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The archaeal Asgard superphylum currently stands as the most promising prokaryotic candidate, from which eukaryotic cells
emerged. This unique superphylum encodes for eukaryotic signature proteins (ESP) that could shed light on the origin of
eukaryotes, but the properties and function of these proteins is largely unresolved. Here, we set to understand the function of an
Asgard archaeal protein family, namely the ESCRT machinery, that is conserved across all domains of life and executes basic cellular
eukaryotic functions, including membrane constriction during cell division. We find that ESCRT proteins encoded in Loki archaea,
express in mammalian and yeast cells, and that the Loki ESCRT-III protein, CHMP4-7, resides in the eukaryotic nucleus in both
organisms. Moreover, Loki ESCRT-III proteins associated with chromatin, recruited their AAA-ATPase VPS4 counterpart to organize in
discrete foci in the mammalian nucleus, and directly bind DNA. The human ESCRT-III protein, CHMP1B, exhibited similar nuclear
properties and recruited both human and Asgard VPS4s to nuclear foci, indicating interspecies interactions. Mutation analysis
revealed a role for the N terminal region of ESCRT-III in mediating these phenotypes in both human and Asgard ESCRTs. These
findings suggest that ESCRT proteins hold chromatin binding properties that were highly preserved through the billion years of
evolution separating Asgard archaea and humans. The conserved chromatin binding properties of the ESCRT membrane
remodeling machinery, reported here, may have important implications for the origin of eukaryogenesis.
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INTRODUCTION
Encoded by all domains of life, the ESCRT machinery constitutes
one of the most evolutionarily conserved cellular membrane
remodeling machines [1]. ESCRT is a multiprotein complex that is
composed of five subfamilies i.e., ESCRT- 0-III and the AAA-ATPase
VPS4. Within this complex, ESCRT-III (named CHMPs in animal
cells) and VPS4 manifest the minimal unit required for driving
membrane fission [2, 3]. ESCRTs have been shown to execute
membrane fission in numerous cellular processes in eukaryotes,
including cell division, multivesicular bodies formation (MVBs),
vesicle release, membrane repair, neural development, and
nuclear envelop resealing [2, 4]. Additional noncanonical functions
have also been proposed for this seminal complex [5–9]. Although
the involvement of ESCRTs in canonical membrane-remodeling
processes has been documented in primitive cellular life forms
(i.e., cell division and vesicle release), its noncanonical functions
have not been explored [1, 10].
Clues for the functional evolutionary origins of the ESCRT

system could reside in the prokarya domain that houses the most
ancient life forms of our planet. In bacteria, distant ESCRT
homologs have recently been identified, but their cellular function
is still largely unknown [11, 12], while in archaea, the complex was
associated with cell division and vesicle release [1, 2, 5, 10, 13–17].
Genes encoding for ESCRT proteins have also been found in

Asgard archaea, a newly discovered Asgard super-phyla, that
encode for several eukaryotic signature proteins (ESPs) and is
currently considered as the ancestor of the first eukaryotic cell
[18–20]. To date, seven different ESCRT-related genes have been
identified in Asgard archaea: homologs of two ESCRT-I proteins,
two ESCRT-IIs, two ESCRT-IIIs (referred to here as CHMP1-3,
CHMP4-7), and VPS4 [19, 20]. While homologs for ESCRT-III and
VPS4 were previously identified in archaea of the TACK superphyla
(named Cdv B and Cdv C, respectively) [1, 14, 16, 21], several lines
of evidence suggest that Asgard ESCRTs are more closely related
to eukaryotes. First, homologs for ESCRT-I and –II have only been
found in Asgard archaea and were recently shown to carry similar
function-related properties [22]. Second, domain analysis indicates
that some domains of the Asgard ESCRTs are conserved in
eukaryotes but are absent in other archaeal phyla [23, 24]. Finally,
in recent experiments performed in yeast the Asgard VPS4
homolog was more efficient than the other archaeal homologs in
reverting phenotypes associated with VPS4 absence [24]. Hence,
elucidating the function of Asgard ESCRTs can shed light on the
ancient cellular function of this conserved membrane remodeling
machine in eukaryotes.
The Asgard super-phylum is highly diverse and encompasses a

growing number of phyla, including Lokiarchaeota (Loki),
Thorarchaeota (Thor), Odinarchaeota (Odi), Helarchaeota (Hela),
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Freyarcheota (Frey), and Heimdallarchaeota (Heimdall) [25].
Among these phyla, Loki was the first to be identified and is
considered to be the most abundant, and Heimdall is thought to
be the closest relative to eukaryotes [19, 20]. So far, most of the
knowledge obtained on Asgard archaea was derived from
metagenome sequence analysis. Moreover, there are currently
no tools or appropriate model systems to study the biology of the
Asgard archaea superphylum with the exception of one recent
enrichment culture of Lokiarchaeota species population [26].
Hence, studying the functional role of ESCRT proteins encoded by
Asgard archaea in their native environment is extremely
challenging.
To overcome these challenges and to track back the functional

origins of these cardinal proteins, we set out to characterize
Asgard ESCRTs via their heterologous expression in mammalian
cells. In this study, we find evidence to suggest that the functional
origins of these proteins involve DNA binding. We achieved the
expression of the genes encoding the two Asgard ESCRT-III
subfamilies (CHMP1-3 and CHMP4-7) and VPS4 from both
Heimdall and Loki origin in mammalian tissue culture cells. We
further show that these proteins are working in concert; ESCRTIII/
VPS4 homologs from Lokiarchaeota interacted with one another
within mammalian cells, and changed their subcellular localization
upon co-expression. Unexpectedly, Loki CHMP 4-7 was localized to
the nucleus in both mammalian and yeast cells, when solely
expressed, and reorganized into discrete foci in either the cytosol
or the nucleus upon co-expression with VPS4 in mammalian cells.
Consistently, CHMP4-7 was found in the chromatin fraction and
recruited VPS4 to chromatin upon co-expression. Notably,
mammalian ESCRT-III/VPS4 proteins (particularly CHMP1) were
also found in the chromatin fraction, with human CHMP1B
organizing in nuclear foci and recruiting both human and Asgard
VPS4s to these foci when overexpressed in cells. Moreover,
removing the homologous N terminal regions in both human and
Asgard ESCRT-IIIs (CHMP1B and CHMP4-7, respectively) abolished
their ability to organize in nuclear foci. Hence, specific human and
Asgard ESCRT proteins associate with chromatin and functionally
interact with one another inside mammalian cells, corroborating
the conserved functionality of these proteins. Finally, recombinant
Loki CHMP4-7 and human CHMP1B were able to directly bind DNA
in vitro, indicating direct binding of ESCRT-III to DNA of both
Asgard and human ESCRT-IIIs. Collectively, our findings highlight
an ancient property of the ESCRT system to interact with
chromatin that is conserved in humans.

RESULTS
According to current models, the ESCRT-III and VPS4 complexes in
eukaryotes constitute the core components of the ESCRT machine
that execute membrane fission [27–30]. They do so by assembling
ESCRT-III monomers into helical filaments and remodeling these
filaments by VPS4. To track the functional eukaryotic origins of
ESCRT protein family in the Asgard super-phyla, we first performed
hierarchical clustering based on sequence homology and max-
imum likelihood phylogenetic analysis of all Asgard ESCRT-III/VPS4
genes deposited in the NCBI database and homologs encoded by
representative unicellular eukaryotes and by humans. Our analysis
showed that the Asgard genes share sequence homology and
cluster together with their eukaryotic homologs into three
subgroups according to the standard ESCRT protein classification
(Fig. 1A, left panel). One group is composed of VPS4 homologs,
and two groups are composed of ESCRT-III proteins, as previously
shown using smaller cohorts [20, 23, 24]. The twelve human
ESCRT-IIIs were divided between these two ESCRT-III subgroups so
that CHMPs 1, 2, 3 (Vps2/24/46 in yeast) and IST1 resided in one
cluster (named CHMP1-3) and CHMPs 4, 5, 6, 7 (Vps20/32/60 and
Chm7 in yeast) in the second (named CHMP4-7). Sequence
identity clustering analyses (Fig. 1A, right panel) show that the

VPS4 cluster confers the highest sequence identity and evolu-
tionary conservation between species while the sequences in the
two ESCRT-III clusters are more diverged. Therefore, while VPS4 is
relatively conserved between different archaea species, ESCRT-IIIs
are highly diverse, querying a functional similarity for these
homologs within the archaea phylum and between archaea and
humans.
Asgard ESCRT-III homologs from both clusters (CHMP1-3 and

CHMP4-7) were previously reported to include the conserved
ESCRT snf-7 polymerization domain and a C-terminal coil domain,
in domain analysis (annotated in Fig. 1A), and to possess the
conserved ESCRT protein-protein interaction motifs (MIM
domains) [23, 24]. Asgard VPS4s had the conserved MIT domain,
which governs the interaction between VPS4 and ESCRT-III in
eukaryotes (annotated in Fig. 1A) [24, 31]. Therefore, Asgard
ESCRT-III homologs encode for the polymerization and VPS4-
interaction motifs identified in eukaryotes, suggesting conserva-
tion of function.
Following this notion, we asked whether the overall structure of

ESCRT-III could be similar to Asgard and human homologs. For this
purpose, we generated structural models for human ESCRT-III
proteins and ESCRT-III homologs encoded by Loki and Heimdall
species using the deep-learning-based structure prediction servers
Robetta and AlphaFold (Fig. 1B and C, respectively and
Supplementary Fig. 1, A–D) [32, 33]. The 12 human ESCRT-III
proteins exhibited two main folds, previously termed the “open”
and “closed” conformations [3]. Ten ESCRT-III proteins were
predicted to reside in the open conformation and two (CHMP3
and IST1) in the closed conformation (Fig. 1B and Supplementary
Fig. 1B). Interestingly, the structural models obtained for Asgard
ESCRT-III homologs of both Loki and Heimdall resembled those
obtained for human ESCRT-IIIs, with CHMP4-7 obtaining the so-
called open conformation and CHMP1-3 the closed conformation
(Fig. 1C and Supplementary Fig. 1, C, D). The number and length of
helices in proteins that exhibited similar conformation (open or
closed) were also similar between human and Asgard ESCRT-III
homologs, except for Heimdall CHMP4-7, which had shorter
helixes and an additional helix at the C terminal (Supplementary
Fig. 1E). Plotting the averaged distances between amino acids in
the Loki and Heimdall ESCRT-IIIs structural models supported a
two-population distribution (CHMP1-3 and CHMP4-7) (Fig. 1E, left
panels). Shorter averaged distances were obtained for the CHMP1-
3 proteins, consistent with the more compact, closed conforma-
tion predicted for these proteins, hence, providing a good
measure for separating the open and closed conformations.
Expanding this analysis to 160 ESCRT-III Asgard genes from our
phylogenetic tree, resulted in similar distributions, suggesting that
the open and closed conformations are conserved in Asgard
CHMP4-7 and CHMP1-3 proteins (Fig. 1E, right panel). Therefore,
the human and Asgard ESCRT-III homologs are predicted to share
similar 3D structural folds despite the low sequence homology
and the evolutionary gap that separate them, supporting
polymerization capabilities for Asgard ESCRT-IIIs. Moreover, the
open and closed conformations of ESCRT-III proteins appear to be
evolutionarily conserved and may therefore be crucial for the
function of the machinery.
As our predictions suggest that the human and Asgard ESCRT-III

homologs share structural similarities, we set forward to explore
their function in mammalian and human tissue culture systems. To
this end, we sub-cloned genes encoding Loki and Heimdall ESCRT-
III proteins (CHMP1-3, CHMP4-7) and VPS4 into expression vectors
(three proteins from each family). We specifically chose ESCRT-III
and VPS4 genes that are coded from the same metagenomic
assembled genomes (MAGs) to increase the likelihood of ESCRTs
to interact with one another and carry out their function. All six
Asgard ESCRT proteins were expressed in mammalian tissue
culture cells (Fig. 2A). Slightly different subcellular distributions
were obtained for Loki and Heimdall ESCRT proteins (Fig. 2B, C).
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Fig. 1 Phylogenetic analysis and structure predictions of ESCRTIII/VPS4. A Left panel: maximum likelihood phylogenetic tree of human and
Asgard ESCRT III/VPS4. Colors of the branches denote the ESCRT classifications. Predicted domains for proteins in each cluster (InterPro) are
denoted below cluster name. Right panel: a heatmap showing the sequence similarity of the three ESCRT groups (defined and colored
according to their clustering on the phylogenetic tree), using Fitch–Margoliash distance. Proteins are colored in left and right panels according
to their phylogenetic associations (as indicated in colored index on left). B Selected Robetta predicted structures of human ESCRT-III proteins
examined (for confidence score, see Supplementary Fig. 1A). Full-length proteins are shown except for human IST1 in which amino acids
1–217 are shown. Colors encode to open (dark blue) and closed (light blue) ESCRT-III conformations. A Cryo-EM structure of the human IST1
and CHMP1B co-polymer (PDB ID, 3JC1) is shown below the human predictions. Single monomers of IST1, closed conformation (dark blue),
and CHMP1B, open conformation (light blue) are highlighted in the filament structure. Overlay of structure predictions of all human ESCRT-III
proteins from both Alphafold and Robetta as well as with the available structures in the protein database (PDB) is provided in Supplementary
Fig. 1B. C Robetta predicted structures of the Asgard ESCRT-III proteins examined in this study (for confidence score, see Supplementary
Fig. 1A). Overlay of structure predictions of the selected Asgard proteins obtained from both Alphafold and Robetta is provided in
Supplementary Fig. 1C-D. D Density of averaged amino acids distances as measured based on Roebetta structure predictions of Loki and
Hemidall (left panel) and of 83 Asgard CHMP1-3 and 77 CHMP4-7 sequences from our phylogenetic tree (right panel). The resulted averaged
distances distributions strongly support two separate groups according to two-sample Kolmogorov-Smirnov test (Loki, D= 0.378, p
value < 9.83e-14; Heimdall, D= 0.472, p value < 2.2e-16; All, D= 0.472, p value <2.2e-16).
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Fig. 2 ESCRTIII/VPS4 homologs from Asgard archaea express and interact with one another in eukaryotic cells. A–E MDCK cells were
transfected with Emerald-CHMP1-3, Apple-CHMP4-7, or Emerald-VPS4 homologs from either Loki or Heimdall. Cells were lysed (A) or lysed and
fractionated to supernatant (S) and pellet (P) (B) and subjected to western blot analysis using anti-mCh or anti-GFP antibodies. C Fluorescently
tagged versions of ESCRTIII/VPS4 proteins from Human (left), Loki (middle), and Heimdall (right) were expressed in MDCK cells, as indicated.
Following fixation and Hoechst staining (shown in merged images) cells were imaged using confocal microscopy. Note that while most of
ESCRT proteins examined are distributed between the nucleus and cytosol when expressed alone, Loki CHMP4-7 is mainly nuclear.
Representative single slice images are shown. Data obtained from at least three independent experiments, n ≥ 50 for each condition, scale =
10 µM. Similar results were obtained in HeLa and NIH3T3 cells (Supplementary Fig. 2A). D MDCK cells were co-transfected with fluorescently
tagged Loki ESCRTIII/VPS4 combinations, as indicated, subjected to immunoprecipitation using anti-GFP antibodies, and immunoblotted (IB)
using anti-mCherry antibodies. (I- cell extracts, Ub -unbound fraction, B- bound fraction). Data were reproduced in at least two independent
experiments. E MDCK cells were co-transfected with fluorescently tagged Loki ESCRTIII/VPS4, as indicated. Followed fixation and Hoechst
staining (shown in merged images), cells were imaged using confocal microscopy. Scale= 10 µM. Representative single slice images are
shown. Note that while co-transfection of CHMP1-3 and VPS4 or CHMP1-3 and CHMP4-7 did not affect their distributions (first and second
panels), co-expression of CHMP4-7 and VPS4 induced the accumulation of both proteins in discrete foci in the cytosol (~25% of the cells; third
panel) or the nucleus (~30% of the cells; fourth panel). Images were obtained from at least three independent experiments, n ≥ 100 for each
condition. Similar results were obtained in HeLa and NIH3T3 cells (Supplementary Fig. 3B). F SIM images of nuclear foci in MDCK cells co-
transfected with Loki Apple-CHMP4-7 and Emerald-VPS4 and stained with DAPI. Representative single slice images are shown. White boxes
indicated the regions shown in the enlarged images to the right. Scale = 2 µM (left panel), 1 µM (middle panel), 0.2 µM (right panel). n= 10.
G Envy-VPS4 and yomKate2-CHMP4-7 were integrated in S. Cerevisiae genome individually, left panels (single slices, Scale= 5 µM) or together,
right panels (maximum projections, Scale = 1 µM). Two representative examples are shown in right panel. Shown are individual fluorescence
channels and an overlay of the fluorescence signal and DIC. Data was reproduced in three to four colonies obtained for each strain.
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Loki ESCRTs were found in both the soluble and insoluble fractions
with CHMP1-3 and VPS4 enriched in the soluble fraction and
CHMP4-7 equally distributed in both fractions (Fig. 2B, left panel).
Heimdall ESCRTs CHMP4-7 and VPS4 were predominantly in the
soluble fraction, while CHMP1-3 was found to be enriched in the
insoluble fraction (Fig. 2B, right panel). In confocal images,
fluorescently tagged versions of Heimdall ESCRTs were found to
reside in both the nucleus and cytosol (Fig. 2C, right panel). Loki
VPS4 was also distributed in both compartments, but Loki CHMP1-
3 was mainly cytosolic and Loki CHMP4-7 was predominantly
nuclear (Fig. 2C, middle panel). Similar subcellular distributions
were observed for Loki ESCRTs in several cultured cell lines
indicating that they reflect the general tendency of the proteins to
distribute inside cells (Supplementary Fig. 2A). Therefore, genes
encoding Asgard ESCRTs are expressed in human and mammalian
cells and reside in both the nucleus and the cytoplasm. While
these findings are consistent with the ability of human ESCRT-III/
VPS4 to distribute between the cytosol and nucleus [34, 35], the
realization that ESCRT homologs encoded by prokaryotic Asgard
archaea enter the eukaryotic nucleus is noteworthy.
To find out whether Asgard ESCRT systems can be reconstituted

in mammalian cells, we co-expressed pairs of ESCRT-III/VPS4
proteins in mammalian cells and examined their ability to interact
with one another using Co-IP. While all three ESCRT Loki homologs
were immunoprecipitated with one another, no interaction
between Heimdall ESCRT homologs could be detected (Fig. 2D
and Supplementary Fig. 2B, respectively). Therefore, while ESCRT
homologs from both Loki and Heimdall are expressed in
mammalian cells, we could only reconstitute interactions using
the Loki homologs, suggesting that Loki ESCRT system is more
functional than the Heimdall system, in the mammalian cell
environment.
Given the ability of Loki ESCRT-III/VPS4 proteins to interact

inside mammalian cells, we examined the subcellular localization
of these proteins upon co-expression. Most co-expression condi-
tions did not affect the subcellular distribution documented for
each protein when expressed alone (compare Fig. 2C, middle
panel with two upper panels in Fig. 2E). However, co-expression of
Loki, CHMP4-7 and VPS4 homologs, shifted the localization
pattern of both proteins (compare Fig. 2C, middle panel with
two bottom panels in Fig. 2E). Upon co-expression, CHMP4-7 and
VPS4 localized in discrete foci residing in either the cytosol (~25%
of the cells, Fig. 2E, third panel) or in the nucleus (~30% of the
cells, Fig. 2E bottom panel), exhibited a high degree of co-
localization in both compartments (Averaged Manders’ coefficient
in cytosol or nucleus >0.95, Supplementary Fig. 2C). Endogenous
ESCRT-III proteins, CHMP4B and IST1, were found to reside in the
cytosolic foci, but not in the nuclear foci, suggesting that the
cytosolic foci represent the typical localization pattern of
mammalian ESCRTs in MVBs, while the nuclear foci are unique
(Supplementary Fig. 2D) [35].
Analysis of Loki CHMP4-7/VPS4 nuclear foci using structured

illumination microscopy (SIM) showed that both proteins are in
close proximity to one another, with VPS4 engulfing CHMP4-7,
confirming co-localization between the proteins and suggesting
an ordered organization of the complex inside the nucleus
(Fig. 2F). Nuclear foci were not obtained upon co-expression of
Heimdall CHMP4-7 and VPS4 (Supplementary Fig. 3A), but was
reproduced for Loki ESCRTs in NIH3T3, and HeLa cells (Supple-
mentary Fig. 3B), suggesting that this phenotype is specific to Loki
ESCRTs. Moreover, nuclear foci formation relied on CHMP4-7 and
VPS4 interactions in an intra-species manner, as no nuclear foci
were observed upon co-expression of Loki CHMP4-7 with
Heimdall VPS4 or vice versa (Supplementary Fig. 3C). Therefore,
Heimdall and Loki ESCRTs exhibit distinct behaviors within cells
and exclusive intra-species interaction in mammalian cells that
results in a unique organization of Loki CHMP 4-7 and VPS4 in
nuclear foci.

To examine whether the subcellular localization of Loki CHMP4-
7 and VPS4, and their co-expression-induced redistribution is a
general property of these proteins in eukaryotes, we incorporated
the genes of Loki CHMP4-7 and VPS4 in the Saccharomyces
Cerevisiae (S. Cerevisiae) yeast strain either individually or in
concert. Consistent with the results obtained in mammalian cells,
Loki CHMP4-7 was predominantly nuclear, while Loki VPS4
exhibited cytosolic localization (Fig. 2G, left panels). Upon co-
expression, VPS4 was found in discrete foci in both the cytosol and
the nucleus, but no accumulation of CHMP4-7 in these sites could
be detected (Fig. 2G, right panels). These findings strongly indicate
that Loki CHMP4-7 is targeted to the nucleus of eukaryotic cells,
and that Loki VPS4 redistribute to discrete puncta in the cytosol
and nucleus when co-expressed with Loki CHMP4-7 in
eukaryotic cells.
To investigate the basis for Loki CHMP4-7 and VPS4 co-

localization induced nuclear foci, observed in mammalian cells, we
set out to examine the ability of Asgard ESCRT-III/VPS4 proteins to
interact with one another and associate with chromatin using a
fractionation assay. We find that both Loki CHMP4-7 and CHMP1-3
reside in the chromatin-bound fraction either when expressed
alone or in the presence of an additional ESCRT partner. Loki VPS4,
on the other hand, was found at low levels in the chromatin
fraction, when expressed alone or together with CHMP1-3, but
exhibited prominent chromatin association in the presence of
CHMP4-7 (Fig. 3A). Heimdall CHMP4-7 and VPS4 were found in
negligible amounts in the chromatin fraction, explaining the lack
of ESCRT-III/VPS4 nuclear foci in cells (Supplementary Fig. 3D).
Therefore, Loki CHMP4-7 resides in the chromatin fraction and
recruit Loki VPS4 to chromatin upon their co-expression (a model
for the interplay of Loki ESCRT-III/VPS4 in mammalian cells is
presented in Fig. 3B).
Few endogenous ESCRT-III proteins, particularly CHMP1A and

CHMP1B, were also found to reside predominantly in the
chromatin fraction (Fig. 3C). Moreover, overexpression of CHMP1B
gave rise to discrete foci in the nucleus with human VPS4 recruited
to these Foci (Fig. 3D, first and second panels, respectively).
Strikingly, Loki VPS4, but not Heimdall VPS4, was also recruited to
human CHMP1B nuclear foci upon co-expression (Fig. 3D, third
and fourth panels). Expression of VPS4 homologs from additional
Asgard phyla revealed that the ability of Asgard VPS4 proteins to
interact with human CHMP1B in nuclear foci is conserved in most
Asgard phyla (i.e., Loki, Odin, Hela, and Frey), but is lost in few (i.e.,
Heimdall and Thor) (Supplementary Fig. 4A, and illustrated in
Fig. 3E). We, therefore, concluded that: (a) the chromatin binding
capabilities of ESCRT-III are conserved in humans and Asgard
archaea and (b) human CHMP1B is capable of recruiting Loki and
most Asgard VPS4 homologs to nuclear foci, suggesting that
human ESCRT-IIIs can interact with Asgard VPS4 homologs and
that Loki VPS4 better represent the Asgard ESCRT family than its
Heimdall homolog.
To elucidate the basis for Loki ESCRT-III/VPS4 chromatin

association and recruitment, we performed mutation analysis
(Fig. 4A). The MIT domain in VPS4 is known to mediate interaction
with ESCRT-III in eukaryotes, and was found to be conserved in
Asgard VPS4 homologs [23, 24, 31]. We, therefore, asked how
depleting the MIT domain in VPS4 would affect the ability of
CHMP4-7 to recruit VPS4 to chromatin and organize in nuclear
foci. A fluorescently tagged Loki VPS4 -ΔΜΙΤ mutant was
expressed in cells and exhibited similar subcellular distribution
as full-length Loki VPS4 (Supplementary Fig. 4B, top panel). In
chromatin fractionation assay, Loki VPS4-ΔΜΙΤ was still recruited
to chromatin in the presence of CHMP4-7, suggesting that the MIT
domain is dispensable for VPS4 recruitment to chromatin (Fig. 4B,
left panel). In confocal images, however, VPS4-ΔΜΙΤ co-localized
with CHMP4-7 in discrete foci outside the nucleus, but the
percentage of cells exhibiting VPS4/CHMP4-7 puncta in the
nucleus was considerably reduced (~6%) (Fig. 4C, top panel and

D. Nachmias et al.

121

The ISME Journal (2023) 17:117 – 129



Fig. 3 Loki and human ESCRT-III/VPS4 proteins associate with chromatin. A MDCK cells were transfected or co-transfected with
fluorescently tagged versions of ESCRT-III/VPS4 Loki homologs (Emerald-CHMP1-3; CH1-3, Apple-CHMP4-7; CH4-7, Apple-CHMP1-3; CH1-3 or
Emerald-VPS4). Cells were then fractionated using a protein fractionation kit (see Methods) and normalized portions of chromatin extracts
(20 µg) were loaded and analyzed by western blot. H3 (histone 3) staining was used as chromatin-bound marker. Data were reproduced in at
least three independent experiments. Top middle panel was subjected to longer exposure times relative to other panels due to extremely low
levels of VPS4 in the chromatin fraction. B Schematic illustration of the interplay between Loki ESCRTIII/VPS4 proteins. All three proteins can
interact with one another. CHMP4-7 and CHMP1-3 associate with chromatin, while VPS4 does not. Co-expression of CHMP4-7 with either
CHMP1-3 or VPS4, increase their association with chromatin (indicated by the larger font size), but does not affect CHMP4-7 levels in
chromatin. Co-expression of CHMP4-7 and VPS4 results accumulation in cytosolic and nuclear foci (indicated by blue dots). C Naïve MDCK
cells were fractionated, and normalized amounts of cytoplasm (Cyto) and chromatin (Ch) extracts (20 µg) were loaded and subjected to
western blot analysis using specific antibodies for the indicated proteins (see Supplementary Table 1). Data were reproduced in at least two
independent experiments. D Expression of human HA-CHMP1B alone (upper panner) or together with Emerald-VPS4 human, Loki or Heimdall
proteins (second to fourth panels) in MDCK cells. Cells were stained with anti-HA antibodies and imaged using confocal microscopy.
Representative single slice images are shown. Scale = 10 µM. Images were obtained from at least two independent experiments, n ≥ 30 for
each condition. E Schematic illustration summarizing the interactions between human CHMP1B and different human and Asgard VPS4
homologs (see Supplementary Fig. 4A).
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Fig. 4 A conserved N-terminal region in ESCRT-III mediates chromatin association and nuclear foci formation in both human and Loki
homologs. A Schematic illustration of VPS4 and CHMP4-7 mutants used in B–D. The indicated regions were either deleted or replaced, as
shown. B Chromatin fractionation. MDCK cells transfected with the indicated fluorescently tagged ESCRT-III/VPS4 Loki mutants were
fractionated, and normalized amounts of chromatin extracts (20 µg) were loaded and analyzed by western blot. Data were obtained from two
independent experiments. C Representative single-slice images of cells transfected with fluorescently tagged versions of the indicated ESCRT-
III/VPS4 mutants, imaged using confocal microscopy. Scale= 10 µM. Data were obtained from at least three independent experiments, n ≥ 60
for each condition. D Percentages of cells that exhibited co-localization on nuclear foci, cytosolic foci or no co-localization, upon co-
transfection with the indicated plasmids (Apple-CHMP4-7 and Emerald-VPS4, n= 73, Apple-CHMP4-7 and Emerald-VPS4ΔMIT, n= 60, Apple-
CHMP4-7 C’ mutant and Emerald-VPS4, n= 75, Apple-CHMP4-7 Δ20–50 and Emerald-VPS4, n= 73, Apple-CHMP4-7 Δ13 and Emerald-VPS4
n= 75. Data were obtained from at least three independent experiments. Statistical analysis of the foci in the nucleus was calculated using
Chi- square test two tail (**p value ≤ 0.01, ****p value ≤ 0.0001). E–F MDCK cells were transfected with human HA-CHMP1B or with CHMP1B N’
mutant in which the homolog residues of Loki CHMP4-7 were deleted (CHMP1B Δ7-32). Cells were subjected to chromatin fractionation assay
(E) or imaged using confocal microscopy (F). E Cells were fractionated, and normalized portions of chromatin extracts (20 µg) were analyzed
by western blotting using HA antibodies. Data were reproduced in at least two independent experiments. F Representative single slice images
of cells imaged by confocal microscopy. Scale = 10 µM. Images obtained from at least two independent experiments, n ≥ 40 for each
condition. G Multiple sequence alignment of the N-terminal secondary structures of CHMP4-7 proteins in Asgard archaea as predicted by
AlphaFold2. The Lokiarchaeon homolog used in this study (red rectangle) is in accordance with this majority, whilst the Heimdallarchaeon
homolog (blue rectangle) seems to be an outlier. X (peach) = no predicted secondary structure; H (gray) = helix. Surface potential field
(calculated as described in material and methods) and the resulting consensus motifs are shown below the sequence alignment.
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4D). Loki VPS4-ΔΜΙΤ was not recruited to CHMP1B nuclear foci
upon their co-expression, indicating that Loki VPS4 interacts with
human CHMP1B via its MIT domain (Supplementary Fig. 4C). These
data suggest that the MIT domain in Loki VPS4 is conserved
enough to interact with human ESCRT-III proteins and is essential
for the induction of nuclear foci by Loki ESCRT-III/VPS4 proteins.
Yet, additional regions in Loki VPS4 contribute to its interaction
with Loki CHMP4-7, allowing it to interact with- and be recruited
by- Loki CHMP4-7 in the absence of the MIT domain.
To identify putative chromatin binding regions in ESCRT-III, we

performed multiple sequence alignment between Loki CHMP4-7
and human CHMP1 isoforms (Supplementary Fig. 4D). This
comparison highlighted conserved regions in the N and C
terminals of the proteins. Introducing point mutations to
C-terminal in CHMP4-7 did not affect its nuclear localization, its
ability to associate with chromatin or its ability to recruit VPS4 to
chromatin (Fig. 4A and B, second panel and Supplementary
Fig. 4B, second panel). Consistently, CHMP4-7/VPS4 nuclear foci
could be readily detected in cells co-expressing CHMP4-7 C’
mutants together with VPS4 (Fig. 4C, second panel and 4D, ~20%
in mutant compared to ~30% in WT). Therefore, the C-terminal of
CHMP4-7 is not involved in nuclear localization, nor in chromatin
binding and in recruiting VPS4 to chromatin. Depleting the
conserved N-terminal region (AAs 20–50) in CHMP4-7, however,
led to a reduced association of CHMP4-7 with chromatin and a
complete loss of CHMP4-7/VPS4 nuclear foci (Fig. 4A, 4B third
panel, 4C third panel, and 4D), but did not affect the nuclear
localization of CHMP4-7 (Supplementary Fig. 4B, third panel).
These results indicate that the conserved N-terminal region in
CHMP4-7 is specifically involved in its ability to associate with
chromatin in cells. Depleting the parallel region in human
CHMP1B also abolished its ability to associate with chromatin
and to organize in discrete nuclear foci (Fig. 4, E and F), indicating
that the conserved N terminal region identified here is involved in
chromatin association in both human and Loki ESCRT-III proteins.
One of the unique phenotypes observed for Loki CHMP4-7 was

its prominent nuclear localization, observed in both mammalian
and yeast cells. The extreme N terminal of Loki CHMP4-7 is highly
enriched in positively charged AAs (7 out of 13 AAs are Lysine or
Arginine), suggesting its role as a nuclear targeting signal (NLS).
While this region is not predicted as a classical NLS, structure-
based bioinformatics analysis indicates a conserved unstructured
positively charged region at the extreme N terminal of Asgard
CHMP4-7 proteins, inferring that this region is functionally
important (Fig. 4G). A CHMP4-7 mutant truncated of the first 13
AAs was distributed to both the nucleus and the cytosol in
mammalian cells, suggesting that this region is involved in nuclear
localization (Supplementary Fig. 4B, bottom panel). Despite the
mild nuclear localization phenotype (averaged nuclear/cytosol
ratio of 5:1 CHMP4-7 vs. 2.5:1 in CHMP4-7 Δ13), the CHMP4-7 Δ13
mutant exhibited the lowest chromatin association observed in
our mutant analysis and failed to induce nuclear foci formation
when co-expressed with VPS4 (Figs. 4A, 4B right panel, 4C bottom
panel, 4D, and Supplementary Fig. 4E). Co-localization in cytosolic
foci was rare but could be observed (detected in ~7% of the cells),
suggesting that CHMP4-7/VPS4 interactions were not completely
abolished. Hence, the first 13 AAs in Loki CHMP4-7 are involved in
nuclear localization but, more significantly, are crucial for
chromatin association and nuclear foci formation.
As our data indicated a specific association of Asgard and

human ESCRT-IIIs with chromatin, we set to examine their ability
to bind DNA directly. To this end, we expressed and purified full-
length and Δ13 Loki CHMP4-7 proteins from E. coli and performed
a gel shift assay using 5′ Cy5-tagged double-strand or single
strand nucleotide DNA probes at different lengths (40 and 22
bases long. Using this assay, Loki CHMP4-7 was found to bind only
the 40 bases long probe and only in the double strand form, as
indicated by the presence of fluorescently labeled higher MW

bands (Fig. 5A, left panel and 5B). No gel shift was observed, upon
repeating the experiment with the CHMP4-7 Δ13 mutant,
confirming a role for the N terminal region in DNA binding
(Fig. 5A, right panel and 5B). Human CHMP1B was recently
suggested to bind nucleic acids, in vitro [36]. Consistently, using
our assay conditions, CHMP1B was found to bind DNA, albeit at
lower protein concentrations than those calibrated for Loki
CHMP4-7 (Fig. 5C). Therefore, Asgard and human ESCRT-IIIs
directly bind DNA, in vitro, suggesting that the chromatin
association observed for ESCRT-III in cells is mediated by their
direct binding to DNA.

DISCUSSION
We show that ESCRT-III proteins of Asgard and human lineages
exhibit chromatin/DNA binding properties and provide evidence
for the involvement of conserved protein–protein interactions in
this process. Based on these findings we propose that, in addition
to their canonical role in membrane remodeling, a conserved role
for ESCRT proteins involving DNA binding should also be
considered.
Our study was based on the heterogeneous expression of

predicted coding sequences from Asgard archaea in mammalian
cells. We found that genes encoding Asgard ESCRT-III and VPS4
homologs are expressed in several cell lines and exhibit similar
subcellular distributions, which also resemble their localization
when co-expressed in the unicellular eukaryote S. cerevisiae.
Moreover, Loki ESCRT-III/VPS4 proteins were found to interact with
one another inside mammalian cells. These results indicate that
Asgard ESCRT proteins can be studied inside mammalian cells and
suggest that heterologous expression of Asgard genes in
mammalian cells can be used as a tool to study the biochemical
and cellular properties of ESPs encoded by Asgard archaea.
The low sequence identity values observed between predicted

ESCRT-III proteins from different Asgard species (Fig. 1A) moti-
vated us to sample ESCRT-III/VPS4 modules taken from two
different species. As eukaryotic ESCRTs rely on an intimate protein-
protein interactions network to mediate their function, we
specifically chose coding sequences obtained from the same
MAG. Indeed, we found that ESCRT-III/VPS4 Loki and Heimdall
homologs exhibited different cellular properties and did not
interact with one another inside cells (Fig. 2C and Supplementary
Fig. 3C). While based on sequence homology, Heimdall archaea
were considered closer to humans [19, 20], our data suggest that
Loki ESCRTs are functionally closer to their human homologs and
better represent the Asgard superphyla. First, Loki ESCRT-III/VPS4
complexes were found to interact with one another inside
mammalian cells while no interactions were detected for Heimdall
ESCRT-III/VPS4 complexes. Second, Loki ESCRT-III and VPS4
organized in nuclear foci, similar to their human homologs
(CHMP1B and VPS4), while Heimdall ESCRT-III/VPS4 did not. Third,
Loki VPS4, and most Asgard VPS4 homologs examined, were
recruited to CHMP1B induced nuclear foci, while the Heimdall
VPS4 homolog failed to do so. Interestingly, while the predicted
structure of Loki CHMP4-7 highly resembled the overall fold of the
human ESCRT-III open conformation, Heimdall CHMP4-7 had a
slightly different fold, exhibiting shorter helixes and an additional
C-terminal helix (Fig. 1C and Supplementary Fig. 1E). Moreover,
the unstructured positively-charged N terminal region that was
identified in Asgard CHMP4-7 was not conserved in the Heimdall
homolog (Fig. 4G). It is, therefore, possible that the basis for the
conservation of function in the ESCRT kingdom lies in their
structural similarity more than in their sequence identity.
The predictions obtained by the deep-learning-based servers

AlphaFold and Robetta highlighted conserved structural features
of ESCRT-III proteins. Traditionally, ESCRT-III proteins were shown
to obtain an autoinhibitory loop that opens upon activation and
allows polymerization of the ESCRT-III filament [3, 35]. The inactive
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Fig. 5 Loki CHMP4-7 and human CHMP1B directly bind DNA. A–C Electrophoretic mobility shift assay (EMSA) performed in the presence of
Cy5-5’ end labeled ssDNA or dsDNA probes (2.5 µM, probe 1, 40 bases; probe 2, 22 bases, see sequences in method section) and the purified
proteins: Loki CHMP4-7, Loki CHMP4-7 Δ13, GFP (negative control) and, human CHMP1B at the indicated concentrations. Arrows in upper
panel indicate complex formation. Lower panel, free DNA probe as seen by shorter exposure time. Data were reproduced in at least three
independent experiments. D–F Predicted structural organization of Loki ESCRT-III filament. D Left: Sectioned representation of the cryo-EM
human IST1 and CHMP1B co-polymer structure (PDB ID 3JC1). Middle to right panels: overlay of the predicted structure of Loki CHMP1-3
(Robbeta) on the human IST1 cryo-EM monomer structure, and the predicted Loki CHMP4-7 structure (Robbeta) on human CHMP1B cryo-EM
monomer structure, respectively. E The predicted Loki CHMP1-3 and CHMP4-7 structures (Robetta) were overlaid on the co-polymer cryo-EM
structure of human IST1 and CHMP1B, respectively, to generate a theoretical 3D structural organization model of Loki ESCRT-III proteins.
Shown are Loki CHMP1-3 (purple) and Loki CHMP4-7 (green). F Electrostatic map of the theoretical Loki ESCRT-III co-polymer. Positive charge,
blue; Negative charge, red; Neutral, white. Left panel, side view; Right panel axial view, showing the tube from the inside. Note, the
accumulation of positively charged amino acids in the inner side of the tube which may infer affinity to negatively charged DNA.
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and active conformations were termed “closed” and “open”,
respectively. Among the twelve human ESCRT-III proteins, ten
were predicted to have an open conformation and two a closed
conformation. Interestingly, in both Asgard species used in this
study, one ESCRT-III protein was predicted to be in an open
conformation and one in a closed conformation, suggesting that
both conformations are conserved in Asgard ESCRT-IIIs (Fig. 1C
and Supplementary Fig. 1). Expanding this analysis to 160 Asgard
ESCRT-III sequences from our phylogenetic tree further supported
this notion (Fig. 1D). Notably, the structure of eukaryotic CHMP1B
and IST1 co-polymer is composed of an ESCRT-III pair exhibiting
open and closed conformations [37, 38], raising the possibility that
both conformations are needed for building a functional ESCRT
filament. To test this notion, we overlaid the deep-learning-based
structures we generated for Loki CHMP1-3 and CHMP4-7 on the
solved cryo-EM structure of the CHMP1B-IST1 co-polymer (PDB ID
3JC1, Fig. 5D) [38]. Specifically, we overlaid Loki CHMP1-3 on
human IST1, both in the closed conformation, and Loki CHMP4-7
with human CHMP1B, both in the open conformation. Despite
extremely low sequence identity values (20.74% between Loki
CHMP1-3 and IST1 and 17.52% between Loki CHMP4-7 and
CHMP1B), a very good fit was observed between the Loki and
human proteins, which enabled us to generate a putative
structural model for Loki ESCRT-III filaments (Fig. 5E). Mapping
the electrostatic surface of the modeled Loki ESCRT-III filament
revealed a patch of positively charged amino acids that faces its
inner surface (Fig. 5F). This positive patch of amino acids is part of
the N-terminal helix of CHMP4-7, which we found to govern
CHMP4-7-chromatin association. Moreover, this region is equiva-
lent to the N-terminal helix in CHMP1B, which includes a patch of
positively charged amino acids that were suggested to drive its
interactions with nucleic acids, in vitro [36]. It may be that, like
their human homologs, Loki ESCRT-III organize into helical
filament and are able to bind DNA through electrostatic
interactions with positive amino acids that reside in the inner
side of the filament. However, this notion currently relies on
theoretical models, and further experimental work is required to
examine whether the chromatin binding properties of ESCRT-IIIs
rely on their organization into high-ordered filaments.
Our findings that ESCRT-III proteins associate with chromatin are

in line with previous findings in mammalian cells. In 2001 Stauffer
and colleagues reported that CHMP1 concentrates at chromatin-
condensed regions and protects them from nuclease degradation
[8]. More recently, a truncated version of CHMP7 was shown to
accumulate in discrete foci in the nucleus and to recruit CHMP4B
to these foci [39], and a cryo-EM structure of IST1 and CHMP1B
filament was solved in the presence of nucleic acids, showing
direct interactions between the ESCRT-III filament and nucleic
acids [38]. Our findings that these properties are shared in both
Asgard and mammalian ESCRTs and are mediated by the same
domain, conserved in both human and Loki homologs, strongly
suggest that the ability of ESCRT-III proteins to bind DNA is
physiologically relevant.
Our data point out the involvement of chromatin binding in the

function of ancient ESCRTs. ESCRTs have been shown to be
involved in cell division in both TACK archaea and in eukaryotes
[1, 10]. In TACK archaea, CdvA and the ESCRT-III-VPS4 homologs
CdvB and CdvC have been designated as the cell division
machinery [14, 16, 21], and CdvA was found to assemble into
filaments in the presence of DNA [40]. Given the established role of
ESCRT in membrane remodeling [4, 41], it is possible that ESCRTs
originally evolved as basic machinery for driving cell division by
coupling DNA segregation and membrane constriction.
An alternative explanation to the observed data is that ESCRTs

may have a conserved role in genome stability and activity.
Eukaryotic ESCRT-IIIs have been documented to be involved in
genome retrotransposition via the LINE complex, and to localize to
micronuclei [7, 39, 42]. In addition, CHMP1B was shown to reside

in chromatin-condensed regions and protect them from nuclease
degradation [8], and CHMP2A (also called BC-2) was shown to
accumulate in discrete regions in the nucleus where it co-localized
with the histone3 phosphorylation marker PH3 and with the
transcriptional silencing protein BM1 [6]. Lastly, ESCRTs have been
identified as nuclear matrix and chromatin binding proteins in
several large-scale proteomic screens [42–44]. The archaeal DNA is
wrapped in a hypernuclesome structure that is stabilized by
archaeal histones. Interestingly, based on sequence similarity,
some eukaryotic histones (H3–H4) have been suggested to
emerge from archaeal histones [45]. Histone genes were also
found to be encoded in Asgard archaea, at different abundancies,
with some phyla encoding no/few histone homologs and others,
i.e., Heimdall, encoding ten different histones [45]. The reported
findings in mammalian cells, the similarity of archaeal and
eukaryotic histones, and the data reported here raise the
possibility that ESCRTs may have a role in genome organization
and regulation in both Asgard archaea and eukaryotes.
Our findings that Loki CHMP4-7 reside in the nucleus when

expressed in mammalian and yeast cells strongly suggest that
Asgard ESCRT-IIIs are actively targeted to the nuclear membrane.
Although no NLS was previously described for ESCRT-III proteins,
most mammalian ESCRT-IIIs were found to distribute between the
cytosol and nucleus [34, 35] and a nuclear export signal (NES) was
recently identified in the C’ of the mammalian ESCRT-III protein
CHMP7 [39]. Mutating the homologous region in Loki CHMP4-7
(Fig. 4, CHMP4-7 C’ mut) did not affect its nuclear localization,
suggesting that this region does not function as an NES in Loki
ESCRT-III. Nonetheless, we identified a conserved region at the
extreme N terminal of Asgard CHMP4-7, which partially mediates
nuclear localization in Loki CHMP4-7. Therefore, both mammalian
and Asgard ESCRT-IIIs encode for specific signals that direct their
localization to the nucleus, suggesting an active interplay between
the ESCRT complex and the nucleus. In this respect, Loki and
Heimdall archaea enriched from sediments in Arhus Bay were
recently reported to have a condensed DNA organization [46].
Although a membrane engulfing these condensed DNA structures
has not been shown yet, it is possible that the ability of Asgard
ESCRTs to enter the nuclear membrane of eukaryotes, reported
here, represents their physiological properties in Asgard archaea
and that the evolutionarily conserved role of ESCRTs involves
genome stability and protection.

MATERIAL AND METHODS
Phylogenic analysis
Multiple sequence alignments of ESCRT-III and VPS4 protein sequences were
produced using MAFFT (version v7.464) [47]. An approximately maximum
likelihood tree was created using the JTT (Jones–Taylor–Thornton) + CAT
model in FastTree (version 2.1.10) and visualized using iTOL [48, 49].
Separate heatmaps were then created for these ESCRT-III and VPS4 protein
sequences according to their clustering in the tree. The matrix of pairwise
distances from these aligned sequences was calculated by using dissimilarity
(Fitch matrix), seqinr package (in “R”) and visualized with the “heatmap.2”
package in “R” ([50–52]).

3D structure prediction
Amino acid sequences of all human ESCRT-III proteins the Asgard ESCRT-III
proteins from Loki GC14_75 (KKK42122.1, KKK44605.1, KKK42121.1) and
Heimdall AB_125 (OLS31933.1, OLS31932.1, OLS31934.1) were subjected to
structure prediction using the Robetta server using the RoseTTAFold [33]
and using AlphaFold [32] via ChimeraX software. Overlay of predicted
structures from both servers and previously solved structures of human
ESCRT-III proteins available in the PDB (Supplementary Fig. 1, A–D) show a
relatively high agreement increasing the confidence of the predicted
structures. A relatively high confidence score was given to the first 100 AAs
in the sequence representing the two core helixes, H1 and H2. Structure
predictions were additionally generated for 77 Asgard CHMP4-7 and 83
Asgard CHMP1-3 homologs using the Robetta server. Then, the averaged
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distance of each amino acid against all amino acids in the predicted
structure was calculated by measuring the distances between the beta
carbons in each AAs (or alpha carbons in Glycine) (proDy python package)
[53] and was used as an indication for the compactness of the predicted
structure. Smaller averaged distances indicate a more compact structure
and were therefore referred to as the closed conformation (Fig. 1D).
Sequence variety among the N-terminal regions in Asgard ESCRT-III

Chmp 4–7 proteins, was examined for 77 sequences from our CHMP4-7
cluster (Fig. 4G). Sequencing bias, was avoided by clustering sequences
with 70% identity using cd-hit [54], and selecting one random sequence
per cluster or the Loki and Heimdall sequences used in this work (for
clusters containing these sequences). This resulted in a reduced set of
33 sequences. Then multiple sequence alignment was calculated in mafft
(BLOSUM45) [47] and the predicted structures of these sequences was
generated in AlphaFold2 version 2.2.0. Finally, secondary structure was
extracted from the resulting PDB files, using STRIDE [55], and was aligned
with the MSA using python script, (Fig. 4G, top panel). The sequence logo
below the MSA was calculated using Jalview [56]. Surface potential field of
the predicted protein structures was calculated in protein-sol patches [57].
A python script was used to average the potential over all atoms per amino
acid for each protein, providing one potential value per amino acid for
each protein.
A model for Loki ESCRT-III filament was generated in Coot [58] by fitting

the structure predictions obtained in Robetta for Loki CHMP1-3 and
CHMP4-7 on the solved cryo-EM structure of the human IST1 and CHMP1B
co-polymer (PDB ID: 3JC1) (Fig. 5D–F). The helices from the modeled
structures were manually overlapped on the relevant 3JC1 helices,
followed by geometry regularization of the junctions between the helices.

Cell culture and transfection
MDCK cells were grown in MEM supplemented with 5% fetal bovine serum
(FBS), 2 mM glutamine, 10,000 U/ml penicillin, and 10mg/ml streptomycin.
NIH3T3 and HeLa cells were grown in DMEM supplemented with 10% FBS
supplemented with 2 mM glutamine, 10,000 U/ml penicillin, and 10mg/ml
streptomycin. Transfection was carried out using Lipofectamine 2000 (Life
Technologies, Carlbad, CA) according to the manufacturer’s guidelines.

Plasmid constructs
The MAG of Loki sp. GC14_75 and Heimdall archaeon AB_125, each
contained open reading frames (ORFs) for CHMP1-3, CHMP4-7, and VPS4
genes; were used for our study. ORFs obtained by the NCBI accession
numbers KKK42122.1, KKK44605.1, KKK42121.1, OLS31932.1, OLS31933.1,
OLS31934.1, respectively were amplified by PCR and cloned to either
Emerald-C1 or Apple-C1 vector (Clontech). Loki CHMP4-7 Δ20-50: AAs 20-
50 were removed from Apple-CHMP4-7 by overlapping PCR. Loki CHMP4-7
Δ13: AAs 1-13 were removed from Apple-CHMP4-7 by overlapping PCR.
Loki CHMP4-7 C’mut: Apple-CHMP4-7 was mutated using overlapping PCR
as follows: V205 codon GTT was replaced by GCT; I209 codon ATC was
replaced by GCT; and L212 codon CTT was replaced by GCT. Loki VPS4
ΔMIT: The predicted MIT domain (AAs 1-82) were deleted from Emerald
-VPS4 by overlapping PCR. ORFs of VPS4 proteins from Thorarchaeota
(Thor), Odinarchaeota (Odin), Helarchaeota (Hela), and Freyarcheota (Frey)
obtained by the NCBI accession numbers TFG35021.1, OLS18192.1,
NVM30765.1, MBS7247407.1 respectively, were amplified by PCR and
cloned to Emerald-C1. HA- CHMP1B plasmid was a kind gift from Craig
Blackstone (NIDDK, NIH). Human CHMP1B Δ7-32 - AAs 7-32 were removed
from HA-CHMP1B plasmid by overlapping PCR.
All plasmids were verified by sequencing.

Integration of VPS4 and CHMP4-7 in yeast
Yeast strains were generated in the background of W1588 MATa S.
cerevisiae. Envy-VPS4 and yomKate2-CHMP4-7 fusion genes were cloned
via Gibson assembly and expressed under a constitutive promoter in URA3
and ADE1 loci respectively. For microscope experiments, yeast strains were
incubated overnight in synthetic complete media with 4% glucose (SC Glc
4%). Next day, the cell cultures were diluted at O.D. 0.1–0.2 in warm SC Glc
4% and were incubated for 2–3 h. 400 μl of cell solutions were transferred
into eight-well Ibidi slides (cat #80826) and yeast cells were imaged using a
confocal spinning-disk microscope.

Cellular imaging
Immunostaining. Cells were permeabilized with 0.5% Triton X-100 for
10min and blocked with 10% FBS for 15min. HA-CHMP1B transfected cells

were stained with rabbit polyclonal anti-HA antibodies and subjected to a
secondary antibody staining using Alexa Fluor 594 anti-rabbit (1:1000, Life
Technologies). All cells were stained with Hoechst 33342. Finally, cells were
mounted with Fluoromount-G (SouthernBiotech, Birmingham, AL).

Microscopy. Cells were plated at low density on #1.0 (Menzel, Braunsch-
weig, Germany) or high-resolution #1.5 coverslips (Marienfeld, Lauda-
Konigshfen, Germany). In the following day, cells were transfected with the
indicated plasmids, fixed 24 h later using 4% paraformaldehyde and stained
with Hoechst. Cells transfected with HA-CHMP1B were further subjected to
immunostaining as described above. Low expressing cells were then
imaged in 3D using confocal spinning-disk microscope (Marianas;
Intelligent Imaging, Denver, CO) with a 63× oil objective (numerical
aperture, 1.4) and an electron-multiplying charge-coupled device camera
(pixel size, 0.079 μM; Evolve; Photometrics, Tucson, AZ). Images were
processed using SlideBook version 6 (Intelligent Imaging). 3D SIM imaging
was performed using the ELYRA PS.1 microscope (Carl Zeiss MicroImaging).
Thin z-sections (0.11–0.15 μM) of high-resolution images were collected in
three rotations and five phases for each channel. Image reconstruction and
processing were performed in ZEN (Carl Zeiss MicroImaging).

Statistical analysis. Statistical analysis was performed using Graph Pad
Prism version 9.00 for Windows (La Jolla, CA, USA). Comparison between
two groups was assessed by chi-square test. For our analysis, p value < 0.05
was considered statistically significant.

Biochemical analysis
Sedimentation assay. Assay was performed according to Soomin Shim
et al. [35]. Briefly, transfected MDCK cells, were harvested 24 h post
transfection, washed with PBS, and solubilized in lysis buffer on ice for
40minutes. Supernatant and pellet fractions were separated by centrifu-
ging samples at 10,000 g for 15min at 4 °C. Pellets were resuspended in
lysis buffer to the same volume as supernatant, and equal volumes of
fractions were analyzed by western blot.

Chromatin fractionation. Chromatin was extracted using a chromatin
extraction kit (Thermo Scientific, cat# 78840), according to manufacturer’s
instructions. Chromatin-bound nuclear extract fractions were transferred to
a new vial and total protein concentrations were measured using BCA
Protein Assay Kit (Pierce Biotechnology, Rockford, IL). Equal total protein
amounts (20 µg) were loaded in each lane. H3 antibodies (histone 3) were
used as chromatin-bound marker.

Immunoprecipitation. Immunoprecipitation was perform using GFP-Trap
Agarose kit (ChromoTek) according to the manufacturer’s instructions with
the following modifications: transfected MDCKS cells were harvested 24 h
post transfection, washed with PBS and lysed in lysis buffer [10mM Tris/Cl
pH 7.5, 100mM NaCl, 0.5 mM EDTA, 0.5% NP40, 1 mM PMSF, a complete
protease inhibitor (Roche Diagnostics, Alameda, CA, USA)] on ice for
30min. Cell lysates were then centrifuged (20,000 g for 10 min, 4 °C) and
supernatants were diluted in dilution buffer [10 mM Tris/Cl pH 7.5, 150mM
NaCl, 0.5 mM EDTA, 1 mM PMSF, complete protease] and incubated for 1 h
with GFP- Trap-A beads. Following incubation, lysates were centrifuged at
2500 g for 2 min at 4 °C to separate between the unbound (Ub) and the
bound (B) fractions. Samples were loaded on SDS-PAGE gel and analyzed
by Western blot.

Western blot. MDCK Cells were lysed as described above or using RIPA lysis
buffer [150mM NaCl, 1% NP-40, 0.5% deoxycholate, 0.1% SDS, 50mM Tris
(pH 8.0)] supplemented with complete protease inhibitor (Roche Diagnostics,
Mannheim, Germany) for 30min at 4 °C. Total protein concentrations were
measured using the BCA Protein Assay Kit (Pierce Biotechnology, Rockford,
IL), and equal total protein amounts were loaded in each lane. Membranes
were stained with primary antibodies for endogenous proteins or with
mouse anti-GFP antibodies (for Emerald-tagged proteins detection) or rabbit
anti-mCherry antibodies (for Apple-tagged proteins detection) for 16 h at 4 °C
followed by anti-rabbit or anti mouse-peroxidase secondary antibodies for
1 h (1:10,000; Jackson ImmunoResearch, West Grove, PA). For complete
antibodies list, see Supplementary Material.

Electrophoretic mobility shift assay (EMSA)
EMSA assay was performed according to Adrian Zander et al. with few
modifications [59]. Briefly 5′ Cys- labeled oligonucleotides (dsDNA or
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ssDNA) ATCCACCTGTACATCAACTCGCCCGGCGGCTCGATCAGCG (40 bases
probe) or ATTCGATCG GGGCGGGGCGAGC (22 bases probe), 2.5 µM each,
were incubated with purified GFP, CHMP1B, CHMP4-7 or CHMP4-7 Δ13 at
different molar ratios (see the corresponding figure legends) for 20min at
65 °C in 1x NaGT buffer [50mM Tris/HCl, pH7.4, 100 mM NaCl, 5 mM MgCl2,
2% glycerol, 10 mM Dithiothreitol, 67 µg/ml BSA]. Reactions (final volume
20 μL) were resolved by electrophoresis at 4 °C through native gel
containing 5% polyacrylamide (37.5:1acrylamide: bisacrylamide) in 0.5x
TBE [45mM Tris-Borate, 1 mM EDTA] and 2.5% glycerol, as described in Yi-
Wen Hsieh et al. [60]. Fluorescently labeled oligonucleotides and
protein–nucleic acid complexes were imaged at the appropriate wave-
length using a Typhoon FLA 7000 biomolecular imager (GE Healthcare, PA,
USA) to reveal specific Fl-dye labeling.

Protein expression and purification
Escherichia coli BL21, transformed with plasmids expressing either His-
MBP-TEV CHMP4-7, His-MBP-TEV CHMP4-7 Δ13, or His-MBP-TEV CHMP1B,
were grown LB medium. Bacteria were harvested by centrifugation after
IPTG induction and lysed in high salt buffer by sonication. Proteins were
purified using Ni–NTA beads (Thermofisher) followed by dialysis in the
presence of TEV protease. Protein solutions were then subjected to a
second Ni–NTA purification round and flow-through was collected.
CHMP4-7 and CHMP4-7 Δ13 proteins were kept in 50mM Tris pH= 7.4,
10% glycerol, 500mM NaCl, 15 mM 2-mercaptoethanol. For CHMP1B,
flowthrough was loaded on SCE column using ÄKTA gel filtration system
(20mM Tris pH= 7.4 150mM NaCl). GFP was expressed and purified from
E. coli, using standard protocols by the protein purification unit at the
Weizmann Institute (Rehovot, Israel). Fresh protein preparations were used
in gel shift assays.
Illustrations were generated in Biorender.

DATA AVAILABILITY
All raw data that support the findings of this study are available upon request from
the corresponding author NE.
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