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The overall theme of this dissertation is the genomic analysis of poxviruses
using bioinformatics. The first analysis presented in this dissertation (Chapter 2)
focuses on a new method for predicting which open reading frames (ORFs) in
poxviruses are likely to be expressed. A measure that takes into account the
amino acid and purine content of all predicted open reading frames (ORFs) in the
genome was developed and when used on the vaccinia virus (VACV) strain
Copenhagen genome (training case), the measure had a success rate of 94%.
Using the measure on an extremely adenine and thymine rich entomopoxvirus
(test case), 241 ORFs were found to be potentially expressed and 51 ORFs were
likely not expressed although further biochemical experiments will be required
to confirm this result.

The second analysis of this dissertation (Chapter 3) focuses on determining the
nature of an interesting background pattern similar to a set of stripes that was
observed while analyzing a self-dotplot of the molluscum contagiosum virus
genome. These stripe regions were further analyzed and were found to have a
nucleotide composition and amino acid usage that was different to the remainder
of the genome. Given this differing nucleotide and amino acid usage, the genes
contained in these stripe regions are thought to have been recently acquired
from the host or another virus, making these regions similar to bacterial
pathogenicity islands.

The third analysis of this dissertation (Chapter 4) focuses on predicting the
function of “unknown” poxvirus proteins by using a hidden Markov model
(HMM) comparison search tool to scan all “unknown” proteins in the VACV

genome looking for any database matches that may have been missed by



iv
conventional approaches (BLASTp and PSI-BLAST). One protein, the VACV G5R
protein, in this scan showed a promising hit (96% probability) to an archaeal flap
endonuclease (FEN-1) protein. A structural model of the G5R protein was
created and subsequently compared to the crystal structure of the human FEN-1
protein and was found to be highly conserved in both secondary and tertiary
structure and with three of the five main features of the FEN-1 protein including
the active site suggesting that the G5R protein should be classified as a flap
endonuclease protein.

Related to the analysis in Chapter 4, are the results presented in Chapter 5 of
this dissertation that focus on locating a protein encoded by the VACV genome
that is similar to proliferating cell nuclear antigen (PCNA). Knowing that the
FEN-1 protein requires PCNA as an intermediary to contact DNA, the genome
of VACV was scanned using InterProScan in order to identify any potential
proteins that were similar to PCNA. One protein (VACV G8R) was identified
and subsequently modeled and compared to the crystal structure of the human
PCNA protein. The secondary and tertiary structure was highly conserved
between the two proteins suggesting that the G8R protein should be classified as
a sliding clamp similar to human PCNA.
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1.0 Introduction

1.1 Poxvirus classification
The family Poxviridae comprises a set of complex, double-stranded DNA

viruses that replicate in the cytoplasm of the host cell and can be divided into two
subfamilies: Chordopoxvirinae (infecting vertebrates) and Entomopoxvirinae
(infecting insects) (Moss, 2001). The Chordopoxvirinae subfamily is further
subdivided into eight genera (Avipoxvirus, Capripoxvirus, Leporipoxvirus,
Molluscipoxvirus, Orthopoxvirus, Parapoxvirus, Suipoxvirus, and Yatapoxvirus), the
Entomopoxvirinae into 3 (Entomopoxvirus A through C), with viruses belonging to
each genus being related in both virion morphology and host range (Moss,
2001). The most studied poxviruses belong to the Orthopoxvirus genus, which
includes poxviruses such as cowpox virus, ectromelia virus (mousepox), vaccinia
virus (the prototypical poxvirus) and variola virus (the causative agent of
smallpox) (Moss, 2001).

With the advent of sequencing techniques in the late 1970’s that allowed
Sanger to sequence the complete bacteriophage phi X174 genome, only 5375
nucleotides (Sanger et al., 1978), came the eventual sequencing of the first
complete poxvirus genome (vaccinia virus strain Copenhagen; VACV-COP) in
1990 (Goebel et al., 1990a). In 1993, an isolate of variola major virus was
sequenced (Shchelkunov et al., 1994, Shchelkunov et al., 1996) which permitted
the comparison between variola and vaccinia virus (the virus used to vaccinate
against smallpox) using bioinformatics techniques (Shchelkunov et al., 1993).
Recent advances in DNA sequencing techniques and improvements to
bioinformatics approaches has facilitated the analysis of greater than 100

poxvirus genomes and has allowed for the computational comparison of variola
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virus to several other orthopoxviruses and most recently, the comparison of 45
variola virus isolates to each other in attempts to pinpoint the origins of the virus
and characterizing virulence determinants (Esposito et al., 2006). Perhaps due to
the relative simplicity of the poxvirus genome (i.e. no transcript splicing and no
overlapping genes), the use of bioinformatics to analyse these genomes has been
extensive, and continues to prove a valid technique in the analysis of the
poxvirus proteome. The research presented in this dissertation uses
bioinformatics to analyse poxvirus genomes, so it is fitting that although the
remainder of this introduction will focus on the overall infection and life cycle of
poxviruses, it will, wherever possible, highlight the bioinformatics approaches
and evidence that was used to contribute to our overall understanding of

poxviruses.

1.2 History of variola virus (smallpox)
The first known cases of smallpox infection were thought to have occurred in

ancient Egypt, India and China (Fenner et al., 1988, Behbehani, 1983). One of the
first clues that smallpox occurred during these times was the unearthing of the
mummy of Pharaoh Ramses V in 1898 (Behbehani, 1983, Fenner et al., 1988).
Ramses V ruled Egypt for no more than 4 years and died of an “acute” illness in
1157 B.C. (Fenner et al., 1988, Radetsky, 1999). Further examination of his body
revealed yellow coloured pustules that covered his face, neck, shoulders and
arms and it was later speculated that these pustules were caused by variola virus
infection (Radetsky, 1999, Fenner et al., 1988). In China, the first documented
cases of smallpox infection occurred in 1122 B.C. where the first attempts to

protect individuals by intentional infection with less virulent variola virus



isolates, known as variolation, took place (Fenner et al., 1988, Gross and
Sepkowitz, 1998).

Smallpox reached Central America in the sixteenth century, brought by ships
carrying slaves from Africa (Fenner ef al., 1988, Behbehani, 1983). From Central
America, smallpox spread to the native Mexican population and it is thought that
more than 3.5 million Aztecs succumbed to the disease after a Spanish
Congquistador introduced it through an infected slave he acquired after his
conquests in Cuba (Behbehani, 1983). Whole tribes in Brazil, as well as the entire
Peruvian population, were also decimated by the introduction of smallpox to
South America in the sixteenth century (Behbehani, 1983).

Throughout Europe in the seventeenth and eighteenth centuries, epidemic
smallpox infections occurred with a mortality rate of 1 in 10 people in France and
in London, England (Behbehani, 1983). In fact, Queen Mary II became infected
and later died of smallpox in 1694 and five other monarchs also died of smallpox
infection in the eighteenth century (Fenner et al., 1988, Behbehani, 1983).
Smallpox epidemics were also frequent in the United States during the
eighteenth century (Radetsky, 1999, Behbehani, 1983).

Efforts to prevent smallpox infection are thought to have started with the
Chinese in 1122 B.C. who nasally inoculated susceptible patients with variola
acquired from the pustules of infected individuals; this method only had minimal
success (Gross and Sepkowitz, 1998). Variolation in different forms was
performed throughout the world in the seventeenth century but it wasn’t until
Lady Mary Montagu, who had been horribly disfigured by a smallpox infection
years earlier, had her children inoculated with variola in the early eighteenth

century (1721) to protect them from a smallpox epidemic that the practice began



to be tested for efficacy (Radetsky, 1999). In order to prove the efficacy of
variolation, doctors in London inoculated six prisoners who were condemned to
death, and subsequently released them into areas where smallpox epidemics
were occurring (Radetsky, 1999). One of these prisoners slept for six weeks in
the same bed as a 10-year-old boy who had smallpox and did not catch the
disease (Radetsky, 1999). Despite proving the efficacy of variolation in Britain
during this time, deaths due to the inoculation still occurred frequently enough
for the practice to be only mildly accepted by the common people (Gross and
Sepkowitz, 1998).

In the United States during the eighteenth century, a Reverend named Cotton
Mather began promoting the use of variolation to prevent smallpox disease
(Gross and Sepkowitz, 1998, Radetsky, 1999). Mather was quite successful in
decreasing the mortality rate of a smallpox epidemic occurring in Boston at the
time, with records showing a mortality rate of 1 in 47 inoculated individuals
compared to a 1 in 6 mortality rate in non-variolated people (Radetsky, 1999,
Gross and Sepkowitz, 1998). Upon learning the results of Mather’s inoculations,
doctors in England began to variolate more susceptible individuals, mainly rich
people who could afford to be isolated in a hospital, but attempts at large scale
smallpox protection did not catch on until Edward Jenner began his experiments
of inoculating individuals with cowpox in 1789 (Gross and Sepkowitz, 1998,
Radetsky, 1999).

The notion that cowpox could be used to protect against smallpox infection
was suggested to Jenner in 1770 after speaking with a milkmaid who explained
that she could not catch smallpox since she had already been sick with cowpox

(Radetsky, 1999). Jenner subsequently began experiments to test this hypothesis
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first by inoculating his son with virus taken from a nurse who had contracted
cowpox (Radetsky, 1999). Observing only mild disease in his son and thus
assuming his son was now protected from smallpox, Jenner then inoculated him
with variola virus and noted that his son did not contract the disease (Radetsky,
1999). Jenner continued to test his hypothesis over the next six years coming to
the conclusion that using fresh inoculums directly from cowpox infected cattle
was less effective at protecting from smallpox infection than using inoculums of
cowpox spread between inoculated humans (Radetsky, 1999). It was Jenner and
his continued work with cowpox that eventually lead to the term vaccination
being used to describe the administration of antigen in order to protect from
disease (Radetsky, 1999).

In only 10 years, the practice of vaccination was adopted worldwide and with
most countries mandating required vaccination of the entire population, the
incidences of smallpox infection progressively decreased during the remainder of
the nineteenth century (Radetsky, 1999). Smallpox infections were nearly
nonexistent by the mid-twentieth century in developed nations, and in 1967 the
World Health Organization (WHO) put forth an initiative to globally eradicate
smallpox (Gross and Sepkowitz, 1998). Smallpox was officially declared
eradicated two years after the last naturally occurring case of smallpox in 1979
(Gross and Sepkowitz, 1998).

Global eradication would not have been made possible had it not been for two
important discoveries. The first was the development of a stable vaccine that
could easily be shipped to developing nations and could be stored for years
before use (Radetsky, 1999, Behbehani, 1983). The second was the development

of the bifurcated needle to administer the vaccine, which not only decreased the
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amount of vaccine that needed to be administered to the patient, but offered
portability, consistency in administration and a cost effective way of delivering
the vaccine (Radetsky, 1999). Prior to the development of the bifurcated needle,
administering the vaccine relied upon the scratch method where the vaccinator
would scratch the patient’s skin, potentially leaving deep scars, and administer
four times more vaccine than the bifurcated needle (Radetsky, 1999). The
bifurcated needle, shaped like a horseshoe with two needles at the ends, allowed
vaccinators to dip the needles into the vaccine picking up one fourth the amount
of vaccine as the scratch method and apply approximately 15 punctures to the
skin (Radetsky, 1999). Its portability and relatively low cost were the keys to
ensuring success at globally eradicating smallpox (Radetsky, 1999). Other factors
that contributed to global eradication included the fact that humans were the
only known reservoir for variola virus and that infection was sustained in
densely populated locations (Belongia and Naleway, 2005).

There remains, however, to this day, a mystery regarding the origins of the
vaccine used to eradicate smallpox. The exact virus that Jenner used to vaccinate
individuals in the eighteenth century may have originated from horses in the
form of horsepox virus (Radetsky, 1999). Since it was commonly accepted
during that time that horsepox could infect both horses and cows, what Jenner
thought was cowpox infecting cattle could have been horsepox infecting cattle
(Radetsky, 1999). Unfortunately, comparisons with the horsepox virus seen in
the eighteenth century with the vaccine strain used during eradication efforts of
the twentieth century cannot be made since horsepox had essentially become
extinct at the end of the nineteenth century (Radetsky, 1999). The recent

sequencing and phylogenetic analysis of a horsepox virus genome that was
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isolated in an infected horse in Mongolia in 1976, revealed that in certain regions
of the genome, it was similar to other vaccinia virus strains but in other regions,
it was similar to cowpox virus (Tulman et al., 2006). Although the exact origins of
this virus cannot be pinpointed without the sequences of horsepox virus derived
from the eighteenth century when Jenner first began vaccination, the authors
speculate that this 1976 strain of horsepox may have been in the process of
evolving into a strain similar to that of vaccinia virus but had not yet reached
that stage given its similarities in certain regions to both cowpox and vaccinia
virus (Tulman et al., 2006). It is also possible that human to horse spread of
vaccinia virus could have taken place given that vaccination efforts were still
taking place in 1976 (Tulman et al., 2006). This is not entirely unprecedented
considering recently published reports of a vaccinia-like virus infecting
individuals in Brasil, named Cantagalo virus, that may have been derived from a
vaccinia virus strain used in Brasil during smallpox eradication efforts (Damaso
et al., 2000, Nagasse-Sugahara et al., 2004). It is thought that this vaccinia
infection persisted by infecting local animal populations where it accrued many
mutations and led to the recent infection seen in farm workers (Damaso et al.,

2000, Nagasse-Sugahara et al., 2004).

1.3 Variola virus disease progression
Since the eradication of smallpox over 25 years ago, there have been no new

outbreaks and as such, the majority of original sources were published in the
1980’s. This section will summarize the information found in the defining source
of the time, a book entitled Smallpox and its Eradication written by Frank Fenner

and published by the World Health Organization in 1988 (Fenner et al., 1988),



and where other sources were cited, they are referenced within the text as
appropriate.
1.3.1 Strains of variola virus

There are two primary variants of variola virus that are capable of causing a
smallpox infection that can be distinguished by observing clinical symptoms in
infected individuals or through the use of biochemical and bioinformatics
techniques (Moore et al., 2006, Cowley and Greenaway, 1990). The first variant,
officially named variola minor virus but also known as variola alastrim, has a 1%
mortality rate in unvaccinated individuals and is associated with a milder form of
the disease. The second variola variant, variola major virus, is associated with
the “classical” or “ordinary” smallpox disease and has a mortality rate of up to
30% in unvaccinated individuals (Moore et al., 2006). Variola major can be
further subdivided into five clinical types of disease, which cause different clinical
manifestations in infected individuals and include, “ordinary” smallpox,
“modified” smallpox, variola sine eruptione, hemorrhagic smallpox and flat
smallpox. The following section (Section 1.3.2) will describe the progression of
an “ordinary”-type smallpox infection.
1.3.2 “Ordinary”-type smallpox disease progression

The normal course of disease progression of “ordinary” smallpox occurs in
several stages. The incubation stage marks the start of infection for a person
afflicted with smallpox and begins by initial exposure to the virus, usually
through inhaled droplets. The virus can also gain entry to the body via pre-
existing cuts or lesions contacting virus filled pustules on an infected individual;
such infections tend to have a shorter incubation period than respiratory

acquired smallpox. A third, less common way that the virus could gain entry
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into the body was through the eyes or conjunctiva. The incubation stage can be
as short as 7 days and as long as 19 days with an average length of 12 days; this
stage is asymptomatic and the patient is not contagious (Moore et al., 2006). A
short-lived viraemia follows and coincides with the onset of the prodromal stage
of infection (Moore et al., 2006).

The prodromal stage or pre-eruptive stage of infection is marked by a high
fever that lasts for 2 to 4 days. Other symptoms experienced during this stage
include feelings of general malaise, headache, backache and vomiting. Following
this stage is the eruptive stage, which begins with the onset of lesions within the
mouth and on the tongue of the patient (known as enanthem) and progresses to
a rash involving lesions called macules on the face and particularly the forehead
(Moore et al., 2006, Lofquist et al., 2003). The appearance of the rash on the
patient’s body marks the time when viral load in the respiratory tract is at its
highest and thus the patient is the most contagious (Moore et al., 2006). The
macules on the patients face spread to the shoulders and upper legs, the trunk
and finally the forearms, hands and feet within 24 hours after the initial rash is
observed. The macules progress into papules (slightly raised) within 2 days of
developing the initial rash and then into vesicles 2 days after the papules are
formed (Lofquist et al., 2003). Although the papules were only minimally raised
off the surface of the skin, they could be rolled between two fingers and felt as
though there was a foreign body embedded in the skin. Approximately 3 days
after the progression of papules to vesicles, the vesicles progress into pustules
and by the fourteenth day after rash development, the pustules scab over and

the brunt of the infection has been weathered (Lofquist et al., 2003).
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Two of the main defining characteristics of smallpox disease that can be used to
distinguish it from chickenpox (varicella zoster virus), a herpes virus that causes
a rash often confused with smallpox, are the presence of lesions on the palms
and soles and the localization of lesions to the extremities and only mildly on the
trunk in smallpox infected individuals (Lofquist et al., 2003). Since the scabs can
be infectious, an infected individual was not declared free of the disease until all
of the scabs had fallen off the body, a process that could take up to 27 days after
the initial onset of symptoms (Moore et al., 2006). As the scabs fall off, the skin is
left with the characteristic scars or “pocks” (Lofquist et al., 2003). Patients who
succumbed to smallpox often did so in the second week of infection and it is
thought that death was due to toxaemia and hypotension caused by the
circulation of immune complexes and viral antigens, despite the fact that the
patients organs were heavily infiltrated with virus (Henderson et al., 1999).

1.3.3 Disease progression of variola major clinical types

The disease progression described in section 1.3.2 focuses on symptoms
associated with “ordinary”-type smallpox infection. This clinical type of smallpox
can be further subdivided into three subtypes: confluent which manifested as
confluent lesions on the face and arms and had a mortality rate of 62% in
unvaccinated individuals; semi-confluent where lesions only appeared confluent
on the face and had a mortality rate of 27% in the unvaccinated; and discrete
which involved lesions that were separated by regions of normal skin and had a
mortality rate of 9% in the unvaccinated. The remainder of this section will focus
on the 4 other clinical types of variola major infection: modified, variola sine

eruptione, flat and hemorrhagic.
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The modified variola major infection had a more rapid disease progression
than ordinary-type infection, with resolution of scabs seen only 10 days after
rash formation. Variola sine eruptione, Latin for variola without lesions, is
characterized by the sudden onset of fever, headache and backache that lasts for
only 2 days with no appearance of lesions.

Although both flat-type and hemorrhagic clinical types rarely occurred, when
they did, their outcomes were almost always fatal. Flat-type smallpox has a pre-
eruptive stage that is identical in symptoms to that of ordinary smallpox
however, the symptoms of backache and headache are much more severe with
flat-type smallpox and last beyond the end of the pre-eruptive stage. The lesions
in patients with flat-type smallpox were always flat and level with the skin
surface and looked as though they were embedded into the skin. Most of the
lesions also exhibited signs of haemorrhage at the base and rarely filled with pus,
suggesting either a lack of an innate immune response in the infected individual
or the ability of this strain of variola to block the innate immune response.
Patients with flat-type smallpox often suffered from complications of the disease
including pneumonia, stomach dilation and widespread sloughing of lesions.

Hemorrhagic smallpox can be subdivided into two variations of the disease,
early and late hemorrhagic smallpox. Early hemorrhagic smallpox acted rapidly
in infected individuals, with fever and death occurring within 6 days of becoming
infected, leaving no time for the characteristic rash or lesions of “ordinary”-type
smallpox to develop. As the name would suggest, infected individuals bled from
the eyes, the gums, and the skin and succumbed not from haemorrhage but
from heart failure and pulmonary oedema. Late hemorrhagic smallpox causes

haemorrhage late in the course of infection after the onset of rash. In contrast to
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early hemorrhagic smallpox where lesions don’t have time to form,
haemorrhaging during late hemorrhagic smallpox is observed at both the site of
the lesion and at the mucous membranes with death occurring within 10 days

after the onset of rash.

1.3.4 Complications relating to variola infection
Given the extent of infection in individuals infected with ordinary-type

smallpox, it's no surprise that a variety of complications related to the virus
occurred. The skin of patients infected with smallpox was prone to secondary
bacterial infections, as well, complications affecting the central nervous system,
the joints, bones and the eyes were also observed. Arthritis affected almost 2%
of the people infected with ordinary-type variola major and during the scabbing
stage of infection, individuals could experience a complication that caused the
bones of the elbow to bow out and become permanently misshapen.

Secondary bacterial infections were observed in the skin of infected individuals
as well as the patient’s lungs where bronchopneumonia and in some cases
pulmonary oedema was seen. Long-term effects of the skin due to smallpox
infection included massive scarring, hypopigmentation in darker skinned
individuals and hyperpigmentation in fairer skinned individuals, and deep pits at

the site of each lesion, all of which occurred in 65% of infected individuals.

1.4 Vaccination and its complications
As was mentioned in Section 1.2, the origins of Jenner’s vaccine strain remain a

mystery. During the eradication of smallpox in the twentieth century,
propagation of the vaccine involved infecting the skin of cows with vaccinia virus
and collecting the vaccinia containing scabs so that they could be homogenized

and eventually used as a vaccine (Moore et al., 2006). Harvested scabs were
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often referred to as vaccine pulp and contained contaminants such as hair, dead
skin cells, bacteria, immune cells and plasma (Fenner et al., 1988). Following
homogenization and clarification, the remaining liquid, which was usually still
contaminated with bacteria, was referred to as vaccine lymph (Fenner et al.,
1988). The vaccine lymph was added to glycerol and phenol to eliminate any
bacteria and to help improve the stability of the vaccine (Fenner et al., 1988). In
1948, Leslie Collier developed a method to freeze-dry vaccine lymph which
vastly improved vaccine stability at higher temperatures and offered an
alternative to the liquid vaccine in tropical climates (Fenner et al., 1988).

It is important to note that although it is commonly thought that Jenner’s
vaccine consisted of either cowpox or horsepox, the vaccine that was used during
eradication and is currently used today consists of vaccinia virus (Fenner et al.,
1988). In order to explain the origins of vaccinia virus, it was originally
speculated that vaccinia virus was a hybrid between cowpox and variola virus
(Fenner et al., 1988). The sequencing of cowpox, variola and vaccinia virus and
the subsequent computational comparison of these three genomes revealed that
despite all three genomes having over 90% similarity, there still exists unique
regions in the cowpox genome not seen in vaccinia or variola, and deletions of
genes in vaccinia virus compared to variola virus which suggest that not only is
vaccinia a distinct poxvirus species that belongs to the orthopoxvirus genus but
that it evolved from a common ancestor to the cowpox and variola viruses
(Shchelkunov et al., 1993, Shchelkunov et al., 1998). These types of comparisons
are also further complicated by the fact that there are three cowpox virus strains,

and one has several differences compared to the other two.



14

Although there were several different strains of vaccinia virus that were used
during eradication efforts, the licensed vaccine of the United States was known as
the New York Board of Health strain even though it consisted of a mixture of
several different individual vaccine strains (Belongia and Naleway, 2005). Given
the recent potential for a bioterrorist attack involving smallpox, the US
government has contracted the Acambis Corporation to manufacture a new
clonal vaccine, consisting of just one virus strain rather than a mixture, that
eliminates the need for propagation in cattle (Artenstein et al., 2005). The vaccine
strain currently in clinical trials, named Acam?2000, has been shown to be equally
as effective as the New York Board of Health vaccine although one case of
myopericarditis was observed in a patient receiving Acam2000, prompting
further study into the effects of the vaccine on the heart (Artenstein et al., 2005).

Severe, albeit rare (1 in approximately 26,000 people vaccinated in the US in
1968), complications in immunocompromised individuals are associated with
smallpox vaccination (Belongia and Naleway, 2005, Fenner et al., 1988). In people
who are not immunocompromised, the most severe complication, again very
rare, is post-vaccinial encephalitis that causes paralysis and the inability to speak
and results in death in 35% of patients (Fenner et al., 1988, Belongia and Naleway,
2005). Skin complications at the site of vaccination are common and can be
subdivided into three groups: eczema vaccinatum, progressive vaccinia and
generalized vaccinia (Belongia and Naleway, 2005, Fenner et al., 1988).
Progressive vaccinia occurs in immunocompromised individuals and is
characterized by an inability of the lesion at the site of vaccination to heal, as well
as a spread of lesions to other parts of the body, causing death within months of

vaccination (Fenner et al., 1988, Belongia and Naleway, 2005). Generalized
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vaccinia occurs in healthy individuals and is characterized by a systemic vaccinia
infection, causing rash with a low mortality rate (Belongia and Naleway, 2005,
Fenner et al., 1988). Individuals suffering from eczema or atopic dermatitis who
receive the vaccine can develop eczema vaccinatum as a complication, which is
characterized by the immediate formation of lesions where previous outbreaks
of eczema have occurred (Fenner et al., 1988, Belongia and Naleway, 2005).
Treatment of eczema vaccinatum involves intravenously administering vaccinia
immunoglobulin (Belongia and Naleway, 2005, Fenner et al., 1988).

Accidental infection with vaccinia virus is the most common, non-fatal
complication of vaccination and occurs when an unvaccinated individual with
cuts or lesions on their skin comes into contact with the lesion of a vaccinated
individual (Fenner et al., 1988, Belongia and Naleway, 2005). The most common
routes of accidental inoculation are through the eyes, vulva and perineum,
through cuts on the skin in these regions (Belongia and Naleway, 2005, Fenner et
al., 1988). Two examples of accidental infection have recently been published; the
first involved a recently vaccinated US soldier in Alaska who accidentally
inoculated a woman’s vulva during sexual intercourse (Centers for Disease
Control and Prevention (CDC), 2007a) and the second involved a recently
vaccinated US soldier in Illinois who accidentally inoculated his son who had a
history of severe eczema. The boy contracted severe eczema vaccinatum and
recovered after the administration of vaccinia immunoglobulin after a 48-day
hospitalization (Centers for Disease Control and Prevention (CDC), 2007b).
Given that most military personnel in the United States are currently being
vaccinated for smallpox with the potential one day for more people to become

vaccinated, it is important for health care providers to stress proper hand-



16

washing after touching the vaccination site to avoid these types of accidental

infections.

1.5 Virion Structure
Poxvirus genomes consist of a single linear double-stranded DNA molecule;

they range in size from 130 kbp to 360 kbp and exhibit a range of AT-content,
from the extremely AT-rich entomopoxviruses (~80% A+T) to the AT-poor
parapoxviruses and molluscum contagiosum virus (~35% A+T) with the
orthopoxvirus genomes being somewhat AT-rich (~65% A+T) (Moss, 2001,
Bawden et al., 2000, Goebel et al., 1990a, Darai et al., 1986). The ends of the
genome are sealed by a hairpin nucleotide loop and are flanked by inverted
terminal repeats (ITRs) that are identical in sequence and are oriented in the
opposite direction at either end of the genome (Moss, 2001). Poxvirus genes do
not overlap except, occasionally for a few nucleotides, and are present on both
strands of the genome (Moss, 2001). Genes that are highly conserved amongst
most poxviruses and essential for poxvirus replication are located toward the
centre of the genome, and the non-essential usually virulence factor genes tend
to be located towards the ends of the genome (Moss, 2001, Gubser et al., 2004).
One possibility for this observed genome organization could be that since ITRs at
the ends of the genomes are AT-rich and would be capable of interacting with
poly-(dT) cDNA in the host cell, these regions would be prone to recombination
and gene transfer events and thus are more likely to contain genes that provide
an advantage to the virus life cycle (perhaps acquired from an external source)
but that are non-essential to virus survival in the host (Yao and Evans, 2001).
There are 49 orthologous genes that are found in all sequenced genomes and

these represent genes that are either known or are expected to be essential and
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have previously been labelled as the minimum essential genome of the poxvirus
(Upton et al., 2003). Throughout the following three sections (Sections 1.5
through 1.7), the term “open reading frame” (ORF) will be used when little or no
experimental evidence exists to indicate that the ORF has a gene product
associated with it, and the term “gene” will be used when an ORF has been
experimentally shown to be expressed. The following three sections will also
focus on the life cycle and virulence factors of vaccinia virus strain Copenhagen
(the prototypal poxvirus) and thus will use the naming scheme first described by
Goebel, unless otherwise specified (Goebel et al., 1990a).

Although it is known that the viral genome must be compacted in some way
to fit into the viral core, no proteins have been shown to be essential in the
compaction process (Condit et al., 2006). The compacted genome along with
proteins required for early-stage transcription, incdluding RNA polymerase and
viral early transcription factors, form the viral core of the virus particle (Moss,
2001). The core membrane surrounds the viral core and contains at least 12 non-
glycosylated proteins, some of which are likely involved in making the core
membrane appear to be studded with spikes that extend from the surface of the
core (Moss, 2006, Fenner et al., 1988, Dubochet et al., 1994). The proteins that are
known to make up the outer part of the core membrane are named 4a, 4b and
p39 and correspond to genes A10L (Heljasvaara et al., 2001, Rodriguez et al.,
2006), A3L (Kato et al., 2004) and A4L (Cudmore et al., 1996) in vaccinia virus,
respectively (Pedersen ef al., 2000, Moss, 2001). The p25 protein (L4R gene in
vaccinia) is found on the inner part of the core and has been classified as a DNA
and RNA binding protein, which is fitting given its proximity to the DNA,

housed within the core (Moss, 2001, Pedersen et al., 2000, Bayliss and Smith,
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1997). The p11 protein (F17R in vaccinia) was also thought to interact with the

DNA within the core (Ichihashi et al., 1984) although more recent evidence shows
that p11 does not localize with the DNA of the core, rather it localizes in the
space around the outer part of the core membrane (Pedersen et al., 2000) and has
been shown to be essential to virion formation (Zhang and Moss, 1991, Condit et
al., 2006). The p11 protein has also been shown to interact with actin although
the exact reason for this interaction remains to be determined (Reckmann et al.,
1997). The viral cores take on a characteristic dumbbell shape with two protein
aggregates in the shape of ovals known as lateral bodies situated directly above
and below the sites of concavity of the cores (Moss, 2006, Pogo and Dales, 1969,
Moss, 2001).

An outer membrane that is ribbed with surface tubule proteins surrounds the
core and the lateral bodies and altogether they make up the intracellular mature
virion (IMV) particle (Moss, 2001, Fenner et al., 1988). Whether the IMV gets
wrapped in a single or double membrane and the origins of this membrane
remain controversial (Condit et al., 2006), with some researchers believing that
the IMV is surrounded by a single membrane that is synthesized de novo and
others believing that the IMV is wrapped by a double membrane that forms
from the endoplasmic reticulum or the trans-Golgi network (Condit et al., 2006,
Sodeik and Krijnse-Locker, 2002). Electron microscopy studies tend to favour
the former hypothesis (Sodeik and Krijnse-Locker, 2002) although how the
membrane forms de novo still remains to be investigated. Proteins that make up
the outer membrane of an IMV particle include the vaccinia virus A17L
(Wallengren et al., 2001), A27L (Vdzquez and Esteban, 1999) and A14L (Traktman

et al., 2000, Mercer and Traktman, 2003) proteins, which have been shown to
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interact with each other (Rodriguez et al., 1997), and the L1R protein (Aldaz-

Carroll et al., 2005) (myristilated) which is required for production of completely
formed infectious IMV particles (Ravanello and Hruby, 1994). A brick-shaped
fully formed IMV particle is infectious and measures approximately 350 nm long
and 250 nm wide (Moss, 2001). Two mass spectrometry analyses performed in
2006 showed that there were approximately 65 vaccinia virus proteins
comprising the IMV particle, of which, 22 were shown to be membrane-
associated although the exact role that some of these identified proteins play in
virion morphogenesis and virion entry into the host cell are yet to be
determined (Chung et al., 2006, Yoder et al., 2006).

Two lipid membranes, thought to be derived from the trans-golgi network or
from early endosomes, enwrap the IMV particle and the resulting particle is then
known as an intracellular enveloped virion (IEV) and has a total of 3 lipid
membranes wrapped around it (Smith et al., 2002). There are 7 viral proteins
embedded in this envelope, all but one (F13L in vaccinia) are glycosylated (Smith
et al., 2002). The IEV particle buds from the cell and remains associated with the
surface of the host cell at this stage losing 1 of its membranes to have only 2
membranes wrapped around it; the particle is now referred to as a cell-associated
enveloped virion (CEV) (Smith et al., 2002). Interestingly, this transition from
IEV particle to CEV particle results in the loss of one protein (F12L) from the
envelope (Smith et al., 2002). The CEV particles can detach from the host-cell
surface and are then referred to as extracellular enveloped virions (EEV) (Smith
et al., 2002). The envelope of the EEV particle consists of 5 of the original 7
proteins seen on the surface of the IEV particle, having lost the A36R protein in

the transition from a CEV particle to an EEV particle (Smith et al., 2002).
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1.6 Virus life-cycle

1.6.1 Entry
Given the number of years that have been spent researching poxviruses, it is

somewhat surprising that very little is known about host-cell surface receptors
that facilitate viral entry and the actual mechanism by which the virus enters the
cell. Typically, enveloped viruses gain entry to the host cell by fusing their lipid
envelopes with the host-cell surface or with the membrane of a vesicle formed
during endocytosis (Sieczkarski and Whittaker, 2005). In the case of poxviruses,
the end result of this stage of the viral life cycle is that the viral core is
successfully delivered to the host-cell cytoplasm, free of any surrounding
membranes. Several possible mechanisms have been proposed to explain how
vaccinia virus enters the host cell, depending on the type of virus particle IMV
or EEV) (Moss, 2006). Since EEV particles are simply IMV particles with an extra
lipid membrane, it would seem unlikely that simple fusion with the plasma
membrane surrounding the host cell would occur since the end result of this type
of fusion would be an IMV particle located in the cytoplasm of the host rather
than the viral core. Immunofluorescence data supports an endocytosis entry
hypothesis for EEV particles, which involves a two-step process
(Vanderplasschen et al., 1998). First, the EEV particle is endocytosed and the low
pH environment of the endosome causes the outer EEV membrane to degrade.
This degradation results in the formation of an IMV-like particle whose outer
membrane fuses with the endosomal membrane causing the release of the viral
core into the cytoplasm of the cell (Vanderplasschen et al., 1998).

The entry of IMV particles is better characterized than EEV entry because the

latter are exceptionally fragile and very difficult to isolate (Vanderplasschen et al.,
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1998, Moss, 2001). During the initial stages of infection in vivo, entry of EEV

particles is more likely to occur since IMV particles are only released when the
cell is lysed, an event that occurs later in the infection cycle when the virus has
completely taken over the cell (Moss, 2001). In contrast to the low pH
requirement seen with the entry of EEV particles, IMV particles do not require a
low pH environment to undergo membrane fusion (Vanderplasschen et al.,
1998). It remains to be determined, however, whether the IMV particle enters
the host-cell via fusion to the plasma membrane or to an endosomal membrane
although it is possible that both modes of entry could be used depending on the
strain of virus and host-cell type (Moss, 2006).

Before any type of fusion mechanism can occur, the virus must first attach to
the host-cell and then fusion proteins must become activated (Moss, 2006). Three
IMV proteins (DSL, A27L and H3L) are thought to facilitate virus-host cell
attachment through binding of glycosaminoglycans on the surface of the host-
cell, although they are not individually essential for virus entry (Hsiao ef al., 1999,
Hsiao et al., 1998, Chung et al., 1998, Lin et al., 2000, Carter et al., 2005). In 2005, a
group of eight IMV associated proteins (A16L, A21L, A28L, G3L, G9R, H2R, H5R
and L5R) all of which are present in all poxviruses sequenced to date, were found
to play a role in membrane attachment and fusion since knocking each gene out
produced IMV particles that were no longer able to penetrate the host cell
membrane and were therefore no longer infectious, suggesting that these
proteins may make up the viral entry /fusion complex (Moss, 2006, Senkevich et
al., 2005).

Although it is thought that host-cell receptors that facilitate viral attachment

must be involved in IMV and EEV entry into the host cell, any definitive
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receptors have yet to be determined (Moss, 2006, Moss, 2001). As mentioned

above, it is thought that IMV entry into the host cell is initiated by the binding of
3 proteins (D8L, A27L and H3L) in the vaccinia IMV particle (Carter ef al., 2005).
Another possibility is that lipid rafts play a role in virus entry since the removal
of cholesterol from the host cell membrane prevented IMV particles from
entering the cell (Chung et al., 2005). Regardless of which receptor is used,
binding of the IMV particle to the surface of the host cell triggers cell-signalling
events in the host that include the phosphorylation of protein kinase C and the
formation of actin filaments, both of which help the IMV particle enter the cell
(Locker et al., 2000). Interestingly, the triggering of cell-signalling events has not
been observed in EEV particles, which could be due to the different surface

proteins of EEV and IMV particles (Moss, 2006).

1.6.2 Uncoating
Once the viral core enters the cytoplasm of the host cell, it is transported via

microtubules to just outside the nucleus where viral early gene transcription
begins inside the viral core (Moss, 2001, Smith et al., 2003). The mRNA exits the
core and is translated into early proteins, some of which are required for the

release of viral DNA from the core (uncoating) (Mallardo et al., 2002).

1.6.3 Gene expression
Since poxviruses replicate in the cytoplasm and not the nucleus where cellular

transcription takes place, they must encode a functioning gene transcription
system, including proteins that function as transcription factors, RNA
polymerases, and mRNA capping and polyadenylating enzymes (Moss, 2001).
Gene expression in poxviruses is temporally regulated and has three stages:

early, intermediate and late (Moss, 2001). The viral core is packaged with a
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complete set of proteins capable of initiating early-stage gene transcription, the
proteins made during the early-stage subsequently are used to transcribe the
intermediate stage genes and the proteins resulting from the intermediate stage
are used to transcribe the late stage genes (Moss, 2001).

The virally encoded RNA polymerase, which consists of 9 subunits, carries out
transcription of all three classes of poxvirus genes (Broyles, 2003). Two of the
large subunits and one of the small, 147 kDa, 132 kDa and 7 kDa corresponding
to vaccinia virus genes J6R, A24R and G5.5R respectively, show sequence
similarity to eukaryotic and prokaryotic RNA polymerase subunits (Davis et al.,
2002, Patel and Pickup, 1989, Murakami et al., 2002). Although the crystal
structures of these vaccinia proteins have not been solved, the crystal structure
of the two large subunits of yeast RNA polymerase II shows that these large
subunits form a complex that resembles a claw that is capable of clamping onto
the DNA and it is likely, given the high similarity of the vaccinia proteins to yeast
RNA polymerase, that the vaccina RNA polymerase large subunits also clamp

DNA in this way (Murakami et al., 2002, Patel and Pickup, 1989).

1.6.3.1 Early gene expression
Transcripts of early-stage poxviral genes are made within minutes of infection

and reach their maximum abundance approximately 1.5 hours post-infection
(Broyles, 2003, Moss, 2001). Cryoelectron tomography of the vaccinia virus core
shows the presence of pores in the viral core where early-stage transcripts are
likely released into the cytoplasm (Cyrklaff ef al., 2005) and it is thought that the
transcripts then move away from the core via the microtubule network where
they form granular structures that then recruit host translational machinery

(Mallardo et al., 2002).
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Over half of the genes encoded by a poxvirus genome are thought to be early
stage genes (Oda and Joklik, 1967) yet surprisingly, only one poxvirus early
promoter has been characterized (Davison and Moss, 1989a). The lack of
characterization of other early promoters is likely due to the fact that early
mRNA transcripts are synthesized within the viral core and thus any attempts to
express a reporter gene under the control of a viral early promoter would fail
because the construct could not enter the viral core to be transcribed. In his
characterization of early promoters, Davison (Davison and Moss, 1989a)
undertook the mammoth task of creating a recombinant virus for each of the
mutations of the putative promoter.

All poxvirus promoters, independent of class, consist of two main regions: the
core and initiator regions (Figure 1A) (Moss, 2001). The initiator region contains
the transcriptional start site, which is labelled as position +1. The core region is
always located upstream of the initiator region and is labelled relative to the
transcriptional start with a position that is negative (e.g. -30). The sequence
separating the core and initiator regions is known as the spacer region and
depending on the class of promoter may play an important role in poxvirus gene

expression (Moss, 2001).
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n Initiator Gene

Spacer
A
Core Initiator
Ear]y AAAXTxGAAAXXTA A/G
Intermediate XXTxxxTTxAAAxXAA TAAA
Late A/T rich TAAATG/A
B

Figure 1. The poxvirus promoter.

(A) Diagram of a typical poxvirus promoter with core, spacer and initiator regions
indicated. (B) Important nucleotides of the poxvirus promoter. Nucleotides in the core
regions of early and intermediate promoters represent experimentally determined

consensus sequences with x representing any nucleotide at that position.

The results of the early promoter characterization performed by Davison
showed that the core region of the promoter was located between position -12
and -29 nucleotides (nt) upstream of the transcription start site (Moss, 2001,
Broyles, 2003, Davison and Moss, 1989a). The nucleotide sequence of the this
core region is highly variable but is AT-rich and comparison with other predicted
early promoters shows one highly conserved guanine residue at either position -
21 or -22 (Figure 1B) (Davison and Moss, 1989a). The initiator site of the
poxvirus early promoter contains a key purine residue that is between 12 and 17
nucleotides downstream of the core (Moss, 2001). The spacer region of the early
promoter may also play a role in transcription (Davison and Moss, 1989a).
Attempting to locate the AT-rich core and initiator regions of all three types of
poxvirus promoters within an AT-rich poxvirus genome using bioinformatics

techniques is very challenging. However, the promoters of GC-rich poxviruses
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(parapoxviruses and molluscum contagiosum virus), which are also AT-rich, can
be useful in the building of consensus sequences.

Early-stage transcription involves one early transcription factor (ETF), and the
RNA polymerase complex (Broyles, 2003). The ETF is a heterodimer consisting
of the products of the D6R (Broyles and Fesler, 1990, Gershon and Moss, 1990)
and A7L (Gershon and Moss, 1990) genes which binds to the DNA at the core
region of the promoter and approximately 7 nt downstream of the initiator
region, leaving the transcription start site available for RNA polymerase binding
(Cassetti and Moss, 1996, Broyles, 2003). The ETF then recruits the RNA
polymerase complex to the DNA template where it must wait for the ETF to
dissociate from the template DNA since it blocks the region 7 nt downstream of
the initiation site (Li and Broyles, 1993). This dissociation of the ETF requires the
hydrolysis of ATP (Broyles, 1991). The 95 kDa subunit of the RNA polymerase
(H4L) (Ahn and Moss, 1992, Kane and Shuman, 1992) is required for docking of
the RNA polymerase to the ETF complex and also plays a role in early-stage
transcription elongation and termination (Mohamed and Niles, 2001).

The next step in early gene transcription is elongation of the viral transcript.
The early-stage elongation complex consists of the RNA polymerase complex,
which must contain the 95 kDa subunit (H4L), a capping enzyme encoded by the
DIR and D12L vaccinia virus genes, and the NPH I (nucleoside
phosphohydrolase I) protein (encoded by the D11L gene in vaccinia) (Broyles,
2003). The NPH I protein has been shown to directly interact with the H4L
protein and it is possible that the H4L protein also interacts with other proteins
of the elongation complex that have yet to be identified (Mohamed and Niles,

2000).



27

Termination of early-stage transcription occurs when the RNA polymerase
encounters a U;NU termination sequence (where N is any nucleotide) in the
transcribed mRNA (Broyles, 2003). Transcription does not stop immediately
after encountering the termination signal, rather it continues for approximately
50 nucleotides (Deng and Shuman, 1997). The proposed model for early-stage
termination is as follows. The termination sequence, UUUUUNU, on the
growing mRNA transcript comes into contact with the capping enzyme that is
associated with the RNA polymerase complex, which in turn triggers the RNA
polymerase to stop elongation (Deng and Shuman, 1997). The NPH I protein
acts as a motor to slow transcription once the termination signal is encountered,
and through the hydrolysis of ATP, causes the RNA polymerase to release itself

from the template DNA (Deng and Shuman, 1998, Christen et al., 1998).

1.6.3.2 Intermediate gene expression
Both intermediate and late stage gene expression takes place only after the

viral genome has exited the viral core and has been replicated at least once
(Broyles, 2003, Moss, 2001). Intermediate gene expression begins approximately
1.5 hours post-infection and begins to decline 2 hours post infection (Moss, 2001).
There have been only 6 experimentally identified intermediate genes, although
several more have been predicted as being intermediate by repressing a viral
late transcription factor and observing expression levels of these putative
intermediate genes (Zhang et al., 1992a). Of these 6 intermediate genes, three are
late-stage transcription factors (Moss, 2001). The intermediate stage promoter
consists of an AT-rich 14 nucleotide core, which is similar to the early promoter
core region, a 10-12 nucleotide spacer region, which is important for

transcription initiation, and an initiator region that closely resembles the late
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promoter and has the sequence TAAA (Figure 1B) (Moss, 2001, Broyles, 2003).

To highlight the variability of the core region and to show the conservation of
the initiator region of intermediate promoters, a multiple alignment and LOGO
consensus diagram of the promoter regions of the 6 intermediate genes is shown
in Figure 2. Locating intermediate promoters using bioinformatics is especially
difficult because not only does the AT-rich core need to be located amidst an AT-
rich genome, but the initiator region must be distinguished from a late-stage
initiator region which shares a nearly identical sequence to the intermediate

initiator region (Section 1.6.3.3).

Initiator

AlL TTAGAAGTATAAAAABATAGTTCCGTAA TGGCTAAG
A2L GCAACGTCTAGAAATARAATGTTTTTATA ATATTGGA
G8R CATTTAACTTTAAATAATTTACAAAAAT ATGAGCAT
18R TAGTGAATATATATGACATAATAAATTGGRARATCCTAGTT
K2L CATAAAAATAAGGTTARTTATTAATACCA ATCATGAT
13L AACAAAAACATTTT AT TCTCAAATGAGA
2
21
90 2 A& —%““ﬁ%TAAI-— Taa__a “TAAAAT-“_ AT
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Figure 2. Structure of six intermediate promoters.

Top panel shows an alignment of the 6 intermediate promoters with core and initiator
regions marked. Regions highlighted in purple represent nucleotides that are conserved
in all promoters. Bottom panel shows a LOGO sequence diagram, visually highlighting

the nucleotides that are best conserved over the length of the promoter.

Intermediate transcription begins at one of the three adenine nucleotides in the
TAAA sequence although pinpointing the exact adenine nucleotide is difficult due

to the slippage that occurs when RNA polymerase attempts to initiate



29
transcription at poly-A sequences (Broyles, 2003, Moss, 2001). This slippage

results in the addition of approximately 30 adenine nucleotides to the 5-end of
the transcript (Bertholet et al., 1987, Schwer et al., 1987). As in early gene
transcription, there is evidence that intermediate transcription elongation
requires the capping enzyme as well as three intermediate transcription factors
(VITF 1-3) (Broyles, 2003) . VITF-1 is actually the 30 kDa subunit of RNA
polymerase (encoded by the E4L gene) (Rosales et al., 1994) and VITF-3 is a
heterodimer of the products of the AS8L and A23R genes (Gershon and Moss,
1990, Hu et al., 1998, Sanz and Moss, 1999). VITF-2 was the first identified host-
encoded protein that has been shown to play a role in poxvirus transcription,
and it has recently been identified as being a complex of two proteins, G3BP
(Ras-GTPase-activating protein) and p137 (cytoplasmic activation/ proliferation
associate protein) (Katsafanas and Moss, 2004). Although little is known about
the function of p137 in transcription, G3BP has been shown to play a role in RNA
metabolism in the host cell (Katsafanas and Moss, 2004). Another host-encoded
protein that has been shown to bind to the initiator region of intermediate
promoters is the YinYang1 protein, which is a host transcription factor (Broyles
et al., 1999). Immunofluorescence microscopy has shown that it is recruited to
the cytoplasm in poxvirus-infected cells and that it can bind to the TAAATGG
initiator region of a known intermediate vaccinia virus gene (Broyles et al., 1999).
The termination of intermediate and late transcription happens using similar
mechanisms and as such, this section will cover termination for both stages of
transcription. Unlike early stage transcription termination, intermediate and late
termination does not utilize a termination sequence and often results in

transcripts that are variable in length (Xiang et al., 2000). There are three
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proteins that are thought to play a role in termination of intermediate and late
transcripts (Broyles, 2003). The first, A18R, has DNA helicase activity and
mutants produce much longer transcripts (Simpson and Condit, 1995, Xiang et
al., 1998). The A18R protein is also unable to terminate transcription on its own,
requiring cell extract from uninfected cells in order to be functional, and thus
implicating an as yet unidentified host protein as part of the viral transcription
termination process (Lackner and Condit, 2000). The second gene, G2R,
produces an opposite phenotype when deleted, making shorter than normal
transcripts (Black and Condit, 1996). This observation implies that G2R may play
a role in the elongation step of intermediate and late transcription (Broyles,
2003). The third protein, J3R, may function similar to the G2R protein since
shorter transcripts are also seen in virus knockouts (Xiang et al., 2000, Latner et
al., 2000). Interestingly, the J3R protein was not expected to play a role in
transcription termination because it had previously been experimentally
determined to be a 2’-O-methyltransferase that functions both independently
during the mRNA 5'-capping process, and together as a heterodimer with the
poly(A) polymerase protein during the addition of the 3’-poly(A) tail (Latner et

al., 2002, Latner et al., 2000, Schnierle et al., 1992).

1.6.3.3 Late gene expression
Transcription of late genes reaches its peak at 4 hours post infection and can

continue for 48 hours post infection, which is thought to be a result of the shorter
(less than 30 minute) half-life of late transcripts (Moss, 2001). Most of the
products of late genes are structural in nature and include the majority of the

proteins that comprise the virion, however, some are non-structural (enzymatic)
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proteins that are packaged with the virion such as the VETF protein and the H4L

gene product as well as other important enzymes (Moss, 2001).

The poxvirus late promoter is similar in nature to the intermediate promoter
and consists of an AT-rich core region that is 20 nucleotides long, a short spacer
region of only 6 nucleotides and an initiator region that is highly conserved in all
late promoters and consists of the TAAAT sequence (Figure 1B) (Moss, 2001,
Broyles, 2003, Davison and Moss, 1989b). A purine residue usually follows the
initiator sequence and quite often when a guanine residue follows the initiator
sequence to form the sequence TAAATG, the ATG is actually the translational
start codon (Broyles, 2003). The main difference between late and intermediate
promoter regions is the longer spacer region that is observed in intermediate
promoters. Deletion of nucleotides in the spacer region of an intermediate
promoter and conversely the addition of nucleotides to a late promoter can
cause these promoters to switch from intermediate to late or vice versa (Knutson
et al., 2006). A model describing the possible role that the spacer plays in
switching from intermediate to late-stage transcription is described at the end of
this section. As in intermediate transcription initiation, the viral RNA
polymerase slips at the poly(A) sequence of the initiator region, causing the 5’-
end of the transcript to be polyadenylated with approximately thirty adenine
residues, in effect, creating a 5’-untranslated region that would not have existed
had transcription started immediately at the translational start codon (Moss,
2001, Broyles, 2003). This purpose of this 5'-untranslated region is not known,
although it is possible that it provides stability to the transcript (Broyles, 2003).

Transcription of late genes does not begin until after the viral genome has

been replicated once, and requires de novo synthesized RNA polymerase in order
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to begin (Hooda-Dhingra et al., 1989). Three late transcription factors have been

identified that play a role in the initiation of late transcription: A1L, A2L and G8R
(Carpenter and DeLange, 1992, Passarelli ef al., 1996, Keck et al., 1993b, Keck et
al., 1993a, Zhang et al., 1992a, Keck et al., 1990, Hubbs and Wright, 1996).
Although the function of these proteins is currently unknown, yeast two hybrid
studies have shown that the G8R protein (discussed further in Chapter 5 of this
dissertation) interacts with itself and the A1L protein (Dellis et al., 2004). The
H5R protein has also been shown to play a stimulatory role in late transcription
and since it has been identified as a substrate for the product of the BIR kinase, it
is likely that protein phosphorylation may regulate transcription on some level
(Cresawn and Condit, 2007, Brown et al., 2000, Kovacs and Moss, 1996). A host-
encoded late transcription factor (VLTE-X) that is known to bind tracts of
thymine nucleotides and stimulate transcription has also been identified
(Gunasinghe et al., 1998). Thymine tracts were shown by Davison in 1989 to act
as an upstream element to the late promoter (Davison and Moss, 1989b, Broyles,
2003). Two candidate proteins encoded by the host and identified through mass
spectrometry, A2/B1 and RBM3, both of which are known nuclear
ribonucleoproteins and can interact with mRNA, have been identified as being
VLTE-X (Wright et al., 2001). Since none of the three virally encoded late
transcription factors have ever been shown to directly bind DNA, the VLTF-X
protein may be an intermediary between the virally encoded transcription
factors and DNA (Wright et al., 2001).

Recently, the host-encoded TATA-box binding protein (TBP) has been shown
to bind the core region of both intermediate and late promoters, making it a

second host-encoded transcription factor that may act as an intermediary
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between the promoter DNA and the viral late transcription factors (Knutson et
al., 2006). Results showed that TBP was able to interact with the core regions of
intermediate and late promoters and when knocked out via RNA silencing
decreased transcription significantly (Knutson et al., 2006). Despite being a
nuclear protein, TBP has also been shown to be present in the cytoplasm of
vaccinia virus infected cells thus further supporting the hypothesis that it is a late
transcription factor (Knutson et al., 2006). Since TBP acts on both intermediate
and late promoters, a model has been proposed to show how viral transcription
could switch from intermediate to late (Knutson et al., 2006). TBP would bind to
newly synthesized viral DNA at all intermediate and late promoter core regions.
The intermediate transcription factors (made during early-stage protein
synthesis) would then come into contact with TBP at both intermediate and late
promoter regions, however, since the spacer region of the late promoter is
shorter than that of the intermediate promoter, a fully functioning pre-initiation
complex could not form at late promoters and could only form at intermediate
promoters. The intermediate genes would then be transcribed (some of which
are late transcription factors) and this would cause an accumulation of late
transcription factors that would come into contact with the TBP bound to both
intermediate and late promoters. As the concentration of late transcription
factors increased, they would displace the intermediate transcription factors from
the pre-initiation complex at both promoter types and due to the short spacer
region of the late promoter, transcription would only occur with late
transcription factors at late promoters, thus marking a switch between

intermediate and late transcription (Knutson et al., 2006).
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1.6.4 Replication
Poxvirus DNA replication takes place in distinct cytoplasmic regions, known as

viral factories, that are surrounded by a membrane made from the rough
endoplasmic reticulum (rER) (Moss, 2001, Schramm and Locker, 2005, Tolonen et
al., 2001). Time course electron microscopy shows that this membrane takes
shape approximately 45 minutes after replication begins and disintegrates after
virion assembly starts (Tolonen et al., 2001). Several viral proteins are thought to
facilitate in this wrapping step, two of which have been characterized: the gene
products of the E8R (Doglio et al., 2002a) and A40R (Wilcock et al., 1999) vaccinia
genes (Schramm and Locker, 2005). The E8R protein has been predicted to have
two transmembrane domains although an actual function has yet to be
attributed to it (Schramm and Locker, 2005, Doglio et al., 2002a). The N- and C-
termini of the protein have been predicted to be located in the inner part of the
viral factory and have previously been shown to be able to interact with DNA,
thus potentially making this protein able to initiate rER wrapping while it holds
the viral genome in place (Tolonen et al., 2001, Schramm and Locker, 2005). At
late times of infection, this protein has been shown to be phosphorylated by the
F10L kinase (Schramm and Locker, 2005, Doglio et al., 2002a). Phosphorylation is
thought to make the protein less able to stabilize the genome and would coincide
with the unwrapping of the viral factory in order for the newly synthesized
genome to be released and packaged into viral cores for release (Schramm and
Locker, 2005). A recent mutational analysis of the E8R protein, however, has
shown that the ESR protein while being located at viral factories, plays less of a
role in ER-membrane wrapping and more of a role in transcription at the viral

core, better fitting its previously determined ability to interact with DNA (Kato et
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al., 2007). Recently, the A40R protein was shown to be modified at several sites

by a SUMO (small ubiquitin-related modifier) group, which in eukaryotic
proteins is a method of targeting proteins to the nucleus (Palacios ef al., 2005,
Johnson, 2004). SUMOylation is used in DNA viruses that replicate in the nucleus
as a way of targeting viral proteins back to the nucleus and preventing these
proteins from becoming SUMOylated in vitro interferes with a wide range of
viral functions, most commonly transcription (Wilson and Rangasamy, 2001). In
the case of the A40R protein, SUMOylation targets it to the viral factory where it
likely helps in rER enwrapping; any further roles in replication have yet to be
determined (Palacios et al., 2005).

Orthopoxviruses encode several proteins that function in the
deoxyribonucleotide synthesis pathways, most likely to enhance DNA
replication in quiescent cells (Moss, 2001). Vaccinia virus encodes a thymidine
and thymidylate kinase, ribonucleotide reductase and a dUTPase none of which
are essential to virus survival in the host cell (Moss, 2001). Thymidine kinase
(J2R) has been shown to function as a tetramer that can bind ATP and
magnesium ions catalyzing the conversion of 2’deoxy-thymidine to
deoxythymidine monophosphate (dTMP), and is regulated via feedback
inhibition by dTDP and dTTP (El Omari et al., 2006, Black and Hruby, 1992).
Thymidylate kinase (A48R) catalyzes the second step of the reaction forming
deoxythymidine diphosphate (TDP) from TMP (Hughes et al., 1991) and the two-
subunit ribonucleotide reductase enzyme, encoded by the FAL and I4L genes in
vaccinia virus, catalyzes the formation of deoxyribonucleoside diphosphates
from ribonucleoside diphosphates (Howell ef al., 1992, Slabaugh et al., 1993). The

dUTPase enzyme, encoded by the F2L gene, is responsible for converting dUTP
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into dUMP, which is subsequently used in the synthesis of thymidine

triphosphate (TTP) (Broyles, 1993).

The replication of the DNA genome begins between 1 and 2 hours post
infection and ends after the formation of approximately 10,000 copies of the
genome, 5,000 of which get packaged into new virions (Moss, 2001). Although
several viral encoded proteins have been implicated in replication, still very little
is known about the process of viral replication. One working model that has
been proposed to explain how poxvirus replication occurs is described below. It
is thought that a nick in the DNA at the hairpin terminus or at both termini is the
triggering event for poxvirus replication. The two DNA strands are then
displaced allowing replication to take place. The replication process causes the
formation of concatemers, which must then be resolved to create two copies of
the genome. Sedimentation and labelling studies support the hypothesis that
replication begins at a nick at the terminus of the genome, however the site of
this nick has yet to be determined (Pogo et al., 1981, Pogo, 1980). Further to this,
sedimentation studies performed in 1978 showed that small DNA fragments
were linked covalently to RNA primers, which would support the notion of
lagging strand DNA synthesis, and most recently, the vaccinia virus D5R protein
has been shown to not only play a role in DNA replication, but is also capable of
synthesizing RNA primers suggesting that lagging strand DNA replication is a
possibility (De Silva et al., 2007, Pogo and O'Shea, 1978).

DNA replication would not be possible without DNA polymerase (E9L), which
has high sequence identity to eukaryotic and other viral polymerases and has
also been shown to have 3’-exonuclease activity (Challberg and Englund, 1979,

Earl et al., 1986). Experiments knocking out the product of the D5R gene in
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vaccinia virus, a nucleoside triphosphatase which acts in a nucleic acid
independent fashion, resulted in a termination of replication, though what role it
plays in replication is yet to be determined (Evans et al., 1995, Evans and
Traktman, 1987). Another protein important in DNA replication is the BIR gene
product that has been shown to be a protein kinase whose substrate is the H5R
protein that is involved in transcription (Kovacs and Moss, 1996) but is not
known to play a role in replication (Beaud et al., 1995, Brown et al., 2000, Lin et al.,
1992). The B1R protein has also been recently shown to phosphorylate the host
BAF (barrier to autointegration factor) protein, which decreases BAF association
with DNA and other nuclear components thus playing a role in the disassembly
of the nucleus (Nichols et al., 2006). The D4R gene product also plays a role in
replication although its initial classification was as a uracil DNA glycosylase
(UDG) which was first identified using bioinformatics database searches (Upton
et al., 1993, Stuart et al., 1993), and was shown to be responsible for removing
uracil residues that have been introduced into DNA (Stuart et al., 1993). More
recently, this dual role of replication and repair for the UDG protein has further
been solidified as it has been found that it interacts with the A20R protein (see
below) acting as a processivity factor for the viral DNA polymerase (Stanitsa et
al., 2006). The A20R gene product is another processivity factor of viral DNA
polymerase, which has been shown to interact with the UDG, D5R and H5R
proteins (Ishii and Moss, 2002). Interestingly, knocking out the vaccinia virus
DNA ligase (A50R), results in a normal replication cycle suggesting that a cellular
DNA ligase can functionally replace it (Beaud, 1995). The observation that ligase
deficient vaccinia virus is more susceptible to UV light irradiation also points to a

role of the ligase in DNA repair (Beaud, 1995).
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Since the DNA genome of poxviruses contains two hairpin-loop termini, the
resolution of these termini after replication is complete becomes a challenge. It
has been shown that the replicated DNA genome forms concatemers that must
be resolved into individual units through the cleavage of the concatemer
junctions that consist of two identical copies of the hairpin loop region of the
genome and resemble a Holliday junction (Moss, 2001). Three viral late-stage
proteins (H6R, K4L and A22R) have been identified as possibly playing a role in
concatemer resolution (Moss, 2001). The first is a sequence specific
topoisomerase, encoded by the H6R gene, that cleaves DNA at the sequence
[C/T]CCTT and has been shown to be capable of resolving Holliday junctions
typically seen in replicative concatemers of vaccinia virus (Shuman, 1991). The
protein encoded by the vaccinia virus K4L gene has been shown to play a role in
replication and has DNase activity with the ability to nick and also join DNA
(Moss, 2001, Eckert et al., 2005). The K4L protein was previously shown through
bioinformatics to belong to the phospholipase D superfamily (Cao et al., 1997).
The recent results by Eckert showing it has DNA nick and joining activity is
actually not contradictory to its classification in the phospholipase D superfamily
since this superfamily is defined by a protein motif that is seen in both nucleases
as well as phospholipases (Stuckey and Dixon, 1999). The A22R protein, a
Holliday junction resolvase that has sequence identity to bacterial resolvases, has
been shown to resolve Holliday junctions in vitro and is able to resolve
concatemers during viral DNA replication (Garcia and Moss, 2001).

Based on the data presented above, the model for DNA replication begins with
a nick at either one end or both ends of the genome and results in a free 3'-

hydoxyl group that is then available for DNA replication (Moss, 2001).
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Replication of the nicked strand continues with the newly replicated DNA strand

folding back on itself and driving DNA synthesis in the forward direction (Moss,
2001). Replication continues until concatemer junctions are formed, which occurs
when replication proceeds through the hairpin terminus of the genome (Moss,
2001). In their simplest form, concatemers consist of two copies of the genome,
but if replication begins again before concatemer junctions are resolved, the
concatemers can consist of multiple genomes all of which would need to be
resolved (Moss, 2001). Ultimately, the concatemers are resolved into their unit-
length linear genomes (Moss, 2001).
1.6.5 Assembly and release

Assembly of the virus particle begins approximately 5 hours post-infection and
occurs at the viral factories where DNA replication takes place (Moss, 2001,
Schramm and Locker, 2005). At roughly the same time as the rER membrane
surrounding the viral factories begins to degrade, crescent shaped membranes
are formed at these viral factories (Tolonen et al., 2001, Schramm and Locker,
2005). There is some controversy surrounding these crescent shaped
membranes as one proposed model for their formation involves the de novo
synthesis of the crescent which consists of a single lipid bilayer that is not
continuous with any other cellular membrane, two phenomena that have never
before been seen in nature (Hollinshead et al., 1999, Dales and Mosbach, 1968,
Heuser, 2005, Sodeik and Krijnse-Locker, 2002). Despite there being evidence to
support this single-membrane hypothesis, other researchers propose a second,
double-membrane hypothesis (Sodeik and Krijnse-Locker, 2002). The double-
membrane hypothesis proposes that as the rER surrounding the viral factories

dissolves, crescent membranes embedded with necessary viral proteins, form
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from the tightly apposed double membrane of the smooth ER (Griffiths et al.,

2001a, Griffiths et al., 2001b). As these crescents associate with newly synthesized
genomes and begin to mature into nearly formed virus particles, the resulting
IMV particle will have a double membrane (Schramm and Locker, 2005).

There are several proteins that may play a role in virion assembly. First, the
F10L kinase has been shown to phosphorylate the gene products of the A14L
and A17L genes (Betakova et al., 1999). Virus knockouts for the A14L and A17L
genes produce small vesicles rather than a continuous membrane, suggesting
these two proteins also play a role in virion morphogenesis (Rodriguez et al.,
1998, Rodriguez et al., 1995, Traktman et al., 2000, Wolffe et al., 1996).
Interestingly, the H5R gene that has already been shown to play a role in RNA
transcription has also been shown to play a role in virion morphogenesis
(DeMasi and Traktman, 2000). In addition, three proteins (A9L, L1R and H3L)
have been implicated in crescent formation and IMV maturation, of which the
H3L protein also played a role in facilitating virion entry into the host cell (Yeh et
al., 2000, Ravanello and Hruby, 1994, da Fonseca et al., 2000a, da Fonseca et al.,
2000b, Lin ef al., 2000). During virion assembly, it is thought that the early
transcription machinery becomes encapsidated into the viral core because the
RNA polymerase, capping enzyme and several other proteins important in early
transcription form a complex that associates with the VETF protein which is
attached to the newly synthesized and packaged DNA genome (Moss, 2001).

Prior to being exported from the cell, the IMV particles can become occluded in
some poxviruses (Moss, 2001). Cowpox, ectromelia and fowlpox virus all encode
a full-length, fully functioning protein that forms a dense matrix known as an A-

type inclusion body(ATI) (Funahashi et al., 1988a). Camelpox and vaccinia
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viruses both encode a truncated version of the A-type inclusion body gene and
therefore do not form occluded IMV particles (Meyer and Rziha, 1993). These A-
type inclusions are important in IMV stability after infected cells lyse, and can aid
in the spread of IMV particles between hosts (Smith ef al., 2003).

Once IMV particles are fully formed, they travel with the aid of the A27L
membrane protein via the microtubule network from the area of assembly to
the cellular membrane (Smith et al., 2003, Schramm and Locker, 2005). The IMV
particle becomes wrapped with membrane derived from either the trans-Golgi
or the endosomal network and requires the A27L protein as well as the F13L and
B5R proteins found in the EEV particle (Smith et al., 2003). The wrapped IMV
particles then fuse to the cellular membrane, which pushes the particle outside of
the cell and in the process results in the loss of the Golgi- or endosomally-derived
membrane (Smith ef al., 2003). The majority of released virus particles remain
associated with the cell membrane as CEV particles but EEV particles result when
an actin-containing microvillus forms with the CEV particle located at the tip
(Smith et al., 2003, Schramm and Locker, 2005). This microvillus will only form
when the A33R, A34R and A36R proteins are expressed and can only be
functional when the A36R protein is phosphorylated (Wolffe et al., 1998, Roper et

al., 1998, Sanderson et al., 1998, Wolffe et al., 1997).

1.7 Virus-host interactions
Poxviruses have evolved several mechanisms that increase their survival in the

host cell. Some of these mechanisms include inhibiting protein and DNA
synthesis, stimulating cell growth, and modulating the host immune response.
Bioinformatics has played a key role in the identification of most of the poxvirus

proteins responsible for modulating the host immune response. A few that will
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be mentioned in section 1.7.3 are the interferon-gamma (IFN-y) and interferon-
alpha/beta (IFN-o./ ) binding proteins, the tumour necrosis factor-alpha (TNF-
a) binding protein, and the interleukin-1 (IL-1) binding protein. This section will
focus on the ways in which vaccinia virus interacts with the host, however, it
should be noted that there are several other proteins encoded by other
poxviruses and not vaccinia that are important in viral-host interactions in those

viruses.

1.7.1 Inhibition of host macromolecular synthesis
Poxviruses are known to shut down host protein, DNA and RNA synthesis in

order to further their own macromolecular synthesis. The observation that host
protein synthesis could be inhibited prior to the start of viral gene expression
pointed to a protein located in the viral particle as a potential host protein
synthesis inhibitor (Moss, 2001). Two candidate proteins (F17R and B1R) in the
vaccinia virion have been proposed as playing a role in protein synthesis
inhibition (Person-Fernandez and Beaud, 1986, Beaud et al., 1994). Within a few
hours after infection, the cytoplasm is filled with viral mRNAs and this alone
may be enough to switch translation from host proteins to viral ones (Moss,
2001). Recently, the mutT domain of the vaccinia D10R gene product has been
shown to be involved in mRNA decapping, which would increase the
degradation of both host and viral mRNA, however since viral mRNAs are in
great abundance, subsequent viral protein synthesis would likely not be as
affected as host protein synthesis (Parrish et al., 2007). Host DNA replication is
also inhibited although the mechanism of this inhibition is still unknown (Moss,

2001).
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1.7.2 Stimulation of host cell growth and prevention of apoptosis
Orthopoxviruses have been shown to stimulate host cell growth through the

synthesis and secretion of a viral growth factor with similarity to the epidermal
growth factor protein encoded by the host (Twardzik ef al., 1985, da Fonseca et
al., 1999). This stimulation of host cell growth results, for some viruses such as
fowlpox virus, molluscum contagiosum virus, shope fibroma virus and yaba
virus, in the formation of massive clumps of infected cells, resembling tumours,
in the skin of infected hosts (Moss, 2001).

Somewhat related to promoting cell growth is the inhibition of apoptosis that
occurs in some poxviruses. Apoptosis is a “suicide”-type mechanism employed
by infected cells that allows the cells to kill themselves before the virus has a
chance to replicate (Everett and McFadden, 2002). The first protein identified in
apoptosis inhibition in poxviruses was the product of the E3L gene in vaccinia
virus, which had previously been shown to be a double-stranded RNA binding
protein (Haga and Bowie, 2005, Lee and Esteban, 1994). The E3L protein blocks
the action of the interferon (IFN) induced double-stranded RNA dependent
protein kinase (PKR), which in turn blocks the apoptotic effects of IFN (Kibler et
al., 1997, Haga and Bowie, 2005). The serine protease inhibitor (SPI-2), encoded
by the B13R gene of vaccinia virus strain Western Reserve, blocks apoptosis via
two mechanisms (Haga and Bowie, 2005). First, it blocks apoptosis that is
induced by the tumour necrosis factor (TNF) protein and second, it blocks the
caspase cascade, possibly by binding to caspase-8, that is commonly seen in cells
that are apoptotic (Haga and Bowie, 2005, Kettle ef al., 1997, Dobbelstein and
Shenk, 1996). Another SPI, SPI-1, that is encoded by the B22R gene in vaccinia

virus strain Western Reserve, is also thought to block apoptosis but must work
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in conjunction with the SPI-2 protein in order to be successful (Haga and Bowie,
2005). Itis important to note that the Copenhagen strain of vaccinia virus
encodes fragmented versions of these SPI genes that are thought to be non-
functional.

1.7.3 Modulation of the host immune response

From the moment a host becomes infected with a poxvirus, it begins to mount
an immune response to the virus using interferons, complement, cytokines,
chemokines, natural killer cells and eventually cytotoxic T-cells and antibodies
(Haga and Bowie, 2005). Poxviruses employ several different immune evasion
tactics to prevent these immune molecules and cells from functioning correctly
including proteins that block cytokines, interferons and complement (Haga and
Bowie, 2005).

The secreted vaccinia C3L protein is able to inactivate the classical and
alternative complement pathways by binding to the C4B and C3B complement
proteins and inactivating them (McFadden and Murphy, 2000, Mullick et al., 2005,
Sahu et al., 1998). This protein is secreted from infected cells and contains a short
consensus repeat (SCR), which consists of four tandem copies of a 60 amino acid
sequence (McFadden and Murphy, 2000). This SCR is also seen in the protein
encoded by the vaccinia virus B5R gene although evidence has yet to be found
that implicates it in inactivating complement (Moss, 2001).

Orthopoxviruses encode two different secreted proteins that are able to
inactivate both types of interferon (IFN-y and IFN-a./B) (Moss, 2001). The first is
a secreted IFN-y receptor encoded by the B8R gene in vaccinia virus. This
receptor was originally discovered in 1992, in myxoma virus using a global

alignment algorithm for mouse and human protein database searches which
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detected weak similarity to IFN-y receptors; the viral protein was subsequently
shown to bind rabbit I[FN-y and, in effect, block its activity (Upton et al., 1992,
Mossman et al., 1995). The vaccinia virus B19R gene product acts as a secreted
IFN-0./  receptor and can bind to IFN-a albeit with lower specificity than the
host encoded IFN-a./ p receptor (Alcami ef al., 2000, Colamonici et al., 1995). The
BI9R protein is also a virulence factor since knockout viruses are attenuated
(Alcam{ et al., 2000). As was mentioned in section 1.7.2, not only does the E3L
protein play a role in apoptosis, but it also functions to block IFN activity (Beattie
et al., 1995). The vaccinia E3L protein functions in conjunction with the K3L
protein, which has also been shown to block IFN by blocking the effects of the
PKR protein (Beattie et al., 1995, Davies et al., 1993, Shors et al., 1998).

Several different cytokines and chemokines are blocked by orthopoxviruses
during the course of an infection. First, ectromelia virus (mousepox) encodes an
interleukin-18 (IL-18) binding protein, which is similar in amino acid sequence to
the host IL-18 binding protein as well as other poxvirus IL-18 binding proteins
and prevents IL-18 from inducing IFN-y, and working together with IL-12 to
activate natural killer and T-cells (Smith et al., 2000, Calderara et al., 2001).
Although this protein in not present in vaccinia virus strain Copenhagen, it is
present and apparently functional in vaccinia virus strains Lister and Western
Reserve and corresponds to the gene product of the Western Reserve C12L gene
(Smith et al., 2000). The Lister strain of vaccinia virus encodes two TNF receptor
proteins (A53R and B28R) only one of which is functional (A53R) and can bind
TNF preventing it from triggering apoptosis (see section 1.7.2) and blocking the
inflammatory response typically seen when TNF is fully functional (Moss, 2001,

Haga and Bowie, 2005, Alcami et al., 1999). The TNF protein was also first
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identified using bioinformatics in the genome of shope fibroma virus (SFV)
(Smith et al., 1990a). Comparisons between the different vaccinia virus genomes
using bioinformatics showed the variability of the TNF genes in different
vaccinia strains, with the B28R and A53R genes in strain Copenhagen being
significantly mutated to the point that the TNF genes are likely not functional
(Alcam{ et al., 1999). Further phylogenetic and comparative analyses of the
differences between the TNF genes in different vaccinia strains may provide
some clues as to the hypothesis of immune-based selection (McFadden and
Murphy, 2000). The vaccinia virus strain Western Reserve B15R protein, shown
through protein database comparison to be similar to the human IL-1 receptor, is
a soluble IL-1 receptor mimic that binds IL-1p blocking associated signal
transduction pathways (Smith and Chan, 1991, Moss, 2001). The Copenhagen
strain of vaccinia virus also encodes this protein, although it is shortened by 36
amino acids at its N-terminus compared to the Western Reserve protein, and no
studies have been performed to determine the effects of this deletion. In
uninfected cells, the mature forms of IL-1p and IL-18 are synthesized from
cleavage of their “pro” forms by caspase-1 (Haga and Bowie, 2005). In addition
to its role in apoptosis (see section 1.7.2), the SPI-2 protein in vaccinia virus blocks
caspase-1 and in turn prevents IL-1$ and IL-18 activation (Haga and Bowie,
2005). Vaccinia virus also encodes two identical copies of a secreted chemokine
binding protein that binds to several different chemokines and helps prevent the

chemotaxis of pro-inflammatory immune cells to the site of infection

(Mahalingam and Karupiah, 2000).
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1.8 Bioinformatics and poxvirus genomes
This introduction has touched upon the many ways that bioinformatics has

been used thus far in the analysis of poxvirus genomes. From the genomic
comparisons between variola and vaccinia viruses to the protein database
searches used to identify several viral immune modulating proteins,
bioinformatics has played and continues to play an important role in poxvirus
analyses. With the development of modern, more streamlined techniques to
perform bioinformatics analyses as well as the development of faster genome
sequencing and annotation techniques, we are already seeing an increase in the
amount of poxvirus genomic data that is available for analysis. One of the
biggest challenges facing bioinformaticians today is the lack of easily accessible
and easy to use databases that store the large quantity of genomic data that is
currently available. Our lab has taken steps to improve this by creating a
database that can be easily queried and houses all sequenced and complete
poxvirus genomes (Ehlers et al., 2002). This database allows for a quick
comparison of the gene complement (i.e. which genes are present in variola
virus but not in vaccinia) and other tools developed in our lab allow researchers
to take analyses one step further by providing detailed nucleotide or amino acid
level multiple alignments (Brodie et al., 2004b) or by providing a visual genome
versus genome comparison and alignment in the form of dotplots (Brodie et al.,
2004a). At the analysis level, there remain several challenges with which
poxvirus researchers are faced and each of these challenges cannot be
investigated without the used of a variety of bioinformatics tools. The following

section will briefly introduce each of the tools that were used in this dissertation.
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1.8.1 Bioinformatics tools used in this dissertation

1.8.1.1 Dotplots
The comparison of two genomes usually begins with a pairwise alignment of

these genomes. Aligning two or more large genomes, however, can be difficult
since current algorithms to align large genomes are computationally intense and
are not always accurate, requiring manual editing of the alignment after the fact.
Dotplots provide a visual method to compare two genomes that is not only less
computationally intense than other alignment algorithms, but can be more
accurate, giving a visual overview of how the two sequences align

(Sonnhammer and Durbin, 1995) (Chapter 3).

1.8.1.2 Multiple alignments
The comparison of multiple DNA or protein sequences using a multiple

alignment is the most common method to find conserved regions in two or
more sequences. Several different multiple alignment algorithms exist for
aligning several sequences, three of which are used in this dissertation and will
be described briefly. The first algorithm used in this dissertation is the Basic
Local Alignment Search Tool (BLAST), which uses a substitution matrix to score
each pair of amino acids or nucleotides that align correctly between two
sequences (Altschul et al., 1997). The overall goal with BLAST is to find segments
of the two sequences being compared that have equal lengths and a maximal
score that cannot be improved by extending the sequence in either direction
(Altschul et al., 1997). In order to have two sequences to compare, BLAST relies
on the presence of DNA and protein sequences of many different organisms in a
central database housed at the National Center for Biotechnology Information

(NCBI) and the BLAST algorithm is used to match a query sequence to these
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sequences in the database. Depending on what type of sequence is being used as
the query (DNA or protein), different BLAST searches can be performed.
BLASTn and BLASTp take DNA and protein sequences as queries respectively,
and match them to DNA and protein sequences in the database. BLASTx takes a
nucleotide sequence as a query and then translates it to a protein sequence and
returns hits that are from the protein sequence database. The tBLASTn search
takes a protein sequence as a query and searches translations of all nucleotide
sequences in the database, and tBLASTx takes a nucleotide sequence as a query,
translates it and then returns hits from a translated nucleotide sequence
database. Related to BLAST is the Position-Specific Iterative-BLAST (PSI-BLAST),
which creates a position-specific matrix from all significant hits of an initial
BLASTYp search and then uses this matrix to perform a second iteration of
BLASTp (Altschul and Koonin, 1998). After the second iteration is performed, a
second position-specific matrix is created which includes all of the significant hits
found during the second iteration and then with this matrix a third iteration of
BLASTp is performed. Iterations continue until no new significant hits are found.
Due to its iterative nature, PSI-BLAST is often used as a means of identifying
distantly related proteins and can give clues as to the function of your query
protein.

The next alignment algorithm used in this dissertation is the Clustal W
alignment algorithm, which begins by taking each of the sequences to be aligned
and creates a matrix based on the results of each possible pairwise alignment
between each of the sequences (Thompson et al., 1994). This matrix is then used
to create an unrooted neighbour joining tree, which is subsequently used to

create a rooted tree (guide tree) where each branch length is known and each
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sequence is given a weight. This rooted tree is then used to progressively create
the multiple alignment. Multiple iterations of this algorithm are then performed
until the alignment and the guide tree converge, representing the best possible
alignment of the sequences of interest.

The other multiple alignment algorithm used in this dissertation works in a
slightly different fashion to ClustalW and is called T-Coffee (Notredame et al.,
2000). The main difference between T-Coffee and ClustalW is that T-Coffee does
not use a guide tree to create the final alignment. T- Coffee begins with the set
of sequences to be aligned and creates a library of all possible pairwise
alignments of the sequences using both the ClustalW and FASTA alignments
(Notredame et al., 2000). Each of the pairwise alignments has a given weight
associated with it, which depends on the percent sequence identity between the
two sequences in the alignment. Each of the alignments in the library are then
extended using a complex heuristic algorithm and these extended alignments
make up a second sequence alignment library. This extended sequence
alignment library is then used to progressively align the sequences to each other.
1.8.1.3 Profile-based homology searches

In general, profile-based searches rely on comparison of different profiles of a
given sequence rather than sequence alone to identify homologs in a database
and often yield more accurate results when compared to simple sequence-based
approaches like PSI-BLAST (Soding et al., 2005). The profile-based search used in
this dissertation is called HHSearch and uses a profile based on a Hidden Markov
Model (HMM) to perform the search (Soding et al., 2005). HHSearch begins by
taking the query protein sequence and running several iterations of PSI-BLAST

in order to create a multiple alignment of the query plus related protein
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sequences. This alignment is then turned into an HMM which is then used to
search HMMs created from the protein databank (PDB), structural classification
of proteins (SCOP) and CATH databases. The HMMs of both the query and of
the proteins in each of the databases are created based on secondary structure
either from a prediction of secondary structure using PSIPRED or from the
tertiary structure of the protein if a crystal structure is in the database. The
profile HMM of the query is then compared to the HMM of each sequence or
structure in the database and hits are displayed based on the probability that the

query sequence is a true match to the hit sequence.

1.9 Dissertation outline
The overall theme of this dissertation is the analysis of poxvirus genomes

using bioinformatics. Given that there remain several challenges with which
poxvirus researchers are currently faced, each of the remaining chapters of this
dissertation aims to address these challenges. Chapter 2 of this dissertation
addresses the challenge of predicting genes that are expressed and functional in
genomes that have been minimally characterized. The use of dotplots as a
means for comparison of complete poxvirus genomes lead to the interesting
finding of unusual regions in the background of these dotplots which is further
investigated in Chapter 3 of this dissertation. Another challenge that faces
poxvirus virologists is the determination of the function of all proteins that are
currently still unknown. Through the use of structural bioinformatics and
comparative alignments, the function of the unknown G5R protein in vaccinia
virus strain Copenhagen has been predicted in Chapter 4 of this dissertation.
Chapter 5 of this dissertation is a continuation of the work presented in Chapter

4 that attempts to structurally characterize a late transcription factor that may
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interact with the G5R protein and represents a work in progress. Although each

of these chapters is related through the theme of genomic analysis, each chapter
will be treated as distinct and as such will each have a brief introduction and
discussion section, with an overall discussion section tying all 4 chapters of

research together, presented in Chapter 6 of this dissertation.
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2.0 Using purine skews to predict genes in AT-rich poxviruses
Published in BMC Genomics in 2005 (Da Silva and Upton, 2005a).

2.1 Introduction
The overall goal when predicting genes in poxviruses is to not only identify

potential open reading frames (ORFs) but to ensure that these open reading
frames are expressed as genes and therefore functional in the poxvirus.
Predicting which of these ORFs is likely to be expressed is not a trivial task and
relies on the use of other methods and criteria beyond the standard minimum
ORF length cut-off. Some of these methods, including locating promoter regions
upstream of the predicted ORF to confirm its likelihood of expression, can be
difficult to employ in an AT-rich genome since, in the case of promoter
prediction, the promoters are also AT-rich and difficult to resolve. Often
comparison to other well characterized strains in a genus can help to determine
which ORFs are likely to be expressed, but in genera where there are no relatives
of a given strain, this method cannot be employed. Previously, amino acid
composition was used as an additional indicator of which predicted ORFs were
likely to be expressed (Upton, 2000). We wanted to add to this method by
incorporating the analysis of ORF nucleotide composition because of work done
by Szybalski (Szybalski et al., 1966).

In 1966, Szybalski first discovered that the mRNA synonymous strand of DNA
contained a predominance of purine-rich clusters (Szybalski et al., 1966); by
convention, the top strand of a linear dsDNA molecule is viewed 5'—3’,
therefore when transcription of a gene is to the right, the top strand is
considered the mRNA synonymous strand and if transcription is to the left, the

top strand is the template strand (Figure 3). Chargaff’s second parity rule states
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that for single-stranded DNA %A = %T and %C = %G (Rudner et al., 1968,

Karkas et al., 1968) and implies that for regions with clusters of purines there
must be local deviations from Chargaff’s second parity rule favouring purines
(Bell and Forsdyke, 1999). These local deviations from Chargaff’s second parity
rule, also known as Chargaff differences, have been seen in a variety of
organisms including vaccinia virus. Previous work by Bell ef al. determined that
Chargalff differences do correlate with direction of transcription and that the
number of A nucleotides was greater than the number of T nucleotides in 83 of

92 vaccinia genes tested (Bell and Forsdyke, 1999).

Purine (A/G) rich nonym
A

i % Pyrimidine (T/C) rich °  lemplate strand

Pyrimidine (T/C) rich
5' » 3' Template strand

B

Figure 3. Correlation between transcription direction and purine content on the

mRNA synonymous strand.

(A) Rightward transcription direction (B) Leftward transcription direction.

Many programs have been designed to predict genes, but few actually rate the
“quality” or significance of the prediction and leave researchers to evaluate this
themselves. In poxviruses, predicting which ORFs are likely to be expressed
(genes) without the use of biochemical analysis usually involves simply choosing
a minimum ORF length cut-off and excluding all ORFs that are smaller than the

cut-off. Analysis may be extended to include manual inspection of each
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predicted ORF for the presence of promoter consensus sequences, although
identifying AT-rich promoters in an AT-rich genome may be difficult. However,
excluding ORFs that are smaller in size than the cut-off risks missing genes that
are unusually short. This occurred during annotation of vaccinia virus strain
Copenhagen (VACV-COP) where at least three recently verified genes (ranging
from 162 bp-231 bp) were not included in the initial annotation of the complete
genome; these genes, VACV-COP A2.5L (Senkevich et al., 2002a, Senkevich et al.,
2002b), A14.5L (Betakova et al., 2000) and G5.5R (Amegadzie ef al., 1992) have
now been included in the poxvirus section of Virus Orthologous Clusters (VOCs)
(Unknown, Ehlers et al., 2002).

Poxvirus genes are transcribed from both DNA strands and so far have never
been shown to overlap more than a few nucleotides. Despite this knowledge,
some poxvirus genomes have been liberally annotated so as to include all ORFs
above a certain size, irrespective of whether they overlap larger well-
characterized genes. Thus, the current GenBank file for VACV-COP contains 202
major (large and likely to be real genes) ORFs and 64 minor (small and unlikely
to be real genes) ORFs (Goebel et al., 1990a, Upton et al., 2003). The majority of
these minor ORFs in VACV-COP overlap larger, major ORFs on the opposite
DNA strand.

The results of this chapter will show that for the AT-rich poxviruses, the purine
skews can be used to help predict the synonymous (coding) strand, particularly
in regions where smaller ORFs overlap each other on opposite strands of the
genome and neither have orthologs in other poxvirus genomes. Furthermore, it
is shown that the majority of minor ORFs found in VACV-COP are unlikely to

be functional genes and that based on purine content, two of the three genes
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initially excluded from the annotation of the vaccinia virus genome due to their

small size, fit our definition of a major ORF.

2.2 Methods

2.21 Purine skews
Purine skews were created using the GraphDNA program (Thomas et al.,

2007), which implements the simple algorithm originally developed by Lobry
(Lobry, 1996) that assigns a direction to each base encountered in the sequence.
In the case of purine skews, the graph begins at position (0,0) and moves
upwards one unit if the base encountered is a purine (A or G) and moves
downwards one unit if the base encountered is a pyrimidine, (C or T). The plot
continues along the x-axis until the end of the sequence is reached. A variable
window size can also be set. In this case, the plot trend will be either upwards or
downwards, depending on the average number of purines or pyrimidines in the
window. The window then slides over the number of bases defined by the
window size. For example, if the window size was defined as 10 bp, the window

will slide over to the eleventh base and then count the average. The GraphDNA

program is accessible as a Java WebStart program at www.virology.ca (Thomas

et al., 2007).

2.2.2 Purine/pyrimidine ratio comparison

To analyse the ratio of purines to pyrimidines at each codon position, the total
number of each nucleotide at each codon position was first calculated using the
codontree program with the BC=A option (calculate the base composition at all 3
codon positions) selected (Pesole et al., 1988, Codontree). Once the base

composition at each codon position was calculated, the purine to pyrimidine ratio
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(R/Y) was calculated for each ORF of the dataset. The mean values of the R/Y

ratio for each dataset were compared using Student’s T-Test to determine if the
mean R/Y ratio for each dataset was statistically different. The null hypothesis
for the Student’s T-test was that the means were equal and the null hypothesis
was rejected if the p-value was < 0.05. The two datasets used for this portion of
the paper consisted of (1) all ORFs classified as major in VACV-COP and (2) all

ORFs classified as minor in VACV-CQOP.

2.3 Results and discussion
The purine content for all ORFs in the VACV-COP genome was determined and

it was found that of the 76 ORFs with a purine content under 50%, 52 were
classified as minor ORFs. Comparing the purine content between major and
minor ORFs shows that 89% of major ORFs had a purine content over 50% and
81% of all minor ORFs had a purine content under 50%. These differences in
purine content can be effectively visualized by looking at a purine skew of the
VACV-COP genome. Figure 4 shows the genomic purine skew (Figure 4A) and
the direction of transcription (Figure 4B) for the major ORFs (genes) in VACV-
COP. The direction of transcription (Figure 4B) of the VACV-COP major ORFs
was drawn by ordering all major ORFs according to their start position on the
genome and then assigning a numerical value of +1 or -1 depending on if the
OREF is located on the top or bottom strand respectively. Since the major ORFs
of VACV-COP are spread out evenly across the genome, and Figure 4B was
created using only the major VACV-COP ORFs, the two figures (Figure 4A and
B) follow very similar trends. A characteristic “W” shaped plot can be seen for
both graphs; in Figure 4B, this is the result of a trend for large blocks of genes to

be transcribed in the same direction (see arrows in Figure 4B). These data
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indicate a good correlation between the purine content of the genomic DNA and
the direction of transcription; for example, for genes that are transcribed in the
leftward direction, the bottom/synonymous strand is purine rich and the
opposite is true for genes that are transcribed to the right. The correlation
between purine content and the likelihood that an ORF is major is further
supported by the fact that 180 of the 202 major ORFs of VACV-COP have a
purine content greater than or equal to 50%. In this way, purine skews can be
used to help annotate newly sequenced genomes by aiding in the determination

of the mRNA synonymous strand.
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Figure 4. Correlation between the purine skew and the direction of transcription of
the VACV-COP genome, excluding the non-coding terminal inverted repeats.
(A) Purine skew drawn using GraphDNA. Regions of the top strand that exhibit a
purine bias will have a trend to the upward direction whereas regions that exhibit a
pyrimidine bias will be drawn in the downward direction. Two example regions of
changes in strand bias are shaded in green and marked (i) and (ii) (B) VACV-COP
major ORFs drawn according to the strand of the genome on which each ORF is located.
Beginning with a value of zero for the first major ORF of the genome, a numerical value
of +1 or -1 is added to the value of the previous ORF depending on if the ORF is located
on the top or bottom strand, respectively. (C) Gene orientation in two example regions
demonstrating a change in strand bias. (i) Strand bias changes from a purine bias on the
bottom strand, to a purine bias on the top strand that encompasses 1 gene on the top
strand. (ii) Strand bias changes from a purine bias on the bottom strand, to a purine bias

on the top strand that encompasses 4 genes located on the top strand.

When the purine skew (Figure 4A) slopes in the downward direction, this is
due to a pyrimidine bias on the top strand and a commensurate purine bias on
the bottom strand indicating that the major ORFs are located on the bottom
strand. In regions where the purine skew changes direction from a downward
slope to an upward slope or vice versa, these are regions on the genome where
the transcription direction of the genes in the genome changes. For example, the
purine skew appears to change direction from a downward slope to an upward
slope at position 32,800 bp and then changes again from an upward slope to a
downward slope at position 33,500 bp. Figure 4C (i) shows that within this
region (32,800-33,500 bp), there is one gene (VACV-COP K7R) that is located on
the top strand (upwards slope on purine skew) and is flanked by genes that are
located on the bottom strand (downward slope on purine skew). A second
example can be seen in Figure 4C (ii) where an upward slope in the purine skew

occurs between positions 52,400 bp and 57,000 bp. In this case, the upward



61
sloping region encompasses four genes (VACV-COP E5R, E6R, E7R and ESR)

and the two downward sloping regions flanking each side of this region
encompass genes that are located on the bottom strand.

It was previously shown that minor ORFs in VACV-COP tend to have higher
than average serine content as well as lower than average aspartate and
glutamate content, due to the nature of the genetic code (Upton, 2000). Based on
these observations and our current finding that the synonymous DNA strand is
usually purine rich, we created a simple mathematical equation designed to
provide a “quality” measure of each ORF. The results of the formula [Ser%-
Asp%-Glu%+(50-AG%)], which essentially sums the trends in amino acid
composition (3 amino acids) and purine content, are shown in Figure 5. If
peptides are translated from ORFs on the non-synonymous strand, they tend to
have a higher than average Ser%, but lower than average Asp% and Glu% (due
to properties of the genetic code), and have a lower than average purine content.
By subtracting the purine content of each ORF from the genome average for
VACV-COP (50%), if the ORF is major, the numerical result of the equation is
negative and if the results of the equation are positive, the ORF is predicted to be

minor.
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Results of "quality" measure for vaccinia virus strain Copenhagen

30

20
Major ORFs Minor ORFs

10

1 251

Ser%-Asp%-Glu%+ (50%-AG%)

Results of the "quality" measure calculation

-40
Rank

Figure 5. Results of the “quality” measure for VACV-COP.
Y-axis plots results of the “quality” calculation (Ser%-Asp%-Glu%+[50%-AG%]) and X-
axis depicts rank of each ORF.

Plotting the results of this equation, we found that all but 6 of the 64 minor
ORFs predicted in VACV-COP (VACV-COP A ORF G, VACV-COP A ORF T,
VACV-COP B ORF G, VACV-COP C ORF F, VACV-COP E ORF D, and VACV-
COP F ORF A) were classified correctly as being minor and all but 9 of the 202
major ORFs (VACV-COP A9L, VACV-COP A13L, VACV-COP A14L, VACV-
COP A14.5L, VACV-COP A38L, VACV-COP A43R, VACV-COP C3L, VACV-
COP I5L, VACV-COP I6L) were correctly classified as being major. Given that
only 15 out of 266 genes were misclassified, the success rate of this measure for
the VACV-COP genome was 94%. A possible reason why the 9 major ORFs

were likely misclassified is because they are small membrane proteins that had a
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lower aspartate and glutamate content than other major ORFs and the 6 minor

ORFs were likely misclassified because they have a lower serine and higher
purine percentage compared to other minor ORFs despite the fact that all but
one minor ORF (VACV-COP A ORF T) overlap a major ORF on the opposite
strand (Table 1). There were three genes that had initially been excluded from
the annotation of VACV-COP due to their small size. Our measure successfully
classified two of these genes (VACV-COP A2.5L and VACV-COP G5.5R) as
major. One of these genes (VACV-COP A14.5L) was misclassified as minor

likely due to the fact that it is a small membrane protein (Table 1).



Table 1. List of incorrectly classified VACV-COP OREFs.

64

Major OREFS incorrectly classified as minor

ORF | Serine |[Aspartate|Glutamate| Purine
ORF name size | content | content | content | content Explanation
(bp) (%) (%) (%) (%)
VACV-COP A13L | 210 | 11.43 1.43 2.86 48,82 | Small, membrane
protein
VACV-COP A14L | 270 | 11.11 3.33 0 4579 | Small, membrane
protein
VACV-COP A14.5L | 159 7.55 1.89 1.89 4445 | Small, membrane
protein
VACV-COP A38L 831 7.94 3.97 2.53 47.25 [Membrane protein
VACV-COP A43R 582 10.31 5.67 1.55 51.11 [Membrane protein
High Ser%, low
VACV-COP C3L 789 13.31 4.18 3.8 52.27 Asp% and Glu%
VACV-COPTSL | 237 | 5.06 2.53 1.27 4958 |Small, membrane
protein
VACV-COPI6L | 1146 | 10.99 4.45 4.45 497 | HighSer%, low

Asp% and Glu%

Minor ORFs incorrectly classified as major

ORF | Serine [Aspartate|Glutamate| Purine
ORF name size | content | content | content | content Explanation
(bp) (%) (%) (%) (%)
Low Ser%, high
VACV-COP A ORF G| 225 6.67 4 8 54.39 Asp% and AGY%
Overlaps on same
VACV-COP AORFT| 243 1.23 3.7 2.47 51.63 strand as major
ORF
VACV-COPBORF G| 273 1.1 33 1.1 5326 | LOW ieg; high
0
VACV-COP CORFF| 273 1.1 33 1.1 5326 | MOW iegq high
0
High Asp%,
VACV-COP EORFD| 198 9.09 4.55 6.06 55.72 Glu%, AG%
VACV-COPFORF A| 201 4.48 4.48 0 50.49 Low Ser%

To further test this hypothesis, a similar analysis was repeated for the genome

of Amsacta moorei entomopoxvirus (AMEV), an extremely AT-rich (82%)

poxvirus (Bawden et al., 2000). The AMEV genome was chosen for two reasons:

(1) because it is not closely related to any known poxviruses and therefore its

genome contains a large number of genes with unknown function and (2) its

genome was liberally annotated and therefore it is questionable which ORFs are
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likely to be functional genes. Thus, the “quality” measure was used to predict
which AMEV ORFs are most likely to be minor. Figure 6 graphically depicts the
results of the “quality” measure calculation for AMEV. Due to the extreme AT-
richness of the AMEV genome, it was necessary to modify the “quality” measure
to the following formula: [Ser%-Asp%-Glu%+(49%-AG%)]. 49% was chosen
instead of 50% for the purine portion of this equation since the average purine
content of the entire AMEV genome is 49%. As was the case with VACV-COP, if

the ORF is minor, the results of the “quality” measure will be positive.

Results of "quality” measure for amsacta moorei virus (AMEV)

40

30

Major ORFs Minor ORFs

Ser%-Asp%-Glu%+(49%-AG%)

-40

Results of the "quality” measure calculation

-50

-60
Rank

Figure 6. Results of the “quality” measure for Amsacta moorei virus (AMEV).
Y-axis plots results of the “quality” calculation (Ser%-Asp%-Glu%+[49%-AG%]) and
X-axis depicts rank of each ORF.

It was found that there were 51 ORFs that had a positive “quality” value and

are therefore considered minor. Of these 51 ORFs, 41 ORFs further fit our
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definition of a minor ORF as they overlapped another larger ORF on the

opposite strand and 4 major ORFs (AMEV-161, AMEV-164, AMEV-171, and
AMEV-183) were incorrectly classified as minor even though they each have
orthologs in other poxviruses and are most likely functional genes (Table 2).
The remaining 6 ORFs (AMEV-001, AMEV-089, AMEV-148, AMEV-198, AMEV-
ITR02, and AMEV-ITRO08) that were classified as minor using our “quality”
measure were found not to overlap any ORFs on the opposite or same DNA
strand and were further analyzed using the AMEV purine skew in order to try
and determine the correct coding strand in each of these 6 regions (Table 3). For
5 (AMEV-001, AMEV-089, AMEV-148, AMEV-198, AMEV-ITR02) of these 6
ORFs, the coding strand is opposite to the strand on which these ORFs are
located, indicating that these ORFs are minor. In 1 case (AMEV-ITR08), the ORF
is located on the same strand as was predicted by the purine skew and therefore
this ORF may actually be major. AMEV-ITR08 does not have any orthologs in
other poxviruses but it does show a 73.6% amino acid identity with the AMEV-
ITRO7 ORF which was classified as being major using the “quality” calculation
further supporting that AMEV-ITROS is likely major. AMEV-ITR08 was
predicted to contain a transmembrane domain (Bawden et al., 2000), which could

explain why it was misclassified.



Table 2. List of potentially incorrectly classified AMEV ORFs.
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Major ORFS incorrectly classified as minor
ORF name OREF size Serine Aspartate | Glutamate Purine Explanation
(bp) content (%) | content (%) | content (%) | content (%) p
Membrane
AMEV-161 243 11.11 2.47 1.23 47.56 protein
High Ser%,
low Asp%
AMEV-164 708 7.63 2.12 2.97 47.97 and Glu%
Low Asp%
AMEV-171 276 3.26 1.09 1.09 48.39 and Glu%
Low AG%
and low
AMEV-183 675 6.67 3.11 1.33 51.18 Glu%
Minor ORFs incorrectly classified as major
ORF name OREF size Serine Aspartate | Glutamate Purine Explanation
(bp) content (%) | content (%) | content (%) | content (%) p
Overlaps on
same strand
as major
AMEV-152 225 0 12 1.33 60.97 ORF
Overlaps on
opposite
strand as
AMEV-189 180 1.67 8.33 1.67 43.17 major ORF
Overlaps on
same strand
as major
AMEV-191 228 0 2.63 10.53 61.9 ORF

Table 3. List of 6 AMEV ORFs classified as minor that do not fit the definition of a

minor ORF.
DNA strand Direction of
ORF name on which ORF . Conclusion
is located purine skew
AMEV-001 Top Down Minor
AMEV-089 Top Down Minor
AMEV-148 Bottom Up Minor
AMEV-198 Bottom Up Minor
AMEV-ITR02 Top Down Minor
AMEV-ITR08 Top Up May be major

There were three ORFs that had been classified as major (negative value for

the “quality” measure) yet overlapped a larger gene on the opposite or same

DNA strand (Table 2). Two of these ORFs (AMEV-152 and AMEV-191) overlap
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a larger ORF on the same strand and therefore neither the purine skew nor the
“quality” measure are capable of determining which ORF is major; and one ORF
(AMEV-189) overlaps the much larger spheroidin gene on the opposite strand
and was likely misclassified due to its lower than average serine content and
higher than average aspartate content.

For the analyses shown in Figure 5 and Figure 6, the cut-off value used in both
cases was zero. The value of zero was chosen in the training case (VACV-COP)
because it represented a reasonable cut-off between genes that were known to
be major and ORFs that were known to be minor with minimal misclassification
of genes. With our test case (AMEV), since it was not known which ORFs were
major or minor, a cut-off of zero was initially used with the presumption that the
cut-off may need to be adjusted due to the extreme AT-richness of the AMEV
genome. Analyzing the “quality” measure data obtained for AMEV with a cut-
off of zero yielded satisfactory results in that the number of overlapping and
therefore likely to be minor ORFs that were misclassified was relatively low and
because of this we decided to maintain the zero cut-off. Itis likely that a cut-off
of zero worked well with AMEV despite its extremely AT-rich genome because
the “quality” measure that was used reflected the average AG% of the genome.
It is also likely that other poxvirus genomes that are analyzed using our method
would use a cut-off of zero, provided the “quality” measure that was used was
changed to reflect the average AG content of the genome.

Thus far we have shown that purine skews can be used to predict the coding
strand of poxvirus genomes and that major ORFs in VACV-COP and in AMEV
usually contain greater than 50% and 49% purines, respectively. In order to

explain this purine richness in genes, the purine (R) to pyrimidine (Y) ratio (R/Y)
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was calculated for each codon position of each coding and non-coding ORF in
VACV-COP. A Student’s T-test was used to compare the mean R/Y ratio values
for the coding (genes) and non-coding ORFs at each codon position; means were
considered statistically different when the p-value was less than 0.05. At the first
nucleotide position in the codon, both VACV-COP major and minor ORFs
exhibit a bias towards purines, but the major ORFs (genes) have significantly
(p<0.05) higher levels of purines at this position (Table 4). At the second
nucleotide position the major ORFs have a R/Y ratio of approximately 1 and the
minor ORFs have a significantly lower R/Y ratio (p<0.05) indicating that minor
OREFs are pyrimidine rich at the second codon position whereas major ORFs
contain roughly equal amounts of purines and pyrimidines at this position. At
position 3, no statistical difference was found, with both major and minor ORFs
being rich in pyrimidines. Thus, for the first and second nucleotide positions of
the codons, the major ORFs (genes) have significantly higher purine content than

the minor ORFs.

Table 4. Mean purine to pyrimidine ratios for each codon position of vaccinia virus
Copenhagen major and minor ORFs.

Positions marked with an asterisk (*) are statistically different.

Purine/Pyrimidine (R/Y) ratio at each codon position

Position 1* Position 2* Position 3
Major ORFs 1.77 0.99 0.93
Minor ORFs 1.21 0.75 0.96

It is important to remember that the use of purine and amino acid content of
the coding strand and predicted protein, respectively, are just two measures that

can be used to help predict whether an ORF is likely to be a functional gene and
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that usually they are only useful in discriminating between coding and non-
coding strands. However, ORFs that are fragments of bone fide genes may also
be flagged as non-functional by this analysis, because protein sub-domains tend
to have an amino acid composition that varies from the average. An example of
this is the A25L ORF of VACV-COP that was flagged as non-functional by this
method even though it is a fragment of the ATI protein. In a similar way,
fragmentation of genes into smaller ORFs can also lead to unusual isoelectric
points in the resulting predicted proteins; the 14 ORFs with a predicted pl of >9.6
are all minor ORFs or gene fragments. Thus, multiple approaches that may also
include promoter analysis must be applied to attempt to correctly annotate small
orphan ORFs in these genomes and there is no guarantee that the process will be

100% successful.

2.4 Conclusions

The overall goal of all poxvirus research currently being undertaken is to
understand the replication and infection cycle that poxviruses undergo. In order
to have this understanding, we need to know the function of every gene in the
poxvirus genome and this cannot be done until we know which proteins the
virus encodes. To that end, we have taken a bioinformatics approach to predict
which ORFs are functional in AT-rich poxvirus genomes. We have successfully
shown that in the case of AT-rich poxviruses, purine skews can be used to help
predict the coding regions of the genome. This is particularly useful if predicted
ORFs overlap each other and it is not apparently obvious which ORF is major
(when neither ORF has an ortholog in another poxvirus genome). A second

method that can be used in conjunction with purine skews is to calculate the
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“quality” of each predicted ORF using information from amino acid composition
and purine content. For a given OREF, if the results of this calculation are negative
the OREF is predicted to be a functional gene, and if the results of the calculation
are positive, the ORF is predicted to be minor.

By comparing purine to pyrimidine (R/Y) ratios at each codon position of
major and minor vaccinia virus ORFs, it was found that the purine abundance
seen for major ORFs stems primarily from the first codon position with both the
second and third codon positions containing equal amounts of purines and
pyrimidines.

The software used to create the purine skews (GraphDNA) and the VOCs

database are both available for public use via the web at www.virology.ca

(Thomas et al., 2007, Ehlers et al., 2002).
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3.0 Host-derived pathogenicity islands in poxviruses
Published in Virology Journal in 2005 (Da Silva and Upton, 2005b).

3.1 Introduction
When making comparisons of genomes, alignment of orthologous regions is a

common starting point. The alignment of large DNA sequences (>10 kb) is
frequently not always possible because both local and global considerations must
be taken into account. One of the first methods used to compare two genomes
was the dotplot, which provides a graphical view of sequence similarity and can
be used to evaluate alignments made by other algorithms (Sonnhammer and
Durbin, 1995). Dotplots can be used for any length of DNA sequence and also
for protein sequences, although they are especially useful when trying to get a
global view of the relationship between large DNA sequences.

In the simplest form of a dotplot, one sequence is placed along the x-axis and
the other sequence along the y-axis to create a matrix (Figure 7). Wherever one
nucleotide of one sequence is identical to a nucleotide of the other sequence, the
appropriate cell of the matrix is filled. Most dotplot programs, however, use a
sliding window of user-defined size, and a measurement of similarity between
the two windows instead of comparing each nucleotide along the genomes.
When plotting the data, a greyscale can be used to record differing degrees of
similarity. If the two sequences are identical, a fully black diagonal line is
observed on the dotplot comprised of many dots, each drawn for a window that
matches an identical window on the second sequence. The background of the
dotplot is therefore comprised of greyscale dots representing random matches
of varying similarity between the windows used to scan the two sequences.

Figure 7 shows a simplified example of a typical dotplot. For each region of the
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sequence plotted on the x-axis that is identical to the sequence on the y-axis, a
diagonal line is plotted and, for the sake of this example, shaded an appropriate
colour to show where each region is identical. Dotter (Sonnhammer and
Durbin, 1995) and our java version of this program (JDotter) (Brodie ef al., 2004a)
are especially useful implementations because the window size and degree of
similarity used for the dotplot display can both be manipulated “on-the-fly”,
without requiring recalculation of the whole plot, which is CPU intensive.
Changing these parameters can help visualize regions of relatively low similarity

or to enhance or decrease the background (random) matches in the plot.
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Figure 7. An example of a typical dotplot.

Regions on the x-axis that are identical or similar to regions on the y-axis are marked A,
B and C and correspond to regions A', B', and C' on the y-axis respectively. Regions
that correspond to each other are also colour-coded in purple for regions A and A', pink

for regions B and B' and turquoise for regions C and C'.

This project arose because we noticed a background pattern resembling stripes
when using a dotplot to locate repeat regions on the molluscum contagiosum

virus genome (MOCV-1), which led us to question the causes of this stripe
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pattern. We also observed this unusual background pattern when viewing
many of the dotplots comparing different poxvirus genomes plotted against
each other and themselves (Figure 8). These unusual non-random banding
patterns suggested that the composition of discrete regions of the genomes

differed significantly from the overall composition of the poxvirus genomes.

3.2 Methods

3.2.1 Creation of dotplots
Dotplots for the molluscum contagiosum virus genome were created and

visualized using JDotter with a default window size of 26 nucleotides using a
minimum cut-off score of 40 and a maximum cut-off score of 100 on the
GreyMap tool in order to better visualize the background patterns (Brodie et al.,
2004a).

The dotplot shown in Figure 10 was created using the Dotter program with the
complete molluscum contagiosum virus genome plotted on the x-axis and a 250
kb random sequence with increasing G+C content plotted on the y-axis
(Sonnhammer and Durbin, 1995). The 250 kb sequence was created using
DNACreator, a program that creates a random sequence with a given G+C
content (Hu, 2002). Segments of 50 kb and varying G+C content were created
and concatenated into one 250 kb sequence that contained an increasing G+C

content.
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3.2.2 Codon usage

3.2.2.1 Comparison between genes in regions 1 and 2 and 49 conserved MOCV-1

The prgoe;:asm CodonW was used to calculate the Relative Synonymous Codon
Usage (RSCU) values of 49 molluscum contagiosum virus genes that are
conserved in all poxviruses, and the 5 genes comprising each of region 1 and 2
(Figure 8 and Table 5) (Peden, 1999). The mean RSCU values for each codon
excluding the codons for methionine and tryptophan (62 in total) from regions 1
and 2 were initially compared to each other using a two-tailed Student’s T-test
with the null hypothesis that the means are equal being rejected if the p-value
was less than 0.05. From the results of these T-tests, the RSCU values for each
region were pooled in order to create a larger data set to perform subsequent
Student’s T-tests. The mean RSCU values for four codons in regions 1 and 2
were found to be statistically different and were therefore treated as individual
data sets in subsequent T-tests. These codons were CCA (proline), CAU and
CAC (histidine), and CAG (glutamine).

With the RSCU values from regions 1 and 2 being pooled for all but 4 codons,
the mean values for this pooled dataset were compared to the mean RSCU
values obtained for the 49 conserved MOCV-1 genes again using a two-tailed
Student’s T-test. The null hypothesis that mean RSCU values from the two

datasets are equal was rejected only when the p-value was less than 0.05.

3.2.2.2 Comparison between MOCV-1 and 50 human genes
Using the above outlined method, the mean RSCU values for the genes in

regions 1 and 2 were compared to the mean RSCU values of 50 randomly

selected human genes. The 50 human genes were randomly selected using the
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random command in Microsoft Excel, from the dataset used by the codon usage
database at the Kazusa DNA Research Institute (Nakamura et al., 2000) that
consists of 76,893 human coding sequences that were taken from the NCBI
GenBank FlatFile release 145.0 (January 25, 2005). The comparison of the codon
usage of 50 human genes with the codon usage of 49 MOCV-1 genes was
performed using the same methods outlined above. In each of the analyses
performed, the null hypothesis that mean RSCU values from the two datasets

are equal was rejected when the p-value was less than 0.05

3.3 Results and discussion
A self-dotplot of MOCV-1, where the viral genome is plotted on both the x-

and y-axes, is shown in Figure 8. Since the comparison uses the identical genome
on each axis, there is an unbroken diagonal line running from the upper left
corner to the lower right corner of the dotplot. A number of horizontal and
vertical stripes can be seen scattered throughout the plot background; such
patterns are observed in most poxvirus genome self-plots although the intensity
varies considerably between stripes in a single plot and tend to be more intense
in those genomes with the most extreme nucleotide composition, AT- or GC-rich
genomes. Two of the most striking regions for MOCV-1 are marked on Figure
8. Regions 1 and 2 are located at 71,550 - 74,790 bp and 151,470 - 157,950 bp on
the MOCV-1 genome, respectively. Because each region encompasses 5 genes, it
was evident from the dotplot itself that sets of small DNA repeats were not
responsible for generating these unusual stripes in the background of the plot.
On thinking about how these stripes, which represent less than average random
scoring background regions, could be produced, the simplest explanation was

unusual base composition, and because these regions are so large, this suggested
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these might be regions with interesting biology. Figure 9 shows that these two

regions marked in Figure 8 do indeed have a G+C composition significantly
lower than the genome average. Regions 1 and 2 have G+C averages of 52.58%
and 50.38% respectively, whereas the G+C composition of MOCV-1 is 63.36%

(also shown as a horizontal line in Figure 9A and B).
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Figure 8. Dotplot depicting a comparison of the molluscum contagiosum virus
genome to itself.

Region 1 begins at position 71,550 bp and ends at position 74,790 bp and contains 5
genes. Region 2 begins at position 151,470 bp and ends at 157,950 bp and contains 5
genes. Blue and red bars across each axis represent each gene as it is located on the
MOCV-1 genome with red bars representing genes located on the top strand and blue

bars representing genes located on the bottom strand.



80
0520 0550
I

72000 72500 73000 73500 74000
a51L 053L 054
S

—91.85

63.36 /ﬂH
e, rﬂﬁJfﬁﬁd,xh;__ﬂxj HWJJJ ;“ﬁ“ﬁwx i

L36.30

A

152000 153000 154000 155000 156000 157000

130L 131L 1321 133L 134L
.

—91.85

EHBB

hw%ﬂhww%fﬂﬁ MWI T

L36.30




81
Figure 9. G+C composition plots created using viral genome organizer (VGO)
(Upton et al., 2000).
A window size of 135 bp was used for (A) region 1 of Figure 8 and (B) region 2 of Figure
8. The scale on the left hand side of the plot shows the maximum (91.85%) and
minimum (36.30%) G+C content of the MOCV-1 genome. The line drawn through the
plot indicates the average G+C content of the MOCV-1 genome (63.36%). Numbered
blue bars represent the genes in each region and the scale across the top of each panel

shows the location of each gene on the genome.

The genes present in regions 1 and 2 are listed in Table 5 together with the
G+C content and putative function. Region 1 contains 5 genes (MOCV-1-051L,
MOCV-1-052R, MOCV-1-053L, MOCV-1-054L, MOCV-1-055R), two of which
have unknown function (MOCV-1-052R and MOCV-1-055R). Interestingly, three
of the five genes in region 1 show significant similarity to each other. The gene
product of MOCV-1-054L is a secreted glycoprotein that binds interleukin-18
(Xiang and Moss, 1999a) and shows sequence similarity to human and mouse IL-
18 binding proteins with three conserved cysteine residues shared between the
human and MOCV-1 IL-18 binding proteins (Xiang and Moss, 1999b); although
no function has been predicted for the hypothetical products of related genes
MOCV-1-051L and MOCV-1-053L, they are predicted to be secreted from
infected cells (Xiang and Moss, 1999b). Since the other poxviruses that encode an
ortholog of the MOCV-1 interleukin-18 binding protein do not contain orthologs
of MOCV-1-051L and MOCV-1-053L, it appears likely that these genes have
arisen from duplications of MOCV-1-054L after the divergence of MOCV from

the other poxvirus genera.



Table 5. Description of genes in regions 1 and 2.
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Gene names, protein length, GC% and putative function of all genes described located in

regions 1 and 2 (Figure 8).

, Protein Putative Function
Region Gene Name length (aa) G+C%
MOCV-1-051L 120 55.92 Secreted glycoproteln
MOCV-1-052R 100 54.54 Unknown
1 MOCV-1-053L 133 55.47 Secreted glycoprotein
MOCV-1-054L 235 58.05 Secreted IL-18 binding
protein
MOCV-1-130L 451 57.01 A-Type inclusion (ATT)
protein
MOCV-1-131L 513 56.48 Intracellular mature virion
surface protein (ATI-
factor)
MOCV-1-132L 229 58.7 Unknown
2 MOCV-1-133L 546 57.4 Intracellular mature virion
surface protein (ATI-
factor)
MOCV-1-134L 141 58.22  Intracellular mature virion

membrane protein
(associated with virus
entry)

Region 2 is also comprised of 5 genes (MOCV-1-130L, MOCV-1-131L, MOCV-

1-132L, MOCV-1-133L, and MOCV-1-134L). Three of the five genes (MOCV-1-

130L, MOCV-1-131L and MOCV-1-133L) have low, but significant, similarity to

each other and also to both the A-type inclusion (ATI) protein and orthologs of

the vaccinia virus P4c gene (A26L; strain Copenhagen). In some strains of

cowpox virus, the ATI protein functions to surround intracellular mature virus

(IMV) particles in the cytoplasm of the host cell with the P4c protein playing a

role in directing the IMV particles to the A-type inclusions (Funahashi et al.,

1988b, McKelvey et al., 2002). In some orthopoxviruses such as vaccinia and
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variola virus, the ATI gene is fragmented and is predicted to encode a truncated
ATI protein. This apparently truncated gene is well conserved among the
orthopoxviruses, but it is not known what, if any, function the truncated protein
performs (Ulaeto et al., 1996). Little is known about the role of the ATI proteins
in the MOCV-1 replication cycle, however, given that these proteins are
truncated compared to their cowpox orthologs, it is likely that they have a
somewhat different, if any, function in MOCV-1. There are two other genes in
region 2; MOCV-1-132L is not found in any other poxvirus and its function is
unknown, and MOCV-1-134L is conserved in all poxviruses and shows
significant sequence similarity (50% amino acid identity) to the A28L gene of
vaccinia virus strain Copenhagen and is an intracellular mature virion membrane
protein which is associated with virus entry into the host cell (Senkevich et al.,
2004a, Senkevich et al., 2004b).

There are several possible explanations for the observed differences in G+C
content of the genes in regions 1 and 2 compared to the rest of the genome. The
MOCV-1-054L gene in region 1, for example, was most likely recently acquired
from an AT-rich host or from an AT-rich virus with subsequent duplications and
divergence resulting in the MOCV-1-051L and MOCV-1-053L genes. Since these
genes make up a relatively AT-rich region on the MOCV-1 genome, they may
have served as a target site for the subsequent acquisition, presumably through
non-homologous recombination of genes MOCV-1-052R and MOCV-1-055R,
neither of which have been assigned a function. Given that the ATI genes found
in region 2 are relatively AT-rich compared to the MOCV-1 genome, these genes
may have also been acquired relatively recently from an AT-rich poxvirus.

Similar to the genes in region 1, an initial acquisition event leading to an AT-rich
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region may have led to further acquisition events and the creation of region 2.
Although the MOCV-1-134L gene appears to have been acquired from an AT-
rich poxvirus, the situation is not simple because the gene has been found to be
essential for vaccinia virus entry into the host cell (Senkevich et al., 2004a,
Senkevich et al., 2004b). One explanation is that an essential MOCV-1 ortholog
was replaced by a similarly functioning gene from an AT-rich poxvirus, thus
explaining why it differs in G+C content despite being an essential gene.
Alternatively, it is possible that the MOCV-1-134L gene was acquired at the same
time that the ATI genes were, since the gene order is maintained when
comparing the VACV and MOCV genomes.

It is interesting to note that there is a short sequence in the AT-rich region 1
that has a significantly higher G+C composition than the rest of the region
(Figure 9A). This area can be seen on the dotplot as a thin, dark stripe located in
the middle of the band for region 1 (Figure 8). This short spike of G+C rich
DNA is located at the 3" end of the MOCV-1-054L gene in a region that does not
align with either of the two related MOCV-1 genes (MOCV-1-051L and MOCV-1-
053L) indicating that this region may have also been acquired or generated
relatively recently; this region results in an in-frame insertion in the predicted
MOCV-1-054L polypeptide.

To further examine the effect of nucleotide composition on dotplot results and
to collect additional evidence that the unusual stripes seen in the background of
the MOCV-1 dotplot could be due to a lower than average G+C content of these
particular regions of the genome, a dotplot was created with the MOCV-1
genome plotted on the x-axis against a 250 kb DNA sequence consisting of five

50 kb randomized DNA segments with specific G+C content on the y-axis
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(Figure 10). Regions 1 and 2 are marked on the figure and the individual 50 kb

segments are clearly visible on the dotplot. As the G+C content increases along
the 250 kb sequence on the y-axis, the stripes seen for regions 1 and 2 change
colour from dark to light, and this reflects a reduction in random matches
between the two sequences. At 60% G+C content, the bands for both regions 1
and 2 appear similar to those observed in the MOCV-1 self-dotplot (Figure 8).
When the randomized sequence has a G+C content of 50%, the stripes for
regions 1 and 2 appear to disappear, as they merge with the background,
indicating that the G+C content of these regions is approximately 50%. As the
G+C content further decreases to less than 40%, the bands seen for regions 1 and
2 are again visible but are the negative image of those seen in Figure 8; the bands
are darker than the background because these regions have a G+C content that
is more similar to the randomized sequence than the rest of the MOCV-1
genome. Similarly, each of the 50 kb segments of the random sequence used for
Figure 10 produce a different level of background matches in the dotplot and

appears as a broad horizontal stripe.
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Molluscum contagiosum virus (MOCV-1) complete genome
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Figure 10. Dotplot comparing molluscum contagiosum virus genome to a random
sequence of different nucleotide content.

The random sequence consists of 50 kb segments with differing A+T content, which is
indicated on the dotplot. Regions corresponding to the regions seen in Figure 8 are

indicated with arrows.

Locating regions of differing G+C content using dotplots with two genomes

can be a difficult task given that the intensity of the banding patterns observed
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are often diminished in poxvirus genomes that are not extremely AT- or GC-
rich. However, we noticed that these banding patterns were easily distinguished
when comparing the MOCV-1 genome to a random sequence with increasing
A+T content (Figure 10). For example, areas on the MOCV-1 genome with
higher than average G+C content that were previously undetected when
observing a self-plot of the MOCV-1 genome can be visualized on the dotplot of
the MOCV-1 genome versus a series of random sequences with decreasing A+T
content (compare Figure 8 and Figure 10). Thus, this type of comparison can be
used to enhance recognition of regions of unusual nucleotide composition. An
advantage to using this albeit low-tech approach is that it uses a screening tool
that is extremely sensitive to minor changes in patterns, the human eye.

In order to further illustrate the differences between the genes in regions 1 and
2 compared to the whole genome, the codon usage of 499 MOCV-1 genes that are
conserved in all poxviruses was compared to the codon usage of the 10 genes in
regions 1 and 2. The mean relative synonymous codon usage (RSCU) values of
the two datasets were compared using a Student’s T-test. The codons that were
found to have statistically different codon usage between the two datasets are
listed in Table 6. We found that the codon usage of 43 of 62 codons (69%) was
statistically different between all genes in regions 1 and 2 and the 49 conserved
MOCV-1 genes. Codon usage was deemed statistically different when the p-

value was less than 0.05.
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Table 6. Codon usage differences between regions 1 and 2 and 49 MOCV-1 genes
conserved in all poxviruses.

The codon usage between regions 1 and 2 was first determined to be statistically equal
and was then used to compare to the codon usage of 49 MOCV-1 genes that are
conserved in all poxviruses. Student’s T-test was used to compare codon usage with
null hypothesis assuming codon usage was equal. *Codon usage was considered

different if p-value < 0.05

Fraction of codons with Codons that have statistically
Amino Acid different usage different usage™
Phe 2/2 UuUU, UUC
Tyr 2/2 UAU, UAC
His 2/2 CAU, CAC
GIn 2/2 CAA, CAG
Asn 2/2 AAU, AAC
Lys 2/2 AAA, AAG
Asp 2/2 GAU, GAC
Glu 2/2 GAA, GAG
Cys 2/2 UGU, UGC
Leu 4/6 UUA, UUG, CUU, CUG
Ile 1/3 AUC
Val 2/4 GUU, GUG
Ser 2/6 UCU, AGC
Pro 3/4 CCU, CCC, CCA
Thr 2/4 ACU, ACA
Ala 2/4 GCU, GCA
Arg 5/6 CGU, CGC, CGA, CGG, AGA
Gly 3/4 GGU, GGC, GGA
Stop 1/3 UGA

The codon usage of the genes in regions 1 and 2 was subsequently compared
to that of 50 human genes to see if a connection could be made between the
codon usage of these genes in MOCV-1 to the host (human) genome, using the
same method used for the comparison of regions 1 and 2 with the 49 conserved
MOCV-1 genes. The codon usage of the genes in regions 1 and 2 was found to
be 68% (48/62 codons) identical to the codon usage of the 50 human genes tested

(Table 7). As a control, the codon usage of the same 50 human genes was
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compared to the codon usage of the 49 conserved MOCV-1 genes and was found

to be statistically different in 56 of 62 codons (90%) (Table 8).

Table 7. Codon usage differences between regions 1 and 2 and 50 human genes.

*Codon usage was considered different if p-value <0.05

Fraction of codons with Codons that have statistically
Amino Acid different usage different usage*

Phe 0/2 -

Tyr 0/2 -

His 1/2 CAC

Gln 0/2 -
Asn 0/2 -

Lys 0/2 -
Asp 2/2 GAU, GAC

Glu 2/2 GAA, GAG
Cys 0/2 -

Leu 2/6 UUG, CUG

Ile 0/3 -

Val 0/4 -

Ser 1/6 UCG

Pro 2/4 CCU, CCG

Thr 2/4 ACC, ACG

Ala 2/4 GCU, GCG
Arg 4/6 CGU, CGC, AGA, AGG
Gly 0/4

Stop 2/3 UAG, UGA
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Table 8. Codon usage differences between 49 MOCV-1 genes that are conserved in
all poxviruses and 50 human genes.

*Codon usage was considered different if p-value <0.05

Fraction of codons Codons that have statistically different
Amino Acid with different usage usage”
Phe 2/2 UUU, UuC
Tyr 2/2 UAU, UAC
His 2/2 CAU, CAC
GIn 2/2 CAA, CAG
Asn 2/2 AAU, AAC
Lys 2/2 AAA, AAG
Asp 2/2 GAU, GAC
Glu 2/2 GAA, GAG
Cys 2/2 UGU, GUC
Leu 6/6 UUA, UUG, CUU, CUC, CUA, CUG
Ile 3/3 AUU, AUC, AUA
Val 3/4 GUU, CUA, GUG
Ser 5/6 USU, UCA, UCG, AGU, AGC
Pro 4/4 CCU, CCC, CCA, CCG
Thr 3/4 ACU, ACA, ACG
Ala 3/4 GCU, CGA, GCG
Arg 6/6 CGU, CGC, CGA, CGG, AGA, AGG
Gly 3/4 GGU, GGC, GGA
Stop 2/3 UAG, UGA

Since the codon usage of the genes in regions 1 and 2 was found to be
statistically different to the codon usage of 49 conserved MOCV-1 genes for 69%
of the codons tested yet was found to be only 34% different from the codon
usage of the 50 human genes tested, it is consistent with the hypothesis that
these genes may be recent acquisitions from the host genome or a poxvirus
genome with higher A+T composition. Recently, a paper has been published
which identifies the MOCV-1 interleukin-18 binding protein (as well as several
other poxvirus proteins) as a possible acquisition from the host genome (Hughes
and Friedman, 2005), which further supports our hypothesis that the genes in

regions 1 and 2 were likely acquired from external sources.
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Pathogenicity islands (PAI) in bacterial genomes contain several distinct
structural features, which include the presence of virulence genes within the PAJ,
a nucleotide composition of the PAI that is different from the remainder of the
genome, and occupancy of large regions of the bacterial chromosome (Schmidt
and Hensel, 2004). The genes in regions 1 and 2 also occupy a relatively large
region of the MOCV-1 genome, and some of the genes in these regions are
known virulence factors with the function of the remaining genes yet to be
determined. Thus, we suggest that these regions may be analogous to bacterial
pathogenicity islands. This notion is further supported by the observations in
this section, which showed the differences in nucleotide composition and codon

usage of the genes in regions 1 and 2.

3.4 Conclusions
The data presented in this chapter suggest that the unusual striped banding

pattern seen on the dotplots of poxvirus genomes is due to differences in
nucleotide content of the genes in these regions compared to the remainder of
the genome. The difference between the genes in these regions and 49 MOCV-1
genes that are conserved in all poxviruses was further shown by comparing the
codon usage of 62 codons in each of these datasets. The codon usage was found
to differ significantly in 69% of the codons tested. The codon usage of the genes
in regions 1 and 2 was found to be statistically similar to 50 human genes in 68%
of the codons tested.

We conclude that the genes in regions 1 and 2 have a relatively low G+C
content and that they may have been acquired from either an AT-rich host or
virus. Thus, these regions appear to be viral counterparts of bacterial

pathogenicity islands in the MOCV-1 genome.
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This work demonstrates the usefulness of dotplots in the characterization of

poxvirus genomes. In addition to highlighting break points for similarity
alignments, by “overexposing” the background of random matches they can be
used to examine the nucleotide composition of genomes and possibly the
evolution of these genomes. Using dotplots in this way would be of particular
interest to researchers studying poxvirus evolution because the current methods
of creating full genome multiple alignments are prone to errors and are very

memory intense.
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4.0 Predicted function of the vaccinia virus G5R protein
Published in Bioinformatics in 2006 (Da Silva et al., 2006).

4.1 Introduction
Despite having been sequenced over 15 years ago (Goebel ef al., 1990a), the

vaccinia virus (VACV) strain Copenhagen genome still contains numerous genes
that have yet to be assigned a function. Of particular interest are such proteins
that are also expressed by all poxviruses since these are likely to play key roles in
the replication cycle, one of which is the VACV G5R protein (434 aa). Recently,
one of our major research objectives has been to use bioinformatics tools to
predict the function of these unknown proteins. Our usual method to identifying
the function of these proteins typically starts with a protein database search
using PSI-BLAST. Unfortunately, what is often seen in the results of the PSI-
BLAST are hits to the other orthologous poxvirus proteins in the database, with
hits from other organisms either coming up with insignificant E-values or not
being seen at all in the results table. Domain searches of these proteins using
methods such as InterProScan are also not helpful since the results of these scans
often identify domains entered into the database that were derived from
orthologous poxvirus proteins. The lack of meaningful results using these two
standard bioinformatics methods spurred us to seek out newer algorithms that
could help identify the function of these unknown proteins. One technique
which we employed was a Hidden Markov Model (HMM) comparison search
tool (HHsearch) (Soding et al., 2005, S6ding, 2005) which creates an HMM profile
of the query sequence and compares this profile to the HMM profiles of the
proteins in several protein structure databases including PDB, SCOP and CATH.

Using HHsearch to screen for the functions of these unknown poxvirus proteins,
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we found that one of these, G5R, produced a significant hit (96% probability),

suggesting that the G5R protein is a homolog of the class of proteins known as
the flap endonucleases (FEN-1).

Although little is known about the function G5R plays in the poxvirus life-
cycle, it is known to be essential (da Fonseca et al., 2004) and is conserved in all
poxvirus species sequenced to date, implying that its role in the poxvirus
replication cycle is crucial. Initial characterization of the G5R protein found that
G5R is expressed at early stages of poxvirus infection and becomes associated
with the viral cores (pellet fraction of solubilized intracellular mature virions), a
role that is predominantly associated with proteins expressed at late times of
infection although a few early proteins are associated with the viral cores
(Banham and Smith, 1992, Doglio et al., 2002b). However, two recent studies that
aimed to identify each protein associated with the intracellular mature virion
using mass spectrometry were unable to detect G5R within the intracellular
mature virion (Yoder et al., 2006, Chung et al., 2006).

Essential in a variety of organisms including human, yeast, bacterial and
archaeal species, the FEN-1 protein plays a key role in the removal of RNA
primers from the Okazaki fragments during lagging strand DNA synthesis and
also plays a role in long-patch base excision repair (Shen et al., 2005). FEN-1 is
considered a structure-specific metallonuclease that requires a structured
substrate rather than a specific sequence in order to cleave DNA (Shen et al.,
2005)(Figure 11) and relies on the binding of two divalent cations for catalysis.
FEN-1 acts not only as a 5'-flap endonuclease, but also as a 5" to 3" exonuclease
cleaving DNA that contains nicks and gaps (Shen et al., 2005). The crystal

structures of human FEN-1 (hFEN-1, PDB ID: 1UL1) (Sakurai et al., 2005),
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Archaeoglobus fulgidus (PDB ID: 1RXW) (Chapados et al., 2004), Methanococcus

jannaschii (PDB ID: 1A77) (Hwang et al., 1998), Pyrococcus furiosus (PDB ID:
1B43) (Hosfield et al., 1998) and T5 phage (PDB ID: 1XO1) (Garforth et al., 1999)
have been solved and have aided in the characterization of the amino acids
important in FEN-1 activity.

Five regions of the FEN-1 protein are important for activity (Figure 12) (Shen
et al., 2005). First, the active site that consists of 10 residues (9 of which are
charged) binds two divalent cations; one aids in catalysis and the other in protein
stabilization (Figure 12, green). Second, the helical clamp region (Figure 12,
purple) consists of a helix-loop-helix motif that contains mainly positively
charged and hydrophobic residues and binds to the 5-flap of the DNA substrate
(Figure 11). The third region is a hydrophobic wedge (Figure 12, pink) that binds
the 3’-flap of the DNA substrate. The fourth and fifth regions contain positively
charged residues that stabilize the double-stranded portions of the DNA

substrate (Figure 12,red and gold; Figure 11).
5'flap

3' flap site of FEN-1 cleavage

5|

3|

Figure 11. Optimal double-flap DNA substrate used by human FEN-1.
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Figure 12. The five important regions of the FEN-1 protein.

Surface diagram of the A. fulgidus crystal structure (PDB ID: 1RXW) with the active site
coloured in green, the helical clamp region coloured in purple, the hydrophobic wedge
coloured in pink, the upstream DNA substrate binding region coloured in red and the

downstream DNA substrate binding region coloured in gold.

The results presented in this chapter focus on a series of bioinformatics
analyses that support the hypothesis that the VACV G5R protein is structurally

similar to the FEN-1 family of nucleases.
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4.2 Methods
The initial prediction of G5R function was carried out using a multiple

alignment of 16 G5R protein sequences. The alignment was created using the T-
Coffee alignment software (Notredame et al., 2000) found in Base-By-Base
(Brodie et al., 2004b), with minor adjustments made to the alignment manually.
The alignment was used as input for the HHsearch tool (S6ding, 2005, S6ding et
al., 2005).

The VACV G5R protein sequence was used as input in the Robetta protein
structure prediction server (Chivian et al., 2003, Rohl et al., 2004, Chivian et al.,
2005, Kim et al., 2004). Robetta is a fully automated structure prediction server
that uses comparative modeling methods to model protein structure if a related
structure exists in the PDB database or ab initio prediction methods if no structure
exists. Robetta successfully created 5 potential structural models of the VACV
G5R protein using the crystal structure of the A. fulgidus FEN-1 protein (PDB ID:
1RXV) as the template. Protein structures were superimposed using the
MatchMaker feature of the Chimera visualization software (Pettersen et al.,
2004). Electrostatic surface images were created with a PyMOL

(http:/ /www.pymol.org) plug-in (Lerner, MG, Carlson, HA. APBS plug-in for

PyMOL. 2006, unpublished) that utilizes the APBS electrostatic surface evaluation
tool (Baker et al., 2001). Electrostatic potential was visualized using PyMOL with
positive potential in blue and negative potential in red.

The comparative alignment between the human FEN-1 protein sequence and
the VACV G5R and A. fulgidus protein sequences was created by performing an
initial T-Coffee alignment using default parameters (Notredame et al., 2000) in

Base-By-Base (Brodie ef al., 2004b) and manually editing the alignment to align
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active site residues that were conserved on the 3D model. The secondary
structure of the proteins was determined using the ksdssp command of the
Chimera program (Pettersen et al., 2004). This command assigns secondary
structure elements based on the information found in the PDB file. Truncated
versions of the two protein structures (from position 1-331 in G5R and position
1-332 in hFEN-1 and 1-326 in A. fulgidus) were used for both the pairwise
alignment and the structure comparisons since the C-terminal domains

(approximately 100 amino acids) of these proteins are not conserved.

4.3 Results and discussion

4.3.1 HHsearch results
The VACV strain Copenhagen G5R gene is present in all poxviruses sequenced

to date and it encodes a 434 amino acid protein although the size of this protein
in other poxviruses ranges from 416 amino acids to 505 amino acids with the
average size being 435 amino acids. Traditional BLASTp and PSI-BLAST
(Altschul et al., 1997, Schiffer et al., 2001) searches provided no clues as to the
function of this protein; all significant hits were to other poxvirus G5R protein
sequences. Using a diverse set of poxvirus G5R protein sequences that included
each unique G5R sequence in the VOCs database (Ehlers et al., 2002), a multiple
alignment was created and used as input for the HHsearch program. HHsearch
creates an HMM from the input alignment and uses it to search HMMs created
from other protein databases including the PDB and SCOP databases. Profile-
profile search tools such as HHsearch are thought to be more sensitive since they
compare overall profiles of protein sequences rather than comparing a single
protein sequence to an alignment of potentially similar proteins (S6ding, 2005,

Soding et al., 2005). HHsearch showed, with a 96% probability, that G5R was
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similar to both the human (E-value: 1.1x10°) and A. fulgidus (archaeal; E-value:

3.2x10°) FEN-1 proteins. This is notable since the human and A. fulgidus protein
sequences are themselves only 40% identical and the G5R and A. fulgidus and
human protein sequences are 13% and 16% identical respectively.

A multiple alignment of the VACV G5R, hFEN-1 and A. fulgidus proteins
(Figure 13) show conservation of essential components of the hFEN-1 active site.
The poxvirus G5R orthologs are themselves very diverse; the VACV G5R
protein shares only 17% aa identity with the entomopoxvirus proteins, and 33-
47% aa identity when compared to lepori, sui, capri, yata or avipoxvirus
orthologs. It is therefore significant that the hFEN-1 active site residues are also
completely conserved in all the poxvirus proteins suggesting strong functional

conservation.
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Figure 13. Multiple alignment between vaccinia virus G5R, human FEN-1 and A.
fulgidus protein sequences.

Alignment created using all defaults of the T-Coffee alignment algorithm (Notredame et
al., 2000) with minor adjustments being made by hand. Red cylinders represent a-helices
and green arrows represent p-strands that were extracted by ksdssp except in the helical
clamp region of G5R and hFEN-1, which was predicted using Jpred. Grey shaded boxes
represent active site residues; a black box represents the helical clamp region and a
rounded box represents the H3TH motif. Asterisks and dots represent key residues in

the upstream DNA binding region and downstream DNA binding region respectively.

4.3.2 Structural modeling of the VACV G5R protein
The significant sequence conservation and availability of FEN-1 crystal

structures prompted us to test the following hypothesis: Can the G5R protein
adopt a structure similar to FEN-1. We tested this hypothesis by creating a
structural model of the VACV G5R protein (Figure 14) using the Robetta protein
structure prediction server. The 5 models created with Robetta were very

similar; model 4 was chosen as the representative model since it had the most
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compact protein structure. Since the A. fulgidus and human proteins are distantly
related we chose to model the VACV protein on the A. fulgidus FEN-1 structure
and carry out subsequent analyses with the human structure (hFEN-1) to permit

more rigorous comparisons.
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Figure 14. Tertiary structure comparisons between human FEN-1 and vaccinia G5R.
(A) Superimposed structures of human FEN-1 (PDB ID: 1UL1, chain X) (purple) and
vaccinia G5R (green). (B) Surface diagram of vaccinia virus G5R with negatively
charged active site residues in red, positively charged and hydrophobic amino acid
residues in purple and two magnesium ions in blue. (C) Surface diagrams of hFEN-1
and vaccinia virus G5R coloured by electrostatic properties as calculated by APBS using
default values. Positively charged regions are coloured in blue, negatively charged
regions in red. Ovals over both diagrams represent the helix-3turn-helix motif

(downstream DNA binding region) that is conserved in both.
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4.3.2.1 Secondary and tertiary structure comparison
In addition to the high conservation of active site residues, the secondary

structure of the G5R and hFEN-1 proteins is also well conserved. Of the 18 a-
helices found in hFEN-1, all but 4 align with similar secondary structure in G5R
(Figure 13). Likewise, 4 of the 7 B-strands found in hFEN-1, align very well with
G5R. The relatively short length of the B-strands in these proteins may explain
this lower modeling success rate. Due to the inability to observe residues in the
helical clamp region in the crystal structure of chain X in hFEN-1 (Sakurai et al.,
2005), the secondary structure in this region for both G5R and hFEN-1 was
predicted using Jpred (Cuff et al., 1998). The secondary structure of this missing
region in hFEN-1 as well as the corresponding region in G5R consists of two o-
helices and a short p-strand at the end of the clamp region for hFEN-1 and just 2
a-helices for this region in G5R (Figure 13, black box). Archaeal FEN-1 proteins
also have helical secondary structure in this region, further supporting the a-
helices predicted for the model.

The tertiary structure of hFEN-1 and G5R is also very well conserved. With
the exception of the unmapped helical clamp region of hFEN-1, the positioning
of the majority of alpha-helices and beta-strands in G5R is conserved and the
RMSD of the superposition was found to be 1.4A over 251 alpha-carbon pairs
(Figure 14A). For comparison, the RMSD of the superposition of G5R and the A.
fulgidus structures is 0.81A over 281 alpha-carbon pairs and for A. fulgidus and
hFEN-1 structures is 1.2 A over 261 alpha-carbon pairs. Thus, the superposition
of the G5R protein with human FEN-1 is almost as good as the superposition of
the human and archaeal FEN-1 proteins suggesting that the structural model of

the G5R protein reflects its true structure in nature. Conservation of the surface
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electrostatic properties between VACV G5R and hFEN-1 is shown in Figure 14C;

blue areas of hFEN-1 are positively charged and represent regions responsible

for contacting substrate DNA (Figure 14C).

4.3.2.2 Important residues in the hFEN-1 active site
Ten amino acids are believed to comprise the active site of hFEN-1, seven are

negatively charged and coordinate the binding of two divalent cations, two are
positively charged and are thought to contribute to the nucleophilic attack that
breaks the phosphate backbone of the substrate DNA and one is hydrophobic
and may be involved in hydrogen bonding with other active site residues (Shen
et al., 2005). Six of the seven negatively charged residues are fully conserved in
G5R (Figure 13 and Figure 14B); glutamate 158 and tyrosine 234 in hFEN-1 are
replaced by aspartate and phenylalanine, respectively, in the corresponding
positions of G5R. Both substitutions maintain the biochemical properties of the
amino acids found in FEN-1 and therefore are likely to be functional in G5R. The
two positively charged residues that are key for FEN-1 activity are lysine 93 and
arginine 100 (Shen et al., 2005). These two residues are absolutely conserved in
all poxvirus G5R proteins and are also positionally conserved on the structural
model of G5R compared to hFEN-1.
4.3.2.3 Regions important in substrate binding

There are 4 regions that are important in binding the substrate DNA in hFEN-
1. The first is the region important in binding the 5'-flap of substrate DNA,
which is located at the helical clamp region and contains the Helix-Loop-Helix
(HLH) motif that binds ssDNA (Shen et al., 2005). The G5R structural model has
4 a-helices in this region that when combined into two sets of two helices

separated by a six amino acid loop, closely resembles an HLH motif (Figure
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14A). When the secondary structure of G5R was predicted for this region using

Jpred, the HLH motif was found to be conserved and consists of 2 o-helices
separated by a 9 amino acid loop (Figure 13). The helical clamp region of hFEN-1
consists of bulky and positively charged amino acid residues on the inner side of
each of the helices of the HLH motif that are responsible for contacting the 5’-
flap DNA (Shen et al., 2005). Of the 70 amino acids comprising the helical clamp
region in G5R, 20 of them (28.6%) are positively charged or hydrophobic
compared to hFEN-1, which has 12 of 47 amino acids (25.5%) being positively
charged or hydrophobic in the helical clamp region.

The binding of the 3’-flap of the substrate DNA occurs at the hydrophobic
wedge in hFEN-1 (Shen et al., 2005). This region begins at position 42 of hFEN-1
and consists of the sequence: FLIAV (Figure 13). The corresponding region in
G5R, although not identical to that of hFEN-1 begins at position 41, on both the
structural model (Figure 15) and the alignment (Figure 13), and consists of the
sequence: VANCYV. This sequence in G5R is primarily hydrophobic suggesting

that it may also be capable of binding to a 3'-flap DNA region.



106

Figure 15. The hydrophobic wedge region of the G5R structural model.

Surface diagram of the VACV G5R protein structural model (blue) with the hydrophobic
wedge region coloured in green. A short segment of substrate DNA showing the single
3’-flap nucleotide and a region of duplex DNA is depicted in pink.

The remaining two regions are responsible for binding the upstream and
downstream double-stranded substrate DNA. Each of these regions contains
key positively charged residues that are responsible for making contact with the

substrate DNA. The upstream DNA binding region includes the following
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residues of hFEN-1: R47, R70, R192, K200, K201, K326, and R327. Of these seven

residues, one (R47 in hFEN-1) is conserved in the G5R protein (R46 in G5R). The
alignment shown in Figure 13 shows the poor conservation of these residues,
however it is important to note that this alignment was manually edited to
ensure no gaps were located within the alpha-helices and beta-strands and can be
further improved upon. For example, Figure 16 B shows an unedited, T-Coffee
alignment of the region spanning amino acids 179 and 207 of the human FEN-1
protein compared to the same region aligned according to Figure 13 (Figure
16A), which includes three of the seven important upstream DNA substrate
binding residues. Only one of these three amino acids is conserved in the
original alignment (Figure 13 and Figure 16A) however, once this region is
realigned, there are now two conserved amino acids (Figure 16B). Electrostatic
surface diagrams were subsequently used to determine the extent of positively
charged residues in this region and they showed that the corresponding
upstream DNA binding region of the G5R protein (Figure 14C) consists of the
positively charged residues that could contribute to DNA binding. Thus, despite
the apparent lack of sequence matching in the alignment seen in Figure 13, these

regions may be in fact well conserved functionally.
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* * %
VACV-Cop-G5R DOQDTMLFASTDNHPKMIKNLTQLF PSAED--
Homo sapiens DMDCLTFGS—----PVL LTASE LPIQEF-
A. fulgidus DYDSLLFGS----PRL LAITG LPGKNVY
A
* * %
VACV-Cop-G5R DODTMLFASTDNHPKMIKNLTQL - VPSAED-
Homo_sapiens DMDCLTFGS—----PVL LTASE LPIQEF-
A. fulgidus DYDSLLFGS----PRL LAITG LPGKNVY
B

Figure 16. Comparison between two alignments of the same upstream DNA binding
region.

(A) Original alignment of the region between amino acids 179 and 207 of the human
FEN-1 protein as seen in Figure 13. (B) Unedited T-Coffee alignment of the region
shown in panel A. Asterisks above both alignments show the three positively charged
resides that are important in upstream DNA substrate binding. Blue boxes show the
two amino acids that are important for upstream DNA binding and are conserved
between the G5R and hFEN-1 proteins.

Analysis of the downstream DNA substrate binding regions of the 2 structures
revealed some regions of conservation and some differences between the
proteins. This region on hFEN-1 consists of 5 important positively charged
amino acids as well as a Helix-3Turn-Helix (H3TH) motif. The five residues that
are involved in hFEN-1 downstream DNA binding are: K244, R245, K252, K254,
and K267. These residues appear to correspond to N254, N255, 1259, 1.261, and
V271 respectively, on the G5R model suggesting a loss of positive charge.
However, the H3TH region of hFEN-1 is highly conserved in the G5R structure
(Figure 13, rounded boxes; Figure 14C). On hFEN-1, the first helix of the H3TH

motif is located at Q220 and ends at G231, which corresponds to the G5R helix
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that begins at N228 and ends at V237. The 3T region of hFEN-1 is slightly

shorter than the G5R 3T region beginning at 5232 and ending at G242 and
corresponds to positions N238 through T252 in G5R, respectively. The second
helix of G5R is slightly shorter than that seen for hRFEN-1 with the hFEN-1 helix
beginning at P243 and ending at K252 and corresponding to P253-Q260
respectively for G5R.

4.3.2.4 Other features that may play a role in G5R activity

There are 2 other features that have been observed in hFEN-1 that may play a
role in G5R activity. The first is the post-translational phosphorylation of S187 in
hFEN-1, which has been shown to play a role in the regulation of
exo/endonuclease activity in hFEN-1 (Shen et al., 2005). The corresponding
residue in G5R is 5204 and is conserved in both the alignment and the structural
model.

Not only are the N-terminal sequences ending at position 10 of the G5R and
FEN-1 proteins very highly conserved among their respective groups, but also
that there is significant conservation between the two sets of proteins (Figure
13). Although the exact function of this short sequence is not known, the crystal
structure of hFEN-1 revealed that it is in close proximity to the active site and
H3TH residues and thus may stabilize interactions with the substrate (Sakurai et
al., 2005).

Finally, there are 61 identical amino acids that are found in all poxviruses
(except the entomopoxviruses) and may contribute to the function of the G5R
protein. Of these 61 amino acids, 15 are also identical in the hFEN-1 protein and
of those 15 that are identical in hFEN-1, seven are part of the active site of the

protein. Thus, eight amino acids are identical between hFEN-1 and all poxviruses
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but have yet to be assigned a functional role in the activity of the protein. This
leaves 46 amino acids that are not conserved in the hFEN-1 protein but are
identical in all poxviruses suggesting that these amino acids play some kind of
functional role in the G5R protein and are excellent candidates for future

mutational studies.

4.4 Conclusions
Given the multiple lines of evidence presented here, we conclude that the

poxvirus G5R proteins are likely to share significant structural similarity to the
FEN-1 family. Herpes (Oroskar and Read, 1989, Taddeo et al., 2002) and
iridoviruses also encode related proteins, and these may represent very ancient
viral genes that have evolved from a FEN-1-like ancestor. However, it is not
clear whether endonuclease activity has been preserved and given the wide
range of activities described for FEN-1 proteins including its participation in the
base excision repair pathway, genome replication and probable participation in
apoptosis (Shen et al., 2005) it is difficult to predict the natural substrates for the
viral proteins.

Early experiments have shown that poxvirus DNA replication may involve
lagging strand DNA synthesis (Pogo and O'Shea, 1978), and a recent study has
found that the vaccinia virus D5R protein is capable of synthesizing RNA primers
suggesting that poxvirus DNA replication likely does involve lagging strand
DNA synthesis (De Silva et al., 2007). The likelihood that lagging strand
synthesis is occurring in poxviruses suggests that the G5R protein may play a
role similar to that of hFEN-1 in RNA primer removal during DNA replication.
It is important to note, however, that since the human and vaccinia proteins are

so divergent from one another, the G5R protein may have evolved novel
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functions in poxviruses in a manner similar to the uracil DNA glycosylase (De
Silva and Moss, 2003). It is likely that the C-terminal domain, which appears to

be unique to the poxvirus proteins, plays a role in its specific function.
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5.0 VACV-G8R: A comparison to human proliferating cell
nuclear antigen

5.1 Introduction
Perhaps one of the most important features of FEN-1 is that it cleaves DNA

more efficiently when bound to proliferating cell nuclear antigen (PCNA) since
the PCNA protein is able to freely slide along the DNA molecule bringing the
FEN-1 protein into contact with 5'-flap regions, which the FEN-1 protein can then
cleave (Liet al., 1995). In fact, previous studies have shown that when FEN-1
interacts with PCNA, its activity increases between 10- and 50-fold (Li et al., 1995,
Tom et al., 2000). The PCNA protein is classified as a sliding clamp and is found
in all organisms including prokaryotes, where it is called a beta-sliding clamp
(Bruck and O'Donnell, 2001) and in the case of eukaryotes functions as a
homotrimer, wrapping itself around DNA and leaving its outer edge for
interactions with other proteins (clients) (Kelman, 1997). The client proteins with
which PCNA interacts can be grouped into three categories: DNA replication,
DNA repair and cell cycle regulation (Tsurimoto, 1998, Warbrick, 2000). DNA
repair client proteins include FEN-1, Xeroderma pigmentosa G (XPG) protein
and uracil DNA glycosylase (Warbrick, 2000). The XPG protein belongs to the
same nuclease superfamily as FEN-1 since it is also a structure-specific
endonuclease and plays a role in nucleotide excision repair by cleaving ultra
violet light damaged DNA at the 3’-end of the DNA repair bubble structure
(Nishino et al., 2006). This function should not be confused with the function of
FEN-1 in long-patch base excision repair, a different DNA repair pathway, where
FEN-1 cleaves the resulting 5'-flap from a repaired piece of DNA in response to

damage to DNA caused by oxidation, methylation or the spontaneous removal
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of the DNA base (Wood, 1996). DNA replication proteins include DNA

polymerase delta; FEN-1; and the clamp loading complex replication factor C
(RFC), which functions to assemble the three subunits of PCNA around the DNA
to be replicated (Warbrick, 2000).

Possibly the more intriguing function of PCNA is its role in cell cycle
regulation, which is somewhat related to its function in DNA repair since it
involves a cell-cycle regulating protein (p21) which inhibits two cyclin-dependent
kinases in response to DNA damage (Warbrick, 2000, Tom et al., 2000). A
peptide derived from the C-terminus of the p21 protein has been co-crystallized
with human PCNA and shows its extensive interactions with the PCNA protein
(Warbrick, 2000). Although the complete PCNA~p21 complex has not been co-
crystallized, mainly due to the multiple functional domains of the p21 protein,
PCNA and p21 have been shown to co-immunoprecipitate suggesting that these
two proteins do interact with each other (Warbrick, 2000, Tsurimoto, 1998). By
interacting with PCNA, p21 blocks the DNA polymerase complex from
associating with PCNA and effectively shuts off DNA replication (Warbrick,
2000). This, in turn, also indirectly prevents long-patch base excision repair,
which requires a functioning DNA polymerase complex to function correctly,
however, short-patch DNA repair can still occur in response to DNA damage
because it does not require a functioning DNA polymerase complex (Warbrick,
2000). It has also been speculated that during apoptosis, when caspase-3 cleaves
p21 and other proteins with a PCNA binding motif, the resulting peptide can also
bind to PCNA preventing it from binding to the DNA polymerase complex and

thus pushing the cell towards apoptosis (Tsurimoto, 1998).
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Structurally, the PCNA trimer has pseudo-sixfold symmetry with two

equivalent structural domains per subunit (Figure 20). There are two regions of
PCNA that are important for its functionality. The first is the DNA binding
region that consists of 4 alpha helices per subunit for a total of 12 alpha helices
per trimer. The trimer forms a circle similar to a donut in which the center of the
“donut” represents the region where PCNA comes into contact with DNA and is
where the alpha helices are located. The second region is the client-binding
region, which consists of a long loop called the interdomain connecting loop.
This loop serves two purposes, first in connecting the two identical structural
domains to each other per subunit and the second is client binding. Each client
protein that interacts with PCNA has a PCNA interacting protein (PIP) motif,
which consists of the consensus sequence: Qxx[M/L/I]xxF[Y/F] where x
represents any amino acid. The ability of PCNA to slide along DNA and
transiently bind to a multitude of client proteins, has, until recently, been limited
to clients that functioned in DNA replication and repair. Given this strong
interaction between PCNA and DNA, it is not surprising that it has now been
reported that PCNA plays a role in transcription by binding to transcription
factors that regulate gene expression (Schultz-Norton ef al., 2007).

Knowing that FEN-1 requires PCNA to function efficiently, we hypothesized
that vaccinia virus encoded a PCNA-like protein. To try and find this poxvirus
equivalent PCNA protein, we used an InterProScan of the vaccinia virus
genome, using JiPS (Syed and Upton, 2006), to try and identify any potential
sliding-clamp proteins. One protein listed as a sliding clamp was the vaccinia
virus G8R protein and upon further inspection, the class of sliding clamp that

G8R was listed as being was one that contained the PCNA protein. Further
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HMM comparison searches using HHsearch further showed that the G8R

protein was similar to PCNA. This chapter presents the results of the
bioinformatics comparisons made between the vaccinia virus G8R structural

model and human PCNA, which is currently a work in progress.

5.2 Methods
The initial vaccinia genome-wide InterProScan (Zdobnov and Apweiler, 2001)

was performed using the JIPS program developed in our laboratory (Syed and
Upton, 2006). Results of the scan were manually parsed looking for the
keywords “sliding clamp”. The one protein (VACV G8R) to fit this criteria was
examined in further detail at the InterProScan website

(http:/ /www.ebi.ac.uk /InterProScan/).

A T-Coffee alignment of 16 poxvirus G8R sequences was used as input in the
HHsearch HMM comparison search tool and the VACV G8R sequence was used
as input in the Robetta protein structure prediction server (Chivian ef al., 2003,
Chivian et al., 2005, Kim et al., 2004, Rohl et al., 2004). Robetta successfully
created 5 potential structural models of the VACV G8R protein using the crystal
structure of yeast PCNA (PDB ID: 1SX]) (Bowman et al., 2004) as a template.
Comparisons were subsequently made to the crystal structure of human PCNA
(PDB ID: 1UL1) (Sakurai et al., 2004). Protein structures were visualized and
superimposed using the Chimera visualization software (Pettersen et al., 2004).
Electrostatic surface images were created with the APBS plug-in for PyMOL

(http:/ /www.pymol.org) with positive potential coloured in blue and negative

potential in red.
The comparative alignment between VACV G8R, human and yeast PCNA

protein sequences was created using T-Coffee with manual manipulations to



116

ensure that the secondary structure that was being mapped contained no gaps.
The secondary structure displayed with the alignment was derived directly from
the crystal structures of the human and yeast PCNA proteins and from the

model of the VACV G8R protein.

5.3 Results and discussion
The VACV G8R gene encodes a 260 amino acid protein that is found in all

chordopoxviruses (everything except entomopoxviruses), expressed at
intermediate stages of infection, and is thought to play a part in poxvirus late
transcription (Zhang et al., 1992b, Dellis et al., 2004, Wright and Coroneos, 1993).
In searching the vaccinia virus genome, using InterProScan, for a protein that
may be similar to human PCNA, we found only 1 protein (G8R) that fit the
criteria of a sliding clamp. The InterProScan results for the G8R protein shows a
classification into two different categories. The first is as a viral trans-activator
protein (InterProScan ID: IPR005022), which is not surprising given the role that
the G8R protein plays in late transcription. The second category in which the
G8R protein was classified using InterProScan was the DNA clamp category,
which links to the DNA clamp superfamily in the SCOP (structural classification
of proteins) database (SCOP ID: 55979). This superfamily is subdivided into two
families, the DNA polymerase III beta subunit family which contains multiple
domains from the beta subunit of the DNA polymerase III protein in E. coli, and
the DNA polymerase processivity factor family which contains sliding clamps
from several organisms including herpes virus, human, yeast and 3 archaeal
species. The InterProScan did not assign the G8R protein to a particular family.
In order to garner some extra information about the classification of the G8R

protein, we created a multiple alignment of the protein sequences of 16 diverse
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G8R orthologs using T-Coffee and used this alignment as input for the HHsearch

tool (S6ding, 2005, S6ding et al., 2005). The HHsearch tool resulted in a top hit
being to the yeast PCNA protein with a probability of 95.5% and an E-value of
10. Identical results were seen when just the VACV G8R protein sequence was
used as input for HHsearch. It is important to note that although the E-value for
the top hit between the G8R protein and yeast PCNA is poor (high), it cannot be
interpreted in the exact manner as an E-value would be interpreted when
performing a BLASTp or PSI-BLAST. The authors of the HHsearch tool state that
since their E-value calculation does not take into account conserved secondary
structural elements between the query and the hit, that the probability measure
is a more accurate statistic (S6ding, 2005, Soding et al., 2005). The authors also
recommend that results that have a high probability yet a poor E-value warrant
further investigation and as such, since the top hit for the G8R protein was to a
yeast PCNA protein with a complete structure in the PDB database, we decided
to model the structure of the G8R protein using the Robetta protein structure
prediction server as was performed for the G5R protein (Chapter 4, this
dissertation).
5.3.1 Secondary and tertiary structure conservation

The T-Coffee alignment of the G8R, human and yeast PCNA proteins (Figure
17) shows 35% sequence identity between human and yeast PCNA and only 9%
and 12% sequence identity between the G8R protein and the human and yeast
proteins, respectively. Despite the relatively low sequence identity between the
G8R protein and these eukaryotic proteins, comparison of the secondary
structure of the G8R protein with the secondary structures of the human and

yeast PCNA proteins reveals strong conservation between all three proteins
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(Figure 17). It is known that the human and yeast PCNA proteins have a pseudo

sixfold symmetry which means that each subunit has two key domains, which in
the case of PCNA, are divided by the interdomain connecting loop (Sakurai et al.,
2004). For all three proteins (G8R, human and yeast PCNA), the first domain has
the following secondary structure associated with it: SHSSSSSHSSS where Sis a
beta-sheet and H is an alpha-helix. For the G8R protein and the human PCNA
protein, the second domain, although it is, by definition of the pseudo-sixfold
axis of symmetry, supposed to be identical in secondary structure to the first
domain, is missing a beta-sheet and has the following secondary structure
associated with it: SHSSSSHSSS. The second domain in the yeast PCNA protein
has an identical secondary structure pattern as the first domain and is as follows:
SHSSSSSHSSS. The interdomain connecting loop, shown in Figure 17
surrounded by a rounded box, consists of 18 amino acids for the G8R protein

and human PCNA, and 17 amino acids for yeast PCNA.
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Figure 17. Comparative alignment between VACV G8R, human and yeast PCNA.
Alignment created using all default values of the T-Coffee alignment algorithm with
minor adjustments made by hand (Notredame et al., 2000). Green arrows represent
beta-sheets, and red cylinders represent alpha-helices. Black rounded box shows the
interdomain connecting loop, blue shaded boxes represent the helices that contribute to

DNA binding and dots represent identical residues between the 3 protein sequences.

Using the Robetta protein structure prediction server, the complete G8R
protein sequence was successfully modeled using the yeast PCNA crystal
structure (PDB ID: 1PLQ) as a template. As with the secondary structure, the
tertiary structure of the structural model of the G8R protein is highly conserved
when compared to the crystal structures of both human and yeast PCNA (Figure
18). The RMSD for the superposition of the human and yeast crystal structures is
1.24A over 249 alpha-carbon pairs, and in comparison, the RMSD for the
superposition of G8R and human PCNA is 1.45A over 228 alpha-carbon pairs
and is 0.74A over 226 alpha-carbon pairs when superimposing the G8R structural
model over the yeast PCNA crystal structure. The RMSD values show that
despite the low sequence identity between the G8R and human and yeast

proteins, the structural model of the G8R protein is as similar to the human
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PCNA crystal structure as the yeast PCNA structure is to the human PCNA

structure. Not surprising is the lower RMSD value between the yeast PCNA
crystal structure and the G8R model since the G8R structure was modeled using
the yeast crystal structure as a template. Since PCNA acts as an intermediary
between DNA and many diverse client proteins and because of this does not
have a defined active site, analyzing its structure and that of the G8R protein is
very important in determining interactions between PCNA, its clients and DNA

(Section 5.3.2).

N—p
x\’%’h&»

Yeast PCNA

VACV G8R Human PCNA

Figure 18. Structures of the VACV G8R, human and yeast PCNA proteins.

There are three major differences that are observed upon further comparison
of the human PCNA and VACV G8R structures. The first is the overall shape of
the PCNA subunit, which with human PCNA, is curved into a shape resembling
a semi-circle, but is somewhat stretched horizontally in the G8R structural model
(Figure 19). The main reason for this is how the loop regions on the G8R model
are placed in 3-dimensional space. The positioning of the helices and the beta-
sheets is nearly identical between both but the loop regions exhibit enough
variability to change the overall shape of the G8R molecule into something that
is more like a flattened semi-circle. The second major difference is the loop

region located between beta-sheets 7 and 8 (Figure 19). In the G8R protein, this
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loop is 16 amino acids long and extends out towards the back of the protein
whereas in human PCNA this loop is considerably shorter at only 6 amino acids
and it extends downwards (Figure 19). The potential role that this extended loop
plays in the G8R protein is unclear and it is not possible to predict whether it
plays a role in promoting or preventing a trimerization of the three G8R
subunits to create a complete protein complex. However, given that this loop
region is conserved in all chordopoxviruses with minor amino acid differences
seen primarily with the avipoxviruses and the molluscum contagiosum virus,
compared to the VACV G8R protein, it is likely to play an important role in the
function of the G8R protein. The other major difference is the loop region
between alpha-helix 4 and beta-sheet 15, which is 9 amino acids long in the G8R
protein and is only a short 2 amino acid loop in human PCNA (Figure 19). Since
this loop extends into the DNA binding region of the G8R protein, it is possible
that it plays a role in stabilizing the interaction between DNA and the G8R

protein.
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VACV G8R Human PCNA

Figure 19. Three major differences between the VACV G8R and human PCNA
structures.

Arrows labelled 1 mark the loop region between beta-sheets 7 and 8 PCNA; arrows
labelled 2 mark the loop region between alpha-helix 4 and beta-sheet 15; opaque black
semi-circular lines mark the overall shape of the VACV G8R and human PCNA

structures.

As was alluded to in the previous paragraph, the human PCNA protein
functions as a homotrimer, which forms the shape of a donut around the DNA
that fits in the centre. Using three copies of the VACV G8R structural model, we
attempted to model the PCNA homotrimer (Figure 20). The hypothetical G8R
trimer looks strikingly similar to the human PCNA trimer and it appears as
though the extended loop region seen between beta-sheets 7 and 8 on the VACV
G8R protein is not in a position to be inhibiting the formation of the trimer
(Figure 20). Interestingly, the idea that the G8R protein could be forming a
trimer with itself is not unwarranted, since a recent yeast two hybrid assay
showed that the VACV G8R protein has a strong interaction with itself (Dellis et

al., 2004).
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Vaccinia G8R Human PCNA

Figure 20. Complete trimer of the VACV G8R and human PCNA protein structures.

5.3.2 Functional domain comparison
Since the role of the PCNA protein is to act as an intermediary between certain

client proteins and the DNA genome, it is not considered an enzyme and thus
does not have an active site. It does, however, have two functional domains that
are important in both DNA and client binding. The first functional domain is the
client binding domain, which consists of the interdomain connecting loop on the
PCNA protein. The amino acids comprising this long loop interact with client
proteins that contain the following PIP (PCNA interacting protein) motif:
Qxx[M/L/I]xxF[Y/F] where x is any amino acid. In the case of the human FEN-1
client protein, this motif is located at the C-terminus of the protein, although in
some client proteins, the PIP motif may be located at the N-terminus or even
near the middle of the protein exposed on its surface (Doré et al., 2006). In the
case of the VACV G5R protein, which may be a FEN-1-like protein, no motif was

identified that was identical to the motif described above, but a similar motif



124
QDTMLF was found in the active site of the G5R protein. Obviously given that

this potential motif is located in the active site of the G5R protein and is not well
exposed, it likely does not associate with the interdomain connecting loop of the
G8R protein. The lack of a PIP motif in the G5R protein does not necessarily
mean that the G8R and G5R proteins do not interact, as it is possible that through
the evolution of these proteins in the poxvirus, their interacting sites may have
changed and only further biochemical experiments will be able to determine the
extent of this interaction.

The other important functional domain in the PCNA protein is the DNA
binding domain. This domain consists of the 4 alpha helices of the protein that
cluster towards the center of the trimer, forming a hole into which the DNA fits
(Figure 17 blue shaded boxes, and Figure 20). Since these helices are capable of
binding to DNA, they must contain positively charged amino acids that can
electrostatically interact with the negatively charged DNA molecule and help
stabilize it in the centre of the protein. A simple count of the number of basic,
positively charged amino acids (lysine, histidine and arginine) contained in the 4
helices of a set of diverse PCNA proteins (Table 9) shows that the eukaryotic and
archaeal PCNA proteins have 9 positively charged amino acids in their helical
regions whereas the VACV G8R protein has only 7. Although it may appear
that the VACV G8R protein has a somewhat lower number of positively charged
amino acids in this region, given that the zebrafish and silkworm PCNA proteins
also have 7 positively charged amino acids in this region, the G8R count is
consistent with other species. To get a better idea of the locations of these and
other residues that contribute to overall electrostatic charge, the electrostatic

potential of the human, yeast, archaeal and G8R proteins was calculated and
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mapped onto surface diagrams of each protein (Figure 21). The electrostatic
surface diagrams reveal that despite the VACV G8R having the lowest number
of positively charged amino acids in its helical region, the electrostatics in the
helical region is similar to what is seen for the other 3 PCNA proteins. The
positively charged residues tend to cluster primarily near the centre of the helical
region for the G8R protein and this clustering towards the centre of the protein is
also seen for the archaeal PCNA protein (Figure 21). The human and yeast
proteins both have some positively charged residues near the centre of the
helical region, but overall tend to have a more spread-out charge pattern
compared to the archaeal and G8R proteins. Given that the spread of positive
charge observed in the G8R protein is consistent with that seen with the other
three proteins, it is quite possible that the G8R protein is capable of binding to
DNA although more biochemical evidence is required to show this. Given the
role that the G8R protein plays in poxvirus late transcription, it is perhaps not
surprising that it may be able to bind DNA, but whether it plays a role solely in
transcription or whether it plays a role similar to that of PCNA remains to be

determined.
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Table 9. Number of positively charged amino acids in the helical regions of various

PCNA proteins.

Organism Number of positively charged amino acids
Bacteriophage T4 4
VACV G8R 7
Zebrafish 7
(Danio rerio)
Silkworm v
(Bombyx Mori)
Frog 8
(Xenopus laevis)
Plasmodium falciparum
Human 9
(Homo sapiens)
Yeast 9
(Saccharomyces cerevisiae)
Archaeoglobus fulgidus 9
(Archaeal)
Pyrococcus furiosus
/ (Archagl) J
Rat 9
(Rattus rattus)
Chicken 9
(Gallus gallus)
Mouse 9

(Mus musculus)
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Yeast PCNA Archaeal PCNA

Figure 21. Electrostatic surface diagrams of the VACV G8R protein and 3 other
PCNA proteins.

Surface diagrams are coloured by electrostatic properties as calculated by APBS using
all default values with positively charged regions coloured in blue and negatively

charged regions in red.

5.4 Conclusions
The work presented in this chapter has shown that the VACV G8R protein,

despite having low sequence identity to human and yeast PCNA, has a highly
conserved secondary and tertiary structure and should therefore be classified in
the DNA sliding clamp superfamily where PCNA is classified. Although it
remains to be tested biochemically whether DNA and the G8R protein are

capable of interacting with each other, given the distribution of the positively
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charged residues in the helical region of the G8R protein, it is quite likely that it

can bind DNA. It isimportant to note that as with the G5R protein, the origin of
the G8R protein is not known and because of this, the function of the G8R
protein may have evolved to be different than that of the PCNA protein, only
retaining the DNA binding characteristic of the PCNA protein and nothing more.
The DNA binding ability of the G8R protein has never been experimentally
determined and given the novel role that human PCNA plays in transcription
(Schultz-Norton et al., 2007) and the knowledge that the G8R protein functions in
poxvirus late transcription, it is of utmost importance to biochemically determine
whether the G8R protein binds to DNA.

Homologs of the PCNA protein are expressed in at least two dsDNA virus
families (Baculoviridae and Herpesviridae) (Matsumoto et al., 1987, Zuccola et al.,
2000, Kool et al., 1994) so it is not unlikely that a similar protein exists in the
poxvirus. An interesting development in the ongoing search for a poxvirus
sliding clamp protein occurred in July 2007 when the crystal structure of the
VACV uracil DNA glycosylase (UDG) protein was determined (Schorman et al.,
2007). The poxvirus UDG protein has been previously shown to play a dual role
in DNA replication and repair and the researchers who crystallized the protein
revealed that it might act as a sliding clamp similar to PCNA, wrapping around
the DNA as a homotetramer. Structurally, the UDG protein is not at all similar to
the human PCNA protein, but as a homotetramer, it does create a channel in the
center of the complex that would be large enough to fit duplex DNA. If the UDG
protein were to be a sliding clamp similar in function to PCNA, however, there is
one important detail that must be investigated further. The parts of the UDG

homotetramer that come into contact with DNA would have to be somewhat
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positively charged in order to interact with the negatively charged DNA

molecule. Looking at the crystal structure of the UDG protein however, shows
that the regions that would come into contact with the DNA molecule are
primarily uncharged with at least two residues that are negatively charged.
How the UDG tetramer in this conformation could successfully bind to DNA
remains to be seen, but if it does bind to DNA in that conformation and if it is
further shown to be the sliding clamp important in poxvirus replication, it could
mean that the G8R protein with a structure that is very similar to that of PCNA
could be the sliding clamp that is important for poxvirus transcription —two
structurally different viral proteins performing similar functions during different

stages of the poxvirus life cycle.



130

6.0 Discussion
Bioinformatics, by definition, is the application of statistical, mathematical and

computational methods to the analysis of biological and molecular data
(Luscombe et al., 2001). Today, with the sequencing of thousands of genomes,
bioinformatics involves two overall areas: data management and organization
and, data analysis. Data management and organization can be difficult
depending on the type of data to be stored (DNA or protein sequences versus
structures), the number of sequences or structures being stored and in the case
of databases that store sequence information, the length of the sequences that
are stored since one thousand short sequences of 100 nucleotides does not take
up as much space in a database as one thousand long sequences of a million
nucleotides or longer. Often when creating databases, researchers try to add
value to the data by providing search capabilities and links to tools that may be
useful in subsequently analysing the data, which can raise some speed concerns
when using such databases. One would think, in the case of smaller sized
genomes coming from viruses, that data management and organization would
be a relatively simplistic task, although this is not the case. For example, even
though poxvirus genomes are relatively small (~200 kbp) compared to the
human genome, housing sequence and gene information in a database that is
easy and quick to search through has been a challenge. Fortunately, with newer,
more powerful computers, a database with these capabilities has been
developed, known as the virus orthologous clusters (VOCs) database (Ehlers et
al., 2002). VOCs is a database that began as a repository for poxvirus sequences
and has now developed to include the sequences of 12 other virus families, all

housed in a single location with easy access to all sequences of interest. It also
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provides users with the ability to perform BLAST searches without having to

copy and paste the sequence and navigate to the BLAST website, and to create
multiple alignments from a subset of gene or protein sequences without having
to download a separate alignment program amongst other features that
researchers of these viruses find useful. Databases like VOCs have made the
analysis of viral genomes, and in particular poxvirus genomes, a quick, efficient
and understandable task.

The second area in which bioinformatics is involved is data analysis, and it can
include using tools to determine the location of promoters and genes on the
genome to modelling the structure of a protein using computationally expensive
ab initio approaches. In the case of poxvirus genomes, bioinformatics has
contributed in four different ways. The first, phylogeny, involves the
determination of the origins of the different poxvirus species and likely began
with the sequencing of the vaccinia and variola virus genomes in the 1990’s
(Shchelkunov et al., 1993, Shchelkunov et al., 1994, Shchelkunov et al., 1996,
Goebel et al., 1990b). More recently, phylogenetics has contributed to a better
understanding of the origins of certain strains of monkeypox virus (Chen et al.,
2005, Likos et al., 2005) and to the understanding of the evolution of several
different strains of variola virus (Esposito et al., 2006). The second, comparative
genomics, is related to the first in that it uses a different approach to determine
the origins or evolution of poxvirus genomes. Comparative genomics in
poxviruses involves the pairwise comparison of each gene in two poxvirus
genomes with the hopes that differences between these genomes may help
determine why one genome is more virulent than the other for example. The

lack of certain genes in one genome may also help determine which genes are
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virulence genes and which likely are not. The third way in which bioinformatics
contributes to poxvirus research is through similarity and motif searches which
involve the use of nucleotide, protein or profile databases to determine the
function of a given protein. It was through the use of early protein database
similarity searches that the functions of many proteins involved in poxvirus
immune modulation were determined, and some of these even occurred prior to
the sequencing of their respective genomes (Smith ef al., 1990b, Eppstein et al.,
1985). The final way in which bioinformatics contributes is through expression
analysis, which involves the determination of which ORFs in the poxvirus
genome are likely to be expressed and also involves the prediction of promoters
as an added measure in the prediction of expression. Each of these ways
contributes to the definition and determination of how poxviruses replicate and
infect the host cell and with this understanding of the poxvirus life cycle comes
the identification of which proteins could be better drug targets and the
development of an improved vaccine that uses protein subunits rather than live
attenuated virus.

The common theme of this dissertation is the use of bioinformatics to analyse
poxvirus genomes. Each chapter uses bioinformatics methods that were
outlined in the previous paragraph to help gain a better understanding of the
poxvirus replication and infection cycle. Chapter 2 of this dissertation focuses on
the determination of which genes are likely to be expressed in the virus. A novel
method to predict expressed genes in poxvirus genomes by looking at the amino
acid usage and purine content of each predicted ORF was presented. By using
this method on newly sequenced or even existing poxvirus genomes, the

poxvirus researcher will first be able to predict which ORFs are likely to be
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expressed and he/she will then be able to narrow down which ORFs should be

examined in more detail using biochemical techniques to determine expression.
Expansion of this method to include information on the presence of a strong or
weak poxvirus promoter would make this method even more useful.

Chapter 3 of this dissertation focuses on an interesting aspect of poxvirus
phylogeny. By examining the background of self-dotplots, we found regions on
the molluscum contagiosum genome that differed in nucleotide content
compared to the remainder of the genome. The genes in these regions were also
found to have a different codon usage compared to the remainder of the genes
in the genome suggesting that these genes may have been acquired from a
different virus or from the host. These results provide a new method of
determining regions on the genome that may have been acquired elsewhere and
they positively contribute to the general hypothesis that some poxvirus genes,
especially genes involved in host immune modulation, have been acquired from
the host.

Chapters 4 and 5 of this dissertation focus on the use of motif search tools in
order to determine the function of two poxvirus proteins. In Chapter 4, results
were presented that predicted the structure and function of the VACV G5R
protein as a putative flap endonuclease protein using a HMM comparison search
tool (HHsearch). Determining the function of all of the “unknown” proteins that
are found in all poxviruses will not only lead to a better understanding of the
poxvirus replication cycle but may also lead to the identification of new drug
targets, and this work represents a start in this direction. Using bioinformatics to
predict the function of these “unknown” genes allows the researcher to have a

place to begin biochemical experiments rather than beginning with a guess about
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protein function if bioinformatics is not used, and in the case of the G5R protein,
further biochemical experiments would likely include testing the nuclease activity
of the G5R protein, identifying its optimal substrate and determining where it
localizes in an infected cell.

Related to the results presented in Chapter 4, Chapter 5 focuses on the use of a
motif search tool (InterProScan) to identify potential sliding clamp proteins
similar to PCNA, encoded by the VACV genome. Using InterProScan, the G8R
protein was identified as being a sliding clamp similar to PCNA and these results
were further confirmed by using HHsearch and by modeling the structure of the
G8R protein. Prior to this study, previous work had shown that the G8R protein
played a role in poxvirus transcription, although no direct interactions between
the G8R protein and DNA were shown. Although it remains to be determined
whether the G8R protein functions similarly to PCNA or whether it simply has a
similar structure to PCNA because it binds to DNA during transcription, what is
important to note is that had the VACV genome not been rescanned using the
InterProScan motif search tool, this interesting connection between PCNA and
G8R would not have been identified. This raises an important point that despite
preliminary classifications of many poxvirus genes as playing a part in replication
or transcription, periodic re-scans of each poxvirus genome including proteins
with a putative function may help identify new functional domains on poxvirus
proteins that have thus far been overlooked. Given the results presented in
Chapter 5, poxvirus researchers should now be able to focus their biochemical
experiments to determine if the G8R protein is able to bind to DNA and to

determine what, if any, other proteins act as clients for the G8R protein.
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The work presented in the previous four chapters represents a small step
towards the understanding of various aspects of the poxvirus life cycle using
bioinformatics. There are several other questions concerning the virus life cycle
that remain to be elucidated including: What is the exact process by which
poxviruses replicate their genomes? Can the locations of each poxvirus
promoter be determined with accuracy? What are the functions of the
“unknown” proteins in each poxvirus genome? Can the structures of these and
other essential poxvirus proteins be solved? Each of these questions will
hopefully be answered in the near future likely using a combination of
bioinformatics and wet-lab techniques with bioinformatics playing a large
preliminary role. Two of these questions require the development of more
sophisticated algorithms that take into consideration aspects of the sequence like
AT-content, in the case of promoter identification, or tertiary structure of
distantly related proteins, in the case of identifying functions in “unknown”
proteins, before they can be answered. The development of these new
algorithms will likely come about in response to the increasing numbers of
sequences and structures that are published and submitted to their respective
databases. Perhaps one of the largest challenges that bioinformaticans will face
as they begin to develop and improve upon existing algorithms, will be how to
present a complex algorithm to the researcher in an understandable fashion,
where the results of the algorithm are presented clearly and are easily
interpreted. If bioinformaticians can overcome this challenge, then
bioinformatics will be used progressively more by researchers as a first approach

in the analysis of their genes and proteins of interest.
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