
Structure and Cell Biology of Archaeal Virus STIV

Chi-yu Fu and John E. Johnson*

Department of Molecular Biology, The Scripps Research Institute, La Jolla, California, USA.

Abstract
Recent investigations of archaeal viruses have revealed novel features of their structures and life
cycles when compared to eukaryotic and bacterial viruses, yet there are structure-based unifying
themes suggesting common ancestral relationships among dsDNA viruses in the three kingdoms
of life. Sulfolobus solfataricus and the infecting virus Sulfolobus turreted icosahedral virus (STIV)
is one of the well-established model systems to study archaeal virus replication and viral-host
interactions. Reliable laboratory conditions to propagate STIV and available genetic tools allowed
structural characterization of the virus and viral components that lead to the proposal of common
capsid ancestry with PRD1 (bacteriophage), Adenovirus (eukaryotic virus) and PBCV
(chlorellavirus). Micro-array and proteomics approaches systematically analyzed viral replication
and the corresponding host responses. Cellular cryo-electron tomography and thin-section EM
studies uncovered the assembly and maturation pathway of STIV and revealed dramatic cellular
ultra-structure changes upon infection. The viral induced pyramid-like protrusions on cell surfaces
represent a novel viral release mechanism and previously uncharacterized functions in viral
replication.

Keywords
Sulfolobus turreted icosahedral virus (STIV); Archaea; virus

Introduction
Archaea are the third domain of life. They exist in a broad diversity of environments and
dominate in extreme environments, such as low pH, high temperature, and high salinity. The
archaeal viruses isolated so far show a wide diversity in morphology and encode genes
sharing little similarity to other known genes in eukaryotes and prokaryotes [1–4]. Archaeal
virus studies have revealed important insights regarding the fundamentals of their life
cycles, their diversity and the relationship among viruses in different domains of life.
Sulfolobus turreted icosahedral virus (STIV) is a well-characterized archaeal virus. Defined
culture systems and robust genetic tools allowed genomic, proteomic and structural studies,
relating STIV to its host and to other viruses [5,6].
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Host and Viral Replication Cycle
STIV infects Sulfolobus solfataricus, which belongs to Crenarchaeota. Cells were originally
isolated from hot springs and grow optimally at 80°C and pH ~3. STIV infection induces
dramatic host morphological changes with characteristic pyramid-like structures protruding
from cell surfaces (Fig 2) [4,7]. S. solfataricus cells have an oval shape about 1 µm in
diameter. Exterior to the cytoplasmic membrane is a surface protein layer (S-layer) that is
formed by a single glycosylated protein arranged with hexagonal surface packing[8]. The
STIV replication cycle can be followed in a near synchronized, single cycle infection of S.
solfataricus. Microarray analysis demonstrated that the transcription of the STIV genes was
first detected at 8 hr post infection and peaked at ~24 hrs post infection [9]. Cells containing
assembled viral particles became dominant at ~32 hrs post infection. During STIV infection,
124 host genes were up-regulated, which were mainly associated with DNA replication and
repair and a number of unassigned function. Fifty-three genes were down regulated in
expression. Most of these were detected at 32 hr post infection and were related with energy
production and metabolism, likely associated with forthcoming cell lysis and virus release.

STIV Structure, Assembly and Maturation
STIV has an icosahedral capsid, 74 nm in diameter, that contains an inner membrane
enclosing a 17.3 kbp ds circular DNA genome (Fig 1a) [10–12]. The twelve five-fold
vertices have turret-like appendages extending 13 nm above the capsid shell. The structure
of the major capsid protein was determined by X-ray crystallography and consists of two
eight-stranded β-sandwiches, referred as viral jelly rolls, formed by a single polypeptide
chain (Fig 1b) [13]. Trimeric capsomers display pseudo-hexagonal symmetry with each
subunit contributing two jelly rolls. The pseudo hexagons form an icosahedral shell with
triangular number T= 31d. The coordinates of the crystal structure of the major capsid
protein fit the cryo-electron microscopy (CryoEM) reconstructed density of the STIV virion
extremely well. The pseudo-atomic model shows that the major capsid proteins contact the
viral membrane via a basic C-terminal helix (Fig 1c). The jelly roll fold is widely adopted in
viral capsid subunits with both a single copy per subunit (e.g. picornaviruses,
polyomaviruses and many icosahedral plant viruses) and with two copies per subunit as in
the capsid proteins of the PRD1-Adeno viral lineage. The latter is conserved through viruses
infecting the three domains of life, including bacteriophages PRD1, PM2, the alga virus
PBCV-1, the mammalian adenovirus, and vaccinia virus [14–19].

The mechanism of inner-membrane incorporation into viruses is biologically and
biochemically an intriguing problem. The crystal structures of PRD1 and PM2 revealed the
protein and membrane organization in the virions and suggested that the membrane-
associated proteins may function as tape measures or scaffolding proteins to control
assembly size and fidelity [15,20,21]. Proteomics studies of purified STIV virions and
membranes show the presence of viral gene products in the viral inner membrane [22].
These proteins may be the constituents of the “feet-like” densities, seen in the cryo EM
reconstruction, at the base of the turret vertices and making contact with the viral membrane,
the vertices, and the capsid shell [10]. The observation of partially built particles in the
cellular cryo electron tomograms of STIV infected Sulfolobus supports the hypothesis that
assembly of the STIV capsid shell and the membrane are tightly coupled (Fig 2) [23]. The
curvature and layer spacing of partial shells resembled those of fully assembled capsids,
implying defined local interactions between capsid and membrane and between capsid
subunits occur as assembly proceeds. Open membrane crescents were also observed as
assembly intermediates of immature vaccina virus particles. Vaccinia virus membrane
crescents are recruited by hexagonal arrays of the vacinia protein D13 and it has the same
double jelly roll fold observed in STIV [18,24] relating, again, eukaryotic viruses and
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archaeal viruses to a common ancestor. STIV cellular tomograms suggested that the viral
lipid membrane is likely derived de novo in the host, which does not have membrane-
containing organelles, since partially assembled particles do not appear to bud off the
cytoplasmic membrane. The viral lipids likely are synthesized de novo and associated
through their hydrophobic nature and organized by trans-membrane proteins and capsid
proteins. Mass spectrometry studies concluded that the lipid compositions of viral and
cellular membranes are different [22].

The STIV life cycle involves assembly of DNA-free procapsids with subsequent genome
packaging to form DNA-filled virions (Fig 2). Comparing the sub-tomographic
reconstructions of virions and procapsids demonstrated closely similar particle size and
morphology indicating that large-scale reorganization of the capsid or membrane did not
occur with DNA packaging in STIV [23,25]. Similar post assembly dsDNA filling is
observed in PRD1, herpesviruses, and dsDNA bacteriophages where, in all cases, a
specialized vertex serves as a conduit for DNA packaging and allows the association of
packaging enzyme complexes with the particle. On the other hand, some RNA viruses
package their genome through one of the twelve identical vertices, which have ATPase
activities to power the genome encapsidation. The proteins involved in STIV genome
packaging and the packaging mechanism are largely unknown. In PSI-BLAST searches, the
viral gene B164 displays significant homology to a large class of P-loop ATPases and to
poxvirus A32, which is thought to be involved in viral DNA packaging [22]. Whether any of
the twelve turrets seen in the symmetric EM reconstruction of STIV functions in DNA
packaging or if there is a specialized vertex for DNA packaging remains to be determined.

Cell Biology of STIV Infection
Viral Quasicrystalline Arrays

Virus factories or viroplasms have been reported in eukaryotic and prokaryotic viral systems
where proteins and newly synthesized genomes are confined within specific compartments
for efficient viral replication and assembly [26–28]. The cellular rearrangements during
virus infections generate sophisticated platforms and microenvironments for viral
replication. Little is known if archaeal viruses use similar strategy. Cellular tomography
studies showed that STIV particles are arranged as strikingly well organized quasi-
crystalline arrays [23,25]. Viral arrays, with extremely tight packing, contained the majority
of STIV particles in the cell. Such an organization may offer an important advantage in that
it accommodates the greatest number of viruses in the limited cellular space. Procapsids and
virions have different cellular distribution patterns. DNA-free procapsids were scattered
throughout the cell but DNA-filled virions were localized in the arrays, with an occasional
empty particle also seen in the arrays. It appeared that DNA-packaging caused the particles
to reorganize into an array. The apparent non-random localization might reflect a cellular
microenvironment for DNA replication and packaging. Alternatively, particles may
assemble outside the arrays and traffic to specific sites where viral genome packaging takes
place with the formation of tightly packed clusters. More study is required to discern and
verify different models.

Viral Infection Induced Pyramid-Like Protrusions
Cells infected by STIV develop unique pyramid-like structural protrusions from the cell
surfaces (Fig 2) [7,23]. The novel structures were also observed in viral infections of
Sulfolobus, S. islandicus, infected by Sulfolobus islandicus rod-shaped virus 2 (SIRV2) [29–
31]. 3-D isosurfaces of STIV infected cells showed that the seven-sided pyramids have
remarkably sharply defined facets and apex [23]. Pyramids lack the S-layer and have thicker
cross-section than the cytoplasmic membrane, indicating different protein and/or lipid
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composition. Several proteins were shown to be up-regulated in the membrane fractions of
Sulfolobus infected by viruses [29,32]. A 9.8 kDa membrane bound viral protein, C92, was
highly expressed. The secondary structure of C92 was predicted to have high helical content
with a trans-membrane helix in the N-terminal region. Sulfolobus over-expressing C92
proteins develop pyramid protrusions in the absence of viral infection, implying that C92 is
sufficient to build pyramids and/or recruit other necessary cellular or viral factors. The
molecular organization and interactions of C92 and possible involvements of other factors
are yet to be characterized. Cellular tomograms of STIV infected cells also captured some
pyramids in the process of protruding out of the rigid S-layer. The pyramids could form by
either mechanically protruding and/or enzymatically digesting through the S-layer,
perturbing its integrity and detaching it from the pyramid membrane.

The pyramids were shown to be the sites that cells break to release viruses at the late
infection stage (40 hr. post-infection.) It represents a novel mechanism of viral egress. In
addition, they are also essential for viral replication [7,30]. In fact, pyramids started to
appear before viral particles became visible in the cytoplasm in time course studies of viral
infection. It is likely that the cellular domains formed by pyramid proteins contain binding
sites to recruit or localize precise cellular/viral factors to carry out specific viral replication
steps. Several proteins have been shown to be up-regulated in the membrane fractions of
Sulfolobus infected by viruses, including among these are the ESCRT (endosomal sorting
complex required for transport)-like proteins, which are important in Sulfolobus cell division
and are utilized by eukaryotic viruses to facilitate intracellular virus transport and viral
release [33]. Microarray studies observed the up-regulation of a hypothetical Vps4 (vacuolar
protein sorting 4) AAA+ (ATPase associated with various cellular activities) and ESCRT-
III. Vps4 also co-purified with STIV particles. These observations strongly suggest a role for
ESCRT-like proteins in the STIV replication cycle.

CRISPR/Cas Viral Defense Immune System
CRISPR/Cas immune systems were recently discovered in archaea and bacteria as RNA-
based immune systems that defend against invasions of viruses and plasmids [11,34,35].
CRISPRs (clusters of regularly interspaced palindromic repeats) are identical repeats
separated by unique spacer sequences of constant length. They originate from extra-
chromosomal gene elements and are integrated to chromosomes and present in almost all
archaea and about 40% of bacteria. Small RNAs transcribed from the CRISPR loci lead Cas
proteins to recognize and degrade the invading nucleic acids. Almost 100% immunity was
reported in S. solfataricus against the recombinant SSV1 virus when the chromosomal
CRISPR spacer matched perfectly to the proto-spacer [36]. STIV genes were shown to be
biased for matching non-coding regions or the anti-sense strands to the CRISPR spacers in
the S. solfataricus genome [37]. More insights are sure to emerge and reveal the
fundamentals of the inhibitory or regulatory roles of CRISPR/Cas systems in propagating
archaeal viruses.

Conclusions
STIV infection causes significant remodeling and alteration of sulfolobus host. The
genomics, proteomics, cellular and structural studies have taught us surprising and
fascinating lessons of the life from hot springs. As our knowledge keeps evolving, more
insights regarding viral replication and viral-host interactions are sure to be uncovered. The
fundamental mechanisms underlying formation of the unique viral-induced pyramid-like
cellular protrusions and their roles in viral replication and viral release, as well as the viral
and cellular factors involved in viral replication and cellular overtaking will undoubtedly
advance our understanding of the interplay between viruses and hosts in archaea.
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Highlights

1. STIV major capsid protein structure and capsid architecture were conserved in
PRD1-Adeno lineage.

2. Replication, assembly and maturation of STIV were characterized by
transcriptom, EM and cryo-ET.

3. Infection induced cellular pyramid protrusions mediate a novel viral release
mechanism.
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Fig 1.
The structures of STIV. (A) The surface representation of STIV single particle cryo-EM
reconstruction. The turret-like vertices are colored in yellow, the capsid shell in cyan, the
lipid layer in red, and the genome in blue. (B) The crystal structure of the STIV major capsid
protein. α-helices, β-strands and coils are colored in yellow, in cyan, and in gray
respectively. (C) Cα- trace of the major capsid protein overlaid onto the difference map of
the STIV cryoEM reconstruction. The outer viral membrane leaflet closely follows the
capsid shell is shown in dark gray, the minor capsid proteins (PVI) are in blue, and the
vertex appendage is in yellow. The proposed C-terminal helices for the major capsid protein
subunits are modeled into the difference map to show the interaction with the outer leaflet.
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Fig 2. Whole cell cryo electron tomography of Sulfolubs infected with STIV
(A) A computationally isolated tomographic slice of Sulfolubs infected with STIV. SL, s-
layer; PS, periplasmic space; CM, cytoplasmic membrane; Pyr, pyramid like protrusion;
STIV, STIV particles. (B) Subtomographic slices displaying STIV virions, procapsids and
partially assembled particles that contain parts of capsid and membrane viewed
perpendicular to the direction of the beam (x-y plane). (C) The model representation of the
viral distribution in a cell with cell periphery outlined in gray, virions in blue and procapsids
in red. (D) Surface representations of a pyramid in 3D viewed from the side and the top of
the structure.
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