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Abstract
Viruses have developed intricate molecular machines to infect, replicate within and escape from their host cells. Perhaps one of
the most intriguing of these mechanisms is the pyramidal egress structure that has evolved in archaeal viruses, such as SIRV2 or
STIV1. The structure and mechanism of these virus-associated pyramids (VAPs) has been studied by cryo-electron tomography
and complementary biochemical techniques, revealing that VAPs are formed by multiple copies of a virus-encoded 10-kDa
protein (PVAP) that integrate into the cell membrane and assemble into hollow, sevenfold symmetric pyramids. In this process,
growing VAPs puncture the protective surface layer and ultimately open to release newly replicated viral particles into the
surrounding medium. PVAP has the striking capability to spontaneously integrate and self-assemble into VAPs in biological
membranes of the archaea, bacteria and eukaryotes. This renders the VAP a universal membrane remodelling system. In this
review, we provide an overview of the VAP structure and assembly mechanism and discuss the possible use of VAPs in nano-
biotechnology.
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Introduction

Members of all domains of life, archaea, bacteria and eukary-
otes, are infected by viruses. A hallmark of archaeal viruses is
the high morphological diversity of the capsids that enclose
their genetic material (Prangishvili et al. 2006; Pina et al.
2011; Prangishvili 2013; Dellas et al. 2014). Even though
viruses have only been isolated from a limited set of archaeal
species, the high structural diversity of those isolated has led
to the description of several new viral families (Pina et al.
2011; Krupovic et al. 2016; Adriaenssens et al. 2017). For this
reason, it is anticipated that the isolation of new viruses from
other species will result in the discovery of novel, as yet un-
known virion (viral particle) structures. Archaeal viruses

display unique structures that are not encountered among bac-
terial or eukaryotic viruses, including spindle, two tailed, egg,
bacilliform, spiral or even bottle-like shapes (Schleper et al.
1992; Haring et al. 2005; Häring et al. 2005; Mochizuki et al.
2010, 2011, 2012). In recent years, cryo-electron microscopy
(cryoEM) has been employed to study the detailed three-
dimensional (3D) structure of a range of archaeal virions
(Hong et al. 2015; DiMaio et al. 2015; Kasson et al. 2017).
The many unusual virion structures of archaeal viruses are a
rich illustration of the diversity of solutions for the same pur-
pose that can evolve in nature. Archaeal virions usually con-
sist of one or a limited set of capsid proteins. The major capsid
protein can sometimes self-assemble into (a part of) the virion
(Vestergaard et al. 2008). While many archaeal hosts have
evolved a highly robust machinery to thrive under harsh con-
ditions, such as extreme temperature, pH and salinity, their
virions have co-evolved to adopt equally stable properties
(Witte et al. 1997; Porter et al. 2005; Prangishvili 2006; Pina
et al. 2011). These remarkable characteristics make archaeal
viruses attractive subjects for structural biology research.
Owing to their unique stability, proteins derived from ar-
chaeal viruses are generally easy to purify. For example,
the heat-stable proteins of several archaeal viruses can be
heterologously produced in Escherichia coli, and the
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removal of contaminant proteins is facilitated by a heat
step to denature and remove native bacterial proteins
(Larson et al. 2006; Guillière et al. 2009).

The unusual capsid structures of archaeal viruses underpin
very surprising infection pathways. An especially striking ex-
ample is the virion release (egress) mechanism shared by the
STIV1 (Sulfolobus turreted icosahedral virus 1) and SIRV2
(Sulfolobus islandicus rod-shaped virus 2). Both viruses infect
members of the hyperthermophilic order Sulfolobales that
grow optimally in hot acidic environments (~ 75 °C, pH 3)
(Bize et al. 2009; Brumfield et al. 2009), are lytic and are
released from the cell via remarkable pyramidal egress struc-
tures that allow the formation of defined apertures in the cell
membrane (Bize et al. 2009; Brumfield et al. 2009;
Prangishvili and Quax 2011). These virus-associated pyra-
mids (VAPs) display sevenfold symmetry and form stable
assemblies that can be isolated from the cell (Quax et al.
2011). The expression of a single viral membrane protein
is the only requirement for the formation of these pyra-
mids, which can reach hundreds of nanometres in diameter
(Quax et al. 2011; Snyder et al. 2011). Overexpression of
this protein in archaeal, bacterial and eukaryotic model
organisms has shown that self-assembly of the pyramidal
structures is independent of the origin and type of the
lipid membrane (Daum et al. 2014). As such, the VAPs
represent a universal membrane remodelling system with
potential nano-biotechnological applications. In this short
review, we introduce the basic principles of the VAP-
based egress mechanism and discuss its diversity in nature
as well as its potential as an assembly mechanism. In
addition, we highlight several applications in synthetic bi-
ology where VAPs could be employed.

Biological function of VAPs

Virus-associated pyramids are the central feature of the egress
mechanism of at least two archaeal viruses: SIRV2 and STIV1
(Bize et al. 2009; Brumfield et al. 2009). SIRV2 is member of
the family Rudiviridae and its linear double-stranded
(ds)DNA genome is wrapped in a rod-shaped capsid of ~
900 nm in length and 23 nm in diameter (Zillig et al. 1993;
Prangishvili et al. 1999; Peng et al. 2001; DiMaio et al. 2015).
A high-resolution cryoEM study of the SIRV2 virion showed
that the genomic DNA is uniquely packaged in A-form
(DiMaio et al. 2015). The virions are not enveloped in a lipid
membrane and possesses three tail fibres on each end of the
capsid, which bind filamentous appendages on the cell surface
of its host S. islandicus to aid the viral entry process (Quemin
et al. 2013; Quemin and Quax 2015). The turreted icosahedral
particles of STIV1 enwrap a circular dsDNA genome (Rice
et al. 2004; Maaty et al. 2006). This member of the family
Turriviridae contains an inner lipid layer and infects

Sulfolobales solfataricus (Maaty et al. 2006). The structure,
genomic organisation and content are distinct between the two
viruses and, therefore, the replication processes are quite dif-
ferent. However, infection of both viruses results in the pro-
duction of about a dozen VAPs on the surface of the host cell
towards the second half of the infection cycle [from 3 to 9 h
(SIRV2) and from 24 to 36 h (STIV1) post infection] (Bize
et al. 2009; Brumfield et al. . 2009). This process is concom-
itant with the replication and production of approximately 50–
150 new virions in the cytoplasm of the cell (Bize et al. 2009;
Brumfield et al. 2009; Fu et al. 2010). As these VAPs are
hollow and not closed at their base, their interior is continuous
with the cytoplasm of the infected cell. Growing outward,
their tips eventually penetrate the S-layer covering the cell
(Bize et al. 2009; Brumfield et al. 2009). Towards the end of
the infection cycle, when the virions inside the cell have ma-
tured, all VAPs open approximately at the same stage of in-
fection, much like the petals of a flower (Fig. 1) (Fu et al.
2010; Quax et al. 2011; Daum et al. 2014). This results in
apertures of ~ 150 nm in diameter, through which the virions
can leave the cell (Fig. 1). After releasing the virions, the
VAPs remain open, thus causing complete lysis of host cell
(Bize et al. 2009; Brumfield et al. 2009; Fu et al. 2010; Daum
et al. 2014).

Comparison of the membrane protein content of infected
and non-infected cells led to the discovery of a ~ 10-kDa
virus-encoded protein forming VAPs (PVAP), which has sub-
sequently been identified as the sole constituent of the VAPs
(Quax et al. 2010). Indeed, overexpression of SIRV2 or
STIV1-der ived PVAP in the archaea Sul fo lobus
acidocaldarius, S. solfataricus, the bacterium E. coli and the
eukaryote Saccharomyces cerevisiae resulted in VAPs in all
membranes (Snyder et al. 2011; Daum et al. 2014). In
S. solfataricus, opening of the VAPs occurred after heterolo-
gous expression of both STIV1- and SIRV2-derived PVAP.
However, VAPs that had been expressed heterologously in
E. coli never opened, even after incubating of the cells for
up to 2 weeks at room temperature (Daum et al. 2014). This
indicates that VAP opening is not a spontaneous, independent
process and suggests that a specific factor may have to be
present to trigger the unfolding mechanism.

VAP diversity

Interestingly, STIV1 and SIRV2 share only a handful of homol-
ogous proteins, of which PVAP is one (Peng et al. 2001; Rice
et al. 2004). Expression of STIV1- and SIRV2-based PVAP
chimeras in the STIV1 infection system showed that both pro-
teins and all chimeras resulted in the formation of VAPs of the
same size and geometry (Snyder et al. 2013a). However, neither
the chimeras nor SIRV2_PVAP were sufficient to support
STIV1 infection, suggesting that the two proteins are not
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completely interchangeable. One possibility is that the two pro-
teins have different capabilities to bind interaction partners. For
example, host-encoded ESCRT (Endosomal Sorting Complex
Required for Transport) homologues are involved in the STIV1
infection cycle, but not in that of SIRV2 (Quax et al. 2013;
Snyder et al. 2013b; Daum et al. 2014). The only other viruses
to have homologues of the PVAP protein, besides STIV1 and
SIRV2, are the archaeal viruses of theRudiviridae family (Quax
et al. 2010). As such, the VAP-based egress system seems to be
restricted to a limited number of archaeal viruses.

More recently, the formation of sixfold symmetric VAP-
like structures was reported in an attempt to induce a putative
virus of the hyperthermophilic archeon Pyrobaculum
oguniense (Rensen et al. 2015). Irradiation with UV-light is
a routine strategy to induce lysogenic viruses, which in ar-
chaea are commonly integrated into the host genome or exist
as episomal genetic elements in the host cytoplasm
(Prangishvili 2013). No viral particles were found after UV-
irradiation of P. oguniense. However, dramatic morphological
changes were observed on the surface of ~ 5% of the irradiated
cells, which displayed one to nine pyramidal structures with
sixfold symmetry (Fig. 2a) (Rensen et al. 2015). About 24 h
after UV-irradiation, the pyramids eventually opened out-
wards in a fashion similar to that of the VAPs (Fig. 2b).
Further biochemical characterisation of the VAP-like struc-
tures was not possible, as the virus could not be isolated
(Rensen et al. 2015). Notably, despite the striking structual
similatrity between VAPs and those found in SIRV2/STIV1

infected cells, the genome of the putative Pyrobaculum virus
did not contain sequences homologous with the PVAP-
encoding gene (Rensen et al. 2015). This highlights that
VAP-like egress systems with different symmetries could be
more widespread than previously thought.

The dynamic structure of the VAP

The structure of the open and closed form of the VAP was
studied in situ by cryoET using whole SIRV2-induced
S. islandicus cells (Quax et al. 2011; Daum et al. 2014). In
addition, a 3D map of the closed VAP was obtained by sub-
tomogram averaging (STA) (Daum et al. 2014). The STAmap
showed that the VAP is a baseless hollow pyramid, consisting
of seven triangular facets with an angle of 35° at the tip
(Fig. 3a-d; Quax et al. 2011; Daum et al. 2014). The inner
opening angle of the pyramid was determined to be ~ 80°,
and the triangular faces of the pyramids showed two parallel
layers separated by a gap of ~ 5.8 nm (Fig. 3c, d) (Daum et al.
2014). The outer layer of the VAP was found to form a ~ 4.5-
nm-thick sheet that was continuous with the cytoplasmic
membrane. In contrast, the inner layer of ~ 4 nm thick was
discontinuous with the membrane and extended ~ 15 nm be-
yond the outer layer into the cytoplasm (Daum et al. 2014).
Upon infection, VAPs of different sizes (~ 20 – 150 nm) were
observed in the cell membrane of S. islandicus and
S. solfataricus (Bize et al. 2009; Brumfield et al. 2009; Quax
et al. 2011). As their geometry is always the same, this obser-
vation suggests that VAPs develop by the formation of a small
heptameric tip that grows into a pyramid by the gradual ex-
pansion of their seven triangular facets (Fu et al. 2010; Quax
et al. 2011; Daum et al. 2014).

The sub-tomogram average of the mature, closed VAP
displayed a slight anticlockwise handedness, with each fac-
et being somewhat convex towards the inside (Daum et al.
2014). After VAP opening, this anticlockwise handedness is
even more pronounced (Fig. 3e, f). These observations sug-
gest that the VAP in closed state is under mechanical ten-
sion, which may provide the energy for the opening process.
VAP opening usually commences when the VAPs have
reached a diameter of ~ 150 nm. The process first manifests
itself at the pyramidal tip and then progresses downward to
the base by separation of triangular facets at their highly
curved seams (Fig. 3e, f) (Fu et al. 2010; Daum et al. 2014).

Protein properties of PVAP

The unglycosylated membrane protein PVAP is the sole con-
stituent of VAPs (Quax et al. 2010; Daum et al. 2014). Gel
filtration analysis indicated that PVAP can form dimers, tri-
mers and heptamers (Daum et al. 2014). The secondary

Fig. 1 CryoET of a Sulfolobus islandicus cell infected by SIRV2. Three-
dimensional surface representation showing multiple virions in the cyto-
plasm (light red), in the process of egress (magenta) and outside the cell
(brown). VAPs are yellow, DNA is shown in transparent blue and the cell
envelope is transparent green. Adapted with permission from Daum et al.
(2014). Scale bar 500 nm

Biophys Rev (2018) 10:551–557 553



structure of PVAP is predicted to contain three short α helixes
on the C-terminus (Fig. 4). The N-terminus of PVAP contains
a predicted transmembrane domain, but no apparent signal

peptide. Edman degradation showed that the N-terminus was
intact, indicating that the N-terminus of PVAP is not cleaved
(Quax et al. 2010). VAP formation was observed upon PVAP
overexpression in yeast, and in this case pyramids were ob-
served in all intracellular membranes, including those of the
Golgi apparatus, nucleus and mitochondria. In combination,
these observations suggest that PVAP inserts into the mem-
brane spontaneously and in a Sec-independent manner, similar
to tail-anchored proteins and bacterial pore-forming toxins
(Borgese and Fasana 2011; Bischofberger et al. 2012).
Consequently, PVAP has the ability to self-assemble into
VAPs in virtually any lipid bilayer and thus remodel mem-
branes with fundamentally different lipid chemistry (ester or
ether based for bacteria/eukarya or archaea, respectively) un-
der a range of temperatures and acidities (37–80 °C, pH 3–7)
(Albers and Meyer 2011; Quax et al. 2011; Daum et al. 2014).
The expression of truncated PVAP variants showed that all,
apart from the ten most C-terminal domains, amino acids are
required for successful pyramid formation. Replacement of
the PVAP transmembrane domain by another signal peptide
free transmembrane domain did not result in pyramid forma-
tion, suggesting that the sequence of the transmembrane do-
main plays an important role in forming the VAP structure
(Daum et al. 2014).

VAP assembly and opening

The current model of VAP assembly suggests that the process
is initiated by the cytoplasmic production of PVAP as new
virions are replicated. Subsequently, the hydrophobic N-
terminal transmembrane domain integrates into a lipid bilayer,
similar to a tail-anchored protein (Daum et al. 2014). It is
likely that this process is accompanied with a conformational
change, as the transmembrane domain needs to be buried from
the aqueous surrounding post expression and exposed towards
the bilayer prior membrane insertion. In the membrane, PVAP
monomers likely form a heptameric nucleation point in order
to induce the assembly of a sevenfold symmetric pyramid

Fig. 3 Structure of the VAP in closed and open state. a–d Sub-tomogram
average of VAP (EMD-5844), shown in top (a), and side view (b) as seen
from outside of the cell, in diagonal view showing the intracellular pyra-
midal cavity (c) and in cross-section (d). Low density at the inner seams
of the VAPs suggest predetermined breaking points for VAP opening
(white arrowheads). e, f, Open VAPs visualised by negative stain and
transmission electron microscopy (e) and by cryoET of a VAP in the
envelope of a SIRV2-infected S. islandicus cell (f). PM Plasma mem-
brane, SL S-layer. Images adapted from Prangishvili and Quax (2011)
and Daum et al. (2014). Scale bars (a–d) 25 nm

Fig. 2 Pyramidal structures on
the surface of Pyrobaculum
oguniense cells. Transmission
electron micrographs of
P. oguniense cells. a 16 h post
UV-irradiation, with an external
hexagonal pyramidal structure in
closed conformation (side view).
b 24 h post UV-irradiation, with a
pyramidal structure in open
conformation. Scale bars 100 nm.
Adapted with permission from
Rensen et al. (2015)
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(Fig. 5c). It is presently unknown if pyramid formation occurs
by adding individual monomers or other types of PVAP olig-
omers to the central nucleation point. Comparison of the two-
layer structure of the assembled VAP with the predicted do-
main organisation of the PVAP monomer (Fig. 5a) suggests
that the outer, membrane-continuous VAP layer is formed by
dense, parallel packing of PVAP transmembrane domains
(Fig. 5b). Consequently, the inner VAP layer is formed by a
tight array of cytosolic C-termin of PVAP (Fig. 5b) (Daum
et al. 2014). It is conceivable that within each VAP facet, the
close interactions between PVAP protomers lead to the forma-
tion of a two-dimensional crystalline array, which would ex-
clude all other membrane proteins from the site of assembly,
similar to holin rafts of bacterial viruses (Savva et al. 2014).
This exclusion mechanism would consequently push aside or
dislodge membrane-anchored S-layer subunits and thus allow

the growing VAP to penetrate the protective cell wall (Albers
and Meyer 2011).

In order to assemble a 3D pyramid instead of a 2D sheet, at
least two different interactions between PVAP protomers are
required: one in-plane between protein subunits in the facets
and one out-of-plane at the edges of the sheets (Fig. 5). The
interaction at the edges has to be weaker, allowing opening
along the seams while keeping the facets intact. A slight angle
between the N-terminal transmembrane helix and the C-
terminal domains of PVAP leading to a staggered arrangement
between neighbouring monomers would provide a mecha-
nism by which the VAP is pushed outwards from the mem-
brane plane (Fig. 5b). Such an arrangement of the C-terminal
PVAP domains would be consistent with the observed exten-
sion of the inner sheet beyond the outer layer of the VAP
(Daum et al. 2014).

Fig. 4 Secondary structure prediction of the virus-encoded protein
forming VAPs (PVAP). Upper panel shows the sequence alignment of
PVAP from STIV1 and SIRV2. Lower panel shows the in silico predicted
secondary structure of PVAP [based on Tied Mixture Hidden Markov

Model (TMHMM) and AmphipaSeek (amphipathic in-plane membrane
anchors prediction); Kahsay et al. 2005; Sapay et al. 2006].
Transmembrane segment (TM) is shown in green, cytosolic α-helices
are shown in blue.

Fig. 5 Assembly model of VAP. a Secondary structure prediction of
PVAP suggests an N-terminal transmembrane helix (TM) and three α-
helical cytoplasmic domains nearer the C-terminus. bHypothetical model
of VAP assembly in side view. Spontaneous integration of PVAP proteins
(transparent green) leads to self-assembly of a VAP (solid green). The TM
domains of PVAP proteins form a continuous, membrane-embedded
sheet, while staggered arrangement of cytoplasmic domains pushes the

VAP outwards. S-layer subunits (yellow) are displaced by the growing
VAP. c Hypothetical model in top view, showing how closely associated
PVAP subunits may form a sevenfold pyramid. VAP assembly may be
nucleated by a central heptamer (brown cylinders), which then recruits
additional PVAP monomers (green cylinders) at its periphery. PVAP
monomers belonging to the seven facets of the VAP model are outlined
in different colours

Biophys Rev (2018) 10:551–557 555



VAPs always grow to roughly the same size, regardless if
they develop in their natural host or are expressed heterolo-
gously. This suggests that VAP assembly underlies certain
size-limiting constraints (Quax et al. 2011; Snyder et al.
2011; Daum et al. 2014). It is conceivable that these limiting
factors are connected to mechanical constrains of the mem-
brane rather than the opening of the VAP, which never occurs
in heterologous expression systems.

Although the trigger for VAP opening is unknown to date,
the observation that it only efficiently occurs in the native
infected host suggests that it has to involve a host or virus-
specific factor. For example, VAP opening may be dependent
on the specific growth conditions (temperature and pH).
However, it is also possible that the opening mechanism is
directly controlled by a factor encoded by the virions them-
selves, as they are dependent on the precise timing of VAP
opening to avoid the release of immature virions (Quax et al.
2011; Snyder et al. 2013a; Daum et al. 2014).

Outlook

The unique geometry and high stability of the VAP will po-
tentially be the impetus for future application in biotechnolo-
gy. VAPs can be isolated as single particles and they can easily
be produced in E. coli by heterologous overexpression of
PVAP. To explore the technological potential of the VAP
mechanimsm in detail, a high-resolution structure of PVAP
as well as its assembly within the VAP is highly desirable.
The recent identification of novel VAPs with different rota-
tional symmetry expands the arsenal of applicable VAP sys-
tems (Rensen et al. 2015)—for example, in the nano-
engineering of structured surfaces in materials research. EM
analysis of E. coli cells expressing various putative
Pyrobaculum viral proteins would be an effective strategy to
identify the currently unknown protein constituent of the hex-
agonal VAPs. It would be highly interesting to compare its
sequence and structure with that of PVAP, as this would pro-
vide new insight into the common structure and sequence
requirements for VAP formation as well as the basis for the
symmetry variations found in VAPs from different virions.

Identification of the factor triggering VAP opening is crit-
ically important for its applicability as a nanomaterial. Once
this mechanism is identified, this system may be employed to
create defined apertures of ~ 150 nm in any biological lipid
layer. VAPs could be used in liposomes for targeted drug
delivery or to time nano-sized pore generation in semi-
permeable membranes. Alternatively, the PVAP transmem-
brane domain could be fused to proteins that otherwise cannot
be reconstituted into membranes, in order to facilitate mem-
brane insertion or promote their presentation on the cell
surface.

Thus, VAPs have great application potential in research
methods, biotechnology and therapy.
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