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ABSTRACT 32 

 33 

The ESCRT machinery mediate membrane remodeling in numerous processes in cells 34 

including cell division and nuclear membrane reformation. The identification of ESCRT 35 

homologs in Asgard archaea, currently considered the closest ancestor of eukaryotes, 36 

suggests a role for ESCRTs in the membrane remodeling processes that occurred 37 

during eukaryogenesis. Yet, the function of these distant ESCRT homologs is mostly 38 

unresolved. Here we show that Asgard ESCRT-III proteins self-assemble into homo- 39 

and hetero- helical tubes, a hallmark of the eukaryotic ESCRT system. Asgard ESCRT-40 

III tube assembly was facilitated in the presence of DNA and inhibited by DNAase. 41 

Notably, Asgard ESCRT-III filaments remodeled eukaryotic-like membrane vesicles, 42 

also in the presence of DNA, indicating an ancient role for the ESCRT complex in 43 

membrane remodeling, that may involve DNA binding. The ability of Asgard archaeal 44 

ESCRTs to remodel eukaryotic-like membranes, places them at the junction between 45 

prokaryotes and eukaryotes, substantiating a role for ESCRTs in eukaryogenesis. 46 

 47 

 48 

INTRODUCTION 49 

 50 

The Asgard superphyla, manifest a unique branch that, according to current 51 

evolutionary theories, is considered to be the closest prokaryotic relative of eukaryotes. 52 

All Asgard archaeal species were found to encode for Eukaryotic Signature Proteins 53 

(ESPs), that carry cellular functions that until recently were considered as exclusive to 54 

eukaryotes (1-3). Thus, Asgard proteins potentially hold the core functions of ancient 55 

eukaryotic cellular machines. Of particular interest, are ESPs with membrane 56 

remodelling capabilities, as these proteins may contribute to the establishment of 57 

cellular compartmentalization during eukaryogenesis. Indeed, Asgard archaea encode 58 

for several eukaryotic membrane remodelling machineries including the SNARE 59 

complex, BAR domains proteins and the ESCRT machinery (1, 3, 4). Among these 60 

machineries, ESCRTs are the most conserved and are encoded by all Asgard species 61 
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discovered up to date, suggesting that they carry essential functions in these unique 62 

prokaryotes (5, 6).  63 

 64 

The ESCRT machinery constitute one of the most robust and versatile cellular 65 

apparatus for membrane constriction and fission. Proteins of the machinery are 66 

encoded by all domains of life and were shown to mediate membrane remodelling in a 67 

wide range of eukaryotic cellular membranes including plasma membrane, nuclear 68 

membrane and endocytic membranes (7, 8). Moreover, ESCRT-mediated processes 69 

span a large spectrum of length scales, from less than 100 nm for vesicle release to up 70 

to 1 μm for cell division. How the ESCRT complex mediate membrane remodelling in 71 

this large landscape of membrane sources and length scales is mostly unknown (9). 72 

 73 

The eukaryotic ESCRT system is composed of five subfamilies, i.e. ESCRT 0-III and the 74 

AAA-ATPase VPS4. Within this complex, ESCRT-III (named CHMPs in animal cells) 75 

and VPS4 manifest the minimal unit required for driving membrane fission (9, 10). 76 

According to current models, membrane constriction and scission are mediated by 77 

polymerization of ESCRT-III proteins into helical hetero-filaments and their remodelling 78 

by VPS4 (10-14). Indeed, ESCRT-III proteins have been shown organize in helical 79 

filaments and tubes both in vitro and in cells (14-19). However, the large number of 80 

proteins within the ESCRT-III subfamily —twelve in humans and eight in yeast - have 81 

challenged mechanistic studies of the basic function of the machine.  82 

 83 

Reduced, simplified ESCRT-III systems have been identified in prokaryotes including in 84 

bacteria and archaea (named Vipp1 and PspA in bacteria and CdvB in archaea) (7, 20, 85 

21). While the bacterial homologs were shown to remodel membranes in vitro, no VPS4 86 

was identified in this system so far, and whether these distant homologs can sever 87 

membranes has not been clarified. ESCRTs encoded by TACK archaea were shown to 88 

participate in cell division, suggesting functional similarities between the eukaryotic and 89 

archaeal ESCRT systems (22-25). Within the archaeal domain the Asgard ESCRT 90 

system is considerably closer to the eukaryotic system. While all other archaea encode 91 

only for homologs of the ESCRT-III/VPS4 module, Asgard archaea encode for 92 
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homologs of the complete ESCRT system (ESCRT-I-III and VPS4) (6, 7). Additionally, 93 

the sequence of Asgard ESCRT-III/VPS4 proteins is more closely related to those of 94 

eukaryotes than to other archaeal ESCRT systems (the CDV system) (5, 20). Lastly, 95 

VPS4 homologs of Asgard archaea were shown to functionally interact with eukaryotic 96 

ESCRTs in both yeast and mammalian cells (5, 26). Notably, the Asgard ESCRT-III 97 

subfamily is substantially reduced compared to eukaryotes with only two ESCRT-III 98 

proteins (named here CHMP1-3 and CHMP4-7) encoded in some species including 99 

Loki and Heimdall archaeota (1, 5, 7, 26). Hence, the Asgard ESCRT system 100 

constitutes a minimalist ESCRT machinery that may hold the core capabilities of 101 

eukaryotic ESCRTs and could have been involved in membrane remodelling processes 102 

that occurred during eukaryogenesis. Yet, the function, organization, and properties of 103 

Asgard ESCRT-III complexes as well as their ability to remodel membranes are mostly 104 

unknown. 105 

 106 

In this work, we provide the first evidence that Asgard ESCRT-III complexes share 107 

functional similarities with eukaryotic ESCRTs. Using purified ESCRT-III homologs 108 

encoded by the most abundant Asgard phyla, Lokiarchaeota (Loki), we show that the 109 

Asgard ESCRT-III protein CHMP4-7 self-assemble into homo- and hetero- helical tubes 110 

that resemble those of eukaryotes (15, 18, 19, 27). The proportion of helical tubes was 111 

dramatically enriched in the presence of short DNA oligos, while no filaments could be 112 

observed upon DNAse treatment. Notably, Loki ESCRT filaments, formed under any of 113 

these conditions, were able to bind and deform small unilamellar vesicles (SUVs) 114 

comprised of eukaryotic-like synthetic phospholipids. Hence, Loki ESCRT-III assemble 115 

into helical filaments that are affected by oligonucleotides and are capable of 116 

remodelling eukaryotic-like membranes.  117 

 118 

 119 

RESULTS 120 

 121 

Eukaryotic ESCRT-III proteins polymerize into helical filaments - a hallmark of ESCRT-122 

III organization that is thought to be essential for their function in membrane remodeling 123 
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(8, 28). Polymerization is mediated by the snf7 domain that is conserved in both 124 

archaea and eukaryotes, but the polymerization properties of Asgard ESCRT-III has not 125 

been examined (5, 20, 26). To investigate the assembly properties of Asgard ESCRT-III 126 

proteins, we purified recombinant versions of the ESCRT-III proteins CHMP4-7 and 127 

CHMP 1-3, encoded by the Loki GC14_75 strain (KKK44605.1 and KKK42122.1, 128 

respectively). Using our assay conditions (see material and methods), full length CHMP 129 

4-7 self-assembled into filaments (Fig 1). No filaments were observed under the same 130 

conditions using full length CHMP1-3 (sup Fig. 1A). In negative stain TEM images, 131 

CHMP 4-7 was predominantly seen in either long, thin filaments or rod-shaped tubes 132 

(Fig 1A, see arrows). A pattern of parallel, periodic stripes was detected in the CHMP 4-133 

7 tube structures by cryo-EM, supporting a helical tube organization (Fig 1B, C). The 134 

outer diameter of the CHMP4-7 tubes was variable, ranging between 35 to 55 nm 135 

(averaged diameter 44nm ± 30.9). Tube length was typically between 300 - 450 nm (Fig 136 

1D). The overall shape of CHMP4-7 helical tubes resembled the helical tubes previously 137 

described for eukaryotic or bacterial ESCRT-III filaments (15, 18, 19, 29). The diameter 138 

of Loki CHMP 4-7 helical tubes was slightly larger than the diameters measured for 139 

human CHMP1B (~25nm) or the bacterial ESCRT III homologs PspA (~21 nm), but was 140 

in the range of diameters measured for human CHMP2A-CHMP3 (38-43 nm) (18, 19, 141 

29). Collectively, these data indicate that Loki CHMP 4-7 spontaneously self-assemble 142 

into the typical helical tube organization described for the ESCRT-III complex.  143 

 144 

Next, we examined whether, similar to their human homologs, Loki ESCRT-IIIs can 145 

assemble into co-polymers (18, 19). To this end, full lengths Loki CHMP4-7 and CHMP 146 

1-3 were incubated at different ratios. While no filaments were seen at 1:1 CHMP4-7-147 

CHMP1-3 ratio, helical tubes could be readily observed at 2:1, 4:1 and 6:1 ratios (Fig 2 148 

and Sup Fig 1B). Notably, CHMP 4-7-CHMP 1-3 helical tubes exhibited different 149 

properties than those observed for the CHMP 4-7 homo-polymer. First, their outer 150 

diameter was significantly smaller and less diverse (CHMP 4-7-CHMP 1-3 2:1 ratio, 151 

31±7.7) (Fig. 2B, left panel). Second, helical tubes formed in the presence of both 152 

CHMP4-7 and CHMP1-3 were significantly longer than those formed by the CHMP4-7 153 

homo-polymer (>X1.5 folds increase for 2:1 and 4:1 ratios) (Fig. 2B, right panel). Third, 154 
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the morphology of the CHMP4-7-CHMP1-3 helical tube was slightly different: tubes 155 

appeared to be more curved and the periodic stripes, which could only be observed by 156 

cryo-EM for CHMP 4-7 homo-polymers, were readily detected in negative stain images 157 

of the co-polymer, suggesting that packing of the helical tube is less tight in the 158 

presence of CHMP1-3 (Fig 2A). These phenotypic changes were not induced upon 159 

substituting CHMP 1-3 with purified GFP, suggesting that they are specifically 160 

contributed by CHMP 1-3 (Sup. Fig 1C). We therefore concluded that Loki ESCRT-III 161 

proteins assemble into helical tubes composed of homo- and co-polymers with the co-162 

polymers forming longer, narrower, and more homogenous tubes than the homo-163 

polymer. These findings are in line with previous observations obtained for human 164 

ESCRT-III CHMP1B homo- and co-polymers (in the presence of IST1), which also 165 

formed a narrower, more uniform tubes in the co-polymer composition (30). The 166 

realization that both human and Asgard ESCRT-III proteins assemble into homo-and 167 

co- polymers with the latter adopting a narrower more uniform tube shape, strongly 168 

suggests that this is a basic, conserved property of the ESCRT-III system. 169 

 170 

Recent work from our laboratory showed that purified Loki CHMP4-7 binds short DNA 171 

oligonucleotides (26). Human CHMP1B, exhibited similar properties and a recently 172 

solved cryo-EM structure of human CHMP1B/IST1 filaments demonstrated direct 173 

interactions between the ESCRT-III filament and nucleic acids (26, 31). We, therefore, 174 

set to examine the effect of short DNA oligonucleotides on the self-assembly properties 175 

of Asgard ESCRT-III filaments. A significant increase in helical tube assemblies was 176 

observed for the co-polymer in the presence of ssDNA, in both negative stain- and cryo- 177 

TEM images (Fig 3A-B and Sup Fig 2A). More helical tubes were also observed upon 178 

addition of dsDNA, but to a lower extent. No filaments were observed when incubating 179 

CHMP1-3 with DNA, indicating that that observed increase in helical tubes do not result 180 

from self-assembly of CHMP1-3 into homo-polymers (Sup Fig. 2D). Addition of ssDNA 181 

to CHMP4-7 homo-polymers also led to a dramatic increase in helical tubes, indicating 182 

that the effect of DNA is not restricted to the co-polymer (Fig. 3C, Sup Fig 2B). The 183 

presence of DNA also affected the properties of the helical tubes. CHMP 4-7-CHMP1-3 184 

helical tubes formed in the presence of either ds- or ss- DNA exhibited larger and more 185 
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variable diameters (43.9nm ±58 for CHMP4-7-CHMP1-3 2:1 ssDNA vs CHMP4-7-186 

CHMP1-3 2:1 31nm ±7.7), resembling the diameter measured for the CHMP 4-7 homo-187 

polymer (CHMP4-7 44nm ±30.9) (Fig. 3D). Moreover, filaments were less curved, and 188 

the periodic stripes observed in negative stain images in the co-polymer could not be 189 

observed (Fig 3A). Addition of DNA did not affect the characteristics length or diameter 190 

of tubes formed by CHMP 4-7 homo-polymers (Fig. 3D-E). It, therefore, appears that 191 

DNA aids the organization of Loki-ESCRT-III proteins into helical tubes and counteract, 192 

at least to some extent, the effect of CHMP1-3 on tube characteristics. 193 

 194 

To further investigate the possible effect of DNA on Loki ESCRT-III polymerization, we 195 

performed the self-assembly reaction in the presence of DNase. Surprisingly, filament 196 

formation was completely abolished for both homo- and co-polymers in the presence of 197 

DNase (Fig 3F and Sup Fig. 2E-F). Additionally, no filaments were observed upon 198 

incubation with DNAse post self-assembly, suggesting that filament stability and/or 199 

integrity are dependent on DNA. Altogether, these findings strongly suggest that DNA is 200 

an essential component of Loki ESCRT-III filamentous organization. 201 

 202 

Eukaryotic ESCRT-IIIs were shown to bind and deform membranes in vitro and in cells 203 

(28). To determine whether ESCRTs encoded by Asgard archaea carry the ability to 204 

remodel membranes, we incubated Loki ESCRT-III pre-assembled filaments with small 205 

unilamellar vesicles (SUVs, ~100 nm) composed of negatively charged eukaryotic-like 206 

phospholipids (1:1, PC:PS). Under these conditions, ESCRT-III filaments, assembled 207 

under any of the conditions described above (including in the presence of DNA), were 208 

found to intimately interact with SUVs (Fig. 4A, B and Sup Fig. 3). We identified four 209 

main types of ESCRT-III-SUV interactions: (1) Attachment of the SUV to the outside 210 

surface of the tube, which was associated with flattening of the vesicle at the filament-211 

vesicle interface; (2) Docking of the SUV at the tip of the helical tube; (3) Invagination of 212 

the SUV to the interior of the ESCRT-III tube; and (4) Dramatic remodeling of both the 213 

SUV and the ESCRT-III tube (see examples in Fig. 4C, left panel). Combinations of 214 

several types of interactions on the same filament were also observed, indicating that 215 

these interactions are not mutually exclusive. Moreover, a docked SUV that invaginates 216 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted September 8, 2022. ; https://doi.org/10.1101/2022.09.07.506706doi: bioRxiv preprint 

https://doi.org/10.1101/2022.09.07.506706


 8 

the helical tube was observed occasionally (Fig. 4B, left panel and sup movies 1, 2), 217 

suggesting that these two types of interactions represent successive steps. 218 

Invaginations of more than one vesicle to the same tube could be observed, in cryo-219 

TEM and cryo-tomography reconstructions, giving rise to the formation of a complex 220 

membrane system with several vesicles internalized into one another (Fig 4B, and sup 221 

movies 1, 2). In these complex organizations, which were often accompanied by a 222 

considerable deformation of both the filament and the vesicles, the characteristics 223 

periodic stripes of the ESCRT-III filament could often be detected at the exterior of the 224 

filament-vesicle complex, suggesting that the observed morphologies result from 225 

internalization of vesicles into the ESCRT-III helical tube followed by deformation of the 226 

tube. Loki ESCRT III filaments also interacted with neutrally charged SUVs (100% PC) 227 

but to a much lower extent, exhibiting predominantly binding of the SUV on the outside 228 

of the helical tube (Sup Fig. 4). Therefore, Loki ESCRT-III filaments associate with 229 

eukaryotic-like membrane vesicles, and deform negatively charged vesicles via the 230 

interior of the tube (see proposed model in Fig. 4D). 231 

 232 

Last, we asked whether the composition of ESCRT-III helical tubes, described here, 233 

affect their capabilities to remodel membranes. Because vesicle-filaments interactions 234 

were identified under all conditions, we analyzed the proportion of the four types of 235 

filament-vesicle interaction, we identified, in different ESCRT-III compositions. No 236 

difference was observed in the distributions of homo- and co- polymers, suggesting that 237 

the composition of the filament does not significantly affect membrane indications. The 238 

presence of DNA affected the distributions of ESCRT-III-SUV interactions in both the 239 

homo- and co- polymers, as follows (Fig. 4C): (1) The association of vesicles with the 240 

outside surface of the helical tube was considerably enriched (outside, type 1, No DNA, 241 

<15%; with DNA, >35%). (2) Interactions with the tip of the filament (docking, type 2) 242 

and invagination of the vesicle (inside, type 3) were significantly enriched. (3) The 243 

extent of complete remodeling events (remodeling, type 4) was dramatically reduced 244 

(with DNA, ~5%; no DNA ~80%). Therefore, homo- and co- Loki ESCRT-III filaments 245 

are capable of interacting and remodeling lipid membranes, both in the presence and 246 
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absence of DNA, but the extent of remodeling appear to be attenuated by the presence 247 

of DNA. 248 

 249 

DISCUSSION 250 

 251 

In this work, we provide the first evidence to show that, similar to their eukaryotic 252 

homologs, Asgard ESCRT-III proteins assemble into helical filaments that remodel 253 

membranes. These findings confirm that ESCRT homologs encoded by Asgard archaea 254 

are functionally related to their eukaryotic homologs. We further provide data to support 255 

prominent role for DNA in the Asgard ESCRT-III system. Finally, by using SUVs 256 

composed of eukaryotic phospholipids, which are fundamentally different from archaeal 257 

lipids, we demonstrate that the Asgard ESCRT-III could, in-principle, contribute to the 258 

membrane remodeling processes that occurred during eukaryogenesis and gave rise to 259 

the complex phospholipids-based endomembrane system of eukaryotes.  260 

 261 

Our data point to similarities between the human and Asgard ESCRT-III systems. First, 262 

the nature of self-assembly appear to be conserved. Similar to the human CHMP1B-263 

IST1 complex, Loki CHMP4-7 was found to polymerize alone or in the presence of 264 

CHMP 1-3, with the homo-polymer exhibiting a wider, more variable diameter compared 265 

to the co-polymer (30). What controls the diameter of the ESCRT-III helical tube is 266 

currently unknown. Our findings that, similar to their human homologs, Asgard ESCRT-267 

III homo-filaments can adopt a wide range of diameters that can be tuned by the 268 

addition of another ESCRT-III components, strongly suggest that this is a conserved 269 

feature of the ESCRT-III system. Therefore, a basic feature of the ESCRT-III system 270 

may be their ability to assemble into flexible homo filaments that can be tuned to adopt 271 

different shapes by incorporating additional ESCRT-III proteins into the polymer. Such a 272 

model can explain how the ESCRT-III system execute the large repertoire of membrane 273 

remodeling processes in cells, which greatly vary in scales and topologies (7, 8).  274 

The topology of membrane binding, described here for Loki ESCRT-IIIs, resemble the 275 

topology reported for the human CHMP1B-IST1 polymer, i.e. bindings via the interior of 276 

the helical tube (30). This topology is reversed to the conventional topology attributed to 277 
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the ESCRT complex and that was described for the CHMP2A-CHMP3 co-polymer (19, 278 

27), which is binding and deforming membranes via the external surface of the tube. 279 

Reversed membrane binding topology was also recently reported for the bacterial 280 

ESCRT-III homologs Vipp1 and PspA (29, 32). Whether this topology represent the 281 

preferred topology of ancient ESCRTs or is a consequence of the experimental, in vitro, 282 

system is yet to be determined. Regardless, these similarities suggest that the ESCRT-283 

III membrane remodeling properties reported here are a common property of the 284 

ESCRT system, conserved in all domains of life. 285 

 286 

Our results highlight DNA as an essential Loki ESCRT-III partner. Organization of both 287 

homo- and co- ESCRT-III polymers into helical tubes was enhanced in the presence of 288 

short DNA oligonucleotides and helical tube formation was completely blocked upon 289 

addition of DNase. Whether DNA has a role in stabilizing Loki ESCRT-III filaments or in 290 

facilitating their nucleation is still unknown. Notably, human CHMP1B-IST1 filaments 291 

were shown to bind DNA in the inner side of the tube (31). Additionally, nucleotides 292 

were recently resolved in cryo-EM structures of the bacterial ESCRT-III Vipp1 and were 293 

suggested to play a role in helical tube stabilization (32). It is therefore tempting to 294 

speculate that nucleotide binding is an additional core property of the ESCRT-III 295 

machine that is conserved in all domains of life.  296 

 297 

Our data show that Loki ESCRT-III filaments that polymerized in the presence of DNA 298 

were able to bind and deform membrane vesicles. Yet, the extent of membrane 299 

deformation that occurred inside the tube was attenuated, while binding on the exterior 300 

of the ESCRT-III tube was enhanced. These results are consistent with competition of 301 

DNA and membranes over the same binding sites, located at the interior of the tube, as 302 

recently suggested for human CHMP1B (31). Alternatively, the presence of DNA may 303 

change the biophysical properties of the tube, thereby resisting the deformation of the 304 

tube needed to facilitate membrane remodeling from within. Future experiments 305 

allowing direct visualization of ESCRT-III proteins, DNA and the membrane at high 306 

resolution are needed in order to examine these models and to resolve the intimate 307 

relationship between these three partners. 308 
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 309 

Overall, the Loki ESCRT-III filaments characterized here, share more similar 310 

characteristics to human CHMP1B-IST1 filaments than to human CHMP2A-CHMP3 or 311 

yeast snf7 (human CHMP4B) filaments. Filaments of both Asgard ESCRT-III and 312 

human CHMP1B, were shown to assemble into homo- and co- polymers with the latter 313 

being more constricted; both filaments were reported to bind DNA in vitro; and both 314 

deformed membranes via binding to the inner side of the filamentous tube. Consistently, 315 

we recently showed that both Loki CHMP4-7 and human CHMP1B associate with 316 

chromatin when expressed in mammalian cells (26). We therefore suggest that Asgard 317 

ESCRT-IIIs are functionally most similar to CHMP1B in the eukaryotic ESCRT-III 318 

system. 319 

 320 

The biological function of Asgard ESCRTs has yet to be defined. The findings that Loki 321 

ESCRT-III filaments can bind both DNA and membranes raises a few attractive 322 

possibilities. First, given the established role of ESCRTs in cell division in TACK 323 

archaea and in eukaryotes, it is possible that the ESCRT machinery manifest a basic 324 

cell division machinery capable of orchestrating DNA segregation and membrane 325 

splitting (22-25). In this regard, the ability of DNA to retain extensive membrane 326 

deformation may represent a biological mechanism to avoid premature membrane 327 

constriction during cell division. Second, the ESCRT complex may have been involved 328 

in nuclear membrane formation during eukaryogenesis, by bringing together 329 

membranes and DNA and facilitating DNA encapsulation by membranes. In this 330 

respect, mammalian ESCRT-III proteins have been shown to mediate sealing of the 331 

nuclear membrane post cell division and to regulate the attachment of heterochromatin 332 

to the newly formed nuclear envelop (33-35). Moreover, we recently reported that Loki 333 

CHMP 4-7 is targeted to the nucleus when over expressed in eukaryotic cells (26). 334 

Finally, the membrane binding experiments performed here were done using 335 

eukaryotic-like phospholipids, which are fundamentally different from archaeal lipids but 336 

may resemble the lipid composition of the newly formed nuclear membrane. Therefore, 337 

the ESCRT-III system encoded by Asgard archaea could have contributed to the 338 
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membrane remodeling that occurred during the formation of the phospholipids-based 339 

nuclear membrane. 340 

 341 

MATERIALS AND METHODS 342 

Cloning 343 

Open reading frames (ORFs) from Loki MAG sp. GC14_75, encoding for CHMP1-3 and 344 

CHMP4-7 genes were obtained from NCBI (accession numbers KKK42122.1, 345 

KKK44605.1, respectively) were amplified by PCR and sub-cloned into pSH21 vector 346 

subsequently to the TEV cleavage tag that followed an N terminal polyhistidine and 347 

MBP protein tags (a kind gift from Eyal Gur, BGU, Israel)(36). Plasmids were verified by 348 

sequencing. 349 

 350 

Protein Expression and Purification 351 

pSH21 plasmids containing Loki CHMP1-3 or CHMP4-7 were expressed Escherichia 352 

coli BL21 strain and incubated in LB 50 μg/mL Ampicillin at 37°C until reaching O.D. of 353 

0.6. Then, induction with 0.5 mM IPTG was performed and the cultures were grown at 354 

30°C for 3-4 hours. Cells were then resuspended and lysed by sonication in buffer A (25 355 

mM Hepes pH= 8, 500 mM NaCl, 10% glycerol, 15 mM 2-mercaptoethanol, 10 mM 356 

imidazole) supplemented with protease inhibitor cocktail (cOmplete ultra-tablets, EDTA-357 

free, Roche) and 500 µg/ml DNase I (10104159001; Roche Diagnosis GmbH, Manheim, 358 

Germany), and the supernatant was clarified by centrifugation (25,000 g, 40 mins, 4°C).  359 

For CHMP4-7 purification, supernatant was subjected to HisPur™ Ni-NTA Resin 360 

(88222; Thermo Fisher Scientific, Weltham, MA) column and eluted in buffer B (buffer A 361 

supplemented with 50 mM imidazole). Protein tags were then removed using a TEV 362 

protease (1 mg/10 mg protein) in buffer C (50mM Tris-HCL pH=7.4, 10% glycerol, 500 363 

mM NaCl, 15 mM 2-mercaptoethanol). Finally, a second Ni-NTA step was performed 364 

using buffer C and the flow-through was collected. 365 

For CHMP1-3 purification, supernatant was subjected to Ni-NTA column and eluted in 366 

buffer B. Samples were then subjected to amylose resin (E8021; NEB, Frankfurt, 367 

Germany) in buffer D (20mM Tris pH=7.4, 500 mM NaCl, 10mM β-Mercaptoethanol, 368 

10% Glycerol) and eluted in buffer D supplemented with 10mM maltose. Protein tags 369 
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were then removed using a TEV protease (1 mg/10 mg protein) in buffer C (50mM Tris-370 

HCL pH=7.4, 10% glycerol, 500 mM NaCl, 15 mM 2-mercaptoethanol). Finally, a 371 

second Ni-NTA step was performed using buffer C and the flow-through was collected. 372 

Purified proteins were verified my mass spectrometry. 373 

 374 

For polymerization, proteins were incubated in buffer E (25mM Tris pH=7.6, 50 mM KCl) 375 

for 5 hours at RT at the indicated conditions. For DNA experiments, 376 

ATCCACCTGTACATCAACTCGCCCGGCGGCTCGATCAGCG (40 bases probe), ss or 377 

ds were used at the indicted concentrations. DNase I (10104159001; Roche Diagnosis 378 

GmbH, Manheim, Germany) was added at 20mg/ml concentrations when indicated. 379 

 380 

Preparation of small unilamellar vesicles (SUVs) 381 

Chloroform Lipid solutions (DOPC or DOPS) were purchased from Avanti Polar Lipids 382 

Inc. (Albaster, AL, USA catalog number 850375, 840035). Lipid mixtures of 383 

DOPC/DOPS 1:1 molar ratio and pure DOPC were prepared at a total concentration of 384 

1 mg/ml in Tris 20 mM, KCl 50 mM, pH 7.8 were prepared. Each lipid suspension was 385 

extruded 20 times via a 100 nm polycarbonate membrane using a mini-extruder (Avanti 386 

Polar Lipids, Alabaster, AL, USA). In the final stage, the vesicles were mixed with the 387 

Asgard Loki ESCRT-III filaments. All experiments were done with 8 µM ESCRT-III and 388 

124 µM vesicles in a buffer of Tris 25 mM, KCl 50 mM, at pH 7.6. 389 

 390 

Negative Stain grid preparation and imaging  391 

The negative stain samples for TEM analysis were prepared in the following way: 300 392 

mesh copper grids (Ted Pella, Prod No. 01813-F) were glow discharged to enhance 393 

hydrophilicity of their surface. Next, 2.5 uL of the sample was applied on to the grid and 394 

the excess liquid was blotted with filter paper after 1 minute. The grid was dried in air for 395 

1 minute, following by applying 5 uL of uranyl acetate 2% solution (SPI CAS# 6159-44-396 

0) for negative staining to increase the sample contrast. Next, the grid was blotted ones 397 

more to remove the excess uranyl acetate. Finally, the grid was dried in air before 398 

insertion into the microscope. The imaging of the samples was performed with Thermo 399 
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Fisher Scientific Talos F200C transmission electron microscope operating at 200 kV. 400 

The images were taken with Ceta 16M CMOS camera. 401 

 402 

Cryo-electron microscopy  403 

Sample preparation: 3 µL of proteins / proteins-phospholipids mix samples were gently 404 

deposited on glow discharged Quantifoil R 1.2/1.3 holey carbon grids (Quantifoil Micro 405 

Tools GmbH, Germany). Samples were manually blotted for four seconds at room 406 

temperature and vitrified by rapidly plunging into liquid ethane using a home-built 407 

plunging apparatus. The frozen samples were stored in liquid nitrogen until imaging. 408 

Micrographs acquisition: Samples were loaded under cryogenic conditions and 409 

imaged in low dose mode on a FEI Tecnai F30 Polara microscope (FEI, Eindhoven) 410 

operated at 300 kV. Micrographs were collected using SerialEM, at a calibrated pixel 411 

size of 1.1 Å by a K2 Summit direct electron detector fitted behind an energy filter 412 

(Gatan Quantum GIF) set to ±10 eV around zero-loss peak with total electron dose of 413 

80 ē/Å2. Each dose-fractionated movie had 50 frames, micrographs sums were aligned 414 

in SerialEM. 415 

 416 

Cryo-tomography. Micrographs were acquired with a FEI Tecnai F30 Polara 417 

microscope (FEI, Eindhoven) operated at 300 kV, using a K2 Summit direct electron 418 

detector fitted behind an energy filter (Gatan Quantum GIF), set to ±10 eV slit around 419 

the zero-loss peak. Pixel size at the sample plane was 2.3 Å. The camera was operated 420 

in counting mode at a dose rate of 6−7 ē/pixels/sec. Tilt series of 41 exposures from 421 

−21° to +60° and back to -60° in 3° intervals and a total dose of ∼ 120 ē /Å2 were 422 

collected with Serial-EM. Tilt series were aligned, and tomograms were reconstructed 423 

using eTomo (IMOD4.11 package) (37). Movies were generated in imageJ. 424 

 425 

Measurements and statistical analysis 426 

Filament length and diameter measurements were performed in Velox software version 427 

3.5 (Thermo Fisher Scientific, Inc.).  428 

Statistical analysis was performed in Graph Pad Prism version 9.00 (La Jolla, CA, 429 

USA).  Unless specified otherwise, comparison between two groups was calculated by 430 
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one way ANOVA * p- value ≤ 0.1, **p- value ≤ 0.01, ***p- value ≤ 0.001, ****p- 431 

value ≤ 0.0001.  432 
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FIGURES AND FIGURES LEGENDS 545 

 546 
Fig 1. Loki CHMP4-7 protein self-assemble into filaments and helical tubes.                                                                                  547 

A. Negative- stain TEM micrographs of Loki CHMP4-7 homo-filaments. Representative 548 

zoomed-out (left, scale = 200 nm) and zoomed- in (middle and right, scale = 100 nm) 549 

images are shown. Orange arrows indicate filaments, red arrow indicates a helical tube. 550 

B. Representative Cryo-EM micrographs of Loki CHMP4-7 homo-polymers. Left, 551 

zoomed-out image (Scale = 100 nm), middle and right, zoomed-in images (Scale = 50 552 

nm). Box in middle panel specify the zoomed-in region shown to the right. C. A 553 

representative 2D class average of 502 particles extracted from CHMP 4-7 projections. 554 

Scale = 100 Å.  D.  Measurements of Loki CHMP4-7 helical diameters (left, n = 37) and 555 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted September 8, 2022. ; https://doi.org/10.1101/2022.09.07.506706doi: bioRxiv preprint 

https://doi.org/10.1101/2022.09.07.506706


 19 

length (right, n = 36) obtained from negative stain TEM images acquired from two 556 

independent experiments. Averaged CHMP 4-7 helical tube diameter 44nm±30.9. 557 
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 586 
Fig 2. Loki CHMP4-7 and CHMP1-3 co-polymers assemble into helical tubes 587 

exhibiting different properties from CHMP 4-7 homo-polymers. 588 

A. Representative Negative- stain TEM images of Loki CHMP4-7 homo-polymers 589 

(upper panels) and CHMP4-7-CHMP1-3 co-polymers (bottom panels, 2:1 molar ratio). 590 

Zoomed- out (left, scale = 1 µm) and zoomed- in (right, scale = 50 nm) images are 591 

shown. Yellow asterisks indicate helical tubes. B. Measurements of CHMP4-7-CHMP1-592 

3 hetero-filaments diameters (left) and length (right) at the indicated molar ratios  593 

obtained from negative stain TEM images. Averaged diameters (nm): 2:1 ratio, 31±7.7; 594 

4:1 ratio 28±1.6, 6:1 ratio 32±3.8. n = 25 for each condition. 595 
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Fig 3. Organization into helical tubes is increased in the presence of DNA 597 

A. Negative- stain TEM micrographs of CHMP 4-7-CHMP 1-3 co- polymers (2:1 molar 598 

ratio) in the presence of 4.6 µM 40 bases oligonucleotides (ssDNA or dsDNA, as 599 

indicated). Representative zoomed- out (left, Scale = 1 µm) and zoomed- in (right, Scale 600 

= 50 nm) images are shown. Helical tubes are colored in yellow in zoomed out images 601 

to highlight the observed increase in tubes (raw images are provided in Sup Fig 2A). B. 602 

Representative Cryo-EM images of CHMP 4-7– CHMP 1-3 co-polymers (molar ratio, 603 

4:1) in the presence of ssDNA. Scale = 200 nm. C. Negative- stain TEM micrographs of 604 

CHMP 4-7 homo-polymers in the presence of 4.6 µM 40 bases ssDNA. Representative 605 

zoomed- out (left, Scale = 1 µm) and zoomed- in (right, Scale = 50 nm) images are 606 

shown. Helical tubes are colored in yellow in zoomed out images to highlight the 607 

observed increase in tubes (raw images are provided in Sup Fig 2B). D-E Diameter (D) 608 

and length (E) measurements of helical tubes formed by homo- and the co-polymers 609 

(2:1 ratio) in the presence of nucleic acids obtained from negative stain TEM images. 610 

Averaged diameters (nm):  CHMP4-7 ssDNA 43.9±33, n=21; CHMP4-7-CHMP1-3 2:1 611 

dsDNA 51.9±94, n=44; CHMP4-7-CHMP1-3 2:1 ssDNA 43.9±58, n=48). F. 612 

Representative Negative- stain TEM images of co-polymers (molar ratio 2:1) upon 613 

addition of 20 mg/ml DNase I during (middle panel) or after (right panel) polymerization. 614 

Helical tubes are colored in yellow. Scale =200 nm. Data was reproduced in four 615 

independent experiments.  616 
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Fig 4. Loki ESCRT-III filaments induce membrane remodeling                                         629 

A-B. Representative Negative- stain TEM (A) and Cryo-EM images (B) of CHMP4-7-630 

CHMP1-3 (molar ratio, 4:1) polymerized in the presence of ssDNA (10 µM) and 631 

incubated with SUVs (DOPC:DOPS, 1:1 ratio). Scale = 100 nm. Arrows in B specify 632 

internalized vesicles. Reconstructed tomograms of filaments collected from the same 633 

grid are provided in Sup. movies 1 and 2. C. Percentages of the different types of 634 

vesicle-tube interactions observed under the specified conditions. Left panel, 635 

represented negative-stain images of the four types of interactions quantified. Outside, 636 

attachment of SUV to the outside of the helical tube (type 1); Docking, binding of the 637 

vesicle to the tip of the helical tube (type 2); Inside, invagination of the SUV to the 638 

helical tube (type 3); Remodeling, deformation of both the vesicles and the ESCRT-III 639 

helical tube (type 4). Data was quantified from negative stain imaged obtained in 3 640 

independent experiments (n = CHMP4-7 ssDNA, 124; CHMP4-7-CHMP1-3 ssDNA, 641 

159; CHMP4-7, 197; CHMP4-7-CHMP1-3, 161). Scale = 100 nm. Chi square statistical 642 

analysis show a significant difference in the distributions of CHMP4-7 ssDNA vs 643 

CHMP4-7 (****p- value ≤ 0.0001), CHMP4-7-CHMP1-3 ssDNA vs CHMP4-7-CHMP1-3 644 

(****p- value ≤ 0.0001), and CHMP4-7 ssDNA vs CHMP4-7-CHMP1-3 ssDNA (****p- 645 

value ≤ 0.0001). No significance was found in the distributions of CHMP4-7 vs CHMP4-646 

7-CHMP1-3. D. A suggested model for Loki ESCRT-III mediated vesicle remodeling. 647 

Vesicles dock at the tip of the ESCRT-III tube. Docking allows the vesicle to directly 648 

interact with the interior of the tube, leading to deformation and invagination of the 649 

vesicle by the ESCRT-III filament. This process occurs repeatedly leading to the 650 

formation of a complex membrane network inside the helical tube, which pushes the 651 

ESCRT-III tube from the inside and ultimately causing deformation and remodeling of 652 

the tube. This stage is inhibited in the presence of DNA, resulting the accumulation of 653 

ESCRT-III-SUV interactions in all the stages that preceded this complete remodeling 654 

stage. 655 
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