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ABSTRACT 

 
The field of viral metagenomics has expanded our understanding of viral diversity 

from all three domains of life (Archaea, Bacteria and Eukarya).  Traditionally, viral 
metagenomic studies provide information about viral gene content, but rarely provide 
knowledge about virion morphology and or cellular host identity.  This thesis describes 
research to utilize culture-independent methods to identify and to characterize two new 
archaeal viruses starting with viral metagenomic sequences.   

The first virus, Acidianus tailed spindle virus (ATSV), was initially identified by 
bioinformatic analysis of viral metagenomic datasets from a high temperature (80° C) 
acidic (pH 2) hot spring located in Yellowstone National Park, USA.  ATSV was purified 
and characterized directly from environmental samples without dependency on culturing. 
Characterization included identification of the large tailed spindle shape virion 
morphology, determination of the complete 70.8 kbp circular ds DNA viral genome 
content, and identification of its cellular host.  The host of ATSV, Acidianus hospitalis, 
was determined using CRISPR/Cas identification and CARD-FISH, and was confirmed 
by culturing.  

Additional characterization of ATSV included solving the structure of the major 
coat protein (MCP) by X-ray crystallography.  The ATSV MCP reveals a decorated right-
handed four helix bundle.  The MCP is packed into the crystal as a four-start superhelix, 
for which the interfaces show biologically relevant interactions, indicating that ATSV 
might assemble using a multi-start helix.  CryoEM images of ATSV show striations 
extending across the virion, supporting an assembly model in which long protein strands 
form the spindle virion structure.  This is the first known model of spindle virus 
assembly.   

Culture-independent methods developed for ATSV purification and 
characterization were applied to a second virus, a pleomorphic particle found in high 
abundance in the CHAS viral fraction.  Using mass spectrometry identification, viral 
metagenomics, deep sequencing, and host identification, a full virus genome and a host 
were linked to the virus particle, named Stygiolobus pleomorphic virus (SPV).  SPV most 
likely represents a new virus family, with a unique particle morphology and gene content.  

Taken together, the results reported in this thesis provide an expanded pathway 
for the discovery, isolation and characterization of new viruses using culture-independent 
approaches.  
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CHAPTER 1 
 
 

VIRAL METAGENOMICS AND ARCHAEAL VIROLOGY: BRIDGING THE GAP 

Our knowledge and understanding of viral diversity is in its infancy. Looking 

only at viruses of Bacteria and Archaea, only ~5000 viruses  have been characterized (

Introduction 

1), 

almost exclusively using a limited number of cultured host species.  Around 11,000 

prokaryotic species have been classified (2), which is thought to be only about 1% of 

total species (3). Under the assumption that each bacterial and archaeal species can be 

infected with at least one virus, that would mean that there are hundreds of thousands of 

viruses waiting to be discovered. While the examination of cultured viruses over the past 

100 years has laid the foundation of modern virology, it has led to a distorted view of 

virus diversity and function in natural environments.  The overarching goal of the 

research presented in this thesis is to develop culture-independent approaches to access 

viral diversity and function that rivals traditional culture-dependent approaches. 

The limits of culture-dependent approaches to virus discovery are especially 

apparent for the discovery and characterization of archaeal viruses, with very few 

characterized representatives, and relatively little known about the archaeal viruses that 

have been studied. Since the discovery of archaeal viruses in 1974 (

Features of Archaeal Viruses 

4), only 117 have 
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been characterized to the level of full virus genome sequencing (5).  Remarkably, this 

modest number of archaeal viruses represent 16 of 97 total known genera of archaea (6).  

Archaeal viruses have expanded our knowledge about virion morphology (7-9), viral 

gene content (6, 10), viral function(s) (5, 10), and viral evolution (11, 12).   

Virion morphologies only found in archaeal viruses include bottle-shaped, 

spindle-shaped, droplet-shaped, and coil-shaped viruses, as well as icosahedral viruses 

with turrets extending from each 5-fold axis (9, 13-15).  Many of the archaeal virus-

specific morphologies may represent new pathways of viral assembly, sometimes 

involving nucleoproteins (12). For example, based on electron microcopy imaging of the 

Ampullaviridae, a ds DNA-containing nucleoprotein filament is thought to be folded into 

a cone-shaped core and then encased in a lipid envelope to form the unusual bottle-

shaped virion (16).  

Along with unique archaeal virus morphologies come interesting features and 

mechanisms. One archaeal virus, Acidianus two-tailed virus (ATV), is a large spindle 

virus with two tails that form after the virus exits the cell (17).  Another archaeal virus, 

Sulfolobus islandicus rod-shaped virus 2 (SIRV2), encapsidates A-form DNA, a rare 

DNA form only seen in bacterial spores, which is thought to be more stable in adverse 

conditions (18).   

Some archaeal virus gene products have functions that are not seen in viruses 

from the other two domains of life.  In ATV, an ATPase is involved in ATV extracellular 

tail formation (19, 20).  In Sulfolobus turreted icosahedral virus (STIV), a small 

membrane protein named C92 was found to be involved in the formation of 7-sided 
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pyramids on the host cell surface that are involved in cell lysis (21).  Similar pyramid 

structures are also formed by SIRV2 (22).  Further studies revealed interactions between 

C92 and host ESCRT cell division proteins, with as well as interactions between ESCRT 

proteins the virus coat protein, indicating that STIV uses the same system for both virus 

assembly and egress (23).  This virus host interaction indicates a new method of virus 

lysis, as well as a potential evolutionary connection with eukaryotic viruses, such as HIV, 

which also using the ESCRT system for viral egress (11).   

Archaeal viruses are drivers of both virus and host diversity.  Homologous 

recombination is prevalent in the Fuselloviridae and Lipothrixviridae families, and likely 

in others as well (10, 24, 25).  Horizontal gene transfer facilitated by archaeal viruses is 

also evident in hosts.  Mobile islands of “dark matter” are prevalent in archaeal genomes, 

with content including proviruses and defense systems thought to be prone to horizontal 

gene transfer due to the pressure of viral infection (26). 

Archaeal viruses have greatly expanded what we know about virology, with new 

morphologies, gene content, and mechanisms not seen in viruses from the other two 

domains.  With only 117 currently characterized archaeal viruses, most archaeal viruses 

likely remain undiscovered.  Due to the difficulty of culturing archaeal species, there is a 

great need to further develop culture-independent methods for virus discovery to increase 

our knowledge of archaeal viruses and discover additional fascinating features.  The 

research described in this thesis is a step in that direction, using new culture-independent 

methods to describe two new archaeal viruses. 
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 Viral metagenomics is a technique that is growing in momentum with the 

advances in deep sequencing technology.  Simply defined, viral metagenomics is the 

study of genetic material from viruses directly from environmental samples.  Viral 

metagenomics is a useful starting point for the research presented in this thesis.  The first 

viral metagenomic study, on viruses in the ocean, was published in 2002.  The 

metagenome contained less than 2000 Sanger sequenced reads.  To date, more than 60 

viral metagenomic studies have reported, exploring a diversity of natural environments 

from soils to aquatic environments (references listed below).  This number grows when 

the viral sequences within host metagenomes are included, most of which contain viral 

sequences.   

Current State of Viral Metagenomics 

Looking only at virus-specific studies, which use methods to separate viruses 

before sequencing analysis, many different environments have been studied.  These 

include insects (27-31), humans (32-37), birds (38, 39), meat and food products (40, 41), 

other animals (42-47), coral (48-50), lakes (51-53), deserts (54-56), feces (57-64), oceans 

(65-74), sediment (75), soil (76-78), stromatolites (79), wastewater (80-82), hot springs 

(83-85), hydrothermal vents (86-88), and high salt systems (89-93).   

Trends can be found among this diverse group of viral metagenomic studies.  For 

one, viral metagenomes tend to find new viruses that were not known to exist in that 

particular environment.  A common practice in viral metagenomics is to first look for hits 

to known viruses by searching the NCBI non-redundant protein database using BLAST.  

The results are often surprising.  For example, a viral metagenomic study of whiteflies 
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reveals contigs with homology to three virus families, Bunyaviridae, Virgaviridae, and 

Bromoviridae, that had not previously been found in whiteflies (29).  A study of North 

American bat viruses revealed a wide variety of virus types, including SARS-

Coronavirus, novel plant viruses, and bacteriophages, including a phage known to infect 

Yersinia pestis (42).  New virus family members, distant but related to known virus 

families, have been added in many cases (59).  Another common trend among viral 

metagenomic studies is that many sequencing reads and contigs do not hit to known 

viruses.  For example, a study of planktonic viruses in a lake in China reported that 90% 

of assembled metagenomic do not show homology to known viruses (51).  Viral 

metagenomic studies on other environments, including ticks (27), mosquitoes (28), and 

desert hypoliths (54) show similarly high percentages of uncharacterized viral 

metagenomic contigs (50%, 50%, and 60%, respectively). These and other studies 

suggest that the characterized viruses reported are only a small fraction of the viruses that 

are out there.   

Two systems, the oceans and the human gut, have been instrumental in leading 

the way in how to design and implement large scale viral metagenomic studies of natural 

environments, especially in terms of examining virus diversity and ecology.   

Some of the first in depth viral metagenomes came out of marine systems (

Viral Metagenomics of Ocean Systems 

72-74).  

A 2006 study examined 184 virus samples from 68 sites the marine viromes from four 

oceanic regions from around the world using 454 sequencing (72).  It found that most 
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viral sequences were unlike what was characterized at the time, and showed high global 

diversity, with potentially hundreds of thousands of viral species.  Similarities were found 

to cyanophage, microphage, and various prophages. Cyanophage had the highest number 

of hits out of the reads that hit to the viral database. Interestingly, near-complete 

microphage genomes were assembled, which was the first instance of the virus family 

seen in marine environments, most likely due to the difficulty of sequencing single 

stranded DNA with previous Sanger sequencing methods.   

A more recent study using viral metagenomics data and fosmids looked at surface 

and oxygen minimum zone on the coast of Vancouver Island, BC (73).  Nine years later, 

78% of the fosmids showed no homology to reference genomes.  They were able to 

recruit viral metagenomic reads to SUP5 and Thaumarchaeaota SAGs from ocean single 

cell sequencing projects.  Viral contigs were found in both groups using this method.   

Little is known about viruses of the relatively new Thaumarchaeaota phylum, so this is a 

great example of viral metagenomics being used to find viruses in new areas.  

Finally, another recent ocean viral metagenomic study used protein cluster 

cataloging to define viral communities (74).  The sequencing effort produced 3.8 million 

contigs. Protein clusters were used to organize unknown sequences and to look at core 

genes between different areas, and as a measure of diversity. The data supports the seed-

bank model of viral diversity, where high local genetic viral diversity exists despite a 

relatively limited global gene pool.  Overall, ocean viral metagenomics show a high level 

of viral diversity, and highlight the need for more in depth studies and complete virus 
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characterization.  The work reported in this thesis will help to get more information from 

viral metagenomes.   

In addition to ocean research, another area of research that has greatly benefited 

from advancements in viral metagenomics is the human gut microbiome.  Several 

diseases have been linked to dysbiosis of human gut microbes (

Viral Metagenomics of the Human Gut  

94).  A new research area 

is how phages affect human gut microbe populations.  It has been found that a core 

virome exists among most people, as evidenced by hundreds of host and viral 

metagenomes in multiple studies (95).   One such study searched for prophages in all 

available metagenomic datasets, and found hundreds of new phages (95). By creating a 

prophage-host network they were able to shed light on novel virus host interactions in the 

gut and host range. They also demonstrated prophage stability over time, and predicted 

patterns of prophage lysis. These studies provide a useful example of how new 

techniques can go beyond just looking at viral sequences.  In another study, sequenced 

genomes of 124 individuals were mined for viral sequences, and CRISPR loci were 

identified and spacers extracted (96).  991 phage contigs were identified, with 78% 

shared among two or more individuals, with a small number being found in more than 

half of the individuals.  Using this information, they were able to assign 31 phage contigs 

to 11 bacterial hosts.  In a study by Minot et al (97), it was shown that the high diversity 

of phages could be one of the factors in the differing microbiomes among individuals.  

By studying 16 time points of one individual, a high degree of longitudinal variation was 
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seen, with higher mutation rates in lytic viruses (4% for Microviridae), and lower rates 

for temperate phages.  Overall, 487 contigs were putatively called viruses, with 60 

forming circular assemblies.  Only 13% of the contigs could be assigned to a viral group, 

once again following the trend that the majority of viral metagenomic sequences do not 

match to anything known.  

One particular phage, named, crAssphage, has been found in 940 of 2944 publicly 

available metagenomes from multiple studies (98).   The phage is found in much higher 

abundance when compared to other viral metagenome contigs.  Using a method to 

compare depth profiles of crAssphage and hosts in metagenomes, it was predicted that 

crAssphage infects a Bacteroidetes host.  This was backed up by two CRISPRs spacer 

hits to Bacteroidetes species.  crAssphage is one of the few examples where a virus from 

a viral metagenome is studied more in depth. 

  Both ocean and human gut metagenomic studies are influential due to the high 

depth at which viruses are sequenced.  Ocean studies especially have pioneered the field 

of viral metagenomics.  In both areas, the use of CRISPRs to identify hosts of viruses was 

influential for the work reported here linking viral metagenomic sequences to hosts.  

With the foundation set by other systems, viral metagenomics can be applied to 

archaeal-dominated systems to examine the diversity in a highly understudied area of 

virology.  There have been few viral metagenomic studies of archaeal viruses, but they 

have greatly increased the number of known virus sequences and our knowledge of the 

Viral Metagenomics of Archaeal Systems 
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viruses in archaeal dominated systems.  Viral metagenomic studies of Euryarchaeota-

dominated high saline environments have been useful in studying natural archaeal virus 

populations.  High saline environments have been examined using viral metagenomics in 

Spain and Australia, and Senegal (90-92, 99).  The viral metagenome of Lake Tyrell, a 

hypersaline lake in Australia, is one example that illustrates how many viruses are 

waiting to be discovered (90, 91).  The study tracked 35 virus genomes and contigs over 

3 years, and found that the viruses were dynamic, with some viruses disappearing and 

reappearing, and with varying levels of abundance in different time points. None of the 7 

complete genomes and 28 partial viral contigs were similar to any of the viral 

metagenomes from other high saline environments (92, 99), and reads mapped to only 

three known halovirus genomes.  This suggests a possibly limited global distribution of 

haloviruses, and highlights the need for increased metagenomic sequencing efforts in 

different systems.  

A subsequent study of the same system utilized more metagenomics libraries and 

analyzed the dynamics of the viruses and the host CRISPR loci (91).  It found that very 

few CRISPR spacers matched the 140 assembled viral contigs examined, yet 20% of 

spacers matched viral reads.  This indicates both high adaptation rates and the existence 

of more low abundance, unassembled viruses.  In just the Lake Tyrell system, there is 

evidence of more virus types than all currently characterized archaeal viruses.  In addition 

to increasing the number of archaeal virus genomes (even if only partial), it also 

demonstrates how archaeal virus metagenomics can begin to get a handle on virus 

ecology. 
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Advances in viral metagenomics have also enabled the discovery of virus types 

previously unknown to exist.  This is especially exciting in archaeal dominated systems, 

which are understudied compared to other systems.  A recent example of this is the 

discovery of archaeal RNA virus signatures out of hot spring metagenomes (84).  The 

study probed for RNA signals in the viral fraction of Nymph Lake 10, an archaeal-

dominated hot spring in Yellowstone National Park (YNP), USA.  Metagenomic 

sequencing showed RNA virus signatures, including several RNA-dependent RNA 

polymerases and arrangement of genes as a polyprotein.   Advances in deep sequencing 

made the discovery possible, since RNA virus signals in hot springs are generally very 

low.  Further analysis of NL10 using viral metagenomics shows high diversity of DNA 

viruses, and uses a network approach to overcome the high diversity of viral sequences to 

examine the whole community (85) (100).  The BLAST-based clustering algorithm found 

110 distinct viral groupings in the low complexity hot spring system.  Unlike the Lake 

Tyrell study, the hot spring viruses were persistent over a 5 year time period.  Similarly, 

almost all of the groups represented novel viruses, with only 7 of the 110 groups 

matching to characterized archaeal viruses.  With one study of just a single hot spring, the 

number of crenarchaeal virus genomes has potentially more than tripled from the 41 

characterized crenarchaeal viruses (5).  

 While a powerful tool, there are several limitations of viral metagenomic studies.  

First, it is difficult to assemble full genomes from viral metagenomes, especially for high 

Limitations of Viral Metagenomics 



11 
 

 
 

complexity environments.  Also, the number of contigs generated by most viral 

metagenomes makes it difficult to fully analyze every sequence obtained, despite 

improved bioinformatics pipelines and better computers.  Programs such as Metavir 

(101), a web server designed to annotate viral metagenomic sequences, are helping to 

overcome these problems, but unique features of virus contigs, such as repeat regions, are 

often lost in these pipelines.  Finally, while information on gene content is useful in 

studying viruses, other important virus details, such as life cycle, particle morphology, 

and host identification, are almost always missing.   

 While it is useful to exponentially increase the number of known virus genomes, 

the degree of uniqueness of archaeal viruses makes it difficult to determine the function 

of gene products and how relates to the virus life cycle.  The structures of 37 archaeal 

virus proteins have been solved, allowing a putative function to be assigned to most (5, 

6).  In a study of comparative genomics of archaeal viruses, it was found that very few 

archaeal virus genes products form orthologous groups, with some archaeal virus coding 

regions not matching to any known proteins.  This is unlike phages, where 50-70% of 

gene products in a phage genome fall into orthologous groups (102).   

Without the limitations of culturing, viral metagenomics provides us with the 

ability to find even more distal new viruses.  However, this also adds to the number of 

viral gene products with unknown function.  However, viral metagenomics may help find 

more conserved genes in archaeal viruses, which could help to determine which genes are 

evolutionarily important and provide targets for the study of new virus genes.  In time, 

the problem of gene products of unknown function might be relieved by structural 
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studies, improvements in bioinformatics techniques, and further increasing the number of 

characterized viruses.    

Recent archaeal viral metagenomics studies show great potential for increasing 

the number of known viral sequences in different environments.  However, it is important 

to go beyond characterizing viral genomes.  This thesis is directed at addressing this 

issue.   

Studies of virus morphologies out of the environment by TEM show a high 

diversity of virus types (

Linking Viral Metagenomes to Virus Particles 

103-105), many of which have not been isolated.  However, 

information about the virus particle is almost always lacking in viral metagenomic 

studies.  While viral metagenomic studies are common, few have attempted to link virus 

particles to specific metagenome sequences.  One study used physical fractionation by 

CsCl gradient followed by anion exchange chromatography to enrich for a smaller 

number of viruses, followed by metagenomic sequencing (65).  A fraction containing 3 

different virus genome sizes by pulse field gel electrophoresis and 4 morphological 

groups by TEM was sequenced.  Longer contigs were able to be assembled from 

metagenomic sequencing of the enriched fraction compared to un-enriched ocean viral 

metagenome samples.  Even with a virus sample showing new genome and particle types, 

there was not enough sequence coverage to assembly full-length genomes, and only 

speculative associations could be made between particle morphology and contigs (65).  

Viral metagenomics was also used to study enrichment cultures of Obsidian hot spring, a 
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high temperature, circumneutral hot spring (106).  Two enrichment cultures contained 

predominantly tadpole-shaped and filamentous particle types, which were both linked to 

the most abundant genome that was sequenced from each culture.  Although a particle 

was linked to a genome using metagenomics, the study was not completely culture-

independent.  However, similar techniques could be used with an enriched sample 

straight out of the environment using fractionation techniques similar to the ocean study, 

with potentially more success and better sequence coverage with a lower diversity 

system, such as a high temperature, acidic hot spring.  Linking virus particles to genomes 

is an area that, with improved enrichment techniques, will be instrumental in expanding 

viral metagenomics and virus discovery.   

Another important component of studying viruses is virus-host interactions.  

Several different new methods are being developed to elucidate this link using culture-

independent approaches, and provided a starting point for host elucidation for the viruses 

characterized in this thesis. 

Linking Viruses to Hosts Using Viral Metagenomics 

 

The CRISPR/Cas system was one of the first ways that viruses from 

metagenomes were linked to hosts.  Studies of an acid mine drainage were some of the 

first to use CRISPRs to this effect.  Early studies linked viruses to Leptospirillum and 

Ferroplasma hosts (

Crispr/Cas System-Based Host Identification.  

107).  More recently, they were able to observe acquisition of spacers 

and rapid evolution of the AMDV3 virus and G-plasma host.  Interestingly, the trailer end 
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of the CRISPR locus was shown to be almost clonal and highly conserved over a 6 year 

period (108).   In one study of the human gut virome, the CRISPR/Cas system was 

successfully used to link 19 phages to host species.  However, that was a small 

percentage of the total viruses found in the study (97).  In another human gut virome 

study, CRISPR spacers were also used to link crAssphage to a Bacteroidetes host (98).  

Recently, the CRISPR/Cas system was used to link viral fosmid metagenomes of 

haloviruses to the sequenced host Haloquadratum walsbyi (92). 

 

A novel approach to link an archaeal virus to a host in a high saline system used a 

viro-chip microarray approach to link viruses from viral fosmid metagenome to 

Nanohaloarchaeota sequenced single cells (

Microarray-Based Host Identification 

109).  The method involved hybridizing the 

amplified cellular DNA against fosmid virus metagenomes from the same sample which 

had been immobilized on a chip.  This approach streamlines the matching process by 

taking out the need to completely sequence both virus and host metagenomes.  

 

One advance in virus-host interactions in viral metagenomics came with 

microfluidics combined with digital PCR.  Taking cells out of the termite hindgut and 

placing into PCR wells, a degenerate set of primers to viral DNA terminase genes of 

Siphoviridae-like phages were designed based on termite hindgut viral metagenomes 

(

Digital PCR 

110).  The primers were used to screen for viruses in the environmental cells using 

digital PCR, and the species of each cell was determined concurrently.  The study found 
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41 co-localizations between uncultured viruses and hosts, with most co-localizations to 

species within the Treponema genus.  

 

Single cell genomics (SCG) holds great potential for the discovery of new viruses, 

with the added benefit of a direct virus-host connection.  Very few studies have looked at 

viral sequences found within sequenced single cells.  A SCG study of amoeba in the 

ocean found one genome to a cyanobacterium (

Single Cell Genomics 

111).  Within the reads, a cyanophage was 

assembled, linking the virus to the host.  This is one of the first examples of viruses found 

in environmental SCG sequencing efforts.  A recent study of single cells sequenced from 

an oxygen minimum zone of the Pacific Ocean in western Canada identified 69 

metagenomic viral contigs associated with SUP05 uncultivated bacteria, including 8 full 

length Microviridae genomes and 4 mostly complete Caudavirales genomes (112). In 

addition to knowing the host, they were able to detect co-infection of two virus types, 

track spatiotemporal dynamics using other metagenomes, and link phages to sulfur 

cycling. 

 

Two fluorescent labeling techniques, viral tagging and PhageFISH, have great 

potential in archaeal virus systems.  In viral tagging, fluorescently labeled viruses out of 

the environment were used to infect a radiolabeled bait Synechococcus strain (

Fluorescent Labeling Techniques 

113).  

After separating and selecting the unlabeled virus DNA, cells were sorted and sequenced, 

revealing 42 new viruses that infected the Synechococcus strain.  The approach allows for 



16 
 

 
 

unlimited number of viruses to be tested.  While the viruses were out of the environment, 

this technique used a cultured strain of Synechococcus. However, this technique could be 

adapted to use environmental cells out of archaeal dominated systems in order to capture 

dozens of new viruses. PhageFISH is a duel labeling fluorescence in-situ hybridization 

technique that can specifically label and visualize cells of a specific host and virus in a 

cultured system (114).  This technique has been adapted in this lab to study virus host 

relationships in hot spring systems.    

In some cases, linking viruses to host using these and other methods can lead to 

directed culturing approaches to propagate and further characterize viruses.  Although not 

feasible for every system, knowing which viruses infect each host can be important to 

monitor environmental systems and getting a clearer picture of all the organisms in any 

system, as well as a better understanding of viral ecology. 

The science of environmental virology is at an exciting point, with the techniques 

above providing more information about viruses and hosts in natural environments, 

unchanged by laboratories.  A key question in the field of environmental virology is 

“How many viruses are really out there?”  Virus metagenomics holds the key to a future 

where we might know every virus and its host in a natural environment, and be able to 

monitor virus impacts and ecology.   

This thesis focuses on the discovery and understanding new archaeal viruses out 

of selected Yellowstone hot springs, with the development of new techniques and the 

adaptation of existing techniques for new purposes.  Viral metagenomics of the selected 

hot spring provides the starting baseline and integration of virus separation and 
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purification for particle identification, deep sequencing and assembly of full genomes, 

and the linking of genomes to host species, in order to close the viral metagenomic loop 

and provide a new level of understanding of viruses in natural systems.  Below, I 

introduce the key features of Yellowstone hot springs as a natural environment for 

archaeal virus discovery, and the current state of knowledge of the large spindle viruses 

of the archaea, which are a major focus of this thesis.  

Yellowstone National Park, USA (YNP) is the home of 80% of the world’s 

thermal features.  The park contains over 10,000 thermal features, including geysers, 

mudpots, steam vents, and hot springs (nps.gov). Most of the geothermal activity is a 

result of the underlying Yellowstone Caldera (

Yellowstone Hot Spring Characteristics 

115).  In terms of pH, the majority of 

terrestrial hot springs fall into two categories: acidic (pH 1-3) or near neutral to slightly 

alkaline (pH 7-9) (116).  The presence of a variety of electron acceptors in hot springs, 

including, sulfate, nitrate, carbon dioxide, and ferric iron, makes hot springs an ideal 

environment for thermophilic archaea, most of which are facultative or obligate 

anaerobes (116).   

Acid sulfate chloride springs, the type focused on in this thesis, are characterized 

by millimolar levels of Na+, Cl-, SO4
2-, and H+  (117). The acidic pH comes from the 

production of sulfuric acid from the oxidation hydrogen sulfide and elemental sulfur, and 

the hydrolysis of SO2 and the formation of HCl (118).  The high temperatures of hot 

springs come from transport of heat from the underlying magmatic system of the 
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Yellowstone Caldera through the hydrothermal system (115).  The combination of high 

temperature and acidity make acid sulfate chloride springs especially suited for archaea, 

with very few bacteria present (85). The tree of life (Fig. 1-1) shows that the majority of 

characterized archaea are hyperthermophilic, while very few bacteria and no eukarya can 

survive in temperatures above 80°C (119).  Additionally, most known hyperthermophiles 

have acidic or slightly acidic optimum pH (120).  In a cellular metagenomic study of 18 

Yellowstone hot springs, hot springs above 76°C and below pH 6 were found to be 

dominated by Archaea, while the bacterial phylum Aquificales dominated in hot springs 

with both hot springs temperatures below 76C and low pH (3.1-3.5), as well as with 

temperatures at or above 76C but with a slightly alkaline pH (117, 121).  The 

combination of high temperature and low pH provides an environment in which very few 

bacterial species can thrive, making it an ideal environment to study archaea and their 

viruses. 
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Figure 1-1. Phylogenetic tree of life based on small subunit 16S rRNA sequences.  
Modified from (119).  Hyperthermophilic branches indicated in red. 

 

Crater Hills Alice Spring (CHANN041, CHAS) was chosen as the sample site for 

the search for archaeal viruses.  With a temperature of 80°C and a pH of around 2, it is an 

archaeal dominated hot spring.  A second hot spring, NL10 (44.7536°N, 110.7237°W), 

was used for secondary analysis.  With a temperature of 84 - 92°C and a pH of 3-5.1 (85), 

it is also an archaeal dominated system, and it was shown that almost all metagenomic 

reads hit to either nothing in the NCBI nr database, or to known archaeal virus genes 

(85).  Viral metagenomic contigs from CHAS map to almost all of the virus groups found 

in NL10 by cluster analysis, showing a diverse and archaeal dominated viral system (85).   

Cryo micrographs and tomograms of CHAS virus-enriched samples (taken by Martin 

Lawrence at the Max Planck Institute for Biochemistry) show diverse virion 
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morphologies (Appendix A), making CHAS is an ideal environment to study archaeal 

viruses. 

 The spindle shape is unique to the archaeal viruses, and has proven to be quite the 

mystery, leaving researchers scratching their heads about how a spindle shape can 

assemble from a repeating structural protein building block.  Interestingly, the spindle 

viruses seem to group into (at least) two groups with different particle size and genomic 

properties.   

A Survey of Large Tailed Spindle Viruses 

 

 The first of the large spindle viruses isolated was Sulfolobus tengchongensis 

spindle shaped virus 1 (STSV1), isolated out of a hot spring in Tengchong, China (

STSV1 

122).  

It has a 75 kbp double stranded circular genome with 74 ORFs.  Morphologically, it is a 

230nm long by 107nm wide spindle with a short tail ranging from 0-133nm and 

averaging 68nm long.  Five structural proteins were observed by SDS-PAGE and 

identified by mass spectrometry, with ORF40 likely being the major structural protein.  It 

infects S. tengchongensis and appears to be non-lytic.  Although most ORFs in the 

STSV1 genome are hypothetical proteins, the function of some has been suggested.  

These include several putative enzymes involved in nucleotide metabolism and 

modifications, including two cytosine methyltransferases, an adenine methyltransferase, a 

dUTPase, and a thymidylate synthase.  Not surprisingly, STSV1 DNA is heavily 

modified, in a way different than other archaeal viruses.  The modification was only to 
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viral DNA, which could provide STSV1 with protection against enzymatic attack.  

Additional ORFs with putative function include an integrase, an ATPase, structural 

proteins, integral membrane proteins, and a glycosyltransferase (122).  The virus does not 

integrase into the host, despite having an integrase.   

 

Sulfolobus tengchongensis spindle shaped virus 2 (STSV2), also isolated from a 

hot spring in Tengchong, China, was reported in 2013 (

STSV2 

123).  STSV2 shares about 80% 

sequence identity with STSV1, and codes for 13 additional ORFs of unidentified function 

that are not part of the STSV1 genome, as well as an ATV-like ATPase that might be 

associated with host recognition.  STSV2 is slightly smaller than STSV1 (220x80nm 

average) and more variable tails that range from 20 – 500nm, but only average 50nm in 

length.  It shares many properties with STSV1, including similar genome size (76,107bp), 

gene synteny, and overall virion structure.  STSV2 has a broader host range than STSV1, 

and is able to infect S. solfataricus and S. islandicus in addition to S. tengchongensis. 

 

 Acidianus two-tailed virus (ATV) was isolated out of a high temperature, acidic 

hot spring in Pozzuoli, Italy and propagated in Acidianus convivator (

ATV 

17).  It has a 62.3kb 

genome with 72 ORFs.  It contains 11 structural proteins, which is far more than STSV1.  

It contains 4 transposases similar to those of archaeal species.  ATV was shown to 

integrate into its host chromosome, but only in cultures growing at 85°C.  ATV has the 

unique property of growing tail extracellularly after release from, and in absence of, host 
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cells.  This is thought to occur due to a suite of virion structural proteins including a 

MoxR ATPase, 2 DNA binding proteins p387 and p653, and a long coiled coil protein 

p800 (20).  P800 forms filaments, and is thought to be the source of the 2nm filament that 

is seen extending through the ATV tail in a tomography cross section (17). Crystal 

structures of two proteins, the major structural protein P131 and the ORF273 gene 

product, have been solved (124, 125).  P131, the ATV major coat protein, is discussed in 

chapter 3 and 4. ORF273 displays a unique fold that was hard to assign a function, but 

certain features are thought to make the protein thermostable.  Additionally, another 

ATPase from ATV has been characterized.  It is thought to be involved in host receptor 

recognition since it interacts with Sulfolobus protein Sso1273 (126). 

 

The final characterized large spindle virus is Sulfolobus monocaudavirus 1 

(SMV1) (

SMV1 

127).  This virus was reported in the context of CRISPR acquisition studies, and 

is not as fully characterized as the other large spindle viruses.  The particle is about 

200x70nm, with tails ranging from 20 – 250nm.  SMV1 has a 48,775bp genome with 51 

ORFs.  ORFs with putative function include a CopG DNA binding proteins, (CopG, 

RHH), integrase, transporter, 4 ATPases, a VWA protein, 2 transposases, 2 SMN2 

proteins, a transporter, and an acyltransferase. 33 ORFs have no putative function 

assigned. SMV1 has been used to study CRISPR spacer acquisition in Sulfolobus (127, 

128) 
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Many questions arise from an investigation of the current status of viral metagenomics: 

Questions 

1. How can we use fragmented viral metagenomic datasets to purify and 

characterize new viruses directly from environmental samples?  

2. How can we connect viral metagenomic sequences with individual virus particles 

directly in environmental samples? 

3. How can we use viral metagenomic sequences to identify viral hosts directly from 

environmental samples? 

This thesis will test the hypothesis that viruses in natural environments can be 

identified and characterized, including full genome, virus particle, and host 

determination, using culture-independent methods.  

Hypothesis 

The layout of this thesis is as follows:  Chapter 2 describes in detail the 

characterization of a new archaeal virus, Acidianus tailed spindle virus (ATSV), starting 

with fragmented viral metagenomic data from a Yellowstone hot spring viral 

metagenome and proceeding to the isolation and characterization using culture-

independent approaches.  The complete ATSV genome was successfully connected with 

both a virus particle and a host, successfully supporting the hypothesis above.  Chapter 3 

describes the structural determination by x-ray crystallography of the ATSV major 

structural protein D135 and its implications for a new viral assembly mechanism.  

Chapter 4 compares ATSV virion morphology, major coat protein structure, and gene 
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content to other related archaeal viruses, which helps to define a new superfamily of large 

spindle viruses.  Chapter 5 demonstrates that the methods developed for ATSV can be 

applied to discovery and characterization of a second virus, Stygiolobus pleomorphic 

virus (SPV), demonstrating the general applicability of the methods and further support 

of this thesis hypothesis, once again connecting a full virus genome to a virus particle and 

a host.  Finally, chapter 6 discusses future directions, as well as the implications of these 

research findings on environmental virology.  

Through the study of two new viruses, numerous newly developed techniques are 

synthesized to provide more complete characterization of viruses starting with viral 

metagenomes.  The capacity for limitless discovery of new virus genomes combined with 

methods to link viral genomes to viral particles and hosts makes this story unique and far-

reaching.    
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CHAPTER 2 
 
 

CLOSING THE VIRAL METAGENOMIC LOOP: A VIROCENTRIC APPROACH  

Our knowledge and understanding of archaeal viruses (viruses that infect 

Archaea) is limited, with only 117 archaeal viruses described at some level, and only a 

handful of theses at any significant depth (

Introduction 

13, 17, 129, 130).  Remarkably, even these few 

archaeal viruses have formed 16 new virus families (5), and have expanded our 

appreciation of virion morphology diversity and gene content (5, 18, 131).  These viruses 

infect just 16 of 98 known genera of Archaea (6), further highlighting our lack of 

knowledge of archaeal viruses.  Undoubtedly, many archaeal viruses remain to be 

discovered, but discovery has been traditionally limited to culture-based approaches.  

Expanded approaches and tools are needed that start with environmental viral 

metagenomic datasets and use the knowledge of the viral nucleic acid sequences to 

isolate and identify their associated virus particles and their cellular hosts directly within 

environmental samples, without having to solely rely on culturing.   

In recent years, viral metagenomics has emerged as a culture-independent 

approach for exploring viral diversity in natural environments (132, 133). Viral 

metagenomic studies of acidic hot springs (83-85) and high saline environments (91, 92) 

have led to the discovery of new archaeal virus partial and full genomes, as well as viral 

groups formed by the clustering of related metagenomic contigs (85) and estimates of 

total virus community diversity (85).  One limitation of viral metagenomic approaches is 
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that one usually only gains knowledge of viral gene content, with information about 

virion morphology and the host usually lacking.  One of the few exceptions was the 

linking of a viral particle to metagenomic sequence based on an enrichment culture of a 

neutrophilic hot spring (106).  Linking metagenomic sequences to hosts has been more 

successful.  In recent years, it has been possible to link viral metagenomic sequences to 

cellular hosts using digital PCR (110), viral tagging (113), single cells genomics (89, 111, 

134), and the CRISPR/Cas system (91, 107).  Even with these expanded methods, only a 

fraction of viral metagenomic sequences have been linked to hosts, and even fewer have 

been linked to a specific virus particle morphologies.   

In this study, starting with only viral metagenomic data, we identified a new 

archaeal virus using environmental samples from a high temperature acidic hot spring 

found in Yellowstone National Park, USA (YNP).  Using a combination of approaches, 

we were able to close the viral metagenomic loop, producing the complete viral genome, 

identifying the virus morphology, and determining the host(s), using culture-independent 

approaches.  

Materials and Methods 

An acidic hot spring in the Crater Hills area of YNP, Crater Hills Alice Spring 

(CHAS; CHAN0041, 82˚C; pH 2.5; N44° 39.179’, W110° 20.090’), was chosen as a 

sampling site. A hot spring water sample was collected in January of 2008.  Water was 

collected from just below the surface in sterile polycarbonate bottles and filtered through 

Viral Metagenomics  
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0.8/0.2 μm inline filters to remove cells.  The filtrate was centrifuged at 100,000 × g for 2 

hours to pellet the virus particles, and the virus pellet was resuspended in 250 μl sterile 

water. Total community viral DNA was extracted from virus particles using the Purelink 

viral DNA/RNA extraction kit (Invitrogen by Life Technologies, Grand Island, NY) 

(100).  Viral DNA was amplified using the GenomiPhi multiple displacement 

amplification (MDA) kit (GE Biosciences, Piscataway, NJ). Pyrosequencing was 

performed by the Broad Institute, and sequencing reads were assembled using the 

Newbler gsMapper program at 70% identity over 50 bp (85, 135).  

 

The original viral metagenome contig of interest was identified based on several 

criteria.  First, viral contigs of lengths of >5 kb were chosen.  Next, open reading frames 

(ORFs) were predicted using the GLIMMER ORF calling program (

Selection of Target Viral Protein.   

136), and contigs 

were searched against the NCBI non-redundant protein database using BLASTX to look 

for viral hallmark protein signatures (137) .   Specifically, a contig containing a putative 

virus structural protein was chosen as the final candidate for virus tracking and 

purification.  

 

The Gateway system (Invitrogen), a ligase-free cloning system that utilizes site-

specific recombination between homologous “Att” sites, was used for cloning and protein 

expression of the virus MCP gene.  Primers were designed to PCR amplify the virus 

major coat protein (MCP) gene D135, while also adding an AttB1 site, a Shine-Dalgarno 

MCP Protein Expression and Purification 



28 
 

 
 

site, and a noncleavable his6 tag to the 5’ end of the product and an AttB2 site to the 3’ 

end.  

Due to the 67 additional nucleotides added to the 5’ end of the D135 gene, a 

nested-PCR scheme was previously designed to amplify the PCR products (138). The 

gene was first amplified with an “inside” set of primers (Table 2-S1), which added the 

nucleotides encoding the N-terminal his6 tag to the 5’ end of the product and most of the 

AttB2 site to the 3’ end of the product. CHAS total community viral DNA was used as a 

template to PCR amplify the targeted D135 MCP gene using Econotaq polymerase 

(Lucigen).  The resulting PCR product was used as a template for PCR using a second set 

of “outside” primers (Table 2-S1), using PFU polymerase (Promega). The outside 

primers added the AttB1 site and the Shine-Dalgarno sequence to the 5’ end and the 

remaining portion of the AttB2 site to the 3’ end. The final 505 bp PCR product was gel 

purified using the QIAquick gel extraction kit (Qiagen). 

The purified PCR product was recombined into the pDONR201 entry vector 

(Invitrogen) using a BP Clonase II recombination reaction (Invitrogen) following 

manufacturer’s instructions with the following changes: The enzymatic reaction was 

incubated for 2 hours at room temperature, and the proteinase K incubation was extended 

to 30 minutes. The pDONR201 plasmid containing the MCP gene was transformed into 

10G chemically competent E. coli cells (Lucigen) and selected on LB kanamycin plates.  

Resulting colonies were screened by colony PCR using primers to the AttB1 and AttB2 

sites (Table 2-S1).  Positive clones were grown overnight at 37°C in 2ml LB media with 

kanamycin selection, with glycerol stocks made from the culture.  Plasmid DNA was 
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purified using the Purelink miniprep kit (Promega).  The sequence was confirmed by 

sequencing using primers to pDONR201 vector (Table 2-S1). 

The D135 gene from the pDONR201 vector was recombined into the pDEST14 

destination vector using an LR Clonase II recombination reaction (Invitrogen) with the 

same protocol modifications as for the BP Clonase II reaction.  The pDEST14 plasmid 

containing the MCP gene was transformed into BL21(DE3)-plysS E. coli cells (Novagen) 

and selected on LB ampicillin plates.  Colonies were screened as described above, and 

positive clones were grown overnight at 37°C in LB media with ampicillin selection, 

with glycerol stocks made from the culture.   

D135 protein was expressed using autoinduction.  The glycerol stock of the 

pDEST14 plasmid with the MCP gene in E. coli BL21(DE3)-plysS cells was streaked out 

on a plate, and a single colony was grown in 2 ml ZYP-0.8G plasmid growth medium 

(139) for 6 hours.  250 μl of that culture was used to inoculate 500 ml of ZYP 2025 

media (139).  Cultures were grown for 15-20 hours at 37° C with shaking and harvested 

by centrifugation.   

The cell pellet was resuspended in 50 ml lysis buffer (20 mM Tris and 400 mM 

NaCl, pH 8.0) with 0.1 mM PMSF and 1mg/ml lysozyme and incubated on ice for 30 

minutes.  Cells were then lysed with three passages through a microfluidizer 

(Microfluidics Corp. 110L) and clarified by centrifugation at 22,000 x g for 20 minutes.  

The supernatant was incubated at 65° C for 10 minutes, cooled on ice, and clarified by 

centrifugation at 22,000 x g for 20 minutes.  The supernatant was then mixed with 3 ml 

of Ni-NTA agarose (1.5 ml bed volume) (Quiagen) in batch for 20 minutes at 4° C.  The 
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mixture was applied to a gravity column, washed 4x with 3 ml of wash buffer (20 mM 

Tris, 400 mM NaCl, 10 mM Imidazole, pH 8.0), and eluted in elution buffer (10 mM 

Tris, 50 mM NaCl, 20 0mM Imidazole, pH 8).  The protein was filtered through a 

Nalgene 4 mm 0.2 micron syringe filter and applied to a calibrated Superdex-75 column 

(GE Healthcare) equilibrated with 10 mM Tris pH 8.0 and 50 mM NaCl.  Protein 

concentrations were determined by measuring the O.D. at 280 nm on a Nanodrop ND-

1000 spectrophotometer.  The given protein concentration from the Nanodrop was 

divided by the using the calculated extinction coefficient (8940) and multiplied by the 

molecular weight (15864.8) to get the final protein concentration.   Purified protein was 

stored at -20° C.  

 

Quantitative PCR (qPCR) primers were designed to a 202 bp internal region of 

the D135 gene (Table 2-S1).  The pDONR201 plasmid containing the D135 MCP gene 

(see above) was quantitated using the Qubit fluorimeter (Qiagen), and used to create 

qPCR standards ranging from 9x104 - 9E1011 copies /ml (1 fg/2 μl – 10 ng/2 μl).  

Quantitative PCR was performed using the SsoFast EvaGreen supermix (Bio-Rad, 

Hercules, CA) on a Rotor-gene Q real-time PCR machine (Qiagen, Germantown, MD). 

Quantitative PCR Assay Development  

 

Approximately 11 liters of CHAS hot spring water was collected (2013-09-02), 

cells by in-line filtration through a 0.4 µm polycarbonate filter (Millipore, Billerica, MA) 

and an iron precipitation method was used to concentrated viral particles (

Virus Purification.   

100, 140). 
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After the pH of the sample was raised to pH 4 to induce the formation of virus-trapping 

iron precipitates, the resulting precipitate was collected by filtration onto 0.8 µm 

polycarbonate filters (Millipore), washed from the filters, and resolubilized in 50 ml of 

250 mM ascorbic acid pH 2.5.  After resuspension, the sample was extensively dialyzed 

with 5 mM glycine pH 2.5.  Cesium chloride was added to a density of 1.29 and 

centrifuged at 169,000 x g for 26 hours in a Beckman SW41 rotor and hand fractionated.  

Fractions were screened for the presence of viral DNA by the qPCR assay described 

above for the targeted structural protein.  Gradient fractions with the highest signal were 

pooled and loaded onto a second CsCl gradient with a 1.29 g/cm3 starting density, and 

centrifuged at 238,000 x g for 5 hours in a Beckman MLN-80 near vertical rotor.  

Gradient fractions were screened by the same qPCR assay and positive fractions 

concentrated to 150ul with a 100,000 MWCO filter concentrator (Millipore).   

 

DNA was extracted from the virus-enriched sample after two cycles of CsCl 

purification using the Purelink viral DNA/RNA extraction kit (Invitrogen). The DNA 

quality and purity was evaluated by running EcoRI digested and undigested viral DNA 

on a 1% agarose gel (Fig. 2-S1). One hundred nanograms of viral DNA was sequenced 

by the University of Illinois sequencing center using the Illumina MiSeq v3 system with 

paired-end reads (2 x 300 nt).  The sequencing reads were assembled using the Mira 

assembly program (

Deep Sequencing and Genome Assembly.  

141) (Table 2-S2).   
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ORFs were predicted using a combination of Glimmer (

Genome Annotation.   

142, 143), the Geneious 

ORF calling program (http://www.geneious.com), and hand curation.  Annotation of 

ORFs was determined by searching the NCBI non-redundant protein database using 

BLAST (137) and conserved domain searches (144).  Additional protein prediction was 

performed using HHpred, a server for remote protein homology detection based on the 

pairwise comparison profile of hidden Markov models (145).  The genome was searched 

for repeat clusters and inverted repeats using Repfind (146), PALINDROME (147), and 

e-inverted (147). 

 

Virus particles were imaged on a Leo912AB transmission electron microscope.  

Five microliters of CsCl-purified sample was absorbed onto copper grids for 5 minutes 

and stained with 1.5% uranyl acetate for 45 seconds.  

Imaging 

 

Purified MCP protein was diluted to 0.1mg/ml in 1x PBS (phosphate-buffered 

saline, pH 7.5).  Two-hundred μl of diluted protein was mixed with 200 μl of Hunter’s 

adjuvant.  One-hundred μl of the mixture was injected intramuscularly into rabbits, with a 

100 μl booster at 28 and 42 days.  Test bleeds were taken at 56 days, and production 

bleeds taken weekly. Serum containing the MCP polyclonal antibodies was purified with 

a protein A antibody purification column (Pierce by Life Technologies).   

MCP Polyclonal Antibody Production.   

 
 



33 
 

 
 

CsCl purified CHAS virus sample from above was separated on a 15% SDS 

PAGE gel and transferred to a nitrocellulose membrane.  The membrane was washed 3x 

with TBST and blocked for 30 minutes with 5% blotting-grade blocker (Bio-rad) in 

TBST.  Protein A-purified polyclonal MCP antibodies were added at a 1:10,000 dilution 

and incubated for 4 hours at 4°C with mixing.  The membrane was washed 3x with TBST 

and incubated with HRP-linked goat anti-rabbit secondary antibodies (Bio-rad) overnight 

at 4°C with mixing.  The membrane was washed 3X with TBST and analyzed with the 

Opti-CN colormetric western development kit (Bio-Rad). 

Western Blot Analysis 

 

CsCl purified CHAS virus samples were separated on a 15% SDS PAGE gel and 

stained with Gelcode blue stain (Fisher Scientific, Pittsburgh, PA).  Major bands were 

excised and in-gel digested with trypsin (

Mass Spectrometry Identification 

148).  Briefly, the gel slice was washed, S-

alkylated and reduced, and digested with Trypsin Gold (Promega) overnight (148).  The 

solution containing peptides released during in-gel digestion was used for mass analysis 

on an Agilent 6520 Q-TOF mass analyzer equipped with an Agilent 1290 μHPLC.  Peaks 

were analyzed using the Mascot ion/ion search program against an in-house database 

containing ORFs from 2008-2010 CHAS viral metagenomic datasets. 

 

 The virus genome was searched against the CRISPRfinder spacer database 

(

CRISPR/Cas Host Identification   

149), which contains spacers from all NCBI published bacterial and archaeal genomes, 
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using BLAST. The resulting CRISPR spacer sequence library was assembled to the viral 

genome using the Geneious assembler (143).   

 

Catalyzed reporter deposition fluorescence in situ hybridization (CARD-FISH) 

based virus and host labeling was adapted from Allers et. al. (

CARD-FISH Virus Host Labeling   

114) using virus and host 

probes linked to digoxigenin (DIG).  Host probe design is described by Munson-McGee 

et. al (150).  For virus probes, four 250 bp probes to the virus genome were created using 

the PolyPro program (151), and were designed to all have a matching hybridization 

temperature for a given formamide concentration (67.7 - 70°C at 35% formamide).   

Actual temperatures and formamide concentrations were optimized.  Primer to the ends 

of each probe were used to amplify the full probe sequence from purified virus DNA, and 

probes were labeled with DIG using the PCR DIG probe synthesis kit (Roche).   Using 

the primers, the full length probe PCR products were amplified from purified virus DNA 

and labeled with DIG   with the following modifications: (i) cells were fixed with 1% 

paraformaldehyde for 1 hour at room temperature and washed 3 times with 1X PBS.  (ii) 

Fixed samples were placed in the wells of glass slides, air dried, and dehydrated with 

ethanol. (iii) Wells were covered with permeabilization solution (50 mM glucose, 20 mM 

Tris pH 7.5, 10 mM EDTA, and 0. 2% Tween20) for 1 hour on ice and washed with 1x 

PBS.  (iv) 20% formamide was used for probe hybridization.  (v) For CARD 

amplification, all samples were overlaid with solution containing 1x PBS, 10% dextran 

sulfate, 0.1% blocking reagent (Roche), 2M NaCl, 0.0015% H2O2 and 0.33ug/ μl 

Alexa488 or Alexa594-labeled tyramides and incubated at 37˚C for 30 min.  Samples 
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were imaged on a Leica TBS SP8 confocal microscope fitted with a 63x oil immersion 

lens and images were collected sequentially. NIH ImageJ64 software was used to process 

the images. 

 

Cultures of a CHAS Acidianus hospitalis-like strain isolated from CHAS were 

kindly provided by M. Amenabar and E. Boyd (Montana State University) (manuscript in 

prep).  The A. hospitalis strain was grown anaerobically with colloidal sulfur using an 

80:20 H2:CO2 headspace.  CHAS hot spring water was filtered through a 0.6 µm 

polycarbonate filter (Millipore) to remove cells and concentrated 250x with a 100,000 

MWCO SpinX filter concentrator (Corning).  One ml of concentrated virus was injected 

into the 17 ml A. hospitalis culture after 72 hours of growth.  Time points were taken 

every 4-8 hours for 62 hours post inoculation.  DNA from each sample was extracted 

using the Purelink viral DNA/RNA extraction kit (Life Science), and used to track virus 

and host growth using qPCR (see below for details).  The remaining sample was dialyzed 

into 5mM glycine pH 2.5 for TEM imaging.  At 62 hours post-infection, the culture was 

passaged into fresh medium, and time points were taken every 4-8 hours post inoculation 

for 136 hours and processed as described above. 

Acidianus Hospitalis Virus Infection.   

 

 For A. hospitalis detection, primers were designed to a 200bp fragment of the 

Acidianus hospitalis W1 beta lactamase domain gene (AEE93525) (Table 2-S1) and the 

region was amplified with Econotaq DNA polymerase (Lucigen, Middleton, WI), cloned 

Acidianus hospitalis qPCR Assay   
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into the PCR2.1 TOPO vector (Invitrogen), and confirmed by sequencing. Purified 

plasmid was used to create qPCR standards from 9x104 - 9E1011 –copies /ml. 

Quantitative PCR was performed with SsoFast EvaGreen supermix (Bio-Rad, Hercules, 

CA) on a Rotor-gene Q real-time PCR machine (Qiagen) using the same primers used to 

amplify the beta lactamase domain gene 200bp PCR product.    

Results 

A suspected virus structural protein was identified on an 8,655bp contig 

assembled from the January 2008 CHAS viral metagenome by BLASTP analysis to the 

NCBI protein database (17).  The contig was found to contain several ORFs with 

homology to Sulfolobus tengchongensis spindle shaped virus 1 (STSV1), a large spindle 

virus isolated from a hot spring in Tengchong, China (

Identification of a Virus-Like Contig  

122). One ORF on the contig was 

homologous to the STSV1 major coat protein (MCP). The 135 amino acid (408 bp) had a 

59% amino acid identity, and an e value of 4e-41 to the STSV1 MCP. A quantitative 

PCR (qPCR) assay was developed using primers and standards to this MCP protein gene 

in order to track the purification of the new virus directly from environmental hot spring 

samples.  The qPCR assay was linear in the range of range of 104 – 1011 genomes/ml.  
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Table 2-1. Summary of virus purification 

Step copies/μl total copies % recovery 
(step) 

% recovery 
(total) 

concentration 
(fold) 

Filtered 4.9E+03 2.7E+10    
Iron precipitation 2.5E+05 6.4E+09 23.5 23.5 51.6 

CsCl purification 1 6.4E+05 5.7E+09 89.9 21.1 128.9 
CsCl purification 2 2.0E+06 3.0E+09 51.7 10.9 399.6 
Filter concentration 1.3E+07 1.9E+09 62.6 6.8 2570.4 

DNA extraction 5.7E+07 1.7E+09 91.8 6.3 11482.2 
 

Virus was purified directly from CHAS hot spring environmental samples, using 

the MCP gene qPCR assay to track the virus genomes.  A pH-dependent concentration 

method based on iron precipitation was used to concentrate 5.5 liters of filtered CHAS 

hot spring water (

Virus Purification  

100, 140). The signal was traceable through CsCl density gradients and 

subsequent concentration steps, resulting in only a 6% yield, but a high concentration 

(approximately 1.1 x 104 fold concentration) and 60-80% estimated purity (Table 2-1).  

The low yield was mostly a result of the iron precipitation step, but the ability to scale up 

to 10 liters of hot spring water in combination with its selectivity for virus particles 

justify using this technique, despite the yield losses.  Virus fractionation on CsCl 

gradients resulted in a single peak with a density of 1.28 - 1.34 g/cm3, with a maximum 

peak height observed at 1.30 g/cm3, which is within the range of known virus densities 

(152) (Fig. 2-1).   
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Figure 2-1: Density gradient separation of CHAS viral fractions measured by qPCR 
shows a virus peak at a density of 1.3g/cm3.   
 

Examination of the CsCl peak viral fraction was examined by transmission 

electron microscopy (TEM) and showed a large spindle shaped virion morphology with a 

tail extending from one end (Fig. 2-2).   Occasionally, a second short tail was observed 

extending from the opposite end of the spindle-shaped head.  The spindle-shaped head 

morphology averaged 169nm (+/- 50 nm) in length and 98 nm (+/- 30 nm) in width, with 

a tail of highly variable length extending from one end (Table 2-2).  Tail lengths ranged 

from 35-720 nm, and averaged 243 nm in length and 19 nm (+/- 9 nm) in width.  Unlike 

Acidianus two-tailed virus (ATV), in which the spindle head contracts as the tails extend, 

there was no correlation between the spindle volume and the tail length in the isolated 

virus particles (Fig. 2-S2). 

Morphology of Purified Virus  
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Table 2-2. Virus particle characteristics 
  Lengtha Widtha Tail lengtha Tail widtha 

Average 172.7 100.3 243.0 19.2 
Standard deviation 18.4 14.3 103.9 3.3 

Minimum 127 69 32 12.5 
Maximum 227 139 720 29 
   

 
 

 
Figure 2-2: Transmission electron micrographs of cesium purified ATSV.  Scale bars 
100 nm 
 

DNA from purified virus particles was sequenced using end-paired MiSeq 

Illumina technology.  A total of 189,072 Illumina paired end reads out of 3 million total 

reads assembled into contigs, and produced 638 contigs of at least 1,000 bp in size using 

the Mira assembly program (Table 2-S2).  The largest contig of the assembly was a 

67,697 bp contig that assembled with 80.3 x average coverage.  This contig matched the 

original 8.7kbp contig from the CH0801 viral metagenome with 97.8% identity and 

identical ORF synteny (Fig. 2-3).  A second contig (22,443 bp, 83.8x coverage) was 

identified that had overlapping regions at both ends of the 67.7 kbp contig.  The contigs 

failed to assemble together originally due to the presence of an Acidianus hospitalis W1 

Viral Genome Assembly  
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ORB IS605 family transposase gene in the second contig (87% ID, WP_013774993.1).  

Upon removal of the transposase, the two contigs assembled together at 96.5% identity, 

with 2.2 kbp of overlap at the beginning of the 67.7 kbp contig and 15.8 kbp of overlap at 

the end.  The assembly added a 2.7 kbp section to the original contig, resulting in a single 

circular contig (Fig. 2-3).  ORF synteny was identical between the two sequences on both 

ends.  The combination of the two contigs resulted in a 70,809 bp double stranded 

circular genome.  Sequence reads recruited in Geneious assembler using the circular 70.8 

kbp genome as a reference sequence resulted in the recruitment of 56,735 reads across 

the entirety of the genome at 230x average coverage without gaps.  The circular nature of 

the assembled genome was confirmed by PCR using primers (Table 2-S1) to the ends of 

the 67.7 kbp contig, which produced a PCR product of the correct size.   

Although only a small percentage of total reads were assembled by Mira, the 

largest resulting contig matched to the contig of interest from the original CH0801 viral 

metagenome.  Input DNA was enriched for the virus of interest, the assembly proved 

sufficient for the purpose of assembling the full virus genome, despite the relatively low 

number of reads (compared to total reads) that were assembled. 
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Figure 2-3: Map of the 70,809bp circular ds DNA viral genome showing 96 

annotated putative open reading frames.  ORF colors indicate homology to Sulfolobus 
tengchongensis spindle virus 1 and/or 2 protein (red), bacterial or archaeal protein 
(purple), archaeal virus protein (blue), major coat protein (yellow), or no homology 
(grey).  Cyan – location of the original 8,655 bp contig from CHAS January 2008 viral 
metagenome.  Green – Location of 67,717 contig from deep sequencing assembly.  
Orange – location of 20,945bp contig from deep sequencing assembly. 
 

The ds 70.8 kbp circular viral genome has a GC content of 37.4%.  Eighty-nine 

percent of the genome is coding.  A total of 96 open reading frames (ORFs) were 

identified, encoding hypothetical proteins ranging from 4.3 – 248.8 kDa (46-2254 amino 

acids) in size (Fig. 2-3).  The ORFs use ATG (82), TTG (8), and GTG (6) start codons.  

Characteristics of the ATSV Viral Genome.   
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Most ORFs (89%) appear to be preceded by putative promoters of high AT content 

(Table 2-S3) that are 5-21bp long and start 17-48bp before the putative start codon.  

Genes are predicted to be transcribed about on both strands, with 43 genes in the forward 

direction and 53 in the reverse direction, with semi-frequent switching between strands.  

 

BLASTX was used to analyze the gene content of ATSV ORFs.  ATSV appears 

to be most similar to STSV1, the virus with homology to the original 10.6kbp contig,  

and Sulfolobus tengchongensis spindle shaped virus 2 (STSV2), a close relative of 

STSV1 (

Analysis of ATSV Viral Gene Content.   

123).  Of the 96 ORFs, 23 show significant homology (e value < 1x10-4) to 

STSV1 and/or STSV2 (Table 2-3).  The homologous ORFs show varying levels of 

identity to the two viruses, ranging from 21-74% amino acid identity (Table 2-3, Fig. 2-

3).  Some (7) ORFs have a putative function which can be annotated (Table 2-3). These 

include a glycosyltransferase (D339), an integral membrane protein (B530), the major 

coat protein (D135), two ATPases (F518 and D331), a thymidylate synthase (B293), and 

an integrase (C242).  Interestingly, the viral genome lacks most of the DNA-modifying 

proteins present in STSV1 and STSV2.   

Several of the ATSV ORFs have homologs to other archaeal viruses, including 9 

ORFs that make up a core set of genes encoded in all or most large spindle virus genomes 

(ATSV, STSV1 and 2, ATV, and Sulfolobus monocaudavirus 1 (SMV1)) (153).  These 

include the MCP (D135), a viral integrase (C242), 2 ATPases (F518, D331), and 4 genes 

of unknown functions (F737, D1241, B2246).   
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Table 2-3: ATSV ORFs with significant BLAST P matches to STSV1 and/or STSV2. 
Bolded viruses indicated a higher BLAST P score than STSV1/2 
ATSV 
ORF 

STSV1/STSV2 
ORF Putative function % 

ID 
% 

coverage E value Detected homology 

D339 STSV1 ORF63 Glycosyltransferase 32 98 2E-37 STSV2, SIFV, ACV, SIRV 
B530 STSV1 ORF64 Integral membrane protein 29 96 7E-30 STSV2 
E93 STSV1 ORF53 Unknown 21 81 9E-05 STSV2 

E272 STSV1 ORF52 Unknown 27 75 6E-19 STSV2 
F518 STSV2 ORF48 ATPase 36 72 3E-56 SMV1, ATV 
E355 STSV1 ORF50 Unknown 27 58 3E-08 STSV2 
E80 STSV1 ORF47 Unknown 30 64 7E-05 STSV2 

A258 STSV1 ORF48 Unknown 28 54 3E-10 STSV2 
A198 STSV1 ORF49 Unknown 25 92 3E-13 STSV2 
B193 STSV1 ORF42 Unknown 22 77 5E-05 STSV2 
A182 STSV1 ORF46 Unknown 27 97 3E-16 STSV2 
E167 STSV1 ORF45 Unknown 35 86 2E-15 STSV2 
D135 STSV1 ORF40 Major structural protein 59 84 4E-41 STSV2, SMV1, ATV 
F737 STSV1 ORF41 Unknown 38 91 5E-123 STSV2, SMV1, ATV 
D331 STSV1 ORF69 DnaA ATPase 30 89 2E-35 STSV2, SMV1, ATV 

D1241 STSV1 ORF54 Unknown 41 95 2E-112 STSV2, SMV1, ATV 
D133 STSV1 ORF38 Unknown 29 91 1E-11 STSV2 
D158 STSV1 ORF36 Unknown 28 98 6E-04 STSV2 
B293 STSV1 ORF16 Thymidylate synthase 74 86 3E-127 STSV2, ARV, SRV, archaea 

B2246 STSV1 ORF34 Unknown 35 37 4E-49 STSV2, SMV1, ATV 
D65 STSV1 ORF70 Unknown 36 50 8E-04 STSV2 
C242 STSV1 ORF56 Integrase 43 62 5E-30 STSV1, SMV1, ATV 
C581 STSV1 ORF37 Unknown 34 22 3E-06 STSV2, SMV1 

 

The ATSV viral genome also reveals gene content with homology to other 

archaeal viruses, bacteria, and archaeal genes (Table 2-4). Of the 6 ORFs that have hits to 

archaeal viruses, only F542 has a putative function, a MoxR ATPase with homology to 

SMV1 and various archaea species.  Additional gene functions can be identified from 

ORFs with homology to archaea and bacteria, including a methyltransferase, 

phosphoadenyl-sulfate reductase, phosphatase, poly(A) polymerase, an AAA+ ATPase, 

and multiple DNA binding proteins.  

All ATSV ORFs were compared to the Archaeal (ArCOG), bacterial (COG), and 

phage (POG) conserved gene databases (102, 154, 155) using BLASTP with an E-value 

cutoff of 1E-04.    Twenty-two ORFs had significant hits to ArCOGs (Table 2-S4).  
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Fifteen ORFs had significant hits to bacterial COGs, 14 of which had corresponding 

ArCOGs.  ORF75, the putative poly(A) polymerase (Table 2-4), hit to a bacterial COG 

but not an arCOG.   

 

Two ATSV ORFs, E429 and D194, likely are derived from transposable 

elements. D194 has homology to a Sulfolobus islandicus TnpA transposase protein (94% 

ID, E = 3e-130), a serine recombinase, and E429 has homology to an Acidianus 

hospitalis W1 TnpB transposase (92% ID, E = 0), which has an unknown function.  Both 

proteins belong to the IS607 transposase family.  Both ORFs have dozens of high identity 

(>80%) hits to transposases from Sulfolobus, Acidianus, and Metallosphaera species. The 

two transposase families are often found next to each other in archaeal genomes.  While 

mobile elements are absent in most known crenarchaeal viruses, large spindle viruses 

ATV, SMV1, and STSV2 contain at least two transposases (

Mobile Elements in ATSV.  

17, 123, 156), making it a 

feature unique to the large spindle viruses.   

Additionally, a 342 bp nonautonomous mobile element containing ORF D57 was 

found to have 93% identity to SMN1, a Sulfolobus islandicus REN1H1 nonautonomous 

mobile element (157).  This mobile element is found in most S. islandicus sequenced 

genomes, with as many as 13 copies per genome.  The virus genome also contains the 

consensus target sequence of TTT/A into which the mobile element inserts (157).  

Interestingly, SMV1 contains two copies of SMN2, a related mobile element (156).   
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Table 2-4: ATSV ORFs with hits to archaeal viruses, archaea, and bacteria by BLASTP.  
ORFs with hits to STSV1 and STSV2 are in Table 2-3, and not included here. 

ORF Top blast hit % 
ID % coverage E value other hits 

E365 Uncharacterized protein with VwA domain  
[uncultured Acidilobus sp. JCHS] 

27 59 6E-04 Archaea, bacteria 

D194 Transposase, TnpA  
[Sulfolobus islandicus Y.N.15.51] 

94 100 3E-130 Archaea 

E429 IS607 family transposase protein TnpB  
[Acidianus hospitalis W1] 

92 99 0E+00 Archaea 

F106 Hypothetical protein A137  
[Sulfolobus turreted icosahedral virus 1] 

32 78 8E-05 ATV, ASV1, STIV2, SIRV 

A66 Hypothetical protein LD85_2162  
[Sulfolobus islandicus L.D.8.5] 

83 98 4E-31 SMV1, archaea 

F542 MoxR-like ATPase  
[Aeropyrum camini] 

32 31 1E-15 SMV1, archaea, bacteria 

D57 Hypothetical protein SiH_0773  
[Sulfolobus islandicus HVE10/4] 

93 100 4E-29 none 

F298 FkbM family methyltransferase  
[Sulfolobus islandicus L.D.8.5] 

39 62 8E-34 Archaea, bacteria 

B293 Thymidylate synthase 
[Acidianus hospitalis W1] 

87 86 1E-134 STSV1, STSV2, archaea, bacteria 

B85 Hypothetical protein YN1551_0213  
[Sulfolobus islandicus Y.N.15.51] 

53 96 4E-20 Archaea 

C68 Hypothetical protein YN1551_1498  
[Sulfolobus islandicus Y.N.15.51] 

54 92 3E-12 Archaea 

A525 AAA+ ATPase  
[Intestinibacter bartlettii] 

30 65 2E-33 Archaea, bacteria 

A214 Hypothetical protein LD85_1519  
[Sulfolobus islandicus L.D.8.5] 

59 90 9E-68 none 

C260 Phosphoadenosine phosphosulfate reductase  
[Methanohalobium evestigatum] 

31 83 3E-23 Bacteria 

E56 CopG transcriptional regulator  
[Sulfolobus islandicus L.D.8.5]  

91 96 1E-29 Archaea 

D87 Hypothetical protein ATV_gp19  
[Acidianus two-tailed virus] 

29 75 2E-02 Sulfolobus islandicus 

C450 RNA nucleotidyltransferase/polyA 
polymerase  
[Streptomyces violaceoruber] 

37 69 4E-45 Bacteria 

D139 Hypothetical protein ORF106  
[Sulfolobus monocaudavirus SMV1] 

51 55 2E-13 AFV1 

C172 Phosphatase  
[Vulcanisaeta distributa] 

28 87 1E-08 Archaea, bacteria, phage 

F141 Hypothetical protein SIRV2gp12  
[Sulfolobus islandicus rod-shaped virus 2] 

31 61 6E-03 SIRV1, SSV6 

C116 Conserved archaeal virion protein ORF122 
[Sulfolobus monocaudavirus SMV1] 

42 79 7E-21 ATV, archaea 

C581 Hypothetical protein ORF422  
[Sulfolobus monocaudavirus SMV1] 

42 38 2E-34  

F60a 7kD DNA binding protein  
[Acidianus hospitalis W1] 

84 90 2E-25 Aarchaea 

D85b Hypothetical protein YN1551_1498  
[Sulfolobus islandicus Y.N.15.51] 

62 76 2E-19 Archaea 
 

 

In addition to mobile elements, several other ATSV ORFs have identity to 

cellular archaeal proteins.  Four short ORFs (ORFs A66, D57, E56, F60), have at least 

83% identity to either A. hospitalis or Sulfolobus islandicus hypothetical proteins (Table 
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2-4). B293 (Table 2-3), a thymidylate synthase, has 87% identity to an A. hospitalis W1 

thymidylate synthase, higher than the homology to the STSV1 thymidylate synthase 

(74% identity).   

 

HHpred was used were used to determine putative function of uncharacterized 

ORFs (

Hidden Markov Model Homology Detection  

145). Eighteen ORFs were found to have structural homology to protein structures 

in the protein data bank (PDB) at a probability of 80% or higher (Table 2-5).  These hits 

have a wide variety of functions, including several DNA binding proteins, an 

oligosaccharyltransferase, and a Sulfolobus spindle shaped virus adapter protein.  

HHPred searches also revealed several surprising results that are rare or absent in 

archaeal viruses.  These include an FAD-linked sulfhydryl oxidase, a flavorubredoxin, 

both a toxin and antitoxin gene, and a potential self-regulating protein multi-domain 

protein.  

The multi-domain protein (C581) hits to dozens of leucine-rich repeat domains at 

the N terminus (>99% probability) and a region of human CHMP3, an ESCRT-III 

protein, at the C terminus (90.5% probability).  The two domains are separated by a long 

string of serines and threonines, indicating a high level of regulation. (Fig. 2-4).   
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ATSV also encodes both a putative toxin (B71) and an antitoxin protein (C212) 

(Table 2-5).  The predicted ORF58 71 amino acid residue protein product hits to the 

structure of the E. coli YOEB toxin gene (95% probability), a member of the RelE f type 

I family of endoribonuclease that typically cleave mRNAs (158) .  B71 also has hits to 

other RelE toxin genes from Mycobacterium tuberculosis, Methanococcus jannaschii, 

Helicobacter pylori, and Thermus thermophilus (159, 160) with > 90% probability, and 

to ParE Caulobacter crescentus toxin gene (161) at 60% probability.  The predicted C212 

212 amino acid protein product has an 89.5% probability HHpred hit to a Caulobacter 

crescentus antitoxin from residues 120-179, the pair to Caulobacter toxin matching the 

Table 2-5. ATSV ORFs with hits to the protein data bank by HHPred (145)   

ORF PDB ID 
Probability Hit length 

Organism Putative function 
(%) (residues) 

2 2bk9_A 81.9 88 Drosophila melanogaster Hemoglobin, oxygen transport 
3 3rce_A 91.5 144 Campylobacter lari Oligosaccharyltransferase 

7 1vz0_A 100.0 200 Thermus thermophilus Chromosome partitioning protein 

9 2il3_A 99.9 168 Mus musculus DNA binding, zinc finger motif 

45 2k9i_A 84.5 51 Sulfolobus islandicus DNA binding, ribbon helix helix 
motif 

46 4d02_A 91.4 119 Escherichia coli k-12 Flavorubredoxin, electron transport 

47 1skv_A 96.4 39 Sulfolobus spindle shaped virus 6 Adapter protein 

48 3kxe_C 89.3 50 Caulobacter crescentus Antitoxin protein 

51 21vu_A 91.7 17 Homo sapiens DNA binding, zinc finger motif 

58 2a6s_A 95.0 52 Escherichia coli Toxin protein 

64 3u5s_A 93.4 77 Homo sapiens FAD-linked sulfhydryl oxidase 

65 3ulq_A 95.0 323 Bacillus subtilis tetratricopeptide-containing protein 

72 2k9i_A 99.8 55 Sulfolobus islandicus DNA binding, ribbon helix helix 
motif 

74 2zcw_A 93.9 55 Thermus thermophilus Transcription regulator 

76 2ywq_A 89.0 63 Thermus thermophilus ribosomal subunit interface protein 
87 1te7_A 95.3 100 Escherichia coli Possible RNA binding domain 
89 N 
term. 4mn8_A 99.9 218 Arabidopsis thaliana Leucine-rich repeat protein 

89 C 
term. 3frt_A 90.5 54 Homo sapiens CHMP3 ESCRTIII protein 

93 1fxk_C 91.0 78 Methanothermobacter  
thermautotrophicus Chaperone 
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B71 predicted toxin. (161).  Both the toxin and antitoxin genes of the RelBE and ParDE 

families are structurally similar, and have been grouped into the typeII RelBE/ParDE 

superfamily, the members of which are often responsible for post-segregational killing 

and addiction phenomena (162).   Finally, E355, an STSV1 and 2 homolog, has weak 

BLAST homology (E=0.002), but very high probability homology by HHPred to multiple 

ParB family of chromosome and plasmid partitioning proteins.  ParA and ParB proteins 

have been observed in bacteriophage genomes, including P1, along with a toxin/antitoxin 

system that aids the passing of episomal prophage to daughter cells using an addiction 

system (163, 164). 

 
 

 
 
 
 
 
 
 
Figure 2-4. Representation of C581, a 3-domain protein.  The N terminal domain 
(residues 1-226) has secondary structure homology to various leucine-rich repeat 
domains. The middle domain (residues 226 – 442) consists of a long serine/threonine-rich 
domain. The middle section of the C-terminal domain (residues 479 – 532) has secondary 
structure homology to the human CHMP3, an ESCRT-III protein which has homologs in 
archaea.  Homology of N and C terminus was determined by HHpred and proteins 
modeled using MODELLER (165)  
 

The ATSV genome contains multiple interesting repeat-rich intergenic regions.  

The first was identified using the Z-curve program (

Characterization of Intergenic Regions.   

166), which detected a R/Y base pair 

disparity maximum peak (purines in excess of pyrimidines) centered around 9,700 bp in 
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the viral genome. Upon further analysis of this region using Repfind (146), an interesting 

group of interspersed repeats was discovered, , containing a long string of interspersed 

repeats, with 24 repeated 38 bp long sequences (Fig. 2-5A).  Within each 38bp repeat, 

there is a 13 bp and 8 bp conserved region split up by two unconserved regions of 9 bp 

each (Fig. 2-5B).  This type of repeat locus is unique due to its short length, high number 

of repeats, and strict conservation of repeat length. Similar repeat structures have not 

been seen in any other viruses, including other large spindle viruses.  The function of this 

exceptional repeat locus is not known.  

  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2-5: Intergenic interspaced repeat region in the ATSV genome.  A. Representation 
of repeat locus. Purple triangle – Repeat 1: TGCACAXXAGCAA consensus.  Orange 
triangle – Repeat 2, TCAATAA consensus. Repeat 1 and 2 are each followed by 9 
unconserved nucleotides. B. MUSCLE (167) alignment of repeat region. 

 

A second intergenic region is 643bp long was also found at the beginning of the 

virus genome.  It contains 5 inverted repeats (Fig. 2-6).  By Z curve analysis, the 

intergenic region corresponds with an MK disparity peak (A and C bases in excess of G 
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and T bases) (166).  A 115 bp stretch within the region also has a high AT content (219-

333 bp, 79.1% AT).  This combination of palindromic repeats, base pair disparity, and 

high AT content points to a potential origin of viral genome replication (166).  Other 

archaeal viruses, including STSV1 and APSV1(122, 168), also have putative origins of 

replication based on intergenic regions with inverted repeats.  

 

 
 
 
 
 
 
 
 
 
 
Figure 2-6: Putative origin of viral replication.  A 643bp intergenic region of the ATSV 
genome contains 5 inverted repeats with perfect matches 
 
 

 
Identification of Viral CRISPR Locus  

Three full-length and one partial A. hospitalis CRISPR loci direct repeat-like 

(DR) sequences were identified between ORF41 and ORF42 in the ATSV genome (Fig. 

2-7A).  This DR was identical to the A. hospitalis CRISPR locus that contains 39 spacers 

located at A. hospitalis genome position 1,562889 - 1,565199.  The viral locus does not 

contain a leader sequence or adjacent cas genes, and the DR is different than known 

CRISPR systems and cannot be categorized into a family type. The first DR of the locus 

is truncated, and in the second DR, the 4 base pairs on the 3’ end and one base pair on the 

5’ end are mismatched. DR3 and DR4 are more conserved, with one mismatch each (Fig. 
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2-7B).  This is opposite of most host CRISPR loci, in which the leader end has fewer 

mismatches.  The spacer regions between 3 of the DRs are 30-37 bp, while the spacer 

distance between DR3 and DR4 is 74 bp.  A 33 bp region to the spacer between DR3 and 

DR4 had 94% identity to an intergenic region of Sulfolobus islandicus plasmid pHVE14, 

with a 27 bp region within having hits to multiple Sulfolobus strains.  This sequence 

could be left over from an insertion event after the virus acquired the CRISPR locus.  The 

other spacers do not have significant hits to anything in the NCBI database.   In rare 

cases, other viruses encode CRISPR locus, sometimes with an intact system with adjacent 

Cas genes (164, 169-171). In this case, no virus ORFs have homology to Cas genes (or to 

anything in the NCBI database), and the function of the viral CRISPR locus is unknown.   

 
 

 
 
 
 
 
 
 
Figure 2-7. Virus putative CRISPR locus. A. schematic of intergenic region containing 
the CRISPR locus, with surrounding ORFs in grey, direct repeats in cyan, and short 
mobile element (33bp, Sulfolobus islandicus plasmid pHVE14) in green.  B. ClustalW 
alignment of the direct repeat sequences from the ATSV short CRISPR locus 
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Linking Genome to Particle Morphology  

Two methods, western blot analysis and mass spectrometry, were used to confirm 

that the large spindle shaped virus particles seen by TEM are linked to assembled viral 

genome. Purified virus was displayed onto two lanes of an SDS PAGE gel for side by 

side analysis by mass spectrometry and western blotting (Fig. 2-8A).  The dominant band 

was excised from the SDS-PAGE gel, subjected to trypsin digestion, and analyzed by 

LC-MS.  The resulting peptide masses were compared against peptide masses from 

database of viral ORFs, including the 96 ORFs of the assembled viral genome. A 

significant peptide match to D135, the putative MCP, was identified with a MASCOT 

score of 50 (Fig. 2-8B). This band was the dominant band on the gel, which is congruent 

with the observations of a dominant spindle-shaped virus particle morphology by TEM.  

In a parallel experiment, the protein from the SDS-PAGE gel was transferred onto a 

nitrocellulose membrane and western blot analysis was performed using polyclonal 

antibodies generated to heterologous expressed ORF17.  The expected 14kd dominant 

band was recognized by the D135 polyclonal antibodies, further confirming the link 

between the virus morphology, putative MCP and the assembled viral genome (Fig. 2-

8C).    
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Figure 2-8: Methods to link the ATSV genome to a virus particle A. SDS-PAGE gel of 
ATSV-enriched CHAS hot spring cesium purified virus prep.  Known amounts of ATSV 
MCP heterologously expressed protein are shown as standards and for size comparison.  
B. ATSV MCP sequence with peptide identified by mass spectrometry indicated in red.  
C.  Parallel western blot with primary antibodies to ATSV MCP. 
 

Potential hosts of the virus were identified using the cellular CRISPR/Cas system.  

Each cellular CRISPR locus contains short 20-50 bp of DNA (termed CRISPR spacer 

DNA) derived from replicating viral DNA from within the cell. The CRISPR spacer 

DNA sequences provide a cell’s record of past viral infections.  CRISPR spacers from 

published genomes were identified using CRISPR finder (

CRISPR/Cas for Host Identification   

149), extracted, and assembled 

to the 70.8 kbp genome.  Acidianus hospitalis W1, an archaeal species originally isolated 

from the Crater Hills thermal area of YNP (172), contains 10 CRISPR spacer DNA 

matches to the 70.8 Kb genome , with 7 being perfect matches (Table 2-S5), making A. 

hospitalis W1 a likely host. The CRISPR spacer DNA matches are distributed across the 

70.8 kbp genome.   Additional CRISPR spacer matches with 2-5 mismatches were found 

to Sulfolobus islandicus REY15A, S. islandicus L.D.8.5., Metallosphaera sedula DSM 
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5348, and Sulfolobus solfataricus 98-2 (Table 2-S5), indicating that the virus could have 

a broad host range, similar to STSV2 and SMV1 (123, 127).   

 

A dual virus-host fluorescent labeling technique, was used to confirm that A. 

hospitalis W1 is a host for ATSV.  DNA probes to the A. hospitalis 16S rRNA gene and 

5 probes specific to the 70.8kbp viral genome (Table 2-S6) were labeled with DIG, 

enabling recognition with an HRP-conjugated antibody and signal amplification with a 

fluorescently labeled tyramide.  Red and green fluorescently labeled probes were used to 

label virus DNA and cellular 16s rRNA, respectively in CHAS hot spring samples.  

Colocalization of the two colors was used as an indication of ATSV infection.  Using this 

technique, it was found that about 1-5% of A. hospitalis cells co-localized with 70.8 kbp 

genome probes, indicating that A. hospitalis is present in the hot spring, and that some 

cells are infected with viral DNA (Figure 2-9). Controls using virus probes with other 

archaea found in CHAS (Stygiolobus azoricus, Vulcanisaeta sp.) did not show co-

localization. 

CARD-FISH Virus Host Labeling 
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Figure 2-9: ATSV and Acidianus hospitalis dual fluorescent labeling by CARD-FISH.  
A. Overlay of DAPI-stained cells (blue), A. hospitalis 16s rRNA labeled cells (green), 
and ATSV labeled cells (red).  Cells with red and green overlap indicated by red boxes.  
B. A. hospitalis 16s rRNA labeled cells.  C. ATSV labeled cells. 
 

Based on the results of CRISPR space sequence matches and CARD FISH 

analysis, we tested the ability of ATSV to establish virus replication in an A. hospitalis 

strain isolated out of CHAS.  The virus showed a 3-fold increase of viral DNA by qPCR.  

Virus particles were visible by TEM in the peak time point, some with a short second tail 

(Fig. 2-10). Controls of A. hospitalis mock-inoculated with buffer showed a similar 

negative qPCR signal to the no template control. The initial virus-infected culture, grown 

to 62 hours post infection, was passaged into fresh media, and virus and host were 

measured over a 136 hour time course.  The cell + virus passage showed an 84.5 and 97 

fold increase in virus production in two replicates (Fig. 2-11).  A virus peak was seen 

Acidianus hospitalis Infection  
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ahead of a cellular DNA peak, indicating the possibility of a lytic life cycle. Virus 

particles were observed at the virus peak by TEM (Fig. 2-S3). 

 
 

 

 
 
 
 
 
 
 
 
Figure 2-10. TEM images of viruses from Acidianus hospitalis cultures infected with 
filtered, concentrated CHAS hot spring water show large spindle-shaped virus particles. 
Scale bars 100 nm.  

 

 

Figure 2-11: Two replicates of a passage of primary Acidianus hospitalis CHAS 
infection.  Virus (grey) and A. hospitalis (black) measured by quantitative PCR.   
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 We report here the development of a workflow beginning with environmental 

viral metagenomic datasets to isolate and identify a new archaeal virus, and identify the 

particle morphology and its cellular host directly from environmental samples.  The 

developed workflow includes bioinformatic identification of virion structural proteins, 

structural analysis of heterologously expressed structural proteins (described in chapter 3) 

and isolated virions, qPCR assays to track virus purification from environmental samples, 

mass spectrometry to link isolated virions to its genome, and analysis of the cellular 

CRISPR/Cas loci and CARD/FISH assays for host identification. Through this workflow, 

we have isolated and characterized a new large spindle-shaped archaeal virus from a high 

temperature acidic hot spring located in YNP that is not strictly dependent on traditional 

culture-dependent virus isolation techniques.  While many viral metagenomics studies 

struggle to assemble full viral genomes, especially large viral genomes, we were able to 

assemble a complete 70.8 kb genome at high coverage.  

Discussion 

Our data supports assigning ATSV as a new member of archaeal large spindle 

viruses including ATV, STSV 1, 2, and SMV 1.  All of these viruses share the common 

characteristics of a large, spindle-shaped body, a tail extending from one or both ends, 

and a core set of 9 genes, including the major coat protein (153). We propose to name the 

new virus Acidianus tailed spindle virus (ATSV). Furthermore, we support the inclusion 

of ATSV into a new family of archaeal viruses with the proposed name 

Fusellocaudaviridae, and into a superfamily named Magnusfuselloviridae with STSV1, 

STSV2, SMV1 and ATV. 
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Analysis of the ATSV circular ds DNA 70.8kbp genome, one of the largest 

archaeal virus genomes to date, reveals many interesting features.  BLAST analysis 

revealed homology to proteins from a variety of sources.  While the highest number of 

ORFs had homology to related archaeal viruses STSV1 and 2, there were numerous 

ORFs with significant homology to coded proteins from other archaeal viruses and 

archaea.  Of the BLAST-identified homologies, there are several that have possible 

implications for virus functions.  These include multiple DNA binding proteins that could 

play an important role in viral DNA replication and transcription.  Additionally, the virus 

contains a glycosyltransferase, phosphatase, and methyltransferase, all of which could be 

involved in DNA and/or protein modification reactions.  These could be involved in host 

antiviral defense mechanisms, convey protection against the harsh hot spring 

environment, and aid in completing the virus replication cycle (173).   

ATSV shares a core set of 7 genes with STSV1, STSV2, ATV, and SMV1.  These 

include an integrase, major coat protein, multiple ATPases, and several uncharacterized 

proteins with interesting features such as coiled coil motifs, repeats, and transmembrane 

domains (153). The structural similarities of the five viruses, including their large spindle 

shape and long tails, are likely a result of some or all of these shared genes.     

The presence of a putative poly(A) polymerase (ORF75) is surprising in an 

archaeal virus.  No such proteins have been reported for other archaeal viruses.  

Poxviruses encode a poly(A) polymerase that has been shown to polyadenylate antiviral 

microRNAs in addition to their own mRNAs, targeting the miRNAs for destruction and 

in turn evading the host antiviral response (174). While not specific to miRNA, 
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polyadenylation has been shown to mark RNA for degradation in S. solfataricus (175).  

S. solfataricus does not have a poly(A) polymerase, but polyadenylates using the archaeal 

exosome complex, which is also involved in RNA degradation (175).  Using a similar 

strategy to target RNA for degradation, ATSV might somehow target and destroy 

antiviral host proteins, or perhaps skew which host proteins are being produced to favor 

virus production.  Activity and binding studies are needed to determine the targets and 

exact function of the ATSV putative poly(A) polymerase.  

Hidden Markov model-based homology searches using HHpred, which searches 

alignments instead of individual proteins in order to find more distal hits.  It can be used 

to expand our understanding of possible ATSV gene functions.  The most striking result 

of came from C581, a large, 3-domain protein (Fig. 2-4).  Despite low sequence 

homology (13%), the N terminal 188 residues revealed 100 high probability (>99%) hits 

to leucine-rich repeat (LRR) domains.  LRR proteins have multiple functions, but many 

function in protein-protein or other protein-ligand interactions (176, 177). The top 

HHpred score (99.9%) is to the LRR domain of the plant Arabidopsis thaliana FLS2 

(178).  The FLS2 LRR domain was shown to interact with a second LRR domain of the 

BAK1 protein, an A. thaliana serine threonine kinase.  LRRs can form complexes with 

other LRR proteins, as well as other ligands (177, 179).  Based on analogy to other LRRs, 

it is likely that the N terminus of C581 interacts with itself or other viral or host proteins. 

The LRR domain is followed by a string of 233 amino acid residues made up almost 

exclusively of serines (98 residues), threonines (73 residues), and prolines (27 residues), 

with a few glutamines (16 residues).  Typically, such serine/threonine-rich regions serve 
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as regulatory regions controlled by phosphoryation.  The genome of the ATSV cellular 

host A. hospitalis has 9 annotated serine/threonine kinases and 2 homoserine kinases 

which could potentially phosphorylate this region (172). Serine/threonine kinases are also 

fairly common among viruses.  According to the NCBI nr database, there 2374 annotated 

serine/threonine kinases from viruses from 15 families of both eukaryotic and bacterial 

viruses.  Of these, phosphorylation of viral proteins by serine/threonine kinases is well 

characterized in herpesviruses.  In herpesviruses, phosphorylation by a virus-encoded 

serine/threonine kinase is used to regulate many virus and host proteins, and aids in viral 

nuclear egress (180).  There are also several types of proteins that interact with 

phosphorolated serines and threonines (181), so they could also be involved in the 

formation of a protein complex.  Finally, the C terminus of C581 is predicted by HHpred 

analysis to be an ESCRT-III related protein.  A 53 residue section in the middle of the 

140 residue C terminal domain has 90.5% and 89% probability matches to two versions 

of the human CHMP3 crystal structure (PDB ID 5grd and 3frt).  CHMP3 is an ESCRT-

III protein that complexes with other CHMP proteins and the VPS4 ATPase to aid in 

membrane budding and scission (182).  In eukaryotes, the ESCRT system has many 

functions, including multivesicular body formation, cytokinesis, macroautophagy, and 

virus budding  (183).  ESCRT I and II systems are involved in membrane budding, while 

ESCRT-III proteins are involved in membrane scission (183).  Most Archaea,  including 

A. hospitalis are known to have a primitive ESCRT-III system,  having a CHMP3 

homolog that has been shown to be essential for cell division by forming filaments that 

constrict the cell (184, 185).  The region of CHMP3 with homology to C581 is the 
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dimerization region and has a helix-turn-helix motif.  While it is unlikely that this  53 

residue is sufficient to functionally mimic ESCRT aided cell division, we speculate that it 

could act as an adaptor protein (or act as a transdominant negative effector) interacting 

with a host cell division machinery, affecting cell division and creating a biochemical 

environment for virus replication..  Both the N terminal LRR region and serine/threonine-

rich middle region of the protein have potential for protein-protein interactions, so it is 

possible that the ESCRT-III domain of C581 is directing a protein complex to the area of 

cell division.  While both eukaryotic and archaeal viruses have been shown to hijack the 

ESCRT system to aid in viral budding and egress (23, 182), this would the first instance 

of a virus encoding its own ESCRT homology.  Future studies are needed to confirm 

interactions with ESCRT machinery, identify cellular and viral binding partners, and 

elucidate the role of possible post-translational phosphorylation modifications of the 

serine/threonine-rich region. 

The identification of possible toxin and antitoxin encoded by the ATSV genome 

is likely to be biologically significant. B71 encodes for a toxin gene with high secondary 

structure homology to several RelE family toxin proteins, with the E. coli YoeB toxin as 

the top hit. (Table 2-5, Fig. 2-12A).  The RelE toxin inhibits translation by inducing 

cleavage of mRNAs at the ribosomal A-site (186).  The RelB antitoxin covers the active 

site of the toxin, preventing cleavage (159).  B71 also has a lower probability hit to the 

Caulobacter crescentus ParE toxin structure (161). 

ATSV C212 encodes for an antitoxin gene with significant structural homology to 

the Caulobacter crescentus ParD antitoxin protein, part of the type II ParE family (Table 
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2-5, Fig. 2-12B).  The ParDE TA system works differently than the RelBE system by 

inhibiting DNA gyrase, which in turn blocks DNA replication (161).   

While the mechanisms of the RelE and ParE TA families are different, the 

structures of the toxins and antitoxins of each are incredibly similar (Fig. 2-12C) (161).  

The interaction between the toxin and antitoxin is also similar.  Because of the structural 

similarities, the RelE and ParE families have been grouped together into a superfamily.  

Even though the top hits for the ATSV toxin fall into a different family than the ATSV 

antitoxin, the two structures likely interact due to this toxin structural similarity between 

RelE and ParE toxins.  The toxin protein could perform the function of either toxin 

family based on the structure, and biochemical experiments would be needed to figure 

out the toxin mechanism.  Regardless, the structural homology suggests that ATSV C212 

is a type II system toxin gene, and that B71 interacts with it, potentially activity.   

Figure 2-12. ATSV putative toxin/antitoxin structure modeling.  A. Green – E. coli 
YoeB RelE family toxin structure (PDB-ID 2a6s_a) Blue – ATSV B71 putative toxin 
modeled onto 2a6s_a using HHpred secondary structure prediction (145) and modeler 
(165).  B. Yellow – Caulobacter crescentus ParD antitoxin protein structure (PDB-ID 
3kxe_c).  Red – C terminus of the ATSV C212 putative antitoxin modeled onto 3kxe 
using HHpred and modeler.  C. Dali alignment and superposition of E. coli YoeB RelE 
family toxin (2a6s_a) and Caulobacter crescentus ParE family toxin (3kxe_a) shows 
structural conservation between the two toxin families.  
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The reason for this TA system in ATSV can be speculated using examples from 

other viruses.  The existence of both a toxin and antitoxin gene encoded by a virus is rare, 

but some cases have been reported. Bacteriophage P1 encodes both a toxin (Doc) and 

antitoxin (Phd) gene (typeII, phd/doc family), in which the toxin inhibits protein 

synthesis, and the antitoxin both neutralizes the toxin and represses transcription of the 

P1 plasmid (187). The Phd/Doc system uses a method similar to TA systems on plasmids, 

in which the toxin outlasts the antitoxin, so during cell division, daughter cells only 

survive if the viral genome is passed on to produce more antitoxin.  This system helps P1 

to maintain a plasmid prophage state (187).   

Since ATSV encodes a different type toxin and antitoxin than A. hospitalis, it 

could be employing a similar mechanism to P1.  E355 has weak blast homology 

(E=0.002) but strong secondary structure homology (96-100% probability by HHPred) to 

various ParB chromosome and plasmid partitioning proteins, including the P1 phage 

ParB protein (Table 2-5).  This could allow ATSV to exist and replicate as an episomal 

prophage, similar to P1 (188).  ATSV does not have any ORFs with homology to ParA, 

an ATPase, but binding studies could determine whether any of the four ATSV ATPases 

(F518, F542, A525, D331) could act as a ParA-like protein.  Future studies on the 

biochemistry of the ATSV coded toxin/antitoxins, as well as the viral life cycle, should 

provide useful insight into the ATSV host-virus interaction during the viral replication 

cycle. 

In addition to interesting gene content, ATSV contains three intergenic regions, 

all with different types of repeat structures.  The first intergenic region of interest is a 
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short virally-encoded CRISPR locus.  The direct repeats of the ATSV locus match to an 

A. hospitalis locus that is thought to not be functional, with no associated Cas genes or 

leader sequence (172).  Five Vibrio cholerae ICP-1 related phages were found to encode 

its own functional CRISPR cas system, with 2 CRISPR loci and 6 cas genes (170).  The 

majority of spacers have 100% identity to phage-inhibitory chromosomal island, which 

protects the bacteria from phage infection.  The phage CRISPR/Cas system was shown to 

successfully degrade the island, overcoming the host anti-viral defense.  In a human gut 

viral metagenome, 22 viral contigs were found to contain CRISPR loci (169).  Some of 

the CRISPR spacers matched to separate viral contigs, indicating a possible mechanism 

for phage-phage competition.  In the case of ATSV, the spacers do not match to other 

known viruses, or to the host DNA.  We speculate that the CRISPR spacer could be 

targeted to as of yet unknown competing virus, or alternatively, that it acts as an RNA 

decoy to prevent the CRISPR/Cas system from targeting the ATSV virus genome. 

We propose that a second intergenic region, a 645 bp region at the beginning of 

the genome might function as an origin of replication.  Like STSV1, the region has high 

base pair disparity (MK disparity for ATSV) and a series of inverted repeats (Fig. 2-6).  

MK disparity peaks are seen at the origins of replication for several archaeal species, 

including Pyrococcus abyssi GE5 and Sulfolobus acidocaldarius DSM 639 (166). The 

intergenic region also contains 5 stem-loop structures.  Stem loops are important for 

DNA replication in many organisms, both for protein target recognition and access to 

single stranded DNA for replication initiation (166).  In Porcine circovirus, stem-loop 

structures are essential for replication termination but not initiation, and involve a stem-
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loop of a similar composition to those in ATSV (10 bp stem with a 10 bp loop) (189).   

The base pair disparity, high AT content, and inverted repeats make this region a likely 

candidate as an origin of replication.  Future study of ATSV viral replication will be 

important, since replication is poorly understood in most archaeal viruses 

The final ATSV intergenic region contains 24 repeats, each containing two short 

conserved regions (7 bp and 13 bp), each separated by an unconserved region (9 bp and 

10 bp) (Fig. 2-5).  The interesting features of this locus, including the high number of 

repeats and the layout of the locus, have not been seen in any sequenced organisms.  

While similar to CRISPR loci in that repeats are separated by unconserved spacers, the 

significantly shorter size of ATSV repeats and unconserved regions (7-10 bp for ATSV 

vs. 20-50 bp for CRISPRs), and the alternative of two types of repeats makes the ATSV 

locus quite different than CRISPR loci.  The function of this region is not known, but the 

unique structure makes it likely to be important.      

Our initial characterization ATSV provides insight into the viral replication cycle.  

ATSV may be a lysogenic virus capable of both lysogenic and lytic cycles.  The host and 

virus peaks indicate a possible lytic infection for ATSV (Fig. 2-10). Measurements of 

virus and host DNA during infection show a host peak ahead of the virus peak, and the 

fast, exponential increase in signal, rather than a linear increase, supports lysis.  While the 

tracking of ATSV through an infection time course suggests a lytic virus, we cannot rule 

out an alternative life cycle where they virus integrates into the host chromosome and or 

is maintained in a chronic replication state.  Most archaeal viruses are not lytic, and 



66 
 

 
 

instead exist in an integrated (lysogenic) or carrier state possibly due to the harsh 

environmental conditions in which released virions are subjected to (190).   

ATSV encodes for a tyrosine recombinase-type integrase with 85% identity to the 

SMV1 integrase, 75% identity to the ATV integrase, and only 43% identity to the STSV1 

and STSV2 integrases. ATV has been shown to integrate into the host chromosome, 

while the others have not been found to integrate.  Given the higher homology and 

similar length to the ATV integrase, it is possible that ATSV might integrate into the host 

chromosome and exist in a lysogenic state. Combined with the observation of a host peak 

signal before the virus peak signal (suggesting lysis), it is possible that, similar to 

members of the Fuselloviridae (191), integration is not essential, but instead is one of two 

modes of the virus life cycle.  

 Little is known about the virus life cycles of the other large spindle viruses.  ATV 

cultures had a decrease in growth and observation of cellular debris, evidence of cell 

lysis, but a plaque assay could not be established (17).  SMV1 experiences a slowing of 

growth, but neither cell debris nor plaques were observed (127).  Infected cultures 

continued to produce virus for 15 days post-infection, indicating a potential chronic 

infection.  STSV1 and STSV2 also do not show evidence of cell lysis (122, 123).  

Clearly, the large spindle viruses exhibit varied life cycles, although all need to be further 

characterized.  More work is needed to determine the life cycle of ATSV, but a 

comparison with other large spindle viruses suggests that the life cycle and strategy could 

be flexible and adaptable to adverse conditions.   
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Extracellular tail growth is a unique feature of ATV, where tail-less virions exit 

the cell, and long tails extend extracellularly as a result of perturbation (17).  The ATV 

spindle body decreases in volume with the addition of tails, while maintaining a similar 

surface area.  ATSV does not exhibit a similar decrease in volume (Fig. 2-S2), suggesting 

that the tails are formed within the cell.  However, due to the extreme variability of 

ATSV tail lengths, we cannot dismiss the possibility of a similar mechanism.  

The tools and experimental approaches described in this work should be generally 

applied to the discovery and initial characterization of viruses from diverse environments. 

The extension of analysis beyond viral metagenomic datasets alone to including other 

techniques to allow complete genome sequencing, virus isolation, and host identification 

directly from environmental samples greatly extends the utility of viral metagenomic 

datasets.  Even though many of the tools and approaches described here have been used 

by others in isolation  (86, 92, 97, 107, 114), no other studies to our knowledge have 

combined them to identify and initially characterize a new virus starting with only viral 

metagenomic data. Linking viral metagenomic contigs and genomes to host species has 

seen advances in recent years, with new techniques such as phageFISH (114), digital 

PCR (110), and viral tagging (113).  However, rarely are these culture independent 

methods of virus-host linking used to direct culturing approaches.  Inclusion of 

information from CRISPR/Cas host systems provides a useful guide to successful to 

direct culturing efforts.  To our knowledge, this is the first example of linking a virus 

genome to both particle morphology and a host, effectively closing the viral 

metagenomic loop. 
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Table 2-S2. Viral metagenome sequencing and assembly statistics.  

 
 

 

 

 

 

 

 

Table 2-S1.  Primers for cloning, sequencing, and qPCR assays 
Primer name Description Sequence 
C387 q101F Quantitative PCR primer TTCACTTTGTGCTTGTGGTG 
C387 q303R Quantitative PCR primer GCTGGAGAAGAAGCGAATATG 
CH MCP N-his F Gateway inside primer CCATGCATCACCATCACCATCACA- 
    TGGCTTAAATACGAAGCAAC 
CH MCP R Gateway inside primer CACTTTGTACAAGAAAGCTGGGTC- 
    CTAAATTCCTTGTGTTGCTAATTC 
UP1-3 Gateway outside primer GGGGACAAGTTTGTACAAAAAA- 
    GCAGGCTTCGAAGGAGATAGAA- 
    CCATGCATCACCATCACCATCAC 
UP1-4 Gateway outside primer GGGGACCACTTTGTACAAGAAA- 
    GCTGGGTCCTA 
AttB1 Gateway screening primer ACAAGTTTGTACAAAAAAGCAGGCT 
AttB2 Gateway screening primer ACCACTTTGTACAAGAAAGCTGGGT 
GHG 129 Gateway sequencing primer GTAACATCAGAGATTTTGAGACAC 
GHG 130 Gateway sequencing primer TCGCGTTAACGCTAGCATGGATCTC 
ATSV end F circularization confirmation  ACCTGCTCTGAAATGTGTTGC 
ATSV end R circularization confirmation  GCCAGCCCCAGTTAGACCTGC 
Acidianus qPCR F Quantitative PCR primer TTCCAGTCTTAGCAGTAGGG 
Acidianus qPCR R Quantitative PCR primer AACGAACGGATTCTCATCTC 

Hot 
spring Date Sequencing  

technology Assembler # reads # reads 
assembled 

# large 
contigs 

(>1000bp) 

total 
bases 

average 
size N50 

largest 
contig 
length 

CHAS Jan-08 454 Newbler 350180 269446 1126 2334136 2175 2175 32228 

CHAS Sept-13 Illumina Mira 3012252 189072 638 1966658 4413 4413 67697 
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Table 2-S3. Virus open reading frames and promoter sequences 
Name start end Promoter* 
D85a 903 646 AAAATGACTTAAGATCCCTCGGGTAGCCACCCCGCTCAGCCAGCCCCTTTGTG 
A144 979 1413 TTTTATTTTTTCGGGGATCTCCCCATG 
B172 1451 1969 TTTTTTGAATCGGGGATCTCCCAATG 
B48 2066 2212 TTAATATTTTTTTAAAAATCGGGGATGTGGAATG 
B71 2420 2635 TTTTTTGAATCGGGGGTGTTACAAGGAAAATG 
B49 2771 2920 TTTTTAAAAAATCGGGGTCGAAGTAGTATG 

B170 2945 3457 AAAAATAATTATTTTTTAAATCGGGGTTTCCTATG 
B262 3470 4258 TTTATAATTATATGAGAGGTGATAAAAATG 
A525 4285 5862 TTAATATTCTTTTTAAAAACGGGGAGAAGTGTG 
A128 5911 6297 TTTTTGAAAACACATCTGTGTTTTCTCGGGGAGGTACATG 
C70 6303 6515 TTATATAACCAACAACAACAGGCGTTGGGGTGGTAGGTAAAATG 
A76 6490 6720 AATATTACCAGGAGAGGGGTGCTGAGAGAAATG 
C68 6717 6923 TTAAAGAATCATAAGTGTGGTGATAGCAGATG 

C120 6969 7331 AAAAAGAAATTAGTTTATTG 
C212 7377 8015 TTAATTTATTCTCTTTTTCTAATCGGGGAGGTAGTATG 
B45 8054 8191 TAATTTCTGTAATCACACCTGTGTTCTCGGGGTGGTGTTTTATG 

B343 8198 9229 AATATATATAAGGTTTCTGTGAGGTGAGCAAAAATG 
B149 10184 10633 CCCTTCCAGAGCGGGGAGGAAGTCAGAAATG 
D88 10950 10684 TTAAAACAAACATAATCCTTGGGAAGGAAAATG 
B85 11120 11377 TTAAAAAAGTTGAATGGAAAGGAGACAAAAAAGGTGATGGATG 

C111 11367 11702 AATTAGAAAGGAGGATGAACAATG 
B256 11990 12760 TATTTTTCTCGGGGTGTTAAATGTG 
B293 12776 13657 AATTAATTTAAAACGGGGCGAAAAAAATG 
A219 13657 14316 TTCATAGGACAAGGTGGGGCATGATG 
A163 14362 14853 TTTTTTCTTCTGCAAACACAGATGTGATTTCGGGGAGAAGCCATG 
A138 14843 15259 TTCATATGGGGTGAAAATAAATG 
F298 15305 16201 TTTAAATACTCGCAATCCATTTCACCTGCAATG 
F285 16307 17164 AAAAATATATATTTAATAACTGTTTGAGAATAGAAACATGGTATAAAAATG 
D57 17562 17389 ATTTTATGTTCGCTCATGAGTG 
D92 17961 17692 GGGAAGCGGGCTTGGTCTCAGGTGTCAAAGATG 

D158 18468 17992 AATTTTTAATCTCATCATTTCTTATTAAGAAATATG 
F315 19399 18452 TTTTTAAACACACATTTCGTTAGTTCATTATG 
D133 19980 19579 TTTTATTCTAGCACTGTTAGCCATTGTTATG 
F542 21646 20018 TTTTAATTACCTCTTTTATTATTCATTTTGATG 
A66 21775 21975 TTATATTTAAGGAGGTGTTATATTTAATAGGACGAAAATG 
F106 22324 22004 CGTCCGTAAGGGTGGGGTCTCAGGTGTCAAAAGATG 

D1241 26175 22450 ATATTAAATATTATGAAATCCTATG 
E429 27461 26172 AAATACGAAAAGGTGAAGAAGTGTG 
D194 28023 27439 TTTATATTATTTCGTCATAAAATTTCATACAATG 
D131 28569 28174 ATTTAAAAGAGCTAAAGAATAAAATAATAATGTG 
E365 29663 28566 TTATACAGTCCTTATCGAGGAAGAGAATAAATG 
D331 30600 29605 TTTATATGCAAGTGAAACTCGACTATATTTATG 
F123 30961 30590 TTATATACTTCTATATAACTTTTCTAAACAATG 
F163 31522 31031 AATTTGTTTTCATACTGAAGGCAAATG 
F737 33793 31580 TTTATTTCCTCTATTTCTCTCATTAGCTTATG 
D135 34248 33841 TTAAAAACTGTCAAGCAAAGCATATCAAGACCTAAAATG 
E167 34886 34383 ATAAATATCTGGTGGTATATTG 
A182 34771 35319 TATATTTATAATGTAATATATTAACCTATTATCCATG 
B110 35345 35677 AGACTACGGTCTCAGGTGTCAAAAGATG 
A155 35710 36177 TATTATATAAAATGTATTATTACACACATG 
B193 36188 36769 TAAATTAGATCTGTAAGGGAGAGAAAATG 
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Table 2-S3 continued 
F160 36809 37291 TTTTTAGATAACTAGAATAAATCCAGTTGATG 
A198 37327 37923 ATTTATTCTAGTTATCTAAAAACCAGTTATG 
A258 37930 38706 TTTATTAAAACGCATTTCAAGTAAAAACGTATG 
E80 38933 38691 TTTAAGTATTTCAAGGTGGTTTGAATG 

E355 40001 38934 TTATTTTTTCCAATTAAAATATATG 
F518 41581 40025 ATATTACTACACATAGTAGGGAAGTAAAATG 
E272 42401 41583 TTTTAATATCGTTTTTAACAAAACACATATG 
E93 42746 42465 AAAATGCGGGTTTGCATAGGAGGATTAATTG 

B530 42758 44350 AATAAATATGTATAGCAATTAATCCTCCTATG 
C140 44418 44840 TTTTTAAACTCTTAACGGGAGAGAAAGGAGAGAAAATATG 
D339 45843 44824 TTAAAAACACATAATTACCCTATTAAATG 
D85b 46182 45925 TTTTTATATACTAGGTTTTGAATAGTACTACTGTGAGCATATG 
F136 46672 46262 AAATAATACAATACGTTGCAAAGAGGTTCTTCTAAATG 
F122 47041 46673 ATTATTATGTTGTATCCTTACAATTATGTGAGGAGCTGAAATG 
D117 47379 47026 ATAAACAAAATGATGAAGATATGTG 
F86 47611 47351 ATACAAATGACGAGGAGGTAATTACAAATG 
c175 47856 48383 TAATTAATTAGGGTAGTTCTCGTCATG 
F60a 48562 48380 ATTTATTAGTGTCATTCTCTCAATTTATCCTTGAGAGAAAATG 
C581 48741 50486 TTAAAAAGATGAAAGTATGGGGAAAAACGAGTG 
C116 50580 50930 TTTTATTTTTTCCATGTTATGACTGATTATG 
F141 51352 50927 CAGTCCTCTCCACCTTCACGGACTGGTCTCTGTTTCCAAAAAATG 
E129 51815 51426 TTTTAAACTCCCACTATAAACTAGACGCATG 
C110 51951 52283 AATTTTGTAAGGTGTAAATAATATG 
A56 52270 52440 AATGAAAACTGGAATGAAGAAGGAGGTTGTTGCAATG 
C307 52437 53360 TTTAAGGAGATACAGGAGGTGGTTATGCCGTG 
F60b 53782 53600 TATAATAGCAACTTTCAATTACACATTAATTTG 
A49 53878 54027 TATATTATACATACTCACAGTGAAGTGAAGAAGCACTACTTTTG 
C116 54084 54434 AAATCACAGCTGTGTTCTCACGTGGAGGTGGTTGTTG 
B46 54557 54697 TATTTTTATAGTTGTTCCTAATTAGTTAAGATATG 

C172 54798 55316 TTTTAAACAAAGGAGAGTGGAGGAAAATG 
A192 55507 56085 ATAAAATAGCTAAAATCGTATTTGATTGAGTATTG 
D139 56655 56236 TAACAAAAGCTCAAACATATGTATTTAAATATTTG 
C450 56832 58184 TTTTATATACTGAAACGTTTGTTTTCGCATG 
D87 58467 58204 AAATATTTTTTAATCACAAAATTAAAGCTAAACATATG 
A55 58648 58815 TTTATATACTTTAAGAGATTTAGTAGAGATAAGCATG 
E56 59033 58863 TATTAAAAAAGGCGTGAGGCGAAATTAGATATG 

A186 59314 59874 TAAATATGGGGAAAAGCGGAATG 
C260 59886 60668 AAAATTGAAGAAGAGGAATGAGGTGACTTGACATG 
C242 60702 61430 TAATTTAATTTTTGTTCTTCTTTCTTTTAGGAGGAGCGAAAATG 
E106 61748 61431 AATAATACCGCTAGTTGACGACGTGATGGTGGTGTTCAATGATG 
D65 61914 61717 TATTTTTAAGCAAAAGTGCAGGGATAAAACTTATG 
B101 62012 62317 ATTTCAGAACAAGCTTTAAATG 

B2246 62402 69142 TTTTTAAGCACTCAATCACCCGTATTCGTATG 
B261 69168 69953 TAATAATTTAAATACTCTTTTTCCGTTCTTCTAATTATG 
A214 70165 70809 AAATTTATTTTTTAACTGAAACAAGGTTGGAACAAAAATG 

*Underlined region – TATA box promoter. Bold – Shine-Dalgarno sequence. Red – start 
codon  
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Table 2-S4. arCOG and bacterial 
COG hits to virus ORFs 

ORF arCOG COG 
1 1411 438 
3 3812 3463 
6 1308 1222 
7 7935 1475 
22 442 2425 
24 3164 2452 
25 679 675 
26 7246 none 
27 8616 864 
28 10132 none 
29 434 714 
30 1400 none 
40 1883 1351 
43 9859 none 
50 9874 none 
54 1306/1308 464/1222 
64 8433 none 
68 6578 582 
69 73 175 
74 none 617 
77 7435 546 
90 5888 none 
96 9874 none 
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Table 2-S5. CRISPRFinder database spacer hits to the ATSV genome 

alocation in the virus genome 
 
 
Table 2-S6. ATSV PCR primers for CARD-FISH probes 
Probe genome location forward primer reverse primer 

1 31237 - 31514 CAAGGAACCCAGAAACGAAG AGTCAAGCAATCAGGTAAAA 
2 33932-34197 GCCTGAACTTCACTTTGTGCT TGCAGGTGGAGTGTTAGCAA 
3 34228 - 34767 TGTTGCTTCGTATTTAGCCATTT TTCGTTTATATTGCGTGCATC 
4 34492 - 34786 GAACCAGCGAGGTATTGAGG CCTTCTCTTTTGCCATGGAT 

  

Organism Sequence Starta Enda Mismatches Gaps 

Acidianus 
hospitalis W1 

AAAGATAAGAAGATTGTAATT 
AACGTTGCACATGATGAACC 45239 45279 0 0 

Acidianus 
hospitalis W1 

ACTATTACTTTCGTTAAATTCT 
ACTGCAGTAAGCTATC 33706 33743 0 0 

Acidianus 
hospitalis W1 

TTGTTCCGCAAGTACGTTTGTC 
TTGCCTTCTTATATTAC 23141 23179 1 0 

Acidianus 
hospitalis W1 

GCTGAGATACTTGTTCTTCTTT 
ATGGCGCAGTTATTTCT 14882 14920 2 0 

Acidianus 
hospitalis W1 

TTGCATAAACACCGCCTGCCA 
GTATGAGGTTATTAGCCAG 8834 8873 0 0 

Acidianus 
hospitalis W1 

ATCTTAGCTTCAGCGTTATTT 
ACAACGATTTTTATTTTC 6308 6346 0 0 

Acidianus 
hospitalis W1 

ATATTGTTGAAAAATAACGG 
AAAACCTCTTCAGAATAT 3309 3346 0 0 

Acidianus 
hospitalis W1 

TATCTGTTACAGTATCCTTGA 
ACTTTTCAAATCTAGTAAT 67545 67528 4 0 

Acidianus 
hospitalis W1 

TCCCACTTAGGTTCGTCCAGG 
TTCATGAACCTCGGTGAT 54929 54967 0 0 

Acidianus 
hospitalis W1 

AATACCAATGAGTGAGTGAA 
ATAGAATATATCTCCTCT 48141 48178 0 0 

Sulfolobus 
islandicus 
REY15A 

TTTTCTGAAATACCATGGATGGA 
AGACTAAAGATAATTATA 15931 15971 3 0 

Sulfolobus 
solfataricus 98/2 

CCTTGAAACCTTCTTAGACA 
GCTTATCATCAGCGTCT 26526 26562 2 0 

Metallosphaera 
sedula DSM 5348 

TGACTCCTCATACCGTACAA 
CTTTCCACTGAATGATACT 27483 27523 4 0 

Sulfolobus 
islandicus 
L.D.8.5. 

GAACGGGTTTGAAGACACA 
GCCATGTTCGCAACATATGCGG 25957 25997 3 2 
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Figure 2-S1. Restriction endonuclease digestion of viral DNA extracted from purified 
ATSV.  A. Undigested ATSV DNA (left) and EcoRI-digested (middle) with size 
standards (right). B. In silico EcoRI digest of 70.8kbp deep sequenced virus genome. The 
size discrepancies of certain bands can be explained by the presence of other viruses and 
small variations of the ATSV genome due to fact that the virus is out of the environment 
and is not a single isolated strain.  
 

Figure 2-S2. Plots of ATSV tail length versus spindle width (A) and spindle volume (B) 
shows no correlation.  Spindle volume calculated using prolate spheroid formula 
4π/3*W2*L. W = spindle width.  L = spindle length excluding tail. 
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Figure 2-S3. Virus particles from virus qPCR peak passaged ATSV A. hospitalis 
infection. Scale bar = 100nm 
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CHAPTER 3 
 
 

STRUCTURAL STUDIES OF THE ACIDIANUS TAILED SPINDLE VIRUS MAJOR 
COAT PROTEIN 

 Structural biology is instrumental to the study of proteins, and among other 

things, can aid in the elucidation of function of uncharacterized proteins, as well as 

providing information about how protein subunits interact.  The latter is especially 

helpful for the study of virus major coat proteins (MCPs).  MCPs, the building blocks of 

virions, can give insight into virus structure and assembly.    

Introduction 

Several studies of Sulfolobus turreted icosahedral virus (STIV) have led to 

discoveries about its structure and assembly.  It was discovered that B345, the STIV 

major capsid protein, shares a double barrel jelly roll fold with both bacterial and 

eukaryotic viruses, the first example of deep evolutionary connections among viruses 

(192).  A high resolution cryo-electron microscopy (cryoEM) structure of the STIV 

virion was solved, giving insight into the virion structure (193).  B345 interfaces show 

conserved hydrogen bonds and salt bridges that provide stability to the protein shell.  The 

turret structure was at a high enough resolution to fit in crystal structures of A223 and 

B381.  A223 has a double jelly roll fold and, 5 copies make the penton base of the 

icosahedral virion.  Five A223 N terminal beta-strands, in conjunction with 5 copies of 

A55,  make a 10 stranded beta pore with 5 copies of A55.  The crystal structure of the 

turret protein C381 revealed a triple jelly roll fold and a pentameric assembly, and was 

also modeled into the cryoEM structure.  STIV provides an excellent example of how x-
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ray crystallography and cryoEM can be combined to give more information about virus 

structure and assembly.   

Structural studies of another archaeal virus, the halophilic Haloarcula sinaiiensis 

tailed virus 1 (HSTV-1), used the cryoEM structure of the virion to determine that the 

MCP had an HK97-like fold, first found in the MCP of bacteriophage HK97 and later in 

other bacteriophages and members of eukaryotic virus family Herpesviridae (194).  

Based on this discovery, it was concluded that the HK97-like fold, like the double beta-

barrel jelly roll fold of the STIV MCP, spans all domains of life (195). Structure work on 

both MCPs and virions has been instrumental in studying virus origins and evolution. 

Two other archaeal virus MCPs, from Sulfolobus islandicus rod shaped virus RH 

(SIRV-RH) (196) and Acidianus filamentous virus 1 (AFV1) (197), were also found to 

have an unexpected connection.  The two MCPs lack amino acid homology (13%), yet 

the structures were both revealed to be left handed four helix bundles lacking overhand 

connections.  A superposition of the two structures showed structural conservation 

between the two MCPs (197).  To this end, X-ray crystallography can reveal conservation 

that is not evident in the primary sequence.  

The cryoEM virion structure of a virus related to SIRV-RH, Sulfolobus islandicus 

rod shaped virus 2 (SIRV2) was recently determined.  The SIRV2 virion structure 

revealed that the virion encapsidates A-form DNA in a previously unknown form of 

virion organization that may provide enhanced protection of the DNA against solvents 

(18). The interactions between MCP subunits showed extensive hydrogen bonding and 

hydrophobic interactions, as well as interactions with the DNA backbone (18).  The 
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SIRV2 virion structure shows another great example of how x-ray crystallography and 

cryoEM can be combined to study archaeal virus structure and assembly.  

 As discussed above, structure determination techniques, including x-ray 

crystallography and cryo-electron microscopy, have led to the discovery of new types of 

archaeal virus MCP and virion structures.  However, spindle-shaped viruses, with their 

non-canonical virion shape, have eluded structural characterization.  CryoEM work on 

SSV1 has reported a possible fullerene cone type assembly, but a lipid layer and a low 

resolution final structure makes it difficult to get an accurate picture of the virus structure 

(198).  Work on His1, a halophilic spindle-shaped virus, shows a distinct tail structure, 

size heterogeneity, and possibly a lipid layer, made single particle reconstruction on the 

body difficult, and the resulting structure also lacked the resolution to see individual 

protein subunits (199).   

For a separate group of spindle-shaped viruses, the large spindle viruses (STSV1 

and 2, ATV, SMV1, and ATSV) (17, 122, 123, 127)(chapter 2), little work has been done 

to determine virion structure at high resolution.  CryoEM using single micrographs and 

tomography using negatively stained samples were used to study ATV.   Tomography 

revealed a tube-like tail structure with a thin filament running throughout, and cryoEM 

micrographs were used to determine volumes of tailed and tail-less virions.  However, 

there has not been single particle reconstruction work done for ATV.  Additionally, the 

structure of the ATV MCP p131 has been determined (17, 124). ATV p131 structure 

reveals a four helix bundle, but it is a right handed helical bundle, unlike the left handed 

helical bundles of AFV1 and SIRV-RH.  (124).  Due to the low resolution nature of these 
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tomographic studies, no work has been done to use the ATV MCP in the context of virion 

assembly.  It is still unknown how the MCP subunits are assembled to make the unique 

large spindle shape.    

 In this chapter, we describe the crystal structure of the ATSV major coat protein 

and provide insight into the virion structure and assembly.   

Materials and Methods 

Cloning of the ATSV D135 MCP into the Gateway system using pDONR201 and 

pDEST14 plasmids is described in detail in Chapter 2.  For D135 protein expression, a 

single colony from a glycerol stock of BL21(DE3)-pLysS E. coli containing the N-His6-

D135 gene was used to inoculate 1.5 ml of ZYP-0.8G Plasmid Growth Media with 100 

mg/ml ampicillin  and grown until turbid for use as the starter culture.  From there,  1.5 L 

of PASM-5025, a defined medium containing selenomethionine (

Protein Expression  

139) and ampicillin, 

was inoculated with the starter culture at a 1,000-fold dilution and grown at 37°C for 27 

hours.  Cells were pelleted at 5,500 x g for 10 minutes and stored at -20° C.  The protein 

was purified using the same methods as in chapter 2.  Briefly, the cell pellet resuspended 

in lysis buffer was lysed, and the supernatant was heat treated and clarified by 

centrifugation.  D135 protein was purified on a Ni-NTA column and by size exclusion on 

a Superdex75 column.   Purified protein was stored at -20˚C, and was thawed at room 

temperature immediately prior to use. 
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Selenomethionine-incorporated D135 protein was concentrated to 10 mg/ml with 

3,000 Da molecular weight cut off Amicon Ultra™ spin concentrators (Millipore).  

Crystals of D135 were grown by vapor diffusion in 4 µl hanging drops of 2 μl protein in 

10 mM Tris pH 8.0 and 50 mM NaCl and 2 μl of well solution containing 3.4 M sodium 

nitrate, 0.1 M sodium acetate pH 2.6, 10% glycerol, and 10% acetonitrile incubated at 

22° C.  Small, rod-shaped crystals 200-500 µm long and 25-35 µm wide were seen after 

1-3 days (Fig. 3-1A).  In rare cases, larger twinned crystals were seen, including a crystal 

with a rectangular shape (130 x 190 µM) with spiked protrusions on one end (Fig. 3-1B).  

Since the mother liquor already contained a cryoprotectant (10% glycerol), crystals were 

flash frozen in liquid nitrogen directly from the hanging drops. Crystals were screened for 

diffraction on the home X-ray source (Rigaku rotating Cu anode X-ray generator and 

Mar345 image plate detector) under cryogenic conditions to select crystals for remote data 

collection. 

Crystallization.   

 

 
Figure 3-1. Crystals obtained from selenomethionine-incorporated ATSV MCP protein.  
A. long, thin rod-shaped crystals used for multiwavelength anomalous diffraction dataset.  
B. Larger, square crystal with spiked protrusions used for high resolution dataset.  Beam 
was focused on the large part of the crystal.  Scale bars 200nm. 
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All datasets were collected at the Stanford Synchrotron Radiation Laboratory 

(beamline 11.1 for MAD dataset and beamline 9.1 for high resolution dataset).   A three-

wavelength multiwavelength anomalous diffraction (MAD) dataset centered on the 

selenium edge was collected from one of the prescreened selenomethionine-incorporated 

crystals in Fig. 3-1A (crystal ID BH20) (Table 1). A higher resolution 1.7 Å dataset from 

the selenomethionine-incorporated crystal in Fig. 3-1B (crystal ID BH06) was also 

collected (Table 3-1).  The MAD data were indexed, integrated, and scaled using 

HKL2000 (

Data Collection.   

200).  SOLVE (201) was used to determine the positions of the 

selenomethionine atoms using the 3-wavelength MAD dataset to calculate initial phases.  

RESOLVE (202) was used for density modification and initial model building.  The high 

resolution dataset was also indexed, integrated, and scaled using HKL2000 (200). The 

initial model was refined against the high resolution dataset, which was used for all 

subsequent refinements. 

 

Coot (

Structure Refinement.  

203) was used for interactive model building.  REFMAC5 version 5.8.0073 

(204) was used for initial model refinement and Phenix version 1.9-1692 (205) was used 

for late model refinement.  For REFMAC5 refinement, defined TLS groups and NCS 

restraints were used.  Each refinement started with 6 cycles, and the final number of 

cycles was picked based on the cycle with the lowest Rfree value, with minimal 

divergence from Rwork.  A sample Refmac script is provided in Appendix B.  For Phenix 

refinement, refinements were done without adding hydrogen atoms, and with manually 
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entered torsion-angle NCS groups of 10:44, 46:66, and 69:130 for all chains.  The 

refinement settings are shown in figure 3-S1.  Structure validation was performed using 

Molprobity (206) and wwPDB validation server (207).  Structure figures were produced 

using PYMOL (208).  The structure of D135 was deposited into the RCSB Protein Data 

Bank (PDB) with PDB ID 5EQW.  The final wwPDB validation report is presented in 

Appendix B. PYMOL scripts used to generate figures are presented in Appendix C.   

 

The DALI server (

Structure Analysis.  

209) was used to compare D135 to other structures in the 

RCSB Protein Data Bank (PDB) and for structure alignments.  The PDBset program, part 

of the CCP4 suite (210), was used to build the 4-start superhelix and to create a PDB file 

of interfacing subunits.  PDBePISA (211)  was used to analyze subunit interfaces for the 

4-start helix, as well as for the virion structures of STIV (PDB-ID 3j31) and SIRV2 

(PDB-ID 3j9x).   

 

Electrostatic potential was calculated using the APBS web server and surface 

rendering and electrostatic maps were created in Pymol. The necessary PQR files of the 

D135 interfacing subunits were calculated using the PDB2PQR web server at pH 2 and 

pH 6.5. 

Electrostatics 
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Cryo electron micrographs of purified CHAS virus samples enriched with ATSV 

were taken by Martin Lawrence and Daniel Bollschweiler at the Max Planck Institute of 

Biochemistry Department of Structural Biology on a Titan Krios cryo-transmission 

electron microscope. 

Cryo-Electron Microscopy 

The ATSV MCP protein was expressed in E. coli with an N-terminal-His6-tag, 

with a total mass of 15.86 kDa.  The Ni-NTA purified protein migrates at 16.0 kDa on a 

Superdex-75 column when compared to standards of known sizes, suggesting a monomer 

in solution when in a pH 8 buffer.  The protein was crystallized in the space group P2 

with 5 copies in the asymmetric unit, with an estimated solvent content of 48.8%.  The 

structure was solved by multi-wavelength anomalous diffraction at the selenium edge. 

Data collection and model refinement statistics are summarized in Table 3-1 and 3-2.   

Results 

The final model had a Rwork of 18.9% and Rfree of 21.3% as reported by Phenix.   

The geometry of the final model was evaluated using Molprobity (206). 98.6% of the 

residues fall into the most favored regions of the ramachandran plot, with no residues in 

the disallowed regions.  Additionally, no disallowed bonds lengths, bond angles, or Cβ 

deviations were found.  The final structure has a Molprobity score of 0.73, putting it in 

the 100th percentile when compared with a subset of other structures of a similar 

resolution (Table 3-S1).  Validation using the wwPDB validation server (207) showed 

that D135 ranked highly (70 – 100%), for the categories of Rfree score, clash score, RSRZ 



83 
 

 
 

outliers, ramachandran outliers, and sidechain outliers, when compared to other structures 

of similar resolution (Appendix C).   

 
 Table 3-1. Data collection       

Crystal 1 Crystal 2 

  Se edge Se peak Se remote Se high resolution 

Wavelength 0.98016 0.97947 0.86098 0.95369 

Resolution rangea (Å) 50 – 2.50 (2.54 – 2.50) 50 – 2.00 (2.03 – 2.00) 50 – 2.50 (2.54 – 2.50) 50 – 1.68 (1.72 – 1.68) 

Space group P2 P2 P2 P2 

a, b, c (Å) 97.63, 41.68, 97.94 97.69, 41.73, 98.14 97.53, 41.65, 97.83 97.78,   41.67,   97.69  

α, β, γ (°) 90.00, 108.30, 90.00 90.00, 108.28, 90.00 90.00, 108.30, 90.00 90.00, 108.64,  90.00 

Unique reflections 23,673 48,744 23,414 84,697 

Average redundancya 2.7 (2.8) 5.2 (3.5) 2.8 (2.6) 3.5 (2.5) 

I/σa 13.53 (4.01) 12.35 (1.98) 9.37 (3.35) 16.26 (2.23) 

Completenessa (%) 89.1 (92.1) 94.3 (64.1) 88.1 (90.8) 98.7 (86.7) 

Rsym
a,b (%) 5.8 (19.2) 7.9 (32.7) 6.3 (21.3) 6.6 (31.0) 

a Numbers in parentheses refer to the highest resolution shell 
b Rsym=100*ΣhΣi | Ii(h) − <I(h)> | / ΣhI(h) where Ii(h) is the ith measurement of reflection h and <I(h)> is the average value of the 
reflection intensity. 
 

Table 3-2: Model refinement   

Rworka (%) 18.9 
Rfreea (%) 21.3 
Real space correlation coefficient (%) 95.5 
Mean B value  (overall, Å) 25.5 
RMSD from ideality: bonds (A) 0.004 
RMSD from ideality: angles (̊ )  0.84 
Ramachandran plot – most favoredb (%) 98.6 
Ramachandran plot – disallowedb (%) 0 

aRwork = Σhk||Fo
hkl-Fc

hkl||/ΣFo
hkl| where Fo and Fc are the observed and calculated structure factor 

amplitudes used in refinement. Rfree is calculated as Rcryst, but using the “test” set of structure 
factor amplitudes that were withheld from refinement (4.9%). 
bCalculated using Molprobity (206)  
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The structure of ATSV MCP reveals a decorated 4-helix bundle that shows a right 

handed, antiparallel topology that lacks overhand connections, with helix lengths of 13, 

17, 21, and 21 residues (Fig. 3-2).  Helices 1 and 2 are roughly parallel, as are helices 3 

and 4.  The two sets of helices align at approximately a 15° angle to each other.  A fifth 

C-terminal helix  

Structure of the ATSV MCP.  

of 13 residues extends out from the 4 helix bundle at approximately a 50° angle relative 

to helix 4.  The first 9 residues at the N terminus (not including the His6 tag) and the last 

3 (chain B and D) or 4 residues (chain A, C, and E) at the C terminus of the structure 

were not built due to lack of electron density.  This could either mean that the protein was 

degraded after purification, or that those residues are disordered.  The amino acid 

sequence of ATSV MCP with annotated secondary structure is shown in Fig. 3-3. 
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Figure 3-2: Stereo ribbon diagram of ATSV MCP monomer from the “front” (A) and 
“back” (B).  The structure reveals a right handed, antiparallel 4-helix bundle lacking 
overhand connections, that is decorated with a fifth helix and a “cap” containing 2 short 
beta strands (β1 and β2) and extended loops situated on top of the structure in the given 
orientations. The five helices are labeled and each colored a different color, with beta 
strands in orange.  Secondary structure was determined by the DSSP algorithm (212). 
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The structure is “capped” by the α1/α2 loop and by an extended 28 residue 

structure between α3 and α4.  The connection between α3 and α4 contains 2 short parallel 

beta strands (residue Val80-Tyr81 and Ile94-Ala95). The α3/β1 loop (Fig. 3-4, teal) 

extends out over helix 2, then back toward β1, located above and approximately in the 

middle of the 4 helices. From there, the β1- β2 loop (Fig. 3-4, pink) extends back toward 

α1, above the α1/α2 and α3/β1 loops, and crosses back to form a very short 2-stranded 

parallel beta sheet with β1 (Fig. 3-4).  A short 2 residue loop connects β2 and α4. (Fig. 3-

4).   

 

Figure 3-4. Stereo diagram of the ATSV MCP “cap” region. The cap extends above the 
four helix bundle, with a short beta sheet in the middle and three loops connecting the 
secondary structure elements.  α3- β1 loop shown in teal. β1-β2 loop shown in hot 
pink.  B2- α4 loop shown in black.  

 

 

 
Figure 3-3. ATSV MCP amino acid sequence with annotated secondary structure from 
crystal structure as determined by the DSSP algorithm (212). 
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The cap feature is stabilized by 14 intra-subunit hydrogen bond interactions (Fig. 

3-5).  In addition to the hydrogen bonds that make up the parallel β-sheet, residue Tyr29 

in the α1/α2 loop H-bonds to Val80, forming β-sheet-like H bonds. forms an isolated beta 

strand, making a bridge with Val80 in an antiparallel conformation. The cap is further 

stabilized by 4 hydrogen bonds between the Arg70 sidechain and carbonyl groups of 

three other residues in the α3- β1 loop (Gly74, Asp78, and Ala78).    

 

Figure 3-5.  Stereo diagram of hydrogen bonds in the ATSV cap feature. The cap 
contains 14 hydrogen bonds, including bonds involving the loop region between helices 1 
and 2, and a short beta strand in the middle.  While most hydrogen bonds involve 
backbone atoms, the sidechains of R70 and S93 also form hydrogen bonds to main chain 
carbonyl and amino groups, respectively.  Hydrogen bonds are indicated by dashed lines, 
with distances in angstroms in red.  
 

ATSV D135 shows structural homology to ATV p131, the MCP of Acidianus 

two-tailed virus (

Homology to ATV P131.  

124) (Fig. 3-6).   A Dali structural homology search identified ATV 

P131 as the closest structural match to ATSV MCP (Protein Data Bank (PDB) ID 3FAJ, 

Z = 12.2, 2.2 A RMSD for 101 equivalent residues) (209). The two MCPs also share 

amino acid homology by BLAST, with 39% identity over the whole MCP, and 59.3% 
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identity over the first 59 residues, but only 21.2% identity for remaining 76 residues (Fig. 

3-7).  Thus, a superposition of the ATSV and ATV MCPs based on the DALI alignment 

shows an overall similarity in size and shape (Fig. 3-6).   The first three helices match 

closely between the two structures, consistent with the higher amino acid identity.  ATV 

p131 also has a loop between helices 3 and 4, but unlike ATSV, 7 residues (71-77) are 

disordered (Fig. 3-6C).  ATV P131 contains a short 2 stranded antiparallel β-sheet.  The 

ATV strand β2 is in approximately the same position as the ATSV β1 strand, with the 

ATV β1 in a similar position to ATSV Tyr29 in the α1/α2 loop (Fig 3-6B).  Interestingly, 

the presence of these short β-strands giving the 2-stranded antiparallel sheet in ATV p131 

has not previously been noted.  The presence of the capping β-sheet in both ATV p131 

and ATSV D135 suggest that this is a conserved structural feature of the MCPs of the 

large tailed spindle virus superfamily. 

The amino acid alignment of the two MCPs based on the DALI structure 

alignment can tell us exactly which residues are close to each other in space, rather than 

using only the primary sequence to predict an alignment.  The structure-based amino acid 

alignment shows almost complete sequence conservation of helix 1 and helix 2 (Fig. 3-7).  

Eight conserved residues (Val15, Ile18, Leu19, Val27, Val32, Leu36, Met58, and Leu115 

in ATSV), located in all four helices, contribute to the hydrophobic core of the helical 

bundle which stabilizes the structure.   

There are also differences between the MCPs of ATSV and ATV.  First, the 

extended structure between α3 and α4 in the ATV MCP is shorter than that of the ATSV 

MCP.  Seven residues of the loop region (71-77) are not built into the structure (Fig. 3-
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6C).  However, judging from the positions of ATV MCP residues 70 and 78, it appears 

that the ATV MCP loop follows the first ATSV MCP sub-loop (Fig. 3-4, cyan loop), and 

then goes straight over to helix 4 instead of forming a second sub-loop (Fig. 3-6B). `  

 Another difference between the two MCPs is the α4 helix.  While α4 of ATSV 

MCP is a single 21-residue helix (Fig. 3-6A, 3-7), ATV MCP α4 contains a proline that 

introduces a kink in the helix (Fig. 3-6C).  After α4, both structures have a fifth helix that 

starts in approximately the same place.  The ATSV MCP α5 is at approximately a 50 

degree angle to helix 4, pointing up and away from the four helix bundle, while the ATV 

p131 helix 5 is at approximately a 120 degree angle to α4 and points down and toward 

α1.  Thus, while ATSV MCP and ATV P131 share the same overall fold, differences in 

the extended loop regions and in helix 4 and 5 make the structures distinct from each 

other. 
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Figure 3-6. Superposition of ATSV D135 and ATV P131 MCP structures, with 
secondary structure elements predicted by DSSP (212). A. ATSV D135 structure. B. 
Superposition.  ATSV MCP colored in blue.  ATV p131 colored in orange.  C. ATV 
P131 structure.  Residues 71-77, located between the two beta strands, are disordered. 
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Figure 3-7. Amino acid alignment based on DALI structural alignment of ATSV D135 
and ATV p131 with annotated secondary structure elements.  Identical residues colored 
in red.  Similar residues colored in green.  Unconserved residues colored in black.  
Secondary structural elements are annotated.  For ATV p131, unbuilt residues at position 
71-77, 93-94, and 105-106 are shown in grey.  Secondary structure assignments shown 
for ATSV (top) and ATV (bottom) based on the DSSP algorithm (212). 
 

The ATSV MCP forms a unique higher order structure in the crystal.  The 5 

copies of the ATSV MCP in the asymmetric unit form half of a helical turn, that, when 

translated by the crystallographic symmetry operation [-x + 1, y + 2, -z], forms a full 

helical turn of 10 subunits with a pitch of 15 nm.  Due to crystallography symmetry, this 

helix continues through the length of the crystal (Fig. 3-8A, B, each different color 

represents one strand).  Importantly, when the full helical turn is translated by the 

symmetry operations [x, y + 1, z], [x, y + 2, z], and [x, y + 3, z],  three additional strands 

are packed into the open, extended pitch of the first strand in a parallel fashion, forming a 

right handed parallel 4-start superhelix (Fig. 3-8).  

Higher Order Assembly Within Crystal.  

This 4-start superhelix has an outer diameter of about 12 nm, and an inner 

diameter of about 5.5 nm (Fig. 3-8A,C).  The superhelix forms a mostly solid surface 
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(Fig. 3-8B,D) indicating that the subunits are making contact.  Two types of interactions 

become important in terms of the superhelix assembly – interactions between MCP 

subunits in the asymmetric unit that make up one strand of the helix (Fig. 3-8 – subunits 

of the same color), and interactions between strands of the 4-start helix (Fig. 3-8 – strands 

of different colors).   

 

 
Figure 3-8. ATSV MCP forms a 4-start superhelix in the crystal. A-B.  Side view of 
superhelix, colored by strand with cartoon representation (A) and surface rendering (B).  
C-D. Top down view of superhelix, with cartoon representation (C) and surface rendering 
(D).  Surface rendering shows a mostly solid surface, with small holes near the N and C 
terminus of each subunit, at which there are unbuilt residues. 
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Figure 3-9. ATSV MCP Interfaces between the middle subunit (grey) and adjacent 
subunits were analyzed using PDBePISA. All figures oriented with the outside of the 
superhelix facing out.  A. Model used to analyze subunits.  B-D. The three types of 
interfaces on the surface of the superhelix.  Sticks shown for interfacing residues.  B. Top 
to bottom interface (C/+C and C/-C) shows involvement of the cap structure.  C. Side by 
side interface (B/C and C/D) shows extensive interaction involving several helices and 
the cap structure.  D. Diagonal interface (C/+D and –B/C) shows relatively few 
interacting residues when compared to other interfaces.   
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While the ATSV D135 structure forms a superhelical higher order structure in the 

crystal, it is important to determine whether the interactions among subunits are 

biologically relevant, or alternatively, a result of crystal packing.  The solid surface of the 

superhelix (Fig. 3-8B,D), as well as interacting residues, lead us to believe that the 

assembly formed in the crystal might be biologically relevant.  The goal of analyzing the 

surface of the superhelix is to see if the interactions at the interfaces can provide insight 

into how the ATSV MCP might assemble to form a spindle-shaped particle. 

Analysis of Superhelix Interfaces 

For ATSV, all interfaces of a common subunit were analyzed to determine the 

types of interactions, using a model of the helix surface (Fig. 3-9).  Three different types 

of interfaces were present: side by side (B/C, and C/D, Fig. 3-9C), Top to bottom (C/-C 

and C/+C, Fig. 3-9B), and diagonal (C/-B and C/+D). 

In sets of reciprocal interactions, subunit C (Fig. 3-9A) sees each of the 3 types of 

interface twice.   Most secondary structure elements are involved in at least 1 of the 3 

types of interactions (side by side, top to bottom, and diagonal).  At the side by side 

interface, (Fig. 3-9C), the α3-β1 loop of one subunit extends down into the crevice 

formed by α4 and α5 of the adjacent subunit.  There is also extensive interfacing between 

α1, α2 of the first subunit and α4 and α5 of the second.  The top to bottom interface 

involves the bottom residues of α3 and α4 of the top subunit and the β1- β2 loop (Fig. 3-

9B).  The diagonal interface also involves the β1- β2 loop, which interfaces mostly with 

α2 (Fig. 3-9D).  Interestingly, the β1- β2 loop is involved in all 3 interfaces, indicating 

that it could be especially important for ATSV assembly.   
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Table 3-3. PDBePISA interface interactions for the central subunit for ATSV, 
STIV, and SIRV2 from Fig. 3-9 and 3-10. 
          ATSV         

 Side by side Top to bottom Diagonal    
  C/B C/D C/-C C/+C C/-B C/+D     Total 

Interfacing SA (Å2) 687.9 689.7 193.8 193.8 108.9 108.9     1983 
Interfacing  SA (%)a 10.2 10.2 2.9 2.9 1.6 1.6     29.3 

Hydrogen bonds 2 2 3 3 0 0     16 
Salt bridges 0 0 1 1 0 0     2 

          STIV         
  E/F E/D E/O E/J E/I E/M     Total 

Interfacing SA (Å2) 806 780 704 516 521 445     3772 
Interfacing  SA (%)b 5.7 5.5 5.0 3.7 3.7 3.2     26.8 

Hydrogen bonds 13 11 7 7 6 3     47 
Salt bridges 3 1 0 0 2 2     8 
         SIRV2         

  C/D C/B C/A C/F C/E C/g C/f C/ g top* Total 
Interfacing  SA (Å2) 1479.2 903.6 239.3 355.2 238.4 87.4 44.7 87.4 3435.2 
Interfacing  SA (%)c 17.3 10.6 2.8 4.2 2.8 1.0 0.5 1.0 40.2 

Hydrogen bonds 7 5 3 4 3 1 0 1 24 
Salt bridges 0 0 0 0 0 0 0 0 0 
* C,g interface was used to approximate the top interface of subunit C, in which a similar interface is formed. 
The PDB on file did not contain both a top and bottom interface for any subunits.  

                   a based on a subunit surface area of 6768 Å2 
                   b based on a subunit surface area of 14061 Å2 
                   c based on a subunit surface area of 8538 Å2 

 

Crystal contacts were analyzed using PDBePISA to determine whether the 

interactions could be biologically relevant for virus assembly.  The interfaces formed by 

each of 6 subunits adjacent to a central subunit were analyzed (Figure 3-9).  Specific 

interactions of each interfacial residue of the middle subunit with residues from other 

subunits is presented in Table 3-S2.  The resulting analysis showed that 29.3% (1983 Å2) 

of the surface area of the middle residue interfaces with the 6 adjacent subunits (Table 3-

3).  Overall, there is more than twice as much interfacing surface area involved in the 2 

side by side interfaces (1377.6Å) than the 4 top to bottom and diagonal interfaces 

combined (605.4 Å).   
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Table 3-4. ATSV MCP interacting residues for the 3 types of interfaces. Interactions 
determined PISA. A cutoff of 50% buried surface area or higher was used to select 
interfacing residues.   

Side by Side (B/C and C/D) 
Residue interacting residues Interaction 

16L 75F Hydrophobic 
20T 76H Mixed 
23F 76H Hydrophobic 
31E 127E, 128E H bond 
34L 116A, 120P Hydrophobic 
42N 121N Weak H bond 
73R 105N H bond 
74G 109T Hydrophobic 
75F 116A, 123V, 112M Hydrophobic 
76H 20T, 23F Mixed 
79Y 127N Mixed 
88N A131 Weak H bond 

105N 73R H bond 
109T 74G Hydrophobic 
112M 75F Hydrophobic 
116A F75, L34 Hydrophobic 
121N 42N Weak H bond 
123V F75 Hydrophobic 
124A L34 Hydrophobic 
127E 31E Weak H bond 
128E 31E H bond 
131A 88N Weak H bond 

Top to bottom (C/-C and C/+C) 
Residue interacting residues Interaction 

49I 91P Hydrophobic 
50N 89A H bond 
87E 118R Salt bridge, H bond 
89A 118R H bond 
91P 49I Hydrophobic 

118R 87E, 89E Salt bridge, H bond (2) 
Diagonal (C/+D and C/-B) 

Residue interacting residues Interaction 
24N 49I Hydrophobic 
26M 44S, 45R Mixed 
44S 26M Weak H bond 
45R 26M Hydrophobic 
49I 24N Hydrophobic 
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The side by side interface contains two sets of reciprocal interactions, represented 

by B/C, and C/D in the model (Fig 3-9A, Table 3-3).  These interfaces are involved in the 

formation of each helix strand (Fig. 3-8), making interstrand interactions.  Several 

interactions between residues in the side by side interface suggest that the quartenary 

structure shown in the crystal is biologically relevant.   In total, there were 22 interacting 

residues at the side by side interface with buried surface area of at least 50% (Table 3-4).  

Among these, 2 hydrogen bonds and 3 weak but hydrophilic interactions (Weak H bonds) 

were seen at the interface. 

Side by Side Interactions.  

There are also numerous hydrophobic interactions found at the side by side 

interface.  In total, 10 residues form hydrophobic interactions.  Of these, 6 form a 

hydrophobic pocket is formed between the subunits.  Leu34 is located on α2 and Phe75 

in the β1- β2 loop of one subunit, and Leu16, Mse112, Ala116, and Val123 are located 

on α1, α4, and α5 of the other subunit (Fig. 3-10).  All residues have a high percentage of 

buried surface area in PDBePISA, supporting a hydrophobic interaction.  The 

hydrophobic interactions are especially important because they are stronger than 

hydrogen bonds, which can break and bond to water molecules. The presence of exposed 

hydrophobic residues in the monomers that become buried with the presence of an 

interfacing subunit, as well as the presence of hydrogen bonding interactions, is a good 

indication that the interactions between adjacent subunits, and therefore the strands that 

make the superhelix, are biologically relevant, rather than a result of crystal packing.   
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Figure 3-11. Stereo ribbon diagram of inter-subunit hydrophobic pocket that stabilize the 
side by side interactions. All hydrophobic sidechains are within 5 angstroms of a 
hydrophobic sidechain of an adjacent residue.    
 
 

 The conservation of residues between ATSV and ATV can be examined in the 

context of the interfaces to determine which residues are potentially important for virion 

assembly.  The DALI structure-based alignment demonstrates the importance of the 

hydrophobic pocket in the side by side interaction in the ATSV MCP asymmetric unit 

(Fig. 3-7, 3-11).  Of the 6 hydrophobic residues in the ATSV MCP hydrophobic pocket 

(Leu16, Leu34, Phe75, Mse112, Ala116, and Val123) (Fig. 3-10), Leu34 and Ala116 are 

conserved in ATV, and Leu16 is substituted with a valine in the same position.  

Additionally, Phe75, which is located in α3-β1 loop and extends down into the 

hydrophobic pocket (Fig. 3-4, Fig. 3-10), is most likely conserved in ATV as well.  ATV 

Phe75 is disordered, but based on the positions of the built residues and the number of 

unbuilt residues, ATV likely contains a similar loop, with Phe75 in approximately the 

same position.   The conserved residues at the side by side interface strengthen the 

relevance of the interactions between subunits in each strand.  

Conservation Between ATV and ATSV 
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 In addition to the interfaces between subunits forming a single strand, PDBePISA 

also detects interfacing molecules between the helical strands that form the superhelix 

(interactions between strands of 4 different colors in Fig. 3-8).  There are two types of 

inter-strand interfaces -top to bottom (C/-C, C/+C) and diagonal (C,-B, C,+D) (Fig. 3-9A)  

the diagonal interface, containing 2 sets of reciprocal interactions, is relatively minor, 

contributing only 1.6%, or 108.9 Å, buried surface area and 5 total interfacing residues 

(Table 3-3, 3-4, Fig. 9D).  These residues form a weak hydrogen bond and some 

hydrophobic interactions, but are overall a minor contribution compared to the other 

interfaces.  

Interstrand Interactions. 

There are two sets of reciprocal interactions in the top to bottom interface (C/-C 

and C/+C) (Fig. 3-9A, B).  There are 6 interfacing residues with at least 50% buried 

surface area, and there is 2.9% total buried surface area (Table 3-3, 3-4).   Three strong 

hydrogen bonds and a salt bridge are formed between the top to bottom subunits.  In 

addition to forming a hydrogen bond with Asn50, residue Pro91 forms a hydrophobic 

interaction with Ile49 (Table 3-4).  The presence of 3 hydrogen bonds and a salt bridge is 

impressive given the relatively small number of interacting residues, and gives evidence 

for the biological relevance of the inter-strand interactions. Given that the interstrand 

interfaces contain more hydrogen bonds (which can break and bond with water) than 

hydrophobic interactions, it is possible that one strand could slip relative to another This 

potential flexibility of interactions could facilitate a change in superhelix diameter, like is 

seen for the T4 contractile sheath (213).   
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Figure 3-11. Interfaces used for PDBePISA analysis. A. SIRV2 interfacing subunits of 
chain C (center).  B. STIV interfacing subunits of chain E (center). 

  

The interfaces between MCP subunits in STIV and SIRV2 virion structures were 

also analyzed in order to determine whether the ATSV interactions at the interfaces are 

similar to those of MCPs within virions of archaeal viruses (Fig. 3-11). Interestingly, 

ATSV, STIV, and SIRV2 MCPs are all monomeric when expressed in E. coli (

Comparison with Other Virion Interfaces 

13, 196).  

For STIV, 26.8% (3772 Å2) of the total surface area of the middle subunit interfaces with 

adjacent subunits (Fig. 3-11B, Table 3-3).  For SIRV2, 40.2% (3432 Å2) of the surface 

area of a central subunit interfaced with other subunits (Fig. 3-11A, Table 3-3), not 

including DNA contacts.  ATSV has a similar percentage buried surface area (29.3%), 

but less actual buried surface (1983 Å2) due to the smaller size of the MCP (14.9 kDA 

versus 37.8 kDa for STIV). 

STIV and SIRV2 both have hydrophobic regions among their interfaces (Fig. 3-

12).  Hydrophobic interactions are especially important in the SIRV2 virion, where a 
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network of aromatic rings for hydrophobic interactions at the C/D interface (Table 3-3, 

Fig. 3-12) (18).  Hydrophobic interactions are also seen in STIV virion MCP interfaces 

(Fig. 12B), although hydrogen bonding likely plays a bigger role (Table 3-3), with most 

interfaces forming 7-13 hydrogen bonds and multiple salt bridges.   

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3-12. Examples of hydrophobic interactions in SIRV2 and STIV virions.  A. The 
SIRV2 MCP shows a series of interacting hydrophobic rings in the dimer interface.  B. A 
hydrophobic region formed by an STIV MCP interface.  
  

   
Comparing all interface interactions for the three viruses (ATSV, SIRV2, and 

STIV) shows that hydrogen bonds and hydrophobic interactions are important to virion 

structures.  STIV has considerably more hydrogen bonds than ATSV or SIRV2 (47 

versus 10 for ATSV and 24 for SIRV2) (Table 3-3).  The numbers of hydrogen bonds for 

the two latter viruses are similar, especially given that SIRV2 has more interfacing 

surface area than ATSV.  The ratio of interfacing surface area per hydrogen bond is 

similar, with one hydrogen bond for every 198 Å2 of interfacing surface area for ATSV 

and one hydrogen bond for every 143 Å2 of interfacing surface area for SIRV2.  Visual 

inspection of the interfaces shows that hydrophobic areas are present for all three viruses 
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(Fig. 3-12, 3-13).  The interactions at interfaces in the ATSV MCP superhelix show 

overall similarities to those of interfaces found in archaeal virus virion structures.  This 

gives support for the use of the superhelix as a proxy for ATSV assembly.   

 

Two positions in the density map containing 2Fo-Fc density were much bigger 

than the density normally seen for water, and were present at a 3.4 sigma (nitrate 1) and 

2.9 sigma (nitrate 2) contour level after modeling.  In a difference map, the 2Fo/Fc density 

was triangular or tetrahedral in shape.  Nitrate molecules were built into the D135 MCP 

structure in the two positions.  The buffer used to crystallize the MCP protein contained 

3.4 M sodium nitrate, so it is not unexpected that nitrate molecules could interact with the 

structure.  The buffer also contained sodium acetate at a concentration of 0.1 M. Acetate 

and nitrate are isosteric and could both be modeled into the density.  However, nitrate 

was chosen because it was much more abundant in the crystallization condition.   

Nitrates in the MCP Structure   

Nitrate 1 is located at the side by side interface.  On one chain (Fig. 3-13A, 

purple) the nitrate forms a salt bridge and hydrogen bond with His76, and another 

hydrogen bond with the amino group of Phe75 (Fig. 3-13A).  The nitrate does not form 

any hydrogen bonds or salt bridges with residues from the other chain of the side by side 

interface (Fig. 3-14A, green), but 4 residues (Phe23, Leu108, Thr109, and Mse112) 

interface with the nitrate.  The electron density supports the existence of the nitrate, with 

strong electron density in a triangular shape (Fig. 3-13B) that can be contoured down to 

3.4 sigma after modeling.  NCS ghosts show that the nitrates are located in approximately 

the same position in all 5 chains.  Given the proximity of Phe23 to the nitrate, acetate 
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could be modeled into the density in place of the nitrate, with the carbon oriented toward 

the Phe23 sidechain to create a hydrophobic interaction. 

 

 
 
Figure 3-13. A. Stereo ribbon diagram of nitrate 1, found at the side by side interface.  
Interfacing residues shown with sticks, and structures are colored by chain.  Three 
hydrogen bonds are formed with the right hand chain.  B. Stereo diagram of the nitrate 1 
molecule with the 2Fo-Fc map contoured to 1 sigma.  
 
 

A second nitrate molecule, nitrate 2, was modeled into the structure near the N 

terminus of helix 3, at the bottom of the subunit.  It is located between two superhelix 

strands, but does not interface with lower strand (Fig. 3-14A).  Again, there was strong 

triangular- shaped electron density down to 2.9 sigma, which indicated a molecule larger 

than water (Fig. 3-14B).  Nitrate 2 exists in 2 conformations, depending on the chain.  

Conformation A, found in Chains A, B and D (Fig. 3-14), is oriented differently than 
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conformation C, found in chains C and E (Fig. 3-14B).  In both conformations, there is 

extra 2Fo-Fc density to indicate that the nitrate might have multiple conformations in each 

chain (Fig. 3-14A, B).  In both cases, hydrogen bonds are formed with residues Asn50 

and Gln51.  In conformation B, two oxygen molecules from the nitrate point toward the 

amino groups of Asn50 and Gln51, making 3 hydrogen bonds.  An additional H-bond is 

formed with the sidechain of Asn50 (Fig. 3-14C).  In conformation C, only one oxygen 

from the nitrate points toward the Asn50 and Gln51 amino groups making 2 H-bonds 

instead of 3.  A third H-bond is formed with the Gln51 sidechain (Fig. 3-15-D).  A sulfate 

molecule could potentially be modeled into the density, with the two conformations 

simulating the tetrahedral shape of the sulfate.  The oxygen molecules in the sulfate could 

make similar hydrogen bonds to the nitrate molecule.  Sulfate ions are found in 

abundance in the CHAS hot spring (10 mg/L concentration), so nitrate could be acting as 

an analog for actual virion interaction with sulfate ions.   
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Figure 3-14.  A. Nitrate 2 is located between 2 superhelix strands, but only interfaces 
with the top strand.  B-C. Stereo diagram of nitrate 2 (found in chain A, B, and D, chain 
B shown) with 2Fo-Fc map contoured to 0.8 sigma, with NCS ghosts of other chains.  B. 
Conformation B, found in chains A, B and D (chain B shown).  C. Conformation C, 
found in chains C and E (chain C shown).Stereo diagram of nitrate 2 in B conformation 
(found in chain A, B, and D, chain B shown.  D. Chain B conformation showing 4 
hydrogen bonds.  E. Chain C conformation showing 3 hydrogen bonds. 
 
 

Electrostatic maps were calculated for the 6-subunit assembly of the ATSV MCP, 

which represents the inner and outer surfaces of the superhelix, and also potentially of the 

virion (Fig. 3-16).   Two maps were calculated, one at pH 6.5, the intracellular pH of 

archaea (Fig. 3-15A) (

Surface Electrostatics.   

214) and pH 2, the pH of CHAS hot spring (Fig. 3-15B), and.  The 

electrostatics at the two pHs were drastically different, due in large part to the change in 

pH, but also due to the location of 7 acidic residues on the inner surface of the superhelix 
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structure.  At a near-neutral pH, the acidic residues give the inner surface an overall 

negative charge.  However, at the lower pH of the spring, those residues are protonated, 

and both the inside and outside surfaces of the superhelix are positively charged.  Given 

the negative charge of the inner surface of the superhelix, it is unlikely that DNA is 

associated with the MCP subunits during virus assembly within the cell.  However, at pH 

2, both the inside and outside of the superhelix has an overall positive charge.  This could 

allow the inside surface of the virion to interact with the phosphate backbone of DNA, 

probably stabilizing the virus particle.   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3-15. Electrostatics of ATSV MCP outer (left) and inner (right) superhelix 
surfaces.  Electrostatic calculations were carried out at 80° C and pH 6.5 (A) and pH 2 
(B). Surface maps contoured from -10 kt/e (red) to 10 kt/e (blue). 
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 The ATSV MCP has homology to MCPs from 4 other large spindle viruses: 

ATV, STSV1, STSV2, and SMV1.  An amino acid alignment of all 5 MCPs shows 35 

residues that are either conserved or similar (e.g. hydrophobic) (Fig. 3-16).  The location 

and putative function of each conserved residue is reported in Table 3-5.  Eleven 

conserved residues are hydrophobic, with their sidechains making the core of the 4 helix 

bundle. These 11 residues are located on each of the first 4 helices (Fig. 3-18).   These are 

structurally important, and are needed for the protein to fold into a 4 helix bundle.    

Spindle Virus MCP Residue Conservation  

 Additional conserved residues are found at the interfaces between subunits.  

Interestingly, 3 conserved residues are located at the diagonal interface, which has little 

buried surface area and no notable hydrogen bonds or hydrophobic interactions.  There 

are no conserved residues at the top to bottom interface.  This is due to the fact that the 

B1/B2 loop, which is missing in ATV and SMV1, is involved in the top to bottom 

interface.  Conversely, ten residues at the side to side interface are conserved, with 7 

located on α2, one on α2, and 2 in the α3/β1 loop (Fig. 3-9, 3-17, Table 3-5). Notably, 

these include Leu34 and Phe75, both part of the hydrophobic pocket.  The conservation 

of residues in the side to side interface highlights the importance of strand formation in 

ATSV, and likely in the other viruses as well.  

 The lack of conservation can also tell us interesting things about the differences 

among large spindle viruses. The MCPs of ATSV, STSV1, and STSV2 all share the β1- 

β2 loop, with almost every residue conserved, while ATV and SMV1 are missing every 

residue the β1- β2 loop.  Also, ATV and SMV1 both contain a proline residue in the 
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middle of helix 4, making a kinked α4 helix, as seen in ATV.  The other three viruses 

have a longer helix 4.  Based on these differences, we propose that large tailed spindle 

viruses form two subfamilies, one containing ATSV, STSV1, and STSV2, and the other 

containing ATV and SMV1.  

 

Figure 3-16. MUSCLE amino acid alignment of all 5 large spindle virus MCPs with 
secondary structure annotated for ATSV and ATV.  α4 kink-forming prolines indicated 
by red boxes for SMV1 and ATV. 
 
 
Table 3-5. Conserved and similar residues in all large spindle viruses 

Residue Position Interface/function Residue Position Interface/function 
10D α1 inner surface 45R* α2 diagonal interface 
12A* α1 structural 47G α2 /α3 loop diagonal interface 
13G α1 inner surface 52K α3 outer surface 
14G α1  inner surface 54I* α3 outer surface 
15V* α1 structural 55V* α3 structural 
18I* α1 structural 56H α3 outer surface 
19L α1  side by side interface 58M* α3 structural 
29Y α1/α2 loop stabilizes cap 59V* α3 structural 
30P α2 side by side interface 62I α3 structural 
32V* α2 side by side interface 70R* α3/β1 loop stabilizes cap 
33S* α2,  structural 72G α3/β1 loop stabilizes cap 
34L α2  side by side interface 74G α3/β1 loop side by side interface 
35K* α2 side by side interface 75F α3/β1 loop side by side interface 
36L* α2 structural 97P β2- α4  structural 
37A α2 side by side interface 108L* α4  structural 
38G α2 side by side interface 115L* α4  structural 
40E α2 structural       
41A α2 side by side  interface       
    diagonal interface       
42N α2 inner surface       

*Similar residues: position that contains either all hydrophobic residues, both arginine 
and lysine residues, or both serine and threonine residues. 



109 
 

 
 

Figure 3-17. Conserved residues mapped to ATSV MCP shows conservation of the 
interfaces of the superhelix and within the core of the helical bundle.  Three views are 
shown.  Orange – conserved interfacing residues.  Green – other interfacing residues.  
 

Cryo electron microscopy was used to gain further insight into ATSV virion 

structure.   Long-exposure micrographs of purified ATSV were taken at the Max Planck 

institute for structural biology on a Titan Krios cryo-transmission electron microscope.  

Intact virus particles showed ridges on the outside, suggesting a virion structure involving 

strands of MCP in a helical arrangement of diminishing diameter with the tapering of the 

spindle ends. (Fig. 3-18A).  This potential assembly was further supported by an electron 

micrograph featuring disrupted ATSV particles.  Due to the draining of DNA from inside 

the particle and subsequent flattening due to the disruption, striations were seen 

extending across the particle, further indicating a helical assembly (Fig. 3-18B,C).  The 

striations, which are most prominent on the outside edge of the virion, can be contrasted 

with the striations found in other virus particles from CHAS, in which an outer shell is 

visible, with the striations inside, likely representing DNA (Fig. 3-18D).   

Cryo-Electron Microscopy of ATSV Particles  
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The ridges on the outside of the ATSV virion were measured, using the 10 nm 

gold dots to set the scale.  It was found that the ridges measure approximately 4-4.5 nm 

across using the.  Using the 15 nm pitch of a 4-start helix (Fig. 3-8), it was approximated 

that the width of one helix strand is approximately 3.75 nm width.  Therefore, the width 

of each ridge is approximately equal the width of one strand of helix.  This information 

can be used to create a model for ATSV assembly, using multi-start strands of ATSV 

MCP to form the spindle shape. 

 

 
Figure 3-18. Cryo-electron micrographs showing ATSV virion structure. A. Intact ATSV 
particle with ridges on the outside of the spindle head.  B. Disrupted virus particle 
showing outer ridges with striations extending across the virus particle.  C. Zoomed in 
view of box in fig. 3-11A.    D. Different virus from CHAS environmental virus prep 
showing ridges on the inside with an outer shell.  Black dots = ~10nm. 
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Structural biology is not limited to organisms that have been cultured.  Viral 

metagenomics provides a wealth of genes about which very little is known.  Applying 

structural biology to viral metagenomic information could give rise to the discovery of 

new protein folds by choosing genes that are unlike anything know, and could in turn 

expand what we know about protein structure.  The ATSV MCP provides just one 

example of how powerful it can be to link metagenomics with structural biology, with a 

probable result of the first model for large spindle virus assembly.   

Discussion 

 The ATSV MCP structure by itself gives useful information about the protein fold 

and shows interesting features, such as the cap feature between α3 and α4.  It also shows 

close structural homology to ATV p131, but with notable differences in the cap and the 

presence (ATSV) or absence (ATV) of a kink in α4.  These features that make the ATSV 

MCP different than ATV MCP are not exclusive to the two viruses.  STSV1 and 2 appear 

to share the β1- β2 loop with ATSV, while SMV1, like ATV, is missing the β1- β2 loop 

and has a kink in α4.  Consistent with these structural differences, and in fact as a result 

of these structural differences, a phylogenetic tree based on the MCP alignment, ATSV 

shares a branch with STSV1 and STSV2, while ATV and SMV1 have separate branches 

(Chapter 4, Fig. 4-1F). These distinctions are interesting when combined with the fact the 

ATSV shares more gene content with STSV1 and STSV2 (25 ORFs), and SMV1 shares 

the most gene content with ATV (14 ORFs) (127) (chapter 2).  With these trends, it is 

possible that at least two sub-groups, perhaps at the family level, could be present within 

large spindle viruses.   
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Combining the ATSV MCP structure with virion structure information from 

cryoEM imaging can help us elucidate the mechanism of large spindle virus assembly.  

Using other archaeal viruses for which this has been achieved can provide valuable 

information about biologically relevant MCP interactions and allow for comparison with 

the interactions seen in ATSV.  For both STIV and SIRV2, structures have been 

determined by high resolution cryoEM and single particle reconstruction or interative 

helical reconstruction, and MCP crystal structures were modeled into the electron density 

of the virion structure (18, 193).   

  The packing of the ATSV MCP into a four-start superhelix (Fig. 3-8) provides a 

framework for the biological interactions between MCP subunits.  The interfaces making 

the superhelix were analyzed and compared to the interfaces made by MCPs within STIV 

and SIRV2 virion structures to see if the ATSV interfaces could be feasible for a virus 

shell.  A similarity among the MCPs of ATSV, STIV, and SIRV2 are that they are all 

monomeric when expressed in E. coli.  Analysis of the interfaces for ATSV shows a high 

percentage of buried surface area (29%, 1980 Å2), similar to that of MCP subunits in the 

STIV virion structure (26%, 3772 Å2) (Table 3-3).  SIRV2 shows a higher percentage of 

buried surface area (40%, 3435 Å2) forming dimmers on the DNA, winding in a helical 

fashion to form the rod shape of the SIRV2 virion (18).   

Looking at the types of bonds formed between subunits, ATSV MCP interfaces 

predictably share more similarity with those of SIRV2.  Both have distinct hydrophobic 

interactions involving aromatic hydrophobic residues.  Also, both have interfaces that 

have hydrogen bonds, but not nearly as many as the STIV interfaces, which contain 
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extensive hydrogen bonds and salt bridges (Table 3-3).  Despite significant interactions 

among subunits in the virion (or in the superhelix, in the case of ATSV), the MCPs of 

ATSV, STIV, and SIRV2 are all monomeric when expressed in E. coli.  This 

demonstrates that MCP self-assembly is not a prerequisite for virion assembly.  It also 

suggests that extensive hydrophobic interfaces are avoided and that subunit/subunit 

interfaces generally utilize a mixture of hydrophobic and polar residues, as is seen in the 

4-start helix. The similarities of ATSV MCP interfaces to those of both STIV and SIRV2 

give us confidence that, even though the superhelix is not likely the exact assembly that is 

used to form the ATSV virion structure, the interactions are biologically feasible. 

The side by side and inter-strand interactions among the ATSV MCP subunits in 

the crystal, as well as the cryoEM images showing striations extending across the outside 

surface of the ATSV particles (Fig. 3-16) are strong indications that the ATSV MCP 

forms a multi-start helix that winds in a helical fashion.  However, it is possible, even 

likely, that a higher order, n-start helix, rather than a 4-start helix, is used to form the 

helical spindle assembly.   

The variable diameter necessary for a spindle formation suggests that the side by 

side interactions between MCP subunits would have some flexibility in regard to the 

angles formed by the interaction.  More manipulation of MCP packing is needed to 

determine exactly how this flexibility would be achieved.   

Since the circumference of a cylinder is directly proportional to its diameter 

(C=πD), a six start helix utilizing the current interfaces would potentially explain the 

observed tail diameter.  The 12nm diameter of the quadruple helix is smaller than the tail 
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diameter of ATSV by TEM (19.2nm), but tail width is variable, ranging from 12.5 nm – 

29 nm (chapter 2).  Given the variability of tail width, tail formation could use a similar 

helix, but with different diameters.   Multi-start helices are seen in the tails of certain 

bacteriophages. In bacteriophage T4, the outer contractile sheath is composed of 138 

copies of gp18 protein, which assemble as a 6-start helix (215).  During tail contraction, 

the 3 domains of gp18 shift, allowing for the increase in diameter and decrease in pitch, 

resulting in a shorter, wider tube.  The number of interfacing residues between gp18 

subunits increases as the sheath contracts (213).   

The T4 sheath can provide a model for possible conformational changes in D135 

that could allow for an increase in diameter to accommodate the variable diameter of the 

spindle shape.  Specifically, alternate conformations of the cap feature and the α5 helix 

both of which interface extensively with neighboring subunits in the side by side 

interactions, could potentially enable a shift in the pitch and diameter of the helical 

assembly. Alternatively, ATSV could incorporate a minor structural protein to 

accomplish a similar change.  Finding the right conditions for ATSV MCP assembly in 

solution, potentially by added sulfate and/or DNA, would make it possible to confirm the 

existence of a multi-start superhelix by TEM or cryoEM.  Even though we have not 

definitively determined whether or not it is real or a result of crystal packing, the 

superhelix interactions can be used to help guide potential models of the ATSV virion 

structure.   This work supports a model where the spindle-shaped virion and tail could be 

formed by a multi-start helix with subunit/subunit interactions similar to those seen in the 

superhelix. 
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Single particle reconstruction is challenging in the case of ATSV due to both the 

difficulty of purifying adequate amounts of virus particles from the environment, and the 

size variation of ATSV particles.  Single particle reconstruction work for His1 was 

unsuccessful in reconstructing the spindle-shaped body due to size heterogeneity.   We 

are likely to encounter similar challenges for ATSV.  Thus, sub-tomographic averaging 

will probably be needed to obtain the resolution needed to model the ATSV MCP crystal 

structure into the striated pattern seen in the cryo electron micrographs.  Due to the 

unique spindle shape of ATSV, existing algorithms do not work for sub-tomographic 

averaging.  New algorithms are currently being developed for this type of shape, but are 

still in progress.  

Improving the existing culturing techniques for ATSV will hopefully yield much 

more virus, and take away the heterogeneity of the environmental sample.  Having high 

density, high purity virus samples which will allow us to take additional tomograms and 

high resolution micrographs and improve sub-tomographic averaging techniques. 

Despite these difficulties, the crystal structure of the ATSV MCP combined with 

cryoEM provides valuable information and a starting point for modeling large spindle 

virus assembly as a multi-start helix of MCP subunits that winds in a helical pattern of 

variable diameter.   This work would provide the first known pseudo atomic model for 

spindle virus assembly.   
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Table 3-S1. Molprobity validation statistics for the final ATSV D135 structure 
All-Atom 
Contacts 

Clashscore, all atoms: 0.72 99th percentile* (N=791, 1.679Å ± 0.25Å) 
Clashscore is the number of serious steric overlaps (> 0.4 Å) per 1000 atoms. 

Protein 
Geometry 

Poor rotamers 0 0.00% Goal: <0.3% 
Favored rotamers 517 99.61% Goal: >98% 
Ramachandran outliers 0 0.00% Goal: <0.05% 
Ramachandran favored 609 98.38% Goal: >98% 
MolProbity score^ 0.73 100th percentile* (N=8788, 1.679Å ± 0.25Å) 
Cβ deviations >0.25Å 0 0.00% Goal: 0 
Bad bonds: 0 / 4978 0.00% Goal: 0% 
Bad angles: 0 / 6757 0.00% Goal: <0.1% 

 

 
 

 

 

 

 

 

 

 

 

 

Figure 3-S1. Phenix refinement settings.  Torsion angle NCS groups were manually 
defined as 10:44, 46:66, and 69:130 for all chains. 
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Table 3-S2. Interacting residues in chain C for each interface, as predicted by PDBePISA  
# Residue B,C C,D C,-C C,-B C,+D C,+C 
16 L             
17 A             
18 I             
19 L             
20 T             
21 Q             
22 Y             
23 F             
24 N             
25 N             
26 M             
27 V             
28 G             
29 Y             
30 P             
31 E             
32 V             
33 S             
34 L             
35 K             
36 L             
37 A             
38 G             
39 E             
40 E             
41 A             
42 N             
43 M             
44 S             
45 R             
46 E             
47 G             
48 M             
49 I             
50 N             
51 Q             
52 K             
53 E             
73 R             
74 G             
75 F             
76 H             
77 D             
78 A             
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Table 3-S2 continued 
79 Y             
85 V             
86 P             
87 E             
88 N             
89 A             
90 P             
91 P             

102 S             
103 E             
104 V             
105 Q             
106 A             
107 K             
108 L             
109 T             
110 E             
111 L             
112 M             
113 Q             
114 K             
115 L             
116 A             
117 N             
118 R             
119 N             
120 P             
121 Q             
122 G             
123 V             
124 A             
125 E             
126 E             
127 E             
128 Q             
129 E             
130 L             
131 A             
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Viruses of Archaea continue to surprise us.  Archaeal viruses have revealed new 

morphologies, protein folds, and gene content.  This is especially true for large spindle 

viruses, which infect only Archaea.  We present a comparison of particle morphologies, 

major coat protein structures, and gene content among the five characterized large spindle 

viruses to elucidate defining characteristics.  Structural similarities and a core set of genes 

support the grouping of the large spindle viruses into a new superfamily. 

Abstract 

Viruses infecting hosts in the third domain of life (Archaea) have long fascinated 

virologists due to their unusual morphologies and unique genetic content (

Article 

5, 9).  This is 

particularly true for the large tailed spindle viruses, which only infect Archaea. These 

viruses package circular dsDNA genomes within spindle (or lemon)-shaped virions and 

have tails protruding from one or both ends.  To date, five of these large spindle-shaped 

viruses have been isolated from crenarchaeal hosts replicating in high temperature hot 

springs around the world.  These include the Acidianus two-tailed virus (ATV), 

Sulfolobus tengchongensis spindle shaped virus 1 and 2 (STSV1 and 2), and Sulfolobus 

monocaudavirus 1 (SMV1) (17, 122, 123, 127, 216).  The fifth member is a new virus, 

Acidianus tailed spindle virus (ATSV, proposed name) that we recently isolated from 

Crater Hills Alice Spring, a high temperature (80 oC) acidic (pH 2) hot spring in 

Yellowstone National Park (USA) (Fig. 4-1A). The 71 kb circular double stranded DNA 

genome of ATSV shares ~25% of its genes with STSV1 and 2, and a smaller subset with 
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the other large spindle viruses. We and others (217) propose that large spindle viruses are 

distinguished from the smaller spindle-shaped Fuselloviridae archaeal viruses (SSVs) 

based on fundamental differences in their major structural proteins, genome content, and 

overall virion structures.  

The virion structures of large spindle viruses are often pleomorphic, and for each 

specific virus, the dimensions of the central lemon-shaped capsid can vary in width and 

length.  For example, ATSV dimensions range from 69 x 133 nm to 138 x221 nm.  The 

ATSV tails also vary greatly in length, ranging from 35 – 720 nm.  Tail lengths are also 

variable in STSV1 and 2 and SMV1.  In contrast to these single tailed viruses, ATV is 

initially released from the infected cell as a tail-less virion (17).  Remarkably, 

extracellular ATV then develops two elongated tails extending from opposite ends of the 

spindle-shaped head.  In rare cases, two-tailed particles have also been observed for some 

of the single-tailed viruses (122, 127).  However, there is no evidence yet that these tails 

extend once progeny virions are released from the infected cell.  Importantly, cryo-

electron tomography suggests that unlike the classical head-tailed structures of some 

bacteriophage, the tails of these large tailed spindle viruses are a continuous structure 

with the spindle head (Fig. 4-1A).  Finally, both ATV and ATSV have 5 nm width tail 

fibers extending 15-25 nm from the tips of their tails that are likely involved with 

attachment to their host cell surface.  While tail fibers have yet to be reported for the 

others, STSV1 and 2 attach to host cells at the tip of their tails, indicating that there is 

some sort of attachment structure present (122, 123). 
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Despite some differences in virion structure, all five large spindle viruses share a 

common major coat protein (MCP), with the ATSV MCP showing > 39% identity to 

each of the other MCPs over the N-terminal half of the protein (Fig. 4-1B).  We have 

recently determined the crystal structure of the ATSV MCP (Fig. 4-1C). The structure 

revealed a right handed, antiparallel 4-helix bundle lacking overhand connections, with a 

fifth C-terminal helix coming off the helical bundle at a 50˚ angle.  In addition, an 

extended loop connects the third and fourth helices.  The fold of this structure is quite 

similar to the ATV MCP, P131 (124).  In ATV, however, the fourth helix is kinked, and 

the fifth helix extends off the 4-helix bundle at a different angle than the fifth helix of 

ATSV.  Sequence alignment of the MCPs of the 5 large spindle viruses indicate helices 1 

and 2 are well conserved, while the C terminus is more variable (Fig. 4-1B).  However, 

there is close structural alignment of the ATSV and ATV proteins despite their lack of C-

terminal amino acid identity (Fig. 4-1B,C).  Thus, the MCPs of STSV 1, 2 and SMV are 

also expected to adopt a right handed, antiparallel 4-helix bundle motif, similar to those 

of ATSV and ATV. Because it is the dominant protein in the virion, and because the 

ATSV virion appears as a continuous structure that smoothly transitions from head to tail, 

we propose that the major structural protein of ATSV contributes to the structure of both 

the spindle and the tail.  How these helical proteins might form a spindle-shaped virus is 

an outstanding question in structural virology, with important implications for virus 

assembly, maturation, and infection.  

Among Archaea, this MCP topology appears unique to the large spindle viruses.  

While the Fuselloviridae share a similar spindle shape, their MCPs (i.e. SSV1 VP1) are 
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smaller and predicted to have two conserved transmembrane domains (217).  

Interestingly, structural work on Sulfolobus islandicus rod-shaped virus (196) and 

Acidianus filamentous virus (218) reveals MCPs with antiparallel 4-helix bundles at their 

core.  However, these are left-handed 4-helix bundles, rather than the right-handed 

bundles seen for the large tailed spindle viruses [see (219) for topological definitions]. 

In addition to a shared structure for their major coat proteins, the large spindle 

viruses share a similar genome structure and size. They have the largest known genomes 

among archaeal viruses, between 48 and 76 kbp, and contain 51-96 open reading frames.   

All are circular, double stranded DNA genomes.  STSV1 has a single putative origin of 

replication based on a high AT content and tandem repeats (122), but similar replication 

origins for the other viruses have not been identified.  Overall, little is known about the 

replication strategy of large spindle viruses. 

Of the 51-96 ORFs in each genome, a core set of 9 ORFs is shared among all or 

most viruses.  The core gene set consists of six proteins that are shared by all five viruses, 

one that is shared by all but STSV1, and two that are shared by ATSV, ATV, and SMV1 

(Fig. 4-1D).  Six of the core genes can be assigned putative functions. These include three 

ATPases (MoxR-like ATPase, AAA+ ATPase, and DnaA-like ATPase) (19) and an 

integrase from the tyrosine recombinase family.  Two virus structural proteins, including 

the MCP, are also recognized.  The three proteins lacking functional annotation have 

some interesting characteristics suggestive of function, including heptad motifs, 

uncharacterized repeats, and putative transmembrane domains.  
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The largest of these proteins (ATSV ORF64, ATV gp50, SMV1 ORF2028, 

STSV1 ORF34, and STSV2 ORF31) ranges in size from 212-257 KDa (1940 – 2235 

amino acids), and secondary structure predictions suggest a mostly helical structure.  

These proteins share multiple strings of heptad repeats, indicative of coiled coil motifs 

(Fig. 4-1E), suggesting that they may form a homo-oligomeric quartenary structure.  

These proteins also contain longer, loosely conserved repeats with conserved charged and 

hydrophobic residues.  Additionally, each protein contains at least two predicted 

transmembrane domains, usually in the middle of the protein (Fig. 4-1E).  The large 

protein is one of 4 minor structural proteins detected in STSV1 virions, and the only 

additional protein found in STSV2 virions besides the major structural protein.  By 

analogy, it is likely that this protein is also a component of the other virions.  With the 

large size and coiled coil nature of these proteins, they are likely to be involved in the 

virus structure. 

Cryo-electron tomography of ATV shows a 2 nm filament extending through the 

tails (17).  The filament is thought to be composed of ATV gp48 protein, another coiled 

coil and repeat-containing virion protein only found in ATV (Fig. 4-1E).  However, 

although ATV gp48 forms filaments and interacts with other proteins thought to be 

involved in tail formation, similar experiments have not been performed with the ATV 

large coiled coil protein (ATV gp50).  Given the similarities, the large coiled coil proteins 

could provide a similar tail development function in the other large spindle viruses and 

maybe in ATV as well.  Additionally, the tail fiber structure at the end of the tail in ATV 

and ATSV (Fig. 4-1A) could be composed of the ends of such a filament structure, 
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similar to the unfurling of microtubules (17).  Additionally, coiled coil and other repeat 

motifs have been seen in virus attachment proteins such as T4 fibritin and hemagglutinin 

(220). It is reasonable that these large coiled coil proteins could be involved in virus 

attachment to the host cell as part of the terminal tail fiber type structure.  While a role in 

tail formation and/or viral attachment is suggested, additional genetic and biochemical 

characterization of this group of proteins is needed. 

While the large coiled coil proteins are likely involved in the tail structure and 

assembly, the complex process of tail formation suggests that other proteins must be 

involved as well.  ATSV shares a group of proteins with SMV1 and ATV (but not 

STSV1 and 2) that are potentially related to tail development.  ATSV, SMV1, and ATV 

all contain a MoxR-like ATPase.  In ATV, it has been implicated in tail formation along 

with three other virion proteins - two DNA binding proteins and the coiled coil-

containing protein gp48 (20).  The functions of most MoxR ATPases are unknown, but 

some have been shown to be involved in various chaperone functions such as gas vesicle 

formation, cell envelope development, the formation of enzyme complexes, and stress 

response (20, 221). Additionally, ATSV, ATV, and SMV1 each have a protein containing 

a C-terminal metal-binding Von Willebrand factor A (VWA) domain (ATSV ORF22, 

ATV gp61, and SMV1 ORF759). This domain has been shown to interact with MoxR 

ATPases (222).  Proteins containing the VWA domain are often found to mediate 

protein-protein interactions and enhance ATPase activity, including in ATV (20, 222).  

Even though ATSV and SMV1 have not been shown to produce tails extracellularly, it is 

possible that they contain a homologous chaperone-mediated mechanism of tail assembly 
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using a related set of proteins including the ones mentioned above.  Since ATSV and 

ATV can develop longer tails (ATSV average tail length is 243 nm), perhaps these shared 

genes enable ATSV and SMV1 to develop longer tails than STSV1 and STSV2, in which 

tails average only 50 and 68 nm in length. 

The growing number of large spindle viruses and their interesting features led us 

to search for additional members in the environmental metagenomic datasets, using the 

MCP as a signature.  Six viral and 20 cellular metagenomic datasets from Yellowstone 

hot springs (83, 100, 121) were queried by BLAST for the presence of large spindle-like 

virus MCP sequences.  Relatives of ATSV (94-100% identity), ATV (65%), SMV1 

MCPs (70-82%) were found in DNA metagenomes from 5 hot springs (Fig. 4-1F).  This 

analysis suggests that there are at least three groups of large spindle viruses present in 

Yellowstone’s diverse hot spring environments. Given the diversity of large spindle 

viruses in Yellowstone, searching for large spindle viruses worldwide will no doubt also 

yield interesting new members and expand what we know about this fascinating group of 

viruses.  

The growing number of isolated large spindle viruses has begun to reveal the 

defining features of this unique group of viruses.  Their structural and genetic similarities 

necessitate their grouping into a superfamily.  Further studies of these viruses and the 

addition of new members are sure to provide additional insight, not only for this new 

superfamily of archaeal viruses, but for their respective hosts as well. 
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 Figure 4-1: ATSV virion and MCP structure, and genomic analysis of large spindle 
viruses. (A) Central section through tomogram (top) of an unstained vitrified ATSV 
showing a continuous structure throughout the body and tail and negatively stained 
electron micrograph (bottom) showing variable tail length. Scale bars 200 nm.  (B) 
MUSCLE alignment of large spindle virus major coat proteins with ATSV and ATV 
helices from crystal structure annotated. (C) Crystal structures of ATSV (left) and ATV 
(right). Blue – N terminus, red – C terminus.  (D) Shared large spindle virus proteins. 
Average percent pairwise identity and percent identical sites determined by MUSCLE 
alignment. (E) Large coiled-coil proteins with features highlighted, as predicted by Coils 
(coiled coils), RADAR (repeats), and TMHMM (transmembrane helices).  (F) Neighbor 
joining tree of MUSCLE alignment of large spindle virus MCPs and homologs from 
Yellowstone hot spring viral metagenomes showing high diversity of large spindle virus 
types.  Nymph Lake hot springs 10, 17, and 18 (NL), Crater Hills Alice hot spring (CH), 
and One Hundred Spring Plains hot spring (OSP). Number in parentheses indicates the 
number of sequences in group. Scale bar represents 0.2 amino acid substitutions per site.  
Bootstrap values from 1000 replicates are shown. 
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CHAPTER 5 

 
THE DISCOVERY AND CHARACTERIZATION OF A UNIQUE NEW 

PLEOMORPHIC VIRUS FROM CRATER HILLS ALICE SPRING 
 

 Archaeal virology is an untapped field, with only 117 characterized viruses to 

date (

Introduction 

5).  Among them, many different virus morphologies have been discovered, most of 

them unique to archaeal viruses.  These include bottle-shaped, spindle-shaped, droplet-

shaped, icosahedral with turrets, rod-shaped, spherical, bacilliform, coil-shaped, and 

spherical morphologies (13-15, 122, 168, 223, 224). Given this trend, it is likely that 

there are other new morphologies waiting to be discovered.   

 Almost all viruses discovered to date have used traditional culture-based assays, 

and most archaeal viruses infect hosts from the Sulfolobus and Acidianus genera due to 

relative ease of culturing and availability of cultured isolates.  The lack of cultured 

isolates introduces a bottleneck in archaeal virus discovery.  Culture-independent virus 

discovery techniques provide an opportunity to expand our understanding of viral 

diversity, while enabling the discovery of new viruses, and potentially unique 

morphologies, from uncultured hosts.  In particular, viral metagenomics holds the key to 

the discovery of new viruses.   

A viral metagenomic study of the NL10 monitor site, a high temperature, acidic 

hot spring in YNP, highlights the diversity of viruses in hot, acidic hot springs. The 

BLAST-based cluster analysis revealed 110 distinct virus groups (85).  Of these, only 7 
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groups matched to characterized archaeal viruses.  Contigs from CHAS hot spring 

metagenomes matched to 100 of the 110 virus groups, demonstrating that both hot 

springs have many uncharacterized viruses waiting to be discovered.  While this study 

suggests the existence of many uncharacterized viruses, little is known about the viruses 

beyond the clusters of metagenomic contigs.  With the relatively simple community of 

archaea and viruses, CHAS and NL10 hot springs provide an idea environment to pursue 

further characterization of these virus groups.  The focus of this chapter is the 

characterization of a virus from one of these viral groups out of the CHAS hot spring.  

Chapter 2 describes the discovery and characterization a new archaeal virus, 

ATSV, which was found by mining a viral metagenome using a viral coat protein 

signature as a fish hook.  With initial gene content similarity to STSV1, a large spindle 

virus, it is unsurprising that ATSV, while having many unique features, is most likely 

related to other large spindle viruses.  In this chapter, the tools developed for the study of 

ATSV are used to characterize a second virus out of CHAS hot spring in YNP in order to 

show that these tools can be used to study viruses about which little is known.   

Materials and Methods 

A pleomorphic virus was found to co-purify with ATSV (chapter 3).  Ten liters of 

water from Crater Hills Alice Spring (CHAS, CHANN041) hot spring was collected 

(2013-05-30). The water was filtered through a 0.4 micron filter (Millipore) to remove 

cells and the virus fraction was concentrated by the iron precipitation method (see chapter 

Isolation and Purification of New Virus.  
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2 materials and methods).  Iron clusters were dissolved in 27.5 ml of 250 mM ascorbic 

acid and dialyzed extensively into 5 mM glycine pH 2.5.  Viruses were separated on a 

cesium chloride density gradient with a 1.29 g/cm3 starting density and centrifuged at 

169,044 x g for 48 hours in a Beckman SW41 rotor.  Fractions were screened for ATSV 

using quantitative PCR (qPCR) (chapter 2) and enriched fractions were pooled, dialyzed 

into 5mM glycine buffer pH 2.5, and loaded onto a second cesium chloride gradient with 

a 1.29 g/cm3 starting density.  Samples were centrifuged at 237,905 x g for 5 hours in a 

Beckman MLN-80 near vertical rotor and fractionated and screened for ATSV.   

 

Five microliters of cesium purified virus was absorbed onto a 300-mesh copper 

grid for 5 minutes and stained with 1.5% uranyl acetate for 45 seconds.  Pleomorphic 

virus particles were observed in high abundance when the sample viewed with a LEO 

912AB transmission electron microscope (TEM) and photographed with a Proscan 2,048 

x 2,048-pixel CCD camera.  Virus particles were measured using ImageJ software (

Imaging.  

225). 

 

 The cesium purified pleomorphic virus-enriched sample enriched with the 

pleomorphic virus was analyzed by SDS-PAGE on a 15% polyacrylamide gel and stained 

with Gelcode Blue (Fisher).  A single dominant visible band was excised and an in-gel 

digestion was performed.  The excised band was washed 4x with 50% acetonitrile (ACN) 

in 50 mM ammonium bicarbonate (NH4HCO3).  The band was dried in a laminar flow 

hood for 2 minutes and incubated with 1.5 mg/ml DTT in 25 mM NH4HCO3 for 1 hour at 

Determination of Major Structural Protein  
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56° C.  DTT was removed, and 10 mg/ml IAA in 25 mM NH4HCO3 was added and the 

band was incubated for 45 min at room temperature in the dark.  The band was then 

washed with 100 mM NH4HCO3, followed by 50% ACN in 50 mM NH4HCO3, both for 

10 minutes with agitation, and then dried in the laminar flow hood.  Five microliters of 

trypsin gold (Promega) was added with enough 10 mM/10% NH4HCO3/ACN to cover 

the band and incubated overnight at 37° C.  The supernatant was removed, and the band 

was incubated with 50 μl of 10% trifluoroacetic acid/10% ACN for 10 minutes with 

agitation to extract the peptides.  This was repeated a second time and the supernatants 

combined.  The supernatant was concentrated to 20 μl and analyzed on an Agilent 6520 

Q-TOF mass analyzer with an Agilent 1290 uHPLC Peaks were analyzed using an in 

house version of the Mascot MS/MS ion search engine (Matrix Science Ltd., London, 

UK) against an in-house database containing ORFs from CHAS, NL10, NL17, and NL18 

virus and host metagenomic datasets (100).  The Mascot search engine was used to query 

the database to compare the mass of the in silico trypsin digested proteins to the masses 

of mascot generic files (.mgf) of mass spectrum data.  Mascot settings used were 

carboxymethyl variable modification, a peptide tolerance of ±1.5 Da, and peptide charges 

of +1, +2, and +3.  Mascot matches to ORFs within the local database with a score of 45 

or higher were considered significant.  Positive identification of peptides was used to link 

the protein signal back to viral metagenome contigs to gain information about the virus 

DNA. 
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Eleven liters of CHAS hot spring water was collected (2013-10-23) and the virus 

purification techniques described above were repeated.  Cesium purified fractions 

enriched with ATSV (used as a proxy for the pleomorphic virus) were pooled and 

concentrated to using a 100,000 MWCO filter concentrator (Millipore).  Virus particles 

were imaged by TEM to confirm the presence of the pleomorphic virus.   

Purification of Virus for Deep Sequencing.  

 

DNA was extracted from the above sample using the Purelink viral DNA/RNA 

extraction kit (Invitrogen) and quantitated using the Qubit fluorimeter (Qiagen). One-

hundred nanograms of extracted viral DNA was sent to the University of Illinois 

sequencing center. A barcoded, Illumina library was produced using the Kapa Library 

Preparation kit (Kapa Biosystems, Wilmington, MA). The viral DNA was pooled with 

other samples, and the master pool was sequenced for 301 cycles from each end of the 

fragments on a MiSeq v3 platform using a MiSeq 600-cycle sequencing kit version 3 and 

analyzed with Casava 1.8.2 using the Illumina MiSeq v3 system with paired-end reads (2 

x 300 nt).   946,841 paired end reads were produced (1,893,642 total).  The trimmomatic 

program with standard settings was used to trim barcoded sequences from reads and 

assess quality (

Deep Sequencing and Genome Assembly.  

226).  After trimming, 600,000 total reads remained. 
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Trimmed Illumina sequencing reads were assembled using the Vicuna assembler 

with default parameters (

Genome Assembly and Annotation.  

141, 227).  Open reading frames (ORFs) were predicted using 

the Glimmer ORF calling program (136) and hand curation.  Putative function was 

determined using BLAST and HHpred (137, 145). 

 

The Gateway system (Invitrogen) was used for cloning and protein expression of 

the virus MCP gene.  Primers were designed to PCR amplify the MCP gene, while also 

adding an AttB1 site and a Shine-Dalgarno site to the 5’ end of the product, and an AttB2 

site and a noncleavable 6x-his tag to the 3’ end. The same nested PCR approach from 

chapter 3 was used to amplify the full product, with primers listed in table 5-S2. DNA 

from cesium purified virus was used as a template to amplify the MCP gene using 

Phusion polymerase (NEB).  Recombination into pDONR201 and pDEST14 used the 

same methods as chapter 2. 

MSP Cloning and Protein Expression 

For protein expression, a glycerol stock of BL21(DE3)-pLysS cells containing the 

MCP gene cloned into pDEST14 was streaked onto a plate, and a single colony was 

grown to an OD650 of 0.9 in 50 ml of LB medium, and then induced with 1 mM IPTG and 

grown overnight. Cells were pelleted at 5,500 x g, resuspended in 1.5 ml lysis buffer (20 

mM Tris and 400 mM NaCl, pH 8.0) with 0.1 mM PMSF and 1mg/ml lysozyme, and 

incubated on ice for 30 minutes.  Cells were lysed by sonication with a micro tip with a 

model 3000 ultrasonic homogenizer (Biologics, Inc.) and clarified by centrifugation at 

21,000 x g for 30 minutes.  The supernatant and pellet from the lysed cells, as well as 
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induced and uninduced cell cultures were analysed by SDS-PAGE on a 15% gel to 

determine expression levels and solubility. 

Insoluble protein was purified on a nickel column in denaturing conditions. Cells 

were resuspended in buffer B (8M urea, 0.1M Na2PO4, 0.01M Tris-HCl pH 8) and lysed 

with sonication.  The solution was clarified by centrifugation at 22,000 x g for 20 

minutes.  1 ml Ni-NTA beads were added and mixed for 30 minutes.  The slurry was 

loaded on a column and washed twice with pH 6.3 buffer B.  Protein was eluted with pH 

5.9 buffer B, followed by pH 4.5 buffer B. 

 Resolublization of insoluble virus MCP protein was implemented using on-

column refolding.  The insoluble protein pellet from a 50 ml culture was resuspended in 

lysis buffer containing 7 M urea and mixed with 1ml of Ni-NTA agarose beads in batch 

for 30 minutes.  The mixture was loaded onto a column, and the beads were washed with 

1 ml of lysis buffer containing 5 M urea, followed by 3 M, 2 M, and 1.5 M urea.  The 

bead were then washed 4x with 1 ml wash buffer (20 mM Tris, 400 mM NaCl, 10 mM 

Imidazole, pH 8.0) and eluted with 4x 500 µl elution buffer (10 mM Tris, 50 mM NaCl, 

20 0mM Imidazole, pH 8).  Wash and elution fractions were analyzed on a 15% SDS-

PAGE gel. 

 

Quantitative PCR (qPCR) primers were designed to a 153 bp internal region of 

the MCP gene (Table 5-S2).  The pDONR201 plasmid containing the MCP gene 

(described above) was quantitated using the Qubit fluorimeter (Qiagen), and used to 

create qPCR standards ranging from 9x104 - 9E1011 copies /ml (1 fg/2 ul – 10 ng/2 ul).  

Quantitative PCR Assay Development.  
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Quantitative PCR was performed using the SsoFast EvaGreen supermix (Bio-Rad) on a 

Rotor-gene Q real-time PCR machine (Qiagen). 

 

Primers were designed to the virus MCP gene with a 5’ NdeI restriction site and 

3’ NotI restriction site.  The gene was amplified from DNA extracted from purified virus 

and cloned into the multiple cloning site of the pSESD1 plasmid (

Protein Expression in Sulfolobus  

21) with the plasmid C-

terminal 6X-His tag in frame.  Transformation into S. solfataricus PH1-16 and protein 

expression were performed as previously described (21).   

 

BLAST was used to query the NL10 viral metagenome network analysis clusters 

(

NL10 Virus Genome Assembly 

100) for matches to the new virus. The genome was found to match only one cluster, and 

contigs from the cluster were assembled using the  Geneious de novo assembler (version 

5.6.7) (143)  at medium sensitivity settings.  The resulting genome was annotated using 

Glimmer (142) and hand curation, and was compared to the CHAS genome using the 

Mauve whole genome assembler (228). 

 

TBLASTN was used to search contigs from CHAS and NL10, 17, and 18 

metagenomes (

Virus MCPs in Metagenomes  

100) (Table 5-S1) for additional representatives of the virus MCP.  

Searches were performed in Geneious using a BLAST-able database of all virus and host 

metagenome contigs (143).  The full MCP sequence for each BLAST hit was translated, 
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and the resulting amino acid sequences were aligned using MUSCLE (167) in Geneious, 

using default parameters. 

 

One milliliter samples from NL10 were collected on October 11, 2011 and 

September 20, 2012, preserved in 5% glycerol and 1x TE buffer, and frozen in liquid 

nitrogen and stored at -80°C. Separation of individual cells by fluorescence-activated cell 

sorting, cell lysis, whole genome amplification and the sequencing of 16S rRNA genes 

were performed at the Bigelow Laboratory Single Cell Genomics Center using previously 

described methods (

NL10 Single Cell Sequencing   

229, 230).  Single cell sequencing was performed on 13 single cells 

representing the dominant hosts in the hot spring (230). 

 

Host labeling was adapted from previous work (

CARD-FISH Virus Host Labeling  

114), and the specific protocol is 

described in chapter 2.  Single cell genome (SCG) Group 1 and 3 host 16S rRNA probes 

used hybridization buffer with 20% and 15% formamide, respectively.  Virus labeling 

directly follows the protocol from (114).  Probes of 250 bp in length matching to the 

CHAS virus genome were created using PolyPro (151), and were designed to all have a 

predicted hybridization temperature of 67.7 - 70° C at a 35% formamide concentration.   

Actual temperatures and formamide concentrations were optimized.  Probe primer 

sequences are listed in table S2.  Probes were amplified from purified virus DNA (which 

tested positive for a virus qPCR signal), and were labeled with DIG using the PCR DIG 

probe synthesis kit (Roche).    
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Long-exposure micrographs of CHAS viral fractions were taken by Martin 

Lawrence and Daniel Bollschweiler at the Max Planck institute for structural biology on 

a Titan Krios cryo-transmission electron microscope.  

Cryo-Electron Microscopy 

Results 

A small, pleomorphic virus was observed in abundance by TEM at certain 

sampling time points during the purification process used to isolate ATSV out of Crater 

Hills Alice Spring (CHAS) (Chapter 2).  The purification of the new virus was first 

pursued in the CHAS May 2013 sampling time point. The virus was filtered to remove 

cells, concentrated using an iron precipitation technique, and purified with two cesium 

chloride density gradients.  Fractions enriched with ATSV by a qPCR assay were imaged 

by TEM, and the new virus was found in abundance, averaging over 100 virus particles 

in each square of the copper grid. 

Discovery of a New Virus.  

 

The new virus has a unique morphology.  The round but slightly pleomorphic 

virus particle averages 66 ± 6 nm in diameter (Fig. 5-1, 5-S1).  A 5 nm dark outer layer 

can be seen on the outside of the particles.   The virus sometimes has a tail-like protrusion 

extending through the dark outer shell (Fig 5-1A).  Tails are not seen in all virus particles 

(Fig. 5-1B), so they may be a result of virus degradation due to sample preparation 

techniques.  However, the tails could also represent a different conformation of the virus.   

Virus Morphology.   
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Figure 5-1. Transmission electron micrographs of negatively stained virus particles 
showing a pleomorphic morphology.  A. Virus particles with tail-like structures. B. Virus 
particles without tail-like structures.  
 

The major structural protein (MSP) and genome were identified using mass 

spectrometry. Cesium purified virus from the May 2013 sample was analyzed by SDS-

PAGE gel to examine protein content.  A bright, well-resolved protein band, containing 

approximately 1 μg of protein, ran at a size of around 11 kDa (Fig. 5-2A) and was the 

dominant band in the virus prep.  The band was excised and digested with trypsin.  The 

mass profile of the resulting peptides was compared to a database of putative open 

reading frames (ORFs) out of Yellowstone hot spring virus and host metagenomes (Table 

5-S1) using the MS/MS ions search on the Mascot server.  Three peptides out of the 

excised band matched to peptides from an 11 kDa ORF out of the CHAS February 2011 

cellular metagenome with a score of 249, well above the minimum significance score of 

45 (Figure 5-2B, C).  The identified protein was traced back to the corresponding 

metagenome, and was found to be part of a 17,272 bp contig. While the contig of interest 

was found in a cellular, not viral, metagenome, the peptides also matched to translated 

Linking the New Virus Particle to a Genome  
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proteins from other shorter contigs from CHAS viral metagenomes.  The putative ORFs 

in the contig were spaced closely together, and the contig did not hit to any cellular 

proteins by BLASTX analysis.  There for, the contig was determined to be likely viral, 

not cellular, in nature. 

 

Figure 5-2: Identification of the virus major structural protein (MSP) by mass 
spectrometry.  A. SDS-PAGE gel of purified environmental CHAS virus sample 
containing abundant pleomorphic virus particles. Protein from the band in red box was 
excised by Q-TOF.  B. MSP amino acid sequence determined by matching peptides to 
an in-house hot spring metagenome protein database.  Significant peptide matches 
highlighted in red.  C. Mascot MS/MS ion search results. 
 

DNA from cesium purified, pleomorphic virus-enriched samples was extracted 

and deep sequenced.  The Vicuna assembly program (

Deep Sequencing of the New Virus.  

227) was used to assembly the 

reads.  Using default parameters and trimmed reads, Vicuna successfully assembled a 

16,358 bp contig at 3,024 x coverage.  The assembled genome will be referred to as the 

CHAS genome (Fig. 5-3). 
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Figure 5-3. The CHAS annotated viral genome with ORFs determined by Glimmer and 
manual curation.  Blue – ORF with homology to a known protein.  Red - putative MSP 
identified by mass spectrometry.  Grey –uncharacterized ORF. Pink arrows - putative 
TATA box promoters.  
 

The 16,358 bp CHAS genome matched the 17,272 bp contig that was identified 

by mass spectrometry with 96.5% identity, but was 914 bp shorter at the 3’ end of the 

genome.  The high identity and the presence of the same MSP gene identified by mass 

spectrometry can confidently link the virus genome to the pleomorphic virus particle 

morphology observed in the purified samples.  The CHAS genome contains 32 ORFs that 

encode proteins ranging in size from 38 – 626 residues (4.3-68 kDa) (Fig. 5-3, Table 5-

1). The ORFs are closely spaced, with 0-107 bp between ORFs and 93% of the genome 

encoding genes.   Nineteen ORFs are in the forward strand, and 13 in the reverse, with 

stretches of multiple ORFs in the same direction. The ORFs use ATG (29), TTG (1), and 

GTG (2) start codons. Almost all ORFs (94%) are preceded by an AT-rich regions 5-

19bp long, and 16-46bp before the start of the ORF (Fig. 5-3, Table 5-S3).  These regions 

could represent TATA-box-like promoters, as is seen in other archaeal viruses.  The 

Genome Characterization  
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genome contains two noncoding regions of DNA 353 bp and 112 bp long at the 5’ and 3’ 

ends of the genome. Neither region contains classic characteristics of an origin of 

replication, such as a high AT content or inverted repeats.  The assembly of sequencing 

reads onto the ends of the genome to extend the ends did not result in a circular genome.  

End labeling restriction analysis is needed to confirm the linear nature of the genome.  

   
Table 5-1: CHAS and NL10 genome ORFs with blast and HHpred homology to known 
proteins   

ORF #      

CHAS NL10 Top BLAST hit accession # % ID* 
% 

coverage* e value* 
3 3 Hypothetical protein SIFV0057  

[Sulfolobus islandicus filamentous virus] 
NP_445720 38 88 1E-16 

9 9 Glycosyl transferase family 1 
 [Pseudomonas sp. HMP271] 

WP_043298973 31 47 3E-05 

  Putative glycosyl transferase  
[Acidianus filamentous virus 2] 

YP_001496947 34 33 9E-04 

22 NA Hypothetical protein AFV1_ORF75  
[Acidianus filamentous virus 1] 

YP_003765 44 60 1E-04 

31 30 Hypothetical protein SIRV2gp37 
[Sulfolobus islandicus rod-shaped virus 2] 

NP_666571 33 99 3E-17 

  Hypothetical protein B116  
[Sulfolobus turreted icosahedral virus 1] 

YP_025003 37 97 5E-16 

32 31 Putative SAM-dependent methyltransferase  
[Sulfolobales Mexican rudivirus 1] 

YP_006990107 45 91 3E-39 

  HHPred top hit  
PDB ID 

 % 
coverage 

% 
probability 

26 25 Putative zinc finger protein ORF59A   
[Acidianus filamentous virus 1] 

2lvh_A  30 92.3 

*Values indicated for CHAS genome ORFs 
 

The gene content of the 32 ORFs in the CHAS genome were compared to known 

proteins in the NCBI nonredundant database using BLASTX. Of the 32 ORFs, only 5 had 

homology to known proteins (Table 5-1).  All 5 had homology to archaeal virus proteins, 

with BLASTX hits to a conserved archaeal virus transcription factor, a 

glycosyltransferase, a SAM-dependent methyltransferase, and hypothetical proteins from 

Sulfolobus islandicus filamentous virus (SIFV) and Acidianus filamentous virus 1 

Gene Content 
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(AFV1) (120, 231).  By HHpred, a hidden markov model based homology search used to 

find distal homology (145), ORF24 has a short but significant (88-93% probability) hit to 

many zinc finger DNA binding proteins, including a zinc finger protein from AFV1 

(232).  HHpred also provided more information about ORF9, a glycosyltransferase, 

revealing a GT-B fold glycosyltransferase. The GT-B fold is a different fold than the GT-

A fold of STIV A197, another archaeal virus glycosyltransferase.  Even using methods to 

detect distal homology, the majority of ORFs (27) have no homology to known proteins, 

indicating unique gene content for most of the genome.  

Proteins encoded by several ORFs without a known function contain interesting 

protein features and domains.   Proteins encoded by eight virus ORFs (ORFs 3, 7, 11, 13, 

14, 21, and 29) have one or more putative transmembrane helices, as predicted by the 

Geneious transmembrane prediction tool (143). ORF13 and ORF14, which both contain 

transmembrane helices, are the two largest ORFs in the virus genome, with 429 and 628 

residues, respectively.  All ORFs containing TM domains are hypothetical proteins 

without a known function.  The Coils program was used to predict coiled-coil motifs in 

the virus ORFs.  ORF12 and ORF15 were found to contain coiled-coil regions at high 

probability, and the structural protein (ORF5) has a coiled coil domain, but at a lower 

confidence level.  

 

With a virus genome associated with the pleomorphic virus particle, a quantitative 

PCR (qPCR) assay was developed to track the virus, and to confirm the link between the 

Quantitative PCR Analysis 
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particles and the genome.  Cesium gradient separation of the CHAS virus fraction 

showed a virus peak at 1.31 g/cm3 using the qPCR assay (Fig. 5-4).  Interestingly, a 

virus-specific A DNA extraction with a viral DNA extraction kit was necessary in order 

to see a virus signal by qPCR.  This could indicate that the virus particle is particularly 

strong, as it is resistant to degradation and genome release in both very hot (95° C PCR 

denaturation temperature) and neutral buffer conditions.  

 

 

 

 

 

 

 
Figure 5-4. CsCl density gradient showing a peak density of 1.31 for the new virus.  Virus 
measured with qPCR assay.   
 

A second virus genome related to the CHAS genome was found in the NL10 viral 

metagenomes by utilizing network analysis (

Related Virus Genome from NL10 

100).  The CHAS genome was compared to 

the NL10 metagenome network, which groups NL10 viral metagenomic contigs together 

into clusters representing virus “families” using BLASTN.  The CHAS genome hit 

exclusively to a single cluster in the network.  When the contigs making up the cluster 

were assembled at high stringency using the Geneious assembler (143), a 17,518bp 

contig was assembled from 45 NL10 viral metagenome contigs, with high sequence 
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identity (99%) among the 45 contigs (Fig. 5-5). The consensus sequence of this assembly 

was named the NL10 genome.  The CHAS and NL10 genomes were compared using the 

Mauve genome assembler (Fig. 5-6), and were found to have a 69.9% pairwise identity. 

Synteny of ORFs between the NL10 and the CHAS genomes was completely maintained, 

with the exception that ORF22 from the CHAS genome is missing in the NL10 genome.  

Additionally, the NL10 genome has three additional ORFs on the 3’ end of the genome 

(Fig. 5-5).  The 3 additional ORFs do not have homology to any known proteins.   

 

 

Figure 5-5: NL10 annotated viral genome with ORFs determined by Glimmer and 
manual curation.  Blue – ORF with homology to a known protein.  Red - putative MSP.  
Grey –uncharacterized ORF. 
 
 

 Figure 5-6: Mauve whole genome alignment of CHAS and NL genomes shows relatively 
high sequence identity (69.9%) and conserved gene synteny. 
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All ORFs in the NL10 genome and CHAS genome were compared using  

MUSCLE protein alignments (Table 5-2).   The pairwise amino acid identities range from 

43.6-98.2% amino acid identity, with an average identity of 82%.  The putative MCP 

(ORF5) in the NL10 genome matches that of CHAS MCP at 81.5% identity (Table 5-2), 

and the NL10 MCP ORF has an additional 30 residues on the N terminus and uses a TTG 

start codon.  The additional residues have a putative transmembrane domain predicted by 

TMHMM (233). 

The conserved gene synteny, along with the high amino acid identity of the 

individual ORFs, make it likely that the viruses associated with the CHAS and NL10 

genomes belong to the same group, and likely make up a new virus family.   

 
Table 5-2 - MUSCLE alignments of each ORF of the NL and CHAS 
genomes 

ORF   ORF   
NL CHAS Pairwise identity (%) NL CHAS Pairwise identity (%) 
1 1 72 19 19 76.7 
2 2 80 20 20 94.2 
3 3 87 21 21 87.5 
4 4 88.5 none 22 NA 
5 5 81.5 22 23 78.6 
6 6 94.6 23 24 85.5 
7 7 95 24 25 73.2 
8 8 98.2 25 26 82.5 
9 9 91.9 26 27 75.8 
10 10 69.2 27 28 43.6 
11 11 86.7 28 29 86.4 
12 12 81.7 29 30 85.4 
13 13 84.3 30 31 60.9 
14 14 85.8 31 32 82.2 
15 15 84.1 32 none NA 
16 16 84.3 33 none NA 
17 17 86 34 none NA 
18 18 82.3 35 none NA 
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The virus MSP gene was cloned using the Gateway expression system and 

expressed in E. coli.  While high levels of protein expression were achieved, the protein 

was found to be insoluble (Fig. 5-7).  The insoluble protein was purified on a nickel 

column under urea denaturing conditions.  Resolublization of the protein was achieved 

using on-column refolding, with the gradual reduction of urea while the protein was 

bound to a Ni-NTA column, followed by elution in an imidazole-containing buffer 

without urea.  The successful resolublization of the MCP gives potential for the 

production of polyclonal antibodies for use as a virus identification tool.  The insoluble 

nature of the protein suggests that it could be membrane associated, perhaps with an outer 

lipid layer.  The outer layer seen by TEM is approximately 5nm thick, within the size 

range seen for lipids (

Characterization of the Virus MSP.   

122).  Lipid detection experiments by detergent sensitivity studies 

or mass spectrometry are needed to determine the virus particle composition.  The virus 

MSP was also cloned into a Sulfolobus expression system, but efforts to obtain stainable 

amounts of protein were not successful due to lower expression levels in Sulfolobus.   
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Figure 5-7: MCP protein expression and resolublization.  A protein expression in E. coli. 
Lanes with total protein, + and – IPTG, and insoluble fraction show high levels of 
expression and MSP protein insolubility. B. Elutions after on column refolding. 

 

The structure of the MSP can be predicted using secondary structure prediction 

programs.  By three prediction programs, Psipred, SSpro, and Yaspin (234-236) (Fig. 5-

8), the protein is predicted to be one long helix.  Other programs, including Jpred and 

PredictProtein (237, 238), predict multiple helices.  There is also a potential coiled-coil 

domain at positions 13-40 predicted by the Coils program (239).    

 
 
 
 
 
 
 
 
 
 
 

Figure 5-8. Virus MSP secondary structure predicted by Psipred (234) predicts one long 
alpha helix.  A. Psipred prediction graphic.  B. Legend 
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NL10 and CHAS viral metagenomes were queried for MSP sequences using 

BLAST, and MCPs with and without the putative transmembrane domain seen in the 

NL10 MSP were observed.  An alignment of all MSP amino acid sequences (Fig. 5-9) 

shows a conservation of the putative coiled coil domain heptad repeats, particularly with 

the hydrophobic residues in the A and D positions.  It is possible that the coiled coil 

domain could be is involved in the assembly of the virus particle.  The M13 and Fd 

bacteriophage MCPs consists of a single coiled coil helix that assembles into a rod 

shaped virus particle (240). Coiled coil interactions could potentially be involved in virus 

capsid assembly for this virus as well.  Additionally, 3 acidic and 3 basic residues are 

conserved, suggesting importance.  The acidic residues could form stabilizing salt bridges 

and/or hydrogen bonds, and potentially interact with DNA in the case of the acidic 

residues.  Additionally, 15 hydrophobic residues are highly conserved, suggesting the 

potential for hydrophobic interactions, which are shown to be important in other archaeal 

virions (18).  Further biochemical studies of the MCP are needed to confirm coiled coil 

assembly and the function of the conserved residues. 
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Figure 5-9– Weblogo (241) representation of MUSCLE (167) alignment of MCPs from 
49 CHAS and NL10, 17, and 18 metagenomes.  A and D hydrophobic residue positions 
of putative heptad repeat region are labeled.    * indicates start of the CHAS MCP. 
 

The CRISPR/Cas system was used to link the new virus with a host, utilizing 

single cell genomics.  Single cells from the NL10 hot spring were sorted, and each 

species determined by 16s rRNA sequencing.  Eight dominant archaeal groups were 

found, and single cell genomes (SCGs) were produced from 13 cells representing all 8 

dominant groups (Fig. 5-S2).  CRISPR spacers were identified and extracted from the 

SCG contigs using CRISPR finder (

Host Identification using CRISPR Spacers.  

149).  Spacers from the genomes were assembled 

onto the CHAS and NL10 genomes.  Three spacers to group 3, a Stygiolobus azoricus-

like species (99% ID by 16S rRNA gene) (242), assembled to the NL10 virus genome – 

two with perfect matches and one with one mismatch (Table 5-3).  There were no spacer 

matches to the CHAS genome, most likely because it came from a different hot spring.   

 
Table 5-3: Group 3  single cell genome CRISPR spacer matches to  NL genome 

spacer # sequence genome 
position mismatches 

1 GCGTTATATATAAAGCAGTGCACATTTTGGCATATGAG 4184-4221 1 

2 AATTACGGCATGGCTAATTATAGCGTCCATGTTTCC 12395-12430 0 

3 CTAAAAGCCTTACAAGAAGCTTTTCTATGTCCTTTCG 16997-17033 0 
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Evidence of another potential host, the Sulfolobales-like group 2 from the SCG 

analysis (Fig. 5-S2), was found using spacer hits from the cellular metagenomes.  All 

spacers were extracted from the metagenome using the CRISPR finder program (

CRISPR Spacer Analysis of CHAS Genome   

149) 

and compiled.  The spacers were assembled to the CHAS genome using the Geneious 

assembler, and 14 matches were found.  One spacer hit came from the CH1102 cellular 

metagenome contig02648, a 1600bp contig containing a CRISPR locus.  The locus had a 

direct repeat sequence of GTCGAAATAAGAAAGAACTGAAAG.  The spacers 

contained a consensus PAM sequence of TCA directly before the protospacer with the 

TC being completely conserved.  The PAM sequence did not match to a specific CRISPR 

type, but the direct repeat is loosely related to CRISPR type 1-A, which is found in 

Sulfolobus solfataricus (243).  The direct repeat had a perfect match to a CRISPR locus 

on a contig from the L09 single cell genome (group 2) (Fig. 5-S1) on the on SCG contig 

272, a 6,856bp contig.  Although direct repeat types do not always reliably indicate a 

host, it might indicate a potential host in conjunction with other techniques. 

 

SCG groups 1 and 3 (Figure 5-1) were investigated as putative hosts for the new 

virus using CARD-FISH, a dual virus-host fluorescent labeling technique.  Group 1, a 

novel Sulfolobales species, was chosen as a candidate because it is the most abundant 

species in NL10, and also one of the most abundant species in CHAS. In order to produce 

the high numbers of virus that were detected at certain sampling time points, the host 

would likely need to be a major player in the hot spring.  Group 3, the Stygiolobus 

Virus-Host Labeling by CARD-FISH  
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azoricus species, was chosen based on CRISPR spacer hits to the NL10 genome.  Group 

2, which also had bioinformatics evidence as a host of the new virus, has not been 

investigated using CARD-FISH yet due to its very recent discovery as a potential host.   

CARD-FISH labeling showed that both group 1 and group 3 are potential hosts.  

The overlay of virus and host labeled cells shows definite overlap with group 1 for about 

half of the viral cells (Figure 5-10A), and group 3 also showed overlap (Figure 5-10B), 

although more fields need to be surveyed in order to estimate a percentage of group 3 

cells that co-localize with virus-labeled cells.  The co-localization of the virus with S. 

azoricus by CARD-FISH demonstrates that it is a likely host for both the CHAS and 

NL10 virus family members.  Controls performed with Vulcanisaeta probes did not show 

any co-localization of fluorescence.  Because the of the host confirmation by both 

bioinformatics methods and fluorescent labeling methods, I propose to name this new 

virus Stygiolobus pleomorphic virus (SPV) 

 

. 
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Figure 5-10. CARD-FISH fluorescent dual labeling of novel Sulfolobales group 1 (left) 
and Stygiolobus azoricus - like group 3 (right) dual virus host labeling.  Red – virus-
infected cells. Green – host-labeled cells.  Blue – all cells.  Cells with red boxes indicate 
examples of virus-host co-localization.  White boxes indicate examples of virus infected 
cells that do not overlap with the group 1 host, indicating a second host.  Scale bars 
25nm. 

 Using the culture-independent methods developed in chapter 2, I have 

characterized a second virus straight from the environment.  Using new techniques, I was 

able to characterize the morphology, full genome, and putative host of SPV, a new virus 

with a unique pleomorphic morphology and a genome with mostly unknown gene 

content.  Although metagenomics was not the direct starting point for the virus discovery 

in this case, it was instrumental in linking the virus particle to a major coat protein and 

corresponding metagenomic contig using mass spectrometry. Viral metagenomics also 

enabled the discovery of a second SPV family member in a different but related hot 

spring, NL10. SPV has proven to be a remarkable virus with a new morphology and 

unique gene content. 

Discussion 
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SPV has a unique virion morphology.  By TEM, the particles appear pleomorphic, 

with the occasional presence of a short tail.  Virus samples enriched for SPV were 

imaged by cryoEM by Martin Lawrence.  While SPV was abundant by TEM and by 

protein and qPCR assays, high resolution cryoEM micrographs revealed a heterogeneous 

mix of viruses.  A round morphology was dominant in certain areas of the ice, indicating 

it might be SPV based on abundance.  In the micrographs, the particles were spherical, 

rather than pleomorphic, and had a similar diameter to SPV (60-70 nm) (Fig. 5-12A,B).  

However cryo electron tomography showed particles that looked slightly pleomorphic 

(Fig. 5-12C,D).  In all cryo images, an outer shell is visible, similar to the outer layer of 

the virus in TEM images.  Striations that most likely represent DNA can be seen inside 

the virion.  No tails are seen in the cryoEM images, but are not always seen in TEM 

images either.  Cleaner virus preps with a higher density of virus particles are needed in 

order to confidently link the particle morphology seen by cryoEM to SPV, but the 

similarities between the cryoEM images and TEM images suggest that they could be the 

same particle. 
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Fig. 5-12. Cryo electron micrographs and tomogram cross sections of SPV-enriched 
virus.  A-B. Cryo micrographs show spherical particles.  C-D. Tomogram cross sections 
show some slightly pleomorphic particles.  Scale bar 50nm. 

 

The gene content of the CHAS SPV genome is mostly uncharacterized, 

containing 28 ORFs that do not hit to any known proteins. The high sequence coverage 

(over 3000x) supports that the genome assembly is correct.  Interestingly, Four of the 5 

ORFs that have homologs to know proteins all hit to proteins from viruses of the 

Rudiviridae and Lipothrixviridae families of archaeal viruses, both members of the order 

Ligamenvirales.  ORF32, a SAM-dependent methyltransferase, had a top hit by BLASTX 

to Sulfolobales Mexican rudivirus 1 (3x10-39), with similarly high confidence hits to 3 

other members of Rudiviridae and to 7 members of Lipothrixviridae, all with e values of 

5x10-39 – 5x10-32.  ORF9, a glycosyltransferase, had top hits by BLASTX to various 

bacteria, as well as hits to two members of Rudiviridae and 9 hits to members of 
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Lipothrixviridae, with e values of 3x10-5 – 1x10-4.  The other two ORFs that had hits by 

BLASTX, ORF3 and ORF22, had homology to hypothetical proteins from Sulfolobus 

islandicus filamentous virus (SIFV) and Acidianus filamentous virus 1 (AFV1), 

respectively.  The fifth ORF with homology, ORF31, has the top hit by BLASTX to an 

SIRV2 DNA binding protein that is conserved among other archaeal virus families.  The 

fact that SPV ORFs have homology to mostly members of Rudiviridae and 

Lipothrixviridae, with few hits to other archaeal virus families is intriguing.  Despite a 

very different virion structure, SPV could share DNA and protein modification strategies 

with members of Rudiviridae and Lipthrixviridae.  Glycosyltranferases and 

methyltransferases could have been acquired separately or through horizontal gene 

transfer, rather than a distant evolutionary ancestor.  Based on gene content, it is clear 

that SPV is very different than other characterized viruses, and likely represents a new 

virus family. 

Unlike ORF 2, 9, 22, and 32, which almost exclusively have homology to rod-

shaped and filamentous viruses, ORF 31 has significant BLAST hits to a group of DNA 

binding proteins that are widespread in archaeal viruses (Table 5-1, Fig. 5-11).  This 

group of proteins is part of the superfamily DUF1874, and representatives are found in 4 

different archaeal virus families – Lipothixoviridae, Rudiviridae, Bicaudaviridae, and 

Turriviridae (17, 244-246).  ORF31 in SPV would make a fifth virus family in which this 

protein is represented.  An alignment of SPV ORF31 with the other archaeal virus DNA 

binding proteins shows conservation of certain residues, including several charged 

residues that occur in the same region spatially (Fig. 5-11).  Three of the archaeal virus 
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DNA binding proteins, STIV B116, SIRV1 ORF 114a, and AFV3 ORF109, have crystal 

structures (244-246).  SPV ORF31 hits to all three structures at 100% probability by an 

HHpred homology search. 

   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 11. MUSCLE (167) alignment of SPV ORF31 with DNA binding proteins from 
the DUF1874 superfamily.   

 

By X-ray crystallography, the B116 structure showed a monomer with 5 beta 

strands that dimerizes with another strand to form a groove that fits in DNA.  Interactions 

with DNA were confirmed by EMSA, leading to the characterization of B116 as a DNA 

binding protein (246).   A disulfide bond is present in B116, and the two cysteine residues 

are conserved in about half of the proteins in the DUF1874 superfamily, as well as in 

SPV ORF31.  This bond most likely provides important structural stability.  AFV3 

ORF109 showed a very similar structure, and also interacted with DNA (245).  Because 

so little is known about archaeal virus replication, the exact role of this protein is 

unknown, despite being very structurally well-characterized.  Given its DNA binding 
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activity, the most likely function is probably as a transcription factor to enable or enhance 

DNA replication or transcription by host polymerases.  Because of its prevalence among 

different archaeal virus families, this protein could serve as a signature viral protein to 

compare distantly related archaeal viruses. 

This study of SPV provides an example of the power of new host identification 

techniques.  The single cell sequencing work in NL10 allowed for CRISPR/Cas-based 

host identification.  This led to the identification of group 3, a close relative of 

Stygiolobus azoricus, as a potential host for SPV.  Although the identification was made 

using data from the NL10 hot spring, including the single cell sequencing spacers and the 

NL10 SPV genome, and not CHAS data, they have a similar virus and host composition, 

as determined by metagenomics. The CARD-FISH dual virus host labeling using CHAS 

cells confirmed that S. azoricus is a likely host for the CHAS version of the SPV virus.  

Additionally, CARD-FISH was successful in the identification of group 1, the novel 

Sulfolobales, as a possible second host.  If both S. azoricus and the group 1 Sulfolobales 

species are indeed both hosts of SPV, it would be a new example of a virus with a wide 

host range, since the two species likely represent different genera.  For both group 1 and 

S. azoricus, cultured isolates either do not exist, or are not available. In this case, culture-

independent techniques have proven useful to identify multiple hosts for SPV, and 

expand what is known about the virus beyond the metagenomic sequence. 

This chapter demonstrates the implementation of new methods to expand what is 

known about viruses isolated straight out of the environment, free from the limitations of 

the small number of cultured archaeal hosts.   The described methods and results tie a 
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virus particle to a genome, major coat protein, and a host with no prior information about 

the virus.  These methods can be applied to any system and can help expand the frontier 

of viral discovery.  
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Table 5-S1. Viral and host metagenome assemblies used for in-house Mascot 
database (adapted from B. Bolduc thesis) 

Metagenome # reads 
Avg. 
read 

length 

% reads 
assembled total contigs 

Large 
contigs 
(>1kb) 

Avg. 
contig 
size 

CH0704_cellularDNA 14723 773 77.50% 519 294 3283 
CH0704_vDNA_MSU_MDA 56877 229 39.80% 1299 129 575 
CH0709_cellularDNA 114307 903 92.60% 2412 1302 2421 
CH0801_vDNA_JGI_MDA 127392 346 65.90% 214 82 1229 
CH0801_vDNA_MSU_MDA 350180 212 79.00% 6319 1126 735 
CH0809_vDNA_JGI_MDA 142833 370 90.30% 814 341 1491 
CH0901_vDNA_JGI_MDA 199735 349 91.00% 818 205 1017 
CH0909_cellularDNA 324142 343 41.90% 5937 1521 865 
CH1002_cellularDNA 276171 292 39.00% 10777 2774 809 
CH1002_vDNA_MSU_WGA 152000 291 47.60% 3458 769 791 
CH1002_vRNA_MSU_WTA 51770 259 43.60% 464 3 321 
CH1102_cellularDNA 1471748 588 94.50% 15700 4814 1146 
NL10_0708_cellularDNA 480209 428 94.60% 2753 922 1176 
NL10_0801_vDNA_JGI_MDA 140645 368 60.60% 511 140 938 
NL10_0801_vDNA_MSU_MDA 275878 135 68.60% 5061 302 423 
NL10_0808_cellularDNA 316255 398 48.40% 10789 2656 827 
NL10_0808_vDNA_MSU_WGA 43241 363 50.70% 1343 590 1282 
NL10_0808-1006_vDNA_MSU_WGA 1440283 369 62.20% 27608 3515 562 
NL10_0809_vDNA_JGI_MDA 128169 351 86.10% 194 47 809 
NL10_0809_vDNA_MSU_WGA 174461 409 72.30% 4235 650 600 
NL10_0901_vDNA_JGI_MDA 228190 356 92.20% 531 179 1023 
NL10_0901_vDNA_MSU_WGA 149119 414 68.40% 4916 685 569 
NL10_0903_vDNA_MSU_WGA 191571 408 64.60% 6705 848 548 
NL10_0904_vDNA_MSU_WGA 184185 406 66.70% 5507 601 516 
NL10_0908_cellularDNA 335186 341 44.70% 15054 2764 689 
NL10_0908_vDNA_MSU_WGA 137707 402 64.60% 5908 757 549 
NL10_0909_vDNA_MSU_WGA 182757 401 64.70% 7447 924 541 
NL10_0910_vDNA_MSU_WGA 98413 347 56.40% 6086 685 528 
NL10_0910_vRNA_MSU_WTA 67738 260 17.60% 881 23 402 
NL10_1002_vDNA_MSU_WGA 132787 316 46.40% 5757 647 526 
NL10_1002_vRNA_MSU_WTA 61822 224 19.60% 1089 41 492 
NL10_1006_vDNA_MSU_WGA 146042 318 32.80% 4174 837 707 
NL10_1006_vRNA_MSU_WTA 28411 286 47.50% 394 10 390 
NL10-18_0910-
1006_vDNA_MSU_WGA 1091457 336 57.20% 27218 3765 594 
NL10-18_0910-1006_vRNA_MSU_WTA 242781 231 27.20% 3672 213 489 
NL17_0910_vDNA_MSU_WGA 127684 319 54.40% 5666 493 472 
NL17_0910_vRNA_MSU_WTA 58641 244 47.40% 998 72 507 
NL17_1006_vDNA_MSU_WGA 203616 372 53.80% 8967 1350 631 
NL17_1006_vRNA_MSU_WTA 6044 259 21.20% 66 1 319 
NL18_0910_vDNA_MSU_WGA 170480 361 64.50% 6344 713 524 
NL18_0910_vRNA_MSU_WTA 11279 109 26.30% 19 1 282 
NL18_1006_vDNA_MSU_WGA 212435 320 55.30% 4935 990 814 
NL18_1006_vRNA_MSU_WTA 8846 237 33.20% 173 1 316 



161 
 

 
 

Table 5-S2: Primers used for SFV qPCR, protein expression, and CARD-FISH 
probes  
Primer name Sequence 
Foxtail qPCR F AGGAGCTCAAACAGTAGCGGAGT 
Foxtail qPCR R ACGCTAGTCCATGCTGATACGCC 
Foxtail gateway inside F GCAGGCTTCGAAGGAGATAGAACCA- 

TGGGAAAATATAAAAATAGAGGAGCT 
Foxtail gateway inside R GGTCCTAGTGATGGTGATGGTGATGC- 

CTCTGTGGCACTGTTATGGGGA 
Outside forward primer: (PK1-3) GGGGACAAGTTTGTACAAAAAAGCAG-

GCTTCGAAGGAGATAGAACC 
Outside reverse primer: (PK1-4) GGGGACCACTTTGTACAAGAAAGCTG-

GGTCCTAGTGATGGTGATGGTGATG 
Foxtail psesd1 Nde1 F AGTCAGCATATGATGGGAAAATATAA 
Foxtail psesd1 NotI R AATTGCGGCCGC CCTCTGTGGCACTG 
fox_vfish_9351F TTGGTATCCAGTATACTGTAGGAGTAT 
fox_vfish_9600R CTAAAATTACCGTAGTTATAACTACCGT 
fox_vfish_2032F ATATAAAAATAGAGGAGCTCAAACAGTAG 
fox_vfish_2281R TTCACCAGATACCATATTCCTATATCTT 
fox_vfish_27F TGTGGGGTTTGTTCTATGCGGTT 
fox_vfish_276R TGCTTATTTGCTATTTAACTTGTGCACT 
fox_vfish_6617F AACTACAGTACCATAACCTTTGATAACA 
fox_vfish_6866R GATGATCAACAGCATTAAGGGATATC 
fox_vfish_14652F CTCTTAATGTTAGGGGGATTCACA 
fox_vfish_14901R GTAACACTACTGCATCACAGACC 

 
 
 

Figure 5-S1. Distribution of pleomorphic virus diameters from 
TEM images. 
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Table 5-S3: Putative TATA box promoters in the CHAS genome 

ORF Sequence Length 
(bp) 

Position 
before start 
codon (bp) 

1 TTAAATAA 8 -28 
2 TAAAA 5 -29 
3 TTAAATTTT 9 -19 
4 TTAAA 5 -32 
5 TTTATATATT 10 -38 
6 AATATT 6 -43 
7 AATTGTTTA 9 -21 
8 TTATTTA 7 -29 
9 ATTATAT 7 -22 
10 TTTAATAA 8 -31 
11 AATTAGTAA 9 -19 
12 TTATATATAATA 12 -29 
13 ATTTTTTTATATA 13 -38 
14 none     
15 TATTTCTTTA 10 -21 
16 none     
17 TATATATAT 9 -39 
18 TTTATTTAAATTATAATAA 19 -34 
19 TTATATTA 8 -46 
20 ATTTTTTTATATA 13 -31 
21 TAAAAA 6 -16 
22 TAAATCTTTT 10 -37 
23 ATAAAAT 7 -24 
24 TTTTAA 6 -39 
25 TATTTA 6 -44 
26 TATTA 5 -34 
27 AAATATTTTTTAA 13 -35 
28 TTAAAAAATATTT 13 -25 
29 TATTTAATTATAAT 14 -32 
30 TAAAAT 6 -27 
31 TTTTTT 6 -29 
32 TTTTTAATAT 11 -17 
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Figure 5-S2.  16S rRNA neighbor-joining tree of NL10 single cell genomes shows 7 
dominant groups (group 1-7), with closest relative indicated in black.  Blue and green 
– single cells.  Red and yellow – metagenome sequences.  Black boxes indicate 
representatives that were picked for whole genome sequencing. 
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CHAPTER 6 

 
CONCLUDING REMARKS AND FUTURE DIRECTIONS 

 
 Viruses are an enigmatic and understudied group, largely due to their dependence 

on a host for replication.  A complete characterization of any virus requires detailed 

knowledge of the viral replication cycle and associated host-virus interactions.  With an 

estimated 1.8 million eukaryotic species in the world (247), not taking into account the 

more numerous bacterial and archaeal species, each species is likely associated with at 

least one virus, the 5,000 known characterized viruses barely scratches the surface of the 

viral diversity on the planet (1).  The research presented in this thesis provides a roadmap 

for culture-independent approaches to characterize viruses to a level that rivals traditional 

culture-dependent approaches. To this end, the following questions were proposed at the 

beginning of this thesis:  

1. How can we use fragmented viral metagenomic datasets to purify and 

characterize new viruses directly from environmental samples?  

2. How can we connect viral metagenomic sequences with individual virus particles 

directly in environmental samples? 

3. How can we use viral metagenomic sequences to identify viral hosts directly from 

environmental samples? 

To address these questions, the following overall hypothesis was tested: Viruses 

in natural environments can be identified and characterized, including full genome, 

virus particle, and host determination, using culture-independent methods. 
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In this thesis, the characterization of two archaeal viruses, Acidianus tailed 

spindle virus (ATSV) and Stygiolobus pleomorphic virus (SPV), were used as test cases 

to employ culture-independent tools and methodologies to discover and characterize new 

archaeal viruses.   

Research on ATSV specifically addressed question 1, using metagenomes to track 

and purify viruses out of the environment.  Viral metagenomes were mined for virus 

structural genes, and the ATSV MCP gene, belonging to an 8.7 kbp metagenomic contig, 

was selected. The gene was used to track the virus through concentration and purification 

of the viral fraction of hot spring water by qPCR. Antibodies to the MCP were produced 

and used track the virus in the protein fraction.  The ATSV MCP was also used in 

structural studies, leading to structure determination.  The ability to track and purify large 

amounts of ATSV directly from the environment using gene information from the 

metagenome enabled the sequencing and circularization of the full 70.8 kbp ATSV 

genome at a level of coverage that is hard to attain without an enriched environmental 

sample.   

Question 2, the linking of virus particles to metagenomic sequences, was 

addressed using both ATSV and SPV.  After tracking the ATSV MCP through several 

purification steps, the purified viral sample was enriched for large, long tailed spindle 

shaped virus particles.  The link to the MCP gene was further confirmed using western 

blot using antibodies to the MCP, as well as protein identification of the MCP using mass 

spectrometry.  Linking SPV to a viral metagenomic contig started with an enriched viral 

fraction containing small pleomorphic virus particles that were found to co-purify with 
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ATSV.  Mass spectrometry was used to link the dominant protein band from the SPV-

enriched sample to a gene on a 17 kbp viral metagenomic contig containing little 

similarity to known archaeal viruses.  Deep sequencing of the SPV-enriched virus sample 

confirmed the link between the pleomorphic virus morphology and the metagenomic 

contigs.  In both cases, virus genomes were linked to virus particles using environmental 

samples. 

Finally, to answer question 3, both ATSV and SPV were successfully linked to 

hosts using culture-independent methods. Host identification was achieved using 

bioinformatic searches of cellular CRISPR/cas systems, which was confirmed by CARD-

FISH fluorescent virus-host labeling technique.  The combination of methods led the 

identification of Acidianus hospitalis as a host for ATSV and Stygiolobus azoricus for 

SPV.  Acidianus hospitalis was further confirmed as a host for ATSV by the successful 

replication of ATSV in A. hospitalis using a directed culturing approach, validating the 

culture-independent methods.  The culture-independent techniques used to discovery and 

characterize ATSV and SPV successfully confirm the above hypothesis, providing 

information about the virus genome, virus particle, and host using environmental 

samples.  

The main goal of this thesis, to isolate and characterize viruses out of the 

environment, was successful.  The techniques developed can be used to characterize 

additional archaeal viruses from Yellowstone hot springs, and can be translated to other 

systems as well. The knowledge gained through the characterization of the 2 new viruses 

can also be used as a foundation for continuing studies.  For ATSV, successful viral 
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replication will allow for the optimization of the host virus culturing system and 

subsequent characterization of the ATSV replication cycle.  Long term studies could 

include the development of an ATSV genetic system, enabling the elucidation of gene 

function through gene knockouts and mutations.  Subsequent characterization of ATSV 

will help us to gain an understanding of archaeal viruses and how they function.   

The continuation of the ATSV MCP structural studies is also an important future 

direction.   The structural studies reported in this thesis led to a multi-start helical 

assembly model for large tailed spindle viruses, a mechanism not seen in other viruses.  

Further development of this model, including sub-tomographic averaging of ATSV 

tomograms and computational modeling, are needed to support this novel and exciting 

assembly model.   

Finally, further characterization of SPV will likely lead to interesting basic 

discoveries, given the uniqueness of the SPV virus particle and its gene content.  A 

directed culturing approach, similar to that of ATSV, should be pursued in order to study 

SPV more extensively. 

The impacts of the research reported in this thesis are far reaching.  The tools and 

experimental procedures described in this work have led to the discovery and 

characterization of 2 archaeal viruses, adding important knowledge to the relatively small 

number of characterized archaeal viruses.  On a broader level, the same tools and 

approaches described in this thesis can be generally applied to the discovery and initial 

characterization of viruses from diverse environments.  The extension of analysis beyond 

viral metagenomic datasets alone to including other techniques to allow complete 
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genome sequencing, virus isolation, and host identification directly from environmental 

samples greatly extends the utility of viral metagenomics. 

By characterizing two new archaeal viruses, including connecting full genomes to 

virus particles and hosts, this thesis shows the broad implications of culture-independent 

virus discovery in its ability to unlock what has been a black box of interactions between 

unknown viruses and hosts in any environment. 
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CRYO ELECTRON MICROSCOPY OF CHAS VIRUSES 

APPENDIX A  
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Cryo-electron tomographs and high resolution micrographs of CHAS virus preps 

were taken by Martin Lawrence at the Max Planck Institute of Biochemistry.   The 

tomograms and images showed an incredible diversity of virus particle morphologies, 

including small and large spindle-shaped, rod-shaped, round, and cylindrical particles 

(Fig. 1 – Fig. 4).   

 

Figure 1. Cross section of tomogram from a CHAS viral fraction showing spindle 
viruses of various widths, one with two tails.  Black dots seen are 10 nm gold particles. 
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Figure 2. A high resolution cryo electron micrograph of a CHAS viral fraction showing 
many different virus particle types, including, small spindles, large spindles, spherical 
particles with an outer shell with visible DNA, and a filamentous particle.  Black dots 
seen are 10 nm gold particles. 
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Figure 3. A high resolution cryo electron micrograph of a CHAS viral fraction showing 
cylindrical virus particles with inner striations and an outer shell, as well as a small 
spindle shaped virus. Black dots seen are 10 nm gold particles. 
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Figure 4. A high resolution cryo electron micrograph of a CHAS viral fraction showing 
large spindle particles and rod shaped particles. Black dots seen are 10 nm gold particles. 
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FINAL WWPDB VALIDATION REPORT FOR THE ATSV D135  

APPENDIX B 

CRYSTAL STRUCTURE (PDB ID 5EQW) 
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PYMOL SCRIPTS USED FOR ANALYZING STRUCTURE  

APPENDIX C 

AND CREATING FIGURES 
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# script to set up the figure to look nice, modified from Nathanael 
#Lintner’s thesis 
 
reinitalize 
mstop ; 
dss ; 
hide everything ; 
set cartoon_flat_sheets = 1 ; 
set cartoon_smooth_loops = 0 ;  
set cartoon_fancy_helices = 1 ; 
set cartoon_dumbbell_length, 1 # default width = 1.6 
set depth_cue = 0 ; 
set dash_radius, 0.1 
set dash_gap, 1 
set dash_length, 0.4 
set dash_round_ends, 0 
space cmyk ; 
bg white ; 
set dash_color, black 
set ray_opaque_background, off ; 
show cartoon, all 
 
#Script to set secondary structure and color each helix from Fig. 3-2 
alter 11-24+30-46+49-69+98-118+120-130/, ss="H" 
alter 80-81+94-95/, ss="S" 
color black, all 
color blue, resi 11-24 
color cyan, resi 30-46 
color green, resi 49-69 
color yellow, resi 98-118 
color red, resi 120-131  
color grey50, resi 70-97 
color orange, resi 80-81+94-95 
hide everything 
show cartoon 
 
# script to make loop hydrogen bond figure 3-5 
hide cartoon, resi 70-97 
select loopH, resi 29+70-97 
show sticks, name C+CA+N+O and loopH 
show sticks, resi 70+84+93 
color red, loopH and name O* 
color blue, loopH and name N* 
set_view (\ 
    -0.344085574,    0.188186631,    0.919878244,\ 
     0.462646633,    0.886499047,   -0.008304896,\ 
    -0.817038894,    0.422723323,   -0.392102748,\ 
     0.000167442,   -0.000897771,  -50.720256805,\ 
    20.233787537,   78.205390930,   31.304668427,\ 
    23.710445404,   77.697860718,  -20.000000000 ) 
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# script to select and color residues from each interface and show 
# sticks, uses superhelix interface file, as seen is Fig. 3-8 
select interfacing_left, chain C and resi 
21+26+27+30+31+34+35+37+38+39+41+42+73+74+75+76+79+81+88+90 
color red, interfacing_left 
show sticks, interfacing_left 
select interfacing_right, chain C and resi 
16+19+20+23+24+102+105+106+109+112+113+116+117+120+121+123+124+125+127+
128+130+131+132 
color blue, interfacing_right 
show sticks, interfacing_right 
select interfacing_bottom_right, chain C and resi 49+50+53+117+118 
color orange, interfacing_bottom_right 
show sticks, interfacing_bottom_right 
select interfacing_top_left, chain C and resi 85+86+87+88+89+90+91 
color hotpink, interfacing_top_left 
show sticks, interfacing_top_left 
select interfacing_bottom_left, chain C and resi 41+44+45+46+47+49 
show sticks, interfacing_bottom_left 
color yellow, interfacing_bottom_left 
select interfacing_top_right, chain C and resi 24+26+87+88 
show sticks, interfacing_top_right 
color cyan, interfacing_top_right 
select shared, resi chain C and 24+26+41+49+87+88+90+117 
color green, shared 
color grey50, chain C and name c+o+n+ca 
 
# to select and color residues conserved in all five large tailed 
#spindle viruses 
select cons, resi 
10+12+13+14+15+18+19+29+30+32+33+34+35+36+37+38+40+41+42+45+47+52+54+55
+56+58+59+62+65+70+72+74+75+97+108+115 
color green, cons 
show sticks, cons 
hide sticks, c+n+o 
color grey30, name c+o+n+ca 
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# To make figure of superposition of ATSV and ATV MCPs and color and   
# designate secondary structure for ATV MCP. I used the DALI output PDB 
# for 3FAJ that aligned with ATSV D135 chain A and opened both files in 
# pymol (copied ATSV D135 chain A as a separate object) 
# important – script must have the correct name of each PDB file 
# 3FAJ_DALI.pdb and C387_DALI.pdb were the names of the PDBs used to   
# generate the figure 
 
show cartoon, all 
select ATV, 3FAJ_DALI and all 
alter ATV and 11-24+30-46+49-69+83-91+93-103+105-113/, ss="H" 
alter ATV and 28-29+79-80/, ss="S" 
color black, all and ATV 
color blue, resi 11-24 and ATV 
color cyan, resi 30-46 and ATV 
color green, resi 49-69 and ATV 
color yellow, resi 83-91+93-103 and ATV 
color red, resi 105-113 and ATV 
color orange, resi 28-29+79-80 and ATV 
select ATSV, C387_DALI and all 
alter ATSV and 11-24+30-46+49-69+98-118+120-131/, ss="H" 
alter ATSV and 80-81+94-95/, ss="S"  
color black, all and ATSV 
color blue, resi 11-24 and ATSV 
color cyan, resi 30-46 and ATSV 
color green, resi 49-69 and ATSV 
color yellow, resi 98-118 and ATSV 
color red, resi 120-131 and ATSV 
#color grey50, resi 70-97 
color orange, resi 80-81+94-95 and ATSV 
hide everything 
show cartoon 
 
#inside_view 
set_view (\ 
    -0.780289471,   -0.267266423,    0.565436721,\ 
     0.131369993,    0.813876033,    0.565989316,\ 
    -0.611468375,    0.515915811,   -0.599951982,\ 
    -0.000182152,   -0.000303283, -133.913238525,\ 
    23.551046371,   60.068206787,   30.679464340,\ 
    62.751808167,  205.075103760,  -19.999998093 ) 
 
#side view 
#set_view (\ 
     0.243106961,   -0.505401254,    0.827929914,\ 
     0.456950366,    0.812562346,    0.361848474,\ 
    -0.855628312,    0.290352792,    0.428484112,\ 
    -0.000008188,   -0.000373466, -133.911865234,\ 
    24.385890961,   60.436836243,   30.327648163,\ 
    62.750053406,  205.073333740,  -19.999998093 ) 
 
# To make figures in stereo view, first rotate using command "rotate y, 
# -3, save the image, then rotate using command "rotate y, 6" 
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