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ABSTRACT OF THE DISSERTATION 

 
 

Cryo-reconstructions of Helminthosporium victoriae virus 190S, Alternaria alternata 

virus-1, and bacteriophage P22 

 

by 

 

Sarah Elizabeth Dunn 

Doctor of Philosophy in Chemistry 

University of California, San Diego, 2011 

 

Professor Timothy S. Baker, Chair 

 

Structural studies of viruses in this thesis demonstrate how the determination 

of three dimensional (3D) structures can reveal insights  concerning assembly, 

flexibility, and organization of the capsid protein and viral capsid shells. The 

generation of 3D density maps of viral capsids can provide information to what is 

already established for the viral life cycle, capsid organization, and subunit 

interactions. This thesis has involved the investigation  of the structures of three 

different viruses using the methods of cryo-electron microscopy and 3D image 

reconstruction.   

Chapter II discusses Helminthosporium victoriae virus 190S (HvV190S), a 

virus that infects the filamentous fungus Helminthosporium victoriae. Structures of  

the virion, and two virus like particles of Hv190S were all determined at ~7-8Å 



 

 xxi 

resolution. The capsid was found to have a relatively thin and featureless structure. 

The asymmetric unit of the capsid is a dimmer comprised of two, chemically identical  

subunits organized in a so called “T=2” lattice. The individual capsid protein was 

found to have a fold that is unique compared to the fold of the well characterized, 

Saccharomyces cerevisiae virus -L-A, and other members of the family Totiviridae.  

The cryo-reconstruction of HvV190S, represents the first ever structure determination 

for a virion that belongs to this genus Victorivirus. 

In Chapter III, the structures of the virion and empty capsids of Alternaria 

alternata virus-1 (AaV-1) are reported. Currently, AaV-1 is an unclassified virus and a 

3D reconstruction of the capsid will aid in establishing its proper classification. Cryo-

reconstructions were computed from images of full and empty particles at 14Å and 

25Å, respectively. The capsid has large protrusions at the 5-fold axes of symmetry 

and displays other features that are similar to the mycovirus, Penicillium 

chrysogenum virus.  

 Chapter IV presents a study where difference mapping was used to identify 

flexibility changes as a result of single amino acid residue substitutions to the coat 

protein of bacteriophage P22. The residue F170 is located within a flexible region of 

the coat protein, termed the “β-hinge,” which has been shown to play a critical role in 

proper monomer assembly. Procapsid reconstructions of three coat protein variants 

of the F170 residue, F170L, F170K, and F170A were generated at 13.5Å, 10.4Å, and 

10.3Å resolution, respectively. 
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Chapter I. 

Introduction 
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This thesis has involved investigations of the structures of three different 

viruses. These include two double-stranded RNA fungal viruses and one double-

stranded DNA tailed bacteriophage:  Helminthosporium victoriae virus 190S, 

HvV190S, (Chapter 2), Alternaria alternata virus-1, AaV-1, (Chapter 3), and three 

coat protein variants of the bacteriophage P22 (Chapter 4).  In each case, the viral 

capsid structures were determined using cryo-electron microscopy (cryo-EM) and 

three dimensional reconstruction (3DR) techniques. The introduction is arranged to 

briefly describe background information about viruses in general (section I), and cryo-

EM (section I.II) and 3DR techniques (sections I.III and I.IV), and the remainder is 

organized to briefly provide background on each of these viruses in this thesis 

(sections V-VI).   

I. General Virology Background 

There are an estimated  ~1031 viruses on Earth (Bamford, Grimes et al. 2005) 

and they infect all major species of living organisms, including humans, livestock, 

fungi, agricultural crops and others. Viruses are responsible for many acute and 

chronic diseases (Ahlquist 2006).  They are differentiated on the basis of a variety of 

different properties, such as their size, the morphology of the capsid, the genomic 

composition, and the host target. Viruses are primarily distinguished by the genome 

they contain which could be double-stranded DNA (dsDNA), single-stranded DNA 

(ssDNA), double-stranded RNA (dsRNA), or single-stranded RNA (ssRNA) (Mertens 

2004). Secondarily, they can further be distinguished according to the replication 

method they employ (Ahlquist 2006). 

 Most viruses encapsidate their genomic material in a shell that is comprised of 

at least one type of major viral protein, termed the major capsid protein. The capsid 
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shell is composed of multiple copies of one or more unique proteins.  An example of a 

simple virus is one that contains a single polypeptide and a single nucleic acid 

segment, such as Satellite Tobacco Necrosis Virus (STNV) (Leung, Browning et al. 

1979; Liljas, Unge et al. 1982). The single segment of STNV is 1.3 kbp and the ~170 

Å diameter capsid is comprised of 60 chemically identical subunits (Leung, Browning 

et al. 1979).  Parvoviruses, like Human bocavirus (HBoV), contain a ssDNA genome 

(~5000 nucleotides) that is encapsidated by one of the smallest capsids known, ~18-

26 nm in diameter (Gurda, Parent et al. 2010).  In comparison, more complex viruses 

contain thousands of copies of several different proteins and several segments of 

genome, such as Mimi virus, which infects the amoeba Acanthoamoeba polyphaga, 

and has the largest capsid known to date, ~600 nm (Xiao, Kuznetsov et al. 2009). 

The capsid shell plays a critical role in the life cycle of virus particles, primarily being 

responsible for the housing of the genomic material.  

Capsid structures have been primarily studied using cryo-EM and/or X-ray 

crystallography. Some macromolecules and virus particles cannot be analyzed using 

X-ray crystallography techniques because they physically cannot be crystallized. Also 

areas of flexibility cannot be seen in crystal structures but they can however be seen 

in structures generated by cryo-EM. Cryo-EM therefore is the optimal method to 

observe larger macromolecules that may have flexible regions, typical of many 

polypeptides (Baker, Olson et al. 1999). 

 Structures generated from either method have provided significant 

information not only about the intact capsid structure, but also individual components 

that are involved in the life cycle of viruses (Baker, Olson et al. 1999). Cryo-EM, 

combined with three dimensional reconstruction (3DR) techniques, has proven to be 

an effective method (Baker, Olson et al. 1999) to reconstruct virus particles routinely 
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at sub-nanometer resolution (Zhang, Jin et al. 2010). One of the main advantages for 

using cryo-EM over X-ray crystallography and other more conventional microscopy 

techniques (e.g. negative stain, metal shadowing, thin sectioning, etc.) for structure 

determination is the preservation of the virion in a native like state when the sample is 

vitrified (Baker, Olson et al. 1999). Microscopy studies, when partnered with 

biochemical studies, can combine to compliment data observed in structural studies, 

especially when trying to determine not only the capsid structure, but also the 

individual components that are involved in the different steps in the viral life cycle. 

II. Electron microscopy 

Negative stain microscopy has been well documented as described in Baker 

et. al. 1999.  Briefly, ~3.5 µL samples are placed on a carbon-coated copper grid, and 

stained with a heavy atom stain, like uranyl acetate. The copper grids are completely 

covered in carbon, termed “continuous carbon films”, and are inherently hydrophobic, 

and therefore must be either glow-discharged or plasma-cleaned to make the surface 

hydrophilic. Staining requires excess liquid to be blotted by a piece of filter paper. 

Staining often imposes dehydration and flattening of macromolecules and virus 

particles, which has been shown to limit the resolution of the reconstructions (Baker, 

Olson et al. 1999).   

Cryo-EM has become a reliable method to obtain images of virus particles in a 

native state, as reviewed in Baker et. al. 1999. Unlike stain, samples are not “dried” 

onto the grid, and therefore the integrity of the virus structure is well preserved. Stain 

is known to impose flattening or damaging to the physical structure, which can 

perturb the reconstruction process, however, this effect is not seen when the samples 

are frozen, which is advantageous when attempting to reconstruct the structure of a 

virus particle, especially at high resolutions.  
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 Briefly, small (~3.5 µL) aliquots of highly purified, concentrated samples are 

placed on a carbon coated copper grid, and are plunge frozen in liquid ethane at -190 

oC (Figure 1.1). Cryo samples require a manual or robotic plunge-freezer, a guillotine-

like device, that holds the grid (already glow-discharged or plasma cleaned) with the 

sample already applied, which is then rapidly plunged into liquid ethane. After 

freezing in ethane, the grid is rapidly transferred to a reservoir of liquid nitrogen. The 

copper grids used for cryo-EM can either be completely covered in carbon or carbon 

coated with holes, termed “holey carbon films.” The vitrification process occurs 

rapidly, which prevents ice crystal formation.  Samples frozen in thin (generally << 1 

µm) layers of vitreous ice, are unstained, and preserve the native like state of 

macromolecules and virus particles. The thickness of the ice layer obtained is 

generally determined by how long the sample is blotted.  

The grid is then placed in a specifically designed specimen holder that 

maintains the sample at liquid nitrogen temperatures (-180 oC). In this way, the grid 

and sample can be inserted into the evacuated column of the transmission electron 

microscope (TEM) and maintained at liquid nitrogen temperature during all TEM 

operations. Low-dose electron microscopy (typically around ~10-24 electrons/Å2) is 

always used to image vitrified biological samples because of the inherent radiation 

sensitivity of the sample (Baker, Olson et al. 1999). After the electron beam passes 

through the sample, the resulting image is magnified using an objective lens and a 

series of projector lenses, and can be viewed on a fluorescent screen, detected by a 

CCD camera, or recorded on film (Baker, Olson et al. 1999). Images are typically 

recorded at magnifications in the range from 39,000 to 59,000 for cryo-EM studies. 

III.  Single Particle Reconstruction Methods 



 6 

A typical diagram of the 3DR process is shown in Figure 1.2. After the sample 

is prepared, purified, and vitrified images are recorded as described earlier at various 

levels of defocus. When images are recorded on film, they need to be developed and 

digitized. By averaging thousands, sometimes even tens of thousands, of individual 

virus particle images, this enables the reproducible and stable portions of the virus to 

be reconstructed in 3D.  

Single particle analysis assumes that, when samples are frozen in vitreous 

ice, they lie in random orientations everywhere on the grid. Many micrographs are 

required to hopefully obtain enough unique views of the specimen. The inherent high 

symmetry of many virus capsids provides a significant advantage to cryo-EM studies 

because each image of a symmetric virus particle contains multiple views (60-fold for 

icosahedral viruses) of the fundamental structural unit or an asymmetric unit (ASU) 

(described later). 

After the images are recorded, individual particles are extracted, or “boxed 

out” from each micrograph. These boxed particles are then processed using 

programs AUTO3DEM and autopp (Yan, Sinkovits et al. 2007), and RobEM 

(http://cryoem.ucsd.edu/programs.shtm). The size of the boxed area is chosen to be 

large enough to include the full particle and small surrounding border. If the box size 

is too big, too much noise is introduced and the signal to noise ratio becomes too low 

for the data set to be reconstructed at the highest resolution possible.  Each boxed 

image is then “floated” digitally by subtracting the average background (for all 

particles in the entire data set) intensity (DeRosier and Moore 1970). The particles 

are also normalized, which accounts for the density distribution of all images in the 

data set. To account for the varying ice thickness across the grid, a linear gradient is 

applied to each image. The level of defocus is also estimated for each micrograph to 
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correct for the Contrast Transfer Function (CTF) per micrograph (Mindell and 

Grigorieff 2003).  

Next, a small subset of particle images (normally ~150) that have been 

recorded at high levels of defocus (2.5-3.5 µm) is used to create a low resolution, 

initial model, using the random model method (Yan, Dryden et al. 2007). Micrographs 

at such high levels of defocus are ideal for generating of the random model because 

they have the highest contrast.  After a starting model is obtained, the rest of the 

boxed particles (often many thousands of particles) are added to the data set and a 

reconstruction is generated using AUTO3DEM (Yan, Sinkovits et al. 2007).  

The reconstruction process involves the determination of the orientation and 

origin of each particle, by using the random model as a reference, using three angles 

to describe the orientation (θ, φ, and ω).   Each map that is generated uses the 

orientations and origins that were previously determined and are updated if they were 

inaccurate. The refinement process involves the entire particle data set being 

randomly divided into two separate data sets, and the correlation between the two 3D 

density maps determines the level of resolution of the data set.  This process is 

refined until no further progress in terms of resolution is made, based on the Fourier 

shell correlation (FSC) (van Heel and Schatz 2005), which is used to estimate the 

resolution. The FSC measures the correlation between the two 3D density maps in 

Fourier space, as a function of spatial frequency. The resolution threshold has been 

traditionally accepted corresponds to the coefficient of the FSC equal to 0.5, termed 

FSC0.5 cutoff.  

One of the main advantages of studying virus particles using cryo-EM and 

3DR techniques is that the majority of them are inherently highly symmetric. 

Icosahedral virus particles, which contain regular and repeated features on the capsid 
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itself, is advantageous in the reconstruction process because theoretically fewer 

particle images are needed owing to the redundancy inherent in each image of a 

symmetric particle.  

IV. Virus Capsid Arrangement and Symmetry 

Viruses are known to occur in many different shapes and sizes, but the two 

most commonly observed capsid shells are helical and spherical. Viruses like 

influenza (Lamb and Choppin 1983) and HIV (Mateu 2009), have their respective 

genomes enclosed in a spherical capsid. The capsids of helical viruses, like tobacco 

mosaic virus enclose their genomic material in rod-like structures (Namba and Stubbs 

1986).  

Viruses with icosahedral capsids contain multiples of 60 individual subunits or 

capsid proteins, CP (Baker, Olson et al. 1999). Individual CPs self-assemble in 

different ways to build capsid shells of different sizes as seen in electron micrographs 

(Caspar and Klug 1962; Caston, Ghabrial et al. 2003). Viruses utilize self assembly to 

form a shell of chemically identical capsid protein subunits as reviewed by (Baker, 

Olson et al. 1999).   

The icosahedral viral capsid is constructed based on the icosahedron, which 

is a geometric solid with 20 identical triangular faces, 30 edges, and 12 vertices 

(Baker, Olson et al. 1999), and one simple familiar example of the icosahedron, is a 

soccer ball.  An icosahedron has 532 point symmetry, which means there six 5-fold 

axes of symmetry, ten 3-fold axes of symmetry, and fifteen 2-fold axes of symmetry, 

(Figure 1.3) and these axes pass through the center of the icosahedron. The 

positions of these three symmetry elements are used to describe icosahedral capsid 

structures.  Capsids are generated using multiples of 60 capsid protein subunits of 1 

or more capsid protein type. Components that do not have icosahedral symmetry or 
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are not in multiple copies, are averaged out during the reconstruction process (Baker, 

Olson et al. 1999).  For example, the RNA dependant RNA polymerases in dsRNA 

virues and injection proteins in bacteriophages are not seen in 3D reconstructions 

generated using icosahedral symmetry because their respective signals are averaged 

out.  

The arrangement of capsid proteins in icosahedral viruses is described in 

terms of the triangulation, or T-number, which identifies the number of protein 

subunits present in each ASU of the capsid (Caspar and Klug 1962).  Knowledge of 

the T-number allows one to specify the total number of subunits (larger than 60 for 

most icosahedral viruses) in the capsid. The ASU therefore represents 1/60 of the 

entire structure of any object with icosahedral symmetry, and one can generate any 

viral capsid knowing both the ASU and T-number (Baker, Olson et al. 1999).  Viruses 

that follow the traditional icosahedral T-number based symmetry rules (Figure 1.3) 

are restricted to T=1, 3, 4, 7, 13, etc (Sinkovtis and Baker 2010). 

The T-number of the virus structure also gives rise to the environments each 

capsid subunit can be in, as described in (Baker, Olson et al. 1999).  The simplest 

capsid, designated T=1, is assembled from 60 individual subunits, arranged as twelve 

pentamers, which is a capsomer with five capsid proteins (Caston, Ghabrial et al. 

2003).  The simpliest capsids that are assembled from more than 60 subunits have 

both pentameric and hexameric (a capsomer with six capsid proteins) capsomers 

(Caston, Ghabrial et al. 2003). An example of a T=1 capsid is that of Satellite 

Tobacco  Necrosis  Virus, which has 60 chemically identical subunits in identical 

environments (Liljas, Unge et al. 1982). In most capsid structures where the T-

number is greater than one, the capsid proteins are arranged in quasi-equivalent 

environments rather than identical environments. In a T=3 capsid, an individual 
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capsid protein can occupy one of three different environments (Caspar and Klug 

1962). These three environments are termed quasi-equivalent because they are 

similar, but not identical (Caspar and Klug 1962). An example of T=3 capsids, like 

tomato bushy stunt virus, has 180 chemically identical capsid proteins arranged in 12 

pentamers and 20 hexamers (Harrison, Olson et al. 1978).  

However, some icosahedral viruses do not follow the rule of quasi-

equivalence. The classic example is that of the T=7 capsid of polyoma virus, which is 

comprised of 360 capsid proteins that occupy six non-equivalent rather than seven 

quasi-equivalent envrionrments (Baker, Caspar et al. 1983). A second example of 

viruses that employ an atypical arrangement for CPs is the so-called “pseudo T=2” 

(“T=2”) capsid (Baker, Olson et al. 1999).  The capsids or inner capsids of all known 

dsRNA viruses contain 120 CPs and have two subunits in each ASU occupying non 

identical, non quasi-equivalent environments (Ghabrial and Suzuki 2009). Hence, in 

these “T=2” capsids, the ASU is an asymmetric dimer comprised of of two capsid 

subunits.     

V. dsRNA viruses 

 The dsRNA viruses infect a wide range of hosts including vertebrates, 

invertebrates, plants, fungi, and prokaryotes (Meterns, P. 2004).  The majority of 

dsRNA viruses have an icosahedral capsid that encapsidates the genome.  There are 

nine families of dsRNA viruses that are classified according to the number of genomic 

segments they contain: Hypoviridae, Totiviridae, Birnaviridae, Paritiviridae, the genus 

Varicosavirus (unclassified Family), Megabirnaviridae, Cystoviridae, Chrysoviridae, 

and Reoviridae as reviewed by Mertens, et. al. 2004 (Table 1.1).  These viruses, with 

a few notable exceptions, have a single icosahedral capsid that houses the genome 

segment(s) (Mertens 2004). The capsids not only store the genome, but also shield 
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the dsRNA from the host nucleases in the cytoplasm (Mertens 2004). The family 

Hypoviridae includes viruses that do not code for a capsid protein, and their genomes 

are located in host vacuoles or lysosomes (Ghabrial and Suzuki 2009).  Members of 

the families Cystoviridae and Reoviridae contain three and two capsid layers, 

respectively and members of the genus Varicosavirus have a rod-shaped capsid 

(Mertens 2004).  

A shared characteristic among dsRNA viruses is that the dsRNA genome 

cannot function as the target mRNA, therefore these viruses must encode an RNA 

dependent RNA polymerase  (RdRp) to allow for the replication and transcription of 

the viral genome. As a consequence, the dsRNA never leaves the capsid, and the 

replication of the (+)mRNA and the corresponding (-)ssRNA strand occurs inside the 

capsid shell (Mertens 2004). As such, dsRNA viruses are therefore considered to be 

“nanomachines” because the mRNA is synthesized within a capsid shell (Patton and 

Spencer 2000; Mertens 2004; Ghabrial 2008; Ghabrial 2008). After the production of 

the (+)mRNA, transcription ensues, and once enough capsid proteins are generated, 

(+)mRNA are packaged into the newly formed capsid shells (Mertens 2004). Then, 

within the newly formed capsid and with the action of the RdRp, (-)ssRNA strand 

synthesis occurs to produce dsRNA needed to form infectious viral particles (Mertens 

2004). The capsid shell also provides shelter from the cytoplasm of the host defense 

mechanisms against viral infections that would be triggered by the presence of free 

dsRNA as described in Mertens 2004. Since these viruses require an RdRp within the 

viral capsid, this could possibly explain the evolutionary relationships that exist 

between RdRps of known dsRNA viruses (Mertens 2004). 

A classic and well-characterized example of a dsRNA virus is that of the 

mammalian reovirus, (e.g. (Dryden, Wang et al. 1993)). Reoviruses are 
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nonenveloped viruses, roughly ~85 nm in diameter, and are contain two concentric, 

spherical shells and ten dsRNA segments that are grouped in three classes based on 

size: small (S), medium (M), and large (L), and their corresponding viral proteins are 

designated by the greek letters σ, µ, and λ, respectively. One segment codes for two 

proteins, and the other nine code for a single polypeptide, for a total of 11 viral 

proteins that range in size from 14-144 kDa. The outer capsid is T=13 laevo and is 

primarily comprised of σ3 and µ1. The viral protein λ3 is the RNA dependent RNA 

polymerase, which is present 12 times in the viral capsid.  

Although the  structures of dsRNA viruses have been routinely studied, fungal 

virus structures are relatively underrepresented in comparison to those that infect 

humans or animals (Ghabrial and Suzuki 2009).  Fungal viruses (“mycoviruses”) can 

replicate within the host, often without any apparent symptoms to the host cell. 

Fungal viruses are of particular importance to the agricultural community because 

fungal infections can cause extensive damage to crops and farms (Ghabrial and 

Suzuki 2009). Fungal viruses have been observed in the majority of all major taxi of 

fungi, and hence they have been suggested as viable biological control agents 

(Ghabrial 2008; Ghabrial 2008).  

V.I. Fungal viruses 

The existence of fungal viruses was first documented in 1962 by Hollings, et. 

al., where at least three types of virus particles were found in sporophores of the 

common economically important mushroom, Agaricus bisporus as described in 

(Ghabrial 1998). La France disease, is the deleterious effect that was observed on 

the fungus Agaricus bisporus at a farm in southeastern Pennsylvania (Goodin, 

Schlagnhaufer et al. 1997). La France isometric virus (LIV), the fungal virus observed 

in Holling’s study, contains nine dsRNA genome segments that are packaged into 
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~34 nm diameter capsids (Harmsen, Tolner et al. 1991; Goodin, Schlagnhaufer et al. 

1997; Ghabrial 1998; Ghabrial and Suzuki 2009). Most fungal viruses cause little or 

no symptoms in their hosts, however some have been known to cause either a 

decrease (hypovirulence) or increase (hypervirulence) in the pathogenicity effects of 

the fungi on its host (Ghabrial and Suzuki 2009).  

All fungal viruses studied to date have no extracellular life cycle and no known 

natural vectors (Ghabrial 1994; Ghabrial 2008). These viruses are transferred either 

by horizontal (hyphae anastomosis) or vertical (sporophoration) means (Ghabrial 

1994; Ghabrial 1998). Fungal viruses are quite prevalent in all major species of fungi, 

and therefore it has been suggested that they might be used as biological agents to 

control fungal infections on plants (Ghabrial 1998; Ghabrial and Suzuki 2009). 

Current fungicides pose health hazards and potential environmental risks (Ghabrial 

1998; Ghabrial and Suzuki 2009).   

There are currently five families of non-enveloped dsRNA viruses that are 

known to infect fungi: Totiviridae, Partitiviridae, Chrysoviridae, Megabirnaviridae, and 

Reoviridae (Chiba, Salaipeth et al. 2009; Ghabrial and Suzuki 2009). Some fungal 

viruses contain (+)ssRNA (Barnaviridae, Narnaviridae, and a few that are 

unassigned) and (+)ssRNA-RT (Psuedoviridae and Metaviridae (Ghabrial and Suzuki 

2009; Pearson, Beever et al. 2009). There also has been a mycovirus that contains 

dsDNA (unassigned) (Pearson, Beever et al. 2009). 

 The complexity for the five families that contain dsRNA range from containing 

multiple genomic segments, viral proteins, and even multiple capsid layers as seen in 

reoviruses.  The simplest of all fungal viruses are members of the family Totiviridae. 

These viruses contain only a one segment of dsRNA and code for one capsid protein 

(Ghabrial 2008).  
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V.II. The Totiviridae family 

Totiviridae have non-enveloped virions with a non-segmented RNA genome 

and are known to infect yeast, smut, protozoa, filamentous fungi, and shrimp 

(Mertens 2004; Tang, Ochoa et al. 2008; Ghabrial and Suzuki 2009).  The capsids of 

totiviruses have a “T=2” arrangement of subunits (Ghabrial and Nibert 2009; Ghabrial 

and Suzuki 2009). The outer capsid features of most icosahedral dsRNA viruses are 

responsible for the onset of infection by means of delivering the genome into the 

cytoplasm of the host cell (Mertens 2004). 

The Totiviridae family is subdivided into five genera: Totivirus, Victorivirus, 

Giadiavirus, Leishmaniavirus, and Trichomonasvirus (Ghabrial 2008; Goodman, 

Ghabrial et al. 2011).  The type-species for the genus Totivirus is L-A virus (ScV-L-A, 

genus: Totivirus), which infects the yeast Saccharomyces cerevisiae (Naitow, Tang et 

al. 2002). The 4.6 kbp genome of ScV-L-A codes for two proteins: coat protein (CP, 

Gag, 668 a.a. 70 kDa) and an RNA dependent RNA polymerase (RdRp, Pol, 731 a.a. 

100kDa) (Wickner 1992). ScV-L-A contains 120 Gag subunits arranged in a “T=2” 

capsid, where two of the subunits are Gag-Pol fusion proteins. The  “T=2” capsid is 

composed of 60 asymmetric CP dimers with the two subunits in each dimer arranged 

in non-equivalent environments and is typical for other Totiviruses (Cheng, Caston et 

al. 1994; Naitow, Tang et al. 2002).  Strictly speaking, a “T=2” capsid is actually a T=1 

structure composed of 60 CP dimers.   

The crystal structure of the entire ScV-L-A capsid was determined at 3.4 Å 

resolution using X-ray diffraction methods ((Naitow, Tang et al. 2002), PDB 

ID#1M1C).  The capsid shell is ~46 Å thick and is ~400 Å in diameter. The structure 

also shows ~18 Å openings at the five fold axes of symmetry, which are thought to 

act as pores through which free nucleotides can enter and newly synthesized 
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(+)mRNA can exit (Naitow, 2002).  The individual capsid subunit is similar in shape 

and domain organization when compared to other dsRNA viruses like the subunit of 

the Bluetongue virus (VP3, 901 aa, 103 kDa) (Hwang, Xiang et al. 1994; Lourenco 

and Roy 2011) and the subunit of Orthoreovirus, (λ1, 1275 aa, 142 kDa) (Zhang, Liu 

et al. 2011). It therefore has been suggested that the tertiary structure of the capsid 

proteins of dsRNA viruses are more conserved than their primary sequence (Mertens 

2004). 

The structures of the infectious virions of only a few Totiviruses have been 

determined thus far. The structure of ScV-L-A, first studied by cryo-EM at ~16 Å 

(Cheng, Caston et al. 1994), was later solved to 3.4 Å using X-ray crystallography 

(Naitow, Tang et al. 2002).  The only other structures of totivirus virions have been 

determined using cryo-EM. These include Ustilago maydis virus-H1 (UmV-H1) at ~24 

Å resolution (Cheng, Caston et al. 1994) and infectious myonecrosis virus (IMNV) at 

~8 Å resolution (Tang, Ochoa et al. 2008).  In addition, a cryo-reconstruction of the 

empty capsid shell of the fungal virus, Helminthosporium victoriae virus 190S 

(HvV190S) was reported at ~14 Å resolution (Caston, Luque et al. 2006).   

Totiviruses express their RdRps via one of three strategies (Ghabrial 2008). In 

two of these, the RdRp is expressed as a CP-RdRp fusion protein. ScV-L-A 

accomplishes this by ribosomal frameshifting (typically -1) mechanism (Ghabrial 

2008).  UmV-H1 expresses its RdRp as a fusion protein via nonribosomal 

frameshifting mechanism and the CP-RdRp is later proteolytically cleaved to yield 

separate CP and RdRp (Ghabrial 2008).  HvV190S is unique among totiviruses in 

that its RdRp is expressed as a separate protein (Ghabrial 2008).  It has been shown 

that ScV-L-A contains one or two RdRp molecules per capsid (Ghabrial and Nibert 

2008). The viral capsids of totiviruses are considered to be “nanomachines,” where 
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the (+)mRNA is replicated in the viral capsid, and is the only genome fragment that 

leaves the capsid (Ghabrial and Nibert 2008). It could then be inferred that the 

viruses themselves would only need 1-2 RdRp molecules since there is only one 

segment of genome that could be processed at any time (Ghabrial and Nibert 2008). 

V. III.  The Chrysoviridae family 

Another family of dsRNA fungal viruses, Chrysoviridae, is characterized by 

virions with capsids ranging between ~30 and 40 nm diameter and four genome 

segments that are separately encapsidated (Ghabrial and Suzuki 2009). The first 

segment (dsRNA-1) codes for the RdRp, whereas dsRNA-2 codes for the major CP, 

and the remaining two segments code for virion associated proteins of unknown 

function (Caston, Luque et al. 2006; Ghabrial 2008; Ghabrial and Suzuki 2009). The 

capsid is like all other fungal viruses, except that they are true T=1 structures 

(Caston, Ghabrial et al. 2003). That is, the capsid only contains 60 identical subunits. 

However, each individual subunit has two domains and the two domains are similar 

(Ghabrial and Suzuki 2009; Luque, Gonzalez et al. 2010). The arrangement of the 

two domains structurally resembles the arrangement of the two monomer subunits in 

each asymmetric dimer in “T=2” capsid (Caston, Ghabrial et al. 2003; Ghabrial and 

Suzuki 2009; Luque, Gonzalez et al. 2010).  

The family Chrysoviridae only has one genus, Chrysovirus, with Penicillium 

chrysogenum virus (PcV) as the type species. Each PcV genome segment codes for 

a single viral protein: dsRNA-1 codes for the RdRp (3562 bp, 1117 a.a., 128 kDa), 

dsRNA-2 codes for the CP (3200 bp, 982 a.a., 109 kDa), dsRNA-3 codes for a viral 

associated protein (2976 bp, 912 a.a., 101 kDa), and dsRNA-4 codes for another viral 

associated protein (2907 bp, 847 a.a., 95 kDa) of unknown function (Caston, Ghabrial 

et al. 2003).  
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Cryo-reconstructions of the PcV virion and empty capsid were both 

determined at ~26 Å resolution (Caston, Ghabrial et al. 2003) and a more recent 

study showed a ~8.0 Å reconstruction of the virion and ~8.9 Å reconstruction for the 

empty capsid (Luque, Gonzalez et al. 2010). These reconstructions confirmed that 

the PcV capsid is a true T=1 capsid, with 60 protein subunits.  The outer surface of 

the PcV capsid shell is relatively smooth and the shell has an average thickness of 

~44 Å (Caston. et. al. 2003). This and other chrysovirus capsids are still considered 

“T=2” structures because the individual CP subunit forms an L-shaped motif, and can 

be subdivided into two nonidentical halves (Caston et. al. 2003). These monomers 

contain a large domain (“head”) and a small domain (“tail”) (Caston, Ghabrial et al. 

2003). Of note, the PcV capsid has the largest CP (~110 kDa) of any fungal virus 

studied to date (Caston et. al. 2003).   

Chapter 3 reports a preliminary study of the cryo-EM structures of Alternaria 

alternata virus-1 (AaV-1), which infects Alternaria alternata, a ubiquitous fungus that 

can be found on many plants and other hosts, like the Japanese pear (Aoki, 

Moriyama et al. 2009). A 3D structure of the virion was determined at ~14 Å 

resolution.  

VI. Tailed dsDNA bacteriophages   

The dsDNA tailed bacteriophages are the most abundant of all viruses 

worldwide (Bamford, Grimes et al. 2005; Teschke and Parent 2010). In contrast to 

viruses that have previously been described, phages are characterized by having a 

capsid head, which is responsible for the encapsidation of the genome, and a tail, 

which is comprised of various proteins that are responsible for injecting the genome 

through the host membrane(s) and into the cytoplasm (Teschke and Parent 2010). 

Tailed phages comprise ~85% of all bacteriophages (Ackermann 2003). Tailed 
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phages are generally classified according to the size and type of tail they possess: (1) 

Podoviridae (e.g. P22) are phages with short tails (Teschke and Parent 2010), (2) 

Siphoviridae (e.g. HK97 and λ) are phages with long, noncontractile tails (Teschke 

and Parent), and Myoviridae (e.g. T4) are phages with contractile tails (Ackermann 

2003). The first crystal structure of a phage ever solved at near atomic resolution was 

that of HK97 (Wikoff, W, et. al. 2000).  Other members of Podoviridae were found to 

have CPs with an “HK97-fold” (Bamford, Grimes et al. 2005; Parent, Sinkovits et al. 

2010). This HK97-fold has been suggested to play a crucial role in the assembly and 

maturation processes of dsDNA phage assembly (Parent, Khayat et al. 2010). 
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Table 1.1: The families of dsRNA viruses  
 

Family Name Number of genomic 
segments 

 

Capsid diameter 
and type 

Host 

Hypoviridae 1, unpackaged ~50-80 nm, vesicles 
(no capsid) 

Fungi 

Totiviridae 1, packaged ~30-40 nm,  
icosahedral 

Fungi 

Birnaviridae 2, packaged separately ~60 nm,  
icosahedral 

Fish, insects, 
birds, 

molluscs 
Varicosavirus 

(genus) 
2, packaged separately ~18 x 340 nm,  

rod shaped 
Plants 

Megabirnaviridae 2, packaged separately 30-40 nm, 
icosahedral 

Fungi 

Partitiviridae 2, packaged separately 30-40 nm, 
icosahedral 

Fungi, plants 

Cystoviridae 3, packaged together ~85 nm, two 
icosahedral and one 
nucleocapsid layer 

Bacteria 

Chrysoviridae 4, packaged separately ~30-40 nm, 
icosahedral 

Fungi 

Reoviridae 10-12 packaged together ~70-90 nm, 1-3  
layer shells 

Insects, 
plants, fish, 

reptiles, 
birds, 

mammals, 
arachnids, 

fungi, 
arthopods, 

crustaceans 
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Figure 1.1: Cryo-EM diagram. A flowchart describing the major steps that required to 
generate a structure using cryo-EM and 3DR techniques. 
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Figure 1.2: 3DR Technique Diagram. Modified from (Baker, Olson et al. 1999). 
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Figure 1.3: Schematic describing T-Number and 532 symmetry views on the 
Icosahedral capsid. Cartoons of (A) T=1 and (B) “T=2” capsids are shown, with the 5-
folds enlarged. (C) Views of the 5-, 3-, and 2- fold views of the icosahedral capsid. 
Modified from (Gelderblom 1996) and (Baker, Olson et al. 1999). 
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I. Introduction 

I.I. dsRNA fungal viruses 

The parasitic nature of viruses is a source of intense interest owing to the wide 

variety of potential hosts, including humans, livestock, fungi, agricultural crops and 

others. Viruses are differentiated by variations in numerous properties such as size, 

capsid morphology, genomic composition, and host range. The encapsidated double-

stranded RNA (dsRNA) viruses have capsids that are organized with icosahedral 

symmetry and are known to infect a wide range of hosts including bacteria and 

humans (Mertens 2004; Ahlquist 2006). Viruses that infect and replicate in fungi are 

called fungal viruses, or mycoviruses (Ghabrial 1998). These were first detected in 

sporophores of the infected mushroom, Agaricus bisporus in 1962 (Hollings, M., 

1962). Fungal viruses have no natural vectors, and they are spread by vertical or 

horizontal transmission (Ghabrial 1998; Ghabrial and Suzuki 2009).  Although fungal 

viruses lack an extracellular phase in their life cycles (Ghabrial and Suzuki 2009), 

they are successfully disseminated because they are prevalent in all major groups of 

fungi (Bozarth 1972; Lemke and Nash 1974). Fungal viruses have been touted as 

possible biological control agents of plant pathogenic fungi that destroy agricultural 

crops, because current fungicides pose health hazards and environmental risks 

(Ghabrial and Suzuki 2009; van de Sande, Lo-Ten-Foe et al. 2010).  

There are currently five families of encapsidated dsRNA and these are 

classified based on the number of genome segments they contain. The genomes of 

members of the family Totiviridae are nonsegmented, whereas those of the families 

Partitiviridae, Megabirnaviridae, Chrysoviridae, and Reoviridae comprise 2, 2, 4 and 

11-12 segments, respectively (Hillman and Suzuki 2004; Ghabrial 2008; Ghabrial 

2008; Chiba, Salaipeth et al. 2009; Ghabrial and Suzuki 2009). Capsids of all 
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members of these families, with the exception of the double-shelled Reoviridae, are 

single-shelled and ~300-450 Å in diameter (Ghabrial and Suzuki 2009). Also, the 

capsids of all mycoviruses, except the Chrysoviruses, contain 120 identical subunits 

arranged in a so called “T=2” icosahedral lattice (Ghabrial and Suzuki 2009). The 

type species for the family Chrysoviridae, Penicillium chrysogenum virus (PcV), is an 

exception to the “T=2” rule, because it has a true, T=1 capsid with 60 identical 

subunits.  However, each PcV capsid protein (CP) subunit contains two similar 

domains, and the 120 domains are arranged in a pseudo “T=2” lattice characteristic 

of other dsRNA fungal viruses (Caston, Ghabrial et al. 2003; Luque, Gonzalez et al. 

2010).   

All dsRNA viruses, including those that infect fungi, must package virally-

encoded RNA dependent RNA polymerases (RdRp) to allow for the replication and 

transcription of the viral genome because dsRNA cannot function as mRNA (Mertens 

2004).  The sequences of the RdRps of dsRNA viruses are generally be highly 

conserved (Ghabrial and Nibert 2009; Ghabrial and Suzuki 2009).  

Given that the encapsidated dsRNA fungal viruses never leave the host cell, 

the primary function of the capsid is to protect the genome and replication 

intermediates and to participate in the replication and transcription of the dsRNA 

genome (Cheng, Caston et al. 1994; Mertens 2004). Furthermore, an important 

function of the capsid is to sequester dsRNA, which is a potent inducer of host 

defense mechanisms (Ding and Voinnet 2007). Some of these capsids have been 

shown to contain pores that presumably allow free nucleotides to diffuse inside the 

capsid and newly synthesized (+)strand transcripts to exit (Milgroom and Hillman, 

2011, (Caston, Trus et al. 1997; Patton and Spencer 2000; Ortin and Parra 2006).  

I.II. The family Totiviridiae 
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Totiviruses are considered the simplest of the dsRNA viruses because they 

only contain a single genome segment that codes for only two proteins: the CP and 

the RdRp (Ghabrial 2008). Despite this simplicity, totiviruses infect hosts other than 

fungi, such as protozoa and shrimp (Mertens 2004; Ghabrial 2008; Tang, Ochoa et al. 

2008). Members of the family Totiviridae therefore provide a good model system for 

studying dsRNA viruses that have a wide host range. The family Totiviridae is 

subdivided into five genera: Totivirus, Victorivirus, Giadiavirus, Leishmaniavirus, and 

Trichomonasvirus (Ghabrial 2008; Goodman, Ghabrial et al. 2011).  Viruses that are 

placed in the Totivirus and Victorivirus genera infect yeast, smut, or filamentous fungi, 

whereas those that infect protozoa are placed in the Giadiavirus, Leishmaniavirus, 

and Trichomonasvirus genera (Ghabrial 2008).  

Saccharomyces cerevisiae virus-L-A (ScV-L-A), the type member of the 

Totivirus genus, has been extensively studied both biochemically and structurally 

(Caston, Trus et al. 1997; Naitow, Tang et al. 2002; Wickner 2006).  The 4.6 kbp ScV-

L-A genome codes for Gag (CP, 76 kDa) and a Gag-Pol fusion protein (CP+RdRp, 

175 kDa) (Caston, Trus et al. 1997). The ScV-L-A capsid is composed of 118 Gag 

and 2 Gag-Pol subunits, arranged in a “T=2” lattice (Caston, Trus et al. 1997). The 

crystal structure for the ScV-L-A virion was also determined at a resolution of 3.4 Å 

(Naitow, Tang et al. 2002). 

I.III. The Victorivirus genus 

Of the five genera in the family Totiviridae, the Victorivirus genus is the largest 

in terms of the number of virus species that has been identified (Ghabrial and Nibert 

2008). These viruses are distinct from the other genera in the way they express their 

RdRps (explained later in this Chapter) and in the amino acid composition of the C-

terminal portion of the CP. The CPs of these viruses range in mass from 77 to 83 kDa 
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(746 – 780 a.a.) and share a unique feature among other Totiviruses by having an 

Alanine/Glycine/Proline rich region near the C-terminus (Ghabrial and Nibert 2008). 

Examples of members of the genus Victorivirus include Helminthosporium victoriae 

virus 190S (HvV190S), Sphaeropsis sapinea RNA virus 1 and 2 (SsRV1 and SsRV2, 

respectively), Chalara elegans RNA virus 1  (CeRV1), and Gremmeniella abietina 

RNA virus L1 (Ghabrial and Nibert 2008). Phylogenetic trees of viruses in the family 

Totiviridae (Ghabrial 2008), when independently aligned to both the CP and the 

RdRp, show that the victoriviruses are more closely related to viruses in the genus 

Leishmaniavirus compared to those in the genus Totivirus, such as ScV-L-A 

(Ghabrial and Nibert 2009).  

Unlike those viruses (genus Totivirus) that infect yeast and protozoa, there is 

no evidence of Victoriviruses being associated with killer toxins. These toxins are 

small proteins encoded by viral genome, termed satellite RNAs that are lethal to the 

host cell (Pringle and Braun 1958; Bozarth 1972; Ghabrial 1994). ScV-L-A and UmV-

H-1, for example, are known to produce killer toxins (Ghabrial and Nibert 2008).  

Although there are no known examples of victoriviruses that express killer 

toxins, there is evidence however, that a host cellular protein, Hv-p68 is upregulated 

when HvV190S is present in fungal isolates. Hv-p68 exhibits protein kinase, alcohol 

oxidase, and RNA-binding protein functions (Soldevila and Ghabrial 2001; Zhao, 

Havens et al. 2006).   

Mixed infections with two or more mycoviruses commonly occur in fungi 

(Ghabrial 2008). This is a consequence of the means by which fungal viruses are 

transmitted (i.e. horizontally or vertically, without an extracellular phase) (Ghabrial 

and Nibert 2009; Ghabrial and Suzuki 2009). SsRV1 and SsRV2 is one example of a 

pair of mycoviruses that cause a mixed infection (Preisig, Wingfield et al. 1998; 
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Ghabrial and Nibert 2008). Other examples include the partitiviruses PsV-F and PsV-

S (Ghabrial 2008) and the chrysovirus Helminthosporium victoriae 145S, which is 

present in some infected fungal isolates along with HvV190S (Sanderlin and Ghabrial 

1978; Ghabrial and Havens 1992). The yeast viruses, ScV-L-A and ScV-L-BC also 

causes mixed infections (Ghabrial and Suzuki 2009).  

I.IV. Helminthosporium victoriae virus 190S  

The primary focus of my thesis has involved the 3D structure determination of 

Helminthosporium victoriae virus 190S (HvV190S).  HvV190S was first discovered in 

1978 in the filamentous fungus Helminthosporium victoriae (telomorph: Cochiobolus 

victoriae), the causal agent of Victoria blight of oats (Sanderlin and Ghabrial 1978).  

The 5179 bp HvV190S genome consists of two large, overlapping, open reading 

frames (ORFs)  (Figure 2.1) that code for the CP (772 a.a., calculated molecular 

mass of 81 kDa) and the RdRp (835 a.a., 92 kDa) (Huang and Ghabrial 1996; 

Ghabrial and Nibert 2008). As stated previously, most mycoviruses do not cause 

symptoms in their hosts. However, unlike most fungal viruses, HvV190S-infected  H. 

victoriae, does exhibit symptoms typical of diseased phenotypes (Ghabrial and 

Suzuki 2009). Hence HvV190S is a good model system for exploring the 

pathogenicity of fungal viruses (Ghabrial and Suzuki 2009).   

During Hv190SV infection, virions become transcriptionally active and 

generate mRNA that serves as a template for the translation of virally-encoded 

proteins. A proposed model for the life cycle of HvV190S is shown in Figure 2.2 

(Ghabrial 2008). HvV190S displays the typical characteristics of the family Totiviridae, 

including the capsid composition,  “T=2” arrangement, and capsid diameter. However, 

HvV190 is unique in the mechanism by which its RdRp is translated. In many 

totiviruses, such as ScV-L-A, the RdRp is expressed as a fusion protein with CP 
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(Caston, Trus et al. 1997; Ghabrial 2008; Ghabrial and Suzuki 2009).  However, 

HvV190S expresses its RdRp as a separate, nonfused protein, using a coupled 

termination-reinitiation (stop-restart) strategy (Soldevila and Ghabrial 2000; Li, 

Havens et al. 2011). The RNA sequence requirements for the stop-restart mechanism 

include a 32 nucleotide region that contains a predicted pseudoknot that lies close to 

the upstream AUGA motif (Li, Havens et al. 2011).  

Although the genome contains just two ORFs (Figure 2.1), which code for CP 

and RdRp, evidence shows that there are three CP products. These include a major 

capsid protein, p88, and two closely related major CPs, p83 and p78, named 

according to their respective molecular masses (Ghabrial 2008). The p88 and p83 

CPs are phosphophoylated, but p78 is not (Ghabrial, Bibb et al. 1987).  Purified 

Preparations of HvV190S virions contain two types of particles, 190S-1 and 190S-2, 

which differ slightly in capsid composition and sedimentation rates: 190S-1 is 

resolved as a shoulder on the slightly faster sedimenting component, 190S-2 

(Ghabrial, Bibb et al. 1987; Ghabrial 2008). 190S-1 capsids contain approximately 

equimolar amounts of p88 and p83, whereas the 190S-2 capsids have similar 

amounts of p88 and p78. Younger fungal cultures contain equivalent amounts of 

190S-1 and 190S-2, but older cultures have more of 190S-2 than 190S-1 (Ghabrial 

2008).  

Given that the amounts of 190S-1 and 190S-2 vary during the host life cycle, 

this suggests that these two particle types represent separate stages in the virus 

infection process (Ghabrial 2008). SDS-PAGE analysis of purified HvV190S virions 

revealed the presence of three different CPs with the p88:p83:p78 ratio depending on 

the relative content of 190S-1 versus 190S-2 (Ghabrial and Havens 1992; Ghabrial 

2008). As revealed by peptide mapping, the three CPs are closely related (Ghabrial 
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2008). Expression of the HvV190S CP in both bacteria and eukaryotic systems 

shows that p88 is the primary translation product, and p83 and p78 are derived from 

p88 via proteolyic processing at its C-terminus. For the cryoEM work described in this 

study, only purified samples derived from older cultures were used, and thus the 

results we obtained are relevant to the structures of the HvV190S-2 type particle. 

Hereafter, we simply refer to HvV190S-2 as HvV190S. 

I.V. Known structures of Partitiviruses and Totivirueses  

Image analysis of scanned Western blots of purified HvV190S virions revealed 

the presence of CP and RdRp at a ratio of ~65:1, thus supporting the notion that each 

capsid contains 120 CPs and two RdRp subunits (Huang and Ghabrial 1996; Caston, 

Trus et al. 1997; Ghabrial and Suzuki 2009).  This contrasts sharply with non-fungal, 

dsRNA viruses, such as mammalian orthoreovirus (Family: Reoviridiae, genus: 

Orthoreovirus) which has 10 genome segments and 11-12 copies of the RdRp (λ3, 

143 kDa) (Zhang, Walker et al. 2003) and bacteriophage φ6 (Family: Cystoviridae, 

genus: Cystovirus), which has 3 genome segments and a proposed 12-14 copies of 

the RdRp (P2, 665 a.a., 88 kDa) (Sinclair, Tzagoloff et al. 1975; Sen, Heymann et al. 

2008). In both of these viruses, the RdRps are located near the 5-fold axes of 

symmetry on the inner surface of the  “T-2” capsid (Sinclair, Tzagoloff et al. 1975; 

Zhang, Walker et al. 2003; Sen, Heymann et al. 2008). HvV190S, with just 1-2 copies 

of the RdRp, is therefore an attractive model system for exploring how the RdRp 

functions in the simpliest of encapsidated dsRNA viruses (Ghabrial 2008). 

Currently only a few structures of encapsidated dsRNA fungal viruses have 

been determined. The only high-resolution crystal structure of a totivirus virion is that 

of ScV-L-A (genus: Totivirus) (Naitow, Tang et al. 2002).  All others have been 

studied using cryo-EM and 3D image reconstruction techniques. These include 
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Ustilago maydis virus H1 (UmV-H1, genus: Totivirus), which infects the corn smut 

fungus (Cheng, Caston et al. 1994) and infectious myonecrosis virus  (IMNV, genus: 

unclassified), which infects shrimp (Tang, Ochoa et al. 2008). Only three other fungal 

virus structures, all members of the family Partitiviridae, have been determined: PsV-

F (Pan, Dong et al. 2009), PsV-S (Ochoa, Havens et al. 2008), and FpV (Tang, 

Ochoa et al. 2010).  

Here, we used cryo-EM and 3DR techniques to determine the structures, each 

at ~7.1 Å resolution, of HvV190S virions and two types of virus-like particles (VLPs). 

Previously, the structure of the empty capsid of HvV190S was determined at ~14 Å 

resolution (Caston et al, 2006). In the present study, we examined the structures of 

intact virions (V) and two types of VLPs, which we call VLP-C+ and VLP-C. VLP-C+ 

particles are capsids that contain the RdRp, but lack the dsRNA genome (Figure 2.3).  

VLP-C particles are empty capsids that lack both the RdRp and the genome. This 

study represents to our knowledge the first determination of the structure of a 

Victorivirus virion at sub-nanometer resolution.  

II. Materials and Methods 

II.I. Preparation and Purification of HvV190S virions and VLPs   

Purified HvV190S virions were isolated from infected H. victoriae strain A-9 

(ATCC 42018) as described  (Ghabrial, Bibb et al. 1987; Li, Havens et al. 2011).  

VLPs (VLP-C+ and VLP-C) were isolated from H. victoriae strain B-2 (B-2ss, ATC 

42020) that was transformed with plasmid p190S to produce VLP-C+ or with a mutant 

derivative of p190S lacking the RdRp ORF to produce VLP-C, as described by (Li, 

Havens et al. 2011).  All three particle types were purified from 14-day old stationary 

cultures grown in potato dextrose broth supplemented with 0.5% (wt/vol) yeast 

extracts as previously described (Ghabrial, Bibb et al. 1987). Briefly, clarified fungal 
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extracts were subjected to two cycles of differential centrifugation followed by rate 

zonal centrifugation in sucrose density gradients (100-400 mg/ml). The major band 

was then withdrawn with a syringe from the side of the tube and diluted with buffer A 

(50 mM Tris-HCl buffer, pH 7.8, containing 5 mM EDTA and 150 mM NaCl). The 

particles were then concentrated by overnight centrifugation at 40,000 rpm in a 

Beckman 50Ti rotor and the pellets were resuspended in Buffer A. 

II.II. Electron Microscopy 

Electron microscopy techniques were performed as described (Baker, Olson 

et al. 1999).  For negative stain TEM, small (3.5 µL) aliquots of purified samples of all 

three HvV190S particle types (V at ~1-10 mg/mL; VLP-C+ at ~1-5 mg/mL; VLP-C at 

~1-5 mg/mL) were absorbed to continuous carbon grids that had been glow-

discharged for ~25 seconds in an Emitech K350 evaporation unit and subsequently 

stained with 1% aqueous uranyl acetate.  Micrographs were recorded on a 2,048 by 

2,048-pixel Gatan CCD camera in an FEI Polara at a calibrated magnification of 

52,027. 

For cryo-TEM, 3.5uL aliquots of the three HvV190S samples described above 

were absorbed to glow discharged grids, similar for negative stain. A Vitrobot (FEI, 

Mark III) was used to blot each grid for ~ 4 seconds before plunging it in liquid ethane 

slush. Frozen grids were then transferred into a pre-cooled, FEI Polara, multi-

specimen holder, which maintained the specimen at liquid nitrogen temperature. 

Micrographs were recorded on Kodak SO-163 electron-image film at 200 keV in an 

FEI Polara microscope under minimal-dose conditions (~24 e/Å2) at a nominal 

magnification of 59,000. The objective lens defocus settings, and the number of 

micrographs recorded for each particle type are listed in Table 2.1. For cryo-TEM of 
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the HvV190S virion and HK97Prohead II, equal amounts were mixed and a 3.5uL 

aliquot were similarly prepared as described above.  

II.III. 3D Image Reconstructions  

Micrographs were initially screened by eye to select for images that exhibited 

minimal drift and without excessive astigmatism, and that showed adequate particle 

distribution and concentration. Acceptable micrographs were then digitized at 6.35 

µm intervals (representing 1.07 Å pixels at the specimen) on a Nikon Supercoolscan 

8000 microdensitometer. Programs AUTO3DEM (Yan, Sinkovits et al. 2007) and 

RobEM (http://cryoEM.ucsd.edu/programs.shtm) were used to process the 

micrographs.  This included boxing out individual particles (5012 pixels), apodization, 

normalization, and linear gradient correction of these data. Program ctffind3 was used 

to estimate the defocus value of each micrograph (Mindell and Grigorieff 2003).  

Next, the random-model computation procedure (Yan, Dryden et al. 2007) was used 

to generate an initial 3D reconstruction at ~30 Å resolution from 150 particle images 

for each the three particle types (V, VLP-C+, VLP-C). Each initial reconstruction 

served as the input-starting model for the current version of AUTO3DEM (version 

4.01.07, http://cryoem.ucsd.edu/programs.shtm), which was used to determine and 

refine the orientations and origins of the particles in each data set. This process 

typically involved 15 or 20 iterations until no further progress was made in terms of 

achieved resolution. The estimated resolution limits of all 3D density maps were 

generated based on a conservative Fourier Shell Correlation criterion threshold value 

of 0.5 (FSC0.5) (van Heel and Schatz 2005).  

To further improve the resolution of each map, newly-added options in 

AUTO3DEM program were used.  At this point, each particle was re-boxed from the 

raw micrograph based on the refined origin position and AUTO3DEM was re-run for 
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15 or 20 more iterations. The reliability of the particle origin and orientation 

parameters was further evaluated by repeating a global orientation search of the 

entire icosahedral asymmetric unit. This was performed with the PORG option in 

AUTO3DEM and refinement was then performed in AUTO3DEM for another 15 or 20 

cycles. Next, the particle image data was then adjusted to correct for small 

differences in the magnifications of the micrographs. In this way the pixel size of each 

micrograph was calibrated accurately. The PORM option in AUTO3DEM was used to 

determine the relative magnification of all micrographs. The results showed that the 

magnification of the HvV190S micrographs deviated at most by ~0.2%, with an 

average deviation of ~0.05-0.1%. Subsequent AUTO3DEM refinement of the 

recalibrated set of particle images was performed for another 15 or 20 cycles.   

All reconstructed density maps were computed from image data that were 

corrected for the effects of the microscope contrast transfer function (CTF) by phase 

flipping only enhance the high-resolution features and aid in the interpretation of the 

three maps. Chimera and RobEM were used to visually inspect and analyze each 

map (Pettersen, Goddard et al. 2004). 

II.IV. Difference map calculation, visualization, and interpretation  

Three difference maps (V – VLP-C, V - VLP-C+, and VLP-C+ - VLP-C) were 

computed using RobEM. The density range and magnification of the second map was 

appropriately scaled to the first density map, as described (Suhanovsky, Parent et al. 

2010).  

III. Results 

III.I. Cryo-electron microscopy of virions and VLPs reveal the capsid to be thin 

and with a smooth outer surface 
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Cryo-electron micrographs of the three types of HvV190S particles included in 

this study are shown in Figure 2.4. Negative stain electron microscopy (not shown) 

was used to ascertain the integrity and homogeneity of the purified samples of each 

particle type. Micrographs of vitrified samples of suitable concentration and in where 

individual particles were well dispersed and showing little or no aggregation, were 

recorded on Kodak SO-163 electron-image film under low dose conditions (Figure 

2.4, Methods).  

The HvV190S virions appear as relatively smooth spheres of ~420-440 Å 

diameter (Figure 2.4). The vitrified sample of the HvV190S VLPs also showed 

particles that were isometric in shape and quite similar to the virions (Figure 2.4). 

III.II. The diameter of HvV190S is slightly larger than that of ScV-L-A 

To more accurately determine the diameter of the HvV190S virion it was 

imaged with a standard of known size. HK97 Prohead II (from Jack Johnson’s lab, 

Scripps) was mixed with HvV190S virions, and micrographs were recorded (Figure 

2.4). Each micrograph contained numerous particles of HK97 Prohead II and 

HvV190S. Six micrographs that were obtained contained a suitable number of 

HvV190S virions and HK97 Prohead II particles to enable the pixel size (and hence 

absolute magnification) of each micrograph was determined (~1.1 pixels/Å2). Radial 

density plots were calculated for each micrograph for both particles (Figure 2.5).   The 

result of this calibration showed that the maximum diameter is ~460 Å. In comparison, 

ScV-L-A has a maximum diameter of ~400 Å (Naitow, Tang et al. 2002).  

III.III. 3D Reconstructions of virion and VLPs at subnanometer resolution 

The structures of the HvV190S virion was determined to an estimated 

resolution of 7.1 Å (Figure 2.6). Reconstructions of the VLP-C+ and VLP-C particles 

(7.4 Å and 7.8 Å resolutions, respectively) showed that they had closely similar 
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capsid structures as compared to the virion (Figure 2.6). The Fourier shell correlation 

(FSC) plot was used to estimate the resolution of each density map (Figure 2.7). Data 

statistics for all of these reconstructions are listed in Table 2.1. The capsid was 

confirmed to contain a pseudo “T=2” arrangement of CPs, with the asymmetric unit of 

the icosahedron consisting of a dimer of CP subunits. The 3D density map of the 

virion shows that the dsRNA genome is packaged in a series of concentric rings and 

the capsid has an average thickness of ~30 Å. The dsRNA does not pack right next to 

the inner wall of the capsid, leaving a gap of ~10 Å between the nucleic acid and the 

capsid. Consistent with what is seen in the cut away version of the surface rendered 

view, the radial density plot of the virion clearly shows that there are at least five 

distinct rings of dsRNA (Figure 2.8). This organization is typical of ScV-L-A and other 

dsRNA fungal viruses (Naitow, Tang et al. 2002; Ochoa, Havens et al. 2008; Tang, 

Ochoa et al. 2008; Pan, Dong et al. 2009).  

III.IV. Capsid structure contains numerous α-helices 

Equatorial (central) sections (one-pixel-thick) through each of the HvV190S 

density maps reveals many tubular features that are consistent with the presence of 

α-helical elements with secondary structures in CP (Figure 2.9).  The α-helices are 

shown as punctate spots (those seen in the perpendicular orientation, relative to the 

view plane) and distinct lines (those helices that are in the parallel orientation, again, 

relative to the view plane) that can be observed throughout the capsid. The regions 

around the 5-fold axes of symmetry as can be seen in the central sections of the 

density maps, where there are large amounts of individual α- helices cluster, or 

bundle. There are also projections from the inner capsid wall that makes contact with 

the dsRNA outer ring from the inside of the capsid shell (Figure 2.8, and Movie 2.1). 
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Radial projection views of the HvV190S density maps provide a different way 

to view and interpret the structures (Figure 2.10, Movie 2.2). The asymmetric unit, two 

protein subunits assembled as a dimer, can be defined on the outer surface of the 

capsid, by observing what similar features are retained in each subunit. At higher 

radii, five A-subunits make unique interactions with each other at the 5-fold axes of 

symmetry are positioned slightly higher than their B-subunit counterparts (Figure 

2.10).  The A subunits also make interactions at the 2-fold axes of symmetry. The B-

subunits form different interactions entirely, where three capsid proteins are interact 

at the 3-fold axes of symmetry.  

We also used the PSIPRED server (http://bioinf.cs.ucl.ac.uk/psipred/) to 

predict the secondary structure of the 772 a.a. HvV190S CP. This showed that the 

CP is predominately random coil, but contains significant α-helix content and several 

β-strand (Figure 2.11). This predicted pattern is consistent with the central section 

and radial projection views and with previous observations (Figures 2.9 and 2.10) 

(Caston, Luque et al. 2006).  The predicted secondary structure of the HvV190S CP 

is quite different, when compare to ScV-L-A, especially with regard to the number and 

placement of the β-strands (Figure 2.12) (Caston, Trus et al. 1997; Naitow, Tang et 

al. 2002; Caston, Luque et al. 2006).  Despite these differences, some elements of 

the secondary structure do appear to be conserved among all totiviruses (Figures 

2.13-2.16), such as a long α-helix, near the center of the sequence and series of β-

strands concentrated at the N- terminus.  

III.V. Difference maps reveal subtle changes in the capsid structure 

Close inspection of the equatorial sections (Figure 2.17) reveal that regions 

near the 5-fold axes show subtle, but clear differences among the three 

reconstructions.  We used difference map analysis (Figure 2.18) to compare the cryo-
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reconstructions of all three HvV190S particles and to attempt to detect the presence 

of the RdRp within the V and the VLP-C+ particles. Analysis of the difference maps 

reveal that there are both minor, subtle movements that were observed in certain 

regions of the capsid as well as obvious subunit structure differences (Figure 2.17). 

The regions of the 5-fold show the largest difference of capsid stability, that can be on 

each of the difference maps. The change observed near the 5-fold axis can be seen 

in the V – VLP-C+ difference map, and this change is enhanced upon removal of the 

RdRp. Subtle differences occur at many different radii and are interpreted to be the 

result of sight rearrangements in positions of the CP.  

III.VI. Defining the molecular boundaries of the CP subunits in the asymmetric 

unit 

The molecular boundaries of the A- and B-subunits in each asymmetric unit of 

the HvV190S virion density map were identified using the guided segmentation 

protocol in Chimera (Figure 2.19) (Pettersen, Goddard et al. 2004, G. Pintilie et al, 

JSB 2010). Similar features (i.e. α-helix, β-sheet, protein density) that were found in 

each subunit of the asymmetric unit were assigned to two separate parts (A- and B-

subunits). The boundaries of these two subunits were refined by verifying their 

agreement with respect to two constraints: the hypothesis that the A- and B-subunits 

are similarly folded, and compliance with the icosahedral nature of the capsid. The 

first constraint was verified by superposing and comparing, at each iteration, the 

current solutions for the two segmented subunits. Icosahedral symmetry was then 

imposed to the refined solutions, and all the inter-subunit interfaces were visually 

analyzed. Regions showing inconsistencies were targeted, and re-segmented to 

avoid overlaps, missing density labeling, or regions not satisfying any of the 

constraints. Following this approach, the boundaries of the A- and B-subunits were 
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iteratively refined, until visual convergence was achieved. Areas of continuity were 

identified and assigned to a single subunit. It was found that there are six local 

environments of the monomers, or three for the dimers. Similar to what was observed 

in the surface rendered views of the HvV190S virion, interactions between the A-

subunits result in the 5- and 2-fold axes of symmetry, whereas the B-subunits interact 

at the 3-fold axes of symmetry. The interface involving five A-subunits at the 5-fold 

axes shows the A-subunits bent and elongated at a different angle than what is seen 

in the corresponding part in the B-subunit (Figure 2.20).  The two subunits do 

however adopt similar folds and some secondary structures (α-helices and β-sheets) 

appear to be conserved. These occur in the core region of each of the subunits of the 

dimer. Three interfaces (A:A, A:B, and B:B) all involve subtle and slight differently 

interactions. 

Superimposition of the segmented A- and B-subunits reveal both differences 

as well as similarities. The cores of the subnits appear to be conserved, but 

differences are at the subunit-subunit interfaces.  Predominant differences occur at 

the 5-fold axe and the 2-fold axes, and at the interface between the A- and B-subunits 

(Figure 2.20).  At the 5-fold axes of symmetry, two parallel α-helices are observed in 

the B-subunit, but are twisted in the A-subunit (Figure 2.20). At the 2-fold axes of 

symmetry, the A- and B-subunits make different interactions with the genome (Figure 

2.20).  

III.VII. Structures of the HvV190S and ScV-L-A CPs are quite different 

Comparison of the CP structures present in HvV190S and ScV-L-A show that 

there is a conserved α-helix in the core of the protein, but there is little, if any, strong 

correlation of secondary elements in the rest of the CP (Figure 2.12). The crystal 

structure of ScV-L-A (Naitow, Tang et al. 2002) showed that the CP has two 
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domains, whereas the CP of HvV190S appears to have three (Caston, Luque et al. 

2006). A collection of β-strands located at the base of the protein (closer to the 2-fold 

axes of symmetry); and four helices in ScV-L-A CP (aa 120-139, 201-218, 268-283, 

285-299) seem to correspond with four density rods observed in both the segmented 

subunits of HvV190S CP, and are in the same relative position as in the atomic model 

of Scv-L-A CP. The capsid protein of HvV190S, 772 a.a. is larger than that of ScV-L-

A, 680 a.a. (Caston, Trus et al. 1997), which leaves roughly 100 amino acids not 

accounted for in the density map of HvV190S when the crystal structure of ScV-L-A is 

docked in (Figure 2.21-2.22).  

III.VIII. HvV190S capsid protein is unique when compared to other members of 

Partitiviridae and Totiviridae 

HvV190S capsid protein is of similar size and length in terms of the amino 

acid composition (Table 2.1) (Ghabrial 2008; Ghabrial and Nibert 2008) .  The capsid 

size of HvV190S is similar to that of ScV-L-A and IMNV, however, it is larger 

compared to fungal viruses in the family Partitiviridae, like PsV-F, PsV-S, and FpV 

(Figure 2.23) (Ochoa, Havens et al. 2008; Tang, Ochoa et al. 2008; Pan, Dong et al. 

2009).  

Comparison of the sequencse and secondary structures of the HvV19S and 

ScV-L-A CP reveals several major differences. A large portion of the C-terminus of 

the HvV190S CP is predicted to be in a random coil confirmation (Figure 2.11. This 

characteristic is among many other victoriviruses, like SsRV1, SsRV2, CmRV1, 

GaRV, and EbRV1 (Ghabrial and Nibert 2008). This is unique compared to other 

totiviruses, especially ScV-L-A (Ghabrial 2008; Ghabrial and Nibert 2008). A 

comparison of the predicted secondary structure elements for victoriviruses and other  

totiviruses is shown in Figures 2.13-2.16. 
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The outer capsid of HvV190S is smooth and relatively featureless, which is 

unique for the Totiviridae family, and to fungal viruses of the family Partitiviridae 

(Ochoa, Havens et al. 2008; Tang, Ochoa et al. 2008; Pan, Dong et al. 2009). A 

comparison of both the outer and inner capsid features of HvV190S to other 

totiviruses and paritiviruses is shown in Figure 2.23. Despite obvious differences 

(capsid size, ridges, protrusions), the majority of these dsRNA viruses however do 

share the characteristic that their genome is arranged in concentric rings, with 

relatively equal spacing between the individual layers and the capsid itself (not 

shown).  

The 5.2 kbp genome of HvV190S (Huang and Ghabrial 1996) is larger than 

that of ScV-L-A – 4.6 kbp (Naitow, Tang et al. 2002), and significantly larger than the 

segmented genomes of PsV-S, 1.6-1.7 kbp 1.5-1.6 kbp of PsV-F and ~2.2 kbp of 

FpV-1 (Ochoa, Havens et al. 2008; Pan, Dong et al. 2009; Tang, Ochoa et al. 2010).   

It is expected then that HvV190S would have to accommodate the larger genome by 

having tighter spacings between the rings of the dsRNA. The fungal viruses in the 

family Partitiviridae, have a much smaller genome size, but they also have a 

corresponding smaller capsid shell, so the spacing appears similar to HvV190S. 

IV. Discussion  

IV.I. HvV190S is a “T=2” capsid with unique outer features 

The capsid of the HvV190S virion is composed of 120 protein subunits 

arranged in a “T=2” capsid, that has relatively smooth features on both surfaces. 

These results are consistent with previous studies of the capsid shell, at ~14 Å 

resolution (Caston, Luque et al. 2006). It has been suggested that the outer surface 

features of virus shells are responsible for not just the shielding of the genome, but 

also allow for viral entry into host cells, either by cellular receptor, endocytosis, or 
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other means of entry (Mertens 2004). So, the fact that fungal viruses have no 

extracellular part of their life cycle seems to explain the complete lack of features on 

the outside of the capsid. HvV190S can afford this luxury of having a smooth outer 

surface because it does not leave the host cell.  

The HvV190S “T=2” capsid is consistent with other known totiviruses, such as 

ScV-L-A, UmV-H-1 and IMNV, as well as partitiviruses PsV-F, PsV-S, FpV (Ochoa, 

Havens et al. 2008; Tang, Ochoa et al. 2008; Pan, Dong et al. 2009). IMNV, a 

tentative member of the family Totiviridae, is unique in that it infects shrimp, has an 

extracellular part in its life cycle, and it has been suggested that the protrusions from 

the 5-fold axes of symmetry might aid in host cell entry. Despite these differences, 

HvV190S capsid does display the conserved characteristics of other members of 

Totiviridae, i.e. a long α-helix centralized to the core of the protein and what appears 

to be a clustering of beta-sheets at the terminal portion of the CP. Since the capsid 

shell of HvV190S is larger than the partitivirus capsids and the CPs are similar in 

mass, this seems consistent with the HvV190S capsid being thinner than the capsids 

of partitiviruses.   

IV.II. Proposed RdRp Localization 

We propose that the most likely location for the RdRp is near the 5-fold, 

possibly like what we found in mamallian orthoreovirus (Zhang, Walker et al. 2003). 

Structures that are not present in multiple copies, like the RdRp, cannot be visualized 

owing to the imposed icosahedral symmetry imposed during the reconstruction 

process as well. Since the RdRp is only present in 1-2 copies, presumably near the 5-

fold, the signal attributed to the RdRp is averaged 60-fold and hence, cannot be 

visualized in the final map.  
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 The central sections of the difference maps (Figure 2.17) show the primary 

difference is localized to the 5-fold axes of symmetry. The main difference between 

the virion and the two VLPs is the removal of the dsRNA, and the subsequent 

removal of the RdRp. These differences observed at the 5-folds could be attributed to 

either a change in mass or a change in flexibility. A possible explanation for the data 

observed in the difference density maps could be an increase in flexible portions of 

the capsid proteins centralized to the 5-fold axes of symmetry. These flexible portions 

would be correlated to the contacts that were made between the capsid shell, the 

RdRp, and the dsRNA genome.  

There have been two previous studies of localizing the RdRp within a 3D 

density map generated from cryo-EM methods, however, both studies had docked 

known crystal structures of the RdRp, into the 3D  density maps of the virion  (Naitow 

2002). However, there are no known crystal structures for the RdRp of HvV190S, 

therefore other means of localizing the RdRp must be used.  

IV.III. Further evaluation of the capsid shell of HvV190S 

The CP of ScV-L-A has already been shown to have low sequence identity to 

the CP of HvV190S (Caston, Luque et al. 2006). HvV190S has also been previously 

established to have ~36% average sequence similarity to other victoriviruses SsRV1, 

LR-V, CmR-V, EbRV1, GaRV1, and TbRV1 (Caston, Luque et al. 2006). Since ScV-

L-A and HvV190S do not share enough similar folding characteristics, it was not 

possible to use the ScV-L-A atomic structure of the CP to model the current 7.1 Å 3D 

density map of HvV190S. When this was attempted, there were clear regions that did 

not match, including close to ~100 amino acid residues that are missing in ScV-L-A 

(Figure 2.20-2.22). These missing residues were found to make contact between the 

B-subunit of one dimer and the A-subunit of an adjacent dimer. Despite having a long 
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α-helix located at the core of the CP, the other α-helices and β-sheets do not align, 

and are arranged differently, revealed when the ScV-L-A crystal structure is fit into 

the HvV190S 3D density map. 

As mentioned previously, the particles involved in this study were purified from 

latent fungal isolates that are predominately populated with HvV190S-2 types.  It has 

been hypothesized that proteolytic processing of the major capsid protein, p88, to 

produce smaller capsid proteins (p83 and p78) may be required to initiate the release 

of the (+)ssRNA, through a pore (Caston, Luque et al. 2006). The pore, most likely to 

exist at the 5-fold, might need to be widened or formed completely to allow for the 

entry of free nucleotides and exit of (+)ssRNA. A possible location of the pore in 

HvV190S could be at the 5-fold axes, where there are two chamber like structures, 

which could possibly undergo a conformational change to open, to allow for the newly 

synthesized (+)mRNA to exit.  Indeed, radiodination studies with intact HvV190S 

virions indicated that the phosphoyrlated p88 and p83, but not the nonphosphorylated 

p78, were accessible to iodination, suggesting that p78 differs in conformation 

compared to p83 and p88 (Ghabrial and Havens 1992). 
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Table 2.1: HvV190S image reconstruction statistics 

Capsid 
Type 

Micrographs Particle 
Images * 

Defocus Range 
(µm) ** 

Resolution (Å) *** 

HvV190S 
Virion 

176 20,904 0.72-3.80 7.1 

HvV190S 
VLP-C+ 

289 16,046 0.69-3.89 7.5 

HvV190S 
VLP-C 

100 6,294 0.43-3.88 7.8 

 
* Number of boxed particle images included in the 3D reconstruction 
** Range of objective lens underfocus settings  
*** Estimation of resolution based on FSC0.5 criterion (van Heel and Schatz 2005)  
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Table 2.2: Representative members of the Totiviridae family. (Modified from 
(Ghabrial 2008)   

Virus 
Name 

Genus 
Name 

Genome 
Length 

(nt) 

CP 
(kDa) 

RdRp 
or (CP-
RdRp) 
(kDa) 

Is the RdRp 
expressed as 
fusion (CP-

RdRp)* 

GenBank 
Accession 

Number 

HvV190S Victorivirus 5179 81 91 No NC_003607 

CeRV1 Victorivirus 5310 81 96 No NC_005883 

CmRV1 Victorivirus 4975 81 93 No NC_007523 

HmV-17 Victorivirus 5207 83 93 No NC_005074 

GaRV Victorivirus 5133 81 90 No NC_003876 

SsRV-1 Victorivirus 5163 89 92 No NC_001963 

SsRV-2 Victorivirus 5202 83 91 No NC_001964 

ScV-L-A Totivirus 4575 76 171 Yes NC_003745 

UmV-H1 Totivirus 6099 81 201 Yes NC_003823 

GLV Giadiavirus 6277 98 210 Yes NC_003555 

TvV-1 Trichomonas 4648 74 160 Yes U57898 

LRV-1 Leishmaniavirus 5284 82 98 No NC_002063 

IMNV Unclassified 7560 99 196 Yes NC_007915 

EbRV Unclassified 5838 83 98 No NC_002701 

*”Yes” denotes that the RdRp has either been confirmed or proposed to be expressed 
as the CP-RdRP fusion protein (Ghabrial 2008). “No” denotes that the RdRp has 
either been confirmed or proposed to be expressed as a separate nonfused protein. 
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Figure 2.1: Schematic diagram of the single segment genome of HvV190S. Modified 
from figure 1 of (Ghabrial and Nibert 2008).  
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Figure 2.2: The proposed assembly pathway for HvV190S virion.  Modified from 
figure 4 of (Ghabrial 2008).   
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Figure 2.3: Schematic diagram of the three types of HvV190S particles used in this 
study.  
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Figure 2.4: Cryo-electron microscopy of HvV190S particles. (A) HvV190S Virions, (B) 
HvV190S VLP – C+, (C) HvV190S VLP- C, and (D) HvV190S virion mixed with HK97 
Prohead II. 
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Figure 2.5: Calibration of the HvV190S virion using HK97 Prohead II as an internal 
standard. (A) Radial density plot of the reconstruction of HvV190S virion generated 
from 6 micrgraphs. (B) Similar to A, for HK97 Prohead II, for the same micrographs.  
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Figure 2.6: Radially color-coded surface views of HvV190S cryo-reconstructions. 
Density maps of (A-C) show the outer surfaces of the HvV190S – V, VLP-C+, VLP-C 
capsids. (D-F) Same as (A, B, C), with the front halves of the reconstruction removed 
to show the internal features of the three particle types. The scale bar in (A) refers to 
all panels. 
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Figure 2.7: The Fourier shell correlation plots of all three HvV190S particles. The 
dashed line represents the FSC0.5 threshold (van Heel and Schatz 2005).  
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Figure 2.8: Radial density plot of the HvV190S virion.
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Figure 2.9: One-pixel thick (1.6 Å), planar, equatorial sections from the cryo-
reconstruction of three HvV190S particle types. (A) The central sections of the virion, 
(B) VLP-C+, and (C) VLP-C. (D) Enlarged view of the upper left quadrant of panel (A). 
(E) Enlarged view of the upper left quadrant of panel (B). (F) Enlarged view of the 
upper left quadrant of panel (C). The scale bar in (A) is the same for (B) and (C).   
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Figure 2.10: Radial density projections of the HvV190S virion. (A) Surface-shaded 
view of HvV190S virion. (B-F) Spherical density projections of HvV190S virion at 
various radii.  
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Figure 2.11: Secondary structure prediction of the HvV190S capsid protein. 
Prediction was based on the primary sequence (using the PSIPRED server 
http://bioinf.cs.ucl.ac.uk/psipred/), where α-helices are shown in pink, β-strands are 
shown in green, and random coil is black.  
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Figure 2.12: Secondary structure prediction of HvV190S capsid protein  
compared to ScV-L-A. Prediction was based on the primary sequence (using the 
PSIPRED server http://bioinf.cs.ucl.ac.uk/psipred/), where α-helices are shown in 
pink, β-strands are shown in green, and random coil is black. 
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Figure 2.13: Secondary structure prediction of HvV190S capsid protein  
compared to viruses in the Giardiavirus, Leishmaniavirus, and Trichomonasvirus 
genera. Prediction was based on the primary sequence (using the PSIPRED server 
http://bioinf.cs.ucl.ac.uk/psipred/), where α-helices are shown in pink, β-strands are 
shown in green, and random coil is black. 
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Figure 2.14: Secondary structure prediction of HvV190S capsid protein  
compared to three closely related members in the Victorivirus genus. Prediction was 
based on the primary sequence (using the PSIPRED server 
http://bioinf.cs.ucl.ac.uk/psipred/), where α-helices are shown in pink, β-strands are 
shown in green, and random coil is black. 
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Figure 2.15: Secondary structure prediction of HvV190S capsid protein  
compared to three other members in the Victorivirus genus. Prediction was based on 
the primary sequence (using the PSIPRED server http://bioinf.cs.ucl.ac.uk/psipred/), 
where α-helices are shown in pink, β-strands are shown in green, and random coil is 
black. 
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Figure 2.16: Secondary structure prediction of HvV190S capsid protein  
compared to other unclassified members of the family Totiviridae. Prediction was 
based on the primary sequence (using the PSIPRED server 
http://bioinf.cs.ucl.ac.uk/psipred/), where α-helices are shown in pink, β-strands are 
shown in green, and random coil is black. 
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Figure 2.17: Difference maps of all three HvV190S particle types. One-pixel thick (1.6 
Å), planar, equatorial section from the difference density maps of (A) HvV190S V – 
VLP-C+ (B)V – VLP-C, and (C) VLP-C+ – VLP-C+.  
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Figure 2.18: Schematic diagrams of the three types of difference maps computed in 
the HvV190S studies. 
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Figure 2.19: Segmentation of the HvV190S virion capsid. (A) The completely 
segmented capsid, color coded with the A-subunit (blue) and B-subunit (orange). (B) 
The asymmetric unit, a dimer, highlighted in the capsid, shown in grey. (C) An 
enlarged view of the asymmetric unit (in color). 
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Figure 2.20: Segmented A- and B-subunits of HvV190S. The A-subunit (blue) is 
illustrated in four different views, starting with the orientation shown in Figure 2.15. 
The B-subunit (orange), in the same orientations as the A-subunit. The overlay of the 
A- and B-subunits, in the same orientations as the A-subunit. The second column is 
rotated 90 degrees counter-clockwise with respect to the view plane. The third 
column is rotated 90 degrees counter-clockwise again, with respect X-axis. The fourth 
column is rotated 90 degrees counter-clockwise again, with respect to the X-axis. 
Asterisks highlight predominant differences between the A- and B-subunits. 
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Figure 2.21: The subunit A of HvV190S overlaid with the A-subunit of ScV-L-A. (A) 
The A-subunit of the CP in a similar orientation as Figure 2.15. (B) The A-subunit 
rendered at a higher threshold level (blue), with the ScV-L-A A-subunit (purple) fit into 
the density map. (C) Stereo view of the ScV-L-A A-subunit fit into the HvV190S A-
subunit density map (mesh).  
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Figure 2.22: The subunit B of HvV190S overlaid with the B-subunit of ScV-L-A. (A) 
The B-subunit of the CP in a similar orientation as Figure 2.15. (B) The B-subunit 
rendered at a higher threshold level (orange), with the ScV-L-A B-subunit (green) fit 
into the density map. (C) Stereo view of the ScV-L-A B-subunit fit into the HvV190S 
B-subunit density map (mesh). 
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Figure 2.23: Comparison of HvV190S compared to other members in the families 
Totiviridae and Partitiviridae.  
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Movie 2.1: Central sections of HvV190S. Cryo-reconstruction of HvV190S virion 
rendered as a sequential series of central sections, each one-pixel thick (1.07 Å). 
High and low density features are rendered in black and white, respectively. At 
specific radii the VLP-C+ and VLP-C reconstructed density was inserted into the 
series to highlight regions where the capsid structure was different. 
 
 
Movie 2.2: Radial Projections of HvV190S. Cryo-reconstruction of HvV190S virion  
rendered as a sequential series of radial density projections, each one-pixel thick 
(1.07 Å). High and low density features are rendered in black and white, respectively. 
At specific radii the VLP-C+ and VLP-C reconstructed density was inserted into the 
series to highlight regions where the capsid structure was different.  
.
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I. Introduction 
  
 The majority of fungal viruses that have been studied as described in 

Chapters 1 and 2 contain dsRNA genomes (Ghabrial 1998; Ghabrial and Suzuki 

2009).  One fungus, Alternaria alternata (A. alternata), is ubiquitous and is known to 

infect plants (Johnson, Johnson et al. 2001; Aoki, Moriyama et al. 2009) and cause 

upper-respiratory tract infections in people with compromised immune systems 

(Wiest, Wiese et al. 1987). Strains of A. alternata have been isolated from Japan, the 

USA, and Australia that are known to infect pears, apples, strawberries, tomatoes, 

tobacco, and tangerines (Johnson, Johnson et al. 2001). A. alternata causes the 

black spot disease of the Japanese pear (Hayashi, N et. al. 1988).  

 We have initiated a coordinated biochemical and structural study of a virus, 

Alternaria alternata virus-1 (AaV-1), that infects the fungus A. alternata (Aoki, 

Moriyama et al. 2009). The presence of AaV-1 virus in infected fungal isolates has 

been shown to cause decreased growth and abnormal pigmentation of the host 

fungus (Aoki, Moriyama et al. 2009).  AaV-1 is currently an unclassified dsRNA virus. 

Hence any knowledge learned about the 3D structure of AaV-1 would help provide a 

means to definitely classify this fungal virus. AaV-1 is also known to contain a 

genome with four segments and has a capsid of  ~330 Å diameter as measured from 

images of negatively stained samples (Aoki, Moriyama et al. 2009). 

Given that chrysoviruses are fungal viruses that have four dsRNA segments, it 

is logical to propose that AaV-1 be classified as a member of the Chrysoviridae 

family. Also, these viruses have capsids that range in diameter between ~350 and 

400 Å (Ghabrial and Suzuki 2009; van de Sande, Lo-Ten-Foe et al. 2010). The AaV-1 

capsid protein (CP) is encoded by dsRNA-2 and the RNA dependent RNA 

polymerase (RdRp) is encoded by dsRNA-1 (Caston, Ghabrial et al. 2003; Ghabrial 
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and Suzuki 2009). The remaining two segments (dsRNA-3 and dsRNA-4) code for 

viral related proteins of unknown function (Aoki, Moriyama et al. 2009). The capsids 

of chrysoviruses have 60 subunits arranged with true T=1 symmetry, but each CP is 

composed of two structurally similar domains, and therefore the capsid follows the 

“pseudo T=2” symmetry (Caston, Ghabrial et al. 2003; Ghabrial and Suzuki 2009).  

The structures of several fungal viruses, including three partitiviruses (Ochoa, 

Havens et al. 2008; Pan, Dong et al. 2009), and the totiviruses presented in Chapter 

2 have determined using cryo-electron microscopy (cryo-EM). There has also been a 

structure of a fungal virus (family Partitiviridae) determined using X-ray 

crystallography (Tang, Ochoa et al. 2010). Here we present the 3D structure 

determination of the AaV-1 virion at ~14 Å resolution, and the AaV-1 empty capsid at 

~25 Å resolution.   

II. Materials and Methods 

II.I. Preparation and purification of AaV-1 virions and empty capsids 

Samples of AaV-1 virions were prepared and purified as described in (Aoki, 

Moriyama et al. 2009).  

II.II. Cyro-Electron Microscopy 

Electron cryo-microscopy of AaV-1 was performed in essentially the same 

manner as used to study HvV190S (Chapter 2) and P22 (Chapter 4) (Baker, Olson et 

al. 1999). Briefly, small (3.5 µL) aliquots of purified samples of all AaV1 samples (at 

~3 mg/mL) were absorbed to continuous carbon grids that had been glow-discharged 

for ~25 seconds in an Emitech K350 evaporation unit. Grids were then vitrified using 

a manual freezing device, by plunging the grids in liquid ethane slush after blotting 

each grid for ~ 4 seconds. Frozen grids were then transferred into a pre-cooled, FEI 

Polara, multi-specimen holder, which maintained the specimen at liquid nitrogen 
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temperature. Micrographs were recorded on Kodak SO-163 electron-image film at 

200 keV in an FEI Polara microscope under minimal-dose conditions (~24 e/Å2) at a 

nominal magnification of 59,000. The objective lens defocus settings, and the number 

of micrographs recorded for the virion and empty capsid samples are listed in Table 

3.1.  

II.III. 3D Image Reconstructions  

Micrographs were initially screened by eye to select for those micrographs 

that exhibited minimal drift and astigmatism, and that showed adequate particle 

distribution and concentration. Acceptable micrographs were then digitized at 6.35 

µm intervals (representing 1.09 Å pixels at the specimen) on a Nikon Supercoolscan 

8000 microdensitometer. Programs AUTO3DEM (Yan, Sinkovits et al. 2007) and 

RobEM (http://cryoEM.ucsd.edu/programs.shtm) were used to process the 

micrographs.  This included boxing out individual particles (5012 pixels), apodization, 

normalization, and linear gradient correction of these data. The program ctffind3 was 

used to estimate the defocus value of each micrograph (Mindell and Grigorieff 2003).  

Next, the random-model computation procedure (Yan, Dryden et al. 2007) was used 

to generate initial 3D reconstructions at ~30 Å resolution from 150 particle images for 

the virion and the empty capsid. The initial reconstructions served as the input data 

for the current version of AUTO3DEM (version 4.01.07, 

http://cryoem.ucsd.edu/programs.shtm), which was used to determine and refine the 

orientations and origins of all particle images in each data set. This process typically 

involved 15 or 20 iterations until no improvement in resolution was achieved. The 

estimated resolution limit of each reconstructed 3D density map was calculated 

based on a conservative Fourier Shell Correlation criterion threshold value of 0.5 

(FSC0.5) (van Heel and Schatz 2005).  Chimera and RobEM were used to visually 
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inspect and interpret each map (Pettersen, Goddard et al. 2004) 

III. Results 

III.I. Cryo-EM of AaV-1 virions and empty capsids  

Negative stain electron microscopy (not shown) was used to ascertain the 

quality of the preparations of the virion and empty capsids. Cryo-electron micrographs 

of the particles included in this study are shown in Figure 3.1. After a preparation was 

considered acceptable for cryo-EM, micrographs were recorded that showed the 

individual particles well dispersed, of acceptable concentration, and having little or no 

host cellular component contamination. The cryo-micrograph shows both full and 

empty capsids (Figure 3.1). The capsids are isomeric, homogenous, and are ~400 Å 

diameter (Aoki, Moriyama et al. 2009).  

III.II. 3D Reconstructions of the full and empty AaV-1 particles 

Reconstructions of the virion and empty capsid were determined at resolutions 

of ~14 Å and ~25 Å, respectively (Figure 3.2) as estimated by the FSC (Figure 3.3). 

Both reconstructions reveal the AaV-1 capsid has a smooth outer surface. The 3DR 

statistics for the virion and empty capsid are listed in Table 3.1. The density map of 

the virion also reveals that the genome is organized into a series of concentric rings 

and the capsid thickness is ~30 Å, with the exception near the 5-fold axes, where the 

thickness increases to a maximum of ~80 Å. The dsRNA does not pack tightly against 

the inner part of the capsid as there is a 10 to 15 Å gap between the genome and the 

inner wall of the capsid. Consistent with what is seen in the cut away version of the 

surface-rendered view (not shown), a radial density plot of the virion clearly shows 

that there are at least two distinct rings of genome density (Figure 3.4). This 

organization is typical of ScV-L-A and other dsRNA fungal viruses (Naitow, Tang et 
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al. 2002; Ochoa, Havens et al. 2008; Tang, Ochoa et al. 2008; Pan, Dong et al. 

2009).  

III.III. Central section and radial density projections of the AaV-1 capsid  

The central (equatorial), one-pixel-thick section through each of the density 

maps for the two particle types reveal that the capsid protein has large protrusions at 

the 5-fold vertices (Figure 3.2).  Since neither of the cryo-reconstructions has reached 

subnanometer resolution yet, it is not possible to resolve secondary structure 

features, such as α-helices or β-sheets in the density maps.  Despite this, gross 

morphological features, such as protrusions around the 5-fold axes, are present. The 

radial projections of AaV-1 (Figure 3.5) reveal that asymmetric unit might contain two 

protein domains organized as single subunit, which is consistent with the chrysovirus, 

PcV, as can be seen on the radial density projections (Figure 3.5) (Caston, Ghabrial 

et al. 2003; Luque, Gonzalez et al. 2010), however a higher resolution structure 

would yield a more definitive answer.  

IV. Discussion 

The morphology of the AaV-1 virion resembles that of PcV, the type species of 

the family Chrysoviridae (Luque, Gonzalez et al. 2010) in several respects. These 

include the presence of protrusions at the 5-fold axes of symmetry and  the diameter 

of the capsid. In PcV however, the genome interacts more closely with the inner 

capsid shell (Luque, Gonzalez et al. 2010) than what occurs in AaV-1 virions. The 

capsid shell of PcV is also much thinner than that of AaV-1, and the protrusions at the 

5-fold axes are much larger in AaV-1 than in PcV. The AaV-1 capsid shell is much 

smoother than the capsids of partitiviruses, which have 60 prominent, arch-like 

protrusions (Ochoa, Havens et al. 2008; Pan, Dong et al. 2009; Tang, Ochoa et al. 

2010).  
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Since the genome of AaV-1 is divided into four segments, this alone argues 

that AaV-1 be included as a member of the family Chrysoviridae. A ~97 kDa protein, 

encoded by segment dsRNA-2 or dsRNA-3, is presumed to be the major CP for AaV-

1 (Aoki, Moriyama et al. 2009). This subunit is also similar in size to the ~108 kDa CP 

of PcV (Caston, Ghabrial et al. 2003; Luque, Gonzalez et al. 2010). Evidence to 

support classification of AaV-1 in the family Chrysoviridae includes two similarities: (1) 

the presence of four genome segments, and (2) the capsid has large protrusions at 

the 5-fold vertices, similar to PcV. 

Despite this evidence for including AaV-1 in the family Chrysovirus, other data 

suggest that AaV-1 be identified in a new separate family. A phylogenetic tree, based 

on the primary sequences of the CPs for the dsRNA mycoviruses showed that AaV-1 

is distantly related to PcV and Helminthosporium victoriae virus 145S, which both are 

members of the family Chrysoviridae (Aoki, Moriyama et al. 2009). Also, the dsRNA-4 

of AaV-1 does not code for a functional viral protein (Aoki, Moriyama et al. 2009). 

Hence, even though AaV-1 and PcV share common features, there are some distinct 

differences and this supports the notion that AaV-1 requires separate identification. 
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Table 3.1: AaV-1 image reconstruction statistics 

 
Capsid 
Type 

Micrographs Particle 
Images* 

Defocus Range 
(µm) ** 

Resolution (Å) *** 

Full 106 5,697 0.7-4.4 ~14 
Empty 37 724 1.4-3.3 ~25 

 
* Number of boxed particle images included in the 3D reconstruction 
** Range of objective lens underfocus settings 
*** Estimation of resolution based on FSC0.5 criterion (van Heel and Schatz 2005) 
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Figure 3.1: Cryo-electron micrographs of AaV-1. (A) Low magnification and (B) high 
magnification views of vitrified AaV-1 virions and empty capsids (arrows).   
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Figure 3.2: Cryo-reconstructions and corresponding central sections of the AaV-1 
virion and empty capsid particles. (A) The ~14 Å resolution 3D reconstruction of the 
AaV-1 virion, colored according to radius. (B) Similar to Panel A, of the 3D 
reconstruction of the ~25 Å AaV-1 empty particle. Equatorial (one-pixel thick) sections 
of AaV- 1 (C) virion and (D) empty capsid. 
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Figure 3.3: FSC plots of the AaV-1 virion and empty capsid reconstructions. The 
dashed line represents the FSC0.5 threshold (van Heel and Schatz 2005). 
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Figure 3.4: Radial density plot of the AaV-1 virion. The peak near ~175 Å radius is 
attributed to the capsid shell. The peaks near ~125 and ~85 are attributed to two 
layers of the dsRNA genome. There are no clear peaks at lower radii, which suggest 
that the genome is more disordered. 
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Figure 3.5: Radial density projections of the AaV-1 virion. (A) Surface-shaded view of 
AaV-1 virion. (B-F) Spherical density projections of the AaV-1 virion at different radii. 
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I. Introduction 

dsDNA viruses infect a wide variety of species, including bacteria, which 

termed bacteriophages (Bamford, Grimes et al. 2005).  Most bacteriophages (96%) 

have a tail structure, and these phages are all members of Caudovirales order 

(Ackermann 2003).  Of the tailed phages, ~85% have a capsid head with icosahedral 

symmetry and a helical tail. The taxonomy of tailed phages subdivides them into 

three families: Siphoviridae, which include 61% of all tailed phages and are 

characterized by having long, noncontractile tails, Myoviridae (25%), which have long 

contractile tails, and Podoviridae (14%) which have short, noncontractile tails 

(Ackermann 2003).  Many of these dsDNA bacteriophages, including P22, the virus 

described in this study, have capsids composed of identical coat proteins (CPs) 

organized as hexons  (oligomers with six CPs) and pentons (oligomers with five CPs).  

Bacteriophage P22, which infects the bacterium Salmonella enterica serovar 

Typhimurim, has a 44 kbp genome (Susskind and Botstein 1978; Teschke and Parent 

2010). P22 is a non-enveloped phage, with a 600-650 Å diameter spherical head, and 

is a member of the family Podoviridae (Teschke and Parent 2010). P22 has been 

extensively studied and used a model system to explore how many other tailed 

bacteriophage and Herpesviridae assemble (reviewed in Teschke and Parent 2010). 

In vivo assembly of P22 virions (Figure 4.1) involves the formation of a procapsid, 

which contains 415 CPs, 60-300 scaffolding proteins, a portal complex, and 6-20 

copies each of three different ejection proteins (King, Botstein et al. 1976; Fuller and 

King 1980). To complete the maturation process, the DNA is packaged through the 

portal complex (Bazinet and King 1988), by action of the terminase proteins (gp2 and 

gp3), and the displacement of the scaffolding protein to the outside of the capsid shell 

(Prasad, Prevelige et al. 1993; Greene and King 1994). Lastly, the addition of three 
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tail proteins (plug, needle, and tailspike) is required (King, Lenk et al. 1973; Strauss 

and King 1984).  The transformation from the procapsid to a mature virion involves an 

increase (~10% in volume) in the size of the head and a change from a spherical to 

an icosahedral morphology (Earnshaw, Casjens et al. 1976; Prasad, Prevelige et al. 

1993). This transformation also involves several conformational changes in the CP 

(Gertsman, Gan et al. 2009).  The mature capsid is T=7 laevo and is  ~600 Å in 

diameter (Teschke and Parent 2010).  Previous studies have presented an in vitro 

model that studies the conformational changes that occur between the maturation 

event of the procapsid and the DNA-filled head, termed the expanded head, which 

lacks DNA, and structures of both have been generated and examined by cryo-

electron microscopy (cryo-EM) and 3D reconstruction (3DR) (Parent, Khayat et al. 

2010).    

It was previously established that the scaffolding protein is responsible for 

directing the correct assembly of CPs to form procapsids (King, Botstein et al. 1976). 

When the scaffolding protein is absent in vivo, the CP assembles into aberrant 

structures, such as “spiral” and icosahedral particles with T=4 symmetry (Earnshaw 

and King 1978; Thuman-Commike, Greene et al. 1998) (Lenk, Casjens et al. 1975; 

Earnshaw and King 1978; Thuman-Commike, Greene et al. 1998). Three-

dimensional (3D) image reconstructions of scaffolding-containing and scaffolding-

lacking procapsids (“shells”) show that the scaffolding protein contacts the inner 

surface of the CP at all three-fold-symmetric sites in the procapsid (Thuman-

Commike, Greene et al. 1999; Thuman-Commike, Greene et al. 2000).  

A near complete, pseudo-atomic model of the 47 kDa P22 CP was recently 

reported that was based on combined 3D image reconstruction and homology 

modeling experiments (Parent, Khayat et al. 2010). The model revealed that the CP 
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adopts the classic HK97-fold (Wikoff, Liljas et al. 2000), which consists of N-arm, E-

loop, P-domain, and A-domain substructures (Figure 4.2). The CP of P22 also has 

contains an additional telokin-like domain (Parent, Khayat et al. 2010; Teschke and 

Parent 2010). The 430 a.a. residue P22 CP has a large, flexible region between 

residues 157 and 207 (Lanman, Tuma et al. 1999; Kang and Prevelige 2005) that 

seems to control the conformational switching critical for procapsid assembly and 

virion maturation (Parent, Khayat et al. 2010).  

Several temperature sensitive folding, tsf, variants of the P22 CP have been 

shown to result in the production of CP monomers that aggregate into inclusion 

bodies (Gordon, Sather et al. 1994). Substitutions at three sites (D163G, T166I, and 

F170L) within the large, flexible region of the P22 CP were independently isolated as 

second site suppressors for multiple tsf substitutions, and were designated global 

suppressors (su) that alleviate the CP folding defects (Aramli and Teschke 1999). 

Three mutants, D163G, T166I, and F170L, were shown to recover the misfolding of 

the temperature sensitive mutants, and the tsf:su variants produce infectious phage 

(Aramli and Teschke 1999). In vitro, the structures of the capsids composed of su 

variants of the CP were identified in using negative stain microscopy; the D163G and 

T166I variants result in the production of spiral products and giant capsids, whereas 

the F170L variant also forms CP tubes or “polyheads” (Figure 4.3) (Parent, 

Suhanovsky et al. 2007). Polyheads have a helical arrangement of CPs that are 

organized as hexons (Parent 2010). Negatively stained polyheads of F170 variants 

are shown in Figure 4.3 (Suhanovsky, Parent et al. 2010).  The helical morphology of 

the P22 polyheads are consistent with structures that were previously reported in 

terms of capsid arrangement (Baker and Caspar, 1983).  However, it has been 

previously shown that F170L in the presence of scaffolding protein, results in the 
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production of infectious capsids rather than polyheads (Figure 4.3) (Suhanovsky, 

Parent et al. 2010).  

Residues at positions 163, 166, and 170 in the P22 CP occur within or directly 

adjacent to a region of the CP that has been called the “β-hinge” (Figure 4.4) 

(Teschke and Parent 2010). This β-hinge region includes an anti-parallel β-sheet, 

comprised of four β-strands that correspond to residues 167 – 170, 218 – 221, 355 – 

357, and 421 – 423 (Parent, Khayat et al. 2010; Teschke and Parent 2010). This 

region lies between the A-domain of the HK97-like core and the extra telokin-like 

domain and is believed to be a critical determinant of the conformational switching 

that occurs in the CP during assembly into procapsids and maturation into virions 

(Figure 4.4) (Parent, Suhanovsky et al. 2007; Teschke and Parent 2010). The three 

global su substitutions (D163G, T166I, and F170L) highlight the importance of this 

region for allowing the CP monomer to fold correctly and assemble into a functional 

product.  

The F170 residue is of particular interest because it is the only known residue, 

that when mutated, leads to polyhead formation.  Knowing this, we decided to explore 

the role of this residue in dictating proper assembly. The leucine substitution for 

phenylalanine in the F170L variant represents a conservative substitution since both 

are hydrophobic residues. In this study we employed site-directed mutagenesis to 

investigate how more radical substitutions affected conformational switching during 

assembly. The two that we chose were the smaller alanine (F170A) and a positively 

charged lysine (F170K). These three variants would reveal information as to how 

scaffolding protein regulates proper formation of procapsids.  

F170L leads to the formation of polyheads in the absence of scaffolding 

protein (Suhanovsky, Parent et al. 2010). But, in vivo, though scaffolding protein does 
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not effect polyhead assembly in F170A or F170K coat protein variants, it does for 

F170L, as seen in negatively stained samples (Suhanovsky, Parent et al. 2010).  

F170 variants are known to bind scaffolding protein more weakly than WT 

(Suhanovsky, Parent et al. 2010). The products of infections from complementation 

experiments with F170A and F170K coat proteins, were investigated, as described in 

Suhavonsky et. al. 2010. Though all three F170 variants made polyheads in the 

absence of scaffolding protein, F170A and F170K also made polyheads (up to 2 µm 

long, or more than double that seen with F170L) in the presence of scaffolding 

protein. F170A and F170K also produced mature, infectious phage in the presence of 

scaffolding protein, indicating these proteins sometimes assemble correctly. These 

data suggest that these variants may be inhibited in their ability to interact with 

scaffolding protein.  

Cryo-reconstructions of procapsids were generated of all three P22 CP 

variants (F170L, F170A, F170K) to investigate what, if any, differences were 

observed to account for the scaffolding interaction data.  Difference maps of the three 

capsid shells (F170L-WT, F170A-WT, F170K-WT) were also generated to help 

pinpoint changes, if any, between the three maps. It is critical that the individual maps 

that are used in difference mapping must be rendered at the same resolution, density, 

scale, and magnification, as reviewed by Baker et. al. 1999. Data that comes from 

difference mapping should be confirmed using biochemistry experiments to fully 

understand the implications of the subtle changes that are observed in the difference 

map. Areas around the axes of symmetry and at lower radii can pose particular 

problems because they inherently contain more noise relative to the rest of the capsid 

and are therefore more prone to errors.  Any discrepancies observed in the difference 

map of two independently computed maps should be at a higher signal than the level 
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of noise to be accurate.  Areas of positive density in difference maps are attributed to 

either an addition in mass (not relevant with these samples) or a change in flexibility 

in the CP. 

II. Materials and Methods 

II.I. Bacteria and phage specimens 

Salmonella enterica serovar Typhimurium strain DB7136 and P22 phage were 

prepared as described (Suhanovsky, Parent et al. 2010).  

II. II. Generation of coat protein variants  

A QuikChange site-directed mutagenesis kit (Stratagene) was used to alter 

pHBW1 to generate mutations in the coat gene that codes for residue 170 as 

described in (Suhanovsky, Parent et al. 2010). The codon changes used for the 

QuikChange reactions are as follows: the WT TTC codon was changed to AAG for 

F170K and to GCC for F170A. The mutated plasmids were sequenced at the 

University of Connecticut Biotechnology Center. Generation of the F170L expression 

plasmid was described previously (Parent, Suhanovsky et al. 2007). 

II.III. Negative stain electron microscopy  

Small aliquots (3µL) of the in vitro assembly reactions and the lysates 

generated from phage-infected cells were negatively stained as described in 

(Suhanovsky, Parent et al. 2010) 

II. IV. Cryo-TEM 

Small (3.5 µL) aliquots of purified P22 particles (~8 mg/mL) were vitrified and 
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examined as described previously (Baker, Olson et al. 1999). Briefly, samples were 

applied to Quantifoil holey grids that had been glow-discharged for ~15 s in an 

Emitech K350 evaporation unit. Grids were then blotted with filter paper for ~5 s, 

plunged into liquid ethane, and transferred into a precooled, FEI Polara, multi-

specimen holder, which maintained the specimen at liquid nitrogen temperature. 

Micrographs were recorded on Kodak SO-163 electron-image film at 200 keV in an 

FEI Polara microscope under minimal-dose conditions (~15 e/Å2) at a nominal 

magnification of 39,000. The range of objective lens defocus settings, number of 

particles, and number of micrographs used to record each data set are listed in Table 

4.1.  

II.V. 3D image reconstructions of procapsid shells  

Micrographs exhibiting minimal astigmatism and specimen drift were selected 

for further processing and digitized at 6.35 µm intervals (representing 1.62 Å pixels at 

the specimen) on a Nikon Supercoolscan 8000 microdensitometer. The RobEM 

visualization and analysis software (http://cryoEM.ucsd.edu/programs.shtm) was 

used to estimate micrograph defocus and astigmatism, extract individual particle 

images, and preprocess the images. For each specimen, 150 particle images were 

used as input to the random-model computation procedure to generate an initial 3D 

density map at ~25 Å resolution (Yan, Dryden et al. 2007). Each map was then used 

to initiate determination and refinement of particle orientations and origins for the 

complete set of images using the current version of AUTO3DEM (Yan, Sinkovits et al. 

2007). Phases and amplitudes of the particle structure factor data were corrected to 

compensate for the effects caused by the microscope contrast transfer function 

(Bowman, Chase et al. 2002). The Fourier Shell Correlation (FSC0.5) criterion was 

used to estimate the resolution limits of each 3D reconstruction (Table 2) (van Heel 



 104 

and Schatz 2005).  

II.VI. Difference map calculation, visualization, and interpretation  

Difference maps were computed to help identify changes that accompany 

amino acid substitutions at position 170. RobEM was used to subtract an 

appropriately scaled (density range and magnification) WT procapsid shell map 

(Parent, Khayat et al. 2010) from each F170 map as previously described (Baker, 

Olson et al. 1999). Since the maps of the three F170 variants lead to cryo-

reconstructions at different resolutions (Table 2), the WT map was computed to a 

resolution limit that corresponded to the map from which it was to be subtracted. The 

resultant difference density maps were visualized and analyzed using RobEM and 

Chimera (Pettersen, Goddard et al. 2004). Flexible regions of a structure are 

inherently more difficult to detect than those that are stable, even in cryo-

reconstructions at moderate resolution (Zhou 2008). Hence, we interpreted any 

isolated, positive density features in the F170X-WT difference maps as identifying 

regions of the coat protein that are less flexible in the variant compared to WT.  In 

several places, the difference maps showed weak yet clear pairs of closely 

juxtaposed positive and negative densities, which we interpreted as arising from 

small, rigid-body movements of subunits, domains, or sub-domains. 

III. Results 

III.I Cryo-electron microscopy and 3D reconstructions of the F170 mutants 

Cryo-electron micrographs of the three particles involved in this study (F170L, 

F170K, and F170A) are shown in Figure 4.5.  Micrographs showed individual 

particles well dispersed, of acceptable concentration, and having intact capsids. 

Icosahedral reconstructions of the F170L, F170K, and F170A mutants were 
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generated (Figure 4.5) at resolutions 13.5 Å, 10.4 Å, and 10.3 Å, respectively (Table 

4.1). Also shown in Figure 4.5, the front half of all three capsids have been removed 

to reveal subtle changes that occur near the 5-fold axes of symmetry. Similar features 

are seen on both the outer and inner surfaces of the capsid shells for all three 

mutants, which is expected since the F170 mutation does not effect capsid assembly.  

II.II. Difference maps reveal that capsomers have altered conformations in the 

F170A and F170K variants 

 We used difference map analysis (Materials and Methods) to compare cryo-

reconstructions of purified shells derived from all three coat protein variants to that of 

WT shells (Parent, Khayat et al. 2010) to determine if there are conformational 

changes that could account for the increased propensity of the F170 variants to 

produce polyheads (Figure 4.6). For each difference map, an appropriately scaled 

(pixel size and relative density values) WT reconstruction was subtracted from one of 

the F170 variant maps. One-pixel thick (~ 1.62 Å), central (equatorial) sections 

through each of the difference maps reveal that, in F170A and F170K, the most 

significant changes occur near the 5-fold symmetry axes (Figure 4.6). The F170L and 

WT maps show no significant differences which indicates the two structures are 

essentially identical at ~13 Å resolution (Figure 4.6). The F170A map differed most 

from WT (Figure 4.6), and F170K was intermediate between these extremes. A single 

residue change produces a mass difference likely too small to detect in cryo-

reconstructions at moderate resolutions (i.e. > 5 Å). Hence, we attribute the 

differences seen in F170A and F170K compared to WT to effects that the substituted 

amino acids have on coat protein conformation and flexibility. Positive density 

features in the F170A and F170K minus WT difference maps reflect decreased coat 

protein flexibility in the variants since corresponding regions of the WT coat protein 



 106 

that are flexible would appear weak or absent in the WT reconstruction as a 

consequence of the averaging procedures used. Several minor, yet detectable 

changes were observed in other regions of the capsid. These appear in the difference 

maps as apposed pairs of positive and negative densities, which occur as a result of 

small, local movements of secondary structural elements, domains, or whole subunits 

(Movie 4.1).  

Overall, two primary types of structural change were observed in the variants: 

1) a gain in density at the center of the pentons, which we propose to be due to a 

decrease in flexibility of part of the polypeptide chain, most likely in the highly flexible 

stretch of residues from 157 to 207 (Lanman, Tuma et al. 1999; Kang, Hawkridge et 

al. 2006), and 2) subtle, rigid-body domain movements in some, but not all of the 

individual hexon subunits, likely caused by substitutions in the hinge. The domain 

movements, most of which are 6 Å or less in magnitude, are primarily confined to 

radii between ~237 and 282 Å, and changes in the β-hinge affect the angle between 

the A- and telokin domains (Movie 4.1). 

V. Discussion 

V.I. Polyhead formation is determined by CP conformation 

 The CP variants at position F170 are the ones that leads to assembly defects 

and polyhead formation.  Variants at this position exhibit altered scaffolding protein 

affinity, but this property alone is not sufficient to explain why these proteins 

assemble into polyheads. WT CP has yet to be observed to form polyheads, 

regardless of the presence or absence of scaffolding protein. In the absence of 

scaffolding protein, WT CP forms empty, aberrant assemblies, consisting of both 

hexons and pentons, such as T=4 and T=7 icosahedral capsids or spiral structures 
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(Lenk, Casjens et al. 1975; Earnshaw and King 1978; Thuman-Commike, Greene et 

al. 1998). Cold sensitive, cs, CP variants, like T10I and R101C, interact weakly with 

scaffolding protein (Teschke and Fong 1996) but do not form polyheads (Gordon and 

King 1993). Thus, we propose that the scaffolding protein plays a critical role in 

regulating polyhead formation in the F170 variants, but it cannot be the only 

determinant because the conformation of the β-hinge region also plays an essential 

role.   

 The additional density at the center of the pentons in the F170A variant, and 

to a lesser extent in the F170K variant, indicate that these substitutions reduce the 

inherent flexibility of a region of the protein. The possibility of the additional density 

seen in the difference maps was not associated with being an increase in mass 

because this would not account for the mass difference that would result from the 

chemical composition of Alanine, Leucine, and Lysine. Careful inspection of the 

difference maps suggests that a region within the A-domain instead, loses flexibility. 

This decrease in flexibility of the A-domain, specifically within the previously identified 

‘flexible loop’ (amino acids 157-207) (Lanman, Tuma et al. 1999; Kang and Prevelige 

2005), was confirmed by limited proteolysis and mass spectrometry (Suhanovsky, 

Parent et al. 2010). It is significant to note that this density occurs at the centers of 

pentons in the procapsid shell reconstructions of the F170A and F170K variants. The 

axial hole in the WT hexon is larger than in the penton, so a decrease in flexibility 

would not induce crowding or hinder assembly of hexamers subunits (Figure 4.2) 

(Suhanovsky, Parent et al. 2010). The hexons retain their axial holes and presumably 

allow scaffolding protein to enter and exit shells during re-entry experiments 

(Suhanovsky, Parent et al. 2010). Flexibility in the A-domain may be required to allow 

monomers of the CP to assemble into pentons as well as hexons, which exclusively 
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occur in polyheads(Parent, Sinkovits et al. 2010). Even though there were no major 

differences observed in the subunit conformations within WT and F170 variant 

hexons, there were subtle changes seen throughout the procapsid shell, which are 

indicative of altered quaternary interactions (Movie 4.1).   

V.II. Polyhead formation in other phage. 

 Polyhead formation has also been observed to occur with other tailed 

bacteriophages, when mutations are introduced into genes of the major CPs of 

phages T4 (Steven, Couture et al. 1976), T7 (Steven, Serwer et al. 1983), SPO1 

(Parker, Ralston et al. 1983), and λ (Georgopoulos, Hendrix et al. 1973). In all of 

these phage mutants, the CPs are arranged as hexamers in the polyheads. 

Polyheads have also been shown to result when the scaffolding protein is altered or 

there is not proper nucleation (Moody 1999).   

The CPs of T4 and P22 bacteriophages have common, HK97-like folds (Jiang, 

Li et al. 2003; Abrescia, Kivela et al. 2005; Fokine, Leiman et al. 2005; Teschke and 

Parent 2010), but the assembly pathways of these phage are quite different, as 

reviewed by (Suhanovsky, Parent et al. 2010). In T4, the hexons and pentons are 

composed of two different proteins, gp23 and gp24, respectively.  In P22, the hexons 

and pentons are both made of gp5 (Casjens and King 1974). It has been shown that 

procapsids and polyheads of T4 phage are assembled from preformed capsomers 

(Stortelder, Hendriks et al. 2006), whereas procapsids of P22 are assembled by 

addition of coat protein monomers (Prevelige, Thomas et al. 1993). 

 Bacteriophage T7 is another example in which scaffolding protein affects 

polyhead formation. Although scaffolding protein is necessary to initiate assembly of 
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T7 CP in vitro, decreasing the scaffolding to CP ratio increases the formation of 

polyheads.  

IV.III. The F170 variants show decreased flexibility of the protease accessible 

region. 

 The large flexible region within the A-domain of CP is protease accessible in 

assembled procapsids (Lanman, Tuma et al. 1999; Kang, Hawkridge et al. 2006). To 

compliment the structural data we obtained here at UCSD, our colleagues at the 

University of Connecticut used limited proteolysis to probe for changes in the 

flexibility of CP that was suggested by the 3D cryo-reconstructions (Suhanovsky, 

Parent et al. 2010). Empty procapsid shells made of WT and the F170 variant CP 

were digested using three different proteases. These include trypsin, chymotyrpsin 

and elastase in a ratio of 1:20, enzyme to substrate.  The cleavage patterns of WT 

and the F170 variants were found to be similar for each protease, with the major 

peptide products having masses of 20-25 kDa. However, F170K and F170A 

produced have significantly fewer cleavage products compared to WT and F170L. 

Though the amount of WT and F170L cleavage products were similar after a four-

hour digestion, F170L is slightly less protease accessible compared to WT (data not 

shown). Mass spectrometry was used to identify the cleavage sites, all of which 

mapped to the previously identified flexible loop (amino acids 157 – 207) 

(Suhanovsky, Parent et al. 2010).  Trypsin cleaves preferentially after Y196 and 

Q202. Chymotrypsin cleaves after Y180, F188, Y196, and Q202. Elastase cleaves 

after F188, Y196, Q202, and Q204, consistent with previous results (Lanman, Tuma 

et al. 1999). Protection of the cleavage sites in F170K and F170A procapsid shells 

suggests that these substitutions cause an increase in rigidity of the loop region and 

this renders the loop less accessible to these proteases. Quantification of the major 
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peptide products on SDS gels indicated that F170K and F170A produce ~ 20% fewer 

cleavage products compared to WT and F170L. This may be due preferential 

changes in conformations of the penton subunits, but we cannot rule out the 

possibility that all CP subunits might become less flexible.   

IV.IV. The β-hinge is crucial for proper folding and assembly of P22 coat 

protein. 

F170 residue lies in the CP β-hinge portion of the CP and single-site 

substitutions at this residue cause assembly defects. It has been proposed that the β-

hinge functions in two ways (Teschke and Parent 2010). First, it may serve as a ‘lock’ 

to stabilize the monomer, since all domains of the CP except for the telokin domain, 

connect through the β-hinge (Teschke and Parent 2010). Second, the β-hinge may 

facilitate the reorientation of the A- and P-domains that is observed during the 

maturation (Teschke and Parent 2010). In this study, we showed that substitutions at 

F170, disrupt the ‘lock’ function of the β-hinge to create monomers that are not as 

able to assemble correctly. The conformational changes caused by the F170 variants 

(in the β-hinge) are presumed to impair the assembly of modified CP variants that 

occur in the portion of the polypeptide by causing distortion in ways that do not allow 

for correct subunit-subunit interactions.  One possibility may be that the distortion 

induces steric constraints that prevent formation of pentons.  A second possibility 

may be that there is a decrease in scaffolding protein-binding affinity. Cryo-

reconstruction studies of several different P22 polyheads were designed to further 

characterize how scaffolding protein promotes procapsid assembly via proper 

nucleation (Parent, Khayat et al. 2010). 
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Table 4.1: P22 image reconstruction statistics 

 
CP 
type 

Micrographs Particle 
Images† 

Defocus Range 
(µm) †† 

Resolution (Å) *† 

WT* 164 11,997 0.41 – 3.65 9.1 
F170L 33 1,757 0.73 – 2.79 13.5 
F170K 38 4,123 0.77 – 2.96 10.4 
F170A 72 4,008 0.83 – 3.26 10.3 

 
* The data for the WT reconstruction is from a previous study (Parent, Khayat et al. 
2010) 
† Number of boxed particle images used to compute each 3D reconstruction 
†† Range of objective lens underfocus settings used to record micrographs 
*† Estimation of resolution based on FSC0.5 criterion (van Heel and Schatz 2005)  
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Figure 4.1: Schematic representation of the assembly pathway of bacteriophage 
P22. Assembly is triggered via a nucleation step by which subsequent addition of 
monomers occur to form the procapsid. The dsDNA is packaged while the scaffolding 
proteins exit, which triggers a maturation event to form the DNA filled head. Addition 
of the tail spike and tail needle completes the maturation of the infectious phage. The 
scaffolding protein is recycled and used the assembly of additional phage. Modified 
from figure 1 of (Teschke and Parent 2010).  
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Figure 4.2: The residue F170 is located in the flexible region of the P22 CP 
(Suhanovsky, Parent et al. 2010). (A) Primary sequence of the P22 CP, color-coded 
according to domain: N-arm (red), E-loop (yellow), P-domain (green), A-domain 
(blue), Telokin domain (magenta). F170 lies within the in the A-domain, along with 
D163 and T166. Modified from (Teschke and Parent 2010). (B) Atomic models of the 
WT procapsid penton and hexon, with the flexible and protease-sensitive region 
highlighted in blue. The van der Waals representation of the F170 side chain is 
highlighted in cyan. Modified from figure 6 of (Suhanovsky, Parent et al. 2010). 
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Figure 4.3: The effect of scaffolding protein in polyhead assembly of P22 variants 
compared to Wild Type P22. Electron micrographs of negatively stained samples of 
the bottom fractions from sucrose gradients of lysates, in the presence and absence 
of scaffolding protein, of phage infected cells expressing either (A) WT P22, (B) 
F170L, (C) F170K, and (D) F170A variant coat proteins. Modified from figures 2 and 3 
of (Suhanovsky, Parent et al. 2010). 
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Figure 4.4: The β-hinge controls conformational switching, (A) Pseudo-atomic 
models of the CP subunit color-coded according to as in Figure 4.3 of the WT 
procapsid shell (left, PDB #3IYI) and expanded head (right, PDB # 3IHI) (Parent, 
Khayat et al. 2010). These two models were aligned with respect to their telokin-
domains using Chimera (Pettersen, Goddard et al. 2004). (B) Same as (A), but with 
the β-hinge highlighted in orange and the rest of the protein in dark grey. (C) Enlarged 
views of the β-hinge, in the same orientation shown in (A) and (B). The F170, T166, 
and D163 residues are shown in cyan colored as stick models. Modified from figure 1 
of (Suhanovsky, Parent et al. 2010). 
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Figure 4.5: 3D cryo-reconstructions of P22 procapsid shells. Radially color-coded 
surface view and front half removed of P22 WT and F170 variants  (A) F170L variant 
and WT P22 each at 13.5 Å resolution. (B) Similar, to (A) of F170K, F170A variants 
and WT P22 at 10.4 Å, 10.3 Å, and 10.5 Å resolutions, respectively. 
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Figure 4.6: Difference maps reveal conformational changes at the 5-fold axes for 
both F170A and F170K coat proteins. (A) Projected density distribution of one 
quadrant in one-pixel thick (1.6 Å), planar, equatorial section from the cryo-
reconstruction of F170A shells. (B) Same as (A) for the WT shells. (C, G and H) 
Same as (A) for the F170A-WT, F170L-WT, and F170K-WT difference maps, 
respectively. High and low density features are rendered in black and white, 
respectively (A-H). Arrows point to the same position in each section and highlight the 
largest difference densities seen in (C), (G), and (H). (D-F) Radial density projections 
(radius = 271 Å) for the maps corresponding to the F170 mutant and WT capsid. (I-J) 
Surface-shaded views of WT shell reconstruction (grey) with F170A-WT (red) and 
F170K-WT (cyan) difference densities superimposed. Insets show magnified views of 
the regions identified by the red boxes. Red boxes highlight the same region in (D-F), 
(I), and (J). Magnification bar in (A) is the same in (B-C), (G), and (H). Bar in (D) is the 
same for (E) and (F), and bar for (I) is the same as for (J). Modified from figure 5 of 
(Suhanovsky, Parent et al. 2010).  
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Movie 4.1: Comparison of F170A and WT procapsid shell reconstructions. Cryo-
reconstruction of F170A empty procapsid shell (Figure 4.5) rendered as a sequential 
series of radial density projections, each one-pixel thick (1.6 Å), starting at a radius of 
302 Å and ending at a radius of 208 Å. High and low density features are rendered in 
black and white, respectively. At specific radii (282, 274, 266, 259, 251, 245, 237 Å) 
the WT (Figure 4.5) (Parent, Khayat et al. 2010) reconstructed density was inserted 
into the series to highlight regions where the WT CP is more flexible than the F170A 
CP or where tertiary or quaternary rearrangements are visible. In the latter instance 
the frames of the movie, which alternate between F170A and WT, give the 
impression that these regions are moving relative to each other. In all selected radii, 
movements occur (especially prominent at r=274 Å), and at two radii (274 and 266 Å) 
a decrease in flexibility is observed near the 5-fold symmetry axes. Equivalent movies 
of F170L and F170K (data not shown) show virtually no changes for F170L and less 
extreme changes for F170K relative to WT. 
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I. Cryo-EM and 3DR methods has provided an efficient and reliable means to 

reveal the structures of viral capsids 

Reconstructions of two fungal viruses, two fungal VLPs and three 

bacteriophage procapsids comprised of CP variants were generated at resolutions 

between ~7-25 Å. These structures were generated using cryo-EM and 3D 

icosahedral reconstruction techniques, which has been previously established as an 

efficient method to be both reliable structures (Baker, Olson et al. 1999). Within the 

last few decades, recent advances has allowed for the determination of high 

resolution structures (Zhang, Jin et al. 2010).  

II. The HvV190S structure is unique compared to other Totiviruses  

The cryo-reconstruction of Helminthosporium victoriae virus 190S (HvV190S) 

represents the first, to our knowledge, of an infectious victorivirus virion. A cryo-

reconstruction of the empty capsid shell of HvV190S determined at ~14 Å resolution 

(Caston, Luque et al. 2006), showed features that are consisten with our ~7.8Å cryo-

reconstruction of HvV190S empty capsids (Figure 2.5). In addition, a cryo-

reconstruction of a virus like particle containing the RdRp, but not the dsRNA was 

also determined at ~7.4 Å resolution.  

The relatively smooth surface features of the HvV190S is unique among other 

known fungal viruses whose structures have been determined (Cheng, Caston et al. 

1994; Naitow, Tang et al. 2002; Ochoa, Havens et al. 2008; Pan, Dong et al. 2009; 

Tang, Ochoa et al. 2010). We believe that the HvV190S structure will be similar to 

other members of the genus Victorivirus. The manner by which the dsRNA genome is 

structured within the viral capsid, however, is mostly conserved among the fungal 

viruses, being organized as concentric rings, with the exception of PsV-S (Pan, Dong 

et al. 2009). 
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Only three other Totivirus structures have been determined to date, and 

they all members of the genus, Totivirus (Cheng, Caston et al. 1994; Naitow, Tang et 

al. 2002; Tang, Ochoa et al. 2008). These features that are primarily different include 

the outer capsid morphology (Chapter 2, Figure 2.23), capsid thickness (Chapter 2, 

Figure 2.9, and CP secondary structures (Chapter 2, Figures 2.12-2.16). The primary 

sequences of the victoriviruses are shown to contain specific conserved primary 

sequences and secondary structures, such as having an Alanine/Glycine/Proline rich 

region in the C-terminus (Ghabrial and Nibert 2009) and containing a large portion of 

the C-terminus that is predicted to be random coil (Chapter 2, Figure 2.11).  

The segmented HvV190S dimer were also compared to the crystal structure 

of ScV-L-A (Naitow, Tang et al. 2002). The two subunits do share some conserved 

features, such the overall tertiary structure, the presence of a large α-helix in the core 

of the subunit, and β-sheets at the subunit interface at the 3- and 2-fold axes of 

symmetry. However, there were some differences including the number and 

placement of α-helices, β-sheets, and random coil predicted for the primary sequence 

of the CP. These data, combined with previous studies that investigated the unique 

RdRp expression strategy for HvV190S, confirms that this virus belongs in a different 

genus than ScV-L-A (Ghabrial and Nibert 2009). 

Comparision of the 3DRs of the HvV190S virion and two related VLPs also 

gave hints that the RdRp may be located near the 5-fold axes of symmetry, as has 

been reported for orthroreovirus (Zhang, Walker et al. 2003) and bacteriophage φ6 

(Sen, Heymann et al. 2008). Three separate difference (Virion – VLP-C+, Virion – 

VLP-C, and VLP-C+ – VLP-C) show the largest difference (aside from the presence 

or absence of the dsRNA). These changes might be as a result of a change in 

flexibility changes around the 5-fold, presumably where the RdRp was making 
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contact with the inner capsid and the dsRNA genome. Difference mapping has been 

previously established as a reliable way to show various differences in terms of 

flexibility and mass between two properly aligned maps (Baker, Olson et al. 1999). 

Future studies, described below, will discuss other possible means to identify the 

location of the RdRp within the viral capsid. 

III. The structure of AaV-1 has large protrusions at the 5-fold axes of symmetry 

The cryo-reconstruction of Alternaria alternata (A. alternata) represents the 

first, to our knowledge, of this particular fungal virus. A. alternata is known to infect 

both fungi as well as a human allergen. The structure of AaV-1 is of particularly 

importance, because of the widespread impact its host on plants in various countries 

i.e. United States, Japan, Australia (Johnson, Johnson et al. 2001).  

The structures of AaV-1 generated here (Chapter 3, Figure 3.2) provided key 

data in support of the classifying this virus being a member of the family 

Chrysoviridae. AaV-1 and the type species for the family Chrysoviridae, Penicillium 

chrsyogenum virus (PcV) (Caston, Ghabrial et al. 2003; Luque, Gonzalez et al. 2010)  

have similar features.  These include the T=1 capsid lattice comprised of two 

structurally similar domains as the asymmetric unit and the 5-fold axes of symmetry 

are at much higher radii than the rest of the capsid shell. A difference that was 

observed involves the spacing between the dsRNA rings, in PcV, the dsRNA rings 

make closer interactions and the inner capsid shell and whereas this spacing appears 

larger in AaV-1 (Luque, Gonzalez et al. 2010).  

Biochemical studies of AaV-1 have shown that the AaV-1 is a dsRNA genome 

with four dsRNA segments (Aoki, Moriyama et al. 2009), which is a characteristic of 

Chrysoviruses (Ghabrial and Suzuki 2009). On this basis, AaV-1 could tentatively be 

classified as a Chrysovirius in the family Chrysoviridae. However, analysis of the 



 128 

AaV-1 CP sequence has shown that it is not related to other Chrysoviriuses, PcV and 

HvV145S, and genome segment 4 is too small to code for a viral related protein 

(Aoki, Moriyama et al. 2009). Such differences argue strongly against including AaV-1 

in the family Chrysoviridae and further work will be needed to properly classify this 

virus. 

IV. Flexibility changes are observed in three CP subunit variants of 

bacteriophage P22   

Chapter 4 used difference-mapping techniques to reveal flexibility changes 

that occur in the bacteriophage P22 CP as a result of single amino acid substitution. 

Three substitutions at position 170 alter the flexibility of the “β-hinge (F170L, F170K, 

and F170A). Cryo-reconstructions were determined for all three procapsids at ~13.5 

Å, ~10.4 Å, and ~10.3 Å for F170L, K, and A, respectively. The difference maps 

showed that the hexons and pentons are influenced by a decrease in flexibility of the 

β-hinge.  Residue 170 is part of the β-hinge of the CP, which clearly plays a major 

role in determining the proper polypeptide conformation of the CP.  

V. Future Directions  

The three cryo-reconstructions of HvV190S revealed insight as to the 

relationship between the capsid and the dsRNA genome as well as the RdRp. Even 

though the location of the RdRp could not be determined from symmetrized cryo-

reconstructions of the virion and corresponding VLP (VLP-C+), further experiments 

could be designed to try to localize the position of this 72 kDa protein. One strategy 

would be to use nano-gold bead labeling, which involves adding his-tag to the RdRp 

and labeling the RdRp prior to particle assembly, as described in (Parent, Khayat et 

al. 2010). Another strategy could be performing an asymmetric reconstruction of the 

virion. Asymmetric reconstructions pose a realistic problem in terms of particle 
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number; in order to obtain the similar resolutions reported here  (~7 Å), 60 times the 

amount of particles would be needed to achieve equivalent resolution because of the 

lack of symmetry imposed during the reconstruction. This would be around 1,000,000 

since the HvV190S virion reconstruction required ~20,000 particles to achieve ~7 Å.  

Additional biochemical analysis of AaV-1 is needed to determine the proper 

taxonomic classification of this virus.  If the AaV-1 reconstruction could be improved 

to much higher resolution, perhaps to ~5-6 Å resolution, it might be sufficient to see if 

the AaV-1 CP fold is similar to that seen in any other dsRNA virus capsid.   



 130 

VI. References  

 
 
Aoki, N., H. Moriyama, et al. (2009). "A novel mycovirus associated with four double-

stranded RNAs affects host fungal growth in Alternaria alternata." Virus Res 
140(1-2): 179-187. 

Baker, T. S., N. H. Olson, et al. (1999). "Adding the third dimension to virus life 
cycles: three-dimensional reconstruction of icosahedral viruses from cryo-
electron micrographs." Microbiol Mol Biol Rev 63(4): 862-922. 

Caston, J. R., S. A. Ghabrial, et al. (2003). "Three-dimensional structure of penicillium 
chrysogenum virus: a double-stranded RNA virus with a genuine T=1 capsid." 
J Mol Biol 331(2): 417-431. 

Caston, J. R., D. Luque, et al. (2006). "Three-dimensional structure and stoichiometry 
of Helmintosporium victoriae190S totivirus." Virology 347(2): 323-332. 

Cheng, R. H., J. R. Caston, et al. (1994). "Fungal virus capsids, cytoplasmic 
compartments for the replication of double-stranded RNA, formed as 
icosahedral shells of asymmetric Gag dimers." J Mol Biol 244(3): 255-258. 

Ghabrial, S. A. and M. L. Nibert (2009). "Victorivirus, a new genus of fungal viruses in 
the family Totiviridae." Arch Virol 154(2): 373-379. 

Ghabrial, S. A. and N. Suzuki (2009). "Viruses of plant pathogenic fungi." Annu Rev 
Phytopathol 47: 353-384. 

Johnson, L. J., R. D. Johnson, et al. (2001). "Spontaneous loss of a conditionally 
dispensable chromosome from the Alternaria alternata apple pathotype leads 
to loss of toxin production and pathogenicity." Curr Genet 40(1): 65-72. 

Luque, D., J. M. Gonzalez, et al. (2010). "The T=1 capsid protein of Penicillium 
chrysogenum virus is formed by a repeated helix-rich core indicative of gene 
duplication." J Virol 84(14): 7256-7266. 

Naitow, H., J. Tang, et al. (2002). "L-A virus at 3.4 A resolution reveals particle 
architecture and mRNA decapping mechanism." Nat Struct Biol 9(10): 725-
728. 

Ochoa, W. F., W. M. Havens, et al. (2008). "Partitivirus structure reveals a 120-
subunit, helix-rich capsid with distinctive surface arches formed by 
quasisymmetric coat-protein dimers." Structure 16(5): 776-786. 

Pan, J., L. Dong, et al. (2009). "Atomic structure reveals the unique capsid 
organization of a dsRNA virus." Proc Natl Acad Sci U S A 106(11): 4225-
4230. 



 131 

Parent, K. N., R. Khayat, et al. (2010). "P22 coat protein structures reveal a novel 
mechanism for capsid maturation: stability without auxiliary proteins or 
chemical crosslinks." Structure 18(3): 390-401. 

Sen, A., J. B. Heymann, et al. (2008). "Initial location of the RNA-dependent RNA 
polymerase in the bacteriophage Phi6 procapsid determined by cryo-electron 
microscopy." J Biol Chem 283(18): 12227-12231. 

Tang, J., W. F. Ochoa, et al. (2010). "Structure of Fusarium poae virus 1 shows 
conserved and variable elements of partitivirus capsids and evolutionary 
relationships to picobirnavirus." J Struct Biol 172(3): 363-371. 

Tang, J., W. F. Ochoa, et al. (2008). "Infectious myonecrosis virus has a totivirus-like, 
120-subunit capsid, but with fiber complexes at the fivefold axes." Proc Natl 
Acad Sci U S A 105(45): 17526-17531. 

Zhang, X., L. Jin, et al. (2010). "3.3 A cryo-EM structure of a nonenveloped virus 
reveals a priming mechanism for cell entry." Cell 141(3): 472-482. 

Zhang, X., S. B. Walker, et al. (2003). "Reovirus polymerase lambda 3 localized by 
cryo-electron microscopy of virions at a resolution of 7.6 A." Nat Struct Biol 
10(12): 1011-1018. 

 
 


	ch0_111209
	ch1_Intro_111209
	ch2_HvV190S_111209a
	ch3_AAV1_111209
	ch4_p22_111209
	Ch5_111209



