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ABSTRACT

Pawlowski, Alice

Thermus bacteriophage P23-77: key member of a novel, but ancient family of
viruses from extreme environments

Jyvéaskyld: University of Jyvaskyld, 2015, 70 p.

(Jyvéaskyla Studies in Biological and Environmental Science

ISSN 1456-9701; 300)

ISBN 978-951-39-6153-4 (nid.)

ISBN 978-951-39-6154-1 (PDF)

Yhteenveto: Thermus-bakteriofagi P23-77: muinaisen dariolosuhteiden virus-
suvun merkittdva jasen

Diss.

Hot springs harbor a remarkable diversity of viruses, making them a valuable
source for the discovery of novel viral types, yet only a few viruses have been
characterized in detail. One of those, bacteriophage P23-77, exhibits an unusual
capsomer architecture and -arrangement. The capsid is built of two major capsid
proteins in contrast to other tailless, icosahedral dsDNA viruses with an inner
membrane that have one trimeric capsid protein as the major capsid component.
P23-77 shares similarities with a group of haloarchaeal viruses, indicating that
those extremophilic viruses belong to a novel lineage of ancient viruses.

In this thesis, the large and the small major capsid protein were successfully
crystallized for subsequent structure analysis. A third capsid-associated
component, the minor capsid protein VP11, was shown to be a highly heat-stable
dimer with predominantly a-helical secondary structure, thus excluding a
function as a penton protein. Instead, it interacts with lipids and the large major
capsid protein, indicating localization between the outer capsid shell and the
inner membrane. VP11 most likely reinforces capsid stability and facilitates
correct incorporation of the two different major capsid proteins during capsid
assembly. Comparative genomics was used to detect proviruses related to P23-77
in the genomes of Thermus- and Meiothermus species isolated from all over the
world, indicating a global distribution of this virus type in thermal environments.
Moreover, the phylogenetic relationship to a group of viruses infecting archaeal
halophiles was determined. P23-77-like bacteriophages and archaeal viruses were
merged in the novel family Sphaerolipoviridae. It is the first assigned bacteriophage
family in 30 years and the only family comprising viruses from two domains of
life besides the families of head-tail viruses.

Keywords: Capsid-associated proteins; extreme environments; viral lineages;
viral self; virion assembly; virus taxonomy.

Alice Pawlowski, University of Jyviskyld, Department of Biological and Environmental
Science, P.O. Box 35, FI-40014 University of Jyviskyld, Finland
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1 INTRODUCTION

Virus research focuses mainly on pathogenic viruses of humans, animals and
agricultural crops. However, eukaryotes represent just a small fraction of the
biosphere that is dominated by prokaryotes, namely bacteria and archaea.
About 10% prokaryotes are estimated to dwell in the oceans and similar
numbers are predicted for other environments. There are around 50 times more
bacteria found in one gram of human feces than people living in the world
(Clokie et al. 2011). Prokaryotes and their viruses reside in the most inhospitable
environments where eukaryotes have no chance to survive. These viruses
outnumber their hosts by at least a factor of 10, making prokaryotic viruses the
most abundant biological entity on Earth. Thus, it has become evident that
viruses have a much higher impact on the evolution of life and the global
ecosystem than initially thought (Koonin and Dolja, 2013). As predators of
prokaryotes, viruses shape the marine microbial community composition and
population dynamics, thereby affecting global carbon and energy cycles (Suttle
et al. 2007). Viruses are also ancient. They co-evolve with their hosts in a
constant arms race, driving the evolution of cellular life for billions of years.
Their genomes are highly diverse and the majority of the protein sequences
encoded in the genomes show no similarities to any other sequences in public
data bases. Moreover, viral genomes lack a universal marker gene that can be
used to create a viral tree of life analogous to the tree of life of cellular
organisms based on the small subunit ribosomal RNA gene. Sequence
comparison can identify phylogenetic relationships of closely-related viruses
(Genus level) but it fails to detect higher order relationships. However, a
Linnean-like approach of structure comparison has proved successful in
identifying some of the phylogenetic relations between viruses stretching across
hosts from all three domains of life (Abrescia et al. 2012).

The goal of this thesis was to elucidate the capsid structure and the
assembly of Thermus thermophilus phage P23-77 and its evolutionary
relationship to other icosahedral viruses with inner membrane. The two major
capsid proteins of P23-77 were successfully crystallized (II). The resolved
structures (Rissanen et al. 2013) identified P23-77 as the most ancient member
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known of the diverse double-beta barrel structural viral lineage, thus providing
insights into the very early evolution of viruses before the occurrence of the last
universal ancestor of cells (LUCA). Genetic as well as structure-based methods
were used to identify members of an ancient viral lineage (I, III). Bacteria-
infecting members of the lineage, represented by Thermus thermophilus phage
P23-77, were proposed to form a new genus “Gammasphaerolipovirus” within the
novel family “Sphaerolipoviridae” comprising archaeal viruses from hypersaline
environments. The family was very recently approved by the International
Committee on Taxonomy of Viruses (ICTV). With the addition of a
bacteriophage genus, Sphaerolipoviridae represents the first family of tailless
viruses that spans two domains of life, namely archaea and bacteria (III). Hot
environments seem to support the conservation of ancient virus types. They
also force their inhabitants to adapt to harsh conditions. How are virus particles
stabilized in such surroundings? How does the complex capsid of P23-77
assemble? The results obtained by the analysis of the minor capsid protein VP11
suggest ways in which this type of membrane-containing viruses stabilize
capsid components and orchestrate the capsid assembly (IV).



2 REVIEW OF THE LITERATURE

2.1 Viruses from extreme environments

Wherever there is water on Earth, there is life and wherever there is life, there
are viruses. Even the most hostile environments such as hot acid springs,
hydrothermal vents, deep subsurface sediments, hypersaline and soda lakes, or
Antarctic sea ice harbour an astonishing variety of organisms, so called
extremophiles (Rothschild and Mancinelli 2001). The record holder in terms of
tolerance to high temperature is Methanopyrus kandleri of the archaeal phylum
Euryarchaeota. This methane-producing organism was isolated from a black
smoker at a depth of 2000 m depth in the Gulf of California. It is able to grow
and reproduce at 122 °C (Takai et al. 2008). Viruses infecting extremophiles have
been found in all of the above mentioned environments (LeRomancer et al.
2007) but the vast majority were isolated from thermo- and halophilic
environments. Habitats characterized by high temperature (> 65 °C) or high
salinity (15 - 30% = 2.5 - 5.2 M NaCl) are relatively uniform in terms of species
diversity and dominated by only a few organisms (Skirnisdottir et al. 2000,
Hacene et al. 2004, Sharp et al. 2014). In such a surrounding, viruses remain the
only predators of prokaryotes and the major driving force for evolution. The
number of viruses in moderate aquatic environments ranges from 10+ to 108 ml-!
and exceeds the abundance of prokaryotic cells by at least one order of
magnitude (Wommack and Colwell 2000, Suttle 2007). The population sizes of
viral communities in extreme environments could be even greater, reaching
particle concentration of 10° ml! in solar salterns and alkaline lakes (Guixa-
Boixareu et al. 1996, Jiang et al. 2004). With a few exceptions of viruses with a
ssDNA genome (Pederson et al. 2001, Pietild ef al. 2009, Mochizuki et al. 2012),
all viruses isolated from extreme environments so far have a dsDNA genome of
moderate complexity.
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2.1.1 Viral diversity in hot and hypersaline environments

Over 6000 prokaryotic viruses have been studied by electron microscopy
(Ackermann and Prangishvili 2012). The vast majority (98.5%) of them are
bacteriophages due to the fact that they are relatively easy to cultivate.
Bacteriophages have been intensively studied for over a century. On the other
hand, the first archaeal virus was described in 1974 (Torsvik and Dundas 1974),
16 years before the formal establishment of Archaea as the third domain of life
by Woese et al. (1990). Although viruses infecting archaea have gained
increasing interest during the last years, only about 100 of those have been
studied so far (Pina et al. 2011, Pietil4 et al. 2014). All of them were isolated from
hot or hypersaline environments. The relatively small number reflects the
difficulties in virus isolation and culturability. Most microorganisms dwelling
in extreme habitats are impossible to cultivate in the laboratory for now,
preventing the study of their associated viruses. Archaea reside also in
moderate environments but no archaeal virus has been isolated from such
habitat so far.

The majority of the known bacteriophages (97 %) have an icosahedral or
nearly icosahedral head to which a linear tail is attached and no lipid moiety in
their virions (in the following sections described as a “head-tail” morphology)
(Ackermann and Prangishvili 2012). They are divided into three families,
Siphoviridae (long contractile tail), Myoviridae (long, non-contactile tail) and
Podoviridae (short tail) (Fig. 1). All other bacterial viruses are tailless, with
icosahedral (either with or without lipid membrane), linear or pleomorphic
morphology. Despite the extensive examination of bacteriophages, novel
morphotypes have not been detected for 40 years. This is in contrast to the
amazing diversity of hyperthermophilic archaeal viruses: Viruses obtained
from hot springs in Japan, Iceland, New Zealand, Italy, and Yellowstone
National Park revealed various novel virus types including filamentous, rod-,
spindle-, droplet- and bottle-shaped viruses. These novel virus types infect
exclusively members of the phylum Crenarchaeota, mainly of the genera
Sulfolobus and Acidianus (Rice et al. 2001, Pina et al. 2011). Remarkably, head-tail
viruses, the most abundant virus type among bacteriophages and probably in
the whole world (Hendrix 2002, Ackermann 2007), were so far not reported for
hyperthermophilic Crenarchaeota. Among those, spindle shaped virus types
are dominating (Fig. 1). The only known thermophilic archaeal head-tail
viruses, siphoviruses WYM1 and W¥M2, infect Methanobacterium, a member of the
Euryarchaeota (Meile et al. 1989, Pfister et al. 1998). The phylum Euryarchaeota
comprises both, halophilic and thermophlic viruses whereas all crenarchaeal
viruses are hyperthermophilic.

The number of described bacteriophages from extreme environments is far
less than the number of archaeal viruses, especially in the case of haloviruses. A
comprehensive study of hypersaline environments carried out by Atanasova et
al. (2011) describes 49 viruses, from which only 6 % infect bacteria. Sabet (2012)
lists 70 halophilic viruses, 9 of those bacteriophages. The majority of haloviruses
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adopt the head-tail morphology (86 % of bacterial, 85% of archaeal viruses)

(Sabet 2012).

Globuloviridae

Spiraviridae

M
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-—
Clavaviridae

ARCHAEA BACTERIA

Guttaviridae .
N . Cystoviridae
\ Ampullaviridae
Levi-,
Microviridae

Podoviridae

"Pleolipoviridae”
[ ]

Inoviridae

Siphoviridae

Myoviridae

Rudiviridae

Tecti-, Cortico-,

Turriviridae

Bicaudaviridae Plasmaviridae

-OFuselloviridae

mesophilic thermophilic hyperthermophilic
>65 °C >80°C

100 69 7 2
m head-tail
I spherical
~ linear
I spindle
| others

FIGURE 1

Archaeal and bacterial virion morphotypes. Morphotypes are reproduced
from Pietild et al. (2014) with permission Elsevier. Virus types depicted in blue
share a common ancestry. Family names are according to nomenclature of the
International Committee on Taxonomy of Viruses (ICTV). Diagrams show the
distribution of virus types in various temperatures. Numbers of viruses
according to Ackermann and Prangishvili (2012) and Uldahl and Peng (2013).

Is the astonishing diversity of crenarchaeal viruses a unique characteristic of
this group? Direct electron-microscopic observation of viruses and virus-like
particles (VLPs) from hypersaline environments revealed a high abundance of
unusual morphotypes typical for crenarchaeal viruses. Only small amounts of
head-tail viruses were observed, indicating that halophilic euryarchaeal viruses
are as diverse as hyperthermophilic creanarchaeal viruses (Oren et al. 1997,
Sime-Ngando et al. 2011). Moreover, a group of pleomorphic archaeal viruses
(“Pleolipoviridae”) with lipid envelope and spike-like structures on the virion
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surface was exclusively found in hypersaline environments (Pietild et al. 2014).
The by far most extensive survey on thermophilic bacteriophages revealed that
the majority (51%) of isolated Thermus phages were spherical without a tail (Yu
et al. 2006). The result contradicts the previous observed dominance of head-tail
viruses among bacteriophages. Furthermore, Thermus siphoviruses mainly have
an unusual morphology with exceptionally long tails (Minakhin et al. 2008, Lin
et al. 2010).

From the observations reported so far, one can draw the conclusion that
viruses from extreme environments are more heterogenous than moderate-
tempersture viruses. However, virus research is strongly biased by focussing on
viruses infecting easily isolated and cultivated laboratory strains, which may
not be the dominating species in the natural environment. Lytic viruses
producing clear plaques on agar plates are easier to detect than lysogenic
viruses or viruses that exit the host cell without lysis, a common egress
mechanism among archaeal viruses (Pina et al. 2011). Unfortunately, there are
so far no viruses reported of moderate temperature crenarchaea or
hyperthermophilic bacteria of the genera Thermatoga and Aquifex. It remains an
open question if bacteriophages of extreme hot environments (~ 90 °C) show
morphologies so far restricted to archaeal viruses or if head-tail viruses can be
detected from crenarchaea thriving in moderate habitats.

2.1.2 Potentials of extremophilic viruses

Extreme environments, especially the hot ones, harbour a plethora of novel
virus types (Rice et al. 2001, Pina et al. 2011). Some of them revealed features
that have not been observed before and challenge our current concept of what
viruses are. Viruses are generally defined as parasites strictly depending on the
host cell machinery for replication and propagation and unable to generate
energy by themselves. The extracellular form of the virus, the virion, is
regarded as an inert particle, a vehicle protecting the genome and enabling
transmission from one host cell to the other. However, the virion of Acidianus
two-tailed virus (ATV) undergoes major morphological changes independent
from the host and external energy sources. Virions are released as tailless
lemon-shaped particles and develop two long tails at each end in a temperature
dependent manner (Héaring et al. 2005). The unrelated Sulfolobus islandicus rod-
shaped virus 2 (SIRV2) and Sulfolobus turreted icosahedral virus (STIV) share a
unique virion release mechanism involving the formation of pyramid-like
structures on the cell surface called virus-associated pyramids (VAPs)
(Prangishvili and Quax 2011). VAPs are formed by a single protein and exhibit
a unique geometry not yet found among other viruses or cellular organisms.
The hosts of thermophilic viruses root deepest in the phylogenetic tree of
life (Pace 1997). Surroundings like volcanic springs might mimic best the
conditions on the early Earth when the three domains of life have formed
around 4 billion years ago (Battistuzzi et al. 2004). Neutral mutations, well-
tolerated at standard temperatures, become highly deleterious at high
temperatures. Thus, thermophilic organisms are under strong negative selection
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and evolve more slowly than mesophilic organisms (Friedmann et al. 2004,
Drake 2009). The same might apply to other extremophiles, where the harsh
conditions of the environment favor negative selection. Every improved feature
acquired in the adaptation process to a specific niche will be highly conserved.
Extant species might have preserved many characteristics of their ancestors.
Extremophilic viruses have adopted to the harsh conditions of their
environment same as their hosts. Consequently, examination of viruses from
extreme environments provides valuable insights into ancient virus types and
early viral evolution. Indeed, the analysis of major capsid protein folds received
from protein crystals produced in this thesis work (II) identified Thermus phage
P23-77 as the most ancient member of a viral lineage dating back in the
primordial world before the occurrence of LUCA (Rissanen et al. 2013).

The high thermostability of proteins from organisms dwelling in hot
environments makes them attractive for an application in some industrial
processes. One of the milestones in molecular biology, the development of the
polymerase chain reaction (PCR) by Kary Mullis of Cetus Corporation in 1983,
would not have been successful at the industrial scale without the usage of a
thermostable DNA-polymerase such as tag from Thermus aquaticus. Virions are
exposed to the same extreme conditions as their hosts and replicate very
effectively. Therefore, mainly viral enzymes involved in nucleic acid
metabolism sparked the interest of biotechnology companies. Indeed, a
thermostable viral DNA polymerase with novel features was identified from a
viral metagenome from Octopus hot spring in Yellowstone National Park
(Moser et al. 2012). The enzyme has a dual function as DNA-polymerase and
reverse transcriptase (RT). Conventional RT-PCR systems require a two-step
reaction, with initial reverse transcription at low temperature followed by DNA
amplification at high temperature. The viral RT-polymerase allows reverse
transcription at high temperatures, thereby increasing fidelity of the reaction.
The RT-polymerase is commercialized by Lucigen Corporation, WI, US
(PyroPhage® 3173 DNA Polymerase). Other enzymes of thermophilic viral
origin already commercialized include ssDNA/RNA ligase I (CircLigase™
ssDNA ligase, Epicentre, WI, US) and polynucleotide ligase I (ThermoPhage™
Polynucleotide kinase, Pokazyme, Reykjavik, Iceland) (Blondal et al. 2005a,
2005b). Enzymes - yet not commercialized but with potential for
biotechnological application - include a thermostable protein-primed DNA
polymerase with potential for amplification of long PCR fragments (~70 kb)
(Peng et al. 2007) and a nonspecific nuclease capable of degrading various
nucleic acid types at temperatures up to 80 °C (Song and Zhang 2008). In
addition, the small size and self-assembly capability of some viruses hold
promise for their usage as nanoparticles. Viral nanoparticles retrieved from
extreme environments may provide resistance to inorganic solvents or high
temperature required for nanotechnological applications (Uldahl and Peng
2013).
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2.1.3 Thermus phage P23-77

The search for novel heat-stable DNA-polymerases applicable in biotechnology
was the driving force for the most extensive survey on Thermus-viruses
performed by Promega Corporation (Yu et al. 2006). During this study, 115
bacteriophages including head-tail (44%), spherical (51%) and filamentous
viruses (5%) were obtained from alkaline hot springs in the US, Russia and
New Zealand. Seven tailless, icosahedral dsDNA viruses from the Promega
collection were analyzed at the University of Helsinki for their capability to
propagate in Thermus thermopilus ATC33923 (Jaatinen et al. 2008). One of them,
P23-77, was characterized in detail due to its high stability and capability to
grow to high titers. P23-77 is a strictly lytic phage with a life cycle of
approximately 70 min at 70 °C. Virus particles are spherical with an average
diameter of 78 nm and thin, 15 nm long spikes emerging from the vertices. A
lipid membrane is located between the capsid shell and the dsDNA genome.
The membrane lipids are selectively acquired from the host (Jalasvuori et al.
2009) as typical for icosahedral dsDNA viruses with inner membrane
(Laurinavicius et al. 2004, Bamford et al. 2005b). The overall morphology
strongly resembles the morphology of tectiviruses, explaining why P23-77 was
initially regarded as a member of the Tectiviridae family (Yu et al. 2006).
However, the genomic and structural characterization of P23-77 revealed clear
differences to tectiviruses (Jaatinen et al. 2008, Jalasvuori et al. 2009): Firstly, the
genome has no sequence similarity to genomes of tectiviruses and is circular
instead of linear. Secondly, the capsid is built of two major capsid proteins
(MCPs) instead of one.

The 17 kb circular genome contains 37 ORFs, which are arranged in the
same direction (Jalasvuori et al. 2009). The majority of the predicted gene
products as well as the genome type and gene arrangement are shared with
Thermus aquaticus bacteriophage IN93 (Matsushita and Yanase 2009), another
tailless, spherical phage isolated from hot spring soil in Japan. The vast majority
of the gene products (78 %) lack similarity to any other protein sequences in
public databases. Remarkably, P23-77 and IN93 do not encode their own DNA-
polymerase. Cryo-electron microscopy (cryo-EM) and image reconstruction of
the P23-77 virion revealed an unusual capsid architecture. The geometrical
organization of capsomers in an icosahedral virus can be defined by the
triangulation (T) number (Casper and Klug 1962). The T-number describes the
number of proteins per icosahedral asymmetrical unit and thus the size of the
virus. The capsid of P23-77 is arranged in an unusual T = 28, dextro lattice.
Capsomers, the building blocks of the virion protein shell, have tower-like
crenellations emerging from the capsomer base (Jaatinen et al. 2008). The
exploration of the biotechnological potential of P23-77 has not yielded a
commercially viable product yet. However, the genome encodes several
predicted lytic enzymes, including an endolysine, an amidase and a
thermophilic lysozyme (Matsushita and Yanase 2008), offering a putative
commercial exploitation.
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All virus types identified for thermophilic bacteriophages (head-tail, linear
and spherical) have counterparts in the archaeal domain. Bacterial viruses with
linear morphology (Inoviridae) resemble their archaeal counterparts
(Lipothrixviridae, Rudiviridae, Clavaviridae, Spiraviridae) in shape. Yet, inoviruses
have ssDNA genomes whereas archaeal viruses have dsDNA genomes.
Furthermore, no significant sequence similarity could be detected at the amino
acid level. Other factors such as presence of lipids, life cycle and capsid protein
fold also distinguish bacterial and archaeal helical viruses, rendering a
phylogenetic relatedness unlikely (Pietild et al. 2014). On the contrary, head-tail
viruses share a common ancestry as shown by particular similarities in their
genomes and a similar structure of the major capsid protein (Pietild et al. 2013,
Sencilo et al. 2013) (Fig. 1). P23-77 belongs to the third virus group stretching
across the domains of bacteria and archaea, namely tailless icosahedral viruses
with internal membrane and dsDNA genome. Viruses with this morphology
have been isolated from hyperthermophilic-, hypersaline- and moderate
environments. Besides general similarities in the virion morphology,
hyperthermophilic viruses of the Turriviridae family, STIV and STIV2 (Rice et al.
2004, Happonen et al. 2010), are linked to viruses from moderate environments
such as corticovirus PM2 (Abrescia et al. 2008) and tectivirus PRD1 (Abrescia et
al. 2004) by a similar double beta-barrel core fold of their MCP, indicating a
common ancestry of these viruses (described in more detail in chapter 2.3.2). In
contrast, thermophilic bacteriophages P23-77 and IN93 use two MCPs for
capsid assembly. Notably, the same applies to a group of tailless icosahedral
viruses from hypersaline environments including archaeal Haloarcula hispanica
viruses SH1 (Bamford et al. 2005b, Porter et al. 2005, Kiveld et al. 2006, Porter and
Dyall-Smith 2008, Porter et al. 2008, J4dlinoja et al. 2008), PH1 (Porter et al. 2013),
and HHIV-2 (Jaakola et al. 2012), and Natrinema virus SNJ1 (Zhang Z. et al. 2012)
as well as bacterial Salisaeta phage SSIP-1 (Aalto et al. 2012). The three lytic
Haloarcula viruses have linear genomes of around 30 kb in size that are highly
similar with 72 % nucleotide sequence identity between SH1 and PH1, 59 %
between SH1 and HHIV-2, and 54 % between PH1 and HHIV-2. The level of
gene synteny is high between the three virus genomes (Porter et al. 2013, Dyall-
Smith et al. 2013a). In contrast, SNJ1 is a temperate virus with a circular dsDNA
genome of much smaller size (~16 kb). Remarkably, the virus was originally
described as plasmid pHH205 (Ye et al. 2003). The genome of SNJ1 shares little
similarity with the genomes of the Haloracula viruses. Yet, a similarity is
observed in the amino acid sequence of some proteins and in the arrangement
of viral core genes encoding a putative packaging ATPase and the two MCPs
(Porter et al. 2013). The best characterized virus of this group is SH1. The capsid
is icosahedral, tailless, with horn-like spikes on the five-fold vertices and an
inner lipid membrane located between the capsid and the 31 kb, linear dsDNA
genome (Bamford et al. 2005b, Jdélinoja et al. 2008). The lipids are selectively
acquired from the host during particle assembly (Bamford et al. 2005b). SH1 is
the only other virus so far with a T = 28, dextro capsid symmetry and a similar
crenellated capsomer architecture as P23-77 (J4élinoja et al. 2008), suggesting an
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evolutionary relatedness between the two viruses (Jaatinen ef al. 2008,
Jalasvuori et al. 2009).

In this thesis, key elements were defined to demonstrate the common
ancestry of those thermophilic bacteriophages and haloarchaeal viruses. In
addition, the relationship to other tailless, icosahedral viruses with an inner
membrane was elucidated (I, I1I).

2.2 C(Classification of viruses

Viruses lack a universal gene such as the 16S ribosomal RNA genes that allow
the classification of all living organisms into one universal tree of life (Woese
and Fox 1977, Woese et al. 1990). For this reason, there is no single universal
taxonomy for viruses. However, it is convenient for the daily work of a scientist
to have a system that brings order to the vast continuum of viruses. Two
commonly used current classification systems are the Baltimore system and the
taxonomic system established by the International Committee on Taxonomy of
Viruses (ICTV).

2.2.1 Baltimore classification

The system, developed by the American biologist David Baltimore in 1971,
accommodates the importance of the production of mRNA for virus
propagation since all virus proteins are synthesized by the cellular translational
machinery (Baltimore 1971). The system was developed for animal viruses,
which can be grouped in seven classes according to the nature and polarity of
the genome.

Class I viruses have a dsDNA genome that can be transcribed into mRNA
from the negative (-) DNA strand. Class II comprises viruses with (+) ssDNA
genome. Viruses of this class have to produce a dsDNA intermediate for mRNA
transcription during their life cycle. Class Il contains viruses with a dsRNA
genome. Here, the (-) RNAstrand is used as a template for transcription into
mRNA. Class IV viruses have a (+) ssRNA genome that can be directly
translated into protein. Class V viruses contain a (-) ssRNA genome. The (-)
ssRNA strand serves as a template for the production of mRNA. Class VI are (+)
ssRNA viruses. The genome does not serve directly as mRNA for protein
production as in Class IV viruses. Instead, a dsDNA intermediate is produced
for replication. RNA is converted to DNA by reverse transcriptase. Class VI
viruses are therefore named Retroviruses. Class VII comprises a small group of
viruses with a dsDNA genome. The genome serves as template for mRNA
synthesis as well as for the production of a genomic RNA intermediate, which
is the template for reverse transcriptase during genome replication.

Vertebrates are the only hosts infected by all seven classes of the Baltimore
system. RNA viruses are as yet unknown for Archaea, whereas dsDNA viruses
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are missing in multicellular plants. Class VII viruses are restricted to animals
and higher plants. Class V, VI and VII viruses are absent in bacteria.

2.2.2 Classification according to the International Committee on Taxonomy
of Viruses (ICTV)

The ICTV was created as a committee of the Virology Division of the
International Union of Microbiological Societies (IUMS) in the early 1970s. It
aims to order the growing variety of identified viruses under a single, universal
taxonomy of viruses of animals, plants, fungi, bacteria and archaea, an on-going
effort. The ICTV tries to detect phylogenetic relationships between viruses by
comparing several factors such as genome type (as in the Baltimore system),
sequence similarities, host range and virion morphology. Both, taxonomic
issues and new proposals are examined and validated by international Study
Groups. Results are published in the form of ICTV reports (King et al. 2012). An
up-to-date taxonomy is available online (ICTV 2014). The lowest taxonomic
level in the Linnean-like hierarchy approved by the ICTV is the virus species,
defined as “a monophyletic group of viruses whose properties can be
distinguished from those of other species by multiple criteria” (Adams et al.
2013). Criteria may include host range, pathogenicity, cell- and tissue tropism,
physicochemical properties of the virion and the relatedness of genomes. They
are established by the appropriate Study Group to which taxonomic proposals
are submitted. Higher taxon levels are genus (suffix -virus), subfamily (-virinae),
family (-viridae) and order (-virales). The current taxonomy release lists 2827
virus species distributed amongst 455 genera, 22 subfamilies, 103 families and 7
orders (ICTV 2014).

Both, Baltimore and ICTV classification appreciate the importance of the
genome for virus classification. Knowledge on the nature and polarity of the
genome provides the researcher with immediate information about the
replication and propagation mode of the virus of interest. Yet, it is a very broad
classification that does not infer phylogenetic relatedness and viruses belonging
to the same group do not need to share a common ancestor. In contrast, the
ICTV classification is based on the presumption that members of a given taxon
share a common ancestry. This is a challenge to prove for higher order taxa
(above family level) given the rapid pace of genetic differentiation, genome
mosaicism as a result of extensive horizontal gene transfer and - quite often -
lack of sufficient structural information on viruses. As a result, the majority of
families (77) are not assigned to an order. Taxonomic levels higher than order
are not established at all.
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2.3 Detection of viral phylogenetic relationships

The parasitic life style of viruses contributes to rapid replication- and mutation-
rates and massive gene exchange - between viruses themselves and between
viruses and their hosts. As a consequence, viruses are the most diverse
biological entity on Earth, covering an enormous sequence space. The following
section describes possibilities and obstacles in the detection of viral
phylogenetic relationships by the analysis of viral genes and genomes, and how
high resolution structures of major capsid proteins could be used to infer a
common ancestry of very distantly related viruses.

2.3.1 Viral genes and genomes

Comparative genomics is the major tool for detecting phylogenetic
relationships between viruses. Whole genome sequences, genes, and gene order
are analyzed to detect orthologous sequences which indicate a common
ancestry. Genes are compared on the nucleic acid level when they are so closely
related that the corresponding protein sequences are identical. Otherwise, a
comparision of the amino acid sequences of the gene products is used to
identify homologies. Sequences are aligned to detect similarities using specific
sequence alignment algorithms. Common algorithms include ClustalW
(Thompson et al. 1997) for general sequence alignments and BLAST (Altschul et
al. 1997) for public database searches. Both were used in this study (I, III, IV).
Sequence alignments are used to construct phylogenetic trees reflecting
evolutionary relationships between homologous genes present in the genomes
of divergent species. The degree of differences between aligned sequences is
translated into an evolutionary distance. In other words: high sequence identity
suggests comparatively recent divergence while low identity indicates a more
ancient divergence from a common ancestor.

The small genome size of viruses compared to cellular organisms
simplifies the comparison of whole genome sequences. Indeed, one of the first
comparative genomic studies was performed on genomes of small ssRNA
viruses infecting animals and a plant, revealing relatedness between these
viruses (Argos et al. 1984). Recent development of advanced sequencing
techniques (Hall 2007) in combination with effective methods for virus isolation
(Thurber et al. 2009, Hurwitz et al. 2013) has allowed the massive acquisition of
viral genome sequences. Culture-independent metagenomics has tremendously
increased the number of novel genotypes identified in viromes (all virus
genomes present in a particular environment) from various environments, for
example up to 1300-1400 for hot springs (Schoenfeld et al. 2008). The majority of
those virome-derived sequences lack significant similarity to any sequences in
public databases, and there seems to be no end to this variety in the
continuously accumulating sequence data (Koonin and Dolja, 2013). Viral
genomes contain numerous ORFans - ORFs existing only in one particular
genome or a group of closely related genomes without homologs in current
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databases (Siew ef al. 2004). A significant number of ORFans in bacterial and
archaeal genomes are considered to be of viral origin (Yin and Fischer 2006,
Cortez et al. 2009, Makarova et al. 2014). Hence, viruses are not only the most
abundant biological entity; they also represent the highest genetic diversity in
the world. The majority of distinct genes are considered to reside in viral
genomes. Metagenomic approaches allow us to explore the full viral diversity
in different environments and to expand the enormous viral sequence space.
This might help to construct more accurate phylogenetic trees, but fail when it
comes to ORFans: Without having any reference sequence and information
about the function of a gene, a sequence remains just “dark matter of the viral
biosphere” (Comeau et al. 2008, Youle et al. 2012). In this case, a detailed
characterization of the virus is inevitable, a complex task that requires
successful isolation and culturability of the virus-host system.

However, there is some order in the diversity of viral genes and genomes:
Comprehensive comparative studies on prokaryotic genomes revealed the
presence of several phage-specific gene families, so called phage orthologous
groups (POGs). These provide essential tools for tracking down viral
phylogenetic relationships (Kristensen et al. 2011, 2013). POGs include protein
encoding genes with function in replication (e.g., DNA-polymerase, - helicase),
genome packaging (e.g., terminase) or structure (e.g., major capsid protein,
portal protein). Some of them may serve as signature genes for the detection of
viruses from particular taxa in metagenomic samples. The usage of POGs in
virus phylogeny is of special importance in the case of dsDNA viruses with
head-tail morphology, whose genomes are characterized by modular
organization and mosaicism (Hendrix et al. 1999, Briissow and Hendrix 2002,
Krupovic et al. 2011). Extensive horizontal gene transfer, a central feature of
tailed bacteriophages, led to the formation of mosaic genomes. Single genes,
gene domains or even entire functional modules (gene clusters encoding
proteins involved in the same process) are exchanged between different viruses,
hampering the reconstruction of evolutionary relationships. The position of
functional modules in the genome might differ between virus groups. Genes
within a module might have no detectable sequence similarity in distantly
related viruses but the gene order within a given module is usually well
conserved (Hendrix 2002).

Genes could be divided in core- and non-core genes (Krupovic ef al. 2011).
Non-core genes comprise genes of unknown function or functions linked to
specific interactions with the host cell such as host recognition, cell entry and
release of virus progeny. They are extensively swapped horizontally either by
gene exchange between viruses infecting the same cell or, most likely, between
a virus and a resident provirus. They are generally not common to all members
in a virus group and evolve rapidly, covering the tracks of evolutionary
relationships.

In contrast, core genes are shared by all members of a related virus group and
comprise essential features of a virus. They are therefore regarded as the innate
“self” of the virus (Bamford D.H. et al. 2002, Bamford 2003). Elements of the
viral self comprise fundamental structural and functional principles of the
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virion such as capsid architecture and genome packaging. They are not
transferred horizontally (Filée et al. 2006) and highly conserved between viruses
with common ancestry.

The order of viral self genes is well conserved in the genomes of tailless,
icosahedral dsDNA viruses (Krupovic and Bamford 2008b). Comparison of
conserved gene arrangements in those viruses led to the discovery of related
proviruses in the genomes of several bacterial and archaeal species (Krupovic
and Bamford 2007, 2008a, Jalasvuori et al. 2009) and during the course of this
study (I, III). One of the self genes encodes an ATPase required for genome
packaging. The packaging of the genome into the capsid is a crucial step during
virus assembly and therefore highly conserved. The ATPase of icosahedral
viruses with inner membrane contains - besides the classical Walker A and
Walker B motifs - an additional signature motif, which was originally identified
in the P9 packaging ATPase of PRD1 (Stromsten et al. 2005). ATPases of this
type belong to the FtsK-HerA superfamily of P-loop ATPases (Iyer et al. 2004,
Happonen et al. 2013). Within this family, the viral DNA packaging ATPases
form a distinct clade (Iyer et al. 2004).

2.3.2 Capsid protein structure defines viral lineages

The rapid pace of viral evolution restricts the identification of evolutionary
relationships based on comparison of gene- or protein sequences to closely
related, recently diverged groups of viruses. In terms of longer evolutionary
time scale, sequences evolve to the point beyond any recognizable similarity
rendering it difficult to track down phylogenic relationships between distantly
related viruses, for example between viruses infecting hosts from different
domains of life. On the other hand, protein folds could be highly conserved.
The viral sequence space is immense, yet the number of functional protein folds
is apparently limited (Abrescia et al. 2012). With regard to viral coat proteins,
only a small portion of protein folds have the potential to form a functional
capsid, resulting in approximately 50 unique viral capsid protein folds
(Oksanen et al. 2012). The capsid is what makes a virus a virus. It enables the
formation of a virion, the extracellular stage in the life cycle of a virus during
which the viral genetic information is transferred from one host cell to another.
The production of a protective protein shell surrounding the genome uncouples
the transfer of genetic information from the necessity of cell-to-cell contact. This
clearly distinguishes a virus from other mobile genetic elements such as
plasmids or transposons. This is strikingly exemplified by the comparison of
porcine circovirus 1 (PCV1) and Helicobacter pylori plasmid pAL236-5: both are
minimalistic genetic systems with just one (pAL236-5) or two (PCV1) genes,
respectively (Krupovic and Bamford 2010). Both carry a gene required for
replication, but only PCV1 carries in addition a gene encoding a capsid protein,
enabeling virion-formation. Hence, the main component building the capsid,
the major capsid protein (MCP), represents the key self-element of the virus
(Bamford D.H. et al. 2002, Bamford 2003). The comparison of the three-
dimensional atomic structures of major capsid proteins (MCPs) of virions have
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revealed insights into the evolutionary relationships between viruses
(Rossmann et al. 1984, Benson et al. 1999, Tate et al. 1999, Bamford et al. 2002,
Benson et al. 2004, Bamford et al. 2005a, Baker et al. 2005, Abrescia et al. 2010,
Abrescia et al. 2012). It has become obvious that MCPs are highly conserved
between viruses with common ancestry and provide a useful tool for higher-
order classification (above family level) of viruses. Based on the similarity of
high resolution structures of MCPs, the enormous diversity of viruses is so far
ordered into just four different major lineages (Abrescia et al. 2012).

The most successful lineage is the HK97-like lineage, exemplified by the
MCP structure of bacteriophage Hong Kong 97 (Wikoff et al. 2000). All dsDNA
bacteriophages with head-tail morphology as well as archaeal members of the
Caudovirales and herpesviruses belong to this lineage (Baker et al. 2005, Bamford
et al. 2005a, Pietild et al. 2013). Therefore, the lineage includes members of all
three domains of life.

The BTV-like viral lineage, exemplified by bluetongue virus (BTV) (Grimes
et al. 1998), comprises icosahedral dsRNA viruses from the domains of Eukarya
and Bacteria. Yeast L-A virus, a totivirus (Naitow et al. 2002), and bacterial
cystovirus phi6 (Huiskonen et al. 2006) and phi8 (E1 Omari ef al. 2013) share the
inner capsid architecture and MCP fold with BTV and other rheoviruses
(Nakagawa et al. 2003, McClain et al. 2010). Chryso-, partiti- and
picobirnaviruses are also suggested to belong to this lineage (Abrescia et al.
2012).

The picorna-like lineage encompasses 16 families of icosahedral viruses, in
majority small ssRNA viruses (Abrescia et al. 2010). The core fold of the MCPs
of this lineage is an eight-stranded antiparallel beta barrel - the so-called
jellyroll - orientated planar to the virion surface. The single jellyroll fold is
predominantly found in eukaryotic plant and animal viruses with positive
ssRNA genome, but is also present in the capsid proteins of ssDNA
bacteriophage phiX174 (Dokland et al. 1997) as well as dsDNA
papillomaviruses and polyomaviruses (Stehle et al. 1996, Chen et al. 2000).
Those are consequentially placed in the same lineage although the nature of
their genomes is different (Abrescia et al. 2010). The lineage comprises viruses
from the two domains Eukarya and Bacteria.

The double beta-barrel lineage is the fourth and best characterized major
structural lineage. It was established when the crystal structure of the MCP of
enterobacteriophage PRD1 revealed a similar architecture as the hexon of
human Adenovirus, namely an eight-stranded, antiparallel, double beta-barrel
(Athappily et al. 1994, Benson et al. 1999) (Fig. 2). The major capsid protein of
both viruses is a trimer. The six individual beta barrels of the trimer create the
pseudohexameric base of the capsomer, the major hexagonal building block of
the icosahedral capsid. In contrast to the single jellyroll capsid proteins (see
above) the double jellyroll proteins of dsDNA viruses are orientated
perpendicular to the surface of the capsid. Over the years, MCP structures with
similar fold were identified in green algae Paramecium bursaria chlorella virus-1
(PBCV-1) (Nandhagopal et al. 2002), archaeal virus Sulfolobus turreted
icosahedral virus (STIV) (Khayat ef al. 2005) and marine bacteriophage PM2
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(Abrescia et al. 2008), covering viruses from all three domains of life. Nucleo-
cytoplasmatic large DNA viruses (NCLDVs) (lyer et al. 2001, 2006) were
proposed as members of the double beta-barrel lineage based on homology
modelling of the MCPs of several large eukaryotic dsDNA viruses (Benson et al.
2004, Yan et al. 2009). Interestingly, brick-shaped vaccinia virus is assigned as
member of the lineage by the structure of a scaffolding protein present in
immature virions despite its otherwise deviating virion morphology (Bahar et
al. 2011). The discovery that Sputnik, a virophage, also adopts the double beta-
barrel MCP fold (Zhang X. et al. 2012), added another fascinating piece to the
variety of hosts infected by members of the lineage.

The two jellyrolls in the double beta-barrel are named V1 and V2
according to their position in the sequence. They share the same topology but
have no apparent sequence similarity (Benson et al. 1999). The lack of sequence
similarity indicates an ancient origin of the double beta-barrel fold thought to
be a result of gene duplication followed by gene fusion (Abrescia et al. 2008,
Benson et al. 2004, Krupovic and Bamford 2008b). The two beta-barrels in the
MCP of marine bacteriophage PM2 are more similar to each other than to any
other capsid protein and lack elaborate extensions on the top of the jellyrolls
(Fig. 2). Hence, the capsid protein of PM2 is regarded as a minimal double beta-
barrel protein and most ancient member of the lineage (Abrescia et al. 2008). A
precursor virus using six single beta-barrel proteins instead of one trimeric
double beta-barrel protein for the formation of hexameric capsomers had not
been discovered prior to this thesis work. Yet, archaeal virus SH1 (Jddlinoja et al.
2008) and bacteriophage P23-77 (Jaatinen et al. 2008) were suggested to be such
a “missing link”. Both viruses use two major capsid proteins for building up
their capsids. Based on protein analysis, protein mass estimates and cryo-EM
image reconstructions it was suggested that the capsomer base is composed of
six similarly sized beta-barrels of the small MCP while the large MCP sits on
top of it (Jddlinoja et al. 2008, Jaatinen et al. 2008). Subsequently, SH1 and P23-77
were proposed to form the earliest branch in a so called “vertical beta-barrel
superlineage”of dsDNA viruses, which use hexagonal capsomers for capsid
assembly, formed by proteins with the canonical jelly-roll fold orientated
vertical to the virion surface (Krupovic and Bamford 2008b). However, the
structural information gained from cryo-EM image reconstructions (Jddlinoja et
al. 2008, Jaatinen et al. 2008) did not provide evidence for the existence of such
single beta-barrel capsid proteins. Thus, we aimed to crystallize the MCPs of
P23-77 for the determination of their three-dimensional structure at the atomic
level by X-ray crystallography (II).
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FIGURE2 Major capsid proteins (MCPs) of representatives of the double beta-barrel
lineage. Facets of the icosahedral capsid are assembled from pseudo-
hexagonal capsomers build by the trimeric coat protein. The characteristic
double jelly-roll core fold is conserved in MCPs of viruses from all three
domains of life. PDB-codes for MCPs were 1CJD (PRD1), 1P30 (Adenovirus),
IM3Y (Paramecium bursaria chlorella virus-1 (PBCV-1)), 2BBD (Sulfolobus
turreted icosahedral virus (STIV)) and 2VVF (PM2). PRD1 virion presentation
adapted with permission from the Swiss Institute of Bioinformatics
(ViralZone:www.expasy.org/viralzone, Swiss Institute of Bioinformatics).

Nearly half of the 103 viral families assigned by the ICTV to date (February
2015) can be placed into one of the above mentioned four major lineages and
the majority of the lineage members have an icosahedral or - in case of head-tail
viruses - a nearly icosahedral morphology. Hence, it seems possible to classify
the vast majority of icosahedral viruses with this structural based approach but
how about other virus types? The lack of structural data hampers the
identification of lineages for helical and enveloped viruses. The diverse virion
morphology of enveloped viruses complicates the definition of viral self-
elements (Abrescia et al. 2012). Helical archaeal dsDNA viruses of the
Rudiviridae and Lipothrixviridae share a similar MCP fold consisting of a four-
helix bundle (Goulet et al. 2009). The structural similarity of the capsid proteins
in combination with genome analysis was used to classify the two families
within a new order Ligamenvirales, despite otherwise remarkable differences in
virion morphology and genome replication mode (Prangishvili and Krupovic,
2012). A four-helix bundle fold is also found in the capsid of rod-shaped ssRNA
viruses, yet the topology is different (Goulet et al. 2009). Thus, structure
comparision of coat proteins seems to be useful to detect phylogentic
relationships between helical viruses.
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Another obstacle of the structure-based phylogeny is the destinction
between convergence and divergence. As outlined above, physicochemical
constraints limit the number of protein folds required for the formation of
functional viral capsids. Thus, the invention of certain capsid folds might rather
reflect analogy (convergence) than homology (divergence). The ubiquitous viral
jellyroll-fold is present in the coat proteins of small icosahedral ssRNA viruses
(Rossmann and Johnson 1989) as well as dsDNA viruses and some nonviral
proteins such as tumor necrosis factor (TNF) (Liu et al. 2002). The double beta-
barrel fold is also present in the capsids of ssSRNA cowpea mosaic virus (CPMV)
(Lin et al. 1999). A comparison of structural details such as length of chains and
loops, loop insertion sides and topological structure similarity may provide
arguments towards homology or analogy. There are four different ways to fold
an eight-stranded jellyroll (Stirk et al. 1992) but only one is seen in spherical
viruses, suggesting common ancestry. The orientation of the beta-barrel in the
capsid (parallel to the surface versus perpendicular) clearly distinguishes the
Picorna-like lineage from the double beta-barrel lineage. The orientation of the
beta-sheets in the double beta-barrel of CPMV indicates relatedness to the
single beta-barrel of ssSRNA viruses (Abrescia et al. 2010). However, comparison
of structural folds alone is not sufficient to differentiate convergence and
divergence. Instead, additional components of the viral self have to be taken
into account. These include for example nature of the genome, virion
architecture, gene synteny and genome packaging mechanism. Thus, the more
similarities are shared between members of a viral lineage, the less probable it
gets that they are a result of convergent evolution.

24 Assembly of prokaryotic icosahedral dsDNA viruses

In prokaryotic icosahedral dsDNA viruses, the genome is either packaged into
preformed procapsids or the capsid assembles around a pre-condensed
genome. The first strategy is employed by head-tail viruses and members of the
double beta-barrel lineage (Mindich et al. 1982, Fu et al. 2010). The second one is
proposed for another lineage member, marine bacteriophage PM2 (Huiskonen
et al. 2004, Abrescia et al. 2008).

The procapsid, or prohead, of tailed phages is assembled with the help of
scaffolding proteins. They act as chaperones to ensure the correct assembly of
the capsid (Prevelige and Fane 2012). Scaffolding proteins could be either
separate proteins or N-terminal domains of the major capsid proteins (King et
al. 1973, Hendrix and Duda 1998, Morais et al. 2003, Huet et al. 2010). They are
removed after the formation of the prohead to make space for the packaging of
the genome. In many phages, scaffolding proteins are degraded by proteases
present in the procapsid (Leiman et al. 2003, Thomas and Black 2013). The
digestion products exit the prohead before the genome is packaged. In some
viruses, such as Salmonella typhimurium phage P22 and in Bacillus subtilis phage
@29, the scaffolding proteins exit the prohead intact during genome packaging
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and can be reused in subsequent assembly rounds (King and Casjens 1974,
Bjornsti et al. 1983). DNA is packaged through the portal vertex by a DNA
translocation motor powered by ATP-hydrolysis (Rao and Feiss 2008). During
this process, the capsid is expanded to form the mature capsid. After the
genome is filled into the mature capsid, the translocation motor is dislodged
and the portal gate sealed by head completion proteins. They provide a
platform for the tail-assembly of podoviruses or the attachement of the
preassembled tails of sipho- and myoviruses, the final step of the virus
assembly (Tavares et al. 2012).

Capsids of icosahedral prokaryotic dsSDNA with inner membrane do not
undergo the large structural rearrangements visible in head-tail viruses and
empty procapsids resemble DNA-filled mature capsids. Instead, the internal
membrane expands during the packaging process analogously to the capsid
expansion observed in head-tail viruses (Butcher et al. 1995), thereby bringing
the membrane in closer contact to the protein shell. Hence, the membrane acts
like a scaffold in capsid assembly (Butcher et al. 2012). The DNA is packaged
through a special vertex by a specific packaging ATPase (Gowen et al. 2003,
Stromsten et al. 2005).

Assembly of bacteriophage PM2 does not involve an empty procapsid
stage. The newly synthesized circular dsDNA genome in the cytoplasm is
supercoiled as in the capsid (Ostrander and Grey 1974). There is no evidence for
the presence of a special packaging vertex in the virion. The majority of virion
proteins are associated with the membrane. Lipids and membrane proteins
form stable DNA-filled vesicles, the so-called lipid core (Kiveld et al. 2002).
Therefore, PM2 virion formation presumably begins with the assembly of the
membrane around the pre-condensed genome analogous to the capsid
assembly of Simian virus 40 (5V40), which starts with the polymerization of
capsomers around the circular supercoiled dsDNA genome (Gordon-Shaag et
al. 2002, Huiskonen et al. 2004, Abrescia et al. 2008).

In addition to major coat proteins, minor capsid proteins are found in the
virions of prokaryotic icosahedral dsDNA viruses that reinforce capsid stability
(“cementing”-proteins) (Butcher et al. 2012, Fokine and Rossmann, 2014). In
some membrane-containing viruses, the capsid shell is linked to the internal
membrane through interactions with the N- or C-terminus of the major capsid
protein (Abrescia et al. 2004, Cockburn et al. 2004, Khayat et al. 2010). In marine
bacteriophage PM2, which lacks the terminal extensions on the MCP, the capsid
is linked to the membrane by two integral-membrane proteins (Abrescia et al.
2008). Both proteins are largely helical with domains reaching out from the
inner and the outer membrane leaflet, thereby linking the condensed genome
and the outer capsid protein shell to the membrane. They are supposed to form
a scaffold, on which first the major capsid protein assembles followed by the
receptor binding protein plugging in at the vertices as final step (Abrescia et al.
2008). In addition, capsids are connected to the membrane at the vertices
(Jaatinen et al. 2004, Abrescia et al. 2004, Jd4linoja et al. 2008, Veesler et al. 2013).



3 AIMS OF THE STUDY

Thermus phage P23-77 was proposed to be the most ancient member of the
double beta-barrel lineage with a capsid built of proteins with a single beta-
barrel core fold. However, the structural evidence confirming the existence of
such single beta-barrel capsid proteins was missing. Do the major capsid
proteins VP16 and VP17 exhibit such fold? The third capsid-associated protein,
the minor capsid protein VP11, has no homologs in other viruses. What is its
localization and function in the virion? P23-77 shares a conserved set of core
genes and similar overall architecture with a group of haloarchaeal viruses. Is
there enough evidence to postulate a phylogentic relationship between these
viruses spanning two domains of life? In order to answer these questions, the
research performed on Thermus thermophilus phage P23-77 during this thesis
had the following aims:

1. To establish methods for expression and purification of P23-77 capsid
components for subsequent structural and functional analyses;

2. To produce single well-diffracting crystals of the two major capsid
proteins VP16 and VP17 and P23-77 virus particles for high resolution
structure analysis;

3. To characterize the minor capsid-associated protein VP11 and elucidate
its localization in the virus particle and function in virion assembly;

4. To compare P23-77 genetically and structurally to other viruses and viral
elements to detect phylogenetic relationships and classify related viruses
according to the criteria of the ICTV.



4 OVERVIEW OF THE METHODS

The table below provides a summary of the methods used in this thesis.
Detailed descriptions of the methods are found in the original publications and
the manuscript indicated by Roman numerals.

TABLE 1 Summary of the methods used in this thesis

Method Publication
Molecular cloning I, IV
DNA sequencing I 10, IV
DNA-shift assay I\Y%
Recombinant protein expression II, IV
Protein purification II, IV
Virus propagation II, IV
Virus particle purification I, IV
Crystallization and X-Ray diffraction experiments II
SDS-PAGE IL, IV
Immunodetection of proteins v
Circular dichroism spectroscopy (CD) v
Dynamic light scattering (DLS) v
Differential scanning calorimetry (DSC) I\Y%
Preparation of large unilamellar lipid vesicles v

Comparative genomics I, 101, IV




5 RESULTS

5.1 Analysis of the P23-77 capsid-associated proteins VP11,
VP16 and VP17 (IL, IV)

5.1.1 Protein expression and purification

Dissociation experiments with P23-77 virus particles identified three capsid-
associated proteins: The two major capsid proteins VP16 and VP17, which build
the bulk of the capsid, and the minor capsid protein VP11 (Jalasvuori ef al.
2009). Two hypotheses constituted the starting point of our experiments: 1) the
hexagonal capsomers of the P23-77 capsid are formed by six copies of the small
MCP with a single beta-barrel core fold while the large MCP forms the tower-
like protrusions emerging from the capsomer base, and 2) the minor capsid
protein is the penton protein located at the vertices of the virion (Jaatinen et al.
2008). With the aim to verify those, we developed expression- and purification
protocols for the three capsid-associated proteins in order to get the starting
material for the crystallization of the MCPs (5.1.2) and the analysis of the minor
capsid protein (5.1.3).

We used an efficient system for protein expression in Escherichia coli, the
pET-expression system (Novagen), for the production of all three proteins. The
system allows a stringent control of protein expression and the production of
high amounts of target protein by using the highly efficient RNA-polymerase of
bacteriophage T7. Full length gene sequences were amplified from P23-77
genomic DNA by PCR with primers allowing the insertion into expression
vector pET22b(+) at an optimal distance to the strong ribosomal binding site.
High yields of recombinant soluble protein were obtained by culturing the
expression strains for approximately 20 h at 28 °C after induction of protein
production at an optical cell density of 0.5-0.7 at 550 nm with 1 mM isopropyl-
beta-D-thiogalactopyranoside. Best yields were obtained with E. coli strain
HMS174(DE3) as expression host for the MCPs (II) and strain BL21(DE3) for the
expression of VP11 (IV).



33

The thermophilic origin of P23-77 prompted us to use heat treatment as part of
the purification procedure (II). This worked well for the MCPs. Crude extracts
obtained from ultracentrifugation were heated for 10 min at 90 °C causing rapid
denaturation of the majority of host proteins while retaining the capsid proteins
in the soluble fraction. In contrast, minor capsid protein VP11 precipitated in
crude extracts incubated at 70 °C, although the recombinant protein is highly
heat stable (T = 84.4 °C, IV). Most likely, VP11 co-precipitated with denatured
heat-sensitive E. coli proteins.

Proteins were purified to homogeneity by ion exchange chromatography,
followed by size exclusion chromatography. The two MCPs were purified with
anion exchange chromatography in 20 mM Ethanolamine pH 9.5 (II). In this
condition, VP16 (pl = 8.14) run through the column while the majority of the
host proteins bound, yielding highly purified protein. VP17 (pl = 5.76) bound to
the column at pH 9.5 and was eluted with 50 mM NaCl. The high content of
basic amino acids in VP11 (pl = 10.71) enabled the purification with cation
exchange chromatography (IV). The protein bound to the column in 50 mM
Bicine pH 8.5. A washing step with 600 mM NaCl removed the majority of host
derived proteins from the column. Subsequentially, VP11 was eluted by
increasing the NaCl concentration to 750 mM. The remaining impurities in
protein samples of VP16, VP17 and VP11 were removed by size exclusion
chromatography. A high amount of salt (IM NaCl) had to be added in the case
of VP11 to prevent protein aggregation on the column. The MCPs eluted in one
single peak whereas the minor coat protein eluted in two peaks, a minor one
containing a 50 kDa protein besides the 22 kDa VP11 protein and a major one
containing mainly VP11. The 50 kDa protein was identified as VP11-dimer (Fig.
2 in IV). Proteins could be stored for months at 8 °C without showing
significant degradation or aggregation.

In conclusion, high yields of soluble recombinant protein were obtained
from the expression in E. coli for all three capsid-associated proteins. Proteins
were purified to the required purity grade and concentration to perform
subsequent analyses.

5.1.2 Crystallization of major capsid proteins VP16 and VP17, and virus
particles

The preparation of well-diffracting protein single crystals is indispensable for
the analysis of the high resolution structure by X-ray crystallography. To
achieve this goal, protein samples have to be as pure, homogenous and
monodisperse as possible. The purified protein samples of the major capsid
proteins VP16 and VP17 matched those requirements and were used for
crystallization trials (II). In addition, we aimed for the crystallization of whole
virus particles. Virus particles were obtained by a two-step purification
procedure including rate zonal centrifugation in a linear 5-20% (w/v) sucrose
gradient, followed by equilibrium centrifugation in 1.30 mg/ml CsCl, (Jaatinen
et al. 2008). Virions were highly stable and homogenous as checked with
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dynamic light scattering (DLS) measurement, transmission electron microscopy,
and infectivity assays.

Crystallization conditions were screened at room temperature by hanging-
drop vapour diffusion using a crystallization robot and 96-well format
commercial crystallization screens. Proteins (VP16 and VP17 in 20 mM Tris
pH7.4, virus particles in 20 mM Tris-HCI pH7.5, 5 mM MgCl and 150 mM
NaCl) were mixed in 1:1 (v/v) ratio with the screen solution. Conditions
yielding crystals were manually optimized by varying protein- and
crystallization reagent concentrations. This way, three single crystal types were
obtained, VP16-type 1, VP17, and virion-derived crystals (Table 2). Additional
crystal types (VP16-type 2, VP16/VP17-complex) were obtained by sitting drop
vapour diffusion at the Oxford Protein Production Facility, U.K., either by
setting up conditions manually or by using the nanolitre high-throughput
facility. All together, 576 crystallization conditions were tested for VP16, 288 for
VP17 and 480 for the virion material. Most conditions (984) were checked to
achieve a crystal of a putative VP16/VP17-complex, which took also longest to
grow (3 months). PEG has proved to be a suitable precipitant for the
crystallization of inner membrane-containing icosahedral viruses and capsid
proteins (Bamford J.K. et al. 2002, Abrescia et al. 2008). It was also the best
precipitant for the crystallization of VP16 and virion-derived material (Table 2).
The optimal protein concentration was approximately 1 mg ml! in the
crystallization drop. All five crystal types diffracted to resolutions higher than 3
A. Preliminary data analysis based on crystal unit cell dimension and solvent
content implied 1-2 proteins per asymmetric unit, with the exception of the
virion-derived crystals. Here, the unit cell was far too small to contain an 800 A
complete virus particle. Later it turned out that the virion-derived crystals
actually contained VP16 (Rissanen et al. 2013). The only crystals obtained with
virus material grew in solutions containing 0.1 M citric acid pH 3.5 and
PEG3350. Most likely, virions dissociated in low pH, thus releasing VP16 that
crystallizes well in PEG as shown above. At higher pH, only spherulites were
observed, indicating improper or too fast crystallization of virus particles.
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TABLE 2 Crystallization of P23-77 major capsid proteins and virion-derived material.
Crystal types taken for diffraction were received from drops containing a mix
of 1 pl protein solution (concentration as indicated) and 1 ul crystallization
solvent. Images of VP16-type 2 crystals and the VP16/VP17 complex are
modified from IL

VP16- VP16- VP16/VP17- virion-derived
VP17

type 1 type 2 complex crystals

crystal . ©
T B
| v A
= N
< ﬁ \ﬁ S} \
protein 2-3 2-3 2-3 1.7 mg ml~! 24
concentration ~mg ml-! mg ml-1 mg ml-! VP16, mg ml-1
2.0 mg ml?!
VP17

crystallization 5% (w/v) 20% (w/v) 19M 1.1M 0.1 M citric acid
reagent PEG1000 PEG6000, sodium diammonium pH3.5,

5% (w/v) 01M formate, tartrate pH7.0 20 mM Tris-HCl

PEGS8000 citrate 0.1 M bis- pH7.5,

pH4.0 Tris pH7.0 5mM MgCl,
150 mM Nadl,
25% PEG3350

crystal 1-2 few days 2 weeks 3 months 12h-8d
growth weeks
diffraction 18 A 126 A 226 A 153 A 292A

resolution

5.1.3 Characterization of the minor capsid protein VP11

Dissociation experiments (Jalasvuori et al. 2009) have shown that the major
capsid proteins VP16 and VP17 could be released from the virion in 3 M urea
and 3 M guanidine hydrochloride. By lowering the pH to 6.0, one other protein,
the 22 kDa protein VP11, was also released while the membrane aggregated
with the DNA. The function and localization of this minor capsid protein was
unknown, prompting us to characterize it in detail (IV).

The VP11 gene is an ORFan. It has no homologues in related virus and
proviruses (Fig. 1 in 1V). BLAST-searches with the VP11 amino acid sequence
produced one significant hit to a protein (WP_018467834.1) derived from
Meiothermus timidus, suggesting the presence of a P23-77-like provirus in the
corresponding genome. Protein sequence-based secondary structure analysis
predicted a lack of transmembrane helices, short disordered stretches at The N-
and C-termini and a high content of a-helices. The latter was confirmed
experimentally by circular dichroism (CD) measurements in the far UV-region
(Fig. 4 in IV).
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The estimated melting point of VP11 in differential scanning calorimetry
measurements was 84.4 °C. However, CD-spectra revealed a continuous
decrease in the helicity of the protein when temperatures were raised from 20
°C to 85 °C, indicating partial unfolding. This process was completely reversed
when protein samples were cooled down again from 85°C to 4 °C under the
same conditions (Fig. 4 in IV), suggesting a partially loose a-helical structure.
The hydrodynamic diameter of VP11l in dynamic light scattering (DLS)
measurements was 8.4 £ 1.1 nm. The value refers to a molecular weight of 27.4
kDa in case of a linear protein or 96.7 kDa in case of a globular protein,
respectively, pointing to a rather linear shape of VP11.

VP11 was shown to form dimers (Fig. 2 in IV). Dimer formation occurs
through a disulfide bridge between single cysteine residues located at the N-
terminus of each VP11 monomer. The intermolecular disulfide-bond of VP11 is
extremely strong and cannot be disrupted by boiling in buffer containing SDS
and 1% reducing agent f-mercaptoethanol. The dimer is most likely the native
form of the protein in the virion since it was the predominant form detected by
immunolabeling of freshly prepared virus particles with a VP11 polyclonal
antibody. Disulfide-bond formation is a common mechanism for protein
stabilization at high temperatures in cells (Beeby et al. 2005, Jorda and Yeates
2011) and viruses (Larson et al. 2007, Menon et al. 2008). The copy number of
VP11 in the capsid was estimated by measuring the intensity of Coomassie
stained protein bands of viral particles in SDS-PAGE. The theoretical copy
numbers of the MCPs in the capsid are 1080 (VP16) and 540 (VP17) in total. By
setting the VP16 protein band intensity as 1080, the estimated copy number of
VP17 was 527, matching the theoretical value quite closely. The capsid consists
of 60 asymmetric units. The estimated copy number for VP11 was 147,
suggesting either 120 or 180 absolute copy number per capsid.

We analyzed the capability of VP11 to interact with various
macromolecules (DNA, lipids, protein). VP11 strongly associated with DNA in
an unspecific manner (Fig. 3 in IV). The positive charge of the protein (pl =
10.71) neutralized the negative charge of DNA at a protein:DNA mass ratio of
1:1 resulting in precipitation of the protein/DNA-complex. The DNA binding
was particularly strong. Even 2.5 M NaCl was insufficient to dissociate VP11
and DNA completely. As a comparison: 0.3 M NaCl releases lysozyme from
DNA (Steinrauf et al. 1999) and 1 M NaCl prevents the positively-charged
domain of the scaffolding protein of bacteriophage P22 from binding to the coat
protein (Parker and Prevelige 1998).

We also tested the interaction of VP11 with lipids. Large unilamellar lipid
vesicles were produced from the virus host T. thermophilus ATCC33923 (in the
following termed T-LUVs) to functionally mimic the viral membrane as close as
possible. The zeta potential of those Thermus-derived lipid vesicles was -59.5 +
3.96 mV, indicating a negative surface charge. The addition of VP11 to the T-
LUVs immediately changed the zeta potential of the vesicles + 34.1 + 1.43 mV,
indicating an adsorption of VP11 to the lipids. Next, we analyzed the
interaction of all three capsid-associated proteins with the T-LUVs by
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estimating the apparent mean hydrodynamic diameter with the dynamic light
scattering technique (DLS) (Fig. 3). VP16 and VP17 did not change the size of
the T-LUVs, regardless of whether they were added to the vesicles alone or in
combination. Addition of VP11 in turn led to a twofold increase in size of the T-
LUVs. An incubation of T-LUVs with VP11 and VP16 increased the size same
way as VP11 alone. On the other hand, addition of VP11 together with VP17
immediately caused a rapid increase in size, followed by aggregation and
sedimentation of the lipid/ protein-complex.

diameter
[nm]
1000 -
900 A
800 A
700 A
600 4 M
500 1
400 4
300 A

FIGURE3 Incubation of Thermus-derived lipid vesicles with capsid-associated proteins
show the effect of major capsid proteins VP16 and VP17, and minor capsid
protein VP11 on the size of the T-LUVs. Reproduced from IV.

5.2 Analysis of the phylogenetic relationship of P23-77 to other
extremophilic viruses and detection of related proviruses (I,
I1II)

5.2.1 P23-like phages form a new genus, gammasphaerolipovirus, within the
novel family sphaerolipoviridae

The overall morphology and capsid architecture of P23-77 resembles Haloarcula
hispanica virus SH1 (see 2.1.3). SH1 in turn is similar to a set of viruses that have
been identified during the course of this thesis and infect also members of the
family Halobacteriaceae: Haloarcula hispanica viruses PH1 (Porter et al. 2013) and
HHIV-2 (Jaakola et al. 2012), and Natrinema virus SNJ1 (Zhang Z. et al. 2012).
This group of haloarchaeal viruses is clearly distinguished from other described
viruses by the host spectrum, an unusual capsid geometry (T=28 dextro,
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determined for SH1), the use of two MCPs for capsid assembly, a conserved
arrangement of core genes, and the lack of sequence similarity to other
published sequences (Dyall-Smith et al. 2013a). Hence, they were proposed to
constitute a novel family of viruses termed “Sphaerolipoviridae”, from the Latin
sphaero, for “sphere”, and the Greek lipos, for “fat” by Dyall-Smith et al. (2013a).
The family included two genera, “Alphasphaerolipovirus” comprising the closely-
related viruses SH1, PH1 and HHIV-2, and “Betasphaerolipovirus” comprising
more distantly related virus SJ1 as the sole member. The similarity between
P23-77 and SH1 (Jaatinen et al. 2008, Jalasvuori et al. 2009) prompted us to
define features shared by P23-77- and SH1-like viruses with the aim to unify
these two virus groups within one family (Table 3). P23-77 is related to Thermus
phage IN93. From the 37 predicted ORFs of P23-77, 32 have homologs in IN93
as shown by the comparison of the corresponding gene products. The
arrangement of the putative genes is highly conserved across the aligned
genomes (Fig. 3 in III). Bacteriophages P23-77 and IN93 are similar to the
haloarchaeal sphaerolipoviruses on the genome-level with respect to the nature
of the genome (dsDNA), a conserved arrangement of viral core-genes (more
detailed described in 5.2.2) and the lack of an own DNA-polymerase encoding
gene. More similarities are found on the morphological and structural level (see
below). Consequently, we proposed to include the two bacteriophages into a
third genus, “Gammasphaerolipovirus”, within the novel family (III). A proposal
combining the three genera was submitted to the ICTV (Dyall-Smith et al.
2013b) and replaced the initial proposal, which included only the haloarchaeal
viruses.

The capsids of all sphaerolipoviruses are built from two MCPs. In cases
where more detailed structural information is available (SH1, P23-77), capsids
are formed by two types of crenellated capsomers (Jddlinoja et al. 2008, Jaatinen
et al. 2008). P23-77 has two turrets per capsomer arranged either on the same
side or on opposite corners of the pseudohexameric capsomer. In SH1, one
capsomer type has two turrets arranged on opposite corners like in P23-77
while the other type has three crenellations (III, Fig. 5). The structures of the
P23-77 major capsid proteins derived from the crystals produced in this study
superimpose well with the cryo-EM density map of SH1 capsomers (Rissanen et
al. 2013), indicating a similar arrangement of large and small MCPs in the
capsomers of SHI1. Notably, in both viruses the strongest protein-protein
interactions are observed between dimers spanning adjacent capsomers. The
structural similarities clearly point to a common ancestry of the two viruses.

Apart from features common to all members of the family, some features
are different. The most obvious difference refers to the hosts, which reside in
different domains of life: Alpha- and betasphaerolipoviruses infect archaea of
the family Halobacteriaceae while gammasphaerolipoviruses infect bacteria of the
family Thermaceae. Alphasphaerolipoviruses have linear genomes with terminal
repeats and covalently attached terminal proteins whereas all other family
members have circular genomes. Members exhibit different life cycles: P23-77
and alphasphaerolipoviruses are lytic whereas IN93 and SNJ1 are temperate
viruses. The temperate life style of IN93 compared to lytic phage P23-77 is
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reflected in the otherwise highly similar genomes (III, Fig. 3). The genome of
IN93 carries a block of genes required for lysogeny, the only genes located on
the opposite strand of the genome (Matsushita and Yanase 2009). P23-77 lacks
such an integration cassette explaining the smaller genome size (17 kb versus 19

kb) and the strictly lytic life-style.

TABLE 3 Main characteristics of the novel family sphaerolipoviridae (adapted from III,

table 1)
genus alpahasphaerolipovirus ~ betasphaerolipovirus gammasphaerolipovirus
virion icosahedral, nearly spherical capsid, tailless, spikes on vertices, ~10 structural
morphology proteins, & 50 - 80 nm
membrane internal lipid membrane, lipids acquired selectively from host cell during viral
assembly*
capsid two major coat proteins (MCP)
triangulation number n.d. triangulation number
T=28* T=28*

two capsomer types with  n.d. two capsomer types with

either two or three two crenellations in

crenellations* different orientation*

n.d. n.d. MCPs with single B-barrel
core fold, various MCP
building blocks for capsid
assembly*

genome dsDNA, P9-type packaging ATPase encoding gene, similar arrangement of core
genes (ATPase, MCP), no DNA-polymerase encoding gene

size ~ 30 kb size ~ 16 kb size ~17-19 kb

linear, with inverted Circular circular

terminal repeats and
terminal proteins

life cycle lytic lysogenic
(plasmid stage)
host halophilic archaea,

family Halobacteriaceae

typevirus  SH1, HHIV-2, PH1 SNI1

lytic or lysogenic
(genome integrated)

thermophilic bacteria,
family Thermaceae

P23-77, IN93

n.d., not determined
type-virus of each genus underlined
*determined for the type-virus of the genus
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5.2.2 Detection of virus-like elements in Thermaceae and Halobacteriacea

All members of “Sphaerolipoviridae” share a conserved set of genes encoding
essential core proteins constituting the innate self of the virus, namely an
ATPase required for packaging the genome (see 2.3.1) and the two major capsid
proteins. The arrangement of those three genes is highly conserved in all
members of the “Sphaerolipoviridae” family, with the ATPase gene located in
close proximity to the in tandem arranged MCP genes (Fig. 4). The P9-specific
motif, consisting of a conserved arginine (usually preceeded by a glycine) and a
conserved glutamine, separated by 10 amino acid residues (Stromsten et al.
2005) is present in the ATPases of all sphaerolipoviruses (suppl. 2 of III). The
overall sequences similarity of the core proteins is low between genera, yet
distinctive conserved residues could be detected (suppl. 2 of III). By using the
amino acid sequence of the three viral self elements - the ATPase and the two
MCPs - as seeds in BLAST searches, we identified two putative proviral
sequences in the genome of Halomicrobium mukohataei DSM12286: HaloMukP1
and HaloMukP2 (I). The detection of proviral sequences in the genomes of
Haladaptatus paucihalophilus DX253 and Halobiforma lacisalsi AJ5 by Porter et al.
(2013) completed the picture of proviruses of Halobacteriaceae. We named them
HalaPauP1 and HaloLacP1 to be in line with the designations of the other
proviruses (III, Table 2). On the bacterial side, we detected proviruses in the
genomes of Thermus sp. RLM (TP1, III), Meiothermus silvanus DSM9946
(MeioSilP1, 1) and Meiothermus ruber DSM1279 (MeioRubP1, MeioRubP2, I, III)
(Table 2 in III). All proviruses integrate into tRNA genes, a common integration
side for bacterial and archaeal viruses (Reiter et al. 1989, Canchaya et al. 2004,
Wiedenheft et al. 2004), allowing multiple integrations into a single host
genome. None of the predicted proviral sequences seem to constitute a
complete virus genome with the exception of TP1. It remains to be elucidated if
TP1 or the other proviruses are capable of forming virions in order to assign
them officially as sphaerolipoviruses. The proviral genomes are mosaics
containing homologues of different members of a given genus. HalaPauP1 and
HaloLacP1 are related to alphasphaerolipoviruses SH1, PH1 and HHIV-2 while
IHP, HaloMukP1 and HaloMukP2 are related to betasphaerolipovirus SNJ1.
The proviral sequences provided valuable data for the phylogenetic analysis of
the family. Using the viral self elements (ATPase, large and small MCP) for a
phylogenetic reconstruction produced congruent trees with all three genera
falling into distinct clades (III, Fig. 6). Moreover, the phylogenetic grouping
correlates with the arrangement of the self elements in the corresponding
genomes. In alphasphaerolipoviruses and related proviruses, the ATPase gene
is located 5-7 ORFs apart from the MCP genes on the opposite strand. In the
other genera and their proviruses the ATPase gene is located 1-2 ORFs
upstream of The MCP genes on the same strand (Fig. 4).
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6 DISCUSSION

6.1 A group of thermophilic bacteriophages and haloarchaeal
viruses constitute an ancient viral family

6.1.1 Thermus phage P23-77 represents an ancient virus type

The high quality of the five crystal types obtained in this study paved the way
for the determination of the high resolution structures of the two MCPs
(Rissanen ef al. 2013) (Fig. 5). The small major capsid protein VP16 was shown
to be a strand-swapped homodimer. Each subunit of the dimer is completed by
a strand from the other subunit, resulting in an eight-stranded single beta-barrel
fold per subunit. The strand-swap was also present in the dimers of the virion-
derived crystals, indicating that the strand-swapped dimer is the native form of
VP16 in the virion. The large major capsid protein VP17 has two domains, a
lower domain with an eight-stranded beta-barrel fold and an upper domain
with a six-banded beta-barrel fold.

VP16 dimer VP17 VP16/VP17-complex

FIGURE5  Crystal-derived P23-77 major capsid protein structures. PDB-codes for
creating the structures were 3ZN5 (VP16 dimer obtained from virion-derived
crystal), 3ZMN (VP17) and 3ZN6 (VP16/ VP17 complex).
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The eight-stranded single beta-barrels present in VP16 and the lower domain of
VP17 are nearly identical (Rissanen et al. 2013). Moreover, structure homology
comparision revealed that they are most closely related to the two individual
beta-barrels of the major capsid protein of marine bacteriophage PM2 and -
more distantly - to the V2 barrels of other double beta-barrel lineage members
(Rissanen et al 2013, Fig. 4 in III). PM2 is regarded as the most ancient member
of the double beta-barrel lineage (Abrescia et al. 2008). The single beta-barrels of
the P23-77 MCPs sit upright in the capsid as do the double jellyrolls (Rissanen et
al. 2013). The upper domain of VP17 is inserted in the jellyroll of the lower
domain between D and E strand (Rissanen et al. 2013). This is also a major
insertion side in double beta-barrel proteins (Bahar et al. 2011). Thus, P23-77
most likely forms indeed the most ancient branch in the so called vertical beta-
barrel superlineage of single- and double beta-barrel viruses (see 2.3.2). Viruses
of that lineage are mainly icosahedral without tail and possess an internal lipid
bilayer between the capsid shell and the dsDNA genome. In addition,
pentameric proteins with a single beta-barrel fold and spike proteins are found
at the vertices.

However, the capsomer arrangement of P23-77 differs from the proposed
architecture of an ancestral virus of the lineage, in which six copies of one single
beta-barrel protein form the capsomer base. Instead, the capsomer base is
formed of four copies of the small major capsid protein VP16 and two copies of
the large major capsid protein VP17, creating once more a pseudo-hexameric
capsomer (Rissanen et al. 2013). The crystal structures of the two MCPs fit well
in the cryo-EM density map of haloarchaeal virus SH1 (Jddlinoja et al. 2008),
indicating that SH1 uses a similar capsomer arrangement (Rissanen ef al. 2013).
In both viruses, the strongest protein-protein interactions are observed between
dimers spanning adjacent capsomers (Rissanen et al. 2013, Fig. 5 in III). This is
in contrast to the pseudohexameric capsomers of the double beta-barrel viruses,
where the strongest interactions are found between the subunits of the trimeric
MCP within the capsomer. This finding strongly indicates that hexagonal
“capsomers” are not the building blocks in the P23-77 and SH1 capsid
assembly, revealing a novel assembly mode not observed in other viruses
before (Rissanen et al. 2013). So far, structural information of the capsomer
architecture is missing for the other proposed sphaerolipoviruses. However,
there is a high level of amino acid sequence similarity and gene synteny
between members of the same genus (see 5.2.1). This finding in combination
with several other features shared by all members of the family (Table 3)
strongly suggests a similar assembly principle for all sphaerolipoviruses.

Single beta-barrel members - represented by the “Sphaerolipoviridae”
family - and double beta-barrel members of the superlineage diverged from a
common ancestor that utilized hexameric capsomers built from a single beta-
barrel MCP for capsid assembly (Jalasvuori et al. 2009, Rissanen et al. 2013) (Fig.
6). Gene duplication led to the formation of a virus with two separate single
beta-barrel capsid proteins in one case and in the other case to two single beta-
barrel proteins that diverged and fused during time to produce the double
jellyroll protein present in the members of the today’s double beta-barrel
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lineage (Rissanen et al. 2013). The example of the beta-barrel superlineage
strikingly demonstrates how the structural based approach of virus phylogeny
provides insights into the very early evolution of viruses that has been going on
since long before the establishment of the three cellular domains of life.

/ VERTICAL B-BARREL SUPERLINEAGE

A -
/ deno- v pm2 PR} (st-n SH1 \

virus

EUKARYA
ARCHAEA
BACTERIA
BACTERIA
ARCHAEA

double B-barrel single B-barrel
K 1Mcp 2 MCPs
COMMON ANCESTOR
single B-barrel
1 MCP

FIGURE 6  Evolution of the double beta-barrel superlineage based on structure of major
capsid proteins (MCPs). Single and double beta-barrel branches diverged
before the occurrence of the Last Universal Cellular Ancestor (LUCA).

6.1.2 Sphaerolipoviruses are globally distributed

The number of viruses, which are now grouped together in the
“Sphaerolipoviridae” family, doubled during the course of this thesis and include
currently HHIV-2 (Jaakola et al. 2012), SNJ1 (Zhang Z. et al. 2012) and PH1
(Porter et al. 2013) in addition to the initially described SH1 (Porter et al. 2005,
Bamford et al. 2005b, J4élinoja et al. 2008), P23-77 (Jaatinen et al. 2008) and IN93
(Matsushita and Yanase 2009). Eight related putative provirus sequences were
detected in addition to the one initially described by Jalasvuori ef al. (2009) (see
5.2.2, Table 2 in III). Thus, sphaerolipoviruses seem to represent a common
virus-type in extreme environments and more viruses of this type are expected
to be detected in the future. A conserved set of viral self elements - the genome
packaging ATPase and the two MCPs - may serve as markers to detect putative
new members of the three sphaerolipoviridae genera in newly published
sequence data.
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Gammasphaerolipovirus-related proviruses were mainly detected in the
genomes of Meiothermus species suggesting a wide distribution of P23-77 like
viruses in environments with temperatures below 70 °C. Meiothermus (meaning
“less hot”) species thrive optimally at approximately 55 °C and are unable to
grow above 60-70 °C, dependent on the strain (Nobre et al. 1996).
Unfortunately, no virus has yet been reported for Meiothermus bacteria. Most
likely, the preferred temperate life style among gammasphaerolipoviruses
hampers the detection of such viruses. Hence, it remains to be elucidated if
members of “Sphaerolipoviridae” could be detected from moderate environments
or if they are yet another unique group of extremophilic viruses. Members of
“Sphaerolipoviridae” and their putative proviruses are found all over the world,
following the distribution pattern of their hosts (Fig. 7). In contrast to other
Thermus genera, T. thermophilus is globally distributed (Hreggvidsson et al. 2012)
explaining the isolation of similar virus types associated with it from New
Zealand (P23-77) and from Japan (IN93) (Matsushita et al. 1995, Yu et al. 2006).
Although extreme environments are confined areas, ecologically separated by
large distances and physico-chemical boundaries, viruses form a global
network. Similar virus sequences have been detected in metagenomes from
hypersaline sources from Africa, the US and Spain (Sime-Ngando et al. 2011).
HHIV-1 was isolated from a solar saltern in Italy (Atanasova et al. 2011).
However, it revealed striking similarity to SH1 and PHI1, isolated from salt
lakes in Western Australia (Dyall-Smith et al. 2003, Porter et al. 2013). It seems
that every newly-formed habitat is colonized by a similar community of
organisms present in comparable habitats elsewhere in the world. Viral
communities are dispersed within moderate distances by air (Snyder et al. 2007)
but could such mechanism also account for a distribution on global scale?
Microorganisms are spread globally by air for example by transpacific air
plumes (Smith et al. 2013). The same may apply to viruses although virions
could be regarded as highly sensitive to the pressure and desiccation present in
the stratosphere. Temperate viruses are protected by the host cell during
transport. Viruses from hot springs are suggested to travel across long distances
covered in a protective silica-coat (Laidler et al. 2013). It remains to be
elucidated how lytic viruses from hypersaline environments might be spread.
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FIGURE7 Isolation sites of sphaerolipoviruses (framed) and prokaryotic hosts with
genome integrated proviruses. Archaeal members are shown in green,
bacterial members in red.

6.1.3 Relation to other viruses from extreme environments

Three other icosahedral, tailless, membrane-containing dsDNA bacteriophages
have been described that have capsids build from two major capsid proteins
and might therefore be related to “Sphaerolipoviridae”. Thermus phages P23-72
and P23-65H (Yu et al. 2008) resemble P23-77 with respect to host spectrum,
growth cycle, particle yields, and protein pattern in SDS-PAGE (Jaatinen et al.
2008). We assume that they belong to the same genus as P23-77. Yet, the lack of
sequence information precludes a definite assignment. A more interesting case
is Salisaeta icosahedral phage 1 (SSIP-1) (Aalto et al. 2012). The halophilic
bacteriophage displays a similar arrangement of core proteins, namely a P9
type packaging ATPase in close proximity upstream of the sequentially
arranged two MCPs. The conserved block of core genes links this bacteriophage
from hypersaline environments to the thermophilic P23-77-like phages (Aalto et
al. 2012). However, a lack of similarities in sequences, gene order, and genome
size as well as differences in the capsid architecture prevented us from
classifying the virus within “Sphaerolipoviridae” at this stage of research.

6.1.4 “Sphaerolipoviridae” in the framework of the ICTV

The 2013 taxonomy release of the ICTV (ICTV 2014) recognizes two orders of
prokaryotic viruses, Caudovirales, comprising viruses of bacteria and archaea
with head-tail morphology, and Ligamenvirales, comprising two families of
archaeal viruses with linear morphology (Table 4). The number of assigned
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viruses of the order Caudovirales (Myo-, Sipho- and Podoviridae) refers to the
relatively small number of viruses, for which sufficient data on virion structure,
genome organization, and replication properties are available to classify them
in the ICTV-system. It does not reflect the actual quantity and dominance of the
head-tail viruses among prokaryotic viruses: About 6000 head-tail viruses have
been described (97% of all reported bacterial viruses) (Ackermann and
Prangishvili 2012) and 96% of the 1506 prokaryotic viral genomes published in
the GenBank database (Benson et al. 2012) belong to the order Caudovirales
(viewed 10.12.2014). Only 66 complete genome sequences (4%) contribute to
archaeal viruses. Members of Caudovirales infect bacterial and archaeal hosts
isolated from hot and hypersaline environments (Sabet 2012, Uldahl and Peng
2013). The only viruses officially listed by the ICTV are - to my knowledge -
haloarchaeal myovirus ¢H (Schnabel et al. 1982) and thermophilic siphovirus
WYM1 (Meile et al. 1989), and Halomonas myophage ¢HAP-1 (Mobberley et al.
2008). All three types of head-tail viruses infect halophilic bacteria and archaea
(Atanasova et al. 2011, Sabet 2012, Shen et al. 2012). With respect to
thermophiles, archaeal hosts are so far infected by siphoviruses only and
podoviruses are lacking amongst bacteria (Uldahl and Peng 2013). Outside the
Caudovirales, all assigned archaeal families to date comprise crenarchaeal
hyperthermophilic viruses. “Pleolipoviridae” is a newly proposed family of
euryarchaeal viruses from hypersaline environments with pleomorphic
morphology and either dsDNA or ssDNA genome (Pietild et al. 2012). The
proposal is currently pending at the ICTV. The acceptance of “Pleolipoviridae” as
an officially assigned family would be - to my knowledge - a novum in the
history of the ICTV, which considers the nature of the genome (as in the
Baltimore system) as a major classification criterium. The bacterial Tectiviridae
family of tailless icosahedral viruses includes one thermophilic member,
Thermus phage P37-14. Neither genomic sequence, nor a structural
characterization is published for P37-14. Hence, its classification as a tectivirus
is arguable and it might rather be a sphaerolipovirus. Thermus phage PH75 is
the only described thermophilic inovirus (Pederson et al. 2001). The virus is not
listed in the ICTV record.

In conclusion, only a vanishingly small number of extremophilic viruses
are known to infect bacteria while the opposite is true for archaeal viruses.
Here, all described viruses have been isolated from extreme habitats. The huge
diversity of novel virus forms detected in hyperthermophilic environments is
reflected in the accelerating number of novel archaeal virus families assigned by
the ICTV within the last decade. Ten new families have been added. On the
contrary, the taxonomy of bacteriophage families is unaltered for 30 years and
newly assigned genera all fall into the existing ten families, mostly into the
three Caudovirales families.
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TABLE 4 Families of prokaryotic viruses according to the 2013 release of the ICTV
(ICTV 2014). Families Sipho-, Myo- and Podoviridae belong to the order
Caudovirales spanning the domains of bacteria and archaea. Lipothrix- and
Rudiviridae belong to the archaeal order Ligamenvirales (assigned 2012).
Species numbers refer to species listed by the ICTV. Squares indicate the
presence of thermophilic (red) or halophilic (green) members in a given

family.
Bacteria species assigned Archaea species assigned
Siphoviridae == 86 1984 Siphoviridae am 1 1984
Myoviridae 30 1981 Myoviridae = 1 1981
Podoviridae = 31 1981 Podoviridae =/ 1981
Plasmaviridae 1 1978 Lipothrixviridae = 9 1990
Corticoviridae 1 1978 Rudiviridae = 3 1997
Tectiviridae (] 1978 Fuselloviridae 1 1993
Inoviridae = 43 1978 Guttaviridae = 1 2004
Microviridae 12 1978 Globuloviridae = 2 2008
Cystoviridae 1 1978 Ampullaviridae 1 2008
Leviviridae 4 1978 Bicaudaviridae = 1 2009
Clavaviridae =1 2011
Spiraviridae = 1 2013
Turriviridae = 2 2013
“Pleolipoviridae” m 8 not assigned
Sphaerolipoviridae ~ mm 2 2014* Sphaerolipoviridae mm 4 2014*

* assigned according to the latest taxonomy release (ICTV 2015)

The wunification of bacterial and archaeal viruses in the family
“Sphaerolipoviridae” (Dyall-Smith et al. 2013b) is based rather on similarities in
structure and genome arrangement of specific core genes than on actual
sequence similarities, an approach not well accepted by the ICTV in the past.
However, the recent establishment of the order Ligamenuvirales indicates that the
structural-based approach for defining common ancestry is henceforth accepted
by the ICTV: a major criterion to unify viruses of the families Lipothrix- and
Rudiviridae within a new order is the structural similarity of their major capsid
proteins (Prangishvili and Krupovic, 2012). Shortly before the publication of
this thesis, Sphaerolipiviridae was officially approved as a family and listed in the
latest ICTV taxonomy relaease (ICTV 2015). It has become clear that focussing
on sequence similarities is insufficient to discover higher order phylogentic
relationships. A combined approach of structural and genome comparison will
help to bring more order to the expanding viral universe. By including the
bacteriophage genus Gammasphaerolipovirus within Sphaerolipoviridae (11I),
Sphaerolipoviridae is the first family comprising bacteriophages assigned by the
ICTV since the classification of bacteriophages with long non-contractile tails
into the Siphoviridae family in 1984 (Table 4). Secondly, it is the only other family
besides the three families of the order Caudovirales that spans two domains of
life.
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6.2 The role of the P23-77 minor capsid protein VP11 in capsid
assembly

6.2.1 VP11 is excluded as a penton protein

By fitting the high resolution structures of VP16, VP17 and the VP16/VP17-
complex into the P23-77 cryo-EM density map, it was possible to create a
reliable capsid model, in which the whole capsid could be assembled from three
building blocks, namely a VP16 dimer, a VP16-VP17 heterotrimer and a VP16-
VP17 heterotetramer, revealing a unique assembly mode not observed before in
viruses (Rissanen et al. 2013). According to the model, the two major capsid
proteins are unevenly distributed in the capsid. The 5-fold vertices are
exclusively surrounded by large major capsid protein VP17, excluded from the
3-fold axes by assembly frontiers (Rissanen et al. 2013). The vertices of some
icosahedral viruses are occupied by penton proteins that exhibit the canonical
jelly-roll fold (Abrescia et al. 2004, Zubieta et al. 2005, Abrescia et al. 2008,
Veesler et al. 2013). The three-dimensional reconstruction of the virion indicated
that this should be also expected in P23-77 (Jaatinen et al. 2008). The results
obtained in this study (IV) clearly demonstrate that VP11 - although the only
identified capsid-associated protein besides VP16 and VP17 (Jalasvuori et al.
2009) - is not the penton in P23-77. Firstly, far UV-spectra received from circular
dichroism (CD) measurements revealed a high content of a-helices
contradicting the presence of an eight stranded beta-barrel. Secondly, the
estimated copy number of 147 (calculated from comparison of band intensities
in Coomassie stained polyacrylamid gels) was too high to fit for a penton
protein (60 copies in an icosahedral capsid with 12 vertices). Thirdly, the only
oligomeric state we observed for VP11 was a dimer.

6.2.2 VP11 links the outer capsid shell to the internal membrane

The results received from lipid-protein interactions in DLS measurements (5.1.3,
Fig. 3) in combination with the dissociation behavior of VP11 (Jalasvuori et al.
2009) and the lack of predicted transmembrane helices strongly suggest that the
minor capsid protein VP11 serves as a linker between the internal membrane
and the outer protein shell. The binding of VP11 to the outer surface of the
membrane is primarily based on electrostatic attraction of positively-charged
protein surface domains with anionic phospholipids as shown for several
protein species (Mulgrew-Nesbitt et al. 2006). The highly positive surface charge
of VP11 (pI = 10.71) also accounts for its capability to interact with other
negatively-charged molecules such as DNA, yet DNA-binding is most likely not
a biological function of VP11 in the virion. VP11 has no homologs in related
virus and proviruses. Yet, related virus IN93 and provirus TP1 carry genes,
located at similar positions with respect to ORF11 in P23-77, encoding highly
positively charged, a-helical proteins (Fig. 1, IV). Those showed similarity to
structural proteins of thermophilic archaeal viruses such as SSV-1 protein VP2,
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STIV2 protein B72 and Archaeoglobus veneficius SNP6 putative provirus (Reiter et
al. 1987, Happonen et al. 2010, Makarova ef al. 2014). VP2 is proposed to
function in genome packaging based on its capability to bind DNA (Reiter ef al.
1987). The results presented here suggest a localization of VP11 underneath the
capsid shell (separated from the genome by the membrane). This implies
alternative functions for positively-charged proteins found in the virions of
other lipid containing viruses infecting thermophiles.

The minor capsid protein interacts with the internal viral membrane on
the one hand and with VP17, but not with VP16, on the other hand. The
membrane-association of VP11 seems to be a prerequisite for the binding of the
large major capsid protein. Capsid protein binding might involve the N- or C-
terminus of VP17, both disordered in the crystal structure (Rissanen et al. 2013).
Hydrophobic residues are thought to anchor the N-terminus of VP17 to the
internal membrane (Rissanen et al. 2013) as observed for the MCPs of other
double beta-barrel viruses (Abrescia et al. 2004, Cockburn et al. 2004, Khayat et
al. 2010, Veesler et al. 2013). The N-terminus in turn is connected by a proline-
rich linker to the rest of the protein (Rissanen et al. 2013). This linker may
provide an interaction site with VP11 since proline rich regions are often
involved in protein-protein interactions (Williamson 1994).

6.2.3 VP11 facilitates the capsid assembly

The biophysical characteristics of VP11 received from CD- and DLS-
measurements strongly resemble those of scaffolding proteins of head-tail
viruses (Prevelige and Fane 2012, Mateu 2013): a predominately a-helical
structure, elongated shape, structural flexibility, and protein binding via
electrostatic interactions. The scaffolding proteins of podoviruses P22 and Phi29
have a linear shape and high content of a-helices (Fuller and King, 1982, Tuma
et al. 1998, Morais et al. 2003). Positive charges on the surface of the C-terminal
helix of the P22 scaffolding protein mediate the electrostatic interaction with the
major capsid protein (Cortines et al. 2011). Experiments with a P22 scaffolding
protein mutant, which formed disulfide cross-linked dimers, revealed a
significantly faster assembly than with wild-type protein, implying an active
role for dimers in capsid assembly (Parker ef al. 1997). The same might apply for
the role of VP11 dimers in the P23-77 assembly. Scaffolding proteins act as
chaperones in capsid assembly and are removed from the procapsid before or
during genome packaging (Prevelige and Fane 2012). In contrast to those, VP11
is not removed during capsid assembly and constitutes a significant component
of the mature virion. Thus, VP11 is not a scaffolding protein sensu stricto.
However, the similarities point to a function in assisting the correct assembly of
the capsid by facilitating the binding of capsid components. In some double
beta-barrel viruses, capsid and membrane are linked by the termini of the MCPs
or integral membrane proteins (2.5). P23-77 viral particles are exposed to
extremely high temperatures. Thus, additional factors are required to enhance
the rigidity of the capsid. By tightly linking the capsid shell to the membrane,
VP11 might represent such a factor.



51
6.2.4 The P23-77 capsid assembly

The mechanism of genome encapsidation is unknown. It is questionable if the
capsid assembly of P23-77 includes a procapsid stage. Empty particles are rarely
seen in virus preparations (Jaatinen et al. 2008) and there is so far no evidence
for the presence of a special vertex for packaging the genome. Genome
packaging into empty procapsids occurs predominantly in viruses with linear
dsDNA genome (Earnshaw et al. 1980, Hong et al. 2014). The packaging
mechanism might be different for viruses with circular genome. In marine
bacteriophage PM2, the closest relative of P23-77 with respect to the MCP
protein fold, the capsid is assumed to assemble around the pre-condensed
circular dsDNA genome (Abrescia et al. 2008). P23-77 has a circular dsDNA
genome as well. Thus, the assembly may also start around the already pre-
condensed genome or around a partially condensed genome with further
condensation taking place during the assembly process. However, the genome
of P23-77 encodes the canonical P9-type genome packaging ATPase (lyer et al.
2004, Stromsten et al. 2005), which is common to all membrane containing
icosahedral dsDNA viruses and one of the elements we used to define the
relatedness of sphaerolipoviruses (I, IlI). In PM2, the ATPase P9 is a structural
component of the virion (Ménnistdo ef al. 1999, Kiveld et al. 2002).
Consequentially, one should expect an ATPase-driven packaging of the genome
into an empty procapsid as exemplified in enterophage PRD1 (Gowen et al.
2003, Stromsten et al. 2005). Recently, the ATPase of double beta-barrel virus
STIV2 was characterized (Happonen et al. 2013). The enzyme can bind circular
DNA, but only linear DNA stimulated the hydrolysis of ATP. Thus, further
experiments are needed to elucidate the role of such ATPase in the packaging of
circular genomes. The virus lipids are acquired selectively from the host
membrane (Jalasvuori et al. 2009). As in hyperthermophilic virus STIV (Rice et
al. 2004, Veesler et al. 2013), a transmembrane channel beneath the vertices is the
only visible connection in cryo-EM images, suggesting the vertices as starting
points of the capsid shell assembly (Veesler et al. 2013, Rissanen et al. 2013).
Thus, the tight anchoring of a yet unknown vertex complex to the newly
formed membrane might serve as a nucleation point for the capsid assembly,
with VP11 functioning as a trigger. Electrostatic forces enable binding of minor
capsid protein VP11 to the membrane. VP11 dimers form a mesh along the
outer membrane surface on which major capsid protein VP17 assembles. The
assembly starts at the vertices, which are exclusively surrounded by VP17
(Rissanen et al. 2013). Binding of VP17 in turn attracts dimers of small major
capsid protein VP16 to bind to VP17. The correct assembly of the various capsid
building blocks is facilitated by specific interaction of the minor capsid protein
VP11 with VP17, but not with VP16. Capsid reinforcement is probably achieved
by strong disulfide bond formation in VP11 dimers, binding of the VP17 N-
terminus to the membrane, membrane connections at the vertices and
electrostatic forces between the minor capsid protein and lipids as well as
between the major capsid proteins in the protein shell. The role of the minor
capsid protein VP11 in capsid assembly is regarded as an assisting one. It
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facilitates the correct incorporation of the two major capsid proteins and
enhances rigidity at high temperatures rather than forming a scaffold analogous
to scaffolding proteins of tailed phages. This function is most likely fulfilled by
the internal membrane and integrated proteins therein. The complex capsid
assembly involving various building blocks of two proteins instead of one
stable trimeric protein appears to be more error prone and subsequently not as
efficient as the double beta-barrel way of assembly. This might explain why this
form of capsid structure is so far exclusively found in viruses from extreme
environments while the double beta-barrel viruses are widely spread
throughout the biosphere.



7 CONCLUSION

The main findings and contributions of the thesis are:

The two major capsid proteins of P23-77 were successfully expressed in
E. coli and purified to homogeneity using chromatographic methods.
Optimization of crystallization trials yielded in the production of five
well diffracting crystals (maximum resolution between 1.26-2.92 A)
derived from the small MCP (from recombinant protein and from virion
material), the large MCP, and a complex of the two MCPs. The crystals
provided the essential prerequisite for the determination of the MCP
structures by X-ray crystallography (Rissanen et al. 2013), which defined
P23-77 as an archetype of an ancient viral lineage.

The comparative analysis of the genomes and the available structural
information of members of the P23-77- like viral lineage was combined to
create a new viral genus Gammasphaerolipovirus within the novel family
of “Sphaerolipoviridae”. Comparative genomics of viral self elements
revealed the presence of several sphaerolipovirus-related proviral
sequences in the genomes of thermophilic bacteria and halophilic
archaea. The detection of proviral sequences in the genomes of
Meiothermus species expands the distribution of the family on the
bacterial branch from extreme thermophilic (~75 °C) to moderate
thermophilic environments (~55 °C).

With the addition of a bacteriophage genus to the existing archaeal virus
genera, Sphaerolipoviridae is now the only family comprising viruses from
two domains of life besides the Caudovirales families of tailed icosahedral
dsDNA viruses. Moreover, it is the first bacteriophage family proposed
for over 30 years. The unification of the increasing number of so far
unclassified P23-77-like viruses within a distinct taxon will help scientists
dealing with such viruses. Novel viruses of the same type can be easily
assigned to the family.
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The minor capsid protein VP11, the third capsid-associated component
of the P23-77 virion, was characterized in detail. VP11 is a highly heat
stable a-helical, dimeric protein with a proposed flexible structure. It
interacts with Thermus derived lipids and the large major capsid protein
VP17. The protein-lipid interaction is mainly based on electrostatic
forces. VP11 is localized between the outer shell and the inner
membrane, where it might stabilize the capsid and facilitate capsid
assembly. The minor capsid protein presumably acts as an assembly
factor, controlling the incorporation of the various capsid building blocks
by the selective interaction with the large but not the small major capsid
protein.
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YHTEENVETO (RESUME IN FINNISH)

Thermus-bakteriofagi P23-77: muinaisen ddriolosuhteiden virussuvun merkit-
tiva jasen

Virustutkimus on perinteisesti keskittynyt taudinaiheuttajiin, jotka tartuttavat
ihmisid, karjaa ja viljelykasveja. Aitotumalliset eldimet, kasvit ja sienet edusta-
vat kuitenkin vain pientd osaa biosfddrin elidistd; suurin osa kaikista lajeista
kuuluu esitumallisiin bakteereihin ja arkkeihin. Ndiden eliiden viruksia onkin
valtavasti maapallolla, huomattavasti enemmén kuin solullisia organismeja.
Viimeaikainen tutkimus on nostanut esiin esitumallisia infektoivien virusten
merkityksen ekosysteemeille ja niiden vaikutuksen ilmastoon sekd globaaleihin
energia- ja hiilisykleihin. Virukset ovat myos vaikuttaneet elaméan kehitykseen
elamédn synnyn ajoista alkaen. Ne ovat kehittyneet yhdessd isdntiensa kanssa
miljardien vuosien ajan ja olleet merkittdva solullisen elaman kehitystd ajava
tekija. Tama tutkimus késittelee muinaista tyyppid edustavan, bakteereja infek-
toivan kuumien ldhteiden viruksen rakenteita ja sen sukulaisuussuhteita mui-
hin nykypdivén viruksiin.

Kuumien ldhteiden lajikirjo on tyypillisesti muita vesistdjd kapeampi.
Nadistd ympiéristoistd eristetyt virukset ilmentédvat kuitenkin suurempaa muoto-
jen eli morfologioiden kirjoa kuin missddn muualla on tavattu. Tamé yllattava
loyto viittaa sithen, ettd kuumien ldhteiden kaltaisissa ddriolosuhteissa voi sel-
viytyd virustyyppejd, joita ei endd esiinny missddn muualla. Aériolosuhteiden
suojaavan vaikutuksen esitetddn perustuvan niiden samankaltaisuuteen mui-
naisten elinymparistojen kanssa sekd niissd vallitsevaan negatiiviseen valinta-
paineeseen, joka voi hidastaa elididen erilaistumista. Aériolosuhteiden virukset
ovat suurelta osin tieteelle tuntemattomia tai heikosti karakterisoituja.

Uuden-Seelannin kuumista ldhteistd eristetty virus, bakteriofagi P23-77,
infektoi Thermus-suvun bakteereita. P23-77 koostuu ikosaedrin muotoisesta
kuoresta eli kapsidista, joka sulkee sisddnsa lipidikalvon ja viruksen kaksijuos-
teisen DNA-genomin. P23-77:n kapsidi rakentuu péédosin kahdesta kapsidipro-
teiinista, joiden jédrjestdytyminen viruksen kuoressa poikkeaa aiemmin havai-
tuista kapsidiarkkitehtuureista.

Tassd tutkimuksessa raportoidaan useiden ddriolosuhteiden elididen, mu-
kaanlukien korkeassa lampotilassa esiintyvien bakteerien ja korkeassa suolapi-
toisuudessa esiintyvien arkkien, kantavan genomissaan jdanteitd bakteriofagi
P23-77:n kaltaisista viruksista. Ndiden havaintojen perusteella esitetddn bakte-
riofagin P23-77 ja genomisten viruselementtien kuuluvan ennen tuntematto-
maan virussukulinjaan, jonka jasenet kykenevit infektoimaan sekd arkkeja ettd
bakteereja. Jatkotutkimuksessa havaittiin, ettd morfologisiin ja geneettisiin piir-
teisiin, erityisesti kolmeen ydingeeniin (kaksi kuoriproteiinia ja ATPaasi), pe-
rustuen bakteriofagi P23-77 lukeutuu virusheimoon Sphaerolipoviridae. Heimon
sisdlld P23-77:n piirteet madarittelevat uuden suvun Gammasphaerolipovirus. Eh-
dotus uudesta virussuvusta on toimitettu virusten luokittelusta vastaavalle eli-
melle, ICTV:lle (International Committee on Taxonomy of Viruses).
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Viitostutkimuksessa selvitettiin myds menetelmét P23-77:n kahden pai-
asiallisen kapsidiproteiinin (VP16 ja VP17) tuottamiseen, puhdistamiseen ja ki-
teyttdmiseen rontgensadekristallografista rakennetutkimusta varten. Kiteytetty-
jen kapsidiproteiinien rakenteet osoittivat P23-77:n kuuluvan vertikaalisten be-
ta-tynnyrivirusten sukulinjaan ja ilmentdvén piirteitd, jotka todenndkoisesti
muistuttavat sukulinjan muinaista esi-isdd. Kapsidiproteiinien VP16 ja VP17
lisdksi tutkimuksessa kehitettiin menetelmét kapsidiproteiinin VP11 puhdista-
miseen, médritettiin proteiinin VP11 ominaisuudet ja selvitettiin sen merkittava
rooli viruksen kapsidin rakentumisessa. VP11 on erittdin lampdostabiili, helikaa-
linen ja dimeerejd muodostava rakenneproteiini, joka kykenee sitoutumaan
Thermus-suvun bakteereista eristettyihin lipideihin sekd kapsidiproteiiniin
VP17. VP11 liittd4 toisiinsa viruksen sisdisen lipidikalvon ja kapsidiproteiineista
VP16 ja VP17 muodostuvan kuoren. Nama ominaisuudet viittaavat siihen, ettd
VP11 stabiloi kapsidin rakenteen ja ohjaa sen rakentumista viruksen monistu-
misen aikana. VP11 edustaa aiemmin tuntematonta proteiinityyppid, jolla on
merkittavd rooli ikosaedraalisten, lipidikalvon sisdltdvien virusten kapsidin
rakentumisessa. Kokonaisuudessaan viitostutkimus tarjoaa laajan geneettisen
ja biokemiallisen analysin uudesta ddriolosuhteiden virussuvusta ja sen tyyppi-
lajista, bakteriofagista P23-77.
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Viruses SH1 and P23-77, infecting archaeal Haloarcula species and bacterial Thermus species, respectively,
were recently designated to form a novel viral lineage. In this study, the lineage is expanded to archaeal

Halomicrobium and bacterial Meiothermus species by analysis of five g

core genes with these viruses.

grated el ts that share the

Viruses appear to form lineages that span different domains
of life (1-3, 5, 13-15). Recently, a novel lineage of viruses and
virus-like genetic elements of halophilic archaea and thermo-
philic bacteria was identified (13). The members of the lineage
include the Thermus thermophilus virus P23-77 (11), the Ther-
mus aquaticus virus IN93 (17), the Haloarcula hispanica virus
SH1 (4), the Haloarcula salinarium plasmid pHH205 (29), and
a genome-integrated element of Halobacterium marismortui.
Structural analysis of P23-77 and SHI revealed that both vi-
ruses form icosahedral capsids with triangulation number 28,
decorate capsomers with similar types of tower-like structures,
and contain an inner lipid membrane beneath the protein
capsid (10, 11). The genomes of the viruses and the plasmid are
formed of double-stranded DNA molecules that range from
~16 kbp to ~31 kbp in length. All of the above-mentioned
genetic elements share three common genes, two coding for a
small and a large major coat protein (sMCP and IMCP, re-
spectively) and one coding for a putative genome-packaging
ATPase, all arranged in similar orders in the genome (13). The
cryoelectron microscopy structures of P23-77 and SHI1 suggest
that the base of the capsomer could be formed of a hexameric
single beta-barrel protein (10, 11), in contrast to the pseudohex-
americ double beta-barrel capsomer structure of the PRD1 ad-
enovirus lineage (15). However, the packaging ATPases share
sequence similarity with the ATPases of this previously dem-
onstrated virus lineage (13, 15). These notions lead to the
suggestion that P23-77-like viruses might build an early diver-
gent branch of the widespread lineage of beta-barrel capsid-
containing viruses. Recently, the genomes and functions of
some genes of the temperate virus IN93 were also studied (16,
17). IN93 was shown to contain four transcriptional units.
Three of them are transcribed in the same direction, and they
were active during the lytic cycle. One is transcribed in the
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opposite direction and is active during the lysogenic cycle.
Moreover, a novel thermostable lysozyme from IN93 was dis-
covered (17).

In this study, we analyzed five new virus-related, genome-
integrated elements belonging to the lineage of P23-77-like
viruses. All of these elements contain genes for the major
capsid proteins and the putative packaging ATPase. Two of the
elements reside in the genomes of bacterial Meiothermus spe-
cies (20), two in archaeal Halomicrobium species (21), and one
in Haloarcula species (9), thus widening the distribution of
members having a putative single beta-barrel capsid protein in
the families of Thermaceae on the bacterial tree and Halobac-
teriaceae on the archaeal tree. There are currently no particle-
forming viruses characterized for Halomicrobium or Meiother-
mus; therefore, the genetic elements described in this study
provide the first evidence of genomic evolution by unique virus
types in these bacterial and archaeal species.

Chromosome-integrated, virus-like sequences in the ge-
nomes of Meiothermus and Halomicrobium species. The ge-
nomes of Meiothermus ruber DSM 1279 (GenBank accession
no. ABUF00000000) and Meiothermus silvanus DSM 9946
(ABUG00000000) contain genes with clear similarity to major
capsid proteins of phages P23-77 and IN93. Closer analysis
revealed that both Meiothermus genomes contain a P23-77-
related provirus. They were designated MeioRubP1 and
MeioSilP1, for the genome-integrated element in M. ruber and
that in M. silvanus, respectively. However, the putative pack-
aging ATPase gene, which is one of the core genes of the
P23-77-like viruses, was missing in the genome-integrated pro-
virus of M. silvanus, due to an incomplete genomic sequence.
We sequenced the missing gap (using methods similar to those
described in reference 13) in order to obtain the full provirus
sequence. The gap was ~1,000 bp in length, and it contained a
gene for a putative packaging ATPase. The boundaries of the
integrated elements were determined by studying the genes
surrounding the obvious virus-related sequence. Directly
downstream of both the MeioRubP1 and the MeioSilP1 se-
quence are arginine tRNA genes. tRNA genes are known to be
common sites for bacteriophage integration (6). Obvious host
genes (OHCU [2-0x0-4-hydroxy-4-carboxy-5-ureidoimidazo-
line] decarboxylase- and predicted HDIG domain-containing
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FIG. 1. Comparison of the MeioRubP1 and MeioSilP1 elements. Functions of the genes, where they are mentioned, are based on BLAST

results.

proteins) follow the tRNA genes. Upstream of the phage-
related integration cassette in M. ruber is a gene for protopor-
phyrinogen oxidase, a common bacterial gene. In M. silvanus,
the last virus-related gene (related to IN93 gene 29) encodes a
protein with homology to a site-specific recombinase, which is
followed by three widespread transposase genes and other host
genes.

A genome-integrated, virus-like element from the genome
of Haloarcula marismortui was discovered previously (ATCC
43049) and was designated IHP for integrated Haloarcula pro-
virus (13). THP has a set of genes in common with the Halo-
arcula hispanica virus SH1 and the Halobacterium salinarium
plasmid pHH205. Two new elements in the genomic sequence
of Halomicrobium mukohataei DSM 12286 (GenBank acces-
sion no. CP001688) were discovered. These new elements were
designated HaloMukP1 and HaloMukP2. All three genome-
integrated elements, IHP, HaloMukP1, and HaloMukP2, have
at their opposite ends genes encoding a putative zinc finger
protein and a phage integrase. Beyond these genes, the homo-
logues between the genetic elements do not exist. The loca-
tions of the open reading frames (ORFs) of all of the genome-
integrated elements are listed in Table S1 in the supplemental
material.

Analysis of the g tegrated el ts. A comparison
of the genetic elements of MeioRubP1 and MeioSilP1 is pre-
sented in Fig. 1. The elements are 16 kbp and 21 kbp for
MeioRubP1 and MeioSilP1, respectively. The longer sequence
of MeioSilP1 is partly due to the difference in transposases
(ORFs 38 and 39) and a region that appears to have been
acquired from a bacterial genome (genes 25 to 27). Indeed, it
is possible that MeioSilP1 is a defective virus, due to the dis-
turbed sequence. Matsushita and Yanase have experimentally
demonstrated a transfer of transposable element 1StaqTZ2
from the Thermus thermophilus TZ2 genome into the genome
of IN93 (18), suggesting that such events occur spontaneously.
Moreover, there is a short region after ORF 39 in the
MeioSilP1 element which shows similarity to MeioRubP1
ORF 32 but which is not part of any ORFs of MeioSilP1.
Therefore, the predicted sequences of the phage integrase

“mr” indicates the protein identity for the matching region in the pairwise protein alignment.

gene (ORF 37, the region after ORF 39, and ORF 42) of
MeioSilP1 appear to have been divided into pieces due to
integration of transposases and other non-provirus-originated
genes (ORFs 40 to 44). Possibly, transposases that recognize
phage integrase sequences can be favorable for the host by
rendering genome-integrating viruses defective. Interestingly,
the genes encoding sSMCPs are only 30% identical. They were
previously determined to be the most conserved genes within
the lineage (13). Alignment of the genes does not indicate that
a frameshift event has occurred, thus suggesting that the SMCP
protein has evolved structurally to a somewhat different form
or altered the interactions with other structural proteins. In
line with this is, for example, the notion that some of the genes
that were determined to encode minor structural components
of the P23-77 virion (gene 11 and gene 29) have no homo-
logues in the MeioRubP1 element and that the homologues
with structural proteins VP19, VP20, and VP22 were only
~20% identical at the protein level. Moreover, and differently
from MeioRubP1, a homolog with gene 29 of the P23-77 ge-
nome was present in the MeioSilP1 element. These aspects
indicate a structural evolution in the hypothetical virions of
MeioRubP1 and MeioSilP1. The cell-wall-digesting enzymes
are different in MeioRubP1 and MeioSilP1.This follows the
pattern in the related viruses P23-77 and IN93 (13) and, for
example, some tectiviruses (26).

A comparison of the genetic elements of IHP, HaloMukP1,
HaloMukP2, and pHH205 is presented in Fig. 2. In these
elements, the genes encoding SMCP, IMCP, and ATPases were
generally the most conserved. Indeed, the major capsid pro-
teins of HaloMukP1 and HaloMukP2 are almost 100% iden-
tical, but many of the other common genes were only around
40% identical (interestingly, also including the putative pack-
aging ATPase). Most of the genes in these elements were
shared by at least one other member of the lineage, but many
genes showed no similarities to any known genes.

The elements of the lineage have adapted to use various life
strategies. SH1, IN93, and P23-77 are true viruses, pHH205
has been reported to be a plasmid, and the five other elements
are integrated into the host genome. Interestingly, all of the
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genome-integrated elements have many genes with homo-
logues to regulatory and/or DNA binding functions, suggesting
that their temperate life strategies are more dependent on
these genes. As opposed to the integrated elements, the lytic
viruses (P23-77 and SH1), with their straightforward lytic life
strategy, have no homologues to such genes.

Phylogenetic order and geographical distribution. The phy-
logenetic relationships and the geographical distributions of
the members of the lineage are presented, respectively, in Fig.
S1 and S2 in the supplemental material. The evolutionary
histories were inferred as described in reference 13, using
previously described methods (8, 19, 23, 24, 27, 28, 31). The

separation orders of the elements appear to be rather similar
regardless of which of the lineage-defining genes are used to
build the tree. However, minor differences exist, suggesting
either that the evolutionary rates of these genes are not uni-
formly constant but may occasionally take a faster pace or that
individual genes may be exchanged with related elements. The
elements in Archaea and Bacteria form their own branches,
suggesting that they have evolved separately. The putative sin-
gle beta-barrel lineage resides in two very distantly related
hosts, one group being thermophilic bacteria and the other
being halophilic archaea. All of the hosts are able to thrive in
moderately high temperatures, as even most of the less ther-
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mophilic species of Meiothermus and Halomicrobium have op-
timal growth temperatures between 50 and 60°C (20, 22). It is
possible that the specific pattern in which one of the hosts is a
true thermophile is not a coincidence but a direct result of
better chances of survival of ancient virus types in thermal
environments (12). The elements are distributed equally on
Earth, suggesting that they are common in any of the natural
habitats of their hosts. Furthermore, they are common in the
currently sequenced genomes of Meiothermus species and
members of the order Halobacteriales but have not been dis-
covered in any other cellular groups.

Bacterial and archaeal genomes are noted to contain many
ORFans (i.e., ORFs with no matches in current databases)
(25). Their share of the genomic content has remained steady
despite the growing number of sequenced genomes (30). Inte-
grative elements, such as viruses, plasmids, and transposable
elements, are suggested to be responsible for a large number of
the currently annotated ORFans (7). We have demonstrated
here that a unique group of genome-integrating, virus-related
elements can be relatively common in few groups of distantly
related cellular groups and that these elements can have a
number of putative genes with no matches in the previously
sequenced genomes. Therefore, it is possible that a portion of
the ORFans in bacterial and archaeal genomes may be related
to some unique and ancient Viruses.

Nucleotide bers. The M. silvanus
provirus iequence has been deposited in GenBank under ac-
cession number HM140848.

This work was supported by the Finnish Centre of Excellence Pro-
gram of the Academy of Finland (2006-2011), grant 1129648
(JK.HB.).
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Crystallization and preliminary crystallographic

analysis of the major capsid proteins VP16 and
VP17 of bacteriophage P23-77

Members of the diverse double-p-barrel lineage of viruses are identified by the
conserved structure of their major coat protein. New members of this lineage
have been discovered based on structural analysis and we are interested in
identifying relatives that utilize unusual versions of the double-g-barrel fold.
One candidate for such studies is P23-77, an icosahedral dsDNA bacteriophage
that infects the extremophile Thermus thermophilus. P23-77 has two major coat
proteins, namely VP16 and VP17, of a size consistent with a single-S-barrel core
fold. These previously unstudied proteins have now been successfully expressed
as recombinant proteins, purified and crystallized using hanging-drop and
sitting-drop vapour-diffusion methods. Crystals of coat proteins VP16 and VP17
have been obtained as well as of a putative complex. In addition, virus-derived
material has been crystallized. Diffraction data have been collected to beyond
3 A resolution for five crystal types and structure determinations are in progress.

1. Introduction

Analysis of virus structures determined over the past 30 years has led
to the concept of ‘viral self” elements that can be used to trace ancient
evolutionary relationships (Benson et al., 1999; Bamford et al., 2005).
‘Viral self’ elements, vertically inherited elements that are required
to assemble a virion, such as capsid proteins, are key to the survival
of the virus; thus, while viral DNA may change, the structure and
architecture of the virus and its capsid proteins are preserved. One
such lineage, identified by conserved protein structures, containing
adenovirus and the bacterial virus PRDI traces its roots back to
the divergence of the domains of life (Krupovic & Bamford, 2008;
Bamford er al., 2005). Modern members of this lineage are identified
primarily by a capsid protein fold containing a double B-barrel. This
structural signature has been observed in viruses such as adenovirus,
PRDI1, STIV, PBCV-1, PM2 and recently vaccinia virus (Abrescia et
al., 2004, 2008; Bahar et al., 2011; Khayat et al., 2005; Nandhagopal
et al., 2002; Rux et al., 2003; Liu et al., 2010; Reddy et al., 2010), that
infect hosts from different domains of life.

P23-77 is a bacteriophage which appears to possess structural
elements that bear a novel relationship to the adeno/PRD1 lineage.
It has a T = 28 icosahedral capsid, ~800 A across, with an internal
lipid membrane enclosing a circular dsDNA genome (Yu et al., 2006;
Jaatinen et al., 2008; Jalasvuori er al., 2009). The genome is approxi-
mately 17 000 nucleotides in length and contains 37 putative ORFs,
ten of which code for structural proteins (Jaatinen er al., 2008;
Jalasvuori et al., 2009). P23-77 has two major coat proteins, VP16
(20 kDa) and VP17 (32 kDay); they form, in an approximate 1:1 ratio,
a viral capsid with an unusual base-and-tower architecture reminis-
cent of the capsomeric structure observed in some members of the
adeno/PRD1 lineage but sited at positions in the icosahedral virus
that are not allowed for the adeno/PRD1 trimeric capsomers. Thus,
while in the adeno/PRD1 lineage the pseudo-hexameric capsomers
are formed by trimers composed of subunits harbouring a double-
p-barrel fold, in P23-77 some capsomers lie on icosahedral twofold
axes. This organization has only recently been identified in
extremophile viruses and has not been characterized at the level of
protein structure (Jaatinen et al., 2008; Jdilinoja et al., 2008). In
addition, sequence analysis of the packaging ATPase of P23-77
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suggests a relationship to the adeno/PRD1 double-B-barrel lineage.
P23-77 may belong to an unknown ancestral branch of the double-f-
barrel lineage that utilizes single-p-barrel core structures instead of
the duplicate version and has modern members among extremophile
viruses, including the archaeal virus SH1 (Jalasvuori et al., 2009,
2010). Here, we report the crystallization and preliminary diffraction
analysis of VP16 and VP17, with the aim of ultimately solving their
structures by X-ray crystallography, in order to shed light on the
origins of P23-77 and its relatives.

2. Materials and methods
2.1. Plasmid construction

Genes ORFI6 and ORFI7 were PCR-amplified from the P23-77
genome using primers with restriction sites for Ndel and HindIII
and corresponding to full-length VP16 (1-173) and VP17 (1-291),
respectively. Purified restricted PCR fragments were ligated with
Ndel-HindIII-restricted expression vector pET22b(+) (Novagen) and
the resulting recombinant plasmids pIR1 (ORF17/pET22b) and pIR2
(ORF16/pET22b) were used to transform competent Escherichia coli
HMS174 (DE3) for high-level recombinant protein expression using
standard methods.

2.2. Protein expression and purification

Large-scale cultures of E. coli HMS174 (DE3) transformed with
each plasmid were grown (12 x 400 ml LB medium with 150 pg ml~"
ampicillin, 310 K, 230 rev min~") until the absorbance at 550 nm
reached 0.5, at which point recombinant protein expression was
induced by the addition of IPTG to a final concentration of 1 mM.
Cultures were grown for 22 h. Cells were collected by centrifugation,
resuspended to one hundreth of the original volume in 20 mM Tris
pH 7.4, 50 mM NaCl buffer and disrupted with a French press
(Thermo Fisher Scientific). Soluble fractions containing target
proteins were seperated from cell debris by centrifugation (Beckman
Ti-70 rotor, 33 000 rev min~", 2 h, 278 K).

Supernatants containing VP16 or VP17 were incubated at 363 K
for 10 min, which caused degradation of the less heat-stable host-
derived proteins. Degraded material was removed by centrifugation,
after which samples were concentrated and buffer-exchanged (20 mM
ethanolamine pH 9, 50 mM NaCl for VP16 and 20 mM ethanolamine
pH 9.5 for VP17) using an Amicon ultrafiltration system (Millipore).

VP16 was loaded onto an anion-exchange chromatography column
[5 ml Q HP HiTrap column (GE Healthcare) equilibrated with 20 mM
ethanolamine pH 9 at 295 K]. The flowthrough containing VP16 was
further purified by size-exclusion chromatography [HiLoad 26/60
Superdex 200 prep-grade column (GE Healthcare) equilibrated with
20 mM Tris pH 7.4, 150 mM NaCl at 295 K]. VP17 was purified with a
similar anion-exchange chromatography protocol in which the column
was equilibrated with 20 mM ethanolamine pH 9.5 and the protein
was eluted specifically with 50 mM NaCl. Fractions containing VP17
were purified by size-exclusion chromatography as for VP16. After
size-exclusion chromatography, fractions containing pure VP16 or
VP17 were pooled, concentrated, exchanged into 20 mM Tris pH 7.4
buffer and stored at 280 K. Purified VP16 and VP17 were concen-
trated using 10 kDa molecular-weight microconcentrators (Amicon).

2.3. P23-77 virus purification

Virus particles were produced in 7. thermophilus strain
ATCC33923 and purified as described previously (Jaatinen et al.,
2008). In brief, cells were infected at a cell density of 7 x 10% cfu ml™

with a multiplicity of infection (MOI) of around 10. Viral particles
were precipitated from the lysate with 12% polyethylene glycol
(PEG) 6000 and 0.5 M NaCl and concentrated to one twentieth of the
original lysate volume in TV buffer (20 mM Tris-HCI pH 7.5, 5 mM
MgCl,, 150 mM NaCl). Viruses were purified by rate zonal centri-
fugation [linear 5-20%(w/v) sucrose gradient in TV buffer,
23 000 rev min~"', 45 min, 298 K], followed by equilibrium centrifu-
gation in 1.30 mg ml~" CsCl, in TV buffer (21 000 rev min~", 16 h,
298 K). 2x purified viral particles were collected by differential
centrifugation (32 000 rev min™~", 4 h, 298 K) and the virus pellet was
suspended in TV buffer. Purified virus samples were stored at 295 K.

3. Results
3.1. Crystallization

Crystallization conditions for purified full-length VP16 (1-173) and
full-length VP17 (1-291) and the P23-77 virion were initially screened
by hanging-drop vapour diffusion using a Mosquito Nanodrop
Crystallization Robot (TTP LabTech) at the University of Jyviskyla,
Finland. Subsequently, final crystallization experiments were
performed at the Division of Structural Biology, Oxford University,
England either by setting up crystallization experiments manually or
by using the nanolitre high-throughput facility with sitting-drop sizes
of 1 ul + 1 pl and 100 nl + 100 nl (protein solution and crystallization
screen), respectively (Walter e al., 2005). Commercially available
crystallization screening kits (Hampton Research, California, USA,
Molecular Dimensions, UK and Emerald BioStructures, Washington,
USA) were used for all initial experiments. 576 crystallization
conditions were tested for VP16 and 288 conditions were tested for
VP17, whilst the VP16-VP17 complex was screened against 984
conditions. Virion crystallization was tested against 480 conditions.
All crystallizations were set up at room temperature (293-295 K). A
number of different crystal forms were obtained.

VP16 type 1 crystals grew within 1-2 weeks from microlitre drops
of protein (2-3 mg ml~") mixed in a 1:1(v:v) ratio with a solution
consisting of 5% (w/v) PEG 1000 and 5% (w/v) PEG 8000 dissolved
in autoclaved water (the crystallization drop was pH 7.4). Additional
screening experiments carried out in 96-well plates in the high-
throughput crystallization facility (Walter et al., 2005) yielded VP16
type 2 crystals. These crystals grew within days from 20%(w/v)
polyethylene glycol 6000, 0.1 M citrate pH 4.

VP17 crystals were obtained from drops consisting of 1 pl protein
solution (2-3 mg ml~") mixed with 1 pl 1.9 M sodium formate, 0.1 M
bis-Tris buffer pH 7.0. Crystals grew to full size in two weeks.

In an attempt to obtain the structure of a VP16-VP17 complex,
VP16 and VP17 were mixed at concentrations of 1.7 and 2.0 mg ml~",
respectively (i.e. a 1:1 molar ratio); one well diffracting crystal, which
was used for data collection, took three months to grow from 1.1 M
diammonium tartrate pH 7.

Crystals were also obtained from experiments using the whole
P23-77 virion. Crystallization conditions were screened in 96-well
plates with virion concentrations ranging from 1.0 to 2.5 mg ml~".
Thin needles appeared in various conditions, all of which contained
0.1 M citric acid pH 3.5 and PEG. Crystals appeared within 12 h to 8 d
depending on the buffer conditions, virion concentration and virus
preparation. Crystals used for diffraction analysis were grown in
microlitre drops which were set up manually at a virus concentration
of 2.4 mg ml~" and a virus:reservoir ratio of 1:1(v:v). The reservoir
solution consisted of 0.1 M citric acid pH 3.5, 20 mM Tris-HCI pH 7.5,
5 mM MgCl,, 150 mM NaCl and 25% PEG 3350. All five crystal types
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used for diffraction analysis of VP16, VP17, their complex and virion-
derived material are illustrated in Fig. 1.

3.2. X-ray characterization and data collection

All crystals were cooled in liquid nitrogen using glycerol mixed
with reservoir solution at 25%(v/v) as a cryoprotectant and exposed
to X-rays at 100 K. Initially, crystals of VP16 type 1 and VP17 were

Table 1
Data-collection and processing statistics.

characterized at Jyviskyld and Oxford using in-house X-ray equip-
ment. Subsequently, definitive data sets for all crystals were collected
at the Diamond Light Source synchrotron, Didcot, England as
follows. VP16 type 1 data were collected on beamline 103
(A = 0979 A) in high- and low-resolution sweeps, with the high-
resolution sweep consisting of 360 images with 0.5° oscillation per
image and an exposure time of 1 s per image. VP16 type 2 data were
collected on beamline 104 (% = 1.000 A) as 360 images with 1° and 1's

Values in parentheses are for the highest resolution shell. Each data set was collected from one crystal, except for the virus-derived crystal data set, which was collected from two.

VP16 type 1 VP16 type 2
Space group P6,22 )
Unit-cell parameters
a(A) 61.9 76.6
b (A) 61.9 68.6
c(A) 251.2 316
a () 90 90
BC) 90 96.4
- 120 90

v () .
Resolution (A) 62.8-1.80 (1.85-1.80) 34.3-126 (1.30-1.26)

Ruperget 0075 (1.045) 0.053 (0.626)
(o (1)) 307 (33) 23.1 (2.6)
Completeness (%) 100 (100) 85.8 (41.4)
Multiplicity 285 (21.0) 75 (65)

VP17 Putative complex Virus-derived crystals
P6,22 @ P2,2,2,

107.2 76.8 418

107.2 69.6 782

2338 81.6 405.8

90 90 90

90 105.0 90

120 90 90

59.7-2.26 (2.32-2.26)
0.082 (0.917)

39.6-1.53 (1.57-1.53)
0.064 (1.015)

51.2-2.92 (2.99-2.92)
0301 (1.492)

386 (53) 17.7 2.9) 6.4 (15)
100 (100) 98.4 (83.3) 99.9 (99.8)
355 (36.6) 6.3 (4.4) 63 (5.6)

t Ruerge = S X 1L 0KD) = (I(RKD) /3y 3, T(hkI), where T,(hkl) is the ith measurement and (I(kl)) is the weighted mean of all measurements 7,(hki).

0.2 mm

()
Figure 1

0.1 mm

()

Crystals of the major coat proteins of P23-77: (a) VP16 type 1, (b) VP16 type 2, (c) VP17, (d) putative complex, (e) virus-derived crystals. (b), (d) and (e) show crystals frozen

in loops that were used for data collection at the beamline.
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per image. VP17 data were collected on beamline 104 (A = 1.000 A) as
614 images with 0.5° and 1s per image. The data for the putative
complex were collected on beamline 124 (A = 1.071 A) as 1800 images
with 0.2° and 0.2 s per image. Data for the virion-derived crystal were
collected on beamline 124 (1 = 0.969 A) as 2 x 450 images with 0.2°
and 0.2's per image. All crystals diffracted to better than 3 A reso-
lution. Data were automatically processed with xia2/XDS (Winter,
2010; Kabsch, 1993) and the processing statistics are summarized in
Table 1.

4. Discussion

P23-77 major capsid proteins VP16 and VP17 have been purified,
crystallized and native data sets collected. The host of bacterio-
phage P23-77 is the extremophile 7. thermophilus and consequently
the thermal stability of the P23-77 proteins made purification
straightforward; raising the temperature of the clarified supernatant
to 363 K for 10 min degraded and precipitated most cellular proteins.

Preliminary data analyses indicate that the asymmetric units of
VP16 type 1 and VP16 type 2 are likely to contain one subunit of
VP16 each (corresponding to solvent contents of 65 and 41%,
respectively); the asymmetric unit of VP17 probably contains two
subunits of VP17 (corresponding to a solvent content of 59%) and
the asymmetric unit of the putative complex could accommodate one
subunit each of VP16 and VP17 (corresponding to a solvent content
of 40%). The unit cell of the crystal derived from virus crystallization
is far too small to contain the whole virus (which is some 800 A
across, exceeding a complete unit cell in every direction). It is very
likely to contain VP16 and/or VP17 (for example, six subunits of
VP16 in the crystallographic asymmetric unit would correspond to
a solvent content of 55%, whereas four subunits of VP17 would
correspond to 52% solvent). A search for heavy-atom derivatives is in
progress. Structures of major capsid proteins VP16 and VP17, which
are the building blocks of P23-77, and their complexes will provide
details of both their oligomeric states and how they assemble to form
part of the capsid of P23-77. This will contribute to the overall picture
of the evolutionary relationships in this diverse group of dsDNA
viruses.
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