University of Alberta

VACCINIA VIRUS DNA POLYMERASE AND RIBONUCLEOTIDE
REDUCTASE: THEIR ROLE IN REPLICATION, RECOMBINATION
AND DRUG RESISTANCE

by

Donald Brad Gammon

A thesis submitted to the Faculty of Graduate Studies and Research
in partial fulfillment of the requirements for the degree of

Doctor of Philosophy
in
Virology

Medical Microbiology and Immunology

©Donald Brad Gammon

Spring, 2010
Edmonton, Alberta

Permission is hereby granted to the University of Alberta Libraries to reproduce single copies of this thesis
and to lend or sell such copies for private, scholarly or scientific research purposes only. Where the thesis is
converted to, or otherwise made available in digital form, the University of Alberta will advise potential
users of the thesis of these terms.

The author reserves all other publication and other rights in association with the copyright in the thesis and,
except as herein before provided, neither the thesis nor any substantial portion thereof may be printed or
otherwise reproduced in any material form whatsoever without the author's prior written permission.



Examining Committee

Dr. David Evans, Department of Medical Microbiology and Immunology, University of Alberta
Dr. Michele Barry, Department of Medical Microbiology and | mmunology, University of Alberta
Dr. Luis Schang, Department of Biochemistry, University of Alberta

Dr. Linda Reha-Krantz, Department of Biological Sciences, University of Alberta

Dr. Richard Condit, Department of Molecular Genetics and Microbiology, University of Florida



DEDICATION

To my loving parents, Tom and Shelley Gammon, who have given me the support
and courage to follow my passions wherever they may lead.



ABSTRACT

Despite the eradication of smallpox, poxviruses continue to cause human disease
around the world. At the core of poxvirus replication is the efficient and accurate
synthesis and repair of the viral genome. The viral DNA polymerase is central in these
processes. Acyclic nucleoside phosphonate (ANP) compounds that target the viral
polymerase are effective inhibitors of poxvirus replication and pathogenesis. Cidofovir
(CDV) is an ANP that inhibits vaccinia virus (VAC) DNA polymerase (E9) DNA
synthesis and 3’-to-5" exonuclease (proofreading) activities. We determined that point
mutations in the DNA polymerase genes of ANP-resistant (ANPY) VAC strains were
responsible for CDV resistance and resistance to the related compound, HPMPDAP.
Although these resistant strains replicated as well as wild-type VAC in culture, they were
highly attenuated in mice. The generation of ANP® VAC strains, in combination with our
knowledge of how CDV inhibits E9 activities, allowed us to study the hypothesized role
of E9 in catalyzing double-strand break repair through homologous recombination. We
provide evidence that VAC uses E9 proofreading activity to catalyze genetic
recombination through single-strand annealing reactions (SSA) in infected cells. Both the
polarity of end resection of recombinant intermediates and the involvement of polymerase
proofreading activity establish these poxviral SSA reactions as unique among
homologous recombination schemes. Furthermore, we identified roles for the VAC
single-stranded DNA-binding (SSB) protein and nucleotide pools in regulating these
reactions. During these later studies we uncovered a differential requirement for the large

and small subunits of the VAC ribonucleotide reductase (RR) in viral replication and



pathogenesis. Our studies suggest that poxviral RR small subunits form functional
complexes with host large RR subunits to provide sufficient nucleotide pools to support
DNA replication. We present a model whereby interaction of VAC SSB and RR proteins
at replication forks allows for modulation of E9 activity through local nucleotide pool
changes, which serves to maximize replication rates while still allowing for

recombinational repair.
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CHAPTER 1-GENERAL INTRODUCTION

11  Poxviruses

Poxviruses comprise a large group of double-stranded (ds) DNA viruses that
replicate in the cytoplasm of infected cells. They infect a wide range of hosts, including
both vertebrates and invertebrates. The most infamous poxvirus, variola virus, is the
causative agent of smallpox, and is thought to have been one of the deadliest infectious
diseases in the history of mankind (120). The scourge of smallpox prompted a successful
eradication campaign that used the closely related virus, vaccinia virus (VAC) as a
smallpox vaccine. By 1979, the risk of natural smallpox infection had been eliminated,
making smallpox the first and only infectious disease to be eradicated to date (20).
Nonetheless, there is concern that poxviruses might be used as agents of bioterror (95).
Although re-introduction of variola virus into the human population may be unlikely,
other zoonotic poxvirus infections such as monkeypox and cowpox still pose serious
threats to human health (135, 195). Furthermore, poxviruses that cause disease of
veterinary importance appear to be an emerging concern (5). These concerns, along with
the lack of clinically approved therapeutics for the treatment of poxvirus disease, have
renewed interest in the development of anti-poxvirus agents. Importantly, poxviruses may
not only be a threat to human health but might also offer therapeutic strategies. Severd
studies suggest that these viruses might be effective as vectors for gene therapy and as
oncolytic agents (67, 124). In addition, poxvirus vectors may be useful in the
development of vaccines for the treatment of other diseases (69). These reasons and the
ability of poxviruses to manipulate a wide-range of host processes have made studies of

these viruses invaluable in understanding host-pathogen interactions and human disease.



1.1.1 Poxvirustaxonomy

The Poxviridae is subdivided into the two subfamilies, Chordopoxvirinae and
Entomopoxvirinae, which contain members that infect vertebrates and invertebrates
respectively (126). These subfamilies are further divided into eight (Chordopoxvirinae)
or three (Entomopoxvirinae) genera that contain members with comparable
morphol ogies, molecular properties, and host range (126) (Table 1.1). The most relevant
group to human hedth are the Orthopoxviruses, which include the human pathogens
variola virus, monkeypox virus, and cowpox virus. Another Orthopoxvirus member,
ectromeliavirus (ECTV), is anatura pathogen of mice. ECTV has been used as a model
for studying variola virus due to the similarities between the diseases caused by these
viruses in their respective hosts (59). Although severe cases are rare, infections with
Parapoxvirus and Molluscipoxvirus members can be serious in immunocompromised
individuals (43, 192). While their natural host range appears to include hares, rabbits, and
squirrels, members of the Leporipoxvirus genus have recently been shown to replicate in
certain human cancer cells and hold promise as therapeutics in oncolytic virotherapy
(181).

The most extensively studied poxvirus is VAC, which exhibits a wide host range
infecting most mammalian cell types (120). Elements of the poxvirus life cycle including
DNA replication [reviewed in (10)], immune evasion [reviewed in (160)], and assembly
strategies [reviewed in (34, 149)] are most understood in relation to VAC infection. We
have also used VAC as amodel poxvirus for our studies and as such will be the focus of

the following discussion.



Table 1.1. Poxviridae taxonomy.?

Subfamilies Genera

Examples

Chordopoxvirinae Orthopoxvirus

Suipoxvirus

Yatapoxvirus

Leporipoxvirus
Capripoxvirus
Avipoxvirus
Molluscipoxvirus
Parapoxvirus
Entomopoxvirinae A

B

Cowpox, variola, camelpox,
monkeypox, vaccinia,
ectromelia

Swinepox

Tanapox, Y aba monkey
tumour

Myxoma, Shope fibroma
Goatpox, sheeppox
Canarypox, fowlpox
Molluscum contagiosum
Orf
Melanotha melolontha
Amsacta moorei

Chironimus luridus

#Adapted from (126).



1.1.2. Poxviruslifecycle

1.1.2.1. Entry, early gene expression and uncoating

The basic life cycle of VAC isdepicted in Figure 1.1. The cycle begins with entry
into the cell of either of two maor infectious forms of VAC termed intracellular mature
virus (IMV) or extracellular enveloped virus (EEV) that differ in the number of surface
virion glycoproteins and lipid membranes they contain (120). The IMV particles contain
a single lipid membrane whereas EEV aso have a second membrane (149). IMV
particles make up ~99% of total infectious particles (179). Although relatively few EEV
particles are made, their production isimportant for virus dissemination and pathogenesis
(179). Depending upon virus strain and cell type, IMV enters the cell through direct
fusion of the IMV membrane with the host plasma membrane or is taken into the cell by
endocytosis where it later fuses with the endosomal membrane (149). In contrast, EEV
particles must first shed their outer membrane upon binding to the cell, allowing the inner
membrane to fuse with the plasma membrane (149). These fusion events release the
virion core into the cytoplasm.

Once inside the cell, early gene transcription is initiated inside the virion core.
Early transcription is entirely dependent on a virally-encoded RNA polymerase and
transcription factors packaged in the core (22). It has recently been suggested that early
gene transcription be re-classified as “immediate-early”, initiating 0.5-1 h after infection
and “early” with initiation 1-2 h post-infection because of the different temporal
regulation found in groups of early transcripts (4). During immediate-early and early

transcription, approximately half of the ~200 genes encoded by VAC are transcribed (4).
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(hydroxyurea); TFs (transcription factors); 1V (immature virions); IMV (intracellular mature virus); IEV
(intracellular enveloped virus); EEV (extracellular enveloped virus); CEV (cell-associated enveloped

virus). Adapted from (126, 188).



Many of these mRNAs encode for proteins involved in immune evasion, DNA
metabolism and replication, and intermediate transcription factors. Early gene expression

leads to uncoating of the core and the rel ease of the genome (149).

1.1.2.2. Genomereplication

Once uncoating has taken place, virad DNA is replicated in membranous,
cytoplasmic structures termed “viral factories’ or “virosomes’ (159). The VAC genome
isan ~192 kb (kilobase) linear, dSDNA molecule with covalently closed hairpin loops at
both ends (Figure 1.2). There are 90 “core’ genes conserved in all Chordopoxviruses.
Most of these genes are located within the central ~120 kb of the genome (110). These
core genes encode proteins involved in basal replication functions such as transcription,
DNA replication and repair, and virion assembly. In contrast, the left and right ends of
the genome contain less well conserved genes that often encode proteins involved in
immune evasion (120). Also found on the ends of the genome are identical, but
oppositely-oriented terminal inverted repeats (TIR) (Figure 1.2). Although no specific
origin of replication has been identified, it is believed that initiation of DNA replication
begins with a nick in the terminal hairpin sequences (127). Evidence for the involvement
of hairpin sequences comes from studies that found a minimum of 200 bp (base pairs) of
vira telomeric sequence to be sufficient for efficient replication of a linear
minichromosome in VAC-infected cells (53).

The actua mechanism by which poxviruses replicate their genomes is still
unclear. The observation that poxvirus genomes are replicated into alternating arrays of

head-to-head and tail-to-tail concatemersled Moyer and Graves to propose that like
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~192 kb linear double-stranded DNA genome with the central region containing genes conserved among
Chordopoxviruses. The ends of the genome contain ~12 kb-long terminal inverted repeats (TIR) with small
tandemly-repeated sequences within them (not al are shown). The ends of the genome are covalently

closed by terminal hairpin loops. Adapted from (75).



parvoviruses (186), poxviruses may use a rolling hairpin mechanism to replicate their
genomes (127). In this model, a3’ end generated by a nick in the telomeric sequences is
used as a primer to initiate strand displacement DNA synthesis (127). Upon copying of
inverted termina repeat sequences, the resulting duplex would contain primer and
template strands that are both self-complementary. These strands then isomerize to
generate hairpin structures that prime the replication of the entire genome by strand
displacement synthesis. This would ultimately result in concatemeric molecules after
several rounds of replication (127). These concatemers are then cleaved by a viraly-
encoded Holliday junction resolvase (A22) into unit-length genomes that are
subsequently packaged into virions (65).

While it is clear that evidence for this model exists, poxviruses also efficiently
replicate covalently closed, circular plasmids bearing no obvious homology to poxvirus
sequences (48, 51). Therefore, it is also possible that poxviruses do not necessarily have
to initiate replication within specific sequences. Furthermore, the rolling hairpin model
presumes that DNA replication involves displacement of the second parental strand and
that synthesis is dependent upon leading strand replication only. Recently, VAC D5, a
protein known to be required for VAC DNA replication (62), was shown to possess
primase activity (46, 50). These studies found that D5 could synthesize
oligoribonucleotides using a single-stranded DNA (ssDNA) template, suggesting that it
might act to form primers for the initiation of DNA replication on either leading or
lagging strands (46, 50). Furthermore, transfection of a plasmid encoding a D5 protein
with substitutions in key catalytic residues required for primase function could not rescue

the growth defect of D5 temperature-sensitive (ts) mutants (46). These observations,



combined with the non-specific nature to which D5 binds to ssSDNA sequences (50), may
explain the replication of non-vira templatesin VAC-infected cells. While more research
is needed, it is possible that both rolling hairpin and primed synthesis occur
concomitantly, with the former directing leading strand synthesis and the latter lagging
strand synthesis. The primer-based mechanism would require a nuclease to remove the
RNA primer and a DNA ligase to sed the resulting DNA fragments (46); however no
such nuclease has been identified and the VAC DNA ligase A50 is non-essential for
replication in culture (100). Interestingly, it has recently been shown that VAC recruits
human DNA ligase | to sites of DNA replication, suggesting that host ligase may
participate in VAC replication when A50 is not present (134).

Severa proteins have been shown or proposed to be involved in VAC DNA
replication, recombination and repair (Table 1.2). Studies with ts VAC strains have
identified VAC proteins E9 (180, 190), D5 (18, 61, 63), D4 (49, 123, 184), A20 (92,
143), and B1 (146, 147) as essentia for DNA replication. E9 encodes the VAC DNA
polymerase and will be discussed later in this chapter. As mentioned earlier, D5 encodes
a possible primase and might also be a helicase that could participate in unwinding of
DNA strands at replication forks (18). This idea was based on the presence of a C-
termina helicase motif and D5 nucleoside triphosphatase (NTPase) activity (46, 61).
There are currently no biochemical data to support this hypothesis (18). D5 interacts with
A20 (117), which has been identified as a component of the heterodimeric processivity
factor together with D4 (182). This processivity factor is thought to enhance processive
DNA synthesis by direct interactions with E9 (182). Interestingly, D4 encodes a uracil

DNA glycosylase activity originally



Table 1.2. VAC proteins known or predicted to participatein DNA replication,

recombination or repair.

VAC

gene® Known or predicted function of protein product References
EOL DNA polymerase (25, 180)
A20R Component of E9 processivity factor (101:3é21)43’
. - (49, 182,
D4R Uracil DNA glycosylase, component of E9 processivity factor 184)
D5R Primase, NTPase, predicted helicase (18, gg 61,
, (11, 128,
B1R Phosphorylation of BAF/H5 147, 201)
3L Single-stranded DNA-binding protein (150, 191)
H6R Type | topoisomerase (3?’65'0’
AS0R DNA ligase, aso recruits host type |1 topoisomerase to viral (33, 99, 100,
factories 111, 136)
G5R Predicted FEN1 family endonuclease, role in recombination (39, 161)
A18R 3-to-5' DNA helicase, rolein viral transcription ©, 120836)165,
Holliday junction resolvase, required for cleavage of genome
A22R concatemers (37, 65)
(21, 26, 47,
F2L dUTPase 142)
F4L Small subunit of ribonucleotide reductase 7, fg’é)lo&
14L Large subunit of ribonucleotide reductase @7, 17877’)167’
o (13, 23, 84,
J2R Thymidine kinase 86-85)
, , (90, 178,
A48R Thymidylate kinase 189)
O2L  Glutaredoxin, possible cofactor for viral ribonucleotide reductase (1, 144)
caL Glutaredoxin, possible cofactor for vira ribonucleotide reductase, (73, 198,
rolein S-S bond pathway 199)
A32L Putative ATPase involved in DNA packaging (24, 105)
6L Telomere-binding protein, involved in DNA packaging (52, 71)
K4L DNA nick-joining enzyme (52, 55)

®Bold font indicates gene is essential.
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believed essentia for VAC replication (57, 184). This suggested that elimination of
incorporated uracil from the genome was essential to the VAC life cycle. However,
subsequent studies demonstrated that D4 glycosylase activity was not required for
replication, but its structura role as part of the processivity factor complex is likely
essential (49). The B1 kinase has recently been found to phosphorylate the host DNA-
binding protein “barrier to autointegration factor” or BAF. Phosphorylation of BAF
prevents its binding to vira genomes which would otherwise impede DNA replication
(201). Other DNA replication-related proteins encoded by VAC include a ssDNA-
binding (SSB) protein and severa enzymes involved in deoxynucleoside triphosphate

(dNTP) synthesis (Table 1.2), which will be discussed later in this chapter.

1.1.2.3. Intermediate and late gene expression, packaging, assembly and exit

DNA replication is a prerequisite for the initiation of intermediate and late gene
expression, which take place ~1.5 and 2-4 h post-infection, respectively (4, 6).
Intermediate genes encode transcription factors required to initiate late transcription
while products of late mMRNAs are typicaly structural components of the virion or
enzymes that are required upon entry into the cell and therefore must be packaged into
the virion (22, 149). The packaging of viral DNA into assembling virions appears to be
largely independent of packaging of most virion components and the process is ill-
defined. However, arole for the predicted NTPase A32 has been shown as in its absence
DNA is properly synthesized, cleaved by the A22 resolvase into unit length genomes, but

faillsto be incorporated into virions (24).
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During the assembly process, immature virions (1V) are proteolytically processed
into IMV particles. The mgjority of these IMV particles are released upon lysis of the cell
(149). Some of these IMV particles however, move along microtubule networks toward
the plasma membrane of the cell and in the process are further wrapped by membranes
deriving from the Golgi apparatus and/or endosomes (149) forming intracellular
enveloped virus (IEV). Upon arrival a the plasma membrane, the outer membrane of
IEV particles fuses with the plasma membrane, generating cell-associated enveloped
virus (CEV) particles that either remain associated with the cell membrane or are released

into extracellular milieu as EEV particles (149).

1.2. Poxvirusgenetic recombination

A fundamental component of the poxvirus life cycle just described is the faithful
replication of the genome. However, viral DNA synthesis likely experiences the same
challenges as the host faces during genome replication, such as replication fork collapse,
nuclease attack, and oxidative DNA damage. All of these situations may lead to breaksin
the genome which might be “lethal” to vira replication unless repaired. Genetic
recombination is the process whereby two broken DNA molecules are joined together. If
the process of joining these DNASs does not depend upon sequence homology between
the two DNAs thenitisreferred to as “illegitimate” or “non-homologous’ recombination.
However if the reciprocal or non-reciprocal joining depends upon the sharing of similar
or identical sequences between the two DNA molecules then they are said to have
undergone “homologous’ recombination. Studies with poxviruses have suggested that

both homologous (7, 8, 209) and non-homologous recombination (171, 209) take place
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between and within poxvirus genomes, although most evidence suggests the former is the
predominant mechanism of genetic exchange (8, 209) and will be the subject of this
discussion.

Intra= and intermolecular homologous recombination events take place in
poxvirus-infected cells at high frequencies (8, 60, 122, 209). These recombination events
likely play important roles in the poxvirus replication cycle as they do in eukaryotic cells
and other viruses (36), such as the priming of DNA synthesis and/or the repair of double-
strand breaks (DSBs) and other inhibitory lesions in the genome. Recombination is also
likely to be a driving factor in the evolution of poxviruses. For example, rabbit fibroma
virus is thought to have resulted from the natural recombination of Shope fibroma (SFV)
and myxoma (MY XV) viruses (16) and recombination between natural isolates of
Capripoxviruses has been thought to give rise to other novel poxviruses (66). It has also
been proposed that poxvirus-catalyzed recombination events might have been responsible
for the incorporation of host sequences in poxvirus genomes (131). These genetic
acquisitions provide poxviruses with novel functions that might make them better
adapted for replication in their hosts. Despite the overwhelming evidence of the existence
of homologous recombination in poxvirus-infected cells, the proteins that catalyze this

exchange have remained elusive.

1.2.1 Modelsfor recombination
Our laboratory (60, 203, 209) and others (32, 122) have found poxvirus
replication and recombination to be intimately linked processes posing a challenge to

studying these events separately. However, studies in phage, yeast and mammals have
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also demonstrated strong ties between DNA replication and recombination (36, 125, 133)
suggesting similarities between these recombination processes and those found in
poxvirus-infected cells. These studies have proposed three main mechanisms by which
DNA DSBs are repaired by homologous recombination [reviewed in (36, 76, 133)].

The first model, termed the “double-strand break repair” model (185) (Figure
1.3A) can be divided into three magjor steps. pre-synapsis, synapsis and post-synapsis
(36). Pre-synapsisisinitiated by the 5'-to-3' processing of the broken linear DNA duplex
by helicase or nuclease activities to generate 3' ssDNA ends. These ssDNA ends are
coated by SSB proteins or strand exchange or “recombinase” proteins that facilitate the
pairing of ssDNAs between the homologous DNASs (36). Synapsis begins when these
strand exchange proteins promote the invasion of 3' ssDNA ends of the broken molecule
into the duplex of the homologous DNA. A subsequent homol ogy-dependent annealing
of the first invading ssDNA end takes place between the recombining DNAS, creating a
displacement loop (D-loop) and allowing the second ssDNA end to anneal with the D-
loop. Post-synapsis begins with DNA polymerase-dependent DNA synthesis using the
invading 3' ends as a primer to create two Holliday junctions. These junctions are then
resolved by a Holliday junction resolvase to generate products that either maintain the
original sequences flanking the junctions (non-crossover) or the flanking sequences are
exchanged between molecules (crossover). In both situations however, the products lead
to gene conversion, or the non-reciprocal transfer of genetic information from one DNA

to its homologue (133), at the original break point in the invading molecule (76).
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Figure 1.3. Models for repair of DNA double-strand breaks. The double-strand break (DSB)
repair, synthesis-dependent strand annealing (SDSA) and single-strand annealing (SSA) models are
depicted. Steps of the first two models include: 3' end processing of broken molecules by 5'-to-3' nuclease
(or helicase; not shown) to generate 3' ssDNA tails (pre-synapsis); invasion of both (A) or only one (B)
ssDNA tail into homologous duplex followed by annealing (synapsis) creating a displacement loop (D-
loop); DNA synthesis (represented by arrow heads) past the original break point creating either a double
(A) or single (B) Halliday junction; resolution of Holliday junctions by resolvase activity creating cross-
over or non-crossover products (A) or ejection of invading strand out of the homologous DNA and
reannealing with the original broken molecule followed by repair synthesis and ligation resulting in non-
crossover products (post-synapsis) (B). In (C) broken molecules sharing homology (boxes) are processed in
a 5'-to-3' direction by nucleases to yield 3' ssDNA tails and expose regions of complementarity (pre-
synapsis). Annealing of the two molecules at regions of complementarity (synapsis) may create 3' flaps of
non-homol ogous sequences that must be removed by exo- or endonucleases (not shown). Processed strands
are then sealed by ligase activity generating non-conservative recombinant products (post-synapsis). Note
that in (C) strand invasion is not required and DNA synthesis may or may not be required. Figure adapted

from (76). See text for more details.
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The second model, termed “synthesis-dependent strand annealing (SDSA)” also
leads to gene conversion and is similar to the first model. The major difference in the
simple SDSA model depicted in Figure 1.3B is that the invading ssDNA 3’ end, once
extended by DNA polymerases past the original break point, is “gected’” from the
homologous molecule and reanneas with the other ssDNA in the broken molecule.
Therefore, despite the creation of Holliday junctions in this process they are not resolved
and so only non-crossover products result from SDSA (76).

The third moddl is termed “single-strand annealing (SSA)” [reviewed in (112);
Figure 1.3C]. Exposure of complementary sequences between two ends of a broken DNA
molecule or between two ends of separate DNAS can lead to SSA. As in the other two
models, for repair to occur, pre-synaptic processing must take place to generate ssSDNA
overhangs by nucleases or helicases. To date, all described SSA mechanisms including
those found in DNA viruses, yeast and mammals, involve the generation of 3' ssDNA
talls (36, 76, 112, 125, 133, 148). The 3 ssDNA ends can then base pair with
complementary sSDNA sequences on the homologous DNA, forming a joint molecule. In
this process non-homologous sequences are displaced as flaps, which must be removed
by nucleases (112) followed by ligation of the two molecules by DNA ligases. Two
distinguishing features between SSA and the previous two models are the little to no
requirement of DNA synthesis and the non-conservative nature of SSA reactions in that
sequences between the regions of homology directing the repair are lost in the final

recombinant (76, 133).
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1.2.2 VAC DNA Polymerase

DNA polymerases are centra to DNA replication, recombination, and repair.
VAC encodes a single DNA-dependent DNA polymerase (E9; molecular weight ~116
kDa) in the EOL locus which is expressed early during infection, peaking ~3 h post-
infection (118). It isamember of the B-family of DNA polymerases (93), which includes
a large number of cellular and viral enzymes. Other viruses encoding B-family
polymerases include mammalian viruses (e.g. adenoviruses and herpesviruses) and
bacteriophages (e.g. T4 and RB69) (19). Within Orthopoxviruses, there is a high degree
of conservation of the primary structure of DNA polymerases. For example, the VAC and
ECTV DNA polymerases share greater than 95% amino acid identity with the variola
virus polymerase and thus VAC E9 serves as good model system for studying other
Orthopoxvirus DNA polymerases. Based on primary structure, B-family polymerases
share seven conserved regions, numbered I-VIIl. The numbering is based on their degree
of conservation, with | being the most conserved (109, 204). Severa B-family members
encode an N-terminal 3'-to-5" exonuclease (proofreading) domain (NCBI, pfam03104)
that includes highly conserved “Exo” regions (Exol, 11, I11) (15). The C-terminal domain
of these enzymes contains polymerase domain sequences (NCBI, pfam00136) that
encode catalytic elements such as the deoxynucleoside triphosphate (ANTP) binding
motifs and polymerase active centers that are responsible for 5'-to-3' DNA synthesis
activities (14). E9 possesses both 3'-to-5' exonuclease and 5'-to-3' polymerase activities
(25). However, when not complexed with its processivity factor, E9 synthesizes DNA in

ahighly distributive manner (119).
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Although a crystal structure for E9 has not been solved, the solution of RB69 and
Herpes simplex virus (HSV) DNA polymerase crystal structures have been extremely
useful in characterizing other B-family DNA polymerases and in providing insights into
the biochemical functions of drug resistance-associated mutations (29, 89). These

structures serve as excellent models for studying E9 function.

1.2.3 VAC DNA polymerasein viral recombination

Evidence over the past 25 years has led to the suggestion that VAC (and likely
other poxviruses) use a SSA-based recombination process to generate recombinant
molecules (209) (the evidence for thisis discussed in more detail in chapter 3). A curious
feature of these reactions however, is that they appear to predominantly generate
recombinant molecules with evidence of 3'-to-5 pre-synaptic processing. This is in
contrast to the aforementioned recombination reactions that al require processinginab’-
to-3' direction. This 3'-to-5' processing was shown by Yao et al. who created linear
plasmid DNA substrates with overlapping homologies that also contained one or two
mismatched sequences within the last 20 bp of their ends (209). When these mismatched
DNAs were co-transfected into VAC-infected cells and subsequently recovered and
sequenced, ~75% of the recombinant products retained the mismatched bases present on
the 5 ends of the origina substrates (208, 209). Therefore, a clear bias for 3'-to-5' pre-
synaptic processing of recombination intermediates was apparent. It is possible that these
intermediates may have been processed by 3'-to-5° DNA helicase activities which would
also result in retention of 5 end sequences in recombinant molecules. Indeed, the

early/late VAC protein A18 has been shown to possess 3'-t0-5 DNA helicase activity
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(165) athough the only known defect of A18R ts mutant strains is in transcriptiona
processes (106, 164, 206). Furthermore, the A18R ts mutant Cts22 recombined
transfected plasmid substrates to ~70% the level of wild-type VAC, suggesting A18 was
not absolutely required for homologous recombination (32). However, further studies are
required to determine if A18 might have arolein viral recombination.

Another explanation for the observed 3'-to-5 pre-synaptic processing of
recombination intermediates is that they are processed by 3'-t0-5 exonuclease activity.
The only known 3'-to-5' exonuclease encoded by VAC is the proofreading activity
associated with the E9 DNA polymerase, giving rise to the possibility that this enzyme
might somehow be involved in these reactions. Indeed, earlier studies had found a strand-
joining activity to co-purify with E9 from VAC-infected cells (202). Furthermore, VAC
strains with ts mutations in EOL are defective in recombination a the non-permissive
temperature (122, 202). However, these ts strains aso exhibit an inhibition of DNA
synthesis activity at these temperatures making the role of E9 in these reactions unclear.
However, studies by Colinas et al. with DNA polymerase inhibitors and ts VAC strains
argued that recombination rates were independent of DNA replication rates and
suggested E9's apparent requirement for recombination was independent of its DNA
replication abilities (32). The best evidence for E9 involvement in recombination came
from in vitro studies with highly purified E9 protein. E9 could catalyze strand-joining
reactions between DNAs with at least 12 bp of homology (203), strikingly similar to the
minimal length of homology (16 bp) needed to detect recombination between plasmidsin
VAC-infected cells (209). Importantly, these reactions did not require dNTPs, suggesting

a replication-independent mechanism (203). Interestingly, these in vitro reactions were
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stimulated by the presence of 13, the VAC-encoded SSB protein (203). However, there
was no direct evidence for the involvement of E9 3'-to-5 proofreading activity for
catalyzing these reactions in infected cells, nor was there any evidence for the
involvement of 13 in these reactions.

A recent report has suggested that the early gene product of G5R, G5, plays arole
in homologous recombination (161). G5 has been previously predicted to encode a
member of the FEN1 nuclease family which contains enzymes that posses DNA flap
endonuclease and 5'-t0-3' exonuclease activities (39). Although G5R was not essential
for replication, inactivation of G5R led to a small plague phenotype and significantly
reduced viral titers in growth curve experiments when compared to wild-type VAC (161).
Transfection of plasmids expressing G5 proteins carrying D-to-A amino acid
substitutions at sites predicted to be required for nuclease activity failed to rescue the
replication of the AG5R strain, suggesting a requirement for the predicted nuclease
activity of G5 (161). The mean genome size produced by the AGSR strain was
approximately one quarter the size of wild-type genomes and these mutant genomes
failed to be packaged into virions (161). Subsequent studies revealed that the AG5R strain
was impaired in its ability to recombine transfected circular or linear plasmid substrates
sharing overlapping homology, suggesting a defect in homologous recombination or
DNA DSB repair (161). The actual role of G5 in these processes awaits assessment of its

biochemical properties.
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1.24 VAC SSB proteinin viral replication and recombination

DNA replication, recombination and repair enzymes often encounter ssDNA
while performing their specific functions and therefore must deal with the possible
inhibitory nature of secondary structures formed by ssDNA (139). Furthermore, ssSDNA
must be protected from nucleases otherwise vital genetic information may be lost if the
complementary strand cannot be recopied. To circumvent these problems, organisms and
some DNA viruses encode SSB proteins. These proteins nonspecifically coat ssSDNA
thereby minimizing secondary structure formation while protecting the ssDNA from
nuclease cleavage (139). In addition, SSB proteins often interact with other proteins that
help them to perform many other diverse roles in DNA metabolism [reviewed in (139)],
including the recruitment of proteins for DNA replication (3), repair (74), and
recombination (172).

Given the importance of SSB proteins, it is not surprising that VAC encodes its
own SSB protein, 13, the product of the I3L gene, which is constitutively transcribed
throughout infection (158). This ~34 kDa phosphoprotein has been found to co-localize
with viral DNA within virosomes (197). Studies of purified 13 protein indicate that it has
a high affinity and specificity for ssDNA and each 13 molecule occupies a binding site of
~10 nucleotides (nts) (150, 191). The tight association of 13 with ssSDNA explains 13
inhibition of nuclease-mediated degradation of ssDNA (191). Interestingly, in the
presence of magnesium, I3 promotes large aggregates of ssDNA from which duplex
DNA is excluded (191). This observation raised the possibility that it might function in
SSA reactions which require the annealing of sSSDNAs. Subsequent studies found that the

incorporation of 13 into strand-joining reactions catalyzed by E9 enhanced the formation
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of recombinant molecules (203), giving support to the proposal that 13 might participate
in replication or recombination reactions in infected cells. Unfortunately, studies to
identify the exact role 13 plays during VAC replication have been hampered by the
essential nature of 13 and the lack of 13L ts mutants (150). However, Davis and Mathews
(41) used an anti-idiotypic antibody approach to identify 13 as an interacting partner of
the small subunit of the VA C-encoded ribonucleotide reductase (RR) which is the subject
of the next section. This interaction suggested that VAC, like T4 phage (101), may use
SSB proteins to recruit nucleotide metabolism-related proteins to replication forks to
form what has been termed a“dNTP synthetase complex”, allowing the tight coupling of

dNTP production and consumption.

1.3  Nucleotide metabolism and RR

At peak times of DNA replication at high multiplicities of infection (MOI), VAC
has been estimated to produce ~200 genomes per cell per hour (82). Thisimplies that ~39
million dNTPs would be needed every hour under these conditions for genome synthesis.
Since the rate of viral DNA replication is several fold higher than genomic replication in
uninfected cells (82), VAC, and likely other poxviruses, must find strategies to ensure the
presence of suitable dNTP pools. Poxviruses partly address this problem by the shutdown
of cellular DNA synthesis (97), thereby limiting the use of nucleotides and their
precursors by the host. Orthopoxviruses, such as VAC, also take a more active strategy to
provide dNTPs by encoding a range of nucleotide metabolism-related proteins (Table

1.2).
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1.3.1 Nucleotide metabolism: de novo and salvage pathways

Both purine and pyrimidine-based dNTPs are synthesized by two complementary,
cytosolic pathways termed the “de novo” and “salvage’ pathways (130). The de novo
pathway uses a large ensemble of enzymes to create phosphorylated purine and
pyrimidine nucleosides basic molecules such as carbon dioxide, amino acids, and ribose
sugars (130). In contrast, salvage pathway enzymes reuse phosphorylated and
unphosphorylated purine and pyrimidine nucleosides generated by the de novo pathway
or degradation of RNA and DNA for dNTP production (130). A simplified schematic of
dNTP production by these two pathways and key enzymes involved is shown in Figure
1.4. For simplicity, the synthesis of inosine monophosphate (IMP) and uridine
monophosphate (UMP) will be considered the starting point of purine nucleotide and
pyrimidine nucleotide synthesis by the de novo pathway, respectively (130).

During de novo dNTP synthesis, IMP is converted in one or more steps to
adenosine monophosphate (AMP) and guanosine monophosphate (GMP). Nucleoside
monophosphate kinases then catalyze the phosphorylation of AMP, GMP, and UMP to
nucleoside diphosphates (NDPs). UDP is then phosphorylated by nucleoside diphosphate
kinase (NDPK) to generate UTP which is then converted into CTP by CTP synthetase.
CTP is then dephosphorylated to CDP. Collectively these steps produce ADP, GDP,
UDP, and CDP. These NDPs are then converted to deoxynucleoside diphosphates
(dNDPs) by RR and is rate-limiting for DNA synthesis (56). Conversion of dNDPs to

dNTPsisthen catalyzed by NDPK (68).
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dUMP in addition to dTMP. The inhibition by the radical scavenger hydroxyurea (HU) of RR activity is

also shown. See text for details. Enzyme abbreviations: NMPK, nucleoside monophosphate kinase; NDPK,

nucleoside diphosphate kinase; CTPS, CTP synthetase; RR, ribonucleotide reductase; NTPase, nucleoside

triphosphatase; dCMPK, dCMP kinase; dCMPD, dCMP deaminase; dUTPase, dUTP triphosphatase;

dTMPS, dTMP synthase; TK, thymidine kinase; TMK, thymidylate kinase;dGK, deoxyguanosine kinase;

dCK, deoxycytidine kinase; ADK, adenylate kinase. Figure adapted from (115, 132, 207).
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The de novo pathway products contribute to the synthesis of dTTP through a
series of steps starting with the hydrolysis of dCDP to dCMP followed by deamination by
dCMP deaminase to generate dUMP. dUMP is then acted on by thymidylate synthase
producing dTMP. dTMP is then phosphorylated by thymidylate kinase (TMK) and
NDPK to generate dTTP. The rather low activity of RR enzymes on UDP substrates
necessitates the indirect route of using CDP derivatives to ultimately generate dUMP for
use in dTTP synthesis pathways. Another route by which dUMP can be generated is
through the action of dUTPases which convert dUTP to dUMP.

Although the de novo pathway is the major source of dNTPs, the salvage pathway
helps to complement the de novo pathway by recycling purine and pyrimidine bases for
redirection back into the de novo pathway at a step upstream of ribonucleotide reduction
or by converting these bases into dNTPs in a process independent of RR activity. For
example, adenosine phosphoribosyltransferase catalyzes the conversion of free adenine to
AMP, alowing it to re-enter the de novo pathway. Similarly, hypoxanthine-guanine
phosphoribosyltransferase converts guanine and hypoxanthine (the deamination product
of adenine) to GMP and IMP, respectively which also re-enter the de novo pathway
upstream of ribonucleotide reduction. In contrast, free uridine and cytidine are salvaged
by uridine kinase which phosphorylates them to UMP and CMP, respectively.
Phosphorylation by nucleoside monophosphate kinases then produces substrates for RR.
The salvage of deoxythymidine (dT) results from a three-step phosphorylation to yield
dTMP [catalyzed by thymidine kinase (TK)] , dTDP (catalyzed by TMK, which is aso

required in the de novo pathway) and finally, dTTP (catalyzed by NDPK). Therefore, the
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salvage of dT bypasses the need for RR activity. Salvage of deoxyguanosine (dG),

deoxyadenosine (dA), and deoxycytidine (dC) occurs by asimilar process (Figure 1.4).

1.3.2 Roleof RR in dNTP biogenesis and RR classes

As shown in Figure 1.4, RR catalyzes the first committed step for the synthesis of
al four dNTPs by reducing 2'-OH groups on ribose sugars of NDPs to a hydrogen atom,
generating dNDPs (129). The ability of RR to convert RNA precursors to DNA
precursors is believed to have been one of the maor prerequisites for the evolution of
DNA organisms (129). The requirement of RR proteins for this conversion explains their
conservation from simple prokaryotic organisms to multicellular eukaryotes (129).

There are three classes of RR proteins [reviewed in (96, 145)], which all use
radical-based chemistry to catalyze the conversion of NDPs to dNDPs. They differ
however in their requirement of oxygen, the number of protein subunits that make up the
enzyme, and the mechanism by which they generate a thiyl radical required for catalysis
(96, 129). Class | RR enzymes require oxygen in a diiron cluster to generate a Fe-O-Fe
center which functions in generating a stable tyrosyl radical ultimately used for catalysis.
Class Il enzymes do not require oxygen and instead use adenosylcobalamin for radical
generation. These enzymes are found in both aerobic and anaerobic prokaryotes (129).
Class Il enzymes are restricted to anaerobic prokaryotes and use S-adenosyl methionine
and reduced flavodoxin for radical generation (129). Since class | RR enzymes are
encoded by aerobic prokaryotes, virtually all eukaryotes, and by many DNA viruses that

infect these organisms (96), they will be the focus of this discussion.
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Class | enzymes can be further subdivided into class la and Ib subgroups that
largely differ in their primary structures (129). Both subgroups consist of enzymes made
up of two non-identical protein subunits termed “R1” or “large subunit” (80-100 kDa)
and “R2” or “small subunit” (37-44 kDa). The R1 subunit contains the site of catalysis
for the reduction of NDPs to dNDPs as well as sites for the binding of allosteric effectors.
Binding of the alosteric effectors ATP, dATP, dGTP, or dTTP to the “ specificity” site on
Class | enzymes dictates which NDPs will be reduced in the catalytic site (145). Class la
RR proteins differ from Ib enzymes in that they have a second allosteric site, termed the
“activity” site at which ATP or dATP can bind and activate or inhibit overall catalytic
activity, respectively (145). This complex alosteric regulation [reviewed in (145)]
ensures adequate supplies of all four dNTPs and contributes to the asymmetries in the
concentrations of individual dNTP pools within the cell. During the catalytic process, R1
becomes oxidized and must be reduced for re-initiation of a second round of catalysis.
Groups la and Ib differ in the reductant they use for this process, with glutaredoxin or
thioredoxin used for the former and NrdH-redoxin for the latter (96). Class I-encoding
eukaryotes and eukaryotic viruses al contain group la enzymes and unless otherwise

noted, all further discussion of RR proteinswill be in reference to this group.

1.3.3 Ribonucleotidereduction and theradical transfer pathway

Class la RR enzymes consist of a heterotetrameric complex of homodimers of
both R1 and R2 subunits. While the R1 subunit of class la enzymes contains the catalytic
and allosteric sites, the R2 subunits house the Fe-O-Fe center responsible for the

generation of a stable tyrosyl radical. This radical is required for generating the thiyl
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radical essentia for catalysis in R1 subunits. The large distance (25-35 A) between the
tyrosyl radical center in R2 and the active site in R1 was initialy thought to pose a
potential barrier to this transfer process (155, 156, 193). While the exact mechanism of
this radical transfer process is unknown, strong evidence has been presented for the
transfer of the radical through a series of highly conserved hydrogen-bonded amino acid
residues in R2 and R1 termed the “radica transfer pathway” (RTP) (155-157). This
pathway in human RR is depicted in Figure 1.5 and shows the homologous RTP residues
in VAC RR subunits (see below).

The binding of the C-termina 11-13 residues in R2 to a hydrophobic pocket near
the C-terminus of R1 is thought to mediate the interaction of R2 and R1 homodimers (31,
194) allowing the transfer of the radical from R2 to R1 subunits (Figure 1.5A). Although
the region is disordered in R2 structures solved to date, the C-termina region of R2
encompassing a highly conserved tyrosine residue (Y 369 in human R2) is believed to be
responsible for radical transfer to R1 (155) (Figure 1.5A and B). Therefore, interaction of
R1 and R2 subunits and subsequent transfer of the radical from R2 to R1 are essentia for

RR activity.

1.3.4 Mammalian and VAC RR

Mammals encode a single R1 subunit of ~90 kDa but aso encode two small
subunits termed “R2” and “p53R2” of ~44 and 41 kDa, respectively. Complexes of R1
and R2 provide the mgjority of dNTPs required for S-phase of the cell cycle. Although
both R1 and R2 genes are only transcriptionally active during late Gl/early S phase, R1

proteins have alonger half-life (~15 h) than R2 subunits (~3 h) making R2 rate-limiting

29



with permission from Elsevier.

R1

dimer R1 active site with

substrate CDP and
redox-active cysteine pair

R1 hydrophobic cleft with R2
C-terminus bound

g ¢ Y\\\ R2 tyrosine mediating radical

transfer between subunits
' . (Y369 in HR2; 300 in VAC F4)

. Y ._; R2 radical-generating site
dimer

Substrate NDP
€429 {429)
M

- g YT
gl

o YT 0)

Wi02 l341 ; .. D265 (196)
’JZ EZEE (197)
,n #
H172 (104) [ £

j:} garez
_‘@3_}\_ "“*: i E169 (101)

Y176 (108)

H269 (200)

D138 |?u]

Figure 1.5. Schematic of RR Radical transfer pathway. (A) Cartoon diagram showing
interaction of R1 and R2 homodimers via binding of C-termina residues on R2 monomers to a
hydrophobic pocket in R1 subunits. The transfer of the tyrosyl radical from R2 to the active sitein R1 is
depicted by a yellow pathway representing the radical transfer pathway. The C-terminal cysteine pair
responsible for re-reduction of the R1 active site is shown although the electrons required for this reduction
come from an external reductant such as glutaredoxin (not shown). (B) Conserved residues of the radical
transfer pathway and iron-coordinating residues are shown. The human R2 (HR2) residue numbering is

shown with the homologous VAC residue numbering in brackets. Image reprinted and adapted from (194)
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for complex formation (12). The long haf-life of R1 keeps R1 subunit levels relatively
constant throughout the cell cycle and alows them to form functional complexes with
p53R2 subunits which are also at arelatively constant level throughout the cell cycle (72,
196). These complexes are thought to provide low levels of ANTPs for purposes of DNA
repair and mitochondrial DNA synthesis (17, 72, 104, 141).

In 1984, Slabaugh and Mathews (169, 170) provided evidence for the existence of
a VAC-encoded RR. Subsequent studies found the 14L (187) and F4L (166) genes to
encode the R1 (14; ~87 kDa) and R2 (F4; ~37 kDa) subunits of VAC class la RR. These
subunits are >70% identical to the respective human and mouse RR subunits and are
expressed at early times during infection (154, 158). Biochemical studies demonstrated
that 14 and F4 proteins expressed in bacteria could reconstitute a functional RR complex
in vitro that shared many characteristics with mammalian RR (28, 77, 170). For example,
dATP and ATP inhibited and stimulated VAC RR activity, respectively as they do with
mammalian RR (77). The effects of other allosteric regulators also showed identical
patterns between VAC and mammalian RR, although the latter appeared to be generaly
more sensitive to allosteric control (28). Despite this reduced effect of allosteric
modulators on VAC RR activities, the enzyme still exhibited a high degree of allosteric
regulation when compared to herpesvirus class | RR enzymes that are largely
independent of allosteric control (91). Other notable differences between mammalian and
VAC RR were the higher degree of activity shown on UDP substrates and two-fold
higher turnover rate exhibited by the mammalian enzyme (28, 77). Interestingly, mixing

of F4 and 14 with mouse R1 and R2, respectively, yielded functional chimeric complexes
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(28). It was also shown that the F4-mouse R1 complex exhibited ~1.5-2-fold higher
activities than purely viral or mouse RR complexes (28).

Therole of VAC RR in vira replication has aimost exclusively been studied with
mutant strains carrying an inactivated 14L gene (27, 64, 144). These studies found that
inactivation of 14L does not significantly impair plague morphology, DNA replication, or
vira particle formation (27, 144). Furthermore, these mutant strains exhibited only a 10-
fold increase in letha dose 50 (LDsp) values compared to wild-type VAC in a mouse
model (27). The only evidence for requirement of 14L came from studies using o-
amanitin to block host transcription. Under these conditions, DNA replication of an 14L
mutant strain was blocked whereas wild-type VAC replicated DNA to similar levels in
both a-amanitin-treated and untreated cells (144). These results suggested that VAC RR
was only required in the absence of host RR activity (144). Other evidence for the
requirement of RR activity during VAC replication comes from studies using inhibitors
of RR, such as hydroxyurea (HU) which scavenges the tyrosyl radical from R2 subunits
(78), or iron chelators such as mimosine (40) or bipyridyl (151) which all show a clear
defect in VAC DNA synthesis in the presence of these compounds. Interestingly, the
effect of HU on VAC replication can be reversed if cells are supplied with
deoxyadenosine and an inhibitor of adenosine deamination, suggesting that the primary
effect of HU is suppression of dATP pools (168).

Evidence for the targeting of VAC RR and not just host RR by HU comes from
studies whereby HU-resistant VAC strains have been isolated that contain 2-15 extra
copies of the F4AL gene (166). This enhanced resistance correlated with increased

expression of F4 and 10-20-fold higher levels of RR activity in lysates from cells infected
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with the resistant mutants when compared to wild-type-infected lysates (166). The
relative contribution of F4L to replication has not been as well studied as I4L. In an
attempt to find attenuated VAC strains suitable for vaccine development, Lee et al.
generated an FAL insertiona inactivation mutant and tested its virulence in mice (108).
They reported substantial increases of ~1000-fold in the LDsp of this FAL mutant strain
when used in a similar mouse model studied by Child et al. with their Al4L strain (27,
108). Although the data are not presented in the paper, they reported that growth curve
experiments suggested that the FAL mutant replicated to titers not significantly different
from wild-type (108). However, it should be noted that these authors used an MOI of 10
in their growth experiments which would likely limit viral DNA replication to a single
round and therefore might mask possible effects of the mutation over multiple replication

cycles.

1.3.5 Other VAC-encoded nucleotide metabolism proteins

Besides RR, VAC encodes other enzymes involved in dNTP biogenesis (see
Table 1.2 and boxed enzymesin Figure 1.4). These include adUTPase (F2) (21), TK (J2)
(13, 85), and TMK (A48) (189). Although similar to cellular TK, VAC TK appears to be
specific for the phosphorylation of dT to dTMP as it shows little activity on dC or dU
substrates unlike cellular enzymes (13). VAC TMK, which phosphorylates dTMP to
dTDP, dso phosphorylates dGMP and dUMP substrates (189). VAC dUTPase
specificaly converts dUTP to dUMP (21), which provides a source of dUMP for cellular
dTMP synthase to generate dTMP and prevents incorporation of dUTP into vira DNA.

VAC TK, TMK, and dUTPases are all non-essential for replication in cell culture (23, 90,
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142) athough inactivation of J2R encoding VAC TK is associated with attenuated
virulence in mice (23). Inactivation of the gene encoding F2 (F2L) does not appear to
significantly affect VAC pathogenesis in 3-week old mice, athough F2L inactivation
leads to attenuation in 6-week old mice (47, 142). This suggests that at least in some
cases, cellular dUTPases may provide sufficient activity for the conversion of dUTP to
dUMP either for pyrimidine metabolism purposes or for prevention of uracil
incorporation into viral DNA.

Another protein that might participate in nucleotide metabolism is D5. Despite its
primase activity, D5 has a C-termina NTPase domain and can hydrolyze al eight NTPs
and dNTPs to their diphosphate forms and this NTPase activity is essentia for VAC
replication (18, 61). Previous bioinformatic analyses suggested that the nucleotide-
binding domain of D5 is closely related to that of TMK proteins (70). Studies with D5 ts
strains found that VAC-induced TK activity was enhanced a non-permissive
temperatures (153). Therefore, D5 might act to generate dT DP mol ecul es which feedback
to inhibit TK activity (61). It is therefore possible that D5, besides its potentia role as a
primase, may also function to regulate dNTP biogenesis.

While not directly related to nucleotide metabolism, VAC has been shown to
encode two genes (O2L and G4L) that have protein products with glutaredoxin activity in
vitro (1, 73). It has been previously suggested that the O2L gene product, O2, might
function as a reductant for the VAC RR (144). Inactivation of O2L caused similar
decreasesin DNA replication and nucleotide pools in the presence of a-amanitin asin the
case of an I4L mutant, suggesting that they functioned in the same pathway for dNTP

biogenesis (144). The discovery of a second VAC-encoded glutaredoxin, G4 (73), which
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unlike O2, is essential for viral replication (199), raises the possibility that one or both of
these proteins act as cofactors for VAC RR. However, conclusive evidence for the role of

02 or G4 as areductant for VAC RR in infected cellsislacking.

1.4  DNA polymerase inhibitors: treatments for disease and tools for studying
viral replication

One of the main goals of studying poxvirus replication proteins such as DNA
polymerases and RR is to identify potential therapeutic targets for antivirals. Indeed,
many potent antivirals are DNA polymerase inhibitors as these enzymes constitute the
catalytic heart of DNA virus replication. Furthermore, combinational therapy of RR
inhibitors with nucleotide-based polymerase inhibitors can often provide a synergistic
effect (162). The lowering of dNTP pools with RR inhibitors serves to starve vird DNA
polymerases for genome precursors while simultaneously lowering the effective
concentration of nucleotide analogs by reducing the competition from endogenous
dNTPs. Therefore, DNA polymerase inhibitors may be more effective when combined
with treatments that enhance their efficacy. Furthermore, they may aso be efficacious
when combined with drugs that target other aspects of the poxvirus life cycle such as the
new investigational drug, ST-246, which inhibits vira egress (210). This compound has
been shown to be highly efficacious in the treatment of poxvirus diseasein animalsand is

apromising candidate for the treatment of human poxvirus disease (210).

1.4.1 Cidofovir: a promising anti-poxvir us agent
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One of the most promising groups of antiviral agents identified to date include the
acyclic nucleoside phosphonates (ANPs), which act as nucleotide analogues [reviewed in
(45)]. These analogues contain a phosphonate group attached to the acyclic nucleoside
moiety. This phosphonate linkage is important because it is resistant to cleavage by
cellular esterases and thus enhances the stability of these drugs (45). Cidofovir (9-1-[3-
hydroxy-2-(phosphonomethoxy)propyl]cytosine (HPMPC or CDV), an analogue of
dCMP, is a well known member of the ANPs and has demonstrated potent antiviral
activity against a broad spectrum of DNA viruses including: herpes-, adeno- and
poxviruses (45). CDV was originaly licensed in 1996 for the treatment of human
cytomegalovirus (CMV) infections in acquired immune deficiency syndrome patients
(42). CDV has also been successfully used “off-label” for the clinical treatment of
poxvirus infections of orf and molluscum contagiosum viruses (116, 211). Moreover,
many Orthopoxviruses have been shown to be sensitiveto CDV in cell culture (42). CDV
is also efficacious in the treatment of lethal cowpox and VAC infections in mice, and can
protect non-human primates from lethal monkeypox virus infections (173-175, 183).

CDV is transported into cells by endocytosis (35) where it is phosphorylated
twice by cellular enzymes to produce the active metabolite, CDV diphosphate (CDVpp),
which is an analogue of dCTP (30). The phosphorylation of CDV by cellular enzymesis
advantageous because CDV is effective against TK deficient mutant viruses that are
resistant to analogues requiring activation by viral TKs (98, 121). A second advantage is
that CDV is highly selective for viral DNA polymerases, as it has proven to be a poor
inhibitor of cellular polymerases (80). Also, the long intracellular half-life of its

metabolites (79) allows CDV to be administered weekly during induction and only every
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other week during maintenance therapy. However, disadvantages of CDV include
associated nephrotoxicity and poor oral bioavailability necessitating its administration
intravenously. Recent studies have shown that alkoxyalkyl ester derivatives of CDV have
increased potency, greater ora bioavailability, and reduced renal toxicity (81). Once
inside the cell, these lipid esters are ultimately converted to CDVpp, which then
presumably inhibits the viral DNA polymerase.

Recent studies have shown that other ANPs such as (9-9-[3-hydroxy-2-
(phosphonomethoxy)propyl]-2, 6-diaminopurine (HPMPDAP) can also act as potent and
selective anti-poxvirus agents (44, 54). The rapid development of new derivatives of
ANPs has given rise to new generations of ANP drugs, which have functional differences
related to their structural modifications. These different generations of ANP compounds

and their structural and activity differences will be discussed in more detail in Chapter 2.

1.4.2 CDV: mechanism of action

Understanding the mechanism by which ANP compounds inhibit poxvirus DNA
replication largely comes from detailed characterization of the inhibitory activities of
CDV on VAC E9 DNA polymerase (113, 114). Our lab used an in vitro system with
purified E9, CDVpp, and primer-template pairs to study the ability of E9 to incorporate
the drug and to determine if CDV, once incorporated into duplex DNA, caused inhibition
of 5'-to-3' polymerase or 3'-to-5' exonuclease activities of E9. It was found that CDV pp
was incorporated by E9 into the primer strand opposite dG residues in the template and
conversely only dGTP was incorporated opposite a template CDV molecule, suggesting

that CDV was not mutagenic to viral DNA synthesis (113). Furthermore, incorporation of
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CDV into the primer strand still allowed for extension of this primer strand, indicating
that CDV does not act as a classical chain terminator (114). However, in the presence of
CDVpp a strong stop was noted at the n+1 position in primer strands, with “n” referring
to the expected position of CDV incorporation opposite atemplate dG. To investigate this
strong stop at the n+1 position, E9 extension of a primer with CDV as the penultimate 3’
nucleotide was tested. E9 could extend this primer albeit with reduced kinetics compared
to a primer with dCMP in the penultimate position (114). These results suggested that
simple termination of primer extension was not the maor mechanism of CDV’s
inhibitory action.

Subsequent experiments examined whether CDV could be removed by E9
proofreading activity. Interestingly, when CDV was in penultimate position in a primer
strand, it was resistant to removal by E9 3'-t0-5 exonuclease activity (114). This
suggested that CDV molecules, once incorporated into vira DNA aong with the
subsequent nucleotide, would act as barrier to proofreading function and might remain in
the viral genome where it would be found in the template strand upon initiation of a
second round of replication. Later studies found that CDV, when in the template strand,
did not permit E9-mediated primer elongation past the site of the CDV residue (113).
Collectively, these studies supported the hypothesis that during initial rounds of
replication, CDVpp would be misincorporated across dG template residues and after
further DNA synthesis would be refractory to removal by E9 proofreading activity.
Failure to remove the CDV residues allows them to exert their inhibitory effects when in
the template strand during further rounds of replication (113). Importantly, the adenine

derivative of CDV, (9-9-[3-hydroxy-2-(phosphonomethoxy)propyl]adenine (HPMPA),

38



was also resistant to E9 proofreading activity when in the penultimate position in a
primer strand and was refractory to primer elongation by E9 when in the template strand
(113). These studies have suggested that at |east some ANP compounds may have similar
modes of inhibitory activity on poxvirus DNA replication.

Understanding how antivirals function is not only important for the design of
effective drug regimens but also because they provide a means to study the role of the
proteins they target in the viral life cycle. Targeting specific functions of viral enzymesis
especially useful when studying proteins that are essentia to the vira life cycle, which
cannot be easily modified through genetic approaches. Furthermore, using antiviras in
combination with resistant strains can provide further insights into the mechanisms by

which these compounds function as well as the biochemical properties of their targets.

14.3 Resistanceto CDV

The only reports of clinical isolates demonstrating CDV resistance have all been
with herpesviruses (94, 205). However, extended in vitro passage of wild-type virus in
the presence of increasing concentrations of CDV has led to the development of several
strains of herpes-, adeno-, and poxviruses that are highly resistant to CDV. Mutations
conferring resistance to CDV (and other ANPs) have been mapped to the vird DNA
polymerase genes of human CMV, HSV and adenovirus type 5 (2, 102, 138). Such
mutations were found in polymerase and exonuclease domains, both in conserved and
non-conserved regions. At the time my project began, there were two reports of the
isolation of CDV-resistant (CDV®) Orthopoxviruses but it was unclear if mutations in

poxvirus DNA polymerasae genes were responsible for the CDV® phenotype (176, 177).
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15 Rationaleof the project

The terrorist attacks on September 11, 2001 in the United States and the
subsequent use of anthrax as a bioweapon elevated fears that other pathogens such as
poxviruses could be used as agents of bioterror (200). These events combined with
subsequent outbreaks in the Democratic Republic of the Congo (107) and the United
States (58) of monkeypox virus led to a resurgence of interest in developing effective
treatment strategies for poxvirus infections.

Around this time we were looking for new ways to study the role of VAC E9
proofreading activity in the process of viral recombination in infected cells. Earlier
studies with E9L ts mutant strains were pivotal in implicating a role for E9 in
recombination (122). However, the actual enzymatic defect of these ts E9 proteins at the
non-permissive temperature was difficult to study due to the DNA negative phenotypes
of these strains and our difficulty in obtaining active E9 proteins from ts-infected cells
(202). Studies by others used the DNA polymerase inhibitors cytosine arabinoside and
aphidicolin to show that targeting the DNA polymerase with these drugs inhibited
recombination (32) but only the inhibitory effects of these drugs on E9 5-to-3
polymerization had been studied (137) and so it was unclear what effect(s), if any, these
drugs had on E9 proofreading activity. Early studies by Wendy Magee in our |aboratory
suggested that the ability of incorporated CDV to resist E9 proofreading (114) might
provide us with a method to test the contribution of E9's 3'-to-5’ exonuclease activity to
viral recombination in infected cells. We hypothesized that if CDV® VAC strains could

be isolated, they might encode E9 proteins with distinct alterations of polymerase and/or

40



exonuclease activities that could be used in conjunction with CDV treatments to probe
the involvement of specific E9 activities in recombination.

As an initial step to these endeavors we started a collaboration with Dr. Graciela
Andrei (Rega Institute for Medical Research, Belgium) who had just isolated CDV®
strains of VAC and was in the process of determining the genetic mechanism(s)
underlying this resistance. This collaborative project led to the identification of E9L
mutations that we ultimately proved to be responsible for the CDVR phenotype. We aso
went on to show that identical and distinct ESL mutations from those that caused CDV
resistance were aso associated with resistance to other ANP compounds (chapter 2).
Although the identification and characterization of ANP-resistant (ANPY) strains was an
important contribution to the field of antiviral research, the generation of recombinant
VAC strains with single point mutations in E9L that conferred the CDV® phenotype,
along with our detailed knowledge of the mechanism of action of CDV, would provide us
with new tools to dissect out the roles of E9 polymerization and proofreading activitiesin
genetic recombination (Chapter 3). These studies, in the context of previous literature,
made a clear link between E9 proofreading activity and viral recombination in infected
cells and identified this proofreading activity as an essential component of the VAC life
cycle. During these studies, we searched for other modulators of poxvirus recombination
and our results identified a function for I3 in this process and hinted at a role for
nucleotide pools in regulation of recombination rates. In search of aternative ways to
study the effect of dNTPs on recombination we serendipitously discovered a differential
requirement of VAC RR subunits for vira replication and pathogenesis (Chapter 4).

These studies would lead to the discovery of the formation of novel viral-host chimeric
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RR complexes in infected cells and helped to explain why RR subunits are differentially
conserved among poxvirus genera, and perhaps other DNA viruses.

Together, these studies establish new links between poxvirus-encoded DNA
polymerase, SSB, and RR proteins in their concerted effort to drive and regulate viral
replication and recombination, the efficiency of which likely contributes significantly to

the virulence of these pathogens.
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CHAPTER2-ACYCLIC NUCLEOSIDE PHOSPHONATE

RESISTANCE ISCONFERRED BY MUTATIONSIN THE

VACCINIA VIRUSDNA POLYMERASE GENE AND ISLINKED TO

DIMINISHED VIRULENCE IN MICE-

PREFACE

A version of this chapter has been published in two manuscripts: Andrei G,
Gammon DB, Fiten P, De Clercq E, Opdenakker G, Snoeck R, and Evans DH. 2006.
Journal of Virology. 80:9391-9401; Gammon DB, Snoeck R, Fiten P, Krecmerova M,
Holy A, De Clercq E, Opdenakker G, Evans DH, and Andrei G. 2008. Journal of
Virology. 82:12520-12534. Data presented in this chapter are a result of a collaboration
with Dr. G. Andrei at the Rega Institute for Medical Research (Leuven, Belgium). This
chapter represents a compilation of selected data from these two manuscripts of which |
was a primary author. Unless otherwise indicated in figure legends or table footnotes, the
data presented in this chapter were generated by me. | was the primary writer of Andrei et
al. (2006) and Gammon et al. (2008) although the final versions resulted from editorial

contributions from Drs. Andrei and Evans.
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21 INTRODUCTION

Poxviruses are large, enveloped DNA viruses that cause a variety of diseases of
veterinary and medical importance. Humans can be infected by viruses belonging to the
genera Orthopoxvirus, Molluscipoxvirus, Parapoxvirus, and Yatapoxvirus, but it is the
Orthopoxviruses, variola virus and monkeypox virus, that are of primary concern.
Variola virus causes smallpox, which was eradicated in the 1970s using ring containment
methods and immunization with vaccinia virus (VAC) (32, 33). Human cases of
monkeypox still occur in parts of central Africa, where monkeypox virus infects a rodent
reservoir, although infected rodents have been exported to North America by the exotic
pet trade (29, 45). Although rare, zoonotic infections with cowpox virus can pose a
serious health risk to young children and immunocompromised persons (84). The only
other poxvirus disease commonly seen in humans is that caused by molluscum
contagiosum virus (MCV). MCV infections are rarely serious in healthy persons,
although the disease can be deadly when immunity is compromised (11, 81).

Most large-scale smallpox vaccination campaigns were discontinued over 30
years ago. This has raised concerns among public health authorities because the decline in
immunity renders human populations at risk of re-infection from the accidental (or
malicious) release of archived or unknown stocks of variola virus (42, 85).
Consequently, considerable efforts to find safe, effective, and rapidly deliverable new
vaccines and treatment options for smallpox have been made in recent years (21, 42).
Vaccines provide the preferred tool for protecting populations threatened by renascent
smallpox but is contraindicated in individuals with compromised immunity (18).

Furthermore, a recent report by Stittelaar et al. comparing the efficacy of post-exposure
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vaccination to antiviral therapy during monkeypox infections in nonhuman primates
showed that antiviral therapy with cidofovir (9-1-[3-hydroxy-2-
(phosphonomethoxy)propyl]cytosine (HPMPC or CDV), or a related compound, 6-[3-
hydroxy-2-(phosphonomethoxy)propoxy]-2,4-diaminopyrimidine (HPMPO-DAPYy), was
more effective than smallpox vaccination (77). Consequently, antiviral drugs appear to be
important for the treatment of severe poxviral disease. The development of new anti-
poxvirus agents would not only provide health authorities with the means of containing
smallpox but could also be used to treat other poxvirus infections (10, 63, 69). Such drugs
could also be effective in treating adverse responses to vaccines. Indeed, the usefulness of
antiviral agents in the treatment of severe eczema vaccinatum in a household contact of a
smallpox vaccinee was recently reported (83). Two antivirals (i.e, CDV and ST-246),
each with different mechanisms of action, were used for the first time together with VAC
immune globulin to successfully treat a pediatric patient suffering from eczema
vaccinatum (83). Poxviruses are currently being investigated for use in cancer therapy in
order to deliver therapeutic genes to tumor cells, stimulate antitumor immunological
responses, and/or simply cause the lysis of tumor cells from the replication of the viral
agent (39, 68). Therefore, effective antiviral treatments may also limit possible side
effects incurred with the therapeutic use of poxviruses in cancer therapy.

Many stages of the Orthopoxvirus life cycle are potentially susceptible to drug
interference. One such stage is virion assembly and dissemination, which appears to be
the target of the new drug ST-246 (30, 86). This orally available antiviral drug has been
shown to be highly efficacious against Orthopoxviruses in vitro and in vivo and is

currently under further development (7, 41, 43, 86). However, the enzymes catalyzing

61



poxvirus DNA synthesis also offer promising targets, and drugs that target the viral DNA
polymerase have been shown to effectively inhibit Orthopoxvirus replication in vitro and
in vivo (24, 26, 44, 50, 57, 70). One of the more potent and selective viral DNA
polymerase inhibitors is CDV, a dCMP analogue that is marketed as Vistide®. CDV is
authorized for use in treating human cytomegalovirus (CMV)-induced retinitis but has
been used “off label” to successfully treat other DNA virus infections including those
caused by MCV and Orf virus (24, 25, 28). Recent work has provided insight into the
mechanism of action of CDV. The drug is taken up by cells through endocytosis (17) and
converted to the diphosphoryl derivative (CDVpp), which then acts as a dCTP analogue
and a substrate for the viral DNA polymerase. Our laboratory has shown that CDVpp
inhibits primer extension and exonuclease reactions catalyzed by purified VAC DNA
polymerase (E9) in vitro. Furthermore, because CDV can still be incorporated into DNA,
it also blocks translesion synthesis across drug molecules incorporated into the template
strand (54, 55).

Evidence that CDV targets viral DNA polymerases comes from studies with
herpes- and adenoviruses where CDV-resistant (CDVF) phenotypes have been associated
with mutations in viral DNA polymerase genes (8, 15, 46). Resistance in poxviruses has
also been documented by Smee et al. who used prolonged passage in the presence of
escalating CDV concentrations to isolate camelpox, monkeypox, cowpox and VAC
strains that were 8-27-fold more resistant to CDV than parental strains (71). These
authors also showed that a polymerase activity could be partially purified from cells
infected with CDV® cowpox virus which was less sensitive to CDVpp inhibition (71).

Collectively these studies suggested that CDV targets poxviral DNA polymerases and
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selection for the CDVF phenotype may be associated with altered DNA polymerase
function. However, it was still unclear whether viral DNA polymerase gene mutations
were responsible for this resistance since poxvirus DNA polymerases form multienzyme
complexes with other replication proteins (76), which might alter polymerase function
along with CDV sensitivity.

The isolation and characterization of CDV® viruses can help elucidate the
mechanism(s) of drug action, evaluate the potential for CDV resistance in the clinic, and
provide insight into the enzymatic properties of the protein(s) targeted by CDV.
Furthermore, because CDV is a member of the acyclic nucleoside phosphonate (ANP)
family of structurally-related antivirals (Figure 2.1), understanding how CDV inhibits
viral replication and how resistance to CDV develops may further our understanding of
this important family of drugs. As described below, three different generations of ANPs
exist. Some of these compounds exhibit broader spectrum antiviral activities than others.
Therefore, insights into modes of action and cross-resistance patterns within ANPs may
help in the design of more effective treatment stratagems.

The first generation of ANPs can be classified into three subcategories according
to chemical structure, with a clear structure-activity relationship (22, 23). First are the 3-
hydroxy-2-phosphonomethoxypropyl (HPMP) derivatives, which target many different
DNA viruses. CDV and its adenine derivative, (9-9-[3-hydroxy-2-
(phosphonomethoxy)propyl]adenine (HPMPA), are examples of this class. Second are the
2-phosphonomethoxyethyl (PME) derivatives, which target DNA viruses as well as
hepadnaviruses and retroviruses. 9-[2-(Phosphonomethoxy)ethyl]adenine (PMEA;

adefovir) represents the prototypic example of this class of drugs. Third are the
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shown with its chemical name abbreviation, (S)-HPMPC. Images provided by G. Andrei.
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2-phosphonomethoxypropyl (PMP) compounds, which exhibit little or no activity against
most DNA viruses but are very effective against retroviruses and hepatitis B virus.
Tenofovir is the prototype of this third class. Oral formulations of both PMEA and
tenofovir have been licensed for treating hepatitis B virus and human immunodeficiency
virus (HIV) infections, respectively. Although CDV is used to treat human CMV
infections, its wider use has been limited by its poor oral bioavailability and renal
toxicity. However, the alkoxyalkyl ester derivatives of CDV and cyclic CDV (cCDV)
have been shown to exhibit improved oral uptake and absorption and an increased
antiviral activity compared to the parental compounds (14, 64, 66). The
hexadecyloxypropyl ester of CDV (CMX001) has been shown to have a good balance
between high efficacy and low toxicity both in vitro and in vivo and is currently under
development for the treatment of smallpox in case of reemergence of variolavirus (62).
Two new classes of ANPs, often referred to as "second-generation™ and "third-
generation”, have been described following the success of these drugs,. The second
generation of these compounds includes the open-ring or O-linked ANPs containing 6-[2-
(phosphonomethoxy)alkoxy]-2,4-diaminopyrimidines (DAPY) and target a broad range of
DNA viruses and retroviruses (5, 27, 40). Two examples of these second-generation
compounds are  HPMPO-DAPy  and 6-[2-(phosphonomethoxy)ethoxy]-2,4-
diaminopyrimidine] (PMEO-DAPy) (Figure 2.1). The third generation of ANPs
encompasses the 5-aza derivatives of HPMP compounds that display broad-spectrum anti-

DNA virus activity (Figure 2.1) (48, 49, 51). The availability of these new ANPs creates
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an opportunity to test whether different classes of virus mutants might arise under
selection exerted by these compounds.

Of special interest is (9-9-[3-hydroxy-2-(phosphonomethoxy)propyl]-2,6-
diaminopurine (HPMPDAP), a first generation ANP compound with a diaminopurine
(DAP) base. This compound was among the most effective ANPs in the treatment of
VAC infections in previous studies, and it was also highly effective in the inhibition of
camelpox virus and Orf virus replication in organotypic epithelial raft cultures (20, 31,
73). HPMPDAP is also active in different models of VAC infection in mice, and several
prodrugs of HPMPDAP are currently under development (82). Although HPMPDAP
appears to be a promising anti-poxvirus agent, the properties of HPMPDAP-resistant
(HPMPDAPF) poxviruses have not been described.

The purpose of the study presented in this chapter was to determine the biological
properties of CDV® and HPMPDAPR VAC in order to better understand drug action, the
genetic basis for resistance, and the associated phenotypes of these strains in terms of
cross-resistance patterns as well as viral fitness in culture. Importantly, we wanted to
determine if infection with ANP-resistant (ANPT) poxviruses would still cause disease
and whether this potential disease would respond to antiviral treatment. We show here
that one can select for poxviruses exhibiting resistance to CDV and HPMPDAP and that
these viruses share some similarities, as well as important differences. These studies
provide the first insights into the genetic basis of poxvirus resistance to ANPs and link
resistance to mutations in the viral DNA polymerase gene. Perhaps most importantly, the
viruses selected for resistance using this strategy are highly attenuated in vivo, although

the mild disease they do cause is still amendable to treatment with ANP compounds.
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These observations support the hypothesis that ANP-based drug therapies would not be
easily circumvented by either the development of drug-resistant viruses during the course

of treatment or the intentional production of resistant strains through bioterrorism.

22 MATERIALSAND METHODS

Cell and virus culture. All cells and viruses were purchased from the American
Type Culture Collection. Human embryonic lung (HEL) fibroblasts and VAC (strain
Lederle) were cultured in minimal essential medium (MEM) supplemented with 10%
heat-inactivated fetal calf serum, 2 mM L-glutamine, and 0.3% sodium bicarbonate at
37°C in a 5% CO, atmosphere. Monkey kidney epithelial (BSC-40) cells and VAC
[strain Western Reserve (WR)] were cultured in MEM (containing 5% fetal bovine
serum, 1% nonessential amino acids, 1% L-glutamine, and 1% antibiotic/antimycotic) at
37°C in a 5% CO, atmosphere.

Compounds. The sources of the compounds were as follows: cytosine B-D-
arabinofuranoside (AraC) and aphidicolin (Aph) were obtained from Sigma (St. Louis,
MO); CDV, cCDV, and PMEA were obtained from Gilead Sciences (Foster City, CA);
HPMPA, cyclic HPMPA (cHPMPA), (S-9-[3-hydroxy-2-(phosphonomethoxy)propyl]-3-
deazaadenine (3-deaza-HPMPA), cyclic 3-deaza-(S)-HPMPA (c3-deaza-HPMPA), (S)-9-
[3-hydroxy-2-(phosphonomethoxy)propyl]-7-deazaadenine (7-deaza-HPMPA), cyclic-7-
deaza-HPMPA (c7-deaza-HPMPA), HPMPDAP and cyclic HPMPDAP (cHPMPDAP),
HPMPO-DAPY and cyclic HPMPO-DAPy (cHPMPO-DAPY), PMEO-DAPY, (S)-1-[3-
hydroxy-2-(phosphonomethoxy)propyl]-5-azacytosine  (HPMP-5-azaC), and cyclic

HPMP-5-azaC (cHPMP-5-azaC) were obtained from A. Holr and M. Kreémerova
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(Institute of Organic Chemistry and Biochemistry, Academy of Sciences of the Czech
Republic, Prague, Czechoslovakia); Phosphonoacetic acid (PAA) and isatin-p-
thiosemicarbazone (IBT) were obtained from Pfaltz & Bauer (Waterbury, CT).

Selection and purification of CDVR viruses. Drug-resistant viruses were
obtained from serial passage of a single stock of VAC (strain Lederle) in HEL cells in the
presence of increasing amounts of CDV. Viruses were also serially passaged in drug-free
media in parallel (wild-type controls). The starting concentration was ~2 ug/mL which
reduced the cytopathic effect (CPE) by 50% [representing the 50% effective
concentration (ECsp) of wild-type virus]. The infected cells were cultured 2-3 days until a
strong CPE was observed. The viruses were then harvested and replated on fresh cells in
the presence of more drug, increasing the drug concentration by 2 ug/mL with each
subsequent passage. Periodic passage without CDV served to increase titers. Virus
capable of replication in the presence of 50 ug/mL CDV were cultured a final time in
drug-free media, and then seven isolates from CDVF stocks and five isolates from wild-
type control stocks were plaque-purified three times and all 12 of these isolates were used
for DNA sequence analysis (see below).

Selection and purification of HPMPDAPR viruses. Isolation of HPMPDAP®
VAC (strain Lederle) was performed as described for selection of CDV® strains except
HPMPDAP was used as a selection agent at a starting dose of 0.25 ug/mL with two-fold
increases in dose with each subsequent passage. Periodic virus replication in drug-free
media served to restore virus titer. Viruses capable of replication in the presence of 50
ug/mL HPMPDAP were amplified in drug-free media and nine plaque-purified isolates

were obtained for further DNA sequence analysis and characterization.
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Cytopathic effect, virus yield, and plaque reduction assays. HEL cells grown
to confluence in 96-well microtiter plates were used for CPE reduction assays. Each well
was infected with 50 plaque-forming units (PFU) and after 2 h of infection at 37°C in
phosphate-buffered saline (PBS), the cells were washed with fresh PBS and cultured for
2-3 days in fresh medium containing serial dilutions of the test compound in duplicate.
The CPE was recorded using a 0 to 5 scale (where 5 equals 100% CPE), and the ECs cpe
was defined as the drug concentration that reduced CPE by 50%. ECsocpe Values
represent the mean of two or more independent experiments.

Virus yield reduction assays were performed in six-well microtiter plates
containing confluent HEL cell monolayers. Each well was infected with ~200 PFU of
VAC for 2 h at 37°C in PBS, the cells were washed with fresh PBS and cultured for 3
days in fresh medium containing dilutions of the test compound. Viral particles were
released from harvested HEL cells by three rounds of freeze-thawing and then titrated by
plaque assay on HEL cells in the absence of drug. Results of the virus yield reduction
assays generally agreed with CPE reduction assay results and thus the virus yield
reduction assays will be simply referred to during discussion of results to support
conclusions but the data are not presented in this chapter. The actual data from these
experiments are summarized in Table A.2 in the Appendix.

Plaque reduction assays were performed in triplicate using 200-10,000 PFU per
dish. Virus-infected BSC-40 cells were cultured for 2 days and then fixed with 2%
formaldehyde and stained with 0.5% crystal violet. The drug concentration causing a
50% reduction in plaque number (i.e. the ECsp) was calculated from a nonlinear curve fit

using GraphPad prism, version 4.0 software (San Diego, CA).
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Growth curves and genome replication analyses. BSC-40 cells were infected
with VAC at a multiplicity of infection (MOI) of 0.03. Following a 1 h adsorption period
in PBS at 37°C, the inoculum was replaced with warm medium. Viruses were harvested
at different times post-infection and released by three rounds of freeze-thaw. Yields of
virus were determined by plaque assay on BSC-40 cells in the absence of drug.

Viral genome replication was assessed using a slot-blot method. BSC-40 cells
were infected at an MOI of 1 for the indicated times after which cells were harvested with
cell scrapers and pelleted by centrifugation (800 rpm, 10 min, 4°C). In some cases drug
was added at the indicated doses to the media after 1 h of virus adsorption at 37°C. Cell
pellets were washed in PBS and resuspended in 1 mL of 10X saline sodium citrate
containing 1 M ammonium acetate. The samples were freeze-thawed three times and
then 50-uL aliquots of these samples were mixed with an equal volume of 0.8 M NaOH
plus 20 mM EDTA, boiled for 15 min, cooled on ice, and diluted with 250 uL of 0.4 M
NaOH and 10 mM EDTA. The samples were then applied to Zeta-probe membranes
(Bio-Rad) using a vacuum manifold, washed, and DNA was cross-linked to the
membrane with UV light. A probe (~500 bp) was prepared by PCR amplification of J2R
(VAC thymidine kinase) gene sequence followed by purification of the PCR product by
agarose gel electrophoresis and Qiaquick column purification (Qiagen) and the resulting
DNA was labeled with [a-*P]dATP using a random priming labeling kit (Roche). The
membrane was processed using the Zeta-probe Southern blot hybridization procedure
(Bio-Rad). The membrane was then exposed overnight to a phosphorimager screen and

analyzed with a Typhoon phoshorimager and ImageQuant software, version 5.1.
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DNA sequencing. DNA was extracted from virus-infected HEL cells using a
QlAamp blood kit according to the manufacturer’s instructions (Qiagen). The VAC DNA
polymerase gene (EOSL) was PCR-amplified as two overlapping amplicons using primer
set GA-VACDPF-72 and GA-VACDPR1610 along with primer set GA-VACDPF-1525
and GA-VACDPR3169 (see Appendix Table A.1 for primer sequences). The PCR
products were purified and sequenced using E9L-specific primers (see Appendix, Table
A.1 for complete list of sequencing primers used). Sequencing data were assembled and
compared to the DNA sequences obtained from wild-type clones using Sequencher
software (Gene Codes Corporation).

DNA cloning. Expand high-fidelity DNA polymerase (Roche Applied Science,
Indianapolis, IN) was used to PCR-amplify the entire E9L gene (or portions) from CDVF,
HPMPDAPR, or wild-type VAC strains (see Figure 2.3). Three different primer sets were
used with DNA isolated from CDV® (and wild-type) viruses to PCR-amplify the entire
3.1-kb E9L gene (primers DG-VVE9L-P1F and DG-VVE9L-P2R), 1.6 kb of E9L
comprising the left (5’) end of the gene (primers DG-VVE9L-P1F and DG-VVE9L-P4R),
or 2.1 kb of £9L (primers DG-VVE9L-P3F and DG-VVEI9L-P4R) comprising the right
(3’) end of the gene (see Appendix Table A.1 for primer sequences). The 3.1 kb, 1.6 kb,
and 2.1 kb PCR products allowed isolation of £9L fragments encoding A314T+A684V,
A314T, or A684V CDV resistance-associated amino acid substitutions, respectively.

E9L gene fragments were amplified from viral DNA isolated from HPMPDAPR
strains using primers DG-VVEI9L-P3F and DG-VVEI9L-P4R (generating the
aforementioned 2.1 kb fragment) or primers DG-VVE9L-SeqP7 and DG-VVE9L-P2R to

generate a 0.9 kb fragment that comprises the right end of the £9L gene (see Appendix
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Table A.1 for primer sequences). Amplification of the 2.1 kb and 0.9 kb fragments from
HPMPDAPF strain DNA allowed isolation of £9L fragments encoding A684V+S851Y or
S851Y HPMPDAP resistance-associated substitutions, respectively. All PCR-amplified
E9L genes and gene fragments were agarose gel-purified, cloned into pCR2.1-TOPO
(Invitrogen), and sequenced using £9L-specific sequencing primers.

Marker rescue. BSC-40 cells were grown to confluence and then infected for 1 h
with VAC (strain WR) at a MOI of 2 in 0.5 mL of PBS. The buffer was replaced with
warm growth medium, and the cells were returned to the incubator for 2 h. The cells were
then transfected with 2 pg of plasmid DNA (encoding wild-type or mutant EOL alleles)
using Lipofectamine 2000 (Invitrogen). The cells were returned to the incubator for
another 5 h, the transfection solution was replaced with 2.5 mL of fresh growth medium,
and the cells were cultured for 24 h at 37°C. Virus progeny were released by freeze-
thawing, and the virus titer was determined on BSC-40 cells without drug.

It was determined that 300-350 uM CDV completely inhibited plague formation
by wild-type virus. Therefore, CDV® recombinants were recovered from cells transfected
with DNA encoding A314T+A684V substitutions through two rounds of passage at low
MOIs on BSC-40 cells in medium containing 300-350 pM CDV. Viruses were then
plaque-purified twice under an agarose overlay in media lacking CDV and finally once in
the presence of 350 UM CDV. Virus recovered from cells transfected with DNA encoding
the A314T substitution were subjected to one round of further passage at a low MOI in
BSC-40 cells in medium containing 300 pM CDV. The resulting viruses were then
plaque-purified twice in media containing 300 or 100 uM CDV and finally once in the

absence of drug. Viruses recovered from cells transfected with DNA encoding the A684V
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mutation were purified in the same way as A314T mutant virus except that the agarose
overlays contained 100 uM CDV. Because 100 uM CDV allowed for some small plaques
to form in wild-type controls, we used an initial 300 to 350 uM dose of drug to eliminate
the majority of background wild-type virus from the marker rescue stocks which were
typically plated at 10,000 PFU/60-mm-diameter dish of BSC-40 cells for the first
selection step. For each treatment type, five independent virus isolates were amplified and
retained for further analysis.

Preliminary results obtained by G. Andrei suggested that the original HPMPDAP®
(strain Lederle) isolates were cross-resistant to CDV. We therefore used CDV to select
for recombinants (in the VAC WR background) using a similar strategy as described
above for the generation of CDVR recombinants after marker rescue. Viruses recovered
after transfection with DNA encoding the A684V+S851Y (or only the S851Y
substitution) were selected with 300 uM CDV for two rounds in liquid culture followed
by plaque purification with agar overlays containing 100 pM CDV for the first two
rounds of purification. For each treatment type, five independent virus isolates were
worked up and retained for further analysis.

Animal studies. Adult Naval Medical Research Institute (NMRI) mice (13 to 14
g; 3 to 4 weeks of age) were inoculated (or mock-inoculated with PBS) by an intranasal
route with 20 pL of virus suspension ( 40, 400, or 4,000 PFU) diluted in PBS. Five mice
per virus dilution or PBS treatment (control) were used, and body weight was recorded
for 20-30 days post-infection. Animals were euthanized if weight loss exceeded 30% of
initial body weight. Where indicated, 10-50 mg/kg of body weight/day of CDV, (S)-

HPMP-5-azaC, or (S)-HPMPDAP was injected subcutaneously over three days, starting
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on the day of infection. All animal procedures were approved by the K. U. Leuven
Animal Care Committee. To determine the extent of viral replication in the lungs from
mice inoculated with VAC, animals were euthanized on day 7 post-infection, and lungs
were aseptically removed, weighed, homogenized in MEM, and frozen at —-80°C until
samples were titrated on HEL cells.

Statistical Analyses. Mean ECsocpe Vvalues from at least three independent
experiments were obtained for each compound listed in Figure 2.2 for the indicated
viruses. Unpaired t-tests were used to compare mean ECsy cpe Values between wild-type
and one of the indicated recombinant viruses. Although we did perform statistical tests on
ECso.cpe Values obtained from the original HPMPAPR isolates (strain Lederle) we did not
perform these tests for the original CDV® isolates (strain Lederle) and so for both these
groups of viruses only trends indicated by fold-changes in mean ECsgcpe values will be
discussed. Therefore all statistical data refers to experiments in which wild-type (strain
WR) is being compared to a recombinant strain encoding one or more CDV® or
HPMPDAP® E9L substitution mutations. Recombinant strains were classified as
possessing low levels of resistance if their mean ECsocpe values were at least 2.5-fold
higher than wild-type values and were significantly different (P< 0.05) from wild-type
mean ECso cpe Values as assessed by unpaired t-tests. If the mutant strain had an ECs cpe
value more than 7-fold higher than that of the wild-type, it was classified as having a high
level of resistance to the particular compound. Strains were classified as being
hypersensitive to a particular compound if their mean ECscpe Values were at least 2.0-

fold lower than wild-type mean ECsg cpe Values and were also statistically different from
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wild-type. In some cases, the mean increase (from at least three independent experiments)
in ECso cpe Values were compared between two groups using unpaired t-tests.

Spontaneous mutation frequencies of wild-type and recombinant virus populations
were analyzed by an IBT resistance assay (79,80). This compound bocks late viral gene
expression (61) and VAC resistance to IBT has been mapped to at least three viral genes
(16, 19, 59), thus providing a sensitive assay for measuring spontaneous mutation
frequencies. Six single plaques of each recombinant strain (and wild-type as a control)
were picked and expanded by two rounds of passage in drug-free media. The proportion
of virus from each of these populations that could form plaques in the presence of an
inhibitory dose of IBT (60 uM) was then compared between virus populations with all
six isolates within each virus type combined to generate median IBT-resistant (IBT)
plague counts. Median IBT® plaque numbers for wild-type and recombinant virus
populations were the results of four independent experiments and were compared
between wild-type and recombinant strains using Mann-Whitney U tests.

For animal experiments, mortality rates were analyzed by Fisher's exact test, and a
P value of <0.05 was considered to be significant. Viral titers in lung tissue were
analyzed by Mann-Whitney U tests. All statistical analyses were performed using

GraphPad prism, version 4.0 software.
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23 RESULTS

Derivation and characterization of CDV® and HPMPDAP® viruses. Drug-
resistant viruses were obtained by serial passage of VAC (strain Lederle) in HEL cells in
the presence of increasing doses of CDV or HPMPDAP. Following 40 rounds of passage,
7 CDVR, 9 HPMPDAP®, and 5 wild-type (passaged in drug-free media) clones were
obtained. Each of these independent clones were used in a CPE reduction assay to
determine the mean ECs cpe Values for a variety of test compounds including ANPs and
unrelated DNA polymerase inhibitors such as PAA and AraC. The results for the CDVR
and HPMPDAPR Lederle strains are shown in Figures 2.2A and B, respectively.

Both the CDVF and HPMPDAPR exhibited a similar pattern of resistance among
the test compounds with mean ECsgcpe Values 4-15-fold higher for the resistant strains
when tested with most ANP compounds. For example, CDV® and HPMPDAPF strains
were 8.8- and 10-fold more resistant to CDV, and 12.5-fold and 15-fold more resistant to
HPMPDAP, respectively than wild-type virus (Figure 2.2A and B). These strains also
exhibited resistance to other HPMP-based compounds including cCDV, HPMPA,
cHPMPA, and HPMPO-DAPy but were still as sensitive as wild-type to 3-deaza-
HPMPA. These viruses did not display changes in sensitivity to PMEO-DAPy, a PME-
based analogue which does not appear to be inhibitory to wild-type virus either, at least at
the maximum doses tested in this study. Importantly, the ANPR strains did not exhibit
cross-resistance to the pyrophosphate analogue, PAA or the unrelated cytosine analogue,

AraC (Figures 2.2A and B).
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Figure 2.2. Drug susceptibility profiles of drug-resistant VAC (strain Lederle). (A)
Comparison of drug sensitivities of wild-type and CDVF strains. (B) Comparison of drug sensitivities of
wild-type and HPMPDAP® strains. Mean ECsocre Values were obtained after 2-4 independent CPE-
reduction assays on HEL cells were performed. Mean values represent five wild-type clones, seven CDVR
clones, and nine HPMPDAPR clones. Error bars indicate +SD (3 or more experiments) or error of the mean

(2 experiments). Data provided by G. Andrei.
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Genotypic characterization of CDV® and HPMPDAP® viruses. Viruses
exhibiting resistance to ANPs often encode mutations in their DNA polymerase genes.
Therefore, we used the PCR to isolate and clone the E9L genes from the ANP® and wild-
type clones. The results of the sequencing of these genes are shown in Table 2.1. The
original stock of VAC strain Lederle contained polymorphic loci at amino acids 246 and
420, which were also found in other wild-type Orthopoxviruses. Thus, these substitutions
were unlikely to be linked to drug resistance. A second polymorphic locus was found at
positions 936 to 938 wherein the ancestral sequence in some viruses suffered a small in-
frame deletion. However, both types of wild-type clones proved equally sensitive to all
drug tested and thus this deletion was also unlinked to drug resistance. Finally, all
Lederle-derived strains encoded amino acid substitutions at position 845 and 857, which
serve to differentiate this strain from other VAC strains such as WR (Table 2.1). These
substitutions also seemed unlikely to be responsible for the drug resistance phenotype.

Ultimately only two point mutations in the E9L genes of the CDV" clones were
potentially associated with resistance. These mutations create an A314T substitution
within the putative 3'-to-5' exonuclease domain and an A684V substitution within the
putative DNA polymerase domain (Figure 2.3). Both of these mutations occur at residues
that are highly conserved among Orthopoxvirus DNA polymerases (Table 2.1). Analysis
of archived virus stocks at passage number 33 found that the A684V mutation appeared
after the A314T mutation during drug selection (G. Andrei, pers. comm.).

Three of the nine HPMPDAPR isolates each encoded a different clone-specific

mutation (T513S, V545L, and R713Q). However, these viruses exhibited a pattern of
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Table 2.1. Mutationsin the E9L gene of CDV® and HPM PDAPR VAC isolates (strain L ederle).

Amino acid present at position(s) (vaccinia virus)?

Virus 937-
246 314 420 513 545 684 713 845 @51 857 000937

938
CDVF clones” Q T L T L V R M S R ANV
HPMPDAPR clones:
1,3,5,6,8,9 Q A L T Y Y R M \4 R ANV
Clone 2 Q A L T L \Y; R M \4 R ANV
Clone 4 Q A L T Y Y Q M \4 R ANV
Clone 7 Q A L S \Y; \Y; R M \4 R ANV
VAC consensus:*
VAC (Lederle) QR A US T vV A R M R NDG/ANV
VAC (all others)* R A LS vV A T NDG/ANV
Other Orthopoxvirus
consensus:®
Camelpox virus Q A S T \Y; A R I S G ANV
Cowpox virus QR A S T vV A R T S G NDG/ANV
Ectromelia virus Q A S T \Y; A R I S G ANE
Monkeypox virus R A S T \% A R T S G ANV
Variola virus Q A S T \Y; A R I S G ANV

#The numbering is derived from that of the VAC DNA polymerase gene and differs
slightly for homologous residues in other Orthopoxvirus polymerase genes.
Sequence data provided by G. Andrei.

PAll seven clones were identical.

“Sequence data were accessed from the VOCS database.

dIncludes rabbitpox and horsepox viruses.
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Figure 2.3. VAC E9L gene map indicating sites of CDV® and HPMPDAP®-linked
substitutions and marker rescue strategy. The VAC E9L gene encodes 1,006 amino acids and comprises
DNA polymerase B exonuclease (DNA pol B exo) and DNA polymerase B (DNA pol B) domains plus six
highly conserved sequence elements common to B-family DNA polymerases (I to VI) (75). The gene
encoded by VAC strain Lederle bears three pre-existing sequence polymorphisms, which differentiate the
gene from that encoded by VAC strain WR. The positions of the mutations found in the CDV® (A314 and
A684V) and HPMPDAPR Lederle isolates are also shown. The PCR amplicons used for marker rescue are
shown at the bottom of the top panel. The template for these amplicons was DNA from CDV® (top three
amplicons) or HPMDAP® (bottom two amplicons) Lederle strains. Also shown are known map locations
for mutations encoding resistance to cytosine arabinoside (AraC), phosphonoacetic acid (PAA), and
aphidicolin (Aph) (79, 80). The three bottom panels show the sequence context of A314T, A684V (and
T688A), and S851Y substitutions by alignment with other B-family DNA polymersases. RB69, phage
RB69 gp43; HCMV, human cytomegalovirus; HSV, herpes simplex virus (type 1); EBV, Epstein-Barr
virus; Sc, Saccharomyces cerevisiae Poll; Hs, Homo sapiens polymerase ; T4, phage T4 gp43; AdV,

human adenovirus type 5; SS, SQulfolobus solfataricus.
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resistance that was identical to the other HPMPDAPR isolates (G. Andrei, pers. comm.),
suggesting that these were idiosyncratic mutations that do not contribute to the resistance
phenotype. In addition, the mutations in all of these three isolates led to rather
conservative amino acid substitutions (T to S,V to L, and R to Q). Only two substitution
mutations, both in the C-terminal DNA polymerase domain (Figure 2.3), were found in
all nine clones and were reasonable candidates for mutations causing HPMPDAP
resistance. Interestingly, one of these substitutions (A684V) is identical to that found in
CDVR isolates. The other substitution, S851Y was unique to the HPMPDAPR strains. In
order to determine the contribution of these substitution mutations to ANP resistance,
marker rescue studies were undertaken to re-introduce each of these mutations, either
singly or in combinations, into the WR strain of VAC.

Marker rescue analysis. Plasmids containing E9L PCR amplicons encoding the
A314T, A684V, or S851Y substitutions were transfected into wild-type VAC (strain
WR)-infected cells and the frequency of recovery of CDVF plagues was determined
compared to control treatments where wild-type EOL DNA or no DNA was transfected.
The strategy for the PCR-based isolation of each substitution mutation is depicted in
Figure 2.3 and the results are shown in Table 2.2. Transfection of DNA encoding the
A314T, A684V, and A314T+AB84V substitutions all resulted in large numbers of CDV®
plagques upon plating of the marker rescue stocks, having ~19-63-fold higher frequencies
of CDVF plaques than the control DNA or no DNA treatments.

Similar results were obtained for transfections with DNA encoding the S851Y
substitution, either alone or in combination with the A684V substitution, with CDV®

plague numbers ~5-21-fold higher than control treatments when HPMPDAP resistance-
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Table 2.2. Marker rescue efficiency in the presence of CDV.

Transfected Size

R 4 a
DNA (kb) E9L allele(s) Number of CDV" plaques (per 10" PFU plated)
Mutant” 3.1  A314T+A684V 76+ 9
1.6 A314T 3817
2.1 A684V 23%5
Wild-type” 3.1 None detected
1.6 0.3x£0.6
2.1 23+0.6
No DNA? 1+1
Mutant® 21  ABBAV+S851Y 190 + 11
2.1 A684V 108 £ 6
0.9 S851Y 43+£12
Wild-type® 21 10+4
0.9 105
No DNA® 72

“Marker rescue stocks were plated on BSC-40 cells under a liquid overlay with or without 300 UM
CDV. The plaques were fixed and stained 48 h post-infection. Values are means + SD.
“Experiment set #1. Values were derived from three independent experiments.

“Experiment set #2. Values were derived from three independent experiments.
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associated substitutions were present. The few plaques that appeared in wild-type DNA-
transfected or “no DNA” treatments did not replicate upon further passage in CDV-
containing media and thus did not appear to represent spontaneous CDV® mutants. In
contrast, viruses recovered from mutant allele-transfected treatments all replicated upon
further passage in CDV-containing media. These results suggested that resistance to CDV
could be conferred independently by A314T, A684V, and S851Y substitutions. Five
independent clones from each of these stocks were plaque-purified and their £9L genes
were sequenced to confirm the acquisition of the mutant allele. The results and further
characterization of these viruses are described below.

E9L sequence analysis of ANP® recombinant viruses. Upon sequencing of the
five clones derived from each marker rescue treatment, it was found that all isolates
contained at least the input mutation(s) contained on the transfected plasmid DNA.
However, one of the isolates from the A314T+A684V marker rescue population encoded
a third substitution mutation (Y232H) in the putative exonuclease domain of £9L. All
five isolates from the A314T+A684V marker rescue pool also encoded the input Lederle
polymorphisms (L420S, T845M, and G857R).

Initial studies of the A314T-transfected population found that all five isolates
contained a second, unexpected substitution mutation (T688A). This change affects a
highly conserved residue in the polymerase domain of E9, located only four residues
away from the A684V substitution site, which also affects a highly conserved residue
among B-family DNA polymerases (Figure 2.3). We assumed that this T688A
substitution was selected because it provided higher levels of resistance necessary to

allow for replication with the doses of CDV we used in our selection strategy (300 uM).
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Therefore, we repeated this experiment and used a dose of 300 uM CDV for the initial
round of selection and then lowered the dose to 100 uM. This strategy allowed us to
isolate five clones that just encoded the A314T substitution. All of the A314T+T688A-
and A314T-encoding isolates had an otherwise WR sequence as they did not rescue the
L420S polymorphism present on the input DNA. Attempts to rescue virus encoding only
the T688A substitution were unsuccessful. All of the isolates obtained from the A684V,
S851Y, and A684V+S851Y marker rescue treatments contained only the input
substitution mutation(s) and all also encoded the input Lederle polymorphisms T845M,
and G857R.

Growth analysis of ANPR recombinant viruses. In order to determine if the
rescued DNA polymerase substitutions affected viral replication, growth curve analysis
was performed for a single isolate within each marker rescue pool, representing viruses
encoding A314T, A684V, A314T+A684V, S851Y, and A684V+S851Y substitutions. We
also analyzed the replication of the Y232H+A314T+A684V recombinant fortuitously
isolated from the A314T+A684V marker rescue population. Finally, an isolate encoding
the A314T+T688A substitutions was also assessed for growth. The results of these
experiments are shown in Figure 2.4. Most recombinants exhibited replication kinetics
and total yields that were indistinguishable from wild-type (strain WR) VAC. However,
VAC strains encoding the A314T+T688A substitutions and S851Y substitution exhibited
total yields at 72 h post-infection that were lower than wild-type yields by ~10-fold. The
observation that the A314T substitution did not confer a replication defect suggested that
the T688A substitution might have been responsible for the reduced replication of the

A314T+T688A recombinant. Furthermore, when the S851Y substitution mutation was
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Figure 2.4. Growth properties of recombinant VAC strains. BSC-40 cells were infected with
wild-type or recombinant viruses (identified by VAC DNA polymerase substitutions they encode) at an
MOI of 0.03. The yield of virus was determined at the indicated time points post-infection by plaque assay
on BSC-40 cells. Each measurement was determined in triplicate. The error bars, representing SE, are
approximately the size of the data symbols in many cases. The A314T+T688A- and S851Y-encoding
recombinants replicated to ~10-fold lower titers than wild-type after 72 h (hrs) of culture. All other

recombinants yielded titers indistinguishable from wild-type.
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in combination with the A684V substitution, growth was restored to wild-type levels
suggesting a rescue effect of the A684V substitution on the S851Y-induced replication
defect.

Drug susceptibility profiles of recombinant CDVR and HPMPDAPR viruses.
As an initial step to characterize the drug resistance properties of the recombinant viruses,
plaque reduction assays on BSC-40 cells were used to assess the resistance of these
strains to CDV (serving as a prototypic ANP compound) and PAA (a non-nucleoside-
based inhibitor). The results of these assays are shown in Figures 2.5A and B. Viruses
encoding single substitutions displayed higher levels of resistance to CDV than wild-type
and strains harbouring two or more substitutions had greater levels of resistance than the
single substitution mutants. The mean ECsy (95% CI) for the viruses encoding the
A314T, A684V, and S851Y substitutions were 240 (220-260), 140 (120-160), and 103
(95-111) uM CDV, respectively, while the mean value for wild-type (strain WR) was 53
(49-56) uM. Thus, these single mutants displayed 2-5-fold higher levels of resistance to
CDV than wild-type VAC. Viruses encoding the A314T+A684V, A314T+T688A, and
A684V+S851Y substitutions were 890 (830-950), 790 (750-830), and 472 (435-510) uM
CDV, respectively, representing 9-17-fold increases in CDV resistance. Interestingly,
virus encoding Y232H+A314T+A684V substitutions exhibited the highest level of
resistance to CDV [ECsp (95% CI), 1340 (1290-1390) uM]. These results confirm that
each of A314T, A684V, and S851Y substitutions can independently confer resistance to
CDV although higher levels of resistance can be achieved when in combination.

Although we did not attempt to rescue the Y232H substitution singly into VAC, we did
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Figure 2.5. Effects of CDV and PAA on VAC replication evaluated by plaque reduction
assays. ~200 PFU of each virus was plated on BSC-40 cell monolayers in the presence of various
concentrations of CDV (A) or PAA (B) for two days after which plaques were stained with crystal violet
and counted. Each data point was determined in triplicate and the mean + SE (error bars) represent the
percentage of the number of plaques plating at the zero drug concentration. Curves represent nonlinear

regression analysis used to determine ECs, values. See text for ECsq values and 95% Cls.
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attempt to generate T688A single mutant viruses but were unable to recover drug-
resistant strains. Despite these results, the T688A substitution may still contribute to the
higher level of drug resistance observed with the A314T+T688A mutants, although we
cannot rule out the possibility that a second-site mutation somewhere else in the VAC
genome may be responsible for this strain’s enhanced resistance.

When PAA sensitivities were assessed by plague reduction assays (Figure 2.5B),
a striking difference in sensitivities of the single substitution viruses was found. While
the mean ECsp (95% CI in pg/mL) value for the A314T+A684V-encoding recombinant
[58 (51-67)] was not significantly different than that of wild-type [62 (53-71)], the ECsg
values for the A314T [13 (13-14)] and A684V [233 (213-254)] single mutant viruses
were suggestive of hypersensitivity and resistance, respectively to PAA. These results
suggested that the A314T and A684V substitutions have independent and differential
affects on polymerase function since they appeared to be synergistic in CDV resistance
yet opposite in their effects on PAA sensitivity. Interestingly, the mean ECsy values for
the S851Y- [10 (9-10) ng/mL] and A314T+T688A- [12 (11-13) ug/mL] encoding strains
suggested that these viruses were also hypersensitive to PAA. This implies that the
S851Y substitution might also act independently on polymerase activity compared to the
AB684V substitution akin to the A314T and A684V substitutions in CDV"® strains.
Interestingly, the A684V+S851Y-encoding strain displayed a significantly higher mean
ECso value [183 (172-194) ug/mL] than wild-type, suggesting that the A684V change
can rescue the PAA hypersensitivity of the S851Y mutant to a higher degree than of the
A314T mutant. Although the A314T+T688A strain had similar levels of resistance to

CDV as the A314T+A684V strain, the T688A substitution did not rescue the PAA
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hypersensitivity of the A314T strain suggesting that the A684V and T688A substitutions
may differ in their effects on polymerase function.

CPE reduction assays were carried out to confirm the results of the plaque
reduction assays and to broaden the analysis of cross-resistance patterns. We analyzed the
sensitivities of A314T-, A684V-, A314T+A684V-, S851Y-, and A684V+S851Y-
encoding recombinants to a wide variety of pyrimidine- (Z.e. CDV, cCDV, HPMP-5-
azaC, and cHPMP-5-azaC) and purine-(Z.e. HPMPA, cHPMPA, 3-deaza-HPMPA, c3-
deaza-HPMPA,, 7-deaza-HPMPA, c7-deaza-HPMPA, HPMPDAP, and cHPMPDAP)
based ANP compounds. We also screened for differences in sensitivities to second
generation ANPs containing open-ring structures (7.e. PMEO-DAPy, HPMPO-DAPYy, and
cHPMPO-DAPYy) and to other, unrelated DNA polymerase inhibitors (7.e. PAA, AraC,
and Aph). The results are displayed in Table 2.3 along with the statistical analyses used
to identify significant differences in drug sensitivities between wild-type and mutant
strains. Based on these results, we classified mutant strains as having either low, high or
wild-type levels of resistance to each compound. We also indicated where mutant strains
displayed hypersensitivity to drugs tested. (See Materials and Methods for more
information regarding how these classifications were determined).

The recombinant viruses encoding A684V+S851Y changes displayed a high level
of resistance to HPMPDAP and CDV (Table 2.3), much like the original HPMPDAP®
Lederle clones (Figure 2.2). In fact, these double-mutant recombinant viruses possessed a
drug susceptibility profile that is nearly identical to that observed with the original
HPMPDAP® Lederle isolates. Furthermore, the A314T+A684V recombinant also

displayed a resistance pattern similar to the original CDV* Lederle isolates, arguing that
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Table 2.3. Susceptibility of recombinant virusesto ANPs and other DNA polymerase inhibitors.

91

Pyrimidine analogues of ANPs: mean ECsocpe (Ug/mL) + SD?
Fold- Fold-
Virus strain CDV change” P value cCDV change” P value
Wild-type 6.82 + 1.77 N/A N/A 9.13+1.48 N/A N/A
A314T 27.21+12.45 4 0.0026 29.03 + 10.66 32 0.0013
A684V 30.98 + 8.63 45 <0.0001 34.71+6.79 38 <0.0001
S851Y 9.77 +1.83 14 0.017 11.72+1.85 1.3 0.023
A314T + A684V
A684V + S851Y
Fold- cyclic(S)-HPMP-5- Fold-
Virus strain (S)-HPMP-5-azaC change® P value azaC change® P value
Wild-type 4.80 +1.02 N/A N/A 462+1.78 N/A N/A
A314T 851+1.0 1.8 <0.0001 8.53 +3.81 1.8 0.072
A684V 18.45 + 5.86 38 0.00022 21.27 + 897 4.6 0.0036
S851Y 4.19+2091 0.9 0.64 4.40+3.71 1.0 0.9
A314T + A684V 21.31 + 6.62 4.4 0.00013 21.49 + 8.47 4.7 0.0024
A684V + S851Y 26.37 +£8.30 55 0.00013 27.33+11.21 5.9 0.0021
Purine analogues of ANPs: mean ECsocpe (Ug/mL) + SD?
Fold- Fold-
Virus strain (S)-HPMPA change” P value cyclic(S)-HPMPA change” P value
Wild-type 0.69 +0.32 N/A N/A 0.96 + 0.29 N/A N/A
A314T
A684V 1.49 +£0.45 2.2 0.00514 3.42+2.84 3.6 0.061
S851Y 457 +2.48 6.6 0.0034 7.33+1.62 7.6 <0.0001
A314T + A684V
A684V + S851Y
Fold- Fold-
Virus strain (S)-HPMPDAP change® P value cyclic(S)-HPMPDAP change® P value
Wild-type 1.10 £ 0.26 N/A N/A 1.27+£0.25 N/A N/A
A314T
A684V 4.62 +2.20 42 7.28+3.29 5.7
S851Y
A314T + A684V
A684V + S851Y
3-deaza-(S)- Fold- cyclic-3-deaza-(S)- Fold-
Virus strain HPMPA change® P value HPMPA change” P value
Wild-type 1.67 £0.58 N/A N/A 3.33+1.66 N/A N/A
A314T 1.84+0.79 1.1 0.63 3.68 + 1.15 1.1 0.74
A684V 5.96+2.24 36 0.00012 10.19 + 4.96 31 0.039
S851Y 0.92+0.19 0.6 0.0038 1.31+0.74 0.4 0.068
A314T + A684V 3.13+1.15 1.9 0.0062 5.85 + 4.05 1.8 0.29
A684V + S851Y 3.87+1.72 23 0.0041 6.28 +3.24 1.9 0.16
7-deaza-(S)- Fold- cyclic-7-deaza-(S)- Fold-
Virus strain HPMPA change” P value HPMPA change” P value
Wild-type 1.43+0.20 N/A N/A 7.06 + 3.41 N/A N/A
A314T 9.53 + 2.46 6.7 0.0006 319.57 + 5.03 2.8 0.0062
A684V 7.92+2.94 55 0.0045 16.22 £9.70 2.3 0.125
S851Y 8.04+2.19 5.6 0.001 320.85+ 2.0 33.0 0.0004
A314T + A684V 325.0+ 10.0 335 0.0146
A684V + S851Y 325.0+ 10.0 335 0.0145




Table 2.3. Continued.

ANPs (open ring): mean ECsocee (Ug/mL) + SD?

Fold- cyclic(R)-HPMPO- Fold-
Virus strain (R)-HPMPO-DAPy  change® P value DAPy change® P value
Wild-type 250+ 1.22 N/A N/A 9.61 +3.82 N/A N/A
A314T 30.09 + 16.67 12.0 0.0024 336.63 + 15.51 33.8 0.015
A684V 1159+ 4.64 4.6 0.00092 34.12 + 17.65 36 0.031
S851Y 16.28 £ 9.70 6.5 0.0062 338.72+ 15.71 34.0 0.009
A314T + A684V 349.41 + 28.06 319.8 0.0022 3375+ 14.43 339 0.0097
A684V + S851Y 346.08 + 19.3 318.4 0.0003 337.5+ 1443 33.9 0.0097
Fold-
Virus strain PMEO-DAPy change® P value
Wild-type >50 £ 0 N/A N/A
A314T 34.28 + 11.06 0.7 0.006
A684V >50+0 1 nsp
S851Y 6.33+2.83 0.13 <0.0001
A314T + A684V >50 £ 0 1 nsp
A684V + S851Y >50+0 1 nsp
Non-ANPs inhibitorsof DNA polymerase: mean ECsocpe (Ug/mL) + SD?
Fold- Fold-
Virus strain PAA change® P value Aphidicolin change® P value
Wild-type 36.72 +2.32 N/A N/A 9.6+0.8 N/A N/A
A314T 16.77 + 7.13 0.5 <0.0001 10.02 £ 0.63 1.0 0.45
A684V 138.76 + 36.98 38 <0.0001 515+2.71 05 0.020
S851Y 751+ 2.56 0.2 <0.0001 8.8 £0.92 0.9 0.24
A314T + A684V 46.02 +12.04 1.3 0.09 7.73+3.25 0.8 0.31
A684V + S851Y 91.34+9.9 2.4 <0.0001 10.28 £ 1.47 1.1 0.45
Fold-
Virus strain AraC change® P value
Wild-type 0.052 +0.033 N/A N/A
A314T 0.032 +£0.019 0.6 0.40
A684V 0.05+0.01 1.0 0.76
S851Y 0.011 + 0.0048 0.2 0.097
A314T + A684V 0.027 £ 0.016 0.5 0.41
A684V + S851Y 0.029 + 0.012 0.6 0.32

#Mean * SD from at least three independent experiments. Data provided by G.
Andrei. Statistics performed by D. Gammon.

PFold-change compared to wild-type.

Unpaired t-tests were used to assess significance comparing wild-type to each recombinant. Nsp (no statistics performed).

High levels of resistance are indicated in dark grey (fold-change >7 and P<0.05).

Low levels of resistance are indicated in light grey (fold-change in the range of 2.5-7.0 and P<0.05).
Hypersensitivities are indicated in light grey (fold-change <0.6 and P<0.05).
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resistance is linked solely to mutations in the viral DNA polymerase gene. The
A684V+S851Y and A314T+A684V double-mutant recombinant viruses generally
displayed the highest levels of resistance to ANPs. Exceptions to this rule are 3-deaza-
HPMPA (and its cyclic form), which are discussed in greater detail below. A second
general observation is that the virus encoding the A684V+S851Y changes exhibited
greater (P<0.01) increases in mean ECsocpe values for deoxyadenosine nucleotide
analogues [i.e., HPMPA, HPMPDAP, and their cyclic forms and 7-deaza-HPMPA (mean
increase = SD in ECso cpe Of 20.5- £ 0.4-fold over wild-type values)] compared to related
deoxycytidine nucleotide analogues [i.e., CDV and HPMP-5-azaC and their cyclic
derivatives (mean increase = SD in ECsocpe Of 6.1- = 0.4-fold over wild-type values)].
Viruses encoding A314T+A684V substitutions also had significantly higher (P<0.01)
increases in ECsocpe values for deoxyadenosine analogues (mean increase = SD in
ECsocpe Of 18.7- + 1.8-fold over wild-type values) than for deoxycytidine analogues
(mean increase + SD in ECsocpe Of 5.4- £ 0.7-fold over wild-type values). These results
suggested that this bias was not dependent upon whether CDV or HPMPDAP was used as
a method of selection for resistant strains. Double-mutant viruses also exhibited a high
level of resistance to the O-linked ANPs, HPMPO-DAPy and cHPMPO-DAPy. Wild-
type VAC is naturally not inhibited by PMEO-DAPYy at the doses tested in our studies
(Figure 2.2), and this phenotype is unaffected by combinations of A314T+A684V or
AB684V+S851Y substitutions. Another interesting observation is that the double-mutant
viruses showed lower levels of resistance to the 5-aza derivatives of CDV and cCDV than

to the parent compounds (Table 2.3).
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It is clear from the phenotypes of viruses encoding individual mutations, that each
change contributes to the resistance properties of double-mutant viruses in a complex way
(Table 2.3). The A684V mutation seemed to confer a similar 3-5-fold increase in
ECso,cre Values across all classes of the ANPs tested. The A314T mutant showed low to
high levels of resistance to purine- and pyrimidine-based ANPs, although this strain did
not demonstrate significant levels of resistance to the 5-aza derivatives of CDV and
cCDV (Table 2.3).Viruses encoding only the S851Y mutation still exhibited resistance to
most ANP purine analogues (i.e, HPMPA, HPMPDAP, 7-deaza-HPMPA, and their
cyclic derivatives) as well as HPMPO-DAPy and cHPMPO-DAPy. However, the S851Y
virus exhibited little to no resistance to CDV and HPMP-5-azaC. It should be noted that
although our criteria for resistance excluded the S851Y mutant from CDV-resistance
classification, it is clear from our marker rescue and plaque reduction studies that this
mutant displays at least a low level resistance to CDV. These data suggest that HPMPO-
DAPy and its cyclic derivative are recognized by VAC DNA polymerase in a manner
similar to that of HPMP purine derivatives.

A closer inspection of these data suggested that there were some special
exceptions to these rules. Viruses encoding A314T or S851Y mutations displayed
hypersensitivity to PMEO-DAPY (mean ECsocpe = SE of 34.3 £ 11.06 and 6.33 + 2.83
pg/mL for the A314T- and S851Y-encoding viruses, respectively, compared to an
ECso.cpe Value of >50 pg/mL for the wild-type virus), whereas the A684V mutation was
neutral in this regard. Interestingly, this hypersensitivity to PMEO-DAPY appeared to
correlate with hypersensitivity to PAA. Combining A314T or S851Y with the A684V

substitution suppressed PAA hypersensitivities of the A314T and S851Y single mutant
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strains (Table 2.3). The hypersensitivities of the S851Y mutant were likely not simply the
result of its reduced replicative ability (Figure 2.4) because this virus did not display
hypersensitivity to other DNA polymerase inhibitors such as Aph and AraC (Table 2.3).
Importantly, 3-deaza-HPMPA and its cyclic derivative retained good activity against
most of these viruses, with the only resistant strain, encoding the A684V mutation,
exhibiting a small ( 3.6-fold) increase in ECscpe Value. Moreover, the small advantage
conferred by the A684V mutation is counteracted by the A314T and S851Y mutations, as
both double-mutant recombinants did not display resistance to the 3-deaza-HPMPA
compounds (Table 2.3). In contrast, all of the recombinants demonstrated significant
resistance to 7-deaza-HPMPA and/or its cyclic form. It should be noted that we also used
virus yield reduction assays to study the drug resistance properties of the ANPR
recombinants (see Appendix Table A.2) and these studies generally agreed with our
observations with the plague and CPE reduction assays.

Effect of CDV treatment on virus genome replication. The results described
above suggested that ANP resistance was associated with mutations in the viral DNA
polymerase gene. It is widely believed that ANP compounds act by inhibiting viral DNA
polymerase activity (54, 55). Therefore, it was of interest to determine if ANPs would
inhibit DNA replication in VAC-infected cells and whether the ANP® phenotype
correlated with a reduced sensitivity to this inhibition. To test this hypothesis, BSC-40
cells were infected with wild-type VAC (strain WR) in the presence of a range of CDV
doses for 6, 12 or 24 h after which viral DNA was extracted and quantified by slot-blot
analysis. The lowest dose tested, 50 uM CDV [roughly the ECs, for wild-type VAC in

plaque reduction-assays (Figure 2.5A)], inhibited genome replication by ~80% and this
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Figure 2.6. Effect of CDV on VAC genome replication. (A) BSC-40 cells were infected at an
MOI of 1 with wild-type virus for the indicated times in the presence of the indicated doses of CDV in the
medium. At the indicated times, viral DNA was extracted, trapped on a nylon membrane on a slot-blot
apparatus and exposed to a *?P-labeled probe specific for VAC J2R (VAC thymidine kinase gene). (B)
BSC-40 cells were infected for 24 h (hrs) with the indicated strains in the presence of the indicated doses of
CDV. After 24 h viral DNA was extracted and probed as described in (A). All probe hybridizations were
quantified by phosphorimager analysis using ImageQuant software (version 5.1). Note that Experiments in
(A) and (B) were performed independently and thus there is variation between inhibition of DNA synthesis
by CDV in wild-type treatments although the trends are consistent in that increasing doses of CDV further

impede genome replication although this inhibition is maximal at earlier doses in (A) compared to (B).
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inhibition was stable over 24 h of infection (Figure 2.6A). Higher doses of CDV (ranging
from 100 to 800 uM) suppressed genome replication further by 5-10%. We performed
this experiment again but used CDVR recombinants along with wild-type VAC (Figure
2.6B) and assessed genome replication 24 h post-infection. A clear trend was observed in
genome replication efficiencies with the double mutant virus more resistant to inhibition
than either single mutant strain which were more resistant than wild-type VAC. For
example, at the highest dose tested (800 uM), wild-type VAC DNA replication was
inhibited by 95%, whereas the A314T and A684V single mutant strains were only
inhibited by 50% and 73%, respectively. Genome replication of the A314T+A684V
double mutant displayed only 33% inhibition. These experiments suggest that CDV
inhibits viral genome replication and that CDV" strains are less susceptible to this
inhibition.

Pathogenicity of ANP® recombinant viruses in mice. We used a mouse
intranasal infection model to determine if any combination of the mutations creating
CDV® (A314T and/or A684V substitutions) or HPMPDAPR (A684V and/or S851Y)
phenotypes affected VAC virulence. Groups of five NMRI mice were challenged with
10-fold serial dilutions of wild-type and mutant viruses and monitored for morbidity
(body weight) and mortality over the next 20-30 days. Figure 2.7 shows the percentage
change in body weight for a typical pathogenicity experiment using the CDVF®
recombinants and the wild-type control infections performed in parallel. While doses of
4,000 PFU (the highest dose tested) of wild-type virus typically resulted in 100%
mortality by days 7-10 post-infection, no recombinant was lethal at this dose. However,

the A314T-, A684V-, and A314T+A684V-encoding strains induced transient weight loss
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Figure 2.7. Pathogenicity of recombinant VAC encoding CDVR-associated substitutions.
Groups of five mice were infected intranasally with the indicated strains at a dose of 40 (a), 400 (v) or
4,000 PFU (o) or were mock-infected with saline (). For each recombinant infection, a wild-type
infection was done in parallel as a control. The percentage change in total weight for each group of mice
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at these higher doses, with the A684V strain also inducing measurable weight loss at a
dose of 400 PFU. However, in all cases, the animals were able to overcome their
infection and started to regain body weight around day 9. Strikingly, the A314T+T688A
double mutant was essentially avirulent with even doses of 4,000 PFU not causing
noticeable effects on body weights. A second pathogenicity study was performed to
determine if mutations linked to the HPMPDAPR phenotype would also reduce virulence
in mice (Figure 2.8). Infections with S851Y- A684V-, or A684V+S851Y-encoding
recombinants were performed in parallel with wild-type infections using the same
methods as the study in Figure 2.7. In these experiments, viruses encoding the S851Y
mutation were essentially avirulent, with even the highest dose of 4,000 PFU having no
effect on mortality and having hardly any effect on morbidity. In contrast to the
experiment in Figure 2.7, the A684V virus retained significant pathogenicity, although it
was much reduced compared to that of the wild-type strain. The highest dose of A684V
virus tested (4,000 PFU) caused the death of three of five mice, whereas lower does were
not lethal. The A684V+S851Y virus exhibited an intermediate phenotype. It caused no
deaths even at the highest doses tested, but mice exposed to higher doses of this virus did
exhibit a transient morbidity. When the mortality data from different experiments
performed with a virus dose of 4,000 PFU/mouse were analyzed, all recombinant viruses
exhibited a significant degree of attenuation compared to the wild-type virus (P<0.01).
Thus, a challenge of 4,000 PFU resulted in 100% mortality of wild-type virus (25/25)
compared to 30% (3/10) for the A684V virus; 13.3% (2/15) for the A314T+A684V virus;
and 0% for the A314T (0/5), S851Y (0/5), and A684V+S851Y (0/10) viruses. The

finding that recombinant viruses were attenuated in vivo was confirmed by measuring the
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Figure 2.8. Pathogenicity of recombinant VAC encoding HPM PDAPR-associated
substitutions. Groups of five mice were infected intranasally with the indicated doses with wild-type (o) or
with recombinant viruses encoding the A684V (o), S851Y (a) or A684V+S851Y (v) VAC DNA
polymerase substitutions. A mock-infected control was also performed in parallel (¢). The percentage
change in total weight for each group of mice [or the surviving member(s)] is plotted. T Indicates a time
point where the indicated numbers of mice were euthanized because of weight loss in excess of 25%. Data

provided by G. Andrei.
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titers of infected animals. As shown in Table 2.4, statistically significant differences in
lung titers between the wild- type and all of the mutants with the exception of the A314T
single mutant were observed, providing strong evidence for the attenuation of these

viruses.

Table 2.4. Pathogenicity of wild-type and ANP® virusesin NMRI mice.

Virus Mean virus titer (log,o PFU/g of lung tissue + SE?)
Wild-type 6.5+0.2
A314T 57+0.2
AB84V 44+10°
S851Y 27+0.7°
A314T+A684V 47+06°
AB84V+S851Y 41+0.7°

8Virus titers are expressed as mean log;, PFU/g of tissue + SE obtained from at least four mice.
Data provided by G. Andrei. Statistics performed by D. Gammon.
bSignificantly different (P<0.05) from wild-type.

Analysis of spontaneous mutation frequencies of ANP® recombinant VAC
populations. The strong attenuation of the recombinant viruses in the mouse model
studies led us to hypothesize that these DNA polymerase mutations may alter replication
fidelity and hence compromise the fitness of these strains in vivo. Therefore, we
examined the rate of forward mutation to isatin-3-thiosemicarbazone (IBT) resistance in
the different virus populations. IBT blocks late gene expression (61) , and resistance has
been mapped to at least three virus genes (19). We picked six single plaques of each
strain and separately expanded the titer of each stock by two rounds of passage in drug-
free media. We then measured the proportion of virus present in each stock that could

grow in the presence of 60 UM IBT (80). The results of two independent sets of
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experiments examining the effect of CDV and HPMPDAP resistance-associated
mutations are shown in Figures 2.9A-B and C-D, respectively. The proportion of IBT-
resistant (IBTY) virus varied greatly from stock to stock as is expected from Luria-
Delbruck fluctuation theory (Figure 2.9). However, it was clear that greater numbers of
mutants were produced when the virus encoded the A684V mutation (Figures 2.9A and
B). The median number of IBT® plaques was elevated 4-fold in the A314T+A684V- and
A684V-encoding populations compared to the parent population (185 and 180 versus 47
IBTR PFU; P<0.01). We also observed increases in the numbers of IBT® plaques in the
A314T-encoding population, but the difference was not statistically significant (P>0.05).
Analysis of S851Y- and A684V+S851Y-encoding populations indicated that the S851Y
mutation generated a 10-fold increase in IBT® plaque numbers compared to wild-type
virus populations (140 versus 12 IBTX PFU). The mutant frequency was reduced with the
introduction of the A684V substitution but was still significantly higher than that of wild-
type virus (P<0.05). Although these results suggest that the A684V conferred a mutator
phenotype, our sample sizes are low and there appears to be a high background mutation
frequency in the wild-type population, suggesting some plaques are the result of “leak
through” during drug selection and are not truly resistant strains. Therefore, although the
trends suggest that the A684V substitution confers a minor mutator phenotype, further
experiments are needed.

Efficacy of CDV, HPM P-5-azaC, and HPMPDAP in treating ANP® viruses.
It seems unlikely that one could select for ANPR viruses during the course of drug therapy

because of the high genetic stability of poxviruses and the many rounds of passage
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Figure 2.9. Virus encoding the A684V and/or the S851Y substitutions exhibit a mutator
phenotype. Six different stocks of each virus were prepared and expanded by two rounds of passage
without drug (each starting from a single plaque), virus titers were determined, and ~1,000 PFU was plated
on BSC-40 cells in the presence of 60 pM isatin-R-thiosemicarbazone (IBT). The proportion of IBTR virus
was determined after staining and counting the resulting plaques 48 h later and dividing them by the
number of PFU determined in the absence of drug. (A) Variation in the proportion of IBTR virus for
different viral stocks. (B) "Box and whisker" plots showing medians, quartiles, and ranges for each virus
group. Statistically significant differences in median numbers of IBT® plaques between mutant and wild-

type populations are indicated (*, P<0.01, Mann-Whitney U test).
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needed to isolate mutants. Considering the acute nature of poxvirus disease, the
opportunity for the evolution of resistant poxviruses would be low. However, concerns
exist regarding the possibility of mutant viruses being isolated in culture systems prior to
their deliberate release through bioterrorism. Could one still use ANPs to treat such drug-
resistant viruses? For this purpose, we have evaluated the activities of CDV, HPMP-5-
azaC, and HPMPDAP against the two double-mutant recombinant viruses that displayed
the highest levels of resistance. NMRI mice were infected intranasally with 4,000 PFU of
either mutant (A314T+A684V or A684V+S851Y) or wild-type viruses and then treated
with different drugs using a subcutaneous route for 3 days starting on the day of infection.
We tested doses of 10 and 50 mg/kg/day and used body weight as a quantitative measure
of morbidity. As shown in Figure 2.10, mice infected with the wild-type virus responded
well to all of the treatment regimens; all of the mice survived the infections, and few
showed much evidence of morbidity. In contrast, all five of the infected, but untreated,
mice died. The mice challenged with 4,000 PFU of the A314T+A684V recombinant virus
still responded well to treatment with 50 mg/kg/day of HPMP-5-azaC and to the higher
(50 mg/kg/day) dose of CDV. HPMPDAP and the lower (10 mg/kg/day) dose of CDV
were not as efficacious, although they did appear to improve the rate of recovery.
Similarly, mice infected with the A684V+S851Y recombinant virus responded well to
CDV or HPMP-5-azaC when given at 50 mg/kg/day, whereas mice treated with
HPMPDAP or 10 mg/kg/day CDV still lost body weight initially (Figure 2.10). In
conclusion, all of these drug and dose regimens offer protection against wild-type VAC

infection. Moreover, CDV or HPMP-5-azaC administered at 50 mg/kg/dose for three
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Figure 2.10. Effect of ANP treatment on disease progression in mice. Groups of five NMRI
mice were infected with 4,000 PFU of the indicated viruses or were mock-infected with saline. Each cohort
was then subjected to the indicated daily treatment regimen (or mock treated with PBS), starting on the first
day of infection, and weight changes were monitored over the indicated times. The figure shows the
percentage change in mean body weight of each group of mice. 1 Indicates a time point where a mouse was

euthanized because of weight loss in excess of 25%. Data provided by G. Andrei.
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Table 2.5. Lung titersin NMRI mice after 3 days of infection with 4,000 PFU of
wild-type or ANPR viruses,

Mean virus titer (log,, PFU/g of lung tissue) + SE?

Virus
Untreated CDhV HPMPDAP HPMP-5-azaC
Wild-type 65+02 19+003" 25+04° 2.0+0.1°
A314T+A684V 44+06° 23x02° 2.8+0.8 21+0.1
A684V+S851Y 41+07° 26%0.6° 45+0.9 29+0.7

8Virus titers are expressed as mean log,, PFU/g of tissue + SE obtained from at least
four mice. Doses of compounds were 50 mg/kg/day. Data provided by G. Andrei.
Statistics performed by D. Gammon.

bSignificantly different (P<0.05) from untreated mice within the same virus group.
“Significantly different (P<0.05) from the wild-type within the same treatment group

consecutive days can still also offer significant protection against even drug-resistant
viruses. Viral titers in the lungs of mice infected with the double recombinant viruses or
the wild-type VAC strain treated with a dose of 50 mg/kg of compound were determined
at 7 days post-infection. The results in Table 2.5 clearly show that drug treatment of wild-
type infections significantly reduces viral titers. No statistically significant differences
between treated and untreated animals infected with the double mutants were noted. This
is likely due to the fact that the mutants already replicate to lower titers than does the
wild-type even in the absence of drug treatment (Table 2.4), and therefore, the differences
between untreated and treated mice are expected to be smaller than what would be found

with wild-type infections.

24  DISCUSSION

CDV was originally granted regulatory approval for treating herpesvirus
infections, but it has become increasingly apparent that it may also be used to treat other

DNA virus infections, including those caused by poxviruses (35, 57, 58, 60). However,
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before one would want to adopt CDV (or a related ANP) for that purpose, some
understanding of the problem of acquired drug resistance is needed. Characterization of
the molecular genetic properties of drug-resistant poxviruses comprises the first step in
evaluating potential hurdles in treating these infections. The nephrotoxicity and limited
oral bioavailability of CDV have led to the development of new ANP derivatives in order
to overcome these obstacles. Despite their efficacy against a number of DNA viruses (and
some retroviruses), the mechanism(s) by which ANPs inhibit poxvirus replication and the
process by which poxvirus resistance to these drugs develops, remain poorly defined.

As a starting point to address these issues in poxviruses, we isolated VAC strains
resistant to the dCMP analogue, CDV and another promising, first generation ANP,
HPMPDAP, a DAP derivative of the dAMP analogue, HPMPA. Mutant viruses could be
isolated after repeated passage in the presence of escalating doses of CDV or HPMPDAP
and the resulting strains displayed similar patterns of drug resistance to other ANP
compounds. As a general rule, both CDV® and HPMPDAPR strains were cross-resistant
to HPMP-based first generation compounds containing either pyrimidine (e.g. CDV) or
purine (e.g. HPMPA, HPMPDAP) bases while they remained sensitive to unrelated DNA
polymerase inhibitors such as PAA and AraC. As an exception to this rule, these drug-
resistant strains were still sensitive to 3-deaza-HPMPA, suggesting that without the
nitrogen group at the third position in adenine, there are significant changes in the way
these compounds are either recognized by viral DNA polymerases or how they inhibit
these enzymes. These results suggest that CDV" or HPMPDAPR strains developed after

prolonged treatment or through malicious intent would not likely be cross-resistant to
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effective antivirals that differ significantly in structure (or action) from HPMP-based
ANPs.

Point mutationsin the DNA polymer ase gene confer drug resistance. Marker
rescue methods were used to re-introduce point mutations found in the original CDV®
and HPMPDAPR Lederle isolates into strain WR in order to confirm that these mutations
were responsible for the drug-resistant phenotype. The A314T+A684V and
A684V+S851Y double mutant recombinants exhibited a drug resistance profile
essentially identical that observed for the resistant Lederle strains, strongly arguing that
resistance was solely linked to E9L gene mutations. With analysis of recombinants
encoding the individual point substitutions and our fortuitous acquisition of other
mutations in some strains (i.e. Y232H and T688A) it became apparent that individual
substitutions, while generally conferring synergistic increases to most ANP compounds,
could have unique effects on drug resistance patterns, replication in culture and
pathogenesis. The possible contributions of these individual substitutions to these
properties are discussed below.

A684V and T688A substitutions. VAC E9 belongs to the B-family of DNA
polymerases, all of which encode six well-conserved sequence motifs (75). The A684V
and T688A substitutions affect highly conserved amino acids in one of these motifs called
region Ill (Figure 2.3). Region Ill spans the "finger” and "palm" domains of the DNA
polymerase active site and encodes amino acids critical for ANTP binding. Figure 2.11A
shows where the two substitutions would likely be located on the basis of sequence
homology and the structure of the bacteriophage RB69 polymerase (34). The VAC

A684V and T688A mutations can be mapped by homology to the N-terminal end of a
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A. Replication complex
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Figure 2.11. Mapping of A314T, A684V and T688A substitution sites onto the structure of

RB69 DNA polymerase. Structure of the RB69 DNA polymerase with DNA bound in the polymerase
active site (34). Space-filling models and color codes are used to mark the locations of residues that are
homologous to the VAC E9 residues A684 and T688 and the associated a-helix (yellow), VAC E9 Y688
(orange), and the incoming dNTP (turquoise). Residue A684 is the uppermost of the two yellow-colored
amino acids most clearly seen in panels A2 and A3. (B) Structure of the RB69 DNA polymerase with DNA
bound in the exonuclease site (67). An NMY element (mauve) marks the tip of a B-hairpin structure that
interacts with the 3' terminus of the primer strand of the bound DNA and approximates the proposed
location of the VAC A314T mutation (Figure 2.3). These images were generated by D. Evans using Cn3D

v4.0 and crystallographic coordinates deposited as mmdbld 16732 and 11301.
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long a-helix in RB69 DNA polymerase (Figure 2.11A, yellow), which is a well-
established hot spot for drug resistance mutations in other virus DNA polymerases. For
example, an R842S substitution in HSV DNA polymerase (corresponding to VAC codon
R692) confers PAA resistance and aphidicolin hypersensitivity (36), and F7401 and
L741S substitutions in adenovirus polymerase (correspondingto VAC codons S700 and
V701, respectively) have been linked to CDV resistance (46).

The VAC A684 and T688 residues likely serve an important role in properly
positioning amino acid Y668 (Figure 2.11A, orange) in VAC DNA polymerase. This
tyrosine residue (Y567 in RB69 DNA polymerase) plays a key role in nucleotide
selection, and this function can be affected by changes in neighbouring amino acids.
Yang et al. (87) recently described the properties of an RB69 DNA polymerase encoding
a T587A mutation. This is the same site and substitution as VAC T688A as judged from
sequence alignments (Figure 2.3). The RB69 T587A mutation caused a 4-fold reduction
in the dCMP incorporation rate and elevated the equilibrium dissociation constant (Kg)
for dCTP (87). We suggest that the VAC T688A substitution acts by reducing the
enzyme's affinity for CDV at the cost of reduced polymerase activity because of poor
dCTP binding. This would explain the poor growth of the A314T+T688A recombinant
virus in culture (Figure 2.4) and the attenuated phenotype of this strain in vivo (Figure
2.7). It is also possible that this substitution is deleterious to replication because it alters
the ability of viral polymerase to bind DNA structures.

The VAC A684V substitution is likely located just one a-helical turn away from
VAC T688 at a site that may also affect the orientation of Y688 (Y587 in RB69). The

A684V substitution has a less deleterious effect on VAC replication in culture than
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T688A but may negatively affect the fidelity of the viral polymerase (Figure 2.9). This
may account for the reduced virulence of A684V-encoding strains in mice (Figures 2.7
and 2.8). The A684V substitution may also contribute to the formation of more stable
polymerase complexes that more efficiently extend primers containing incorporated
CDV. The possible enhanced polymerization of this mutant may inhibit exonuclease
activity, contributing to the possible mutator phenotype observed, since imbalances in
active site switching dynamics can have deleterious effects on replication fidelity (65).
Enhanced polymerization activity may also explain the A684V substitutions
contribution to PAA resistance. It has been suggested that during 5’-to-3’ elongation
polymerases exist in equilibrium between pre-and post-translocated complexes and that
incoming dNTPs act as a driving force for the shifting from pre- to post-translocated
complexes (56). Pre-translocated complexes are DNA polymerase-DNA complexes that
have not yet translocated one nucleotide downstream along the template to make
available the dNTP-binding pocket for the next dNTP to be incorporated (56). However,
in order for this translocation to occur, release of pyrophosphate must occur from the
polymerase-DNA complex (56). Recent work with HIV-1 reverse transcriptase suggests
that this polymerase is inhibited by foscarnet, a pyrophosphate analogue closely related to
PAA, due to the “trapping” of the enzyme in pre-translocated complexes (56). Mutant
proteins less capable of stabilizing pre-translocated complexes are resistant to the effects
of PAA (56). The A684V substitution may also destabilize pre-translocation complexes,
minimizing the accessibility of pyrophosphate-binding sites. It is clear that the A684V
and T688A likely differ in their abilities to rescue the PAA hypersensitivity of the

A314T-encoding strains (Figure 2.5B) suggesting that while they may have similar
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functions in terms of ANP resistance, their effects on DNA polymerase activity may
differ substantially.

S851Y substitution. Although the A684V, T688A and S851Y substitutions all
fall within the putative polymerase domain of E9, the region surrounding the S851Y
substitution site is not well-conserved and little is known about this region of the
polymerase. Drug resistance profiles of the S851Y mutant suggested that it generally had
higher levels of resistance to purine-based ANP compounds than to ANPs containing
pyrimidines (Table 2.3). This “purine-specific” property of the S851Y substitution may
explain why it was recovered during selection studies with HPMPDAP but not with
CDV. Furthermore, the acquisition of resistance to HPMPO-DAPYy (and its cyclic form)
suggests that these DAPy-based compounds may be recognized by polymerases as purine
derivatives. Due to the fact that the aliphatic phosphonate chain is linked to C-6 (and not
to N-1) of the pyrimidine ring (Figure 2.1), this group of pyrimidine ANPS may mimic an
incomplete purine ring system (5, 27).

Interestingly, the S851Y mutant was hypersensitive to PAA, similar to the
A314T-encoding mutant (Figure 2.5B). Further parallels between these two single
mutants can be seen with respect to PMEO-DAPyY hypersensitivity (Table 2.3).
Sensitivities to both PAA and PMEO-DAPy were abrogated when either of the A314T or
S851Y substitutions were combined with the A684V substitution (Figure 2.5B and Table
2.3), suggesting that despite the A314T and S851Y substitutions being in separate
domains of the polymerase, they contribute in a similar manner to drug resistance. Why
PAA hypersensitivity correlates with hypersensitivity to PMEO-DAPY is unclear since

PAA is not incorporated into DNA, whereas PME compounds are predicted to act as
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chain terminators. However, it should be noted that a parallel between susceptibility
and/or resistance to PME derivatives and PAA has also been observed in drug-resistant
herpesviruses, suggesting that ANPs carrying a PME group may interact with the viral in
a manner similar to pyrophosphate analogues (1, 4, 13, 37, 38, 72).

When tested in a mouse intranasal infection model, the S851Y-encoding virus
displayed a higher degree of attenuation than other HPMPDAP® recombinants.
Virulence followed the order wild type>A684V>A684V+S851Y>S851Y, with the S851Y
virus being essentially avirulent (Figure 2.8). This phenotype was anticipated from the
growth curve experiments. Wild-type virus replicated to ~10-fold-higher titers than
viruses encoding the S851Y mutation (Figure 2.4). Viruses encoding the A684V+S851Y
mutations did not exhibit an obvious growth defect in culture, but these viruses still
exhibited reduced virulence in vivo (Figure 2.8 and Table 2.4). Why mutation
combinations that do not affect growth in culture reduce virulence is not immediately
obvious. However, the degree of attenuation correlated with an increase in the mutation
frequencies (Figure 2.9), possibly providing an explanation for this pattern. However,
other effects of these mutations on polymerase enzymology such as protein-protein
interactions and thermostability cannot be ruled out as contributing factors to the
attenuation observed with the mutant viruses.

How the S851Y substitution affects polymerase function is less clear. Sequence
alignments (Figure 2.3) suggest that S851 resides in an a-helix located at the base of the
"thumb™ in homologous DNA polymerase structures (75). Figure 2.12 illustrates this
region of the protein using HSV-1 DNA polymerase as a model (53). These three

conserved helices (Figure 2.12, blue) provide structure to the thumb domain and are
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Figure 2.12. Proposed structural context of the S851Y substitution. The structure of HSV-1 DNA
polymerase (53) was color-coded to illustrate the putative location of the S851Y mutation and the sequences
surrounding it. The region of interest lies at the base of the "thumb" domain near the C-terminus of the enzyme
and is shown here looking along the DNA-binding groove toward the exonuclease domain at the top-back of the
enzyme. The three conserved a-helices found in this and other B-family DNA polymerases are shown as blue
tubes, the surrounding amino acids are shown in red and purple (with red tags marking conserved residues or
conservatively altered residues), and the putative homolog of residue S851 is shown as a yellow side chain. This
is phenylalanine in HSV-1 DNA polymerase. (Middle panel) A closer view that illustrates how residue F978
packs closely into the B-sheet comprising part of the "palm" of the enzyme. (Bottom panel) sequence alignment
showing the positions of two mutations previously shown to confer resistance to PME (R959H) and HPMP

(K960R) derivatives in HSV-1 DNA polymerase (1). Images were generated by D. Evans using Cn3D (v4.1).
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connected to the N-terminus of the protein by an extended peptide that associates with the
minor groove of the DNA in the RB69 polymerizing structure (34). Inserting a bulky
aromatic ring between this o-helix and the B-sheet that comprises part of the "palm"
domain might be expected to alter the position of the thumb and thus the interaction with
duplex DNA. This could create resistance by altering the manner in which the DNA
polymerase interacts with template-encoded drug molecules or by affecting DNA
switching between polymerase and exonuclease domains.  Interestingly, several
previously identified amino acid substitutions in the thumb subdomain of HSV-1 DNA
polymerase are also associated with resistance to HPMP (i.e., K960R, W998L, L1007M,
and 11028T) and PME (i.e, R959H and D1070N) derivatives (1). This region of the
protein is conserved in herpesvirus DNA polymerases (1). Some of these mutations may
generate resistance in a manner similar to that of the VAC S851Y mutation.

A314T substitution. Although mutations in the DNA polymerase domain can
greatly enhance drug resistance, it is the A314T mutation in the exonuclease domain that
appears to be a major determinant of ANP resistance. The A314T mutation was the first
to appear during selection for CDV® strains, it creates a higher level of drug resistance
than does the A684V mutation in isolation (Figure 2.5A), and the same A314T mutation
was recovered independently during selection for cCDV and HPMPA resistance (G.
Andrei, pers. comm.). The A314T substitution maps to the DNA polymerase exonuclease
domain on the carboxy side of a conserved "exonuclease II" (Exoll) motif (9) (Figure
2.3). In the RB69 structure, the protein element that aligns with this region of VAC DNA
polymerase forms an extended B-sheet terminated by a tight hairpin which, in the editing

complex, contacts DNA diverted into the exonuclease active site (67). Mutational studies
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have shown that the B-hairpin (residues 251 to 262) in RB69 and T4 DNA polymerases
may be involved in the formation of exonuclease complexes (3, 67, 74, 78) and this might
be facilitated by interactions of hairpin residues (e.g. RB69 R260) with the penultimate
nucleotide at the 3’ end of the primer strand (67) (Figure 2.11B).

Why this mutation would create CDV resistance is uncertain, although we favor
the hypothesis that it would facilitate excision of a CDV molecule situated at the
penultimate site in the primer strand. Such a gain of function should enhance resistance
because it has been shown that a molecule of CDV cannot be excised, nor can the primer
structure be extended efficiently, when CDV is the penultimate 3' nucleotide (55). CDV®
strains of human CMV may also encode resistance through a similar enhancement of
exonuclease activity (12). Interestingly, ribonucleotide residues in the penultimate
position can impair primer excision by several DNA polymerases, presumably because
the 2’-OH group of the ribose moiety would sterically clash with polymerase residues
involved in forming exonuclease complexes (52). A notable (and perhaps expected)
feature of the A314T change is that it is specific for HPMP derivatives. CDV® VAC
strains are still sensitive to chain terminators, such as AraC (Table 2.3) and adenine
arabinoside (71), perhaps because the A314T change is specific for the structural changes
imposed by HPMP residues in the DNA. VAC mutants encoding the A314T mutation
also were hypersensitive to PAA (Figure 2.5B). The reason for this is unclear, although
mutations that create CDV resistance through alterations in the 3'-to-5' exonuclease
domains of CMV (12) and HSV-1 (2) DNA polymerases also create hypersensitivity to
PAA and related compounds. Hypersensitivity to PAA may indicate that the A314T

substitution induces an altered ability of E9 to undergo pyrophosphorolysis-mediated
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excision of CDV (or other ANP) residues from primer ends which might prolong the
exposure of PAA-binding sites in the A314T mutant compared to wild-type E9. (See
chapter 3 for updated studies on the mechanism whereby the A314T substitution confers
drug resistance).

In vivo effects of ANPR phenotypes and treatment options. The ability to select
for ANPR viruses creates concern as to whether the proposed strategies for treating
renascent smallpox or monkeypox would be undermined by selection for drug-resistant
viruses. The introduction of ANP resistance-linked substitutions into the mouse-adapted
WR strain of VAC allowed us to test the effects of these substitutions on viral virulence.
Our studies show that our ANP® poxviruses, like those that were described by others (6,
47), are still attenuated in mice and also still sensitive to drug therapy (Figures 2.7, 2.8,
2.10 and Tables 2.4 and 2.5). None of these mutant viruses exhibit a high enough level of
resistance such that they cannot be treated with CDV, HPMPDAP, or HPMP-5-azaC
(Figure 2.10 and Table 2.5). The enhanced efficacy of HPMP-5-azaC in vivo is consistent
with the generally low level of resistance exhibited by these viruses to this compound in
cell culture (Table 2.3). Even if it is difficult to extrapolate to humans, these findings
warrant the further development of these drugs as potential anti-poxvirus agents.
Although one can never exclude the possibility that it may be possible to generate or
select for mutant poxviruses that are both fully virulent and highly resistant to all classes
of ANPs, two independent screens for CDV® and HPMPDAPF viruses have thus far
failed to obtain such isolates. Most probably, fitness and resistance are mutually exclusive

phenotypes. Hence, ANPs continue to represent an important class of antiviral
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compounds that will be critical, along with vaccines and infection control measures, for

effective poxvirus containment strategies.
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CHAPTER3-THE 3'-TO-5 EXONUCLEASE ACTIVITY OF

VACCINIA VIRUSDNA POLYMERASE ISESSENTIAL AND

PLAYSA ROLE IN PROMOTING VIRUSGENETIC

RECOMBINATION*

PREFACE

A version of this chapter has been published: Gammon DB and Evans DH. 20009.
Journal of Virology. 83:4236-4250. The data from this paper and those presented in this
chapter were generated solely by me. The first draft of this manuscript was written by me
although the final version was edited by my supervisor, Dr. David Evans. This chapter
also incorporates a figure that | generated for a second manuscript of which | was a co-
author: Hamilton MD, Nuara AA, Gammon DB, Buller RM, and Evans DH. 2007.

Nucleic Acids Research. 35:143-151.

* Reprinted from Journal of Virology, Vol. 83, Don B. Gammon and David H. Evans, The 3’-to-5’
exonuclease activity of vaccinia virus DNA polymerase is essential and plays a role in promoting virus
genetic recombination, pp. 4236-4250, Copyright (2009), with permission from the American Society for
Microbiology.

* Reprinted from Nucleic Acids Research, Vol. 35, Michael D. Hamilton, Anthony A. Nuara, Don B.
Gammon, Mark R. Buller, and David H. Evans, Duplex strand joining reactions catalyzed by vaccinia virus
DNA polymerase, pp. 143-151, Copyright (2007), with permission from Oxford University Press.
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31 INTRODUCTION

Genetic recombination is thought to have played a critical role in the evolution of
both organisms and viral pathogens and likely contributes to the dynamics of drug
resistance and virulence in viral populations (2, 51). The Poxviridae are a clinically
important family of viruses that continue to affect human health despite the eradication of
variola virus (the causative agent of smallpox) (32, 41, 59). For decades, researchers have
taken advantage of the high frequencies of recombination in poxvirus-infected cells to
manipulate and study the genetic properties of these pathogens for use as vaccine vectors
and oncolytic agents. However, surprisingly little is known regarding the mechanism of
recombination catalyzed by these (and in fact most other) large DNA viruses.

Poxviruses contain large (~200 kb) DNA genomes that are replicated in the
cytoplasm of infected cells. The prototypic poxvirus, vaccinia virus (VAC), is thought to
encode most, if not all, of the genes required for genome replication (58). Poxviruses thus
differ from viruses that replicate in the nucleus, such as herpesviruses, which may use
both host and viral proteins for DNA replication, recombination, and repair (10, 15, 49,
61, 64). DNA transfection studies have shown that replicating poxviruses catalyze high
frequencies of recombination in trans and promote double-strand break repair reactions
requiring only 15 to 20 bp of end sequence homology (18, 66). During poxvirus
replication, large amounts of heteroduplex DNA are formed and resolved, suggesting that
single-strand annealing (SSA) reactions may be used for recombinant production during
infection (21). An unusual feature of the poxvirus recombination machinery is that ~75%

of DNA molecules involved in these duplex-joining reactions are first processed in a 3'-
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to-5' manner in vivo (65, 66), whereas duplex ends are typically processed in a 5'-to-3'
direction in other viral and cellular homologous recombination systems (9, 43, 44).

Neither classical genetic methods nor bioinformatic approaches have directly
identified the VAC gene product(s) catalyzing these reactions. However, it has been
noted that recombination becomes temperature-sensitive (ts) in cells infected with VAC
strains carrying ts mutations in the viral EQL (DNA polymerase) gene (42, 62) and is also
suppressed by DNA polymerase inhibitors (8, 18). These observations suggested that
poxviral DNA polymerases (or at least DNA replication) played some role in promoting
virus recombination. What that role might be cannot be determined a priori, but could
involve the production of broken replication forks after polymerase stalling,
processing/extension of DNA strands during SSA, and/or post-synaptic DNA repair.

The possibility that poxviral DNA polymerases might function in directly
catalyzing virus recombination was first suggested when VAC DNA polymerase (E9)
activity was found to co-purify with an induced strand transfer activity from infected cells
(63). Later studies have shown that the 3'-to-5' exonuclease (proofreading) activity of
highly purified E9 can also catalyze the fusion of linear DNA duplexes into joint
molecules (63). These duplex-strand-joining reactions require limited sequence homology
(~12 bp), are stimulated by the virus-encoded single-stranded DNA-binding (SSB)
protein (13), and require the 3'-to-5' exonuclease activity of E9 (63). Evidence for the
requirement of the E9-encoded 3'-to-5' exonuclease activity in these reactions comes from
the observations that 5' *2P labels, but not 3' **P labels, are retained in reaction products
and that these reactions require Mg** (63). Collectively, these data suggested that

poxviruses might employ an unusual recombination system in which the E9-encoded 3'-
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to-5' exonuclease activity plays a role in resecting broken DNAs, generating 5'-ended
single-stranded (ss) tails that can then anneal with other complementary ssDNAs.
Furthermore, our previous in vitro studies found that VAC E9 can repair gaps or 3' flaps
that are typical of "imperfect” recombinant intermediates after SSA, suggesting that
poxvirus polymerases may also be involved in the post-synaptic events of SSA (24).

Despite the many complementary pieces of biochemical and genetic evidence
implicating the polymerase 3'-to-5' exonuclease activity in catalyzing viral recombination,
a clear link had yet to be demonstrated in vivo. Ideally, one would use viruses bearing a
deficiency in the E9-encoded 3'-to-5' exonuclease activity to study this phenomenon and
thus avoid the lethal consequences of ablating the 5'-to-3' DNA polymerase activity.
Unfortunately, as described below, the E9-encoded exonuclease appears to be essential
for virus viability. However, we have developed a novel, antiviral-based strategy to study
the role of E9 in viral recombination. This approach was developed from previous studies
of the mechanism of action of the dCMP analog cidofovir {(S-1-[3-hydroxy-2-
(phosphonomethoxy)propyl]cytosine; (CDV)} (36, 37) as well as from the
characterization of CDV-resistant (CDV®) VAC strains (1).

It has been previously shown that E9 can use the diphosphoryl metabolite of CDV
(CDVpp) as a substrate and faithfully incorporate a CDV residue opposite dGMP in the
template strand (36). Importantly, when CDV is in the penultimate position in the primer
strand, it creates a primer terminus that is both poorly extended and highly resistant to E9
proofreading activity (37). Furthermore, when CDV is present in the template strand, it
blocks translesion DNA synthesis by E9 (36). These studies suggested that CDV® viral

DNA polymerases would have to avoid incorporating these drugs into DNA and/or would
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have to accommodate the molecules of drug that do get into the template strand in order
to generate resistance.

We have generated CDV® VAC strains encoding one or both of two amino acid
substitutions in regions of E9 (and in other DNA polymerases) in the exonuclease
(A314T) and polymerase (A684V) domains (see Chapter 2, Figure 2.3). The two different
map positions of these mutations in E9L, the striking differences in the profiles of cross-
resistance to other DNA polymerase inhibitors between strains encoding each single
mutation, and the observation that viruses encoding both mutations are ~five-fold more
CDV® than either single mutant strain suggested that these mutations act independently
(1). These observations led us to speculate that the A314T substitution might primarily
affect 3'-to-5' excision of CDV, while the A684V change might primarily affect either the
enzyme's capacity to discriminate against CDVpp as a substrate or its capacity to
accommodate templates bearing CDV.

In this chapter we show that a VAC DNA polymerase bearing the A314T
substitution can overcome the inhibitory effects of CDV in both in vitro recombination
and exonuclease assays. Furthermore, viruses encoding this substitution also promote
CDV® recombination in vivo. Viruses encoding only the A684V substitution, however, do
not exhibit this phenotype. We also provide further data and a model for poxvirus
recombination based on 3'-to-5' exonuclease processing of recombination substrates by
E9, followed by SSA that is enhanced by viral 13 and modulated by dNTP pools. To our
knowledge, both the polarity of end resection and the involvement of the viral DNA
polymerase proofreading activity establish this mechanism as unique among homologous

recombination schemes.
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32 MATERIALSAND METHODS

Cell and virus culture. The cell and virus culture methods used in this study
have been described elsewhere (1). Wild-type VAC and its CDVR derivatives were
obtained as described previously (1, 40) and are derived from a stock of VAC (strain
WR) originally acquired from the American Type Culture Collection. A virus carrying a
ts mutation in the EOL gene (Dts83) was obtained from Dr. R. Condit (University of
Florida, FL). The construction of the AF4L strain and its revertant (AF4LTEY) are
described in Chapter 4. Cells and viruses were normally cultured in modified Eagle's
medium (MEM) supplemented with 5% fetal bovine serum. However, cells were cultured
in Opti-MEM (Invitrogen) in experiments requiring transfections.

Drugsand proteins. CDV and CDVpp were from Dr. K. Hostetler (University of
California, San Diego, CA), and hydroxyurea (HU) was purchased from Boehringer
(Indianapolis, IN). Wild-type VAC DNA polymerase was prepared using a VAC
expression system (40). The A314T mutant DNA polymerase was prepared by infecting
200 150-mm-diameter dishes of BSC-40 cells with VAC strain V-DG314-5 (1) at a
multiplicity of infection (MOI) of 10. The cells were harvested and the enzyme purified
using methods identical to those described previously (40). The enzymes were stored at -
20°C in glycerol and were freshly diluted in a buffer containing 25 mM potassium
phosphate (pH 7.4), 5 mM B-mercaptoethanol, 1 mM EDTA, 10% (vol/vol) glycerol, and
0.1 mg/mL bovine serum albumin prior to use. The recombinant VAC SSB protein, 13
was prepared as described previously (56).

DNA substrates and site-directed mutagenesis. The DNA substrates used in

recombination assays have been described elsewhere (66). Plasmid pRP406 harbors a
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luciferase gene driven by a VAC P11K promoter, and pRP7.5lacZ harbors a -
galactosidase gene under the control of a VAC P7.5 promoter (66). Plasmid pBluescript 11
KS was obtained from laboratory stocks. Plasmids pRP406A and pRP403A are derived
from pRP406 and share 366 bp of overlapping homology between upstream and
downstream portions of the luciferase open reading frame (ORF). Recombination
between pRP406A and pRP403A reconstructs the luciferase ORF (66).

Site-directed mutagenesis was performed using a QuikChange 11 XL site-directed
mutagenesis kit (Stratagene, TX). Several different primer sets were used to separately
introduce D-to-A substitution mutations (either D166A, D268A, or D462A) into full-
length cloned copies of the E9L gene along with closely linked restriction site
polymorphisms (Table 3.1). Three additional primer sets were used to introduce variant
restriction sites into the E9L gene without altering D166, D268, or D462.

Preparation of CDV-containing DNA substrates. Linear substrates were
prepared by digesting pBluescript with Xhol or Spel and pRP406 with Xhol or Afl111. The
DNA was gel purified using a Qiaquick kit (Qiagen, CA), and then 3 pmol of each DNA
was incubated with 5 ng/uL of VAC DNA polymerase in a 20-pL reaction mixture
containing 0.4 mM dNTPs and a "polymerase reaction buffer" comprising 30 mM Tris-
HCI (pH 7.9), 5 mM MgCl,, 70 mM NacCl, 1.8 mM dithiothreitol, and 88 pug/mL bovine
serum albumin (37). Where noted, dCTP was replaced with CDVpp. The reaction
mixtures were incubated for 15 min at 37°C and reactions were stopped by the addition of

EDTA.
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Table3.1. Marker rescue strategy to rescue VAC encoding E9 3'-t0-5' exonuclease-inactivating substitutions.

Motif Coding strand sequence® Allele Revertants® at 39.5°C Restriction profile®
P RS Y L FLDTI ECHF
CCCAAGATCGTACTTATTTCTAGATATAGAGTGTCACTTCG Parental/target N/A N/A
P R SY L FLAI ECHF
Exol CCCAAGATCGTACTTATTTCTAGCTATAGAGTGTCACTTCG D166A mutant Yes Parental
Alul
P R SY L FULDTI E CHF
CCCAAGATCGTACTTATTTCTAGACATAGAGTGTCACTTCG Wild-type control Yes Parental
VVTFNGHNTFDTILIZRY 1T TN
GTCGTTACCTTTAACGGACATAACTTTGATCTGAGATATATTACTAATC Parental/target N/A N/A
Ddel
vV VTFNGHNFALIZ RY 1 TN
Exoll GTCGTTACCTTTAACGGACATAACTTTGCTCTGCGATATATTACTAATC D268A mutant Yes Parental
VVTFNGHNTFDULIRY 1 TN Parental
GTCGTTACCTTTAACGGACATAACTTTGATCTGCGATATATTACTAATC Wild-type control Yes +
Control
A RY C1 HUDA AT CTLT CNY L W
GGCTAGATACTGTATTCATGATGCTTGTTTGTGTCAGTATTTGTGG Parental/target N/A N/A
BspHI
A RY CI1HAATCLT CNYL W
Exolll GGCTAGATACTGTATTCATGCTGCATGTTTGTGTCAGTATTTGTGG D462A mutant Yes Parental
A RY CI1 HUDA AT CLT CNY LW Parental
GGCTAGATACTGTATTCATGATGCATGTTTGTGTCAGTATTTGTGG Wild-type control Yes +
BspHI Nsil Control

#The column shows the gene sequence surrounding each of the three indicated exonuclease motifs. Each top, middle, and bottom sequence shows: the sequence of the Dts83 strain (the
parent/target allele); the sequence of a transfected DNA designed to introduce a substitution mutation at invariant aspartic acid residues (bold text, DxxxA mutant allele); and the sequence of
a transfected control DNA, designed to create closely linked but genetically silent sequence polymorphisms (wild-type control allele), respectively. Also shown are the restriction sites that
may be added or ablated through recombination. The DNA sequences shown are the forward primers used (in conjunction with complementary reverse primers) in the site-directed
mutagenesis step that was used to generate the six different transfected E9L genes.

bVirus-infected cells were transfected with either mutant or control E9L alleles, left to replicate for 24 h at 31.5°C and the virus progeny titered at 31.5°. The virus was then re-plated on BSC-
40 cells at 39.5°C (10,000 PFU/60 mm dish), cultured 1-2 days, and any plaques stained with crystal violet. No plaques were recovered at 39.5°C if DNA was omitted from the transfection
mix.

°A 3.1 kb fragment encoding the E9L gene was amplified using PCR from DNA extracted from cells infected with recombinant VAC capable of replicating at 39.5°C. The DNA was digested

with Alul, Ddel, or BspHI (or Nsil), to look for polymorphic restriction sites linked to Exol, Exoll or Exolll mutations, respectively (see Figure 3.1).
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Products were purified using a G-50 spin column (Amersham, QC) followed by a
Qiaquick spin column. The DNA was quantified by spectrophotometry and stored at -
20°C. Labeled substrates were prepared in the same way except that reaction mixtures
contained 10 UM cold dTTP supplemented with 50 UCi of [a-*P]dTTP (Amersham,
QC).

To test the efficiency of the "end-filling™ reactions, three different oligonucleotide
duplexes, each consisting of an 18-base primer annealed to a 22-base template, were
prepared. Each encoded the 4-base 3' recessed end generated using the Xhol, Spel, or
AfIIIL  restriction  enzyme. The Xhol substrate comprised primer P.1  (5-
TGACCATGTAACAGAGAC-3') annealed to template T.1 (5-TCGAGTCTCTGTTACATGGTCA-
3); the Spel substrate comprised P.2 (5-TGACCATGTAACAGAGAA-3) and T.2 (5-
CTAGTTCTCTGTTACATGGTCA-3); and the AfllI1 substrate comprised P.2 (above) and T.3
(5-CGTGTTCTCTGTTACATGGTCA-3'). Before use, each primer strand was 5' end labeled
with polynucleotide kinase (Fermentas, ON) and [y-**P]JATP (Amersham, QC). These
substrates were incubated for 15 min with VAC DNA polymerase as described above, and
the reactions were stopped by the addition of 10 pL of a formamide-containing gel-
loading buffer (80% formamide, 10 mM EDTA [pH 8.0], 1 mg/ml xylene cyanol FF, 1
mg/ml bromophenol blue). The products were then size fractionated using a 10%
polyacrylamide sequencing gel, fixed, dried, and imaged using a Typhoon 8600
phosphorimager (37).

In vitro duplex-joining and exonuclease assays. The duplex-joining assay has
been described elsewhere (63). Briefly, each 20-uL reaction mixture contained 2.5 ng/uL

of either wild-type or mutant VAC DNA polymerase, 25 pg/mL of the VAC SSB protein
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13, 300 ng of Spel-cut and Xhol-cut pBluescript DNA (filled in as described above), and
polymerase reaction buffer. The reaction mixtures were incubated at 37°C; reactions were
stopped with EDTA; the products were deproteinized; and the DNAs were separated
using a 1% agarose gel. The DNA was stained with ethidium bromide, and the band
intensities were determined using a Gel Logic 200 imager and Kodak 1D software.

Each 30 pL exonuclease assay mixture contained 3.3 ng/uL of either wild-type or
mutant VAC DNA polymerase, 300 ng (~30,000 cpm) of *?P-labeled, Xhol-cut
pBluescript DNA (filled in as described above), and polymerase reaction buffer. The
reaction mixtures were incubated at 37°C, and reactions were stopped when noted by the
addition of 6 pL of 0.5 M EDTA and 30 pL of 0.1 M sodium pyrophosphate. The amount
of trichloroacetic acid (TCA)-soluble radioactivity was then determined using an LS 6500
liquid scintillation counter (Beckman Coulter).

In vivo recombination assays. We used a transfection-based recombination assay
that has been described elsewhere (66). Briefly, 35-mm-diameter dishes of confluent
BSC-40 cells were infected with VAC at a multiplicity of infection (MOI) of 2, and the
cells were then transfected with 100 ng of each of the two indicated recombination
substrates plus 100 ng of pRP7.5lacZ using Lipofectamine 2000 (Invitrogen). Protein
extracts were prepared when indicated, and luciferase and -galactosidase activities were
determined by using luciferase (Promega) and B-galactosidase (Clontech) luminescence
detection kits. The amount of B-galactosidase activity detected was used to correct for
variations in transfection efficiencies. The recombinant frequency (Rf) was calculated

from the normalized amount of luciferase detected in cells co-transfected with pRP406A

and pRP403A relative to the normalized amount of luciferase detected in cells transfected
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in parallel with pRP406, by using the formula Rf = 100% X
[(Luc/LacZ)prpaosa+prraosal/[(Luc/LacZ)rracs] (66). Each measurement was an average
calculated from three dishes, and at least three independent experiments were performed.
Where indicated, CDV was added to the culture medium 24 h prior to infection and again
1 h post-infection at a concentration equal to the 50% effective concentration (ECso) for
each virus. The ECs represents the drug concentration at which each virus generates 50%
of the progeny that are produced in the absence of the drug. The ECss are 53 puM for
wild-type VAC and 240, 140, and 890 uM for VACs encoding the A314T, A684V, and
A314T+A684V mutations, respectively (1). Where indicated, HU-containing medium
was added 4 h post-infection (52).

Southern and dot-blotting. Southern blotting was performed using standard
methods (66). Briefly, 60-mm-diameter dishes of BSC-40 cells were infected with VAC
for 1 h at a MOI of 5 and were then transfected with 200 ng of each indicated DNA.
Total cellular DNA was recovered 24 h post-infection, cut with Mbil (and with Dpnl to
degrade unreplicated input DNA), resolved in a 1% agarose gel, and transferred to a
nylon membrane (Bio-Rad). The DNA was hybridized to a **P-labeled luciferase gene
probe, and then detected and analyzed using a phosphorimager and ImageQuant software
(version 5.1). Slot-blots were used to measure the amount of virus DNA replication in
cells transfected with small interfering RNAs (siRNAs) targeting 13L mRNA. DNA was
recovered from infected cells that had been treated with SIRNA as described in the next
section, spotted onto a nylon membrane (Bio-Rad, CA), hybridized to a **P-labeled E9L

gene probe, and imaged as described for Southern blotting.
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SIRNA treatment and Western blotting. Confluent BSC-40 cells were cultured
in 35-mm-diameter dishes and transfected, using Lipofectamine 2000, with 100
pmol/dish of a SiRNA targeting I3L mRNA designated as “I3L-4” (target, 5'-
AAGGAGAGACUAAACUUUAUA-3). AllStars control siRNA (Qiagen) was used as a
negative control for 13 knockdown. Twenty-four hours later, these cells were infected
with VAC and transfected with the recombination substrates as described above. An
additional 100 pmol/dish of each indicated sSiRNA was transfected with the DNA.

Cell extracts were prepared in duplicate at 8 h post-infection. One aliquot was
used for luciferase assays. A second aliquot of protein was harvested using 250 pL of
radioimmunoprecipitation assay cell lysis buffer, size fractionated using a 10% SDS gel
electrophoresis gel, and then transferred to a nitrocellulose membrane. The blot was
hybridized to a mixture of primary antibodies targeting 13 (33) (1:5,000-diluted mouse
monoclonal antibody) and B-actin (1:10,000-diluted mouse monoclonal antibody; Sigma)
and was then probed with a secondary antibody bearing an infrared dye (1:20,000-diluted
goat anti-mouse antibody; Li-Cor, NE) by using buffers and methods as directed by the
supplier. The blots were imaged using a Li-Cor Odyssey scanner (Li-Cor, NE).

Statistical analyses. Statistical analyses were usually conducted where at least
four independent experiments had been performed with the exception of the data
presented in Figure 3.10 in which three experiments were performed. Although means are
presented for simplicity, we used more conservative, nonparametric statistical tests to
compare median Rfs between treatments for all experiments except for those presented in
Figure 3.10, in which unpaired t-tests were performed. In cases where Rfs expressed as a

percentage were analyzed, each value was first divided by 100 and then logit transformed.
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In Figures 3.2B and 3.5D, the median Rfs for control and CDV treatments within each
virus type were compared using Mann-Whitney U tests. For Figure 3.9, median Rfs for
each drug concentration were first analyzed by a Kruskal-Wallis test, followed by a Dunn
multiple-comparison post-test, to determine which pairs of treatments were significantly
different (P<0.05). All statistical analyses used GraphPad Prism (San Diego, CA)

software (version 4.0).

3.3 RESULTS

The VAC E9L-encoded 3'-t0-5' exonuclease is essential for virus viability.
Studies with phage T4 and herpes simplex virus have shown that one can inactivate the
DNA polymerase proofreading activity and retain viable virus (22, 28, 47). This could
provide a route for testing the role of the VAC E9 3'-to-5' exonuclease in recombination
while avoiding the lethal effects on replication of inactivating the DNA polymerase
completely. To test this hypothesis, we used a marker rescue scheme and a selection
strategy based on the reversion of closely linked ts mutations in the EOQL gene. The VAC
strains encoding these mutations replicate normally at 31.5°C but do not replicate at
39.5°C (31). BSC-40 cells were infected for 1 h at 31.5°C with VAC encoding point
mutations in the 3'-to-5' exonuclease [EOL allele Dts83 (H185Y)] (31) (Figure 3.1A).
After 1 h of infection, the cells were transfected with DNA encoding wild-type sequences
at the two ts allele sites but containing one of three different mutations in the E9
exonuclease domain (D166A, D268A, or D462A) (Figure 3.1A and Table 3.1). These
three aspartic acid residues are highly conserved in other B-family DNA polymerases,
and the D-to-A substitutions are known to inactivate exonuclease function (4, 17). Each

of these mutations also modified, or was closely linked to, a polymorphic restriction site.
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Figure 3.1. Strategy to inactivate VAC E9 3'-to-5" exonuclease activity. (A) Map of the VAC E9L gene.
The E9L gene spans 1,006 amino acids and comprises 3'-to-5' exonuclease (pol B exo) and 5'-to-3' polymerase (DNA
pol B) domains (38). The 5' end of the gene encodes three highly conserved exonuclease motifs (I, Il, and Il), each of
which includes an aspartic acid residue that is predicted to be essential for exonuclease activity (D166, D268, and
D462). Also shown are the map positions of two ts mutations, one of which was present in the strain used in this study.
The map also shows two CDVF alleles used in this study. (B) Effect of selection for exonuclease mutations on the
recovery of recombinant virus in BSC-40 cells. Cells were first infected with VAC encoding the Dts83 (H185Y) allele
at 31.5°C and then transfected with DNAs encoding the indicated D-to-A substitution alleles or related control DNAs
(see Table 3.1) for 24 h. The titers of the progeny were determined at 31.5°C and 39.5°C in order to ascertain the
relative yields (means + standard deviations) of recombinant (i.e., temperature-resistant) viruses. (C to F) Genotyping
of recombinant viruses recovered 24 h after transfection with ESL genes. PCR was used to amplify a 3.1-kb fragment
of the E9L gene by using as the template either a virus carrying the Dts83 allele ("Parental™), the indicated mutant or
control DNA that was transfected into Dts83-infected cells (“Input™), or DNA extracted from cells infected with a
mixture of temperature-resistant progeny viruses ("Recovered"). The PCR amplicons were digested with the indicated
restriction enzymes, and the presence or absence of each site was used to differentiate the genotypes. For example,
none of the recombinants recovered from cells transfected with DNA carrying the D166A allele inherit the Alul site
that would be created by this mutation (C). Thus, although all of the viruses are recombinant at the Dts83 locus, none
encode an Exol mutation. See the text and Table 3.1 for additional discussion. Arrowheads indicate the positions of

diagnostic restriction fragments which serve to differentiate EOL alleles.
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As a control, cells were also transfected with E9L alleles that encoded wild-type
sequences at the tssite in Dts83 but encoded silent mutations at (or very near) one of the
aspartic acid-encoding codons mentioned above (Table 3.1). The infected and transfected
cells were cultured for 24 h at 31.5°C and then subjected to freeze-thawing, and the viral
progeny were plated on fresh cells and cultured at 39.5°C for another 1 to 2 days to select
for recombinant, temperature-resistant virus. Virus DNA was isolated from the cultures
grown at 39.5°C, both in bulk and from individual plaques, and the E9L genes were PCR
amplified and then screened for the presence of any of the three linked exonuclease-
inactivating mutations by using the linked restriction site polymorphisms. In parallel, we
determined the yields of viruses from infected and transfected cells, by using plaque
assays performed at 31.5°C.

Recombinant viruses were recovered from all of the transfected cell cultures.
However, a striking feature of the data was that the closer the D-to-A substitution was
located to the reverted ts allele, the lower the frequency of recovery of temperature-
resistant recombinants. For example, the yield of recombinant viruses dropped ~five-fold
when we attempted to revert the Dts83 (H185Y) ts marker with an ESL gene encoding the
D166A mutation rather than the D462A mutation (Figure 3.1B). No such effects were
seen in cells transfected with control DNAs encoding only silent restriction site
polymorphic markers (Table 3.1 and Figure 3.1B).

To test whether the few revertant viruses still encoded the desired exonuclease
mutations, we extracted DNA from cells infected with the temperature-resistant virus
(either in bulk or plaque purified). We then amplified the E9QL locus by PCR, and digested

the products with restriction enzymes targeting polymorphic sites located very close [~5
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nucleotides (nts)] to each of the three exonuclease mutations (Figure 3.1C to F). We did
not detect virus DNA encoding a restriction pattern diagnostic for a virus encoding a D-
to-A substitution in any of the three exonuclease motifs in these experiments. For
example, the D166A mutation creates an Alul site (Table 3.1) detectable in the input
DNA used for transfection but absent in DNA extracted from a pool of DNA amplified
from the temperature-resistant virus (Figure 3.1C). Similarly, the DNA used to introduce
the D268A mutation (as well as the corresponding control DNA) was designed to also
silently ablate a nearby Ddel site (Table 3.1). None of the temperature-resistant viruses
recovered from cells transfected with D268A mutant DNA encoded a disrupted Ddel site,
whereas these sites were disrupted if a control DNA encoding the wild-type aspartic acid
residue was transfected (Figure 3.1D). The same effects were seen in attempts to
inactivate the Exolll motif (Figure 3.1E and F). Thus, we were not able to revert the ts
phenotype and introduce an exonuclease-inactivating mutation. These results suggest that
a proofreading-deficient VAC strain cannot be generated under these conditions.

Effect of CDV on circle-by-circle recombination in vivo. As noted above, the
use of the antiviral drug CDV and CDV® VAC strains may provide an alternative
approach to studying the role of E9 in viral recombination. To test this hypothesis, we
used an infection and transfection scheme that detects the reconstruction of a luciferase
reporter gene through recombination between two plasmids sharing 366 bp of luciferase
gene homology (pRP403A and pRP406A) (66). This method permits the detection of
recombinants by either Southern blotting (Figure 3.2A) or enzymatic assays (Figure
3.2B). In control experiments, BSC-40 cells were infected with VAC and then co-

transfected with pRP403A and/or pRP406A. Southern blot analysis showed that ~15% of
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Figure 3.2. Effect of CDV on plasmid-by-plasmid recombination in VAC-infected cells. (A) Southern
blot analysis of recombinant molecules isolated from wild-type VAC-infected cells. VAC-infected cells were
transfected with the indicated circular plasmid DNAs and then the DNA was harvested 24 h post-infection. The DNA
was digested with Mbil and Dpnl, size fractionated, and hybridized to a ®*P-labeled luciferase probe, and plasmid
products were detected by phosphorimaging. Recombination is expected to produce a 2.5-kb recombinant band
(arrow). The Rf was calculated by dividing the intensity of the recombinant band shown in an experimental lane by the
intensity of the 2.5-kb band recovered from cells transfected with a plasmid encoding a full-length luciferase gene
(pRP406). The bar graph shows the results of two independent experiments, and the inset shows one of the blots. (B)
Luciferase-based detection of plasmid-by-plasmid recombination in the presence (filled bars) or absence (open bars) of
CDV. The cells were exposed to CDV for 24 h prior to infection with the indicated VAC strains, using the drug doses
described in Materials and Methods. The cells were infected for 1 h and then transfected with pRP403A and pRP406A
in a drug-free or CDV-containing medium. The CDV® VAC strains are indicated by the E9 amino acid substitution(s)
encoded. Protein extracts were prepared 6 h post-infection, and the Rf was calculated from the amount of luciferase
activity as described in Materials and Methods. The mean Rfs (expressed as percentages) are shown in the bar graph.
Error bars indicate the SEs of the means for four independent experiments. An asterisk indicates a significant (P<0.05)

difference between control and CDV-treated cells for a VAC strain.
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the DNA was recovered in a recombinant form when both DNAs were transfected,
whereas transfection of either plasmid alone did not produce recombinants (Figure 3.2A).

After confirming that these assays were working as described previously (66), we
examined what effect CDV would have on these reactions. BSC-40 cells were infected
with either wild-type VAC or one of three different CDV® VAC strains encoding the
A314T, A684V, or A314T+A684V EOSL substitution mutations (1) and were then
transfected with pRP403A and/or pRP406A. We have shown that these mutant viruses
replicate to titers indistinguishable from those of wild-type VAC in the absence of CDV,
while demonstrating profound differences in replication in the presence of the drug (1).
This creates a practical problem because if a particular virus strain cannot replicate the
transfected DNA, one has no way of monitoring recombinant production. Therefore, in
order to place these viruses under similar degrees of drug pressure and thus ensure similar
levels of replication across all of the experiments, we exposed each of the virus strains to
a CDV concentration equal to the ECs for that virus on BSC-40 cells (see Materials and
Methods). Using the enzymatic version of the assay, we observed that each VAC strain
exhibited a similar mean Rf, in the absence of drug, of ~8% (Figure 3.2B). However,
when CDV was added throughout the course of the experiment, it caused a significant
(P<0.05) reduction in the Rf in cells infected with the wild-type or A684V-encoding
virus, from 8.8% £ 0.6% [mean = standard error (SE)] to 3.9% * 0.6% and from 7.9% +
1.1% to 3.4% = 0.1%, respectively. Interestingly, drug treatment had no significant effect
on Rf (P>0.05) in cells infected with a virus encoding the A314T exonuclease domain
substitution, either alone or in conjunction with the A684V substitution (Figure 3.2B).

These results show that CDV, like other DNA polymerase inhibitors (8, 18), can inhibit
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recombination reactions in vivo. However, the effect of the drug depends on the genotype
of the virus at the EOL locus.

Preparation of CDV-containing linear recombination substrates. The
experiments described above showed that E9 plays some role in promoting recombination
in VAC-infected cells, since certain E9QL mutations were linked to a different capacity of
the virus to recombine circular substrates in the presence of a DNA polymerase inhibitor.
We were uncertain whether the effects observed related to differences in how the various
VAC polymerases use CDVpp as a substrate, replicate DNA strands containing CDV, or
excise CDV using 3'-to-5' proofreading activities. These concerns can be addressed by
using as substrates linear DNA duplexes bearing CDV incorporated into the penultimate
positions of their 3' ends. These substrates provide a specific tool for inhibiting the
activity of the 3'-to-5' exonuclease of E9 (37) and offer three advantages over the methods
used in the preceding experiment. First, linear molecules recombine more efficiently than
circles in poxvirus-infected cells (66), so this approach provides greater experimental
sensitivity. Second, we know precisely where the CDV is located and therefore do not
have to make any assumptions regarding differential rates of CDV uptake and
incorporation into DNA. Finally, poxviruses cannot replicate linearized plasmid DNAs
that are transfected into infected cells unless they are first recombined into circles (13, 14,
66). Thus, the system becomes recombination dependent, since circularization, through
recombination, must precede the replication of these DNAs.

To make these substrates, we first cut pBluescript with Xhol or Spel to create two
3-kbp DNAs that shared 57 bp of overlapping sequence homology. The extent of the

overlap significantly exceeds the 15-20 bp that we have previously defined as being the
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minimum required for permitting efficient double-strand break (DSB) repair in poxvirus-
infected cells (66). These enzymes generate a 4-base overhang that contains a dGMP
residue, which can be used to direct the incorporation of CDV or dCMP (as a control) into
the ends of the molecule (Figure 3.3, top). We then used VAC DNA polymerase to fill in
the ends of the DNA using a mixture of dGTP, dATP, dTTP, and either dCTP or CDVpp.
In order to demonstrate what kinds of end structures are generated using this approach,
we prepared a parallel set of reactions in which we substituted *P-labeled oligonucleotide
substrates for the linearized pBluescript DNA. These substrates contain ends identical to
those produced using Xhol or Spel digestion of a plasmid DNA, but the small size of the
oligonucleotides permits high-resolution analysis of the reaction products on sequencing
gels. As noted previously (37), VAC DNA polymerase used the four standard dNTPs to
generate a mix of extension products that terminated 0 to 3 nts away from the 5' end of
the template strand, whereas the products produced in the presence of CDVpp terminated
at a site located 1 nt past the site where CDV was incorporated (Figure 3.3). No products
smaller than the 18-nt primer strand were detected, suggesting that little exonuclease
attack occurs under these conditions.

Effect of CDV on linear molecule recombination in vitro. To test what effect
these modifications might have on the duplex fusion reactions catalyzed by VAC DNA
polymerase in vitro, we incubated the "end-filled" pBluescript DNAs with E9 polymerase
and VAC SSB protein in a buffer containing MGCI, (57). When the control substrates
were used in these reactions (i.e. DNA filled in with dCMP), they were first rapidly
recombined into 6-kbp dimmers and then chased into higher-order concatemers later in

the reaction (Figure 3.4A). In contrast, very few recombinants were formed in reactions
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Figure 3.3. Characterization of " end-filling" reaction products. Each 18-nt primer was 5' end
labeled with *2P, purified, and annealed to a 22-nt template strand. This created three duplex DNAs bearing
the same 3'-recessed ends as those produced by the indicated restriction enzymes. The primer strands were
then filled in using VAC DNA polymerase in reaction mixtures containing dGTP, dATP, dTTP, and either
dCTP or CDVpp. The reaction products were size fractionated on a denaturing 10% polyacrylamide gel
and detected using a phosphorimager. The sizes of the extension products are indicated along with the

migration position of each 18-mer *P-labeled primer strand.
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Figure 3.4. Effect of CDV on VAC DNA polymerase-catalyzed formation of recombinant
molecules in vitro. (A) Duplex strand-joining reactions catalyzed by wild-type VAC DNA polymerase.
Each reaction mixture contained 2.5 ng/uL VAC DNA polymerase, 25 pg/mL of VAC SSB protein, and
600 ng of pBluescript substrate filled in with dCMP or CDV (300 ng cut with Xhol plus 300 ng cut with
Soel). The reaction products were sampled at the indicated times, separated by electrophoresis, and stained
with ethidium bromide. The last lane shows DNA recovered from a reaction mixture incubated at 37°C but
lacking VAC DNA polymerase (No pol). (B) Quantitative analysis of the reaction products shown in (A).
The distribution of the ethidium fluorescence was used to determine the proportion of DNA migrating as

dimers plus higher-order multimeric species (“joint molecules").
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with substrates that had been end-filled using CDVpp. Using densitometry, we
determined that control reactions produced 4-5-fold more concatemeric DNA than did the
reactions using CDV-containing DNAs (Figure 3.4B). These results show that
incorporating CDV residues into the ends of linear substrates strongly inhibits E9-
catalyzed formation of recombinant molecules in vitro.

Effect of CDV on linear molecule recombination in vivo. We then tested what
effect CDV might have on recombination between two linear molecules in vivo. To do
this, we digested the luciferase-encoding plasmid pRP406 with either Xhol or Afllll,
generating two linear DNA duplexes that share extensive homology and, again, bear ends
that can be filled in with CDV or dCMP as described above (Figure 3.3 and 3.5A). To
show that VAC can efficiently recombine these molecules in vivo, we transfected infected
cells with different combinations of cut, but not filled-in, DNAs and then used Southern
blots to characterize the products. Additional dishes of VAC-infected cells were
transfected with an equal amount of uncut pRP406, and these cells were used to define
100% recombinant fragments. The cells transfected with two different linear DNASs
generated ~34% recombinant restriction fragments relative to those from cells transfected
with circular pRP406, whereas only ~2% recombinants were detected in cells transfected
with only Xhol-cut DNA, and no recombinants were detectable in cells transfected with
Afllll-cut molecules (Figure 3.5B). It should be noted that the DNAs defined as being
"recombinant” reaction products could also be generated by ligation in cells transfected
with Xhol-cut pRP406 alone, whereas this is not possible in cells transfected with Afl111-

cut DNA alone. Thus, we presume that ligation reactions produce a background of ~2%
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Figure 3.5. Effect of CDV on linear molecule recombination in VAC-infected cells. (A)
Substrates and assay used to detect VAC-catalyzed in vivo recombination. Cutting pRP406 with Xhol
separates the P11K poxvirus promoter from the luciferase ORF. Cutting pRP406 with Afll1l creates two
fragments, one of which carries the P11K promoter and the first ~600 bp of the luciferase ORF. This larger
fragment was gel purified and used, along with Xhol-cut pRP406, in recombination experiments. (B)
Southern blot analysis of DNAs recovered from cells infected with wild-type VAC and transfected with a
mixture of Xhol-cut and Afll11-cut pRP406 recombination substrates. The DNA was isolated and processed,
and the yield of recombinant molecules was determined as explained in the legend to Figure 3.2. The bar
graph shows the results of two independent experiments. (C) Southern blot analysis of DNAs recovered
from cells infected with mutant and wild-type viruses. The cells were transfected with a mixture of Xhol-
cut and Aflll1-cut pRP406 recombination substrates that had also been filled in using dCTP (open bars) or
CDVpp (filled bars) on the 3'-ended strands. The samples were processed as for (B). The bar graph shows
the results (mean Rf + standard error of the mean) of two independent experiments. (D) Luciferase-based
detection of linear-molecule recombination. The cells were infected with the indicated VAC strains,
transfected with substrates that had been filled in using dCTP (open bars) or CDVpp (filled bars), and
assayed for luciferase 6 h after infection. The bar graph shows mean Rfs (+SE) derived from four
independent experiments. Asterisks indicate statistically significant (P<0.05) differences between control
and CDV treatments for a particular strain. When only one of the two substrates was transfected into VAC-
infected cells, it yielded a background Rf of <0.5% (Xhol-cut substrate) or <0.01% (AflllI-cut substrate).
Note that for cells infected with the A314T virus, while more recombinants appeared to be detected in the
absence of CDV (C and D), we could not show that this difference was statistically significant where such

an analysis could be appropriately applied (D).
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"recombinants™ in these assays and that the remainder of the products are generated via a
repair process requiring two molecules with overlapping homology.

We then used the same transfection and Southern blotting methods to examine
what effect filling in the ends of the DNAs with CDV had on these reactions. The results
are shown in Figure 3.5C. Filling in the ends of these substrates with natural dANMPs had
no obvious effect, relative to the results for DNAs bearing recessed ends, on the Rf in
cells infected with wild-type virus (compare Figure 3.5B and C). However, CDV
incorporation reduced the Rf in cells infected with wild-type viruses ~3-fold, from 36% to
11%. A similar effect was seen in cells infected with a virus encoding the A684V
mutation, where CDV reduced the Rf from 26% to 9%. In striking contrast, viruses
encoding the A314T mutation exhibited CDV* recombination, with only small, 1.2- and
1.4-fold reductions in Rfs for viruses encoding the A314T substitution alone or in
combination with A684V, respectively.

We also used luciferase-based assays to confirm the trends that we observed with
the Southern blot experiments described above. Although the absolute Rfs calculated
from these experiments were consistently lower than those measured by Southern blots,
the trends were essentially identical (Figure 3.5D). When DNAs were filled in using
ordinary dNMPs and co-transfected into VAC-infected cells, they were recombined
efficiently by wild-type and CDV® strains, producing Rfs of 14-20% (Figure 3.5D).

When CDV was incorporated into the ends of these molecules, the Rfs were
significantly (P<0.05) reduced in cells infected with wild-type viruses and in those
infected with viruses encoding the A684V substitution alone (from 14 to 4% and from 17

to 7%, respectively) (Figure 3.5D). In contrast, there was no significant difference
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between the Rfs of control and CDV-containing substrates in cells infected with viruses
encoding the A314T substitution either alone or together with A684V (P>0.05) (Figure
3.5D). Collectively, these results suggest that CDV is an inhibitor of poxvirus
recombination but that viruses encoding a mutation in the exonuclease domain are
selectively protected from this inhibition.

Effect of CDV on exonuclease and duplex-joining reactions catalyzed by a
mutant E9 enzyme in vitro. Our experiments suggested that there was some intrinsic
property of polymerases encoding the A314T substitution that minimized the effect of
CDV on recombination in vivo. One obvious explanation was that this substitution could
alter the 3'-to-5' exonuclease activity of the enzyme such that CDV residues could be
removed from the primer strand and thus create substrates for SSA reactions after further
exonucleolytic processing by the polymerase. In order to test this hypothesis, we purified
the A314T-encoding mutant form of the E9 enzyme from infected cells. We then used
wild-type VAC DNA polymerase to fill in the ends of Xhol-cut pBluescript DNASs in
reaction mixtures containing dGTP, dATP, [a-**P]dTTP, and dCTP or CDVpp. The
inclusion of [a-*?P]JdTTP inthese reactions led to the incorporation of a 3*P-labeled tag on
the 5' side of the site, where dCMP or CDV is incorporated (see Figure 3.3). These
substrates were then incubated with equal amounts of wild-type or mutant VAC DNA
polymerase protein, and the amount of acid-soluble radioactivity released by 3'-to-5'
exonuclease activity was measured (Figure 3.6). When the **P-labeled dTMP was located
on the 5' side of a dCMP residue, both enzymes excised ~100% of the label within 20
min. However, the two enzymes exhibited very different excision kinetics when the label

was located on the 5' side of a CDV residue. After 100 min of incubation, the mutant E9
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Figure 3.6. Effects of CDV on the 3'-to-5' exonuclease activities of mutant and wild-type
VAC DNA polymerases. The pBluescript plasmid was cut with Xhol, and then the ends were filled in with
%2p_|abeled dTMP plus dCMP (open symbols) or *P-labeled dTMP plus CDV (filled symbols) as described
in Materials and Methods (top panel). This procedure creates substrates from which the CDV (“X”) or
dCMP residues must be excised before the [o-*2P]dTMP label (indicated by asterisk) can be attacked.
These DNAs (300 ng) were then incubated with 100 ng of either wild-type (circles) or A314T mutant
(squares) DNA polymerase. The reactions were stopped at the indicated times; the reaction products were
sampled; and the samples were then assayed for acid-soluble *P. Mean acid-soluble *%P fractions
(expressed as percentages) for three independent experiments are shown. Error bars represent 95%

confidence intervals.

155



was able to solubilize ~64% of the label, while the wild-type enzyme was able to release
~20% of the label from these DNAs. The mutant enzyme has clearly acquired the capacity
to efficiently excise CDV from DNA ends.

We next tested if the A314T mutant enzyme can overcome the inhibitory effects
of CDV on strand-joining reactions catalyzed by the wild-type enzyme in vitro (Figure
3.4). As expected, the wild-type enzyme efficiently converted >90% of the dCMP-
containing control substrates into dimeric and higher-order joint molecules but yielded a
limit of only ~13% joint molecules after 100 min when CDV-containing substrates were
used in the reaction (Figure 3.7A and 3.7B). The mutant enzyme also catalyzed strand
joining when presented with dCMP-containing control substrates, although some initial
delay in the appearance and rate of production of concatemers was seen. However, the
most striking difference between the two enzymes was that the mutant enzyme continued
to catalyze strand joining in reactions supplemented with CDV-containing DNA, yielding
3.5-fold more joint molecules than the wild-type enzyme by the end of the 100-min
incubation period (Figure 3.7B). Importantly, no recombinant molecules were formed in
wild-type or mutant reactions when high (400 uM total) concentrations of dNTPs were
included (Figure 3.7A), demonstrating that inhibition of proofreading activity by high
dNTP concentrations also ablates joint-molecule formation. Previous studies have
suggested that VAC-infected BSC-40 cells have a total ANTP concentration of only ~45
uM (52). Therefore, it was of interest to determine how different dNTP pool sizes,
including those in the physiological range, affect E9-catalyzed recombinant molecule

formation. To this end, we incubated wild-type E9 polymerase with plasmid substrates in
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Figure 3.7. Effects of CDV on joint-molecule formation catalyzed in vitro by wild-type and
A314T-encoding mutant DNA polymerases. (A) Strand-joining reactions were prepared and analyzed as
described in the legend to Figure 3.4 except that these reactions used either wild-type or A314T mutant
DNA polymerases. In some cases, all four dNTPs were added to the reaction mixtures (at 400 uM total)
and were incubated for 100 min along with the enzyme and substrates (lanes dNTPs). (B) Quantitative
analysis of the reaction products shown in (A). The distribution of the fluorescent signal was used to

determine the proportion of DNA migrating as dimers plus higher-order multimeric species ("joint
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Figure 3.8. Effects of dNTP concentration and reaction time on DNA strand-joining
reactions. Strand-joining reactions contained an equimolar mixture of Xhol- and HindlIl-cut pBluescript Il
DNAs, VAC SSB protein, and VAC DNA polymerase. The reactions were supplemented with the indicated
amounts of dNTPs. The reactions were incubated for 20 or 60 min and the products separated by agarose
gel electrophoresis (upper panel) and quantified using ethidium fluorescence (lower panel). The reaction

midpoints are seen at 5 and 50 uM dNTP for 20 and 60 min reactions, respectively.
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the absence or presence of increasing dNTP concentrations for either 20 or 60 min. As
shown in Figure 3.8, there was a clear correlation between dNTP concentration and joint
molecule formation, with increasing dNTP concentrations suppressing strand-joining
activity. Although there were no joint molecules formed after 20 min at total dNTP
concentrations of 40-50 uM, incubation for 60 min resulted in the production of ~50% of
the total recombinant DNA formed in control experiments lacking dNTPs. These results
suggest that dNTP pools likely affect the kinetics of joint molecule formation although
significant strand-joining activity is still observed at physiologically-relevant dNTP
concentrations if given enough reaction time. Collectively, these studies suggest that the
capacity of A314T-encoding polymerases to excise CDV from DNA renders virus-
catalyzed recombination reactions resistant to CDV during infection and that the
exonuclease activity of VAC DNA polymerase is likely critical for these recombination
reactions.

Other in vivo modulators of poxvirus recombination. These and other studies
(65, 66) suggest that poxviruses use their DNA polymerase's 3'-to-5' exonuclease to
promote genetic recombination through SSA reactions in infected cells. This led us to
predict that at least two other factors may play additional roles in regulating virus
recombination. First, the activity of E9 exonuclease should be modulated by the
concentration of dNTPs, since an abundance of dNTPs would favor DNA synthesis over
exonucleolytic strand-processing reactions as predicted by the results shown in Figure
3.8. Decreasing the availability of dNTPs should stabilize single-stranded gaps and favor
recombination. Second, SSB proteins play an important role in many recombination

reactions (9), and we have previously shown that this is also true of E9-catalyzed strand-
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joining reactions in vitro (63). In particular, the product of the VAC early gene I13L is a
high-affinity SSB protein (50, 56) that stimulates strand joining in vitro (63). We
therefore decided to test the two predictions that altering the levels of dNTPs and 13
protein should also affect virus recombination in vivo.

In order to test what role dNTPs might play in modulating virus-promoted
recombination, we examined the effect of the ribonucleotide reductase (RR) inhibitor,
HU, on recombination rates in infected cells. HU inhibits both cellular and VAC-encoded
RR and thus causes a reduction in the dNTP pools by inhibiting the upstream conversion
of NDPs to dNDPs (52). We transfected VAC-infected cells with our luciferase-encoding
linearized recombination substrates and then replaced the medium with fresh media
containing different concentrations of HU at 4 h post-infection. The amount of
recombination was then determined by luciferase assays performed after another 4 h of
incubation. By using a similar method to treat VAC-infected BSC-40 cells with HU, it has
been observed that 0.5 mM HU depletes the dNTP pools by 50% for dGTP/dCTP and by
90% for dATP within 1 h of addition to the medium (52). We observed a significant
(P<0.05) increase in the mean (xSE) Rf, from 37% * 5% in drug-free medium to 69% +
2% and 68% + 3% in media containing 0.5 and 5 mM HU, respectively (Figure 3.9).
Although no statistically significant differences in the Rf was detected at lower HU
concentrations, a consistent trend was still observed, with the Rf increasing as the HU
dose increased (Figure 3.9), suggesting that HU treatment could enhance recombination
rates in VAC-infected cells.

As an alternative method to determine if altered dNTP pools may modulate

recombination rates in VAC-infected cells we generated a strain carrying a large deletion
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Figure 3.9. Effect of HU on recombination in VAC-infected cells. Xhol-cut and Afllll-cut
pRP406 recombination substrates were transfected into cells infected with wild-type VAC. The culture
medium was replaced with fresh medium alone or with fresh medium containing the indicated
concentrations of HU at 4 h post-infection. Protein extracts were prepared at 8 h post-infection and were
assayed for luciferase. Each bar represents the mean (+SE) Rf, expressed as a percentage of the luciferase
signal detected in cells transfected with uncut pRP406, from four independent experiments. Asterisks

indicate that the Rf measured in treated cells differed significantly (P<0.05) from that measured in

untreated controls.
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in the F4L locus encoding the small subunit of the viral RR. The viral RR is thought to
contribute to the establishment of dNTP pools during infection by catalyzing the
conversion of NDPs to dNDPs which are then phosphorylated by other enzymes to
produce dNTPs (see Chapter 1, Figure 1.4) (46). Therefore, inactivation of the viral RR is
predicted to reduce dNTP production. Although the details of the generation of the AF4L
strain and its properties will be discussed in more detail in Chapter 4, Figure 3.10A
illustrates that only wild-type and a AF4L revertant virus express the F4 protein.
Interestingly, when Xhol- and Afllll-cut pRP406 recombination substrates were
transfected into BSC-40 cells infected with the AF4L strain, significantly higher (P<0.05)
Rfs were observed compared to either wild-type or revertant VAC strains (Figure 3.10B).
These results suggest that VAC strains defective in dNTP biosynthesis exhibit a hyper-
recombinational phenotype. It should be noted, however, that we noticed reduced
expression of the VAC B5 protein which is predominantly expressed late in infection
(16), suggesting that the AF4L strain may exhibit a defect in genome replication, which
precedes late gene expression (see chapter 4 for more details).

In order to test whether the VAC SSB protein, 13 served any role in virus
recombination, we used small-interfering RNA (siRNA) technology. Previous attempts to
study the presumptive role of I3 in viral replication were hindered by the inability to
delete the 13L gene from the viral genome, suggesting that this highly conserved poxvirus
gene is essential (50). Using a siRNA targeting I3 mRNA (13L-4), we were able to reduce
I3 protein levels by 65-85%, relative to levels in cells that were not transfected with
SIRNA (Figure 3.11A). The specificity of the method was demonstrated by using a

control siRNA that had no effect on I3 levels (Figure 3.11A). Using these conditions, we
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Figure 3.10. Deletion of the VAC F4L gene encoding the small subunit of the viral
ribonuclectide reductase is associated with a hyper-recombinational phenotype. (A) BSC-40 cells
were infected (at an MOI of 5) with wild-type or VAC strains with a deletion of F4L (AF4L) or a AF4L
revertant strain in which the F4L gene was reintroduced into the F4L locus in a AF4L background
(AFALREY), Cells were harvested at the indicated times post-infection and protein extracts were prepared for
Western blotting. Antibodies against the VAC late protein B5, the early protein F4 or cellular actin were
used for blotting on parallel nitrocellulose membranes. An asterisk indicates mock-infected lysate collected
after 24 h. See chapter 4 for more details on the construction and characteristics of these strains. (B) BSC-
40 cells were first infected (or mock infected) with wild-type VAC and then co-transfected with a mixture
of Xhol-cut and AfllllI-cut pRP406 recombination substrates. Protein extracts were prepared 8 h post-
infection. Each bar represents the mean Rf (expressed as a percentage) from three independent
experiments. Error bars, SE. An asterisk indicates a significant (P<0.05) difference from wild-type means

using an unpaired t-test.
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Figure 3.11. A siRNA targeting the VAC-encoded single-stranded DNA-binding protein (13)
inhibits virus recombination and replication. (A) Western blot analysis showing reduction of 13 protein
levels by siRNA. BSC-40 cells were first infected (or mock-infected) with wild-type VAC and then co-
transfected with a mixture of Xhol-cut and AflllI-cut pRP406 recombination substrates plus the indicated
SiRNA, targeting 13 mRNA transcripts (I3L-4) or an unrelated sequence (control), or no siRNA was
transfected (“"none™). Cell-free lysates were prepared at 8 h post-infection, and Western blots were
performed using antibodies directed against I3 and cellular B-actin. (B) Effect of an I3-targeted siRNA on
VAC recombination. Cells from another set of dishes were harvested in parallel and assayed for luciferase.
Each bar represents the mean Rf (expressed as a percentage) from three independent experiments. Error
bars, SE. Parallel dishes from experiments in (A) and (B) were also harvested for either viral DNA
quantitation by slot-blot (C) or harvested for assessment of virus titer (D). In (C) each bar represents the
mean viral DNA quantitation value (expressed as a percentage of the value for the "no-siRNA" treatment,
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mean. In (D) each bar represents the mean virus titer for two independent experiments as assessed by

plaque assays on BSC-40 cells. Error bars, error of the mean.
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then investigated the effect of 13 knockdown on virus recombination by using transfected,
luciferase-encoding linear DNA substrates. We found that reducing the level of 13 also
reduced the Rf to ~50% of that detected in cells not receiving siRNA or in cells
transfected with the control siRNA (Figure 3.11B). We also found that 13 knockdown
inhibited viral DNA replication by ~70% (Figure 3.11C), suggesting that I3 is also
required for genome replication. These observations likely explain why virus yields were
reduced by ~10-fold in 13 knockdown treatments compared to control treatments (Figure
3.11D). These results show that VAC recombination and replication reactions utilize 13 in
some capacity, as we would predict, although the precise role of I3 in these reactions

requires further investigation.

34 DISCUSSION

Although Fenner and Comben first described recombination between co-infecting
poxviruses over 50 years ago (20), the enzymes that catalyze this process and the
mechanism remained obscure. Previous studies had suggested that poxvirus
recombination reactions used some form of SSA mechanism but that these reactions
exhibit the unusual property of using a 3'-to-5' exonuclease to resect duplex ends (65, 66).
VAC encodes only one known exonuclease, and that is the 3'-to-5' exonuclease of the
viral DNA polymerase. When these observations are combined with evidence that highly
purified VAC E9 can catalyze duplex-DNA-joining reactions in vitro and is seemingly
required for recombination in vivo, they provide strong support for the hypothesis that

poxviruses use the DNA polymerase proofreading activity to promote genetic exchange.
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Mutant viruses provide an ideal approach of testing this hypothesis. However, our
attempts to rescue mutant VAC strains lacking the 3'-to-5' exonuclease function were
unsuccessful. Although ts EOL alleles serve as very useful selectable markers, co-
conversion of these sites and three sites encoding aspartic acid residues that should be
critical for exonuclease function was strongly selected against. This phenomenon is
illustrated by a dramatic reduction in the recovery of recombinant virus (Figure 3.1B),
which we presume is due to the loss of recombinant viruses encoding exonuclease
mutations. This bias is exacerbated as the linkage gets tighter, presumably due to the
reduced likelihood of recombination separating the two markers. The strongly biased
selection against the co-conversion of these markers is illustrated by the fact that although
the D166A and Dts83 (H185Y) mutations are located only ~60 bp apart, none of the
temperature-resistant viruses encoded a novel Alul site that is diagnostic for the D166A
substitution (Figure 3.1C). The fact that other silent mutations can be introduced into the
sites encoding Exoll and Il motifs shows that these effects are not caused by some
peculiar impediment to recombination (Figure 3.1D and F). The selection pressure
specifically disfavors the production of viruses encoding D-to-A substitutions at sites
predicted to be critical for exonuclease activity, and this leads us to conclude that the 3'-
to-5' proofreading exonuclease is an essential virus function.

Because we could not generate a VAC strain lacking 3'-to-5' exonuclease activity,
we used an alternative antiviral-based approach to study the links between proofreading
and recombination. As a starting point, we determined that CDV added to the culture
medium inhibits recombination between circular plasmid substrates in cells infected with

wild-type VAC (Figure 3.2). Plasmid substrates are useful tools for studying poxvirus
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replication and recombination because the DNA accumulates at sites of viral replication
in the cytoplasm of infected cells, and plasmid replication utilizes all five of the virus-
encoded proteins needed for viral genome replication (13). A previous report
demonstrated that treating VAC-infected cells with DNA polymerase inhibitors such as
cytosine arabinoside and aphidicolin also reduces recombination of transfected plasmid
substrates, emphasizing the need for a functional E9 in VAC recombination (8).
Furthermore, this previous study found that the rate of recombination of these plasmid
substrates by different mutant VAC strains was independent of the rate of replication of
these substrates by each strain (8). This suggested that the VAC DNA polymerase
participates in homologous recombination primarily at some level other than DNA
synthesis (8). CDV also inhibited plasmid recombination, but the level of inhibition was
different for wild-type and CDV” viruses (Figure 3.2B). Viruses encoding the A314T
mutation were less susceptible to CDV than A684V-encoding or wild-type viruses
(Figure 3.2B), even when the drug doses were chosen to have comparable effects on
DNA replication and virus yield. Although we cannot exclude the possibility that the
different drug doses are in some unknown way modulating host effects on virus
recombination, the simplest conclusion that can be drawn from these experiments is that
the 3'-to-5' exonuclease activity likely serves a different role in virus recombination than
does the 5'-t0-3' polymerase activity.

To avoid any impact of these hypothetical host effects and further elucidate the
effect of CDV on poxvirus recombination, we prepared linear recombination substrates
containing CDV as the penultimate residue on the 3' ends (Figure 3.3). DNAs bearing

these structures are resistant to exonuclease attack (37). This alteration clearly inhibited
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joint-molecule formation catalyzed by wild-type E9 in vitro (Figure 3.4), as well as
recombinant production in cells infected with wild-type and A684V-encoding VAC
strains in vivo (Figure 3.5). In contrast, a mutant E9 protein incorporating the A314T
substitution could still catalyze joint-molecule formationin vitro (Figure 3.7), and viruses
encoding the A314T mutation still efficiently catalyzed the recombination of CDV-
containing substrates in vivo (Figure 3.5). Biochemical studies showed that these effects
correlate with an enhanced capacity of the A314T-encoding E9 enzyme to excise CDV
from DNA (Figure 3.6). A complicating factor is that the efficiency of *“end-filling”
reactions is less than 100%, leaving some substrates without CDV incorporation. Using
densitometry, we estimated that ~17% of the Xhol-cut substrates that were end-filled with
CDV, shown in Figure 3.3, lacked 3' CDV residues. This finding corresponds well with
the 13-20% vyield of recombinant molecules typically produced by wild-type E9 using
CDV-bearing substrates (Figure 3.4A and 3.7A). Of course, these limitations in end-
filling efficiency could also explain why some recombination was still detected in cells
infected with wild-type and A684V-encoding viruses and transfected with substrates into
which CDV had been incorporated (Figure 3.5).

The 2- to 3.5-fold differences in the absolute recombination frequencies between
our luciferase (Figure 3.5D) and Southern blot-based (Figure 3.5C) assays should be
noted. Southern blots represents the method of choice for providing insights into the
structure and quantity of the DNA recovered from infected and transfected cells.
However, these techniques are subject to high experimental variation due to possible
differences in infection and transfection efficiency. Luciferase-based assays are

convenient and are normalized to B-galactosidase expression from a co-transfected
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plasmid, thus providing more control for infection variations and differences in plasmid
DNA replication. However, these assays tend to underestimate the Rf because a
functional luciferase can be expressed only after substrate recombination has created an
intact gene and transcription and translation has occurred. Despite these differences, both
methods provided a consistent finding: CDV residues inhibit recombination, and viruses
encoding the A314T substitution are far more resistant than other strains.

The enhanced ability of A314T-encoding E9 to excise CDV from DNA ends
likely explains why this mutation arose during repeated passage of VAC in CDV-
containing media (1). Interestingly, the same mutation is recovered when VAC is
passaged in media containing the related compound (9-9-[3-hydroxy-2-
(phosphonomethoxy)propyl]adenine (HPMPA) (1). Like CDV, HPMPA located in the
penultimate position in a primer strand is resistant to VAC E9 proofreading activity (36).
HPMPA residues also block joint-molecule formation in vitro (Appendix; Figure A.1).
The A314T mutation is the first and most common mutation recovered when poxviruses
are exposed to acyclic nucleoside phosphonate drugs (G. Andrei, pers. comm.), and the
strong selection pressure acting at this site suggests that exonuclease activity is essential
either because of a need to excise drugs that would otherwise inhibit replication or
recombination. The A314 residue would likely be located in a B-hairpin structure that is
highly conserved among B-family DNA polymerases (25). Studies of RB69 and T4 phage
DNA polymerases either containing mutations in this structure or lacking the B-hairpin
structure completely have suggested that the B-hairpin plays an important role in
separating primer and template strands and thus facilitates the removal of mismatched

bases (3, 39, 54, 55). RB69 polymerase mutants lacking the B-hairpin can degrade

169



sSDNA, as well as duplex DNA containing three terminal mismatches, as efficiently as
the wild-type enzyme but are hindered in their ability to excise a single 3'-terminal
mismatched nucleotide (55). 3'-terminal CDV and HPMPA molecules are as readily
excised by wild-type E9 as are dCMP and dAMP (36, 37). However, the incorporation of
one additional nucleotide renders CDV and HPMPA residues quite resistant to the
exonuclease. We suspect that the A314T substitution confers on VAC E9 an enhanced
ability to destabilize a strand bearing a nucleoside phosphonate in the penultimate 3'
position, leading to strand separation, excision of the drug residue, and 3'-to-5' resection
of duplex DNA. These resected molecules could then serve as recombination substrates in
annealing reactions stimulated by VAC 13 proteins. It has been shown previously that 13
promotes Mg®*-dependent DNA aggregation in vitro (56) as well as increases the
efficiency of joint-molecule formation in reactions catalyzed by purified VAC DNA
polymerase (63). SSB proteins are known to play an important role in many repair,
recombination, and replication systems. The fact that one can inhibit in vivo
recombination with a siRNA targeting I3 mRNA (Figure 3.11B) is consistent with the
hypothesis that 13 proteins are also serving some recombination-related function(s) in
VAC-infected cells. However, knocking down 13 levels also inhibits DNA replication
(Figure 3.11C), an important fact that is discussed in more detail below.

If a viral DNA polymerase plays some role in catalyzing recombination, it follows
that any intervention that causes a switch between polymerization and exonuclease
activities should also alter recombination rates. We found that increasing dNTP
concentrations inhibited E9-catalyzed strand-joining reactions in vitro (Figure 3.8). To

determine whether dNTP pools also affected recombination in vivo, we examined the
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effects of the RR inhibitor HU on VAC recombination. HU has previously been shown to
inhibit VAC replication (52). At 10 mM concentrations, it can also enhance the
recombination of circular plasmids in VAC-infected cells (8). HU has also been shown to
enhance cellular recombination rates (23, 30, 34). We varied the drug dose and detected a
clear trend where the yield of recombinants increased with increasing doses of HU
(Figure 3.9). The highest doses of HU that were tested (0.5 and 5 mM) are known to
reduce dATP pools to about 10% of the levels detected in untreated, VAC-infected BSC-
40 cells (52), and they increased recombinant production ~2-fold in our studies. Of
course, these experiments assume that HU exclusively inhibits a RR activity in VAC-
infected cells and does not induce some other, unknown host-dependent recombination-
enhancing effect(s). To test this hypothesis further, we generated a VAC strain lacking
the F4L gene, which encodes the small subunit of the viral RR. This AF4L virus exhibits
an enhanced-recombination phenotype (Figure 3.10) although, as described in Chapter 4,
this virus also exhibits deficiencies in genome replication.

How one interprets all of these experiments is complicated by the intimate links
between viral recombination and replication. Where possible, we have used co-
transfected plasmids, encoding B-galactosidase, to normalize the levels of luciferase and
thus avoid detecting a simple artifactual link between reduced rounds of replication and
reduced amounts of replication-associated recombination. Moreover, it should be noted
that these experiments show how VAC replication and recombination are not always
linked in such a simple manner. Knocking down I3 expression inhibits replication and
inhibits recombination (Figure 3.11), but interfering with RR activity inhibits replication

(52) while enhancing recombination (Figure 3.10). Furthermore, a previous study of the
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recombination of transfected plasmid substrates in cells infected with mutant VAC found
that the recombination rates measured in these different strains were largely independent
of the plasmid DNA replication rates (8). VAC replication and recombination are
undoubtedly tightly linked processes, sharing many common enzymes, but one cannot
explain these observations with a simple model that directly links replication rates to
recombination frequencies.

Our studies suggest a more complex mechanism by which a DNA polymerase
could catalyze recombinational repair in a manner dependent on dNTP regulation of the
balance between 5'-to-3' DNA synthesis and 3'-to-5' exonucleolytic processing. Recently
VAC D5 has been shown to possess DNA primase activity (12), suggesting that DNA
replication may involve leading- and lagging-strand DNA synthesis at a classical
replication fork. Under such circumstances, a potentially lethal DSB would be created
following a collision between the replication fork and a nick located on either strand
ahead of the replication complex (Figure 3.12A). By attacking the 3'-ended strand, the 3'-
to-5' proofreading exonuclease could expose sufficient homology to permit the
reformation of the original replication fork through I3-assisted SSA. VAC DNA
polymerase and DNA ligases could then repair the nick or small gap.

It is more difficult to speculate on how this process might be regulated, but several
unusual features of poxvirus biology suggest a way in which dNTP concentrations could
play an important role in regulating DNA synthesis versus degradation. The VAC-
encoded RR (comprising the 4L and F4L gene products) likely plays a role in the

biosynthesis of the extraordinary amounts of dNTPs required for viral replication (27).
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Figure 3.12. Modéd for VAC recombination and its regulation by dNTPs. (A) Diagram of how
a collision between the viral replication fork and a preexisting nick leads to replication fork collapse. We
propose that the E9-encoded 3'-to-5' exonuclease can attack the newly synthesized strand (blue arrowhead),
creating a 5'-ended single-stranded tail that can then be used to reassemble the fork through SSA. This
process could create a futile cycle of breakage and reannealing (not shown) that would continue until the
break has been repaired and sealed by DNA ligases. Replication could then proceed normally. (B) Diagram
of how such a scheme could be regulated by dNTPs. We suggest that poxviruses might use the SSB
protein, 13 (brown circles) to recruit a putative dNTP synthetase complex (blue) to the replication fork and
thus closely couple dNTP biogenesis with dNTP consumption. Disruption of this structure through strand
breakage and spatial separation of the dNTP source from its sink could reduce dNTP availability, inducing
the DNA polymerase (red oval) to switch into a proofreading mode that catalyzes recombinational repair.
D5 (not shown) is associated with E9 through interactions with D4 and A20 VAC proteins. The nucleotide
triphosphatase (NTPase) activity of D5 may help to turnover dNTPs to promote E9-catalyzed

recombination. Image provided by D. Evans.
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Interestingly, F4 has been reported to interact with 13 (11), and it has been
suggested that 13, like the T4 bacteriophage gp32 SSB protein (60), can recruit a putative
"dNTP synthetase complex™ to the replication fork and thus help couple dNTP production
and consumption (11). Furthermore, VAC D5, in addition to primase activity has
nucleotide triphosphatase (NTPase) activities on dNTPs (5, 19). Since D5 interacts with
E9 indirectly through the VAC A20-D4 processivity factor complex (29), D5 NTPase
activity might help to turnover dNTPs to promote E9-mediated recombination (not shown
in Figure 3.12). If this model is correct, then collapse of a replication fork would disturb
this dNTP production-consumption equilibrium, and the resulting change in the dNTP
microenvironment would favor strand processing over DNA synthesis (Figure 3.12B).
For this model to hold, it will be necessary to determine if host nucleoside diphosphate
kinase (NDPK) is present at the replication fork as this enzyme catalyzes the conversion
of dNDPs to dNTPs (chapter 1, Figure 1.4).

Our model provides important new insights into the diversity of enzymes and
mechanisms that can be used to catalyze DSB repair. This process can be partitioned into
pre- and post-synaptic events, and the role that DNA polymerases might play in it reflects
the multiplicity of reactions potentially catalyzed by DNA polymerases. It is well
established that particular DNA polymerases can play a specialized role in catalyzing the
post-synaptic DNA synthesis associated with homologous (26, 35) and non-homologous
(6, 7) recombination. It has also been shown that, in yeast, Pol2 proofreading activity can
catalyze the post-synaptic processing of imperfect recombinant intermediates (57) in a
manner similar to that of the reactions that we have shown are catalyzed by the E9 3'-to-5'

exonuclease (24). However, our studies strongly suggest that VAC can also use the E9
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proofreading activity to catalyze a pre-synaptic step in genetic exchange. It is difficult to
prove this with certainty, because one can always suggest more complex ways in which
the enzyme's role might be limited to catalyzing just a post-synaptic step in
recombination. For example, we cannot rule out the possibility that the proofreading
activity of E9 is used to remove CDV from the 3' ends of the DNA strands after they have
entered into a process such as a synthesis-dependent strand-annealing (SDSA) reaction.
SDSA reactions typically require the pre-synaptic 5'-to-3' processing of recombination
substrates, which exposes 3'-ended ssDNAs that can then invade duplex strands, form
displacement loops, and prime DNA synthesis [see Chapter 1 Figure 1.3; (45)]. However,
this model seems unlikely, if poxviruses used SDSA reactions in vivo, it would follow
that these viruses should very efficiently catalyze recombination between linear duplex
and circular substrates (53), and they clearly cannot (66). Furthermore, we have
previously examined the fate of mismatch-tagged recombination substrates and
demonstrated that ~75% of the mature recombinants recovered from VAC-infected cells
retain the mismatched nucleotide originally located on the 5' strand (65, 66). This shows
that DSBs are processed in a 3'-to-5' manner during virus recombination, which would be
inconsistent with SDSA models. We suggest that the in vitro biochemical data provide
the simplest and most logical explanation for the in vivo data. No more complex model is
required than the E9-encoded proofreading activity catalyzing pre-synaptic processing in
VAC recombination. This proposal does differentiate the VAC recombination system
from the vast majority of SSA reactions that depend on 5'-to-3' pre-synaptic processing
by simple exonucleases [e.g., those of phage (53), herpesviruses (48), yeast (44), and

mammals (9)]. Whether this unique mechanism reflects some special constraints created
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by poxvirus biology (e.g., cytoplasmic replication, the mechanism of dNTP biogenesis),
some unusual features of E9, or the first example of what is actually a more widespread

biological process remains a very interesting question.
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CHAPTER 4—-VACCINIA VIRUSENCODED

RIBONUCLEOTIDE REDUCTASE SUBUNITSARE

DIFFERENTIALLY REQUIRED FOR VIRAL REPLICATION IN

VITROAND IN VIVO

PREFACE

A version of this chapter will be submitted for review shortly. The data presented
in this chapter were generated solely by me with the exception of those from the confocal
microscopy and mouse pathogenicity experiments. For the confocal microscopy work, |
designed the experiments and generated the virus strains used in these studies but the
actual microscopy was performed by B. Gowrishankar. The mouse pathogenicity
experiments were performed by Dr. G. Andrei (Rega Institute for Medical Research,
Belgium) using the strains | generated. The first draft of this chapter was written by me

although the final version of this chapter was edited by my supervisor, Dr. David Evans.
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4.1 INTRODUCTION

The conversion of ribonucleotides to deoxynucl eotides to serve as building blocks
for genome synthesis and repair is critical for the replication of al organisms and DNA
viruses. Ribonucleotide reductase (RR) is a key enzyme involved in this process,
catalyzing the reduction of 22OH groups of ribonucleoside diphosphates (NDPs) to
hydrogens (46, 59). RRs can be grouped into one of three classes based on their
requirement for oxygen and the mechanism by which athiyl radical is generated, which
isrequired for catalysis (59). With the exception of some unicellular protists (33, 36, 86),
all eukaryotes encode class | RR proteins while class Il and 111 proteins are found only in
microorganisms (59, 86). Class | RR enzymes consist of homodimers of both large (R1;
80-100 kDa) and smal (R2; 37-44 kDa) subunits that interact to form functional
complexes (59). These complexes require oxygen to generate a tyrosyl radical found
within R2 subunits (59, 71). Thisradical is then transferred to the catalytic site within R1
subunits to form the thiyl radical needed for catalysis.

Transfer of the tyrosyl radical from R2 to R1 subunits has been proposed to occur
through a series of at least eleven highly-conserved amino acid residues that function in a
long-range proton-coupled electron transfer pathway (39, 60, 71, 72, 81). This “radica
transfer pathway (RTP)” is necessary because of the large (~25-35 A) distance between
the tyrosyl radical generation site and the catalytic sitein R1 (71, 72, 89). Mutant proteins
containing amino acid substitutions at either the tyrosine involved in radical formation
(48) or any of the proposed RTP residues (17, 25, 71, 72, 81) form inactive RR
complexes. Therefore, both the generation of the tyrosyl radical in R2 and its transfer to

R1 are essential for catalysis.
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Mammalian cells encode a single R1 gene that is only transcribed during S-phase
of the cell cycle (3). Due to the long (~15 h) half-life of the R1 protein however, R1
levels remain essentially constant throughout the cell cycle (27). The primary small
subunit, R2, is also only expressed during S-phase (3, 11), however this protein has a
short (~3 h) half-life and is rate-limiting for R1-R2 complex formation (27). The short
half-life of R2 is due to its polyubiquitination by the anaphase-promoting complex
(APC)-Cdhl ubiquitin ligase and subsequent degradation by the proteasome during
mitosis (12). The rapid degradation of R2 is dependent upon APC-Cdhl recognition of a
“KEN” box sequence in the N-terminus of R2 (Figure 4.1) as disruption of this sequence
stabilizes R2 levels (12). Mammals also encode an alternative small subunit, p53R2, so
named because its elevated expression in response to DNA damage is dependent upon the
tumor suppressor p53 (83). Although p53R2 is 80-90% identical to cellular R2 and can
form active complexes with R1 (34), it lacks ~33 N-terminal amino acid residues found
in R2, including those containing the KEN box (Figure 4.1) (12). The lack of the KEN
box sequence likely explains why p53R2 expression is relatively constant throughout the
cell cycle in the absence of DNA damage responses (92). It has been hypothesized that
p53R2 may constitutively form complexes with R1 to maintain low level dNTP pools for
processes such as mitochondrial DNA synthesis and/or DNA repair which may take place
outside of S-phase (5, 34, 35, 92). Indeed, individuals with inherited mutations in their
p53R2 genes have been associated with higher incidence of disorders characteristic of
mitochondrial DNA depletion (5, 47, 88). The absence of p53R2 in mouse cells also
leads to mitochondrial DNA depletion as well as enhanced spontaneous mutation

frequencies (45). Therefore, despite their similarity, R2 and
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Figure 4.1. Alignment of cellular and poxviral RR small subunits. Alignment of human R2

(HR2; genbank accession: NP_001025.1), mouse R2 (MR2; genbank accession: NP_033130.1), human

p53R2 (Hp53R2; genbank accession: BAD12267.1), mouse p53R2 (Mp53R2; genbank accession:

Q6PEE3.1), vaccinia virus strain WR (VACV; genbank accession: AA089322.1), Ectromelia virus strain

Moscow (ECTV; genbank accession: NP_671546.1), myxoma virus strain Lausanne (MY XV; genbank

accession: NP_051729.1), and Shope fibroma virus strain Kasza (SFV; genbank accession: NP_051904.1)

small subunits was performed using clustalW. Asterisks indicate catalytically-important residues (90). The

solid box indicates the “KEN” box found in cellular R2 proteins (12). The dashed box indicates the putative

R1 binding domain.
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p53R2-based RR complexes appear to be differentially regulated and may serve different
purposes during the cell cycle.

Many Chordopoxviruses, like other large DNA viruses such as herpes-, asfra-
and iridoviruses, encode their own class | RR proteins (6, 32, 74, 84, 85). These vird
enzymes presumably serve to enhance or maintain sufficient dNTP pools in infected cells
to support vira replication since ribonucleotide reduction is normaly the rate-limiting
step in dNTP biogenesis (26). Although most genera within the Chordopoxvirinae
subfamily consist of members that encode RR proteins, many of these viruses only
encode a single RR subunit with a clear bias towards the conservation of R2 (Table 4.1).
Only the Suipox- and Orthopoxviruses contain both small and large subunit genes. The
latter group contains poxviruses of medical importance including variola virus, the
causative agent of smallpox, and monkeypox and cowpox viruses, which are emerging
zoonotics in humans (61, 91). Most of our current understanding surrounding poxviral
RR proteins comes from studies with vacciniavirus (VAC).

Enhanced RR activity in primate cells infected with VAC was reported over 25
years ago by Slabaugh and Mathews (76) with subsequent studies identifying the 14L (73,
84) and F4L (74) genes as the genetic loci for expression of 14 (MW ~87 kDa) and F4
(MW ~37 kDa). 14 and F4 represent the VAC R1 and R2 subunits, respectively.
Biochemical studies indicated that VAC RR shares many features with mammalian RR
enzymes, including the requirement of both large and small subunits for activity, ssimilar
optimal pH conditions, allosteric modulation of activity by nucleoside triphosphates
(NTPs), and comparable specific activities on NDP substrates such as ADP, CDP, and

GDP (15, 38, 78). However, there are also differences between VAC RR and mammalian
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Table 4.1. Differential conservation of poxvirus RR genes.

Chordopoxvirinae Genera® R1 R2

Orthopoxvirus +°

+
Suipoxvirus +
Yatapoxvirus - +
Leporipoxvirus - +
Capripoxvirus - +
Avipoxvirus - +/-
Molluscipoxvirus - -
Parapoxvirus - -
#Sequence data was accessed from VOCS database.
PHorsepoxvirus contains a fragmented R1 gene (87).
"+" indicates presence and "-" indicates absence of indicated RR
genesin viral genomes.
"+/-" indicates that not all members of the genus contain the
indicated gene.

RR enzymes. For example, the viral enzyme is less sensitive to allosteric modulation and
shows little activity on UDP substrates (15). That VAC RR has similar enzymatic
properties to those of mammalian RR enzymes is not surprising given that 14 and F4
primary structures are >70% identical to human and mouse RR subunits. This high
degree of similarity between poxviral and mammalian subunits is found with other
Orthopoxviruses such as ectromelia virus (ECTV), as well as with genera that only
encode an R2 subunit such as the Leporipoxviruses, which include myxoma virus
(MY XV) and Shope fibromavirus (SFV) (Figure 4.1).

Previous studies have shown that disruption of 14L does not affect plague
morphology or size and these mutant strains replicate in cell culture to levels comparable

to wild-type VAC (14, 68). Furthermore, viral DNA replication rates of this mutant strain
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were ~84% of wild-type rates (68) and when assessed in an intracranial inoculation
mouse model, the 14L mutant was only mildly attenuated compared to wild-type virus,
exhibiting an ~10-fold increase in lethal dose 50 (LDsp) values (14). In fact, the 14L locus
has been suggested to be an excellent site for insertion of foreign genes into VAC
because of its non-essential nature in cell culture (41). These studies suggested that VAC
RR was not critical for replication or virulence. Paradoxically, another group reported
that targeted inactivation of FAL attenuated VAC by ~1000-fold compared to wild-type
when inoculated intracranialy or intranasally into mice (49). Although these were
separate studies using different strains of VAC, they suggested that the VAC F4 subunit
was more important to replication and pathogenesis than 14, despite the requirement for
both subunits for RR activity in vitro (38). A differential requirement of RR subunits for
the poxvirus life cycle may explain the biased conservation of R2 over R1 subunits in
Chordopoxviruses (Table 4.1).

Our VAC RR studies were initiated because we were looking for methods to
probe the role of dNTP pools in VAC replication and recombination (see Chapter 3).
However, it soon became apparent that certain RR mutant strains exhibited replication
defects and this prompted us to explore in more detail the contribution of VAC RR to
viral replication and pathogenesis. We generated a panel of mutant strains containing
either inactivating deletions or insertions, or point mutations in VAC RR genes or the
J2R [thymidine kinase, (TK)] gene. The viral TK enzyme is involved in dTTP synthesis
in the salvage pathway of dNTP biogenesis (4). We found that VAC replication and
pathogenesis are more impeded in strains lacking F4 than 14. Our studies support a model

whereby poxvirus R2 proteins form RR complexes with cellular R1 proteins to augment
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RR activity in order to supply dNTPs for viral replication. This model is substantiated by
previous biochemica studies that found a chimeric RR enzyme consisting of VAC F4
and mouse R1 to be more active than strictly viral or cellular RR complexes (15). To our
knowledge, this is the first report of a chimeric RR forming in vivo and bioinformatic
anaysis of other large DNA viruses suggests that this may represent a widespread

strategy to take advantage of host nucleotide biosynthetic machinery.

4.2 MATERIALSAND METHODS

Cédll and virus culture. Cell and virus culture methods have been described
elsewhere (2). Wild-type VAC and its mutant derivatives were derived from strain
Western Reserve (WR) originally acquired from the American Type Culture Collection.
Non-transformed African Green Monkey kidney cells (BSC-40) were normally cultured
in modified Eagle's medium (MEM) supplemented with 5% fetal bovine serum (FBS).
Hel.a human cervical adenocarcinoma and human embryonic lung (HEL) cells were
cultured in Dulbeccos MEM (DMEM) supplemented with 10% FBS. PANC-1 and
CAPAN-2 cells are human pancreatic epithelioid carcinoma and adenocarcinoma lines,
respectively and were aso cultured in DMEM supplemented with 10% FBS. All of the
above cell lines were originally obtained from the American Type Culture Collection. A
U20S human osteosarcoma cell line that expresses Cre recombinase was a kind gift from
Dr. J. Bell (University of Ottawa). These cells were maintained in DMEM supplemented
with 10% FBS. Cells were cultured in Opti-MEM media (Invitrogen) for experiments
requiring transfections.

Materials. Cidofovir (S)-1-[3-hydroxy-2-(phosphonomethoxy)propyl]cytosine
(CDV) was from Dr. K. Hostetler (University of California, San Diego). Hydroxyurea
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(HU) was obtained from Alfa Aesar (Ward Hill, MA). X-ga and X-glu substrates were
obtained from Sigma Chemical Co. (St. Louis, MO) and Clontech (Palo Alto, CA),
respectively. Mycophenolic acid (MPA) and xanthine were obtained from Sigma
Chemical Co. Hypoxanthine was obtained from ICN Biomedicals, Inc. (Aurora, OH).
Compounds were diluted to their final concentration in MEM (CDV; HU) or in a 1:1
mixture of MEM and 1.7% noble agar (X-gal; X-glu) immediately prior to use. Taq and
PfuUltra™ DNA polymerases were obtained from Fermentas (Burlington, ON) and
Stratagene (La Jolla, CA), respectively.

Antibodies, Western blotting, and immunopr ecipitation. Normal mouse and
goat serum and goat polyclona antibodies against human R1 (HR1), human R2 (HR2),
and human p53R2 (Hp53R2) were from Santa Cruz Biotechnology, Inc. (Santa Cruz,
CA). Mouse monoclona antibodies against HR1 and HR2 were from Millipore
(Billerica, MA) and Santa Cruz Biotechnology, Inc., respectively. Mouse monoclonal
antibodies against Flag and Hiss (His) epitopes were from Sigma and Roche
(Mississauga, ON), respectively. Rabbit anti-Flag epitope polyclona antibodies were
obtained from Sigma. A mouse monoclonal antibody was raised against bacterialy-
expressed, recombinant ECTV R2 antigen by ProSci (Poway, CA). The resulting
antibody also recognizes VAC F4 and was used for Western blotting. In some cases, a
rabbit anti-F4 polyclonal antibody was also used for Western blotting. The plasmid used
to express recombinant ECTV R2 antigen and the rabbit anti-F4 antibody were kindly
provided by Dr. M. Barry (University of Alberta). A rabbit anti-VAC 14 polyclona
antibody was obtained from Dr. C. Mathews (Oregon State University). Although this

antibody recognizes VAC 14, it also cross-reacts with cellular R1 on western blots (40).
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The mouse monoclona antibody against VAC 13 has been described (53) and the mouse
monoclonal antibody against cellular actin was from Sigma.

Protein extracts for Western blots and immunoprecipitations were prepared from
cell cultures by lysing cells on ice in a buffer containing 150 mM NaCl, 20 mM Tris (pH
8.0), 1 mM EDTA, and 0.5% NP-40 aong with freshly-added phenylmethylsulfonyl
fluoride (100 pg/mL) and protease inhibitor tablets (Roche). Cellular debris was removed
from samples after 1 h of lysis by centrifugation (10,000 rpm, 10 min, 4°C). For Western
blots, 20-40 pg of total protein were subjected to SDS-PAGE and subsequently
transferred to nitrocellulose membranes. Membranes were then blocked for 1 h in
Odyssey blocking buffer (Li-COR Biosciences; Lincoln, NB), incubated with primary
antibodies for 1 h, washed and then incubated with secondary antibodies for 1 h al at
room temperature (RT). Membranes were then washed and scanned using an Odyssey
scanner (Li-COR Biosciences).

Protein extracts for immunoprecipitations were recovered as described above 6-8
h post-infection from 10’ HelLa cells infected with indicated strains at a multiplicity of
infection (MOI) of 10. Extracts were then pre-cleared by incubation with normal mouse
or goat serum aong with protein G sepharose beads (GE Healthcare Life Sciences,
Piscataway, NJ) for 30 min a 4°C with constant inversion. The samples were
subsequently centrifuged (2,500 rpm, 1 min, 4°C) and supernatants were transferred to
fresh tubes. These extracts were then incubated with the primary antibodies overnight at
4°C with constant inversion. Fresh protein G beads were then added to the extracts and
incubated for 2 h at 4°C after which the beads were collected (2,500 rpm, 1 min, 4°C)

and washed four times with lysis buffer. The resulting bead-protein complexes were
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resuspended in SDS-PAGE loading buffer, boiled for 15 min and subjected to SDS
PAGE. Western blotting was then performed as described above.

Plaque morphology and replication analyses. Plaque dimensions were
measured on 60-mm-diameter dishes of confluent BSC-40 cells infected with ~100
plague-forming units (PFU) of the indicated strain. After 48 h of infection, triplicate
plates were stained with crystal violet and scanned using an HP ScanJet 6300C scanner.
The resulting image files were analyzed using Imagel v1.04g software (National
Institutes of Health, USA). Unpaired t-tests or one-way ANOVA tests were performed on
mean plaque areas between wild-type and each of the various RR mutant strains using
GraphPad Prism (San Diego, CA) software (version 4.0). In some cases, two different RR
mutant strains were also compared for differences in mean plaque areas. A P value of
<0.05 was considered to be statistically significant.

Growth analyses were conducted in BSC-40, HeL.a, PANC-1 and CAPAN-2 cell
cultures using the indicated MOI and strains. Cells were harvested by scraping
monolayers into the culture media at the indicated time points followed by three rounds
of freeze-thawing. Virus stocks were titered on BSC-40 cells.

For viral genome replication analyses, BSC-40 cells were harvested at the
indicated times post-infection by scraping, collected by centrifugation (800 rpm, 10 min,
4°C) washed once with PBS, and resuspended in 500 pL of 10X saline-sodium citrate
(SSC) loading buffer containing 1 M ammonium acetate (20). The cells were then
disrupted by three cycles of freeze-thaw and 50-uL aliquots of the lysates applied to a
Zeta probe membrane using a slot-blot apparatus (Bio-Rad, Richmond, Calif.). Samples

were denatured with 1.5 M NaCl and 0.5 M NaOH and washed twice with 10X SSC
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loading buffer. The membrane was then hybridized with a **P-labeled E9L gene probe.
After the membrane was washed with SSC buffer and air dried, it was exposed to a
phosphorimager screen, imaged using a Typhoon 8600 phosphorimager and the data
processed using ImageQuant software, (version 5.1) (53). In some cases 0.5 mM HU was
added to the media 1 h post-infection.

Plague reduction assays. Plague-reduction assays using CDV or HU were
performed as previously described (2). Briefly, 35-mm-diameter dishes of confluent
BSC-40 cells were inoculated with ~100 PFU of the indicated virus strains, and 1 h after
infection either drug-free medium or medium containing the indicated doses of CDV or
HU was added to the cultures and the plates were then incubated at 37°C for 48 h. Plates
were then stained with crystal violet to visualize and count plagues. Mean effective
concentration 50 (ECsp) values and their 95% confidence intervals (Cls) were calculated
using nonlinear regression anayses with GraphPad Prism software after three
independent experiments had been performed. In cases where the 95% Cls of two
different ECso values did not overlap, these two ECsy values were considered to be
statistically significant (P<0.05).

Confocal microscopy. Hela cells were grown on coverslips in 24-well plates and
infected with the indicated virus strains at an MOI of 5 for 10 h. The cells were fixed for
30 min on ice with 4% paraformadehyde in PBS. The fixed cells were blocked and
permeabilized for 1 h at RT in PBS containing 0.1% Tween (PBS-T) as well as 10%
BSA. The coverdlips were then incubated with the primary antibodies diluted in PBS-T
(1% BSA) for 2 h a RT, washed three times and then incubated with secondary

antibodies conjugated to Alexa 488 or 594 (Invitrogen; Carlsbad, CA) for 1 h at RT. The
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cells were then counterstained with 10 ng/mL 4,6’ -diamidino-2-phenylindole (DAPI) in
PBS-T for 15 min. The specimens were examined using a confocal microscope equipped
with DAPI, Alexa 488, and Alexa 594 filters. Images were captured using ZEN 2009
software.

Plasmid construction and marker rescue. BSC-40 cells were grown to
confluence in 60-mm-diameter dishes and then infected for 1 h with the appropriate VAC
strain (see below) at aMOI of 2in 0.5 mL of PBS. The cells were then transfected with 2
pg of linearized plasmid DNA using Lipofectamine 2000 (Invitrogen). The cells were
returned to the incubator for another 5 h, thetransfection solution was replaced with 5 mL
of fresh growth medium, and the cells were cultured for 24-48 h at 37°C. Virus progeny
were released by freeze-thawing, and the virus titer was determined on BSC-40 cells.
These resulting “marker rescue” stocks were then re-plated in seria dilutions onto fresh
BSC-40 monolayers. These virus cultures were then subjected to either visual selection of
plaques (i.e. using X-ga or X-glu) or drug selection (i.e. using MPA). X-gal and X-glu
were used at final concentration of 0.4 mg/mL in solid growth media overlays. Xanthine
(250 pg/mL) and hypoxanthine (15 pg/mL) were used to supplement a working stock of
MPA (25 ng/mL) for selections of yfp-gpt-encoding strains [see below; (30)]. Rescue of
markers and subsequent deletion/disruption of endogenous VAC genomic sequences
were confirmed by PCR. The primers. 5-GATGAATGTCCTGGATTGGA-3' & 5'-
ATTCCAAAGATCCGACGGTA-3' were used to PCR amplify ~700 bp of 14L sequence that
should not be present in Al4L strains. The primers. 5-ATGGAACCCATCCTTGCACC-3' & 5-
ATCTTCTTGAGACATAACTC-3 were used to amplify ~930 bp of FAL sequence that should

not be present in AF4L strains. Disruption of J2R sequence was detected with primers: 5-
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TCCTCTCTAGCTACCACCGCAATAG-3' & 5-GTGCGGCTACTATAACTTTTTTCC-3' that bind to
regions of J2R flanking the insertion site of pSC66 vector (93) sequences (see below).
Primers DG-VVE9L-SegP4 & DG-VVESL-P6R (see Appendix Table A.1) were used to
amplify an ~800 bp fragment from VAC DNA polymerase (EOL) sequence to serve as a
positive control for amplification. In some cases western blotting was used to confirm the
presence or absence of gene expression in the described VAC strains. Detalls of how
each recombinant VAC strain are provided below. A schematic of genera marker rescue
strategies used in these studies is depicted in Figure 4.2A.

AF4L and AF4LREY strain construction. The plasmid pZIPPY-NEO/GUS (24)
was used to clone an ~500 bp PCR product containing sequences flanking the “F5L” side
of the FAL locus (primers. 5-ACTAGTTAGATAAATGGAAATATCTT-3 &
5-AAGCTTTCAGTTATCTATATGCCTGT) as well as an ~520 bp PCR product containing
sequences flanking the “F3L" side of the FAL locus as well as the last 30 bp of the FAL
open reading frame (ORF) (primers. 5-CCGCGGAATCATTTTTCTTTAGATGT-3 &
5-AGATCTTATGATGTCATCTTCCAGTT-3'). The 500 bp PCR fragment was cloned into
pZIPPY -NEO/GUS using Spel and Hindlll restriction sites and the 520 bp PCR fragment
was cloned into the resulting vector using Sacll and Bglll restriction sites. Rescue of this
vector (now called pZIPPY-F5L"+F3L") leads to the deletion of nuclectides (nts) 32987-
33948 in the WR genome (Genbank accession: NC_006998) comprising 31 nts in the
intergenic region between F5L and FAL ORFs and the first 930 nts of the 960 bp FAL
ORF. The last 30 bp of the FAL ORF were conserved in order to maintain the endogenous
transcription termination signal for F5 expression contained at the 3' end of the FAL ORF

(70). The deleted region is replaced by a p7.5-promoted neomycin resistance (neo) gene
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as well as a bacterial gusA gene under the control of a modified H5 promoter (24).
Although the presence of the neo gene provided a drug-based selection, all viruses
generated using the pZIPPY-NEO/GUS vector backbone were selected by the presence
of blue coloration in the presence of X-glu (10, 24). To generate the AF4L strain,
pZIPPY-F5L"+F3L" DNA was rescued into the wild-type background using marker
rescue techniques. Absence of deleted F4AL sequence was confirmed by PCR (Figure
4.2B). Absence of expression of F4 was also confirmed by Western blot (Figure. 4.2C).

A AFA4L revertant strain (AFALY) was constructed by rescue of a cloned PCR
product amplified from WR DNA with primers. 5-ACTAGTTAGATAAATGGAAATATCTT-
3 & 5-AGATCTTATGATGTCATCTTCCAGTT-3'. This PCR product encompasses the same
regions of F5L and F3L used for generating the AFAL strain as well as the endogenous
FAL gene. Western blots confirmed the restoration of F4 expression (see Chapter 3,
Figure 3.10A) and this revertant strain had replication kinetics indistinguishable from
wild-type VAC (see Appendix Figure A.4A) and will not be discussed further.

Al4L and AI4L/AFA4L strain construction. The plasmid pZIPPY-NEO/GUS was
used to clone an ~430 bp PCR product containing sequences flanking the “15L" side of
the 14L locus (primers. 5-ACTAGTGGAAGGGTATCTATACTTATAGAATAATC-3 & 5-
GTCGACTTTTGTTGGTGTAATAAAAAAATTATTTAAC-3) as wel as an ~340 bp PCR

product containing sequences flanking the “I3L” side of the 14L locus (primers. 5'-
CCGCGGGGTTAAACAAAAACATTTTTATTCTC-3 &

5-AGATCTGTTTAGTCTCTCCTTCCAAC-3'). The 430 bp PCR fragment was cloned into
pZIPPY -NEO/GUS using Spel and Sall restriction sites and the 340 bp PCR fragment

was cloned into the resulting vector using Sacll and Bglll restriction sites. These regions
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of homology were also cloned into a separate vector, pDGIoxPKO (see description
below) using the same restriction sites. Rescue of the first vector (now called pZIPPY -
I5L"+13L") or the second (now called pDGloxPKO-I5L"+13L") into VAC leads to the
deletion of nts 61929-64240 in the WR genome. The pZIPPY -I5L"+13L" vector replaces
the deleted region with a p7.5-promoted neo gene as well as a gusA gene under the
control of amodified H5 promoter. This vector was used to generate the Al4L strain. The
pDGloxPK O-15LH+13L" vector replaces the deleted region with a yfp-gpt fusion gene
promoted by a synthetic early/late poxvirus promoter. Rescue of this vector into the AF4L
background generated the AI4L/AFAL strain.

The pDGIloxPKO vector was synthesized by Geneart and is meant to serve as a
general knockout vector (see Appendix Figure A.2). It contains two multiple cloning sites
for insertion of viral DNA homology to flank a gene encoding a fusion protein of yellow
fluorescent protein (YFP) and E. coli xanthine-guanine phosphoribosyltransferase (GPT)
protein. This yfp-gpt fusion gene is driven by a synthetic early/late poxvirus promoter and
expression of this protein allows for either fluorescence- or MPA-based selection. For the
viruses generated here, MPA was used for selection. Two versions of the pDGloxPKO
vector exist, one with two identically orientated |oxP sites flanking the early/late poxvirus
promoter and yfp-gpt cassette (pPDGloxPKOPF) and an identical vector except one of the
loxP sites is inverted relative to the other (pDGloxPKO™V). The former vector allows for
deletion of the yfp-gpt cassette upon passage of the virus in Cre recombinase-expressing
U20S cells while the latter leads to the inversion of the yfp-gpt cassette and thus does not
delete this sequence. For all of the cell culture studies presented in this chapter, the

viruses were generated with the pDGloxPK O™ vector and thus these strains still express
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the YFP-GPT fusion protein (See Appendix Figure A.3 for more information on
pDGloxPKO™Y and pDGloxPKOPE- strains). However, the equivalent strains were
produced using pDGloxPKOPE- vectors and it was determined that there was no
difference in replication between pDGloxPKO™Y- and pDGloxPKOP®-based virus
strains in culture (Appendix Figure A.4). A Al4L strain was also generated using
pDGloxPKO™Y and pDGloxPKOPE- vectors. These viruses replicated to titers
indistinguishable from the pZIPPY -15L"+13L"—based recombinant which was used for
the experiments presented in this chapter (Appendix Figure A.4). For the mouse
pathogenicity studies, the pDGloxPK OPF--based Al4L/AFAL strain was used, which does
not express the YFP-GPT cassette. Viruses were isolated after transfection of appropriate
vectors and identification of recombinants using either X-glu or MPA in BSC-40 cell
culture. All isolates were plaque-purified a minimum of three times in BSC-40 cells and
viruses constructed with pDGlIoxPKO vectors were plague-purified three more times in
Cre recombinase-expressing U20S cells. Deletion of the 14L locus and loss of 14
expression was confirmed by PCR and western blotting. (See Figure 4.1B and C as an
example for the pZIPPY -15L"+13L"-based Al4L strain).

Other VAC strains constructed. All viruses generated in the AlI4L/AF4L
background in this and following sections used the strains constructed with the
aforementioned pDGloxPKO™Y vector. The plasmid pSC66 (93), a derivative of the
VAC transfer vector pSC65 (13) was used to generate an insertional inactivation of the
J2R locus as well as to introduce foreign genes into the J2R locus for expression (see
below). This vector contains regions of homology flanking both left and right sides of the

J2R ORF and creates a disruption in the J2R ORF such that an insertion is made in
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between nts 81001 and 81002 in the WR genome. This ~4 kb insertion encodes a lacZ
gene under the control of a p7.5 poxvirus promoter as well as introduces a second,
early/late synthetic poxvirus promoter that initiates transcription in the opposite direction
of the p7.5-lacZ cassette (13). A multiple cloning site downstream of the synthetic
promoter allows for the insertion of foreign ORFs to be expressed (13). Transfection of
pSC66 DNA into AI4AL/AFAL, AF4L, or wild-type VAC-infected BSC-40 cells and
subsequent isolation of blue plaques (in the presence of X-gal in solid growth media)
alowed for the creation of VAC strains AI4L/AFAL/IAJZ2R, AF4L/AJ2R, and AJZR,
respectively. Disruption of the J2R locus was confirmed by PCR analysis (For example,
see Figure 4.2B).

Primers 5-AAGCTTATGCATCACCATCACCATCACATGGAACCCATCCTTGCACC-3' &
5-GCGGCCGCTTAAAAGTCAACATCTAAAG-3 were used to PCR-amplify and clone a His-
tagged FAL ORF into pCR2.1 (Invitrogen, CA). A Kpnl/Notl restriction fragment was
then isolated from this plasmid and cloned into the Kpnl/Notl restriction sites of pSC66
(generating pSC6675™). Rescue of pSC66™- into the AFAL background generated
strain AFAL/AJ2RYS™ and rescue into the Al4L/AFAL background generated strain

AIAL/IAFAL/IAJ2RS™ | Site-directed mutagenesis was performed using primers
5 -CGAAAAACGTGTGGGTGAATTCCAAAAAATGGGAGTTATGTC-3' &

5 -GACATAACTCCCATTTTTTGGAATTCACCCACACGTTTTTCG-3 and a QuikChange® Il
XL-kit (Stratagene) to generate a His-tagged FAL ORF encoding a Y 300F substitution
(creating pSC66'*"*®F 1) The altered sites in the primers are underlined. Rescue of

pSCH6HSY30FFAL it the AFAL background generated strain AF4L/AJ2RMSY3OFFAL gng

rescue into the Al4L/AFAL background generated strain Al4L/AFAL/AJ2RSY300FFAL
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Primers 5-GTCGACATGGACTACAAGGACGACGATGACAAG-3 &
5 -GCGGCCGCTTAACCACTGCATGATGTACAGATTTCGG-3 were used to PCR-amplify a
Flag-tagged 14L ORF from a pCR2.1 vector containing a Flag-tagged 14L ORF insert

previously generated using primers
5-AAGCTTATGGACTACAAGGACGACGATGACAAGATGTTTGTCATTAAACGAAATG-3 & 5'-

GCGGCCGCTTAACCACTGCATGATGTACAGATTTCGG-3'. The resulting PCR fragment was
sub-cloned into pCR2.1 and a Sall/Notl restriction fragment was cloned into the Sall/Notl
sites of pSC66 (generating pSC66~9“Y). Rescue of pSCE67¥“ into the Al4L
background generated strain Al4L/AJ2RT®:,

Primers 5-GTCGACATGGACTACAAGGACGACGATGACAAG-3' &
5'-GCGGCCGCTCAGGATCCACACATCAGACATTC-3 were used to PCR-amplify a Flag-
tagged HR1 ORF from a pCR2.1 vector containing a Flag-tagged HR1 ORF insert

previously generated using primers
5 CCAGTGTGGTGGATGGACTACAAGGACGACGATGACAAGATGCATGTGATCAAGCGAGATG

-3 & 5-GCGGCCGCTCAGGATCCACACATCAGACATTC-3 and HR1 cDNA (Invitrogen).
The resulting PCR fragment was sub-cloned into pCR2.1 and a Sall/Notl restriction
fragment was cloned into the Sall/Not! sites of pSC66 (generating pSC6679"RY). Rescue
of pSC667@"R! into the wild-type background generated strain AJ2R™@HR?,

Primers 5 -GGATCCATGCATCACCATCACCATCACATGGGGGACCCGGAAAGGCCG-3 & 5'-
GCGGCCGCTTAAAAATCTGCATCCAAGG-3 were used to PCR-amplify a Histagged
Hp53R2 ORF from cDNA (Genecopeia Inc.; Germantown, MD). The resulting PCR
fragment was sub-cloned into pCR2.1 and a Kpnl/Notl restriction fragment was cloned

into the Kpnl/Notl restriction sites of pSC66 (generating pSC66"'"*>3R?)  Rescue of
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pSC66P3R2 intg the wild-type background generated strain AJ2R™SP53R2 \yhile rescue
into the AF4L background generated AFAL/AJ2RSHPS3R2,

Histagged R2 genes from the Chordopoxviruses. ECTV strain Moscow
(EVMO028), MY XV strain Lausanne (m015L), and SFV strain Kasza (sO15L) were
cloned into pCR2.1 after PCR amplification from vira DNA stocks using appropriate
primers. These genes were then subjected to Sall/Notl digestion with subsequent cloning
into Sall/Notl-digested pSC66 generating vectors pSC66 ' EC™VR2  nsceesMY*R2 and
pSC661VR2 and rescue of these vectors into the AF4L strain produced strains
AFAL/AJ2RVSECTVRZ AFAL ANJ2RIMYXRZ  and AFAL/IAJ2RTSSVR?  respectively.

Site-directed mutagenesis was performed using primers
5-GAGTTATGTCTCAAGAAGATAATCATTAATCTTTAGATGTTGACTTTTAAG-3 &

5-CTTAAAAGTCAACATCTAAAGATTAATGATTATCTTCTTGAGACATAACTC-3' to introduce

6HisF4L and

a premature stop codon (sites changed underlined) into the FAL genes of pSC6
pSCH6HISY3OFFAL yectors. Introduction of this stop codon prevents the expression of the
last C-termina seven residues in VAC F4 which represents the putative R1-binding
domain (R1BD) (boxed sequences in Figure 4.1). Rescue of the resulting vectors,
pSCGGHisF4LARlBD and pSC66HiSY3OOFF4LARlBD generated strains AF4L/AJ2RHiSF4LARlBD and
AFAL/AJ2RISY30OFFALARIBD | recpectively.

All PCR reactions used for cloning purposes were catalyzed by PfuUltra™ DNA
polymerase whereas Taqg DNA polymerase was used for amplifications to check the
presence, absence, or size of inserted or deleted viral DNA sequences. Plasmid constructs

described above were verified by sequencing with appropriate primers and all virus

strains were plague-purified a minimum of three times in BSC-40 cells and/or Cre
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recombinase-expressing U20S cells. Vird DNA was characterized by PCR and if
applicable, Western blots to confirm insertion of rescued sequences or deletion of
targeted sequences. For brevity, PCR and Western blot characterizations are only shown
for the main vira strains discussed throughout this chapter (Figure 4.2B and C).

Animal studies. Female NMRI mice, 3 to 4 weeks of age, were obtained from
Charles River Laboratories (Brussels, Belgium). All animal procedures were approved by
the K.U. Leuven Animal Care and Use Committee. Mice were utilized at 5 mice per
infection or control group for morbidity studies. Mice were anesthetized using ketamine-
xylazine and inoculated or mock-inoculated by the intranasal route with 4x10°*
PFU/mouse of virus diluted in 30 pL of saline. The body weights were recorded over the
next 24 days or until the animals had to be euthanized because of more than 30% loss in
body weight. To determine the extent of viral replication in lung tissue, two (wild-type
infections) or five animals (Al4L, AF4L, and AI4L/AFA4L, infections) were euthanized on
day 5. Lung samples were removed aseptically, weighed, homogenized in MEM and

frozen at —70°C until assayed by titrations on HEL cells.
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4.3 RESULTS

Generation of VAC RR mutant strains. To investigate the requirement of F4L
and 14L for vira replication, a series of mutant strains were generated in which one
(Al4L; AFAL) or both (AlI4L/AFAL) of these RR genes were deleted from the WR genome
(Figure 4.2). Given that RR functions primarily in the de novo pathway of dNTP
biogenesis and VAC encodes a TK involved in the complementary salvage pathway, we
were interested to determine if insertiona inactivation of J2R would exacerbate any
possible phenotypes of the RR mutants. Therefore, inactivation of J2R was carried out in
some of the RR mutant backgrounds to generate Al4L/AFAL/AJ2R and AF4L/AJZR
strains. In some cases, a Histagged F4L gene, or a His-tagged FAL gene encoding the
amino acid substitution Y 300F, was inserted into the J2R locus of AF4L strains creating
AFAL/AJ2RYS™ and AFAL/AJ2RMSY39FFAL gtrains, respectively.

PCR amplifications were used to confirm the deletion or inactivation of the
targeted loci. Primers specific for a region of the E9L gene were used as a positive
control for amplification. The results of these experiments for the major strains discussed
in this chapter are shown in Figure 4.2B along with model diagrams depicting the
approximate binding sites of the primers for each type of PCR reaction. The primers used
for analysis of 14L and F4L loci only amplify fragments from these loci if the respective
ORFs are intact. 14L or FAL PCR products were only apparent in strains not transfected
with an 14L or FAL knockout vector, respectively (Figure 4.2B). The primers for J2R
locus analysis bind to sequences flanking the site of insertion of pSC66 vector sequences.
Therefore, intact J2R genes give rise to small (~0.5 kb) PCR products whereas insertion

of the lacZ gene (and flanking sequences) from pSC66 produces alarger (~4 kb) product.
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Figure 4.2. Strategy for the construction of recombinant VAC strains. (A) Schematic of
strategy used to knockout 14L, FAL and/or J2R function in VAC via homologous recombination and marker
rescue. The Al4L and AFA4L strains were generated using the pZIPPY -NEO/GUS vector. The Al4L/AF4L
strains were generated with the pDGloxPK O™ vector which replaces 14L sequence with a yfp-gpt fusion
cassette flanked by loxP sites (not shown). Insertion of foreign genes into the J2R locus used the shuttle

vector pSC66 and, as an example, pSC66™ -

is shown, athough other viral or cellular genes were inserted
using this strategy. See Materials and Methods for further details. (B) PCR analysis of indicated strains
using primers specific for FAL or 14L sequences to be deleted in knockout viruses as well as primers
flanking the J2R insertion site of pSC66 vector sequences. Parallel amplifications with E9L-specific
primers served as a control for viral DNA amplification. (C) Western blot analysis of Hel a cell protein
extracts taken 8 h post-infection with the indicated strains. The lysates were blotted for 14 and F4
expression to confirm absence or presence in each strain infection. Blotting for the constitutively-expressed

vira 13 protein and cellular actin served as loading controls. Note that in 4 blots the lower band (indicated

by an arrow) represents |4 and the upper band is due to cross-reactivity with HR1.
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In those cases where the pSC66 vector contained a cloned F4L gene, the PCR product
increases in size to ~5 kb. All J2R PCR amplification products were of the expected size
within each construct, confirming the integrity or insertiona inactivation of J2R (Figure
4.2B). Western blots confirmed the presence or absence of expression of viral RR
subunits in each of the isolates (Figure 4.2C). Although equal amounts of protein were
loaded in each lane, the AFAL/AJ2R™S™ strain appeared to express elevated levels of F4
compared to wild-type virus, whereas the AFAL/AJ2R™MSY3FFAL gtrain was observed to
have dlightly reduced F4 expression (Figure 4.2C). The former case is likely a result of
the FAL gene being under the control of a strong early/late promoter present on the
pSC66 vector whereas the endogenous FAL promoter is activated only at early times
during infection (70). The lower F4 expression of the Y 300F mutant strain is likely due to
its poor replication in culture (see below).

Characterization of plaque size and morphologies of VAC RR mutants.
Plague size and morphologies of the generated strains were analyzed on BSC-40 cells as
an initial step to characterize their growth properties. Wild-type and Al4L strains had
similar plague morphologies with large clearings in the center of plaques and primary
plagues were typically associated with smaller, secondary plaques likely arising from the
release of extracellular enveloped virus from primary plaque sites (Figure 4.3A).
Quantitative analysis of plaque areas also indicated no statistically significant differences
between wild-type and Al4L strains (Figure 4.3B). In contrast, AF4L, AF4L/AJ2R, and
Al4L/AFAL/IAJZR strains all had significantly smaller plaques (P<0.05) that were only 55-
60% the size of wild-type plagues. In addition, the primary plaques of AF4L strains were

typically devoid of nearby secondary plagues (Figure 4.3A). In contrast the AF4AL/AJ2R
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Figure 4.3. Plaque morphologies and growth properties of recombinant viruses. (A)
Representative plaques of each indicated strain 48 h post-infection on BSC-40 cell monolayers. (B) Scatter
plots illustrating independent (n=20) as well as mean (horizontal bar) plague area measurements in
arbitrary units (AU) for indicated strains. Open circles indicate that the mean plaque area was statistically
significant (P<0.05) from wild-type virus based on a one-way ANOVA statistical test. (C) and (D) growth
curve analysis of indicated strains in Hela cells infected at a MOI of 0.03 for the indicated time points.
Note that experiments presented in (C) and (D) were done in parallel but are presented in two graphs for
clarity and thus the wild-type curve is identical in both graphs. Symbols represent mean titers from three
independent experiments and error bars represent SE. Some bars are approximately the same size as the

symbols.
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strain, expressing a Histagged F4 protein from the J2R locus, displayed plagues
characteristic of wild-type virus in terms of size and the presence of secondary plagues.
Strikingly, AF4L strains rescued with a Histagged F4L gene encoding the Y 300F
substitution produced plaques that were not only significantly smaller than wild-type
virus [(P<0.05); Figure 4.3B] but were only 35-40% the size of plaques produced by any
of the strains with F4AL deleted and these differences were statistically significant
(P<0.05). These results suggest that deletion of FAL has a more detrimental effect on
plague size than deletion of 14L. It further suggests that re-introduction of a His-tagged
F4L gene into the J2R locus can rescue the small plague phenotype of AF4L strains.
Expression of the Y 300F-substituted F4 protein appears to more severely inhibit plague
formation however, even when compared to strains missing both RR genes and the vira
TK gene.

Y300 represents a highly-conserved tyrosine residue found in essentialy al
mammalian small RR subunits (Figure 4.1). The homologous residue in mouse R2
(Y 370) isrequired for the transfer of radicals from R2 to R1 subunits, and this transfer is
required for catalysis (71). Substitution of Y 370 for phenyla anine abolishes catalysis but
does not impede physical interaction of mouse R2 and R1 subunits (71). Substitution of
the homologous residue in human p53R2 (Y 331) with phenylaanine aso abolishes RR
activity of Hp53R2-HR1 complexes (101). Therefore, the Y 300F substitution in F4 is
predicted to inactivate radical transfer between small and large RR subunits while still
alowing for R2-R1 subunit interaction. These predicted properties of the Y300F F4

HisY 300FF4L
R

protein may explain the dominant negative phenotype of the AF4L/AJ2 strain.
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Characterization of growth properties of VAC RR mutants. Growth curves
were conducted in Hel a cells to analyze the growth kinetics of these RR mutants further.
As previously reported (14), deletion of 14L had little effect on vira replication, with this
strain replicating to titers that were ~50% of those measured in wild-type infections by 48
h post-infection (Figure 4.3C). In contrast, large differences between wild-type and AF4L
strains were readily apparent by 18 h post-infection and this trend continued to the end of
the experiment with wild-type titers being ~15-50-fold higher than AF4L strains at 48 h
post-infection. Re-introduction of the His-tagged FAL geneinto the J2R locus appeared to
rescue the replication defects observed in AFAL strains. In contrast, introduction of the
His-tagged FAL gene encoding the Y 300F substitution prevented productive replication
of the strain encoding this mutant protein (Figure 4.3C). These results suggest that
deletion of the FAL gene impairs VAC replication to a higher degree than deletion of 4L,
and that concomitant deletion of F4AL and J2R does not appear to have any synergistic
effects on the replication of VAC in cell culture. Furthermore, rescue of the AF4L growth
defect by re-introduction of His-tagged F4L into the J2R locus implies that the observed
defect of the AF4L strain is due to the lack of F4 expression and not to other possible
idiosyncratic effects of deleting the F4L locus. Finaly, the fact that the
AFAL/AJ2RSV3%OFFAL otrain did not productively replicate further suggests that the
Y 300F-substituted F4 protein may act as some type of dominant negative.

We thought it possible that the Y300F F4 protein might act as a dominant
negative by competing with cellular R2 proteins for binding to cellular (and vira) R1
subunits. Our studies in Figure 4.3 suggested that deletion of 14L does not result in

significant replication defects and so the dominant negative phenotype might be
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predominantly mediated by interaction with cellular R1 proteins. To rule out arole for 14
binding in this dominant negative phenotype, a His-tagged wild-type or Y 300F-encoding
F4L gene was inserted into the J2R locus of Al4L/AFAL strains. Re-introduction of His-
tagged wild-type F4L into the Al4L/AFAL background restored plaques to sizes
indistinguishable from wild-type (P>0.05). Strikingly, introduction of the Y 300F-
encoding FAL gene still led to a dominant negative phenotype in strains lacking 14, with
these strains having significantly smaller plagues than wild-type (P<0.05) or AF4L strains
(P<0.05) (Figure 4.4). These results suggest that the plague size differences observed in
AFAL strains are not dependent upon the presence of 14.

We also tested the ability of other Histagged Chordopoxvirus R2 proteins or
Hp53R2 to rescue the small plague phenotype of the AF4L strain. We found that
introduction of ECTV, MY XV and SFV R2 genes al rescued the small plague phenotype
but interestingly, Hp53R2 failed to rescue this phenotype (Figure 4.4). These results
imply that Chordopoxvirus R2 proteins either have conserved a specific function and/or
activity level that is not recapitulated by Hp53R2.

Impaired genome replication of the AF4L strain. We hypothesized that the
reduced replication of the AF4L strains was due to impaired genome replication because
RR enzymes are involved in dNTP biogenesis and our earlier studies found that AF4L
strains had reduced late gene expression (see Chapter 3, Figure 3.10A). In order to test
this hypothesis, BSC-40 cells were infected with either wild-type or the AFAL strain and
vira titers and genome replication were measured in paralel. Previous studies have
correlated resistance to the RR inhibitor, HU with enhanced expression of F4 (77) and so

it was of interest to determine if the AF4L strain was hypersensitive to HU. Therefore, we
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Figure 4.4. The small plague phenotype of AF4L strains is only rescued by wild-type
Chordopoxvirus R2 proteins in the presence or absence of VAC 14. BSC-40 monolayers in 60-mm-
diameter plates were infected with ~100 PFU of the indicated strains and stained 48 h post-infection with
crystal violet. Scatter plots illustrating independent (n=20) as well as mean (horizontal bar) plague area
measurements in arbitrary units (AU) are shown for the indicated strains. Open circles indicate that the
mean plaque area was statistically significant (P<0.05) from wild-type virus based on a one-way ANOVA

statistical test.
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included treatments in our genome replication analyses in which culture media contained
HU. The results of these experiments are shown in Figure 4.5. As in Hel a cells, the
AF4L strain had impaired replication kinetics generating only 15% of the total titer
observed with the wild-type strain at 24 h post-infection (Figure 4.5A). Analysis of vira
genome synthesis indicated delayed DNA replication kinetics of the AF4L strain
compared to wild-type infections. For example, genomic DNA was only detectable at 9 h
post-infection in AFAL infections while in wild-type infections DNA was detected as
early as 6 h (Figure 4.5B). Even after 24 h of infection, the AF4L strain had only
synthesized genomic DNA to ~18% the level of wild-type virus. Furthermore, addition of
0.5 mM HU to AFA4L cultures prevented the detection of genomic DNA throughout the
entire infection period, whereas wild-type virus produced detectable genomic DNA,
albeit with delayed kinetics, at reduced quantities much like the AF4L strain in the
absence of HU (Figure 4.5B). Comparison of Figures 4.5A and B suggested that peak
replication of the AF4L strain occurred between 9 and 12 h post-infection as thisis when
the largest increases in vira titers and genomic DNA were observed. In contrast, the
wild-type strain underwent large increases in titers and genome replication earlier,
between 6 and 9 h post-infection and then again between 18 and 24 h, with this second
increase essentially absent in AFAL infections. These results suggest that the impaired
replication of the AF4L strain is at least partially due to reduced genome synthesis.
Furthermore, the hypersensitivity of the AF4L strain to HU implies that these infections
experience reduced total RR activity. This is not surprising given that RR protein and

activity levels are often directly correlated with sensitivity to RR inhibitors (22).

213



8=

‘—l; —a— Wild-type

= —A— AF4L

('8

o 74

e

=]

o

5 o

»

2

> : L) L L L

0 6 12 18 24
Time (hrs post-infection)
100000+
—a— Wild-type
. 80000+ -t AF4L
2 %= Wild-type HU
g 60000+ —o— AF4L HU
2 20000
[
> 200004
0' lA : L]
0 6 12 18 24

Time (hrs post-infection)

Figure 4.5. The AF4L strain has impaired growth and DNA replication kinetics in BSC-40
cells. (A) Growth curve analysis of wild-type and AFAL strains in BSC-40 cells infected at a MOI of 2.
Symbols represent mean titers from three independent experiments and error bars represent SE. Some bars
are approximately the same size as the symbols. (B) Parallel samples from (A) were analyzed for vira
DNA content expressed in arbitrary units (AU). Symbols represent mean DNA content from two
independent experiments and error bars represent error of the means. Some bars are approximately the

same size as the symbols. Treatments containing 0.5 mM hydroxyurea (HU) in the culture media are

indicated by “HU".
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Sengitivity of VAC RR mutants to the nucleotide analog, cidofovir (CDV)
and the RR inhibitor HU. We hypothesized that the impaired genome replication of the
AFA4L strain was due to reduced dNTP pools sizes as a result of decreased RR activity.
Therefore, we looked for simple assays to get an estimate of the relative dNTP pool sizes
or RR activity levels present after infection with the various RR mutants. Knowing from
earlier studies that CDV, when phosphorylated by cellular kinases to the diphosphoryl
derivative (CDVpp) (16), is competitive with respect to dCTP (98) and inhibitory to VAC
E9 DNA polymerase activity (56, 57), we used CDV sensitivity as a probe for changesin
dCTP pools after infection. The ECsy values from plaque reduction assays in BSC-40
cells are summarized in Table 4.2. Wild-type and AFAL/AJ2RYS™* strains were the most
resistant strains with similar mean ECsy values of 42.0 and 41.2 uM, respectively. The
Al4L strain was significantly more sensitive than the aforementioned strains (P<0.05)
having a mean ECsy value of 25.1 uM. However, loss of FAL (or F4AL and J2R) resulted
in greater hypersensitivities of these strains to CDV (P<0.05) with ECs, values roughly
5-7-fold lower than wild-type values. Furthermore, the strain expressing the Y 300F-
substituted F4 protein was the most hypersensitive to CDV with an ECsy vaue of 3.5 uM
which was even significantly lower than the AF4L strains (P<0.05) (Table 4.2). The
finding that strains with an inactivated J2R gene did not display increased sensitivity to
CDV is consistent with previous observations (44, 67).

We expanded these studies to include HU in order to more clearly define the
sensitivities of these strains to this RR inhibitor. As shown in Table 4.2, the trends

observed with HU treatment mirrored the results with CDV treatment. For example, the
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Table 4.2. Susceptibilities of VAC RR mutant strains to cidofovir (CDV) and

hydroxyurea (HU).
Virus Compound
CDV (uM)? HU (mM)°

Wild-type 42.0 (36.2-48.7) 0.87 (0.72-1.06)
Al4L 25.1 (22.0-28.7) 0.19 (0.15-0.24)
AFA4L 6.2 (5.5-7.0) 0.05 (0.04-0.06)
AI4LIAFAL 6.8 (5.4-8.5) 0.05 (0.04-0.06)
AI4L/IAFALIAJ2R 7.6 (6.7-8.5) 0.05 (0.05-0.06)
AFAL/AJ2R 8.1(6.6-9.9) 0.07 (0.06-0.08)
AFAL/AJ2RSF4 41.2 (35.9-47.1) 0.68 (0.50-0.91)
AFAL/AJ2RSY300FFaL 35(3.0-4.2) 0.03 (0.03-0.03)

8V a ues represent ECx, values (95% Cl).
®\/alues represent EC, values (95% Cl).

wild-type and AF4AL/AJ2RS™" strains were the most resistant with mean ECs values of
0.87 and 0.68 mM, respectively, which were not significantly different (P>0.05). The
Al4L strain was significantly more sensitive (P<0.05) having an ECs value of 0.19 mM.
However, the AF4L strains, regardless of J2R status, had significant hypersensitivities to
HU with ECsy vaues ~12-17-fold lower than wild-type values (P<0.05). The
AFAL/AJ2RSY30FFAL gtrain was the most hypersensitive to HU with an ECs, value of
0.03 mM, which was even significantly (P<0.05) lower than the other AF4L strains
(Table 4.2).

Collectively, these results suggest that loss of either viral RR subunit results in a
significant reduction in dCTP (and likely other dNTP) pools but deletion of FAL has afar

greater effect. These reduced pools might be due to impaired RR activity as might be
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implied by hypersensitivities to HU. The observation that the AFAL/AJ2R™SY3%FF4- gtrain
was the most sensitive reinforced the idea that F4 subunits might form functional RR
complexes with cellular R1 subunits and that the Y 300F-substituted F4 protein may act
as a dominant negative by inhibiting active complex formation.

I mmunoprecipitation of VAC and human RR subunits. The hypothesis that F4
forms functional complexes with host R1 proteins was supported by previous
biochemical studies by Chimploy and Mathews. These authors found that purified mouse
and VAC RR subunits could form functiona chimeric RR complexes (15). Interestingly,
an F4-mouse R1 complex was more active than F4-14, mouse R2-mouse R1, or mouse
R2-14 complexes (15). Immunoprecipitations were performed in wild-type VAC-infected
Hel a cells using antibodies against endogenous HR1, HR2 or Hp53R2 RR subunits in
order to investigate the possibility of complex formation between F4 and cellular RR
proteins. Interestingly, F4 was co-immunoprecipitated in each of these cases but not with
control antibodies (Figure 4.6A). These results suggest that F4 physically interacts with
endogenous levels of al three of the human RR subunits. Interaction of F4 with small
subunits, while unexpected, may not be that surprising given that small subunits interact
with eachother and then bind to homodimers of R1 (59). These experiments were
repeated in Al4L strains with similar results (Figure 4.6B) suggesting that the presence or
absence of 14 does not significantly affect F4 interaction with human RR proteins. We
thought these interactions may be in part due to enhanced cellular RR subunit expression
during infection. However, we were unable to observe induction of cellular RR

expression by 24 h post-infection (see Appendix Figure A.5).
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To further confirm the immunoprecipitation results, VAC strains expressing either
Flag-tagged HR1 (AJ2R7%"RY) or Flag-tagged 14 (Al4L/AJ2R™'*Y) were constructed and
used in new immunoprecipitation experiments. Immunoprecipitation with anti-Flag
antibodies confirmed the interaction of HR1 and 14 with F4 as well as with HR2 and
Hp53R2 (Figure 4.7A). We typically observed weaker bands in immunoprecipitations of
Flag-tagged HR1 compared to Flag-tagged 14 despite similar amounts of these two
proteins being immunoprecipitated (Figure 4.7A). This result was likely due to
competition between the Flag-tagged HR1 protein and endogenous HR1, whereas Flag-
tagged 14 is expressed in the Al4L background and thus does not have to compete for
binding to R2 proteins with endogenous 14.

Our results thus far suggested that the Y300F F4 substitution produced a
dominant negative phenotype that was independent of the presence of 14 (Figure 4.4).
We therefore wanted to determine if the Y 300F-substituted F4 protein could interact with
HR1, which might explain the dominant negative phenotype. To this end we infected
HelL a cells with AF4L/AJ2RSY3OFFAL or AFAL/AJ2R™YS™ (as a control) strains and tested
for co-immunoprecipitation of these Histagged proteins after immunoprecipitation of
HR1. As shown in Figure 4.7B, both wild-type and Y 300F-substituted proteins
immunoprecipitated with HR1. Therefore, the Y300F substitution did not impede R1
interaction. We also performed reciprocal immunoprecipitation experiments and these

confirmed interaction between F4 proteins and HR1 (see Appendix Figure A.6).
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Figure 4.7. Interaction of recombinant poxvirus RR proteins with HR1. (A) Recombinant
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shown. LC, light chain.
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Our observations that other Chordopoxvirus R2 proteins could rescue the
replication defect of VAC AF4L strains (Figure 4.4) prompted us to determine if these
proteins could also interact with HR1. When HR1 was immunoprecipitated from HelLa
extracts in which these His-tagged Chordopoxvirus R2 proteins were expressed, ECTV,
MY XV, and SFV R2 proteins al co-immunoprecipitated with HR1 (Figure 4.7B).
Although there appears to be different efficiencies at which the various R2 proteins co-
immunoprecipitated with HR1, Western blots of lysates revealed that this was likely due
to differences in expression levels of the various R2 proteins (Figure 4.7B). These results
confirm that human and poxviral RR subunits interact within infected cells.

Requirement of C-terminal residues of F4 for interaction with HRI1.
Numerous structural and peptide-inhibition studies of class | RR proteins have identified
a C-termina peptide (boxed in Figure 4.1) in R2 subunits as critical for interaction with
R1 proteins (17, 31, 54, 63, 89, 90). We speculated that the rescue of the AF4L
replication defect by the AFAL/AJ2R™S™" strain was dependent on interaction of F4 with
HRL1 proteins. Therefore, atruncation mutant lacking the C-terminal seven residues in F4
[representing the putative R1-binding domain (R1BD)] would not be expected to restore
the AF4L strain to a wild-type phenotype. To test this hypothesis, we generated a VAC
strain encoding a His-tagged F4 protein that lacked the R1IBD (AF4L/AJ2RHIST4-ARIED)
We aso generated an RI1BD mutant that encodes the Y300F substitution
(AFAL/AJ2RHISY300FFALARIBDY 4 determine if the dominant negative phenotype might be
relieved if R1 binding was impaired. As shown in Figure 4.8A, Histagged F4 co-

immunoprecipitated with HR1 in HeLa cell extracts but there was a clear reduction
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Figure 4.8. C-terminally-truncated F4 proteins are impaired in their interaction with HR1.
(A) Hel a cells were infected with the indicated strains at a MOI of 10 for 8 h and then protein extracts
were subjected to immunoprecipitation (1P) with anti-HR1 antibodies or control serum (indicated by “*”).
Western blots (WB) of 1P material and total lysates are shown. LC, light chain. (B) BSC-40 monolayersin
60-mm-diameter plates were infected with ~100 PFU of the indicated strains and stained 48 h post-
infection with crystal violet. Scatter plots illustrating independent (n=20) as well as mean (horizontal bar)
plaque area measurements in arbitrary units (AU) are shown for the indicated strains. Open circles indicate

that the mean plaque area was statistically significant (P<0.05) from wild-type virus based on a one-way

ANOVA dtatistical test.
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(by ~90%) in co-immunoprecipitation of F4 proteins lacking the R1BD despite
comparable levels of these two forms of F4 in lysates and immunopreci pitates.

We then performed plague area measurements to determine if the lack of the
R1BD would alter VAC plague sizes. As shown in Figure 4.8B, the AFAL/AJ2RS™ and
AFAL/AJ2RSY3%FFAL trains exhibited rescue and dominant negative effects, respectively
when compared to AF4L phenotypes and these plaque size differences were significant
(P<0.05). However, the plague sizes of AFAL/AJ2RIIST4ARIBD  gng
AFAL/AJ2RSY30OFFALARIBD. gt ains were not significantly different from the AFAL strain
plague sizes (P>0.05) suggesting that the R1BD was critical for the rescue or dominant
negative effects observed with strains encoding an intact R1BD. We also confirmed that
inactivation of J2R alone had no significant effect on plague sizes (Figure 4.8B).

Localization of VAC and human RR subunits during infection. In uninfected
cells, mammalian RR subunits show an exclusively cytoplasmic distribution (28, 29, 66).
Therefore, immunofluorescence studies were conducted in Hel a cells to determine the
localization of human and VAC RR subunits during infection. In some cases, cells were
mock-infected or infected with wild-type VAC and then stained with antibodies directed
against endogenous cellular RR subunits (Figure 4.9A). Co-infections with recombinant
viruses expressing His-tagged R2 or Flag-tagged R1 proteins were also used to confirm
the locations of cellular and vira subunits (Figure 4.9B). In all cases, both cellular and
vird RR subunits exhibited a predominantly cytoplasmic localization. There was
evidence of overlap in staining for viral and cellular RR subunits in many cases

suggesting at least some co-localization of these subunits during infection.
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Figure 4.9. Human and viral RR proteins are localized to the cytoplasm during infection
with VAC. (A) HelLa cells were mock-infected (mock) or infected with wild-type VAC (VAC) at an MOI
of 5 for 10 h after which coverdips were fixed and stained with antibodies against endogenous human R1
(HR1), R2 (HR2), or p53R2. (B) HelLa cells were co-infected with the indicated strains (MOI of 5 for each
virus) for 10 h after which coverdips were fixed and stained with antibodies recognizing Flag or Hisg (His)
epitopes. Arrows indicate positions of cytoplasmic viral DNA. DIC, differential interference contrast.

Images taken by B. Gowrishankar.
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Replication of VAC RR mutant strains in pancreatic cancer cell lines. If the
defect in replication of the AFAL strains was due to reduced total RR activity in infected
cells (and hence lower dNTP pools) then the growth of these mutant strains might be
enhanced in cell lines over-expressing cellular RR subunits. Furthermore, we
hypothesized that the replication of the AFAL strains would be severely inhibited in cells
that have low levels of cellular RR subunits. PANC-1 and CAPAN-2 cells are pancreatic
cancer cell lines that have been previously reported to have high and low levels,
respectively, of RR subunit expression and RR activity (22, 23). In order to confirm the
difference in cellular RR expression between these two cell lines and to ensure that this
was aso true of infected cultures, we prepared lysates from mock- or wild-type-infected
cultures of PANC-1 and CAPAN-2 cells for western blotting. The results clearly show
reduced expression of HR1, HR2, and Hp53R2 in CAPAN-2 cells relative to PANC-1
cells in both mock- and VAC-infected cultures (Figure 4.10A). We then seeded
approximately equal numbers of PANC-1 and CAPAN-2 cells into culture dishes and
infected them with wild-type and the various RR mutant strains at alow MOI (0.03). The
total titers for each of these infections at 48 or 72 h post-infection are plotted in Figure
4.10B. All strains clearly replicated more efficiently in PANC-1 cells compared to
CAPAN-2 cells. Division of the mean titers obtained in PANC-1 cells by those obtained
in CAPAN-2 cultures for each virus gave an estimate of the fold difference in replication
efficiencies for each strain in these cells (Figure 4.10C). After 48 h of infection the wild-
type, Al4L, and AFAL/AJ2R™M™ strains had titers that were 6-to-8-fold higher in PANC-
1 cellsthan in CAPAN-2 cells. However, AF4L strains exhibited greater enhancement of

replication, with 18-to-30 fold increases in viral titersin PANC-1 cells.
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Figure 4.10. Correlation of cellular RR expression and VAC replication in two human
cancer cell lines. (A) Western blot analysis of viral and cellular RR subunit expression of protein extracts
made from mock-infected and wild-type-infected (MOI of 5) PANC-1 and CAPAN-2 cells at the indicated
times post-infection. (B) Mean virus yields (+SE) after 48 or 72 h of infection (MOI of 0.03) of PANC-1
“P" or Capan-2 “C” cells with the indicated strains. (C) Re-plotting of the datain (B) to show the relative

difference in mean replication efficiencies between the two cell lines for the indicated strains.
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The strain expressing the Y 300F-substituted F4 protein clearly benefited the most from
replication in PANC-1 cells with a 113-fold increase in titers in PANC-1 cells compared
to CAPAN-2 cels. In fact, titering of input inocula suggested that the
AFAL/AJ2RMSY3%OFFAL otrain did not productively replicate in CAPAN-2 cells. Results at
72 h post-infection had similar trends (Figure 4.10C). These data suggested that the
replication defect of AF4AL strains were at least partialy rescued in PANC-1 cells. For
example, the AF4L, and Al4L/AF4L, and AF4L/AJ2R strains had only ~3-6-fold lower
titers than wild-type virus in PANC-1 infections while these same strains had 13-15-fold
lower titers than wild-type in CAPAN-2 cells (Figure 4.10A). The AI4L/AF4AL/AJZR
strain replicated more poorly than other AF4L strains as we observed in HelLa cells
(Figure 4.3C), with ~16-fold lower titers than wild-type in PANC-1 cells, suggesting that
in the absence of F4 and J2, 14 may provide an important contribution to viral replication.
Collectively, these results suggested that the replication defects of the AF4L and
AFAL/AJ2RHISY30FFAL otrains can at least be partialy rescued in human cancer cell lines
over-expressing cellular RR subunits. However, direct evidence for the linkage between
cellular RR levels and mutant rescue requires further studies.

Contribution of VAC RR subunits to pathogenesis. We extended our study to
an animal model to determine if the apparent differential requirement for VAC RR
subunits for replication in culture would be recapitulated in vivo. To this end, we
intranasally-infected groups of five NMRI mice with equal doses of wild-type, Al4L,
AFA4L, or Al4L/AFA4L strains and tracked the changes in body weight over 24 days. The
wild-type and Al4L strains exhibited a similar degree of virulence, causing the death of

5/5 and 4/5 animals, respectively, within seven days of infection. In contrast both AF4L
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and Al4L/AF4L strains were highly attenuated, with all animals displaying little to no
signs of disease and surviving the infections (Figure 4.11A). There were small, transient
drops in body weight for animals infected with the AF4L strain around days 5 and 7,
otherwise these animals, and those infected with the AI4L/AFA4L strain, showed no
obvious signs of morbidity when compared to the mock-infected control group (Figure
4.11A). To provide a more quantitative measurement of the pathogenic nature of these

infections we isolated lung tissues from mice infected with the aforementioned strains on
day 5 post-infection. Wild-type and Al4L strains clearly had a replication advantage over
AF4L and Al4L/AFAL with lung titers approximately 4 logs higher than the latter two

strains (Figure 4.11B). These results suggest that the VAC RR subunits are differentially

required for virulence in mice.
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Figure 4.11. Differential requirement of VAC RR subunitsfor pathogenesis. (A) Groups of 5
NMRI mice were intranasally inoculated with 40,000 PFU of the indicated strains or mock-infected.
Symbols represent mean percentage body weight change of each group of mice (or surviving members)
over the indicated times post-infection. Days when mice died or were euthanized due to weight loss of
more than 30% initial body weight are indicated by “t”. All mice inoculated with wild-type and 4
inoculated with the Al4L virus died by day 7 whereas all mice infected with AF4L or Al4L/AIAL strains
survived the time course of the study. (B) Scatter plot showing lung virus titers from individual mice with
means (horizontal bars) for each group. Mice infected in parallel with studies in (A) were euthanized 5
days post-infection and lung titers were determined as described in Materials and Methods. Data provided

by G. Andrei.
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4.4 DISCUSSION

The development and maintenance of a suitable supply of dNTPs for genome
replication and repair is a challenging feat for all mammalian DNA viruses. Upon entry
into their hosts, they are surrounded by tissues consisting of cells that are predominantly
in aterminally-differentiated and quiescent state (50). The S-phase-specific nature of host
R2 expression leaves quiescent cells with only p53R2-R1 complexes to maintain a low
[~2-3% the level of cycling cells (65)] level of RR activity to provide dNTPs for DNA
repair and mitochondrial genome synthesis (5, 45, 83). Since ribonucleotide reduction is
the rate-limiting step in mammalian dNTP biogenesis (26), low RR activity may pose a
barrier to productive infection. Therefore, DNA viruses must replicate only in cycling
cells, induce host RR activity upon infection, and/or encode their own RR enzymes (50).
Large DNA viruses such as herpes-, irido-, asfra- and poxviruses have often evolved the
last strategy to deal with this problem.

It is clear that virally-encoded RR proteins are important to herpesvirus
replication as inactivation of viral RR genes can lead to replication defects in vitro and in
animals (9, 19, 37, 43). Furthermore, inhibiting complex formation by herpes simplex
virus (HSV) R1 and R2 proteins with a C-terminal R2 peptide mimic has been shown to
inhibit replication in cell culture (18, 21, 58). Interestingly, B-herpesviruses, such as
murine and human cytomegaloviruses (CMV), only encode an R1 gene (50). Early
studies postulated that these R1 subunits may form functional complexes with host R2
proteins but no evidence for these interactions could be found (51). In addition,
bioinformatic analyses revedled substitutions at key catalytic residues in these R1
subunits and biochemical experiments found these R1 proteins to be non-functional in
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RR activity assays (51, 62, 82). Recent evidence suggests that B-herpesviruses may
induce host RR protein expression, possibly explaining why viral RR function was not
conserved (51, 52). The conservation of B-herpesvirus R1 genes, and their requirement
for virulence (51), may be due to alternative roles these proteins play during infection,
such as inhibiting apoptosis (7).

The increasing availability of viral genome sequences has revealed that the
differential conservation of viral RR genes is actually a widespread phenomenon among
eukaryotic DNA viruses. For example, iridoviruses belonging to the Megalocytivirus
genus only encode an R2 subunit while all other iridovirus genera members encode both
RR subunits (95). Furthermore, certain members of the Phycodnaviridae and Ascoviridae
families also only encode R2 subunits (55). Bacteriophages belonging to the Sphoviridae
and Myoviridae only encode an R2 subunit, suggesting that even prokaryotic viruses have
biased conservation of RR subunit genes (55).

Perhaps the most biased conservation of RR genes is found in poxviruses with a
clear conservation of R2 over R1 (Table 4.1). Even Orthopoxviruses, which encode both
R1 and R2 genes, have recently been shown to contain a member that encodes a
fragmented R1 gene (87). Our laboratory’s sequencing of Leporipoxvirus genomes ten
years ago led us to speculate that Leporipoxvirus R2 subunits may interact with host RR
subunits. Leporipoxvirus R1 genes were not identified and their R2 subunits typically
share 70% or more amino acid identity with mammalian R2 proteins (8, 94). Subsequent
biochemical studies of VAC F4 and 14 by Chimploy and Mathews (15) found that mixing
purified F4 and 14 with mouse R1 and R2 proteins, respectively, resulted in functional,

chimeric RR enzymes. Although the 14-mouse R2 hybrids were ~5-fold less active than
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|4-F4 and mouse R1-mouse R2 complexes, F4-mouse R1 hybrid complexes produced RR
activities ~1.5- and 2-fold higher than either parental complex (15). These observations
may explain why Child et al. reported their Al4L strain to exhibit no observable
replication defect in culture and only a small (~10-fold) increase in LDsy for mice
compared to wild-type VAC (14). However, in an attempt to develop new vaccine strains,
Lee et al. generated an FA4L insertional inactivation mutant and reported significant
increases of ~1000-fold in the LDsy of this mutant in a similar mouse model used by
Child et al. with their Al4L strain (14). Collectively, these bioinformatic, biochemical,
and molecular genetic studies all suggested that poxviral R2 subunits (and the complexes
they form) might contribute more to viral replication than R1 subunits.

We tested this hypothesis by generating a panel of VAC RR mutant strains and
anayzing their plague, growth, and pathogenic properties. Our results clearly show a
significant defect of AF4L strains in al of these properties when compared to Al4L
strains that were generated using the same selection strategy (Figures 4.3 and 4.11),
disfavoring possible marker effects. Combining F4 and 14 deficiencies did not result in a
synergistic or additive effect on replication inhibition, suggesting that the phenotype is
dominated by the integrity of the FAL locus. Even inactivation of VAC TK, a contributor
to dTTP pool generation, in the AF4L background did not further impede replication
(Figure 4.3), suggesting that either the salvage pathway for dTTP production is either not
required for VAC replication in culture or is sufficiently complemented by host TK
enzymes. This result allowed us to determine if re-introduction of His-tagged R2 proteins
into the J2R locus could rescue the phenotype of AFAL strains. Re-introduction of VAC

F4 rescued the AF4L small plague phenotype as did other Orthopoxvirus or
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Leporipoxvirus R2 proteins (Figure 4.4). Surprisingly, Hp53R2 failed to rescue this
phenotype (Figure 4.4). Why Hp53R2 might fail to rescue this phenotype is unclear.
p53R2-R1 complexes have been found to exhibit only 40-60% the activity of R2-R1
complexes in both human and murine systems (34). This reduced activity might not meet
the threshold for RR activity required for efficient viral replication. Secondly, recent
evidence has suggested that significant fractions of Hp53R2 proteins are bound by p53
and p21 protein in inactive complexes in the cytosol that lack HR1, and are only rel eased
from these complexes after appropriate signaling pathways have been activated (99, 100).
Therefore, overexpression of Hp53R2 from the vira genome may not produce a
sufficient amount of “free” Hp53R2 that would be available for R1 complex formation.
Finally, arecent report has identified Hp53R2 as an inhibitor of MEK 2, a kinase involved
in the activation of the Ras-Raf-MAPK signaling pathway (64). This inhibition could be
detrimental for VAC as activation of the MAPK pathway is required for replication (1).
These possibilities are currently being addressed. Although our results suggest that the
defect of the AF4L strain is at the step of DNA replication (Figure 4.5), which would be
consistent with defective dNTP biogenesis, it is also possible that a specific function
unrelated to RR activity exists for poxvirus R2 proteins that is not shared with cellular R2
proteins.

A surprising finding of our study was the apparent dominant negative effect of the
Y 300F-substituted F4 protein (Figure 4.3). The extremely small plaque phenotype and
lack of productive replication in Hela cells by the Y 300F-encoding strain (Figure 4.3)
suggested that VAC F4 proteins might normally interact with host RR proteins and that

this mutant protein was competing with functional RR subunits for complex formation.
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Support for this idea was strengthened when we noticed that the replication defect of the
Y 300F-encoding strain was independent of the presence of 14 (Figure 4.4). Subsequent
immunoprecipitation experiments found that F4 interacted with endogenous levels of
cellular RR subunits (Figure 4.6A) and that this interaction was independent of the
presence of 14 (Figure 4.6B). Interestingly, we found that other Chordopoxvirus R2
proteins co-immunoprecipitated with HR1 as well (Figure 4.7B). It would be interesting
to determine if these other Chorodopoxvirus R2 proteins may interact more strongly with
R1 proteins of their natural hosts (i.e. mouse for ECTV and rabbits and hares for MY XV
and SFV). Given that mouse and human RR proteins are >90% identical, altered affinities
of ECTV for mouse and human RR proteins may be minimal. However, the possibility
exists that adaptive sequence changes have occurred in other poxviral R2 proteins.
Sequencing of poxvirus host RR genes may provide more insight into this possibility.

We hypothesized that the ability of Orthopoxvirus R2 proteins to interact with
HR1 was through highly conserved C-terminal residues between poxvirus and
mammalian R2 subunits (Figure 4.1). Evidence for the involvement of the C-termind
seven residues of R2 proteins in R1 binding comes from studies using oligopeptide
mimics of R2 C-termina sequences to inhibit R1 binding and/or RR activity (17, 31, 54,
63, 89, 90). The minimal peptide sequence needed for inhibition of mammalian RR
activity is the seven C-terminal R2 residues: ‘FTLDADF" (31). Analysis of the effects of
single amino acid substitutions on RR inhibition showed that whereas substitutions at
positions 1, 5, and 7 often ablated inhibitory activities, substitutions at other positions had
relatively minor effects (31). Interestingly, the peptide FSLDADF, which differs from

VAC F4 only by the underlined alanine (valine in F4) had inhibition efficiency reduced
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by only 4-fold compared to the FTLDADF “parent” peptide (31). The large differences
between C-terminal sequences of HSV R2 (YAGAVVNDL) and mammalian R2 subunits
likely explains why no evidence could be found for interaction of HSV RR proteins with
host subunits (32) and why peptide mimics of the HSV R2 C-terminus selectively inhibit
vira replication (21). Previous studies have used the F4 heptapeptide, FSLDVDF, to
generate an affinity column for 14 purification in bacteria (75). Therefore, we thought that
F4 likely interacted with mammalian R1 proteins in a similar manner as cellular R2
subunits. Indeed, interaction of F4 proteins lacking the putative R1BD with HR1 was
clearly impaired (Figure 4.8A). Strains expressing these truncated proteins were unable to
rescue the small plague phenotype of the AF4L mutant (Figure 4.8B). Furthermore,
strains carrying the Y 300F substitution along with the R1BD deletion did not present
with a significantly smaller plague size than the AF4L strain, indicating that the R1BD
was required for the dominant negative phenotype (Figure 4.8B).

Collectively, our results show that VAC F4 proteins (and likely other poxvirus R2
proteins) are required for efficient viral replication in culture as well as for pathogenesis
(Figure 4.11). Expectedly, this requirement is at the level of DNA replication. While our
studies of CDV and HU sensitivities (Table 4.2) suggest a defect in RR activity and
subsequent dNTP pool biogenesis as the underlying cause for the defect of AF4L strains,
it is possible that these are only indirect consequences of inactivation of FAL and other
functions of F4 are required for replication. However, the dominant negative phenotype
of the Y300F-encoding strains in the presence or absence of 14 (Figure 4.4), the

requirement of the R1BD to produce this phenotype and interact with HR1, and the
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significant co-localization observed with viral and cellular RR subunits in infected cells
(Figure 4.9) dl argue against this possibility.

Our studies with PANC-1 and CAPAN-2 pancreatic cancer cell lines suggest that
the AF4L strain might act as a selective oncol ytic agent (Figure 4.10). Direct evidence for
the involvement of host RR proteins in the rescue effect observed with AFAL strains in
PANC-1 cells is still needed. However, the larger increases in replication efficiencies in
PANC-1 cells for the AF4L and Y 300F F4-expressing strains compared to wild-type and
Al4L strains (Figure 4.10C), and the extreme differences in RR expression (Figure
4.10A) and documented RR activities of these two cell lines (22), build a strong
circumstantial case for the dependence of these FAL mutant strains on host RR activity.

A wide variety of human cancers exhibit elevated RR expression, suggesting that
AFAL strains may be useful in the treatment of a broad range of human tumors. Prolonged
treatment of patients with RR inhibitors can lead to drug resistance often a result of HR2
gene amplification and subsequent over-expression of HR2 (69, 79, 97). Therefore, AFAL
strains could form a logical component of combined therapy whereby patients are first
treated with RR inhibitors followed by treatment with AF4L virus to target any remaining
drug-resistant tumor tissue. Importantly, several other poxviruses that only encode an R2
subunit including Leporipoxviruses [e.g. myxoma virus; (80, 96)] and Y atapoxviruses
[e.g. Yaba-like disease virus; (42)]. also infect human cancer cells. Our results suggest
that deletion of the R2 gene in these poxviruses may further enhance the selectivity of

these oncol ytic agents.
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CHAPTER 5- DISCUSSION AND FUTURE DIRECTIONS

51  ANPs: mechanisms of action and resistance

The increasing prevalence of zoonotic poxvirus infections, the potential use of
poxviruses in bioterrorism, and the lack of approved compounds for treatment of poxviral
diseases has prompted recent efforts to develop anti-poxvirus compounds. We became
involved in this area of research after entering into a collaboration with Dr. G. Andreli
(Rega Institute for Medical Research). Dr. Andrei was studying a group of ANP
compounds thought to target an enzyme of interest to us, the viral DNA polymerase. The
prototypic ANP compound, CDV, had been shown to exhibit potent, broad-spectrum
effects on a number of DNA viruses, including poxviruses. However, the mechanism of
ANP action on poxviruses was ill-defined. If ANPs were to be used for clinical treatment
regimens, an understanding of poxvirus resistance would be needed.

Earlier work by Wendy Magee demonstrated a strong inhibitory effect of CDV
molecules on VAC E9 5°-t0-3” and 3’-to-5’ exonuclease activities when incorporated into
the primer strand. Her later work showed that CDV has an even more pronounced effect
when in the template strand by blocking translesion synthesis by E9 over templated drug
molecules. These effects might explain the inhibition of VAC DNA replication in the
presence of CDV.

A recent report by Jesus et al. suggested that CDV may also inhibit VAC genome
encapsidation and morphogenesis (40). These authors found that viral DNA in CDV-
treated cells had unusual aggregates and strand entanglements, suggesting an altered
DNA structure and these DNAs failed to be packaged into virions (40). The authors

suggested that incorporation of CDV molecules into the genome might cause these
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distortions in DNA structure that ultimately precludes these molecules from being
packaged (40). Preliminary NMR studies on the effects of CDV on oligonucleotide
structure have suggested that CDV molecules can distort hydrogen bonding between
bases on either side of the drug incorporation site (W. Magee, pers. comm.), supporting
the idea of CDV-induced alterations in DNA structure. Another ANP, tenofovir, has been
reported to distort primer structure, suggesting that this phenomenon may be common to
ANPs (91). These results suggest that the effect of ANPs on the viral life cycle may be
more pleiotropic than originally thought.

Therefore, VAC strains resistant to CDV (and other ANPs) would need to avoid
incorporation of the active metabolites (e.g. CDVpp) into the primer strand during
synthesis, remove the incorporated drug residues from the primer terminus, and/or
increase the efficiency of translesion synthesis over templates containing drugs. We
suspect that the CDV® and HPMPDAPF strains we isolated use one or more of these
mechanisms to confer ANP resistance.

The CDV resistance-associated A314T and A684V substitutions likely have
differential mechanisms of conferring resistance because they occur in different E9
domains (i.e. exonuclease and polymerase), show strikingly different sensitivities to PAA
when singly-incorporated into VAC strains, and have synergistic effects on CDV
resistance (Chapter 2). Our results provide strong evidence that the A314T substitution
alters the ability of E9 to remove CDV residues from primer strands (Chapter 3). Since
our initial characterization of CDV® VAC strains, two independent reports have
identified A314V substitutions in other CDV® VAC strains and it was shown that this

substitution conferred CDV resistance to a level comparable to the A314T change (5, 47).
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However, in contrast to the A314T substitution, the A314V change conferred a
replication defect in culture, suggesting differences in replication efficiency between
these strains (5).

Other exonuclease domain substitutions (e.g. H296Y, H319N, S338F) were also
identified in these other studies of CDV® VAC strains (5, 47). Like the A314 site
changes, many would fall on (H296, A314, H319) or near (S338) a highly conserved -
hairpin found in other B-family DNA polymerases. The B-hairpin structure is suspected
to be involved in primer-template strand separation and “active site switching,” whereby
the enzyme switches between polymerase and exonuclease activities [reviewed in (66,
67)]. Genetic and biochemical studies with T4 and RB69 phage polymerases have shown
that substitutions in the B-hairpin can lead to altered mutation frequencies and impaired
abilities of these polymerases to form exonuclease complexes (27, 50, 84, 85).
Furthermore, structural studies have suggested that in the editing complex, the B-hairpin
makes interactions with the 5’-terminal base in the template strand and the penultimate
residue in the primer strand (76). CDV inhibits E9 activity when in the penultimate
position, therefore, the A314T substitution may alter the B-hairpin’s interaction with
primer-template strands containing CDV in this position, which would ultimately allow
for strand separation and excision of the drug residue. Other hairpin substitutions in
CDVR® VAC strains may cause similar alterations in exonuclease complex-forming
abilities.

The A314T substitution may alter other properties of E9. Recent crystallographic
studies of RB69 DNA polymerase suggest that the B-hairpin may form close contacts

with the template strand when DNA is in the polymerase active site as well (36).
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Biochemical studies with RB69 polymerases containing a deletion in the B-hairpin loop
found these enzymes to more stably incorporate a dNTP opposite an abasic site in the
template strand (35). These observations suggest that the B-hairpin also affects the
efficiency of nucleotide incorporation opposite DNA lesions in template. Therefore, the
A314T substitution may also affect translesion synthesis over CDV molecules in the
template strand.

The A684V and T688A substitutions may affect drug residue recognition by E9
due to the presumptive location of these residues near the nucleotide-binding pocket of
the enzyme (Figure 2.11A) and the mutator phenotype caused by the A684V substitution.
Studies with RB69 polymerase have shown that a T-to-A amino acid substitution at a
homologous site to VAC T688 alters nucleotide recognition by the polymerase,
presumably by interfering with a conserved tyrosine residue that forms the bottom of the
dNTP-binding pocket (101). Both A684 and T688 represent highly conserved residues
among B-family members in a region where other drug-resistance phenotypes have been
mapped to in other viral polymerases (31). These observations suggest that this region
plays an important role in the structure or functioning of the enzyme. We observed
reduced replication of the A314T+T688A strain in culture, and hypersensitivity to PAA.
In contrast, the A314T+A684V strain replicated as well as wild-type in culture, and was
not hypersensitive to PAA. These results indicate that while in similar locations of E9,
the effects of A684V and T688A substitutions are not identical.

The S851Y substitution is the most puzzling of the drug resistance-associated
substitutions identified. Originally isolated in HPMPDAP® viruses, this C-terminal

substitution does not lie in a well-conserved region of the polymerase domain (Figure
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2.12). However, this region in HSV-1 DNA polymerase has been shown to be involved in
resistance to ANPs (1). A peculiar feature of the S851Y substitution was that it led to a
biased cross-resistance profile, causing high levels of resistance to purine-containing
ANPs while conferring little-to-no resistance to pyrimidine-containing compounds. The
S851Y substitution also caused a mutator phenotype and hypersensitivity to PAA.
Furthermore, like the A314T substitution, higher levels of resistance to ANPs were
observed when the A684V substitution was also present, suggesting independent
mechanisms by which A684V and S851Y changes confer resistance. Based on structural
modeling with HSV-1 polymerase (Figure 2.12), we speculate that the S851Y
substitution may alter the position of the thumb domain of E9 and change its interaction
with duplex DNA such that template-encoded drug molecules are less inhibitory to
translesion synthesis. This mechanism requires that purine-based analogs present a
significantly different DNA lesion than pyrimidine analogs, given the resistance profile
of strains encoding the S851Y change. Structures of DNASs containing purine- and
pyrimidine-based ANPs will be needed to address this hypothesis.

We found all of our ANPF strains to be highly attenuated in vivo. Attenuation in
murine models has also been noted for CDVF strains of murine CMV (81), HSV (2),
cowpox virus (82), and VAC (5, 47, 82, independent from our work). However, in many
of these studies the original CDV" isolates that were passaged many times in the presence
of CDV were inoculated into mice. Therefore, our studies and those by Becker et al. (5)
and Kornbluth et al. (47) with recombinant viruses (not subject to prolonged passage),
are more relevant in assessing the effects of CDV® mutations on virulence. Although

studies with recombinant CDV® VAC strains clearly demonstrate attenuation in mice
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compared to wild-type VAC, we (Figure 2.8) and others (5, 47) did observe mortalities at
higher doses of CDV® strains. Despite the evidence to suggest that CDV resistance and
reduced pathogenicity are inextricably linked, there are exceptions. For example, CDV®
recombinant adenoviruses are not reduced in their virulence in rabbits, and these
infections cannot be effectively treated with CDV (71). Furthermore, CDV® strains of
cowpox virus, although reduced in virulence, were as lethal to mice as wild-type when
given at ~100-fold higher doses and only prolonged treatment with CDV protected
against mortality (82). Although our studies suggest that CDV® poxviruses are amenable
to treatment with CDV, HPMPDAP, or a 5-azaC derivative of CDV (Figure 2.10), it is
clear that at least in some cases CDVF virus infections may not be responsive to ANP
treatment. Recent studies have shown that nanomolar concentrations of alkoxyalky ester
derivatives of CDV and HPMPDAP can prevent poxvirus replication in culture (93).
Therefore, it is possible that the enhanced potency and bioavailability of these derivatives
might make them effective in treating ANPR strains. While the acute nature of poxvirus
infections may make ANP resistance an infrequent problem, there is a clear need for
developing multiple antiviral compounds, preferably with different mechanisms of
action. Studies with other anti-poxvirus compounds such as the inhibitor of
Orthopoxvirus egress, ST-246, have been encouraging in this endeavour(21, 38, 63).
Future directions. While our studies have been important in understanding the
mechanism(s) of action of ANPs and how resistance to these compounds develops in
VAC, many questions still need to be addressed. For example, why does the A684V E9
substitution cause PAA resistance while the A314T substitution causes PAA

hypersensitivity? Furthermore, we still can only speculate as to how the A684V and
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S851Y substitutions may lead to drug resistance since these proteins have not yet been
purified. In addition, our current understanding of ANP action is based on studies of
CDV and HPMPA, but other ANPs may have different modes of action. Purification and
detailed biochemical characterization of E9 proteins encoding various ANP resistance-
associated substitutions should be pursued. The use of active metabolites of other ANPs
in these biochemical studies will be instrumental in understanding why CDV® and
HPMPDAP® VAC strains are resistant to certain ANPs yet still sensitive to others.
Recent structural studies of DNA duplexes containing ANP compounds will likely
complement these biochemical studies. Ultimately, these investigations will be invaluable
in the design of new and more effective treatment strategies. Finally, these studies might
promote more widespread use of these compounds to explore the contribution of specific
enzymatic properties of viral DNA polymerases to viral life cycles, as we have done with

CDV in our studies of VAC recombination.

5.2  Involvement of E9 in viral replication and recombination

The efficacy of a DSB repair process is dependent on the efficiency and accuracy
of the repair. Previous studies showed that yeast SSA pathways repair a DSB with 29 bp
of homology flanking the break site with a frequency of ~0.2% (86). In contrast, VAC
repairs a DSB with as little as 14 bp of flanking homology with a frequency of 0.8-2.5%
(103). Furthermore, it has been estimated that VAC homologous recombination occurs
with perfect fidelity ~99% of the time (4). Thus, VAC recombination is an efficient and
accurate mechanism for the repair of DSBs yet the details surrounding this repair are

largely unknown.
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The studies presented in chapter 3 were carried out to determine if the 3’-to-5’
exonuclease activity of E9 was playing a role in catalyzing recombination. Earlier studies
had linked DNA replication and E9 to viral recombination (13, 23). Subsequent studies
identified a biased processing of VAC recombination intermediates in a 3’-to-5" direction
(102, 103) and /n vitro studies had suggested that E9 proofreading activity could catalyze
strand-joining reactions (97, 98). However, a direct link between E9 proofreading activity
and recombination in infected cells had yet to be established.

Based on observations that the proofreading activities of DNA polymerases from
other DNA viruses were not essential, we attempted to inactivate E9 proofreading
activity to study its role in recombination. Repeated attempts to isolate VAC strains with
E9 substitutions targeting different residues in the conserved exonuclease domains (I, II,
and I1l) were unsuccessful. Early attempts to rescue viable HSV-1 strains encoding
inactivating substitutions in exonuclease domains I-111 of HSV-1 DNA polymerase also
failed (31). However, subsequent attempts succeeded in generating HSV-1 strains
harbouring exonuclease-inactivating substitutions in domain I11, demonstrating that while
replication fidelity was reduced 300-800-fold, proofreading activity was not essential for
viral replication (39). Alternative strategies may allow us to rescue proofreading-deficient
VAC strains, (e.g. bacterial artificial chromosome-based recombinant construction) (20).
However, herpesviruses may not absolutely require proofreading because they receive
DNA repair activities from host nuclear proteins (15, 19). Furthermore, since some
herpesviruses have specialized exonucleases for generating SSA intermediates (69),

proofreading may serve different purposes in herpes- and poxvirus infections.

253



Our inability to isolate proofreading-deficient VAC strains prompted us to explore
the use of CDV and CDVX strains as tools for examining E9 exonuclease activity in
homologous recombination. We have shown that CDV inhibits recombination of plasmid
substrates and this inhibition is only ameliorated by infections with strains encoding the
A314T E9 substitution. Incorporation of CDV into the 3’ ends of linear recombination
substrates allowed us to address whether these drug residues could block a pre-synaptic
step in SSA-based recombination. The CDVF recombination observed in A314T strain
infections suggested that these viruses efficiently removed CDV residues from the ends
of recombination substrates and this was confirmed by our biochemical studies.

The use of DNA polymerase proofreading to catalyze recombination through SSA
reactions may explain several features of poxvirus biology. First, it explains the tight
linkage observed by others between replication and recombination - the same protein is
central in catalyzing both processes. Secondly, it accounts for the failure of bioinformatic
approaches to identify classic “recombinase” proteins that are characteristic of strand
exchange reactions in poxvirus genomes. Third, it might explain the coincidental
appearance of heteroduplex viral DNA with the onset of both replication and
recombination in poxvirus-infected cells (29). Lastly, it positions a major DNA repair
activity at the replication fork, where it would be most needed during replication,
possibly explaining the high efficiency of these repair reactions. We presented a model to
explain how E9-catalyzed recombination could prime DNA synthesis after replication
fork collapse (Figure 3.12). Although there are mechanistic differences, the use of

recombination to prime or re-start replication is widespread in nature (14, 48), and is
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essential for late-stage T4 replication (58), and so it is not surprising that poxviruses have
also conserved a mechanism for recombination-dependent replication.

It is difficult to determine a prior/if E9 proofreading activity is essential because
of its role in pre-synaptic processing of DSBs or other roles, such as the repair of
mismatched bases. Although DSBs are likely more deleterious to viral replication than
base mismatches, the latter can impede processive DNA replication in the absence of
proofreading (68). Other large DNA viruses with specialized recombination proteins such
as T4 and HSV-1 are still viable in the absence of viral DNA polymerase proofreading
(39, 68) therefore, the essential nature of E9 proofreading activity may be related to its
role in pre-synaptic processing of recombination intermediates.

E9 may also participate in post-synaptic events during homologous recombination
(Figure 5.1). Although many SSA reactions may not require DNA synthesis (88), some
recombinant intermediates may contain small gaps that would require repair synthesis
before DNA ligation. E9 is the only DNA polymerase encoded by VAC, so it likely
provides this gap filling activity (Figure 5.1A). Other SSA intermediates might contain 3’
(Figure 5.1B) or 5’ (Figure 5.1C) flaps that require repair. Recent /n vitro studies by our
laboratory have shown that duplex strand-joining reactions catalyzed by E9 lead to the
production of recombination intermediates containing a mixture of nicks, small (1-5 nt)
gaps, and overhangs (33). Nicked substrates are relatively resistant to further
modification by E9 in contrast, some gapped substrates can be filled in by E9 polymerase
(32). Furthermore, annealed intermediates containing a 10 nt-long 3’ flap are subject to
rapid flap digestion by E9 proofreading, which creates nicked substrates that can be

sealed by DNA ligases (32). Due to the lack of 5°-to-3” exonuclease activity (9), E9
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Figure 5.1. Possible roles of E9 in homologous recombination. Repair of a broken DNA
molecule begins with pre-synaptic processing of a homologous DNA by E9 proofreading activity to expose
complementary sequences (top). After SSA takes place (synapsis) the resulting joint molecules would
contain nicks along with gaps (A), 3’ flaps (B), and/or 5’ flaps (C). In (A) gap repair may be inefficient due
to low affinity of E9 for small gaps. G5 5’-to-3” exonuclease (or another exonuclease activity) may
elongate these gaps to allow for E9 to bind and undergo gap filling followed by ligation by DNA ligase. In
(B) a 3’ flap is processed by E9 proofreading activity to generate a small gap (or nick, not shown) that can
be repaired as in (A). In (C) a 5” flap containing homology to the template strand can undergo SSA after
E9-mediated processing of the primer strand (left pathway). However, non-homologous 5’ flaps could be
removed by G5 flap endonuclease activity (right pathway). Alternatively, intermediates with 5” flaps could
undergo E9-dependent strand displacement synthesis that could promote SSA reactions with

complementary molecules (D). The resulting joint molecules would then undergo post-synaptic repair.
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cannot directly modify 5’ overhangs on recombination intermediates (32). However, if
the 5’ overhang contains complementary sequences to the template strand, E9 can
degrade the primer strand to allow for annealing of the 5’ overhang thereby generating
ligatable products (32). Interestingly, when duplex DNAs contain 5 flaps that have
complementary sequences to the template strand, E9 can use the primer strand for strand-
displacement synthesis reactions similar to those proposed in the Moyer and Graves
model for poxvirus replication (32, 59). The displacement of such 5’ overhangs could
stimulate SSA reactions and promote recombination (Figure 5.1D). Clearly there are
many critical roles that E9 may play during the VAC life cycle.

As noted in chapter 1, VAC G5 has been implicated in VAC DSB repair (75). G5
has not been biochemically characterized, but bioinformatic analyses suggest that it is a
member of the FEN1 family of nucleases that contain enzymes with 5°-to-3’ exonuclease,
and 5’ flap endonuclease activities (51). AG5 VAC strains did not efficiently recombine
the substrates we used in our studies (75), so it is likely that G5 and E9 function in the
same recombination pathway. The putative nuclease activities of G5 could play important
roles in the E9-mediated SSA pathway. The 5’-to-3’ exonuclease activities of FEN1
proteins are typically more active on DNA duplexes containing nicks and gaps than on
perfect duplexes (77). Therefore, gap elongation by G5 putative 5’-to-3” exonuclease
activity on recombination intermediates may create larger gaps that are more easily
accessible to E9 for filling, as we have observed inefficient gap filling by E9 on small
gaps (Figure 5.1A) (32, 33). The putative 5’ flap endonuclease activity of G5 might help
to remove 5 flaps, particularly those containing non-homologous sequences (Figure

5.1C). With the discovery of VAC D5 primase activity, it is tempting to speculate that E9
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and G5 could also be involved in the maturation of Okazaki fragments as has been
proposed for S cerevisiae DNA polymerase 6 and the 5’ flap endonuclease, Rad27 (66).
Further studies are needed to determine if poxvirus genomes actually undergo lagging
strand replication.

Future directions. Most understanding of how E9 catalyzes recombination
comes from /n vitro studies using purified E9 and I3 proteins. Recombination reactions in
infected cells are likely more complicated. /7 vitro studies should be expanded to include
other proteins that might be directly or indirectly involved. For example, the Traktman
laboratory has clearly shown effects of the A20-D4 processivity factor on E9 polymerase
activity (83) however, how A20-D4 may influence E9 strand-joining remains unclear.
This will be important to determine because other processivity factors enhance
proofreading activities in addition to stimulating processive replication presumably by
keeping polymerases associated with DNA (90, 94). Furthermore, our VAC SSA model
suggests that a DNA ligase is required for maturation of recombinant molecules yet, we
do not know the efficiency of such repair in the presence of E9 (or E9-A20-D4)
complexes. Since all of the aforementioned proteins have been purified, including VAC
DNA ligase (A50) (79), it may be possible to assemble more comprehensive strand-
joining assays including E9-A20-D4 complexes along with 13 and A50. If G5 can be
expressed and purified for biochemical analysis, it will also be important for these /n
vitro assays because of its potential post-synaptic repair activities.

While /n vitro assays are invaluable because of the ease by which one can alter
reaction conditions, they will never truly recapitulate the situation in infected cells. The

ability to easily manipulate plasmid substrates has made them important tools for
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studying poxvirus recombination. However, plasmids can differ substantially in size and
structure from poxvirus genomes, so better assays to understand DSB repair reactions in
infected cells at the level of the genome are needed. The introduction of endonuclease
recognition sequences into the genomes of a wide variety of organisms has been
extensively used to study the repair of DSBs at defined loci in genomic DNA (42, 72).
Such methods could be used to introduce targeted DSBs in poxvirus genomes during
replication. Combining these techniques with the use of VAC fs strains or siRNA

technology could provide new insights into the mechanism of viral genome repair.

5.3  Involvement of 13 in viral replication and recombination

Until our studies presented in chapter 3, the presumptive role of I3 in DNA
replication and recombination was based on the reported biochemical properties of 13 /n
vitro (70, 89, 98) and its co-localization with viral DNA during infection (95). Study of I3
has been hampered by its essential nature (70) and the lack of appropriate s strains. We
became interested in studying 13 because earlier /n7 vitro studies had found it to stimulate
E9-catalyzed joint molecule formation (98). We tested whether this effect could be
recapitulated in infected cells. To address the role of 13 in the VAC replication cycle, we
used siRNA technology to knockdown I3 expression. We found that 13 was required for
DNA replication, recombination and viral particle formation in VAC-infected cells. This
result was not surprising given that SSB proteins are known to be involved in many
aspects of DNA replication, recombination and repair (61). However the exact role of 13
in these reactions is still unknown. Binding of SSB proteins can destabilize DNA helix

structure, which aids in processes such as strand displacement synthesis by DNA
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polymerases and in the annealing of complementary ssSDNAs as in SSA reactions.
Furthermore, SSB proteins may also aid in the post-synaptic phase of recombination
reactions by stabilizing displaced ssDNA tails (48). As will be discussed later, 13 may
also be involved in the establishment of a NTP synthetase complex at replication forks
which might provide another mechanism by which 13 modulates replication and
recombination reactions.

Future directions. The role that 13 plays in replication, recombination or repair
needs to be clarified. SSB proteins, aside from their abilities to protect or alter DNA
structure, can recruit replication, recombination, and repair proteins to replication forks or
sites of DNA damage. For example, Replication protein A, a human SSB protein,
interacts with UNG2 (a uracil DNA glycosylase), XPA (a protein involved in nucleotide
excision repair), and Rad52 (a strand-annealing protein essential for all homologous
recombination pathways) (56). Given this range of interacting partners, it is possible that
I3 may also help to organize replication, recombination and repair processes by
recruitment of appropriate proteins. Therefore, studies to identify possible interacting
partners of I3 are required. Preliminary immunoprecipitation studies in our laboratory
have found proteins of ~30-50 kDa that co-immunoprecipitate with 13 from infected cell
lysates, although the identity of these proteins are not yet known (C. Irwin, pers. comm.).
It will be important to determine if these interactions can be separated from 13 DNA-
binding properties. Interestingly, 13 is phosphorylated during infection, which does not
affect 13 binding to ssDNA (70, 89). It is therefore possible that phosphorylation plays a
role in regulating interactions of 13 with other proteins. Mutant I3 proteins that cannot be

phosphorylated should be constructed to test this hypothesis.
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54  Therole of VAC RR in viral replication and recombination

When we obtained evidence for E9-catalyzed recombination, we searched for
factors that might influence reactions in infected cells. VAC I3 was a logical candidate
given the roles of SSB proteins in many facets of DNA metabolism. However, a special
feature of 13 was its reported interaction with the small subunit of the VAC RR, F4 (16).
A number of direct and indirect interactions between the T4 SSB protein and proteins
involved in dNTP biogenesis have been reported. For example, the T4 SSB protein
directly interacts with T4-encoded R2, TMK, and E.coli NDPK proteins (46, 78, 96).
These interactions facilitate interactions with T4-encoded dCTPase/dUTPase, dCMP
deaminase, and E.coli adenylate kinase (45). These observations led to the hypothesis
that T4 phage may use its SSB protein to organize a “dNTP synthetase complex”
whereby dNTPs can be produced at or near replication forks (34, 65, 78). The interaction
between 13 and F4 suggested that VAC might also form a dNTP synthetase complex at
sites of replication.

Differences in the balance between 5’-t0-3” polymerase and 3’-to-5’ exonuclease
activities of DNA polymerases affect replication fidelity (66). However, if DNA
polymerase-encoded proofreading was responsible for catalyzing recombination,
modulators of polymerase and proofreading activities should in turn regulate
recombination rates. Since high dNTP concentrations favour the 5’-to-3’ synthesis
activity of DNA polymerases over their proofreading activity (66), we hypothesized that
dNTP pool concentrations near replication or DSB sites may determine whether E9
replicates or degrades DNA. We found dNTPs to suppress E9-catalyzed joint molecule

formation in a dose-dependent manner /n vitro although there was still significant strand
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joining activity near the estimated physiological concentration of dNTPs in VAC-infected
cells [~45 uM, (80)]. These results suggested that dNTP concentrations in the
physiological range would not inactivate E9 proofreading-catalyzed recombination,
although fluctuations of these pools may modulate the rate of recombinant formation.
Treatment of VAC-infected cells with HU, which is known to significantly lower dNTP
pools (80), led to a dose-dependent increase in recombination. This supported the
hypothesis that depletion of dNTP pools favours E9 proofreading. However, it was
possible that we were simply observing enhanced recombination due to stalled or
collapsed replication forks, which are known to stimulate recombination in other systems
(73). Therefore, we looked for alternative ways to address the presumptive role of dNTPs
in viral recombination regulation.

The reported 13-F4 interaction led us to speculate that inactivation of the FAL
gene might impede the channelling of dNTPs into replication forks and enhance
recombination rates via promotion of E9 proofreading. Furthermore, FAL inactivation
was not predicted to grossly affect DNA replication since previous studies did not find
replication defects in Al4L strains (10, 64) and both 14 and F4 subunits are required for
RR activity. Indeed, our AF4L strain had a hyper-recombinational phenotype which was
consistent with our hypothesis. However, we soon discovered that the AF4L strain also
exhibited a DNA replication defect. These studies suggested that studying the in vivo
effect of ANTP pools on E9-catalyzed recombination may be inherently difficult, likely
because E9 is required for both replication and recombination, which are catalyzed by
competing activities of E9. Nevertheless, they revealed an unexpected phenotype of the

AFA4L strain that might explain the differential conservation of poxviral RR genes.
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We used a panel of RR and TK mutant strains to study the role of VAC RR in
replication and pathogenesis. It was clear that F4 was more important for replication than
14. The AF4L strain had defects in plaque size, replication, and pathogenesis, while the
A /4L strain was virtually indistinguishable from wild-type in these properties. The results
explained the differential conservation of RR subunits in poxviruses, yet the specific
function of viral R2 subunits was still unclear. Biochemical studies found that chimeric
F4-mouse R1 RR complexes were more active than complexes containing strictly viral or
mouse subunits (11). Therefore, we used immunoprecipitations to determine if chimeric
complexes might form during infection. Surprisingly, both 14 and F4 interacted with
human RR subunits and the interaction between F4 and HR1 was highly dependent upon
the seven C-terminal residues in F4. These C-terminal R2 residues are required for proper
interaction of natural R1-R2 complexes (12, 28, 92), suggesting that F4 interacts with
HR1 in a similar manner as in natural RR complexes. While it is unclear how 14 binds
human R2 subunits, these complexes might not even be required for replication when F4
is present. This hypothesis is supported by the finding that 14-mouse R2 complexes
exhibit only 12% the activity of F4-mouse R1 complexes (11). The enhanced sensitivity
of AF4L strains to CDV and HU compared to the A/4L strain strengthens this argument,
and it implies that dNTP pools are lower in AF4L virus-infected cells.

During infection, ~8-fold more F4 subunits than 14 subunits are synthesized (37).
Levels of mammalian R1 are constant during the cell cycle due to its long (15 h) half-life,
while R2 subunits are quickly degraded late in mitosis leading to a much shorter half-life
(3 h) (8, 22). Given the relatively reduced activity of p53R2-R1 complexes (30), it is

possible that production of F4 in excess allows these subunits to form needed complexes
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with both viral and host R1 subunits. Interaction of MYXV and SFV R2 subunits with
HR1 and the phenotypic rescue of AF4L strains by these R2 subunits further suggest that
poxviruses that only encode an R2 subunit form active complexes with host R1 proteins.

Poxviral R2 subunits lack conserved cellular sequences in their N-termini (Figure
4.1), including the KEN box motif required for anaphase promoting complex (APC)-
Cdhl1-dependent degradation of mammalian R2 (8). APC-Cdhl ubiquitin ligase
complexes also target the KEN box of human TK-1, which mediates its degradation in
G1 phase (43). Similarly, APC-Cdh1 and APC-Cdc20 complexes independently target a
KEN and “D-box (RAEL)” sequence in human TMK, which mediate TMK degradation
in late mitosis and early G1, respectively (44). These regulatory sequences appear to be
absent in Orthopoxvirus TK and TMK sequences (3). Therefore, poxvirus nucleotide
metabolism proteins are not likely subjected to the same cell cycle-dependent regulation
as are host proteins which may allow these viruses to initiate replication in cells that are
outside of S-phase. Furthermore, it has been observed that VAC infection promotes entry
of cells into S-phase and in doing so increases transcriptional activation of promoters
responsive to the host transcription factor, E2F-1 (104). E2F-1 is known to activate
transcription of host TS, TK-1, R1, R2, and dUTPase genes (18, 99). Although we did
not observe any consistent changes in host RR expression during VAC infection up to 24
h (Figures 4.10A and A.5), it is possible that VAC infection increases host dNTP-
synthesizing machinery at later times or in different cell types.

While many of the VAC-encoded nucleotide metabolism proteins are not required
for replication in cell culture, they likely serve important roles /7 vivo (7, 10, 17). The

AF4L strain is unique in displaying a prominent replication defect in cell culture. Studies
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by the Mathews laboratory suggest that viral and cellular contributions to RR activity
during wild-type VAC infections elevate ribonucleotide reduction such that it is not rate-
limiting to viral genome synthesis (37). However, in the absence of F4, RR activity may
become rate-limiting to viral DNA replication.

Compared to our understanding of the biochemical pathways of dNTP biogenesis,
little is known about how dNTP pools “channel” through the cell from sites of production
to sites of consumption. In uninfected cells there are two major sources for dNTPs, the
cytoplasm and the matrix of mitochondria (54). The former is by far the larger of the two,
is completely responsible for all de novo production of dNTPs, and is the primary source
for the nuclear and mitochondrial DNA (mtDNA) replication during S-phase (26, 62).
However, mtDNA replication and repair, as well as repair of the nuclear genome, often
occur outside of S-phase (6). Consequently, in resting cells, dNTPs are primarily
produced by enzymes that are not tightly regulated by the cell cycle such as
mitochondria-specific forms of nucleotide metabolism proteins and p53R2, which forms
complexes with R1 proteins outside of S-phase due to the long half-life of the latter
subunit (25, 30, 100). How exactly dNTPs and their precursors are exchanged between
the mitochondria, cytoplasm and nucleus is unknown. However, nuclear pores may allow
passive diffusion of dNTPs from the cytoplasm into the nucleus where they are either
consumed during replication or catabolized (55). Mammalian intra-nuclear dNTP pool
concentrations are ~20% the dNTP concentrations found in the cytoplasm, supporting the
concept of a dNTP gradient (49, 60). In contrast, dNTPs are exchanged actively between
intra-mitochondrial and cytoplasmic pools by transport proteins on mitochondrial

membranes (55, 100).

265



It is not unreasonable to presume that VAC faces many of the same challenges as
mitochondria in acquiring dNTPs for replication. Both mtDNA and VAC DNA are
replicated within membranous structures in the cytoplasm which may impede flow of
DNA precursors from the cytoplasmic pool into sites of DNA replication. Furthermore,
both mitochondria and VAC replicate their DNA outside of S-phase in the absence of the
major dNTP-synthesizing machinery of the cell. Finally, cross-talk between cytoplasmic
and intra-mitochondrial/intra-virosomal dNTP pools is likely critical in establishing
proper pool sizes and compositions to meet the kinetic demands of their respective DNA
replication complexes while maintaining replication fidelity (52, 54).

So how does VAC deal with these challenges? VAC encodes several enzymes
involved in dNTP synthesis that are not regulated by the cell cycle. Although the VAC
nucleotide metabolism machinery is not as comprehensive as that found in mitochondria,
VAC has two features that might eliminate the need for other enzymes. First, VAC
infection leads to the inhibition of nuclear DNA replication, preventing the use of dNTP
pools for host replication (41). Secondly, as mentioned earlier, VAC may induce cell
cycle progression to the S-phase along with transcription of E2F-1-dependent genes
(104), which results in the production of host nucleotide metabolism proteins.

Within 2-3 h of infection, VAC virosomes are completely wrapped in ER-derived
membranes. Membrane wrapping likely facilitates DNA replication as DNA synthesis
peaks upon completion of the wrapping process (74, 87). It is unknown if these
virosomes contain nucleotide transport proteins that allow exchange of DNA precursors
between virosomal and cytoplasmic compartments. A functional nucleotide transport

protein with mitochondrial targeting sequences has been identified in the amoebic
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pathogen, mimivirus. This virus might use the transporter to exploit mitochondrial NTP
pools to support replication (57). No such transport proteins have been identified in
poxviruses, and mitochondrial transport proteins may have limited use on virosomal
membranes due to the presence of mitochondrial targeting sequences. However,
virosomal membranes often contain discontinuities, which may allow for exchange of
molecules, and perhaps dNTPs and their precursors, between the cytoplasm and virosome
(74). Rapid turnover of dNTPs during replication would keep dNTP pools lower in the
virosome than in the cytoplasm, possibly allowing for the establishment of dNTP
gradients (Figure 5.2). Our data implies that F4 (and to a lesser extent 14) would be
central to this model for several reasons explained below.

Our confocal studies suggest that most VAC and cellular RR proteins are
dispersed throughout the cytoplasm with no specific localization to virosomes (Figure
4.9). Also, previous reports have suggested that only ~5% of total intracellular F4 protein
IS virosome-associated (16). Therefore, most RR activity would take place outside of the
viral factories, contributing to the establishment of dNTP gradients. However, this
finding appears to conflict with our model of dNTP synthetase complex-mediated
regulation of recombination (Figure 3.12), because it suggests that most F4 would be
unavailable to interact with 13 in virosomes (95). However, if the small amount of F4
protein in virosomes is able to interact with R1 proteins and I3 at replication forks, then
these RR complexes could have a significant impact on E9 activity. It has been suggested
that the T4 dNTP synthetase complex supplies a small, localized dNTP pool at replication
forks from which T4 DNA polymerase draws dNTPs during replication (53). These

“replication-active” pools are important for maximizing replication fork progression and
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Figure 5.2. Model for dNTP biogenesis and regulation of viral replication. During infection,
RR complexes consisting of viral and/or cellular subunits convert NDPs to dNDPs which are then
converted to dNTPs by host NDPK. F4-HR1 and HR2-HR1 RR complexes likely provide the majority of
RR activity which is indicated by the thicker arrows. Other VAC nucleotide metabolism proteins (e.g. TK,
TMK, dUTPase) along with mitochondrial salvage pathway enzymes also contribute to dNTP pool
production. Concomitant with infection is the shutdown of host DNA synthesis that may reduce the
demand for dNTPs in the nucleus, making them available for viral replication. During later stages of
infection, E2F-1-dependent gene transcription is activated leading to synthesis of host nucleotide
metabolism proteins. The high dNTP (and precursor) concentration in the cytoplasm allows the diffusion of
dNTPs down a gradient through discontinuities in the virosomal membrane into the virosomal space to
provide “bulk” dNTP pools to support basal replication and repair. Formation of a dNTP synthetase
complex by interactions of 13 with F4 (and R1 proteins) allows dNTP production to be coupled with dNTP
consumption at replication forks. Disruptions in this structure by strand breakage can alter local dNTP
concentrations to drive E9 proofreading activity that catalyzes recombinational repair. The NTPase activity
of D5 may also contribute to dNTP breakdown that facilitates E9-mediated repair. The replication fork

model was adapted from an image generated by D. Evans.
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for maintaining replication fidelity (53). Therefore, it is possible that the importance of
F4 in viral replication is two-fold. First, F4-R1 complexes in the cytoplasm establish a
gradient of dNTPs (or dNDPs) that allow the flow of these DNA precursors into the
virosome where they form a “bulk” pool to support basal DNA replication and repair
(Figure 5.2). Second, 13-F4-R1 complexes provide a close coupling of dNTP biogenesis
and consumption at the replication fork to generate replication-active nucleotide pools
(Figures 3.12 and 5.2). The size and nature of these pools act to “fine-tune” E9 activity,
allowing for maximal replication while maintaining synthesis fidelity. Transient
disruptions of the dNTP synthetase structure through DNA strand breakage and spatial
separation of the dNTP source from sink could cause E9 to switch to proofreading. This
switch may be enhanced by D5 NTPase activity (24), which could rapidly turnover
dNTPs at the break site. This would allow E9 to catalyze recombinational repair, leading
to the re-establishment of replication forks and continued DNA synthesis (Figures 5.2
and 3.12).

Future directions. Our current model is highly speculative because the events
required to connect dNTP production to consumption during viral replication are poorly
understood. Over-expression of host RR proteins likely compensates for the loss of F4
expression, but it is also possible that F4-14 and/or F4-HR1 complexes differ in the nature
of the dNTP pools they generate. Studies to measure mutation frequencies and nucleotide
pools in VAC RR mutant strain infections should therefore be pursued.

The reported F4-13 interaction (16) needs to be confirmed. Since the amount of F4
protein interacting with 13 is likely low, studying such interactions will require highly

sensitive detection techniques (e.g. fluorescence resonance energy transfer). If such
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techniques can confirm an interaction, it will be important to construct F4 and I3 mutants
to identify interaction domains to determine how this complex forms. A major
assumption of our model is that interaction of F4 and 13 at the replication fork still allows
for interaction of R1 subunits with F4. Future experiments should determine if R1
proteins and other viral or host nucleotide metabolism proteins are recruited to F4-13

complexes.
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APPENDI X —SUPPORTING METHODSAND DATA

A.1. HPMPA inhibits strand-joining reactions catalyzed by VAC DNA
polymerase. The ability of VAC E9 to catalyze strand-joining reactions in the presence
of substrates containing HPMPA residues was tested. These reactions were carried out
using methods described for the in vitro duplex-joining assays in chapter 3 with minor
modifications. 3 pmol of linearized (with either HindlIl or BamHI to provide 3' ends for
“end-filling”) plasmid (pBluescript) substrate were incubated with 5 ng/uL of VAC DNA
polymerase in a 20 pL reaction mixture containing dNTPs and polymerase reaction
buffer. In some cases, dATP was replaced with HPMPApp, the diphosphoryl derivative
of HPMPA. The reaction mixtures were incubated for 15 min at 37°C and reactions were
stopped by the addition of EDTA. Purified, “end-filled” substrates (300 ng of Hindl1-cut
and BamHI-cut pBluescript DNA) were then used in 20 pL reaction mixtures containing
2.5 ng/uL of wild-type E9 and 25 pg/mL of VAC I3 protein in polymerase reaction
buffer. Reaction mixtures were incubated at 37°C for the indicated times, stopped with
EDTA, and the products were deproteinized. The DNA products were then separated
using a 1% agarose gel. The DNA was stained with ethidium bromide, and the band
intensities were determined using a Gel Logic 200 imager and Kodak 1D software. The
results are shown in Figure A.1. There was a clear delay in strand-joining in the presence
of HPMPA-containing substrates suggesting that HPMPA inhibits joint molecule

formation.
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Figure A.1. Effect of HPMPA incorporation on VAC DNA polymerase-catalyzed for mation
of recombinant moleculesin vitro. (A) Duplex strand-joining reactions catalyzed by wild-type VAC DNA
polymerase. Each reaction mixture contained 2.5 ng/uL VAC DNA polymerase, 25 pg/mL of VAC I3
protein, and 600 ng of pBluescript substrate filled in with dATP or HPMPApp (300 ng cut with BamHI
plus 300 ng cut with Hindlll). The reaction products were sampled at the indicated times, separated by
electrophoresis, and stained with ethidium bromide. The last lane shows DNA recovered from a reaction
mixture incubated at 37°C but lacking VAC DNA polymerase (No pol). (B) Quantitative analysis of the
reaction products shown in panel A. The distribution of the ethidium fluorescence was used to determine

the proportion of DNA migrating as joint molecules.
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A.2. pDGloxPK O™ and pDGloxPK OPF a novel set of knockout vectors for
poxvirus research. We collaborated with Dr. John Bell (University of Ottawa) to
generate novel transfer vectors for the targeted deletion of endogenous loci in poxvirus
genomes. Dr. Bell’s group had found that putting |0xP sites on either side of a selectable
marker gene (i.e. in atransfer vector) could allow removal of this marker by passage of
recombinant viruses in Cre recombinase-expressing U20S cells. We therefore designed
pDGloxPKO vectors [subsequently synthesized by Geneart (Regensburg, Germany)] to
allow replacement of endogenous loci with selectable markers that then could be
removed by Cre recombinase-mediated recombination reactions.

The pDGIloxPKO vectors have two multiple cloning sites (MCS) for cloning of
flanking homology to the targeted site in the poxvirus genome of interest. A yfp-gpt gene
encoding a fusion protein between yellow fluorescent protein (Y FP) and E. coli xanthine-
guanine phosphoribosyltransferase (GPT) is driven by a poxvirus early/late promoter and
is positioned in between flanking loxP sites that are either in the same orientation
(pDGloxP°F) or are inverted relative to each other (pDGloxPNY) (Figure A.2). The
former case allows for Cre recombinase-mediated deletion of the yfp-gpt cassette after 2-
3 rounds of plague purification in Cre-expressing U20S cells. The vector containing
inverted loxP sites serves as a control because passage through Cre-expressing cells
causes inversion, not deletion, of the yfp-gpt cassette. Since the poxvirus promoter
driving the yfp-gpt cassette isinside of the |oxP sites, the inversion event does not prevent
YFP-GPT expression. Therefore, both these vectors provide an initial selection of
recombinant viruses by either visual (Y FP fluorescence) or drug-based methods with the

use of mycophenolic acid.
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Figure A.2. pDGloxPK O vector map. This vector has multiple cloning sites flanking the yfp-gpt
cassette which is under the control of an early/late poxvirus promoter. The loxP sites flanking the promoter-
yfp-gpt cassette are either inverted with respect to each other (pDGloxPKO™Y) or are in the same
orientation (pDGloxPKOP®). The vector can be selected for in bacterial culture with the use of

spectinomycin. The complete sequence of this vector is available from D.Evans upon request.
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A.3. Characterization of recombinant strains generated with pDGloxPKO
vectors. We used the vectors described in A.2 to generate Al4L strains in a variety of
backgrounds using the strategy outlined in Figure A.3A. Use of pDGloxPKO™V- or
pDGloxPK OPF--based vectors for Al4L inactivation generates strains with the promoter-
yfp-gpt cassette inverted or deleted, respectively. Confirmation of inversions in two
pDGloxPK O™V-based strains is shown in Figure A.3B using PCR reactions with primers
having binding sites inside and outside the promoter-yfp-gpt cassette (see Figure A.3A
for approximate binding sites and expected amplicon sizes). After passage in Cre
recombinase-expressing cells, these viruses contain a mixture of inverted and non-
inverted promoter-yfp-gpt cassettes (Figure A.3B). PCR amplifications using primers
flanking the promoter-yfp-gpt cassette (i.e. PA and PD) were used to confirm the deletion
of 14L sequence and insertion and/or deletion of promoter-yfp-gpt cassettes prior to or
after passage in Cre-expressing cells (Figure A.3C). Western blotting was used to
confirm the absence of 14 expression in these strains as well as the presence or absence of
the YFP-GPT fusion protein (Figure A.3D). The results demonstrate that only when
pDGloxPK OPF- vectors are used are the Y FP-GPT cassettes deleted after passagein Cre-

expressing cells.
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Figure A.3. Characterization of recombinant strains generated with pDGlIoxPK O vectors.
(A) Schematic of strategy used to inactive 14L with pDGIoxPKO vectors containing loxP sites in the
opposite or same orientation which leads to either inversion or deletion of the promoter-yfp-gpt cassette,
respectively upon passage in Cre recombinase-expressing cells (Cre-U20S). (B) PCR-based anaysis of
amplicons from Al4L strains generated with pDGloxPKO™Y-based vectors (indicated by “INV”) to
determine the presence of inversions before or after passage in Cre-U20S cells. See (A) for approximate
binding positions of primer pairs used. (C) PCR-based analysis (using PA and PD) of amplicons from Al4L
strains generated with pDGloxPKO™V- or pDGloxPK OP--based vectors (indicated by “INV” or “DEL”,
respectively) to determine the presence or absence of 14L sequence and/or the promoter-yfp-gpt cassette.
Presence of an intact 14L locus produces an ~3.1 kb band while presence of the promoter-yfp-gpt cassette
generates an ~2.1 kb product. Cre-mediated deletion of the promoter-yfp-gpt cassette produces an ~0.8 kb
band. (D) Western blot (WB) analysis of Al4L strains generated with pDGloxPKO™Y- or pDGloxPK OPF--
based vectors (indicated by “INV” or “DEL", respectively) to determine the presence or absence of 14 or
Y FP-GPT proteins. Antibodies against GFP were used to detect the Y FP-GPT fusion protein. Blotting with

antibodiesfor VAC I3 and cellular actin served as loading controls.
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A.4. Growth properties of VAC RR mutant strains in BSC-40 cells. As
described in Materials and Methods of Chapter 4, several RR mutant strains were
constructed some of which used pDGloxPKO™Y or pDGloxPK QP for inactivation of
14L. We compared the replication properties of viruses with the promoter-yfp-gpt cassette
intact (“INV” viruses) after passage through Cre-expressing U20S cells or with the
cassette deleted (“DEL” viruses). We aso included in these growth curves the
predominant Al4L strain used in Chapter 4 that was created with the pZIPPY-NEO/GUS
transfer vector (“pZippy” virus). No differences in replication could be detected in BSC-
40 cells between INV and DEL viruses (Figure A.4A and B). There were also no
noticeable differences between pZippy and pDGlIoxPKO-based Al4L strains (Figure
A.4A). We aso compared the replication kinetics of a AF4L revertant strain (AF4ALREY) to
wild-type and AF4L strain. The revertant strain replicated with kinetics and titers

indistinguishable from wild-type virus (Figure A.4A).
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Figure A.4. Growth properties of selected recombinant strains in BSC-40 cells. Cells were
infected at a MOI of 0.03 for the indicated time points after which cells were harvested and subjected to
three rounds of freeze-thaw followed by subsequent titering on BSC-40 cells. Although the experimentsin
(A) and (B) were done in parallel, they are separated for clarity purposes and thus the wild-type curveisthe
same in both graphs. The superscript labels above certain virus strains refer to whether the 14L locus was
inactivated using pDGloxPKO™Y (INV)- or pDGloxPK OPF- (DEL)- or pZIPPY -NEO/GUS (pZippy)-based
vectors. A superscript “REV” refers to arevertant of the AF4L strain. All pDGIloxPKO-based viruses went
through a final, three round plaque purification procedure in Cre recombinase-expressing U20S cells.
Symbols represent mean titers determined in triplicate and error bars represent SD although some error bars
are approximately the same size of the symbols. See Materials and Methodsin Chapter 4 for further details

on virus construction.
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A.5 Analysis of cellular RR subunit expression in HelL a cells. We infected

Hel a cells with the indicated strains in Figure A.5 to determine if there were differences

in cellular RR subunit expression between infected and mock-infected cells at various

times throughout infection. No obvious differences in expression patterns were observed

between mock, wild-type, revertant or AF4L infections at the time points tested.
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Figure A.5. Expression profile of cellular RR proteins after infection with VAC. Hela cells

were infected with wild-type, AF4AL, or AFALREY (revertant) strains (MOI of 5) or were mock-infected (M1).

Protein extracts were prepared at the indicated times post-infection and equal amounts of protein were

subjected to SDS-PAGE followed by western blotting (WB) for human R1 (HR1), human R2 (HR2), or

human p53R2 (Hp53R2). Blots for cellular actin and VAC |3 protein served as |oading controls.
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A.6. Co-immunopr ecipitation of HR1 and His-tagged F4 proteins. In order to
determine if the reciprocal immunoprecipitation experiment to that shown in Figure 4.7B
could demonstrate interaction between His-tagged F4 proteins, we infected Hel a cells
with the indicated strainsin Figure A.6 and immunoprecipitated with anti-Hiss antibodies
after 8 h of infection. We included in these experiments an infection treatment with the
AJ2RMSHP3R2 gtrain, which expresses a His-tagged form of Hp53R2, to serve as a positive
control for HR1 interaction. Although a small amount of HR1 material was found to co-
immunoprecipitate in control experiments where no His-tagged proteins were expressed
(Figure A.6, first lane), there was significantly more HR1 co-immunoprecipitated from
lysates expressing wild-type or Y 300F-substituted forms of His-tagged F4. These results

suggest that HR1 can co-immunoprecipitate with His-tagged F4 proteins.
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Figure A.6. Co-immunoprecipitation of Histagged F4 with human R1 (HR1). HelLa cells
were infected with the indicated strains (MOI of 10) for 8 h and then protein extracts were subjected to
immunoprecipitation (IP) with anti-His; antibodies. Western blots (WB) of IP material and total lysates are
shown. HC, heavy chain. Note that VAC F4 is ~37 kDa while Hp53R2 (positive control for HR1

interaction) is ~43 kDa.
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A.7. Supplementary tables

Table A.1. Oligonucleotide primersused in Chapter 2 studies.

Primer Name Sequence (5'-3") Sense/Antisense
PCR primers

GA-VACDPF-72 ATAATGGTCCATACGGCTCTTCCC Sense
GA-VACDPR1610 TGGAGCAAATACCTTACCGCCTTC Antisense
GA-VACDPF1525 AGTCATCAAGGGTCCACTGTTAAAGC Sense
GA-VACDPR3169 GATAAACTGAATCTAACAAAGAGCGACG Antisense

DG-VVESL-P1F AAATTCTATAAATGGATGTTCGGTGC Sense

DG-VVEI9L-P2R ATTCAATTACTACAAAAATTACTCCAGCCG Antisense

DG-VVESL-P3F ACGTTTCACGTTAATAACAATAATGGAACT Sense

DG-VVEI9L-P4R CTTACCGCCTTCATAAGGAAACTTT Antisense
Sequencing primers
DG-VVESL-SegP2 ATAGAAAATGCTCCGTCGCA Sense
DG-VVE9L-SegP3 ACAAGAAGCCGTCGATAGAGG Sense
DG-VVESL-SegP4 TGGATTCGTACAAATTGGATTCTAT Sense
DG-VVESL-SegP5 TGGAGTAGAAACAAAAACAGACGC Sense
DG-VVESL-SeqP6 GAACCTCATCTCTGAAATAGCAATT Sense
DG-VVESL-SeqgP7 GACTCCGTGTTTACAGAGATAGACAG Sense
DG-VVESL-SeqP8 CGAATTTGATAGTAGATCGTCTCCT Sense
DG-VVESL-SegP2R TGCGACGGAGCATTTTCTAT Antisense
DG-VVESL-SegP3R CCTCTATCGACGGCTTCTTGT Antisense
DG-VVESL-SegP4R ATAGAATCCAATTTGTACGAATCCA Antisense
DG-VVESL-SegP5R GCGTCTGTTTTTGTTTCTACTCCA Antisense
DG-VVESL-SeqgP6R AATTGCTATTTCAGAGATGAGGTTC Antisense
DG-VVESL-SegP7R CTGTCTATCTCTGTAAACACGGAGTC Antisense
DG-VVESL-SegP8R AGGAGACGATCTACTATCAAATTCG Antisense
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Table A.2. Effects of VAC DNA polymerase mutationson drug resistance using a virusyield reduction
assay on HEL cells.

Compound concentration (pug/mL)?

Compound Wild-type A314T A684V S851Y A314T+A684V A684V+S851Y
ECy ECy ECyqp ECy ECyqp ECy ECyp ECyp ECq ECg ECq ECyg
CDhvVv 1.7 3.7 10 19 15 19 35 10 18 45 27 47

cCbhV 16 3.7 14 19 16 20 2 10 11 32 27 50
HPMP-5- 15 2 19 5 15 20 15 2 5.7 18 6.9 18
azaC
CHPMP-5- 14 19 17 3.7 7.9 18 15 19 2.2 13 47 16
azaC
HPMPO- 16 2 4.2 14 2.7 17 8.8 18 17 37 12 37
DAPy
PMEO- >200 >200 200 >200 >200 >200 20 200 >200 >200 >200 >200
DAPy
HPMPA 0.1 0.5 2 45 0.4 13 05 32 13 5 0.6 15
cHPMPA 0.3 0.5 3.1 4.8 0.5 17 11 4 34 13 49 17

HPMPDAP 0.4 16 45 17 15 37 27 47 11 20 16 20

3-deaza- 04 16 0.7 18 12 3.2 0.3 13 0.3 14 04 2
HPMPA
PAA 34 50 17 42 170 200 43 20 22 46 48 160
®Data provided by G.Andrei.
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