Extended Data Fig. 3 |. Shibire and ShibireAKE mutant bundle actin filaments.
a, Shi bundles actin filaments at low salt condition. Low speed co-sedimentation assays were 

performed and quantified as in Fig. 2a. 3 μM G-actin was incubated alone or with 0.5 μM 

Shi at different salt (KCl) concentrations as indicated. Mean±s.d. values are shown in the dot 

plot, and significance was determined by the two-tailed Student’s t-test (as in b, f and h). n = 

3 independent experiments. b, Shi binds actin filaments at low salt condition. High speed co-

sedimentation assays were performed and quantified as in Fig. 3f. 3 μM G-actin or 0.5 μM 

Shi was incubated alone or together at different salt (KCl) concentrations as indicated. n = 3 

independent experiments. c, High speed co-sedimentation assays were performed with 3 μM 

G-actin and increasing concentrations of Shi. Supernatants (S) and pellets (P) were 

monitored by SDS-PAGE after centrifugation at 50,000g. n = 3 independent experiments 
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with similar results. See quantification in (d). d, Analysis of Shi-actin binding shown in (c). 

The concentration of bound Shi was plotted against that of free Shi and fitted to a hyperbolic 

function (one site binding). Scatchard analysis of Shi-actin binding was performed to 

calculate the stoichiometry of binding and dissociation equilibrium constant. n = 3 

independent experiments. e, ShiAKE is less stable than Shi. Shi-3xHA and ShiAKE-3xHA 

were transfected into S2R+ cells co-expressing GFP and the cell lysates were subjected to 

western blot analysis. α-Tubulin and GFP were used as loading and transfection controls, 

respectively. n = 3 independent experiments with similar results. See quantification in (f). f, 
Quantification of western blot analyses, one of which is shown in (e). n = 3 independent 

experiments. g, Electron micrograph of negatively stained actin filaments in the presence of 

purified ShiAKE. n = 22 actin bundles were imaged, with similar results. Scale bar: 30 nm. h, 

Shi bundles actin filaments in the presence of GTP. 3 μM G-actin was incubated alone or 

with 0.5 μM Shi in the absence or presence of 1 mM GTP, and subjected to low speed co-

sedimentation assays. n = 3 independent experiments. Numerical source data and 

unprocessed blots are provided with the paper.
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Extended Data Fig. 4 |. The PRD domain of Shibire mediates Shibire-actin interaction.
a, The PRD domain is required for Shi-actin binding. 0.5 μM Shi (or a Shi deletion mutant 

as indicated) was incubated alone or with 3 μM G-actin. The wild-type Shi and Shi mutant 

bands are marked by arrowheads. Mean±s.d. values are shown in the dot plot, and 

significance was determined by the two-tailed Student’s t-test (as in b, e and f). n = 3 

independent experiments. b, The PRD and G domains, but not the PH domain, are involved 

in actin bundling. 3 μM G-actin was incubated alone or with 0.5 μM Shi (or a Shi deletion 

mutant as indicated), and subjected to low speed co-sedimentation assays. The wild-type Shi 

and Shi mutant bands are marked by arrowheads. n = 3 independent experiments. c, Electron 

micrographs of negatively stained lipid nanotubes that were incubated with Shi (or a Shi 

deletion mutant). n = 63, 76, 75, 94 (top to bottom) nanotubes were imaged, with similar 
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results. Scale bar: 30 nm. d, SH3 domains interfere with, but do not block, Shi-actin 

interaction. 6 μM G-actin was incubated with 0.5 μM Shi in the absence or presence of a 

SH3 domain as indicated, and subjected to high speed co-sedimentation assays. n = 2 

independent experiments (one is shown) with similar results. e, Actin-bundling activity of 

tandem PRD. 3 μM G-actin was incubated alone or with 0.5 μM Shi, 1.5 μM ShiPRD or 1 

μM Shi2xPRD, respectively, and subjected to low speed co-sedimentation assays. n = 3, 3, 5, 

5 (left to right) independent experiments. f, Actin-binding activity of single and tandem 

PRD. 0.5 μM Shi, 1.5 μM ShiPRD or 1 μM Shi2xPRD was incubated alone or with 3 μM G-

actin, and subjected to high speed co-sedimentation assays. n = 3, 3, 4, 4, 4, 4 (left to right) 

independent experiments. Numerical source data and unprocessed blots are provided with 

the paper.
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Extended Data Fig. 5 |. Critical role for the PRD in actin bundling.
a, Electron micrographs of negatively stained actin filaments mediated by Drosophila Shi, 

Drp1-ShiPRD, Drp1, and human Drp1 (hDrp1). Different ratios of actin to Shi/Drp1-ShiPRD/

Drp1/hDrp1 are indicated on the left. Note that Shi formed rings along actin bundles when 

actin:Shi = 8:1, whereas Drp1-ShiPRD started to form rings along actin bundles when 

actin:Drp1-ShiPRD = 1:1. Neither Drosophila or hDrp1 formed rings along actin bundles. n = 

12, 11, 24, 10, 11, 7, 10, 12, 30, 59, 6, 5, 5, 16 (top to bottom and left to right) actin bundles 

imaged with similar results. b, Quantification of the fusion indices of S2R+ cells expressing 

Shi, Drp1-ShiPRD or Drp1. Note that Drp1-ShiPRD, but not Drp1, partially rescued the cell 

fusion defect in Sns-Eff-1-expressing Shi knockdown cells. Overexpression (OE) of Drp1-

ShiPRD, but not Drp1, caused a dominant negative effect on the fusion of Sns-Eff-1-
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expressing cells. All Shi and mutant constructs were tagged with 3xHA. n = 7, 6, 9, 9, 9, 6, 

4, 5 and 4 (left to right) independent experiments. Mean± s.d. values are shown in the dot 

plot, and significance was determined by the two-tailed Student’s t-test (as in d and e). c, 

Drp1-ShiPRD, but not Drp1, is enriched at the fusogenic synapse of S2R+ cells. Sns-Eff-1-

expressing S2R+ cells were labeled by anti-HA (green), phalloidin (red) and Sns-iBlueberry 

(blue). The fusogenic synapses were marked by F-actin and Sns enrichment. n = 30, 90 and 

102 (top to bottom) fusogenic synapses were imaged, with similar results. d, Actin-binding 

activity of Shi and its PRD domain mutants. 0.5 μM Shi (or a PRD mutant as indicated) was 

incubated alone or with 3 μM G-actin, and subjected to high speed co-sedimentation assays. 

n = 3 independent experiments. e, Actin-bundling activity of Shi and its PRD domain 

mutants. 3 μM G-actin was incubated alone or with 0.5 μM Shi (or a PRD mutant as 

indicated), and subjected to low speed co-sedimentation assays. n = 4 independent 

experiments. Scale bars: 30 nm (a), 5 μm (c). Numerical source data and unprocessed blots 

are provided with the paper.

Zhang et al. Page 32

Nat Cell Biol. Author manuscript; available in PMC 2021 March 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Extended Data Fig. 6 |. Localization and endocytic function of Shi PRD domain mutants.
a, Shi PRD domain mutants (ShiR804D, ShiR829D, ShiR846/853D and Shi4RD) are enriched at 

the fusogenic synapse. Sns-Eff-1-expressing S2R+ cells were labeled by anti-HA (green), 

phalloidin (red) and Sns-iBlueberry (blue). The fusogenic synapses were marked by F-actin 

and Sns enrichment. n = 52, 65, 56, 77 and 73 (top to bottom) fusogenic synapses were 

imaged, with similar results. b, Pulse-chase transferrin (Tf) uptake assays were performed 

with Shi mutants in Shi knockdown S2R+ cells. Cells were labeled with Tf-Alexa488 

(green) and anti-human Tf receptor (hTfR) (red). Note that Shi PRD domain mutants 

(ShiR804D, ShiR829D, and ShiR846/853D) rescued the endocytosis defect in Shi knockdown 

cells as did wild type Shi. Shi4RD partially rescued endocytosis, whereas the GTPase domain 

mutant ShiQ35E did not rescue the endocytosis defect. n = 25, 28, 27, 22, 35, 20, 20 and 20 
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(left to right) cells were imaged, with similar results. See quantification in Fig. 4i. Scale 

bars: 5 μm (a), 20 μm (b).

Extended Data Fig. 7 |. Cryo-ET of hDynl- and Shi-mediated actin bundles.
a, Sections through the cryo-tomogram with hDynl (light blue) and associated actin 

filaments (rainbow colored) (area corresponding to that in Fig. 5e left panel). The top section 

reveals a right-handed tilt of hDynl, the middle shows the T-shaped structures, and the 

bottom shows a left-handed tilt, consistent with a helical polymer. n = 3 tomograms were 

collected, with similar results. b, Tomogram-derived model of actin filaments bundled by a 

hDynl helix showing the side, front, and back views. Colors are the same as in (a). Figure is 

representative from three experiments of tomograms showing hDynl-actin interaction. c, 
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Cryo-ET of three parallel Shi-mediated actin bundles. Boxed area of the tomogram enlarged 

in (d). n = 13 tomograms were collected, with similar results. d, Shi assembles as helices 

surrounded by actin filaments. Top, middle, and bottom views of the boxed region in (c) are 

consistent with a Shi helical polymer (light blue). The top panels are the boxed area binned 

for ease of visualization. The middle panels have the modelled Shi helix docked onto the 

unbinned tomogram. The bottom panel is a view of the unbinned tomogram. Figure is 

representative of 13 experiments of tomograms showing Shi-actin interaction. Scale bar: 20 

nm (a, c and d). Numerical source data are provided with the paper.

Extended Data Fig. 8 |. GTP addition triggers increased Arp2/3-mediated branched actin 
polymerization on dynamin-actin bundles.
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a, Quantification of Arp2/3-mediated branched actin filaments on Shi-actin bundles in the 

absence or presence of GTP shown in Fig. 6h. n = 34 actin bundles. Mean± s.d. values are 

shown in the dot plot, and significance was determined by the two-tailed Student’s t-test (as 

in c and e). b, Time-lapse stills of TIRF images of Arp2/3-mediated branched actin 

polymerization on Shi-actin bundles in the absence or presence of GTP (Supplementary 

Video 13). 2 μM Shi was first incubated with 1 μM Alexa Fluor 488 phalloidin-labeled actin 

(green) to generate actin bundles. Subsequently, Arp2/3, VCA and rhodamine-G-actin 

(magenta) were added to the Shi-actin bundles to start branched actin polymerization 

without (top three panels) or with (bottom three panels) 1 mM GTP. n = 32 actin bundles in 

the absence or presence of GTP were imaged, with similar results. See quantification in (c). 

c, Quantification of Arp2/3-mediated branched actin filaments in (b). n = 32 actin bundles. 

d, Time-lapse stills of TIRF images of Arp2/3-mediated branched actin polymerization on 

hDyn1-actin bundles in the absence or presence of GTP (Supplementary Video 15). 2 μM 

hDyn1 was first incubated with 1 μM Alexa Fluor 488 phalloidin-labeled actin (green) to 

generate actin bundles, followed by a wash with TIRF buffer without (top three panels) or 

with (bottom three panels) 0.01 mM GTP. Subsequently, Arp2/3, VCA and rhodamine-G-

actin (magenta) were added to start branched actin polymerization. n = 34 and 35 actin 

bundles in the absence or presence of GTP, respectively, imaged with similar results. See 

quantification in (e). e, Quantification of Arp2/3-mediated branched actin filaments in (d). n 
= 34 and 35 (left to right) actin bundles. Scale bar: 5 μm (b and d). Numerical source data 

are provided with the paper.
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Extended Data Fig. 9 |. Localization of dynamin on actin-enriched structures in cells.
a, Shi localization on actin bundles at the fusogenic synapse revealed by STED microscopy. 

S2R+ cells co-expressing Shi-GFP, Sns-HA, and Eff-1-FLAG were labeled with anti-GFP 

(green), phalloidin (red), and anti-HA (blue). Boxed areas in the left panels are enlarged on 

the right. Note the Shi punctae along the actin bundles. n = 16 fusogenic synapses were 

imaged, with similar results. b, Specificity of antibodies in the immunogold PREM 

experiments. Boxed area in the left panel is enlarged on the right. Shi knockdown S2R+ cells 

co-expressing Sns, Eff-1 and Shits2-3xHA were stained with anti-HA for immunogold 

labeling. Note the absence of 18-nm colloidal gold particle labeling in these actin bundles, 

suggesting that this cell was untransfected and demonstrating the labeling specificity of the 

primary and secondary antibodies. n = 15 fusogenic synapses were imaged, with similar 
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results. c, Quantification of gold particle density on actin bundles. The gold particle density 

was calculated as the number of gold particles divided by the area of the actin bundle 

examined. n = 14 and 21 actin bundles from 4 (Shi-GFP) and 7 (ShiQ35E-GFP) fusogenic 

synapses. Mean±s.d. values are shown in the dot plot, and significance was determined by 

the two-tailed Student’s t-test (as in d). d, Quantification of Shi cluster occurrence in Shi 

knockdown S2R+ cells co-expressing Sns, Eff-1 and Shi-GFP (or ShiQ35E-GFP). Shi cluster 

occurrence was calculated as the percentage of gold particles in clusters (containing ≥3 gold 

particles in a 100 nm2 square box) vs. the total number of gold particles on an actin bundle. 

Note the increase occurrence of ShiQ35E-GFP clusters than that of Shi. n = 14 and 21 actin 

bundles from 4 (Shi-GFP) and 7 (ShiQ35E-GFP) fusogenic synapses. e,f, hDyn2 localization 

on actin comet tails in Listeria-infected HeLa cell revealed by SIM (e) and STED (f). Over 

two dozen Listeria (GFP-Lm; blue) were protruding from a host cell, each propelled by an 

actin comet tail (e). Note the hDyn2 punctae (green) along each comet tail labeled with 

phalloidin (red) (e and f). n = 57 (e) and 9 (f) actin comet tails (biologically independent 

samples) were imaged, with similar results. Scale bars: 2 μm (a, left panels, b, left panel, e 
and f), 500 nm (a, right panels), 100 nm (b, right panel). Numerical source data are provided 

with the paper.
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Extended Data Fig. 10 |. Models describing the mechanisms of dynamin-actin interaction.
a, A schematic diagram of the cross section view (left) of the dynamin helix with associated 

actin filaments. During dynamin’s assembly into a helical structure, actin filaments are 

bundled to the outer rim of the partially assembled dynamin helices via the PRD domains. 

Once a dynamin helix is fully assembled, the assembly-stimulated GTPase activity of 

dynamin triggers rapid GTP hydrolysis and helix disassembly, freeing dynamin dimers/

tetramers to bundle new actin filaments. A schematic diagram of the side view of the 

dynamin helix with associated actin filaments (right). At its full capacity, a hDyn1 helix 

(illustrated here) can bundle 16 actin filaments, whereas Shi helix can bundle 12 filaments. 

b, Dynamin-mediated actin bundling enhances mechanical stiffness of the actin network and 

promotes membrane protrusions at the fusogenic synapse. Each actin super bundle is likely 
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organized by multiple dynamin helices that are being assembled, the dynamic asynchronous 

GTP hydrolysis results in a “hybrid” actin bundle that contains stretches of unprotected 

filaments held together at random locations by partial dynamin helices. Arp2/3-mediated 

actin polymerization on the unprotected areas of the actin bundles generate additional 

branched actin filaments, which may join the partially occupied bundles via trans-bundle 

PRD-actin interactions and crosslink multiple bundles. Through dynamin’s cycling between 

helix assembly and disassembly as a function of GTP hydrolysis, the actin bundles grow 

thicker and mechanically stiffer. As a consequence, the podosome-like structure at the 

fusogenic synapse is able to propel membrane protrusions to promote cell-cell fusion.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1 |. Shi promotes myoblast fusion by facilitating PLS invasion at the fusogenic synapse.
a, Defective myoblast fusion in the shi mutant embryo. Three hemisegments of somatic 

muscle (labelled with anti-tropomyosin) in stage 15 wild-type (WT) and shits2 mutant 

embryos are shown. Several mononucleated myoblasts in the shits2 mutant at the restrictive 

temperature are indicated by arrowheads. n = 11 (top left), 8 (bottom left), 40 (top right) and 

74 (bottom right) embryos (biologically independent samples) were imaged, with similar 

results. b, Quantification of the fusion index. The numbers of Eve-positive nuclei in the 

dorsal acute 1 (DA1) muscle of stage 15 embryos were counted for each genotype in a and 

Extended Data Fig. 1d. n = 30, 30, 30, 30, 30, 30, 10 and 17 (left to right) DA1 muscles 

(biologically independent samples). Mean ± s.d. values are shown in the dot plot, and 

significance was determined by two-tailed Student’s t-test. c, Shi co-localizes with F-actin 
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foci at fusogenic synapses in Drosophila embryos. Time-lapse stills of a stage 14 embryo 

expressing Shi–GFP and actin–mRFP are shown (see Supplementary Video 1). Shi–GFP and 

F-actin enrichment is indicated by the arrowheads. n = 31 fusogenic synapses (biologically 

independent samples) were analysed, with similar results. d, Shi promotes fusion in S2R+ 

cells. Snsand Eff-1-expresssing S2R+ cells fused to form multinucleated (≥3 nuclei) syncytia 

(outlined and numbered). Cells were labelled with phalloidin (F-actin) and Hoechst (nuclei). 

Shi knockdown inhibited cell fusion (bi-nucleated cells due to incomplete cytokinesis). n = 4 

independent sets of experiments were performed, with similar results. KD, knockdown; OE, 

overexpression. e, Shi knockdown efficiency measured by quantitative PCR. n = 9 

biologically independent sets of experiments. f, Quantification of the imaging results shown 

in d. The fusion index was determined as the percentage of the number of nuclei in 

multinucleated syncytia (≥3 nuclei) versus the total in transfected cells in each sample, 

normalized to the control. n = 5, 13, 9 and 6 (left to right) fusion indices pooled from four 

independent experiments. mRNA, messenger RNA. In e and f, mean ± s.d. values are shown 

in the dot plot, and significance was determined by two-tailed Student’s t-test. g, Shi co-

localizes with F-actin foci at fusogenic synapses in S2R+ cells. Cells expressing Shi–GFP, 

Sns–iBlueberry and Eff-1 were labelled with phalloidin. Enrichment of Shi–GFP, Sns and F-

actin is indicated by the arrowheads. n = 79 fusogenic synapses were imaged, with similar 

results. h, The F-actin foci at fusogenic synapses were less invasive in the shits2 mutant. 

Stage 14 wild-type and shits2 mutant embryos were labelled with phalloidin, anti-Antisocial/

Rols49,50 (Ants; a founder cell-specific adaptor protein enriched at the fusogenic synapse) 

and Hoechst (blue) at the restrictive temperature. FCMs are outlined. n = 67 (wild type) and 

38 (shits2) fusogenic synapses were imaged, with similar results. i, Electron micrographs of 

the fusogenic synapse in stage 14 wild-type and shits2 mutant embryos. FCMs are pseudo-

coloured in purple. Dashed lines delineate the F-actin-enriched area of the PLS. The long 

invasive finger-like protrusions in the wild type are indicated by arrowheads, and short and 

spread out protrusions in the shits2 mutant are indicated by arrows. n = 9 (wild type) and 21 

(shits2) fusogenic synapses were imaged, with similar results. Scale bars: 20 μm (a), 2 μm 

(c), 50 μm (d), 10 μm (g), 2 μm (h) and 1 μm (i). Numerical source data are provided with 

the paper.
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Fig. 2 |. Shi bundles actin filaments.
a, Shi bundles actin filaments in a dose-dependent manner. 3 μM actin was incubated with 

increasing concentrations of Shi. Supernatant (S) and pellet (P) were subjected to SDS-

PAGE after low-speed centrifugation at 13,600g. The percentage of actin in the pellet versus 

total actin was quantified. Mean±s.d. values are shown in the bar graph. n = 3 independent 

experiments were performed. b,c, TIRF images of linear actin filaments (b, left), an Arp2/3-

mediated branched actin network (c, left) and Shi-mediated actin bundles (pre-assembled 

actin filaments + Shi; b,c, right). n = 30 (b) and 12 (c) independent imaging experiments 

with similar results. d, Left: schematic of the measurement of convolutedness, defined as the 

ratio of traced filament length (l) to the length of the longest side of a bounding rectangle 

encompassing the same filament (y). Right: convolutedness of the actin filaments and Shi-
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mediated actin bundles from the experiments shown in b. n = 300 actin filaments or bundles. 

Mean±s.d. values are shown in the dot plot, and significance was determined by two-tailed 

Student’s t-test. e, Time-lapse stills of TIRF images showing Shi-mediated bundling of 

linear actin filaments (Supplementary Video 3). The bundled actin filaments are indicated by 

red dots. n = 10 independent imaging experiments were performed, with similar results. f, 
Time-lapse stills of TIRF images showing single actin filament bundling during 

polymerization (Supplementary Video 4). The fast-growing ends of three filaments are 

indicated by red, yellow and blue arrowheads, respectively. n = 22 actin bundles 

(biologically independent samples) were imaged, with similar results. g, Kymograph of the 

actin bundle formation shown in f. Three coloured lines indicate the tracks of the fast-

growing ends of the first (red), second (yellow) and third (blue) filaments. n = 3 independent 

analyses were performed, with similar results. h, Electron micrographs of negatively stained 

actin filaments (top) and Shi-mediated actin bundles with an [actin]:[Shi] ratio of 1:1 (1 μM) 

(bottom four images). Single (second image), double (third image) and triple (fourth image) 

Shi-actin bundles are shown. Two light-coloured Shi bands are indicated by red arrows. The 

bottom image shows a multi-bundle with mostly synchronized Shi bands. From top to 

bottom: n = 140, 195, 30, 30 and 20 actin filaments/bundles were imaged, with similar 

results. i, Distances between the Shi bands shown in h, j and m. From left to right: n = 401, 

418, 315 and 189 distances measured between adjacent pairs of Shi bands along actin 

bundles and lipid tubules, and within and between doublets along actin bundles, respectively. 

Mean±s.d. values are shown in the dot plot. j, Electron micrograph of a negatively stained 

Shi helix around a lipid nanotube. Two helical turns are indicated by arrows. n = 75 

nanotubes (biologically independent samples) were imaged, with similar results. k, Electron 

micrographs of negatively stained Shi rings. n = 141 rings (biologically independent 

samples) were imaged, with similar results. l, Diameters of actin filaments, Shi-actin 

bundles, Shi helices around nanotubes, and the outer and inner ring of Shi alone. Left to 

right: n = 219, 259, 252, 282 and 198 diameters measured. Mean±s.d. values are shown in 

the dot plot. m, Electron micrographs of negatively stained single (top) and double Shi-actin 

bundles (bottom) with an [actin]:[Shi] ratio of 8:1 (1 μM actin). Shi ring doublets are 

indicated by red brackets, and segments of naked actin filaments not associated with 

stretches of Shi rings are indicated by yellow brackets. n = 212 actin bundles were imaged, 

with similar results. Scale bars: 5 μm (b, c and f), 2 μm (e), 30nm (h, j and k) and 50nm (m). 

Numerical source data and unprocessed blots are provided with the paper.
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Fig. 3 |. hDynl and hDyn2 bundle actin filaments.
a, Electron micrographs of negatively stained actin filaments organized by hDynl (left) or 

hDyn2 (right) in the presence or absence of GTP. Both hDynl and hDyn2 formed regularly 

spaced bands along single (top images for each), double (second images for each) and triple 

(third image for hDynl) bundles. GTP addition disassembled the dynamin rings and the actin 

bundles (bottom images for both). For hDynl (top to bottom): n = 72, 54, 14 and 32 actin 

filaments/bundles were imaged, with similar results. For hDyn2, n = 82, 22 and 23 actin 

filaments/bundles were imaged. b, From left to right: distances between the hDynl bands 

along the actin bundle shown in the top left image in a; distances between the hDyn2 bands 

along the actin bundle shown in the top right image in a; and pitches of hDynl helices on the 

lipid nanotube shown in e. n = 307, 245 and 252 distances, respectively. Mean±s.d. values 
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are shown in the dot plot. c, Diameters of (from left to right): hDynl-actin bundles; hDynl 

helices around nanotubes; and the hDynl ring alone shown in d (outer and inner diameter). n 
= 220, 226, 132 and 131 diameters measured, respectively. Mean±s.d. values are shown in 

the dot plot. d, Electron micrographs of negatively stained hDynl rings. n = 66 rings were 

imaged, with similar results. e, Electron micrographs of negatively stained hDynl helices 

around lipid nanotubes. n = 230 nanotubes were imaged, with similar results. f, High-speed 

co-sedimentation assay of the actin-binding activity of hDyn2 and hDyn2ΔPRD. hDyn2 (or 

hDyn2ΔPRD) was incubated alone or with actin, and supernatants and pellets were subjected 

to SDS-PAGE after centrifugation at 50,000g. The percentage of hDyn2 (or hDyn2ΔPRD) in 

the pellet versus total protein was quantified. n = 4 independent experiments were 

performed. Mean±s.d. values are shown in the dot plot, and significance was determined by 

two-tailed Student’s t-test. g, Low-speed co-sedimentation assay of the actin-bundling 

activities of hDyn2 and hDyn2ΔPRD. Actin was incubated alone or with hDyn2 (or 

hDyn2ΔPRD). Assays were performed and quantified as in Fig. 2a. From left to right: n = 3, 4 

and 4 independent experiments. Mean±s.d. values are shown in the dot plot, and significance 

was determined by two-tailed Student’s t-test. h, Electron micrographs of negatively stained 

actin filaments in the presence of hDyn12xPRD or hDyn22xPRD. n = 21 (left) and 16 (right) 

actin bundles were imaged, with similar results. Scale bars: 30nm (a, d, e and h). Numerical 

source data and unprocessed blots are provided with the paper.
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Fig. 4 |. The PRD of Shi mediates Shi-actin interaction.
a, Schematic of the Shi domain structure (top) and the recombinant protein Drp1-ShiPRD 

(bottom). The amino acid numbers at the beginning and end of some of the domains are 

indicated. BSE, bundle-signalling element; GED, GTPase effector domain; VD, variable 

domain. b-d and f, Electron micrographs of negatively stained actin filaments (1 μM) in the 

presence of: 1 μM Shi deletion mutants (ShiΔPH, ShiΔPRD or ShiΔG) (b); 1 μM ShiPRD or 

Shi2xPRD (c); 2 μM Drp1 or Drp1-ShiPRD (d); and 1 μM Shi or PRD mutants (f). n = 54, 21 

and 17 (b, top to bottom), 13, 27 (c, top to bottom), 5, 59 (d, top to bottom), 12, 12, 41, 16 

and 24 (f, top to bottom) actin bundles were imaged, with similar results. e, Sequence 

alignment of the PRDs from hDyn1 (NP_004399.2), hDyn2 (NP_001005360.1), hDyn3 

(NP_056384.2) and Drosophila Shi (NP_727910.1). The black, dark grey and light grey 
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shading represents 100%, 80% and 60% sequence conservation, respectively. Red boxes 

indicate highly conserved arginine residues in the PRD. Blue underlines indicate PxxP 

motifs in Shi. Asterisks mark every 20 amino acids starting from number 10. g, Shi4RD 

failed to rescue the fusion defect in Shi knockdown S2R+ cells expressing Sns and Eff-1. 

Cells were labelled with phalloidin and Hoechst. Multinucleated (≥3 nuclei) syncytia are 

outlined and numbered. n = 3 independent experiments were performed, with similar results. 

h, Quantification of the results shown in g. From left to right: n = 6, 6, 6, 5, 6, 6 and 6 fusion 

indices were pooled from three independent sets of experiments. Mean± s.d. values are 

shown in the dot plot, and significance was determined by two-tailed Student’s t-test. i, 
Quantification of the transferrin (Tf) uptake assays shown in Extended Data Fig. 6b, as 

measured by the number of transferrin vesicles per unit surface area of the cell, normalized 

to the control. Left to right: n = 25, 28, 27, 22, 35, 20, 20 and 20 cells (biologically 

independent samples) pooled from four independent experiments. Mean±s.d. values are 

shown in the dot plot, and significance was determined by two-tailed Student’s t-test. Scale 

bars: 30 nm (b-d and f) and 20 μm (g). Numerical source data are provided with the paper.
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Fig. 5 |. Dynamin forms a helix that captures multiple actin filaments at the outer rim.
a, Electron micrographs of negatively stained Shi-actin bundles. Actin filaments located at 

the outer rim of the Shi rings are indicated by arrows (top). Eight actin filaments observed at 

the split end of the actin bundle are indicated by numbers (bottom). n = 30 (top) and 8 

(bottom) actin bundles were imaged, with similar results. b, Electron micrograph of 

negatively stained Shi-lipid nanotube-actin bundles. The area shown by a red box in the left 

panel is enlarged on the right. The lipid nanotube is outlined in green, Shi is indicated by the 

letter T in yellow, and actin filaments are coloured magenta. n = 83 Shi-nanotube-actin 

bundles (biologically independent samples) were imaged, with similar results. c, Cryo-ET 

section illustrating several hDynl-mediated actin bundles. Sections through the white-boxed 

area are shown in d. The black box outlines the region selected for model building in IMOD, 

as shown in e and Extended Data Fig. 7a,b. n = 3 tomograms were collected, with similar 

results. d, Sections through the cryo-tomogram (c), with the molecular model manually 

docked into the tomogram. The top section reveals a right-handed tilt of hDynl; the middle 

section shows the T-shaped structures; and the bottom section shows a left-handed tilt of 

hDynl, consistent with a helical polymer. e, Model of a hDynl-mediated actin bundle 

manually generated in IMOD, with the hDynl helix coloured light blue and actin filaments 

on the outside rainbow coloured. A molecular model of hDynl and actin docked into the 

IMOD model is shown on the right (representing the boxed area on the left). f, Side view 

(left) and top views (middle and right) of a molecular model of the hDynl-mediated actin 
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bundle. The middle panel shows the top view of the molecular model docked in the IMOD 

model. Note that not all of the actin filaments are closely associated with the hDynl helix in 

this particular segment. The images in d-f are representative of three experiments of 

tomograms showing the hDyn1-F-actin interaction. Scale bars: 30nm (a and b) and 20 nm 

(c-e). Numerical source data are provided with the paper.
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Fig. 6 |. GTP hydrolysis disassembles Shi helices to allow branched actin polymerization and 
cell–cell fusion.
a, SIM images of Shi–actin bundles with or without GTP. Images were collected after a 2-h 

incubation of G-actin, Alexa Fluor 568-phalloidin (red) and Shi–SNAP-Surface 488 (green) 

in the absence or presence of GTP. Insets: enlarged images of the areas shown by white 

boxes. n = 34 (left) and 22 (right) actin bundles were imaged, with similar results. b–d, 

Electron micrographs of negatively stained Shi–actin bundles in the presence or absence of 

GTP. G-actin was incubated with wild-type and mutant Shi proteins as indicated, followed 

by GTP addition and negative staining. The arrows in d indicate residual Shi helices that 

held the loosened actin bundles together after GTP addition. n = 50, 42, 39, 19, 36, 17, 87, 

36, 48 and 28 (b, from left to right and top to bottom), 19, 17, 19, 29, 12, 37, 20 and 13 (c, 
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from left to right and top to bottom) and 42 (d) actin bundles were imaged, with similar 

results. e, FRAP of Shi–SNAP-Surface 488 on actin bundles in the absence (top) or presence 

(bottom) of GTP (Supplementary Video 10). A segment (indicated by the arrows) of a Shi–

actin bundle was photobleached and the fluorescence recovery was monitored live. Stills of 

the actin bundle before and after photobleaching are shown. n = 9 (top) and 13 (bottom) 

actin bundles were imaged, with similar results. f, Recovery kinetics of the Shi–SNAP 

fluorescence shown in e. n = 9 (−GTP) and 13 (+GTP) actin bundles, respectively. Data 

points represent mean ± s.d. values. g, Time-lapse stills of TIRF images showing GTP 

hydrolysis-triggered dynamic disassembly/reassembly of actin bundles. Arp2/3-mediated 

branched actin filaments were bundled by Shi–SNAP-Surface 488, followed by GTP 

addition, which triggered the dynamic disassembly/reassembly of Shi helices and actin 

bundles (Supplementary Video 11). n = 3 independent imaging experiments were performed, 

with similar results. h, Time-lapse stills of TIRF images of Arp2/3-mediated branched actin 

polymerization from the Shi–actin bundles in the absence or presence of GTP. Shi–actin 

bundles were generated by incubating Shi–SNAP-Surface 488 with unlabelled actin, 

followed by Arp2/3, VCA and rhodamine-G-actin addition to start branched actin 

polymerization without (top two panels) or with (bottom two panels) GTP (Supplementary 

Video 12). Note the disassembly of Shi from the actin bundles upon GTP addition, and the 

numerous branched actin filaments emanating from the same actin bundles (bottom). See 

quantification in Extended Data Fig. 8a. n = 34 Shi–actin bundles with or without GTP were 

imaged, with similar results. i, Time-lapse stills of TIRF images of Shi-mediated branched 

actin filament bundling. Shi addition further bundled branched actin filaments emanating 

from previously formed actin bundles (Supplementary Video 14). n = 7 actin bundles were 

imaged, with similar results. j, Quantification of the fusion index of S2R+ cells expressing 

Shi and various mutants in Shi knockdown and wild-type cells, as indicated. From left to 

right: n = 15, 10, 5, 5, 5, 5, 10, 10, 10 and 10 fusion indices were pooled from five 

independent experiments. Mean ± s.d. values are shown in the dot plot, and significance was 

determined by two-tailed Student’s t-test. k, Quantification of the fusion index of Shi 

knockdown S2R+ cells expressing Shi and the Shits2 mutant. From left to right: n = 5, 5, 5, 

5, 10, 9, 10 and 9 fusion indices pooled from two independent experiments. Mean ± s.d. 

values are shown in the dot plot, and significance was determined by two-tailed Student’s t-
test. Scale bars: 1 μm (a, main panels), 0.4 μm (a, insets), 30 nm (b–d), 3 μm (e), 5 μm (g 
and h) and 2 μm (i). Numerical source data are provided with the paper.
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Fig. 7 |. Actin bundling stimulates the GTP hydrolysis rate of Shi.
a-d, GTP hydrolysis rates of Shi (a and b) and ShiΔPH (c and d) at the basal state (a and c) 

and the actin-stimulated state (b and d) are plotted against the initial concentrations of GTP 

to calculate the Michaelis-Menten constants Kcat and Km Data points represent mean±s.d. 

values. n = 3 independent experiments. e, The amount of inorganic phosphate (Pi) released 

at different concentrations of actin is plotted against the incubation time to calculate the GTP 

hydrolysis rate. f, GTP hydrolysis rates calculated from e are plotted against the initial 

concentrations of actin. Data points represent mean±s.e. values. n = 4 independent 

experiments. Numerical source data are provided with the paper.
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Fig. 8 |. Dynamin-actin interaction in vivo.
a,b, Shi localization on actin bundles at the fusogenic synapse, as revealed by SIM. S2R+ 

cells co-expressing Shi-3xHA (a) or ShiQ35E-3xHA (b) and Sns (blue)/Eff-1 were labelled 

with phalloidin and anti-HA. The bottom panels show enlarged images of the boxed areas in 

the panels above. n = 39 (a) and 14 (b) fusogenic synapses were imaged, with similar 

results. c,d, Shi localization on actin bundles at the fusogenic synapse, as revealed by 

immunogold PREM. Shi knockdown S2R+ cells co-expressing Shi-GFP (c) or ShiQ35E-GFP 

(d) and Sns/Eff-1 were stained with anti-GFP for immunogold labelling. In c and d, the 

second image shows the enlarged view of the boxed area in the first image, and the bottom 

panels show the enlarged view of the boxed area in the second image. In each first image in 

c-e, invading cells are pseudo-coloured purple and receiving cells are outlined by a yellow 
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dashed line. In the bottom left images in c and d, actin bundles/filaments on the same plane 

are pseudo-coloured light brown and the 18-nm colloidal gold particles associated with the 

actin bundles are indicated by yellow dots. In the bottom right images of c and d, each gold 

particle on highlighted actin bundles (red) was simulated as a point spread function with 

110-nm resolution (green masks). Compare the patterns of gold-labelled Shi simulation with 

the Shi punctae along the actin bundles visualized by SIM or STED imaging in a, b and 

Extended Data Fig. 9a. n = 5 (c) and 7 (d) fusogenic synapses were analysed, with similar 

results. e, An isolated cluster of immunogold-labelled Shits2-3xHA on an actin bundle at the 

fusogenic synapse. Each consecutive image is an enlargement of the boxed area shown in the 

image to the left. The third image shows a cluster of gold particles with a width of ~100nm 

along an actin bundle. The expected distance between colloidal gold particles on opposite 

sides of a Shi-actin single bundle is shown in the schematic to the right. n = 5 fusogenic 

synapses were analysed, with similar results. Ab, antibody. Scale bars: 2 μm (a and b, (top 

row), and c-e (first image)), 500 nm (a and b, bottom row), 200 nm (c-e, second image) and 

100 nm (c-e, third image).
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