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Chapter 12
The Structure, Function and Roles 
of the Archaeal ESCRT Apparatus

Rachel Y. Samson, Megan J. Dobro, Grant J. Jensen, and Stephen D. Bell

Abstract Although morphologically resembling bacteria, archaea constitute a dis-
tinct domain of life with a closer affiliation to eukaryotes than to bacteria. This simi-
larity is seen in the machineries for a number of essential cellular processes, 
including DNA replication and gene transcription. Perhaps surprisingly, given their 
prokaryotic morphology, some archaea also possess a core cell division apparatus 
that is related to that involved in the final stages of membrane abscission in verte-
brate cells, the ESCRT machinery.
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 The Diversity of Archaea

Since their discovery in the late 1970’s by Carl Woese, it has become apparent that 
archaea are abundant components of the biosphere (Woese and Fox 1977). Archaea 
have been isolated from a huge diversity of ecological niches, ranging from Antarctic 
surface waters to hydrothermal vent systems, where the organisms grow at tempera-
tures in excess of 100 °C. Although the extremophilic archaea are probably the best 
known, there are many archaeal species adapted to mesophilic environments. By 
way of example, ammonia-oxidizing archaea are abundant in soil samples and the 
human microbiome is populated by a number of archaeal species, most notably the 
gut methanogen Methanobrevibacter smithii (Stahl and de la Torre 2012; Bang and 
Schmitz 2015). Although no archaeal pathogens have yet been described, there are 
examples of archaeal-bacterial consortia, archaea existing in symbiosis with marine 
sponges and there have been some links proposed between archaeal abundance and 
human health (Bang and Schmitz 2015; Schink 1997; Preston et al. 1996).

With the ever-increasing taxonomic sampling of archaea, phylogenetic analyses 
have revealed that the archaeal domain of life can be split into two main groupings 
or “super-phyla” – the Euryarchaea and the “TACK” superphylum (Guy and Ettema 
2011). TACK comprises the Thaumarchaea, Aigarchaea, Crenarchaea and 
Korarchaea and has been proposed to be the closest grouping of archaea to the last 
common ancestor between Archaea and Eukaryotes (Guy and Ettema 2011). Indeed, 
recent work from Embley and colleagues has suggested that the divergence of 
Archaea and Eukaryotes occurred following the emergence of the Euryarchaeal lin-
eage (Williams et al. 2013). This proposal has profound implications for the evolu-
tion of life on Earth, not least of which is the revelation that there are two, not three, 
domains of life (Fig. 12.1).

Fig. 12.1 Alternative phylogenetic trees for the evolution of cellular organisms. The left hand 
image shows the classical tree proposed by Carl Woese revealing three domains of life. The right- 
hand phylogenetic tree illustrates the recent proposal by Embley and colleagues that eukaryotes 
arose from within the archaeal lineage, following the divergence of the Euryarchaea. This topology 
is compatible with earlier proposals from the Lake laboratory (Rivera and Lake 2004; Williams 
et al. 2013; Woese and Fox 1977)
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Interestingly, examination of the limited data available on archaeal chromosome 
copy number and cell-cycle organization provides hints that these processes within 
TACK organisms bear closer resemblance to eukaryotes than do their counterparts 
in euryarchaea (Samson and Bell 2011). More specifically, TACK organisms have 
defined gap phases between DNA synthesis and cell division (Samson and Bell 
2011, 2014; Bernander 1998). Indeed, the eukaryotic cell cycle nomenclature of 
G1, S, G2 and M phase is commonly applied to archaeal cell cycle parameters. 
However, it is important to emphasize that, at the mechanistic level, archaeal 
M-phase is completely unrelated to eukaryotic mitosis. In contrast to the defined 
cell cycle phases seen in TACK species, the limited number of euryarchaea that 
have been studied reveal less obvious partitioning of the cell cycle. In fact, it appears 
that some species may have overlapping DNA replication and cell division phases. 
In agreement with this latter proposition, the members of the Euryarchaea generally 
have high chromosome copy numbers. For example, Haloferax volcanii has about 
15 copies of its chromosome during exponential growth (Zerulla and Soppa 2014; 
Breuert et al. 2006). The polyploidy of euryarchaea contrasts with the TACK super-
phylum organisms that have been characterized, all of which show a simple one to 
two chromosome copy number oscillation during their cell cycle (Lundgren et al. 
2008). Furthermore, studies of the crenarchaeon Sulfolobus solfataricus provided 
evidence for cohesion of sister chromatids following the completion of DNA repli-
cation (Robinson et al. 2007). Thus, at both phylogenetic and organizational levels, 
members of the TACK superphylum show remarkable similarities to eukaryotes.

 Cell Division Machineries

Initial studies published in 1996 of the euryarchaea Halobacterium salinarum and 
Pyrococcus woesei by the Jackson and Margolin labs, respectively, identified 
archaeal homologs of the central, and near universal, bacterial cell division protein 
FtsZ (Margolin et  al. 1996; Baumann and Jackson 1996). Subsequently, the 
Lutkenhaus laboratory revealed that the Haloferax volcanii FtsZ formed a ring-like 
structure at mid-cell, coincident with the site of membrane constriction during cell 
division (Wang and Lutkenhaus 1996). As complete archaeal genome sequences 
became available, all of euryarchaea initially, further FtsZ homologs were identi-
fied, revealing that this protein was found in many archaea as well as bacteria. 
Subsequent landmark structural studies by Lowe and Amos revealed the first crystal 
structure of FtsZ – using the protein from the euryarchaeon Methanocaldococcus 
jannaschii (Lowe and Amos 1998).

However, the apparent ubiquity of archaeal FtsZ was challenged by an analysis 
from the Doolittle laboratory of the first complete crenarchaeal genome, that of 
Aeropyrum pernix, in which it was recognized that there was no identifiable homo-
log of FtsZ (Faguy and Doolittle 1999; Kawarabayasi et al. 1999). The absence of 
FtsZ in other crenarchaea was confirmed with the elucidation of the genome 
sequences of Pyrobaculum aerophilum, and Sulfolobus tokodaii and Sulfolobus 
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 solfataricus (Fitz-Gibbon et al. 2002; She et al. 2001; Kawarabayasi et al. 2001). As 
detailed elsewhere in this book, an actin homolog, termed crenactin, was identified 
in Pyrobaculum and other members of the Thermoproteales (Yutin et  al. 2009). 
Immunolocalization studies of crenactin were described as showing helical-like 
structures within the rod-shaped Pyrobaculum cells (Ettema et  al. 2011). These 
structures were interpreted as providing evidence for a cytoskeletal role for the cren-
actin. However, studies of bacterial MreB provide a cautionary note for this inter-
pretation. Initial work suggested that MreB formed a coherent helical cytoskeleton 
in rod-shaped bacteria (Jones et al. 2001). Immunolocalization and use of fluores-
cently tagged proteins supported this conclusion. More recently, however, it has 
been proposed that the helical structures may have arisen as a consequence of 
appending a fluorescent tag to the MreB protein (Swulius and Jensen 2012). Further, 
additional studies have led to the proposal that MreB forms dynamic circumferen-
tial bands around the cell, perpendicular to the long axis, and appears to play a key 
role in cell wall biosynthesis (Errington 2015; Garner et  al. 2011; Dominguez- 
Escobar et al. 2011). With respect to the archaeal actin homolog, the current limited 
and low-resolution data derived from analyses of fixed cells cannot exclude the 
possibility that crenactin might play an analogous role in S-layer synthesis in the 
rod-shaped Thermoproteales. Despite the completion of the Sulfolobus solfataricus 
genome in 2001, it would be a further 6 years before candidates for the Sulfolobus 
cell division machinery were identified. Figure 12.2 summarizes the distribution of 
potential cytoskeletal and cell division proteins across the archaeal domain of life 
(Makarova et al. 2010).

 ESCRT Proteins

In 2007, the laboratory of Roger Williams at the LMB in Cambridge, studying the 
eukaryotic ESCRT (Endosomal Sorting Complex Required for Transport) appara-
tus, identified a Sulfolobus homolog of the ESCRT system component, Vps4. Their 
work revealed a striking structural relationship between the so-called MIT domain 
of the archaeal Vps4 with its counterpart in yeast Vps4 (Obita et  al. 2007). 
Furthermore, they identified Sulfolobus homologs of the eukaryotic ESCRT-III pro-
teins. As that initial study used the eukaryotic names for the archaeal homologs, we 
will retain that convention in this chapter. The eukaryotic ESCRT machinery has 
been comprehensively dissected at the molecular level and there are a number of 
excellent reviews that describe that work (Hurley 2015; Henne et  al. 2013; 
McCullough et al. 2013). Accordingly, we will give an extremely brief and simplis-
tic summary of the roles of ESCRT in eukaryotes.

First identified by virtue of its role in endosome sorting, the ESCRT pathway 
directs the invagination and scission of membranes. A series of elegant in vitro 
reconstitution studies revealed that the ESCRT-III proteins form filaments and are 

R.Y. Samson et al.



361

necessary and sufficient to drive membrane constriction and scission in a system 
reconstituted with giant unilameller vesicles. Vps4 is an AAA+ ATPase that can 
interact with ESCRT-III, (see below for details). Dependent on its ability to hydro-
lyze ATP, Vps4 facilitates depolymerization and subsequent recycling of ESCRT-III 
to membranes. Delivery of ESCRT-III to its site of action in endosomal sorting is 
dependent on the sequential assembly of a protein scaffold composed of the 
ESCRT- 0, ESCRT-I and ESCRT-II complexes. With the exception of one lineage, 
whose existence is inferred solely from metagenomic studies (Spang et al. 2015), 
these earlier ESCRT-III recruiting complexes are absent from archaea.

Following the discovery of ESCRT’s role in trafficking, subsequent studies have 
revealed that this apparatus plays pivotal roles in a number of other processes that 
involve membrane scission events. These include viral egress from infected cells, 
plasma membrane wound healing, nuclear membrane reformation following chro-
mosome segregation and membrane abscission – the final stage of cytokinesis in 
metazoan cells (Hurley 2015).

 The Sulfolobus ESCRT Machinery

In 2008, work by our laboratory (RYS and SDB) in collaboration with the Williams 
lab and an independent study by Bernander and colleagues provided evidence that 
the Sulfolobus ESCRT machinery played a role in archaeal cell division (Samson 
et al. 2008; Lindas et al. 2008).

In Sulfolobus, the vps4 gene is encoded adjacent to a gene for an ESCRT-III 
protein. An additional gene, called cdvA, is found immediately upstream of this 

Fig. 12.2 Distribution of candidate cytoskeletal and cell division proteins across the archaeal 
domain of life (Figure taken from Makarova et al. 2010 with permission). Filled-in circles indicate 
the presence of one or more genes encoding homologs of the indicated proteins
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operon (Fig. 12.3). As discussed below, cdvA is a distinct transcription unit from 
ESCRT-III and Vps4 genes (Samson et al. 2011; Wurtzel et al. 2010).

Sulfolobus possesses three other ESCRT-III genes. The four ESCRT-III paralogs 
are variable in length, with the gene beside vps4 encoding the longest open-reading 
frame. In addition to the core ESCRT-III α-helix-rich fold, this protein possesses a 
signature C-terminal winged-helix-like (wH-like) domain that is not found in the 
remaining paralogs (Fig. 12.3). A recent genetic study revealed that it was possible 
to individually delete the genes for the three shorter ESCRT-III paralogs and retain 
cell viability, albeit with reduced growth rate. In contrast, it was not possible to 
delete the gene for the wH domain-containing ESCRT-III protein, suggesting this 
protein is essential for viability (Yang and Driessen 2014).

Studies using synchronized Sulfolobus acidocaldarius cells revealed that tran-
scripts for vps4 and its proximal ESCRT-III gene, which are expressed as a bi- 
cistronic transcript, and the other orphan genes for the shorter ESCRT-III paralogs 
are maximally abundant in populations enriched with cells undergoing division 
(Samson et al. 2008). Similarly, the cdvA gene transcript showed cell cycle regula-
tion, although its levels peaked slightly before those for ESCRT-III and Vps4 
(Samson et al. 2011).

As well as being cell cycle regulated, transcript levels of the genes for CdvA, 
ESCRT-III and Vps4 are modulated in response to a number of insults to the cell, 
including UV-induced DNA damage, oxidative stress caused by hydrogen peroxide, 
viral infection and respiratory arrest caused by acetic acid treatment (Lindas et al. 
2008; Ortmann et al. 2008; Maaty et al. 2009; Gotz et al. 2007; Frols et al. 2007).

The timing of expression of the Sulfolobus ESCRT components is compatible 
with a role in cell division. Immunolocalization studies on fixed cells revealed that 
polyclonal antisera raised against the wH-containing ESCRT-III and Vps4 localized 

Fig. 12.3 The organization of the genes for the Sulfolobus acidocaldarius ESCRT-associated pro-
teins. Principal domains of the encoded proteins are indicated. The Saci_XXXX names are from 
the original genome annotation (Chen et al. 2005)
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to a belt between segregated nucleoids (Lindas et al. 2008; Samson et al. 2008). 
Furthermore, the location of the belt correlated with the site of membrane ingres-
sion in cells undergoing division. Dividing cells are very rare within asynchronous 
Sulfolobus populations, suggesting that cell division is a very rapid event. Similarly, 
very few cells are observed with segregated nucleoids, again suggesting that the 
process of chromosome segregation, the mechanism of which is entirely mysteri-
ous, is rapid and closely linked to the membrane ingression event. We note, how-
ever, that cells can be observed that have segregated nucleoids and contiguous 
ESCRT-III bands, and yet have no visible ingression of the membrane (Samson 
et al. 2008; Lindas et al. 2008). Thus, our working hypothesis is that nucleoid seg-
regation occurs prior to ESCRT-III assembly.

A causal role for the Sulfolobus ESCRT system in cell division was supported by 
the conditional expression of a trans-dominant negative allele of vps4 in Sulfolobus 
solfataricus cells (Samson et al. 2008). This allele, encoding an alanine substitution 
of the conserved glutamic acid residue in the so-called Walker B motif, allows ATP 
binding but prevents its hydrolysis. Previous work in mammalian cells revealed that 
expression of this and other ATPase-defective alleles impacts negatively on cell 
division (Carlton and Martin-Serrano 2007; Morita et al. 2007). Upon expression of 
this form of the protein in Sulfolobus, bloated cells up to four-times the usual diam-
eter and with elevated DNA content were observed. In addition, abundant small 
membranous structures that lacked discernable DNA content were seen. The gen-
eration of these bloated cells and ghosts is compatible with impaired cell division 
processes (Samson et al. 2008).

In eukaryotes, the ESCRT-III proteins bind directly to membranes but are 
recruited to their sites of actions by the prior assembly of ESCRT-I and ESCRT-II 
complexes (Wollert and Hurley 2010). In contrast, we have been unable to detect 
direct membrane interaction by the Sulfolobus ESCRT-III proteins. Indeed, they 
lack the charged patch that has been shown to be important for membrane interac-
tion by the eukaryotic proteins (Samson et al. 2011). Further, as discussed above, 
Sulfolobus lacks discernable homologs of the earlier ESCRT components.

The close linkage of the cdvA gene and its cell cycle regulated expression profile 
suggested it could be an early assembling component of the cell division machinery. 
In agreement with this, like ESCRT-III and Vps4, CdvA forms a ring-like structure 
at mid-cell that shrinks concomitant with division plane ingression. Intriguingly, 
mRNA levels for CdvA peak before those for ESCRT-III and Vps4, and CdvA 
structures can be detected prior to nucleoid segregation. Co-immunolocalization 
studies of late G2/early M-phase cells revealed that only a subset with CdvA 
 structures were decorated with punctate foci of ESCRT-III. In contrast it was not 
possible to detect cells that were CdvA negative but ESCRT-III positive. In agree-
ment with these observations, in vitro binding assays demonstrated that, while 
ESCRT-III was unable to bind directly to purified membranes, CdvA could. 
Futhermore, CdvA was capable of recruiting ESCRT-III to liposomes with conse-
quential deformation of the membrane. Thus, taken together, these data indicate that 
CdvA forms a ring-like structure at mid-cell and serves as a platform for the subse-
quent recruitment of the ESCRT-III proteins (Samson et al. 2011).
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 Structures of Archaeal ESCRT Proteins

Structural studies of the ESCRT-machinery in eukaryotes and archaea have been 
aided by the strikingly modular nature of the proteins. As described below, this has 
allowed minimal interaction domains to be dissected and some highly informative 
structures of these domains with their partner peptides have been elucidated (Samson 
et al. 2008, 2011). In addition, the structures of the ATPase domain of Vps4 from 
Sulfolobus solfataricus (Sso) and Acidianus hospitalis (both crenarchaea of the 
order Sulfolobales) have been determined by the Sundquist lab using X-ray crystal-
lography (Monroe et al. 2014) (Fig. 12.4).

Sso Vps4 is a 372 amino acid protein; the first 75 residues constitute a MIT 
domain, the structure of which was solved by the Williams laboratory (Obita et al. 
2007). The MIT domain is separated from the AAA+ ATPase domain by a short and 
apparently flexible linker. As with many AAA+ proteins, Vps4 forms homo- 
oligomers and the Sundquist laboratory revealed Sso Vps4 forms a homohexamer in 
the presence of ATP or ADP following heat treatment (Monroe et al. 2014). The Sso 
Vps4 AAA+ domain structure does not reveal how the protein forms hexamers but 
modeling based on superimposition of the Sso Vps4 monomer on the AAA+ domain 
of P97 allowed a model to be built. The model was verified by mutation of predicted 
interfacial residues, resulting in a destabilization of the hexamer and consequential 
reduction in ATPase activity. As with many other AAA+ proteins, the ATPase active 
site lies at the interface between two protomers, with residues from both subunits 

Fig. 12.4 (a) A modeled hexamer of human VPS4. The model was generated by superposition of 
the VPS4B monomer structure (PDB 1XWI) onto the symmetric hexamer structure of ClpX (PDB 
4I9K). Pore loop 1 and the eukaryotic-specific Vta1 interaction module are colored magenta and 
green respectively (b) Comparison of monomers of human and Sulfolobus Vps4 (PDB 4LGM). 3 
residues in the pore loop (magenta) of S. solfataricus Vps4 are disordered in the structure and 
indicated by a dashed line
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contributing to the active site (Erzberger and Berger 2006). The predicted hexamer 
is ring-shaped with a central pore into which loops project (Fig. 12.4). By analogy 
with other AAA+ proteins, including the ClpX protein-unfoldase and DNA heli-
cases, it is likely that these pore loops facilitate remodeling of Vps4’s ESCRT-III 
substrate. Indeed, mutation of these loops impact upon Vps4’s ability to function in 
human cells (Scott et al. 2005). Comparison of the structure of the AAA+ domain 
from Sso Vps4 with that of yeast Vps4p reveals a RMSD of 1.62 Å over 237 Cα 
atoms. The principal difference between the eukaryotic and archaeal structure lies 
in the absence or presence of a eukaryotic-specific 45-residue beta-strand-rich 
insertion in the smaller “lid” domain of the AAA+ module (green in Fig. 12.4). This 
serves as an interaction site for the eukaryotic-specific Vps4 activator protein Vta1 
(Scott et al. 2005).

The N-terminal 75 residues of Vps4 form a three-helix bundle termed a MIT 
(Microtubule Interacting and Trafficking) domain. This domain is a versatile 
protein- protein interaction module that, as its name implies, has been identified in a 
number of proteins involved in cytoskeletal processes and trafficking, including 
katanin, spastin, Vps4 and Vta1 (Fig. 12.5). Studies in yeast and mammal systems 
revealed that the Vps4 MIT domain interacted with specific sequence motifs in 

Fig. 12.5 Comparison of the structures of various MIT domains and their ESCRT-III interaction 
partners, demonstrating the distinct MIM1–5 binding modes. A schematic of the MIT domain is 
given in the top left and the color convention is adhered to in the subsequent images. The partner 
peptide is in blue. PDB codes are MIM1 – 2JQ9, Sulfolobus MIM2 – 2W2U, Human MIM2 – 
2K3W, MIM3 – 3EAB, MIM4 – 2XZE and MIM5 – 2LUH. The CHMP and Vps60 proteins are 
all ESCRT-III family members
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ESCRT-III proteins. Initial work identified a MIT-interacting motif (MIM) in yeast 
Vps2 and human CHMP1 and CHMP2B and revealed that they bound in the groove 
between the second and third helix of the MIT domain (Obita et al. 2007; Stuchell- 
Brereton et al. 2007). Subsequent work revealed that the human ESCRT-III protein 
CHMP6 also interacted with the MIT domain but, remarkably, utilized an alternate 
MIM, termed MIM2, that interacted with the groove between the first and third 
helix of the Vps4 MIT domain (Kieffer et al. 2008). More recently three additional 
modes of interaction between MIT domains and partner proteins have been described 
(MIM3–5; Fig. 12.5) (Yang et al. 2008, 2012; Solomons et al. 2011).

Interaction studies revealed that Sulfolobus Vps4 interacted specifically with the 
wH-containing ESCRT-III protein. The interaction interface was mapped to resi-
dues 183–193, between the core ESCRT-III fold and the C-terminal wH-like domain 
(Samson et al. 2008). The X-ray crystal structure of the ESCRT-III peptide•MIT 
domain complex revealed that the peptide from the ESCRT-III protein bound along 
the groove between helices 1 and 3 of the Vps4 MIT domain, utilizing the MIM2 
mode of interaction (Fig.  12.5). Indeed, comparison of the archaeal and human 
MIM2•MIT domain interactions reveals clear conservation at the level of primary 
sequence (Samson et al. 2008; Kieffer et al. 2008). Thus, the ATPase Vps4 interacts 
with ESCRT-III subunits and ATP hydrolysis is required for Vps4 to fulfill its func-
tion. Recent work with yeast Vps4 and an artificial chimeric ESCRT-III substrate 
(Vps24–2) has revealed that Vps4 effects global unwinding of ESCRT-III while 
stripping protomers from a filament of the protein. In addition, the substrate passes 
through the central pore of the Vps4 during the unfolding reaction (Yang et  al. 
2015). While this mechanism has not yet been directly demonstrated for the archaeal 
proteins, given the conservation of the system and the demonstrated requirement for 
ATP hydrolysis by Sufolobus Vps4 for cell division, it seems likely that disassembly 
of the ESCRT-III structures seen at mid-cell will be similarly effected by Vps4.

As described above, there is currently no evidence for direct interactions of the 
archaeal ESCRT-III proteins with archaeal membranes. However, liposome-binding 
studies with Large Unilameller Vesicles (LUVs) reconstituted with purified 
Sulfolobus tetra-ether lipids revealed that the alpha-helical domain of CdvA bound 
directly to membranes (Samson et  al. 2011). Like ESCRT-III, CdvA forms fila-
ments, and negative stain electron microscopy provided evidence for a lattice-like 
structure forming on LUVs in the presence of CdvA. Strikingly, while ESCRT-III in 
isolation had no discernable effect on the LUVs, the addition of the wH-containing 
ESCRT-III to CdvA-coated LUVs resulted in dramatic deformation of the lipo-
somes (Samson et al. 2011).

CdvA has a tri-partite structure with a ~ 70 residue beta-strand rich N-terminal 
domain, predicted to form a PRC barrel (Anantharaman and Aravind 2002), fol-
lowed by an alpha-helix-rich region and finally a C-terminal domain that is poorly 
conserved in sequence apart from its final 10 amino-acids. The role of the PRC- 
domain remains undetermined, however, the alpha-helical region of the protein has 
been shown to interact with archaeal membranes. The C-terminal tail binds to the 
wH-like domain of the ESCRT-III paralog with a Kd of 6 μM. Further, disruption of 
this interaction in vivo leads to cell division defects (Samson et al. 2011).
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The crystal structure of the ESCRT-III-Binding (E3B) peptide of CdvA (residues 
251–265) in complex with the wH-like domain of ESCRT-III (residues 210–259) 
was solved and revealed a novel mode of protein-protein interaction (Samson et al. 
2011). Classical wH domains possess a three helix bundle surmounted by a pair of 
antiparallel β-strands that are connected by a turn of variable length (Fig. 12.6). This 
latter feature is the eponymous wing. Remarkably, the wH-like domain of the 
ESCRT-III protein is truncated, with the C-terminal residue of the protein at the end 
of the first of the β-strands, leaving a cleft in the surface of the protein. CdvA 
 interacts with this cleft, in essence donating a β-strand to heal the broken wing 
structure. Hydrophobic residues, mutation of which impairs the interaction, domi-
nate the inter-protein interface (Samson et al. 2011). A consequence of CdvA acting 
as a recruitment platform for ESCRT-III is that ESCRT-III could be spatially 
removed from the membrane by a distance equivalent to the depth of the CdvA lat-
tice. As discussed below, this might have facilitated detection of the ESCRT-III 
membrane ingression belt by electron cryotomography (Dobro et al. 2013).

Fig. 12.6 (a) The left-hand image shows an example of the classical winged helix topology with 
the β-hairpin wing element highlighted in purple. The example shown is from S. solfataricus 
MCM (PDB 2 M45) in which this domain serves as a protein-protein interaction module (Samson 
et al. 2016; Wiedemann et al. 2015). The image on the right is the structure of the “broken wing” 
domain from the S. solfataricus ESCRT-III protein (blue) in complex with the E3B peptide from 
CdvA (pink), PDB 2XVC (Samson et al. 2011). (b) Two views, related by a 90° rotation, of a 
surface model of the ESCRT-III broken wing domain in complex with a cartoon view of the CdvA 
E3B peptide. The side-chains of two valine residues (V259 and V261) that important for the inter-
action are shown in stick mode in the left hand image
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 Ultrastructural Analyses of the Archaeal ESCRT Machinery

In 2013, we used electron cryotomography to explore the archaeal ESCRT machin-
ery in Sulfolobus cells (Dobro et al. 2013). In electron cryotomography, samples are 
rapidly frozen, preserving them in a near-native, “frozen-hydrated” state. Samples 
are then imaged iteratively while being rotated around an axis to provide three- 
dimensional information. While each cryotomogram elucidates the structures pres-
ent in a single moment, dynamic processes like cell division can be inferred by 
imaging different cells frozen at different stages of the process.

Previous images of purified eukaryotic ESCRT-III proteins had revealed that 
ESCRT-III proteins frequently polymerize into filaments, which then coil and spiral 
(Effantin et  al. 2013). Adding to this body of information, we saw that purified 
CHMP1B, a human member of the ESCRT-III family, polymerized into helical fila-
ments that formed 3-D bull’s-eye patterns and stacked cones (Fig.  12.7). These 
assemblies contained layers of varying radii and angles, revealing that the lateral 
bonds between ESCRT filaments are non-specific, an essential property for spirals 
and coils. The stacked cones further revealed that ESCRT-III filaments were capable 
of binding each other on multiple surfaces including the top, sides, and bottom.

Fig. 12.7 (a) Electron microscopy projections of purified CHMP1B assemblies. The left hand 
image shows a view down the axis of a CHMP1B tube (scale bar 200 Å). The right hand image 
shows a central slice of a large CHMP1B assembly revealing layers of varying angles and radii. 
This implies that lateral bonds between filaments are non-specific and capable of binding on mul-
tiple surfaces, including the top, sides, and bottom. Scale bar is 500 Å. (b) A dividing S. acido-
caldarius cell observed with electron cryotomography. The left hand images show a central slice 
of the tomogram with the division furrows magnified in the offset panels. The right hand image 
contains a model of that slice with the U-shaped protein coating on the division furrow colored in 
yellow. Scale bar is 200 nm (Figures adapted with permission from Dobro et al. 2013)
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Moving to the archaeal proteins, we imaged mixtures of purified CdvA and lipo-
somes made of Sulfolobus lipids. In this system, CdvA formed filaments of similar 
dimensions to ESCRT-III that wrapped around the liposomes. As described above, 
Sulfolobus ESCRT-III is recruited to membranes by CdvA. To observe these CdvA- 
ESCRT- III complexes in their physiological context, synchronized Sulfolobus 
acidocaldarius cells were collected at the time of division and rapidly frozen. 
Tomograms revealed that every cell displaying any membrane ingression also con-
tained a thick, U-shaped protein belt around the constricting ring. The protein belt 
was also observed in cells with no visible constriction, indicating that the belt 
assembles before ingression begins (Dobro et al. 2013). This is unlike eukaryotic 
cells, which use ESCRT to divide only at the final scission stage when the diameter 
of the midbody site is approximately 100–200 nm (Elia et al. 2011; Agromayor and 
Martin-Serrano 2013).

By analogy to the properties of eukaryotic ESCRT-III’s in vitro (Effantin et al. 
2013; Dobro et al. 2013), the belts observed in dividing Sulfolobus cells were likely 
to be ESCRT-III filaments wrapped around the membrane in tight spirals. This is 
supported by comparing the dimensions of the belt to dimensions of known ESCRT 
crystal structures (Muziol et al. 2006; Bajorek et al. 2009). The belt appears dynamic 
in nature. During the process of constriction, the protein belt gets wider, yet the total 
surface area decreases. Importantly, the thickness remains the same. Together with 
all else that is known about the ESCRT machinery, this information supports a 
model we call the “hourglass” (Fig. 12.8). With mother and daughter cells stacked 
on top of each other, the protein belt around the middle forms an hourglass shape. 
This is similar to the proposed dome model for budding vesicles of eukaryotes, in 
which ESCRT-III forms dome-shaped spirals (Lata et al. 2008) but the symmetrical 
division septum forms two domes. In the hourglass model, two growing filaments 
(one on each side of the division plane) spiral towards each other into ever-smaller 
radii until the membranes are close enough for spontaneous scission (Video 12.1). 
While this hourglass model depends on ESCRT-III filaments being able to grow and 
bind each other along many surfaces as they progress from flat ribbons at the begin-
ning to deeply invaginated U-shapes at the end, the in vitro assemblies demonstrate 
these capabilities.

The location and dimensions of the belt point to ESCRT-III as the candidate 
protein but, as discussed earlier, CdvA is likely linking ESCRT-III to the membrane 
(Samson et al. 2011). The belt was spaced about 6 nm from the membrane, which 
would accommodate CdvA as an adaptor (Fig. 12.8). As the membrane  constrictions 
grew deeper in the various tomograms, the belt got wider but its total surface area 
decreased, suggesting Vps4 is actively re-modelling the ESCRT-III filaments during 
the process by removing ESCRT-III protomers. Since the diameter of the cytoki-
netic ring is decreasing toward zero, if the protein complexes were not being 
depleted, the late stage belt would have been extremely wide. Instead the belt only 
slightly increased in width, always at the leading edge of the division furrow.

Our images of dividing Sulfolobus cells do not support other models proposed in 
the literature These include the “purse-string” model in which Vps4 disassembles a 
ring filament by ESCRT-III protomer removal and resealing of the ring and the 
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“whorl” model in which ESCRT-III filaments lie along the axis of a budding neck 
rather than spiraling around it (Saksena et al. 2009; Boura et al. 2012). Significantly, 
the data presented in the studies leading to those models also support the hourglass 
model. Filament growth in a spiraling pattern toward smaller radius may therefore 
drive constriction in cell division, as well as in vesicle and viral budding in 
eukaryotes.

 Additional Roles for the Archaeal ESCRT Proteins

As described in the introduction, eukaryotic ESCRT proteins are involved in a broad 
range of membrane manipulation processes, both intrinsic to normal cellular metab-
olism but also imposed upon the cell by infectious agents (Hurley 2015). In regard 
to the latter, a number of enveloped viruses co-opt ESCRT proteins, including 
important pathogens such as HIV, Ebola, Hepatitis C, Rabies virus and Hepatitis B 
virus - see (Votteler and Sundquist 2013) for review. It has become apparent that 
there is a remarkable diversity of viruses infecting archaea (Prangishvili 2013), and 

Fig. 12.8 (a) Interpretation of the protein belt as ESCRT helices. Left hand panels: central slices 
through opposing edges of the division furrow show the thick protein layer on the membrane. The 
right hand images show the same slices with the membrane (purple) and our model for how 
ESCRT (blue) filaments wrap helically (orange lines) around the cytokinetic ring to form the pro-
tein belt. The ESCRT filaments appear as circles because they are cut in cross section, but their 
diameter matches the width of the belt. CdvA filaments (yellow) link the membrane and ESCRT 
belt (Figures adapted with permission from Dobro et al. 2013). (b) Two spirals made of ESCRT 
monomers grow from the middle in opposite directions with a decreasing radius, pulling the mem-
brane inward. The larger image is a close-up of the inset image
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studies of one, Sulfolobus Turreted Icosahedral Virus (STIV) have implicated the 
archaeal ESCRT machinery as an important cellular facilitator of the viral life cycle 
(Snyder et al. 2013). STIV is a lytic virus and utilizes a remarkable mechanism of 
egress from infected cells (Brumfield et al. 2009). A single 92 amino acid viral gene 
product, C92, assembles seven-sided pyramid structures that project through the 
S-layer of the host cells. Eventually the facets of the pyramids separate from one 
another at the vertices, like petals opening in a flower, resulting in cell lysis and 
virus release. Remarkably, an otherwise completely unrelated rod-shaped Sulfolobus 
virus, also encodes a C92 ortholog and directs the assembly of analogous structures 
(Bize et al. 2009). No further viral proteins are required for pyramid assembly and 
it has been demonstrated that expression of the C92 ortholog in E. coli or budding 
yeast also results in formation of pyramids, although, intriguingly, those pyramids 
never open in these heterologous cells (Daum et al. 2014).

STIV virus particles assemble in the Sulfolobus cytosol. Initially, icosahedral 
particles assemble and package an internal host-derived lipid envelope structure. 
Subsequent embellishments to the capsids occur before viral genome packaging. 
Ultimately the mature virus particles are released through the open pyramid struc-
tures (Fu et al. 2010; Brumfield et al. 2009). The first hints of a role for the host 
ESCRT proteins in the STIV life cycle came from the observation that Sulfolobus 
ESCRT-III proteins were associated with purified viral particles. In addition, analy-
ses of the host transcriptional reprograming upon viral infection revealed up- 
regulation of the ESCRT genes, including CdvA, ESCRT-III paralogs and Vps4 
(Ortmann et al. 2008).

Protein-protein interaction studies have revealed an interaction between one 
ESCRT-III paralog (SSO0619) and the major capsid protein of STIV, termed B345. 
While the functional significance of this interaction has not been resolved, it is 
tempting to speculate that it may be indicative of a role for the ESCRT machinery 
in the maturation of the lipid envelope within the viral particle (Snyder et al. 2013). 
Additionally, an interaction between the C92 pyramid protein and the wH- containing 
and Vps4-interacting ESCRT-III protein was detected. Immunolocalization epifluo-
rescence microscopy and electron microscopy coupled with immunogold staining 
revealed Vps4 recruitment to pyramid structures both in cells infected with STIV 
and cells expressing only the C92 protein from a plasmid. The importance of the 
integrity of the host ESCRT machinery for the viral life cycle was underscored by 
the observation that expression of the trans-dominant negative, ATP hydrolysis 
 deficient, allele of Vps4 abrogated viral replication, while not impacting the ability 
of STIV to enter cells and execute viral gene expression (Snyder et al. 2013). While 
the molecular mechanisms of host ESCRT function in the STIV life-cycle remain to 
be resolved, it is possible that the ESCRT apparatus could act both at the level of 
initial particle assembly, conceivably in maturation of the inner capsid membrane, 
and possibly also at the level of viral egress (Snyder et al. 2013).

In contrast to the up-regulation of the ESCRT pathway in response to STIV 
infection, the host response to SIRV2 revealed down-regulation of the ESCRT 
apparatus (Okutan et al. 2013). More specifically, mRNA levels for CdvA, ESCRT-
III and Vps4 were all reduced three- to ten-fold. As described above, SIRV2 also 
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utilizes the unusual pyramid structures to effect cell lysis. With regard to ESCRT 
functions in the viral life cycle, there are two potentially important differences 
between STIV and SIRV2. First, STIV has an internal membrane structure, SIRV2 
does not. Second, the time course of infection is dramatically different for the two 
viruses. In the case of SIRV2 infection, pyramids appear between 6 and 9 h post-
infection. This contrasts with STIV infection in which pyramids do not appear until 
32 h post-infection. As SIRV2 infection leads to extensive host DNA degradation, it 
is possible that the down-regulation of ESCRT genes in response to SIRV2 could 
reflect a checkpoint-like response to inhibit cell division upon viral infection (Bize 
et al. 2009).

In addition to co-option by archaeal viruses, the Sulfolobus ESCRT apparatus 
may also play a role in the generation of extra-cellular vesicles. Sulfolobus cells 
secrete small vesicles during normal growth and in response to cellular stresses. 
Proteomic studies have demonstrated that these vesicles are associated with host 
ESCRT-III and Vps4 proteins (Ellen et al. 2009; Prangishvili et al. 2000). However, 
a causal linkage has yet to be established. As described above, a proteinaceous belt, 
presumed to be ESCRT-III, can be detected at mid-cell in dividing Sulfolobus. 
Intriguingly, the same tomograms reveal some cells extruding vesicles, yet exami-
nation of these structures does not provide evidence for an analogous belt-like fea-
ture at the vesicle necks (Dobro et al. 2013). Conceivably, the cell-division structure 
is discernable because of the role of CdvA as an adaptor between the membrane and 
ESCRT-III -assembly. If vesicle formation exploits a different adaptor protein, then 
an alternate morphology of the ESCRT-III at vesicle necks could exist. While this is 
complete speculation at this point, it is interesting to note that several of the 
Thermococcales, members of the euryarchaea, also produce extra-cellular vesicles 
and possess ESCRT-III and Vps4 homologs (Soler et al. 2008). However, they do 
not encode a detectable CdvA homolog and are thought to effect cell division using 
FtsZ (Fig. 12.2).

 Future Directions

Our understanding of the biology of the archaeal ESCRT system remains very rudi-
mentary at this time. While structural studies have illuminated the nature of the 
molecular handshakes that orchestrate assembly of the cytokinetic ring, how these 
events are appropriately coordinated in time and space remains largely unknown. 
The nature of the cell cycle oscillators that drive the regulated expression of the 
ESCRT genes is another key unresolved issue. Yet another lies in the coordinated 
assembly of CdvA at mid-cell. CdvA assembles prior to nucleoid segregation. Does 
CdvA, by polymerizing, define mid-cell and drive segregation away from its zone 
of assembly? Alternatively, are spatial cues established in the cell prior to CdvA 
assembly? What is the nature of the Sulfolobus DNA segregation machinery? 
Another utterly mysterious process lies in how S-layer assembly is coordinated with 
the division process. While key players in the assembly and glycosylation of S-layer 
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proteins have been identified, essentially nothing is known about how they are regu-
lated and localized in the cell. The tomograms of dividing cells show a dramatic 
restructuring of the presumptive ESCRT-III belt, from a planar to a U-shaped topog-
raphy. Is this due to a belt-intrinsic process, perhaps via differential incorporation of 
ESCRT-III paralogs, or is it mechanically driven by S-layer growth? It is anticipated 
that answers to many of these questions will be forthcoming over the next few years 
as advances in the genetic and cell biological analyses of archaea become ever more 
sophisticated.
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