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Abstract

Lulll is a small, non-enveloped, icosahedral autonas parvovirus that contains a small
linear (5 kb) single stranded DNA genome and irsfelstiman cell lines lytically with no
evidence of integration into cellular DNA. This pavirus has been considered as an appropriate
vector where only transient expression of a traosdwgene is desired. Comparison of the Lulll
sequence with those of rodent parvoviruses, minutss of mice (MVM) and H-1 revealed that
these viruses are virtually identical with respectheir genomic organization and share 80%
sequence homology. However there is a 47 bp AT-région starting at nucleotide position
4558 that is unique to Lulll. Previous studies ptaed that this AT-rich region is responsible
for the symmetric encapsidation of plus and minuansl genomes by Lulll since both MVM
and H-1 encapsidate primarily minus strand. To esklthis hypothesis, two recombinant Lulll
genomes lacking the AT-rich sequence, termed pGA8BaA/T- and pGlu888XbaA/T- de
novq were transfected into HelLa cells. Southern bhatlysis and probe hybridization revealed
that both pGlu888XbaA/T- constructs are unable to replicate. Cofiestion assays with Lulll
minigenomes and a helper construct containing thestnuctural protein NSI under the CMV
promoter (pCMVNSI) resulted in similar findings #ee transfections. Thus, it is possible that

the AT-rich region is @is-acting sequence required for Lulll DNA replication



Resumen

Lulll es un parvovirus autbnomo, icosahedral y deenque contiene un genoma
pequefio (5 kb) de DNA de cadena sencilla. Estes virfecta liticamente varias lineas celulares
sin evidencia de integracion en el DNA gendmicolllLba sido considerado como un vector
adecuado cuando sOlo se desea la expresion tr@nsde los genes transfectados. La
comparacion entre las secuencias de los virus ,UoBIparvovirus de roedores, el “minute virus
of mice” (MVM) y el virus H-1 revelan que estoswsrson virtualmente idénticos con respecto a
Su organizacion gendmica, y que comparten el 80#od®logia en las secuencias de DNA. Sin
embargo, Lulll tiene una region Unica de 47 phual es rica en AT a partir del nucledétido 4558.
Estudios anteriores han postulado que esta regiGersponsable de la encapsidacion simétrica
de los genomas con sentido positivo y negativo uld;Ldebido a que tanto el MVM vy el H-1,
gue no tienen la regién rica en ATs, encapsidancalmente la cadena negativa. Para
comprobar esta hipotesis, dos genomas recombindetésilll sin la secuencia rica en ATs,
llamados pGlu888XbaA/T- y pGlu88AXbaA/T- de nove fueron transfectados en células
HelLa. Los analisis de Southern blot e hibridaciérsdndas revelaron que ambas construcciones
LUlllAT- son incapaces de replicarse. Ensayos deanefeccion con los minigenomas de Lulll
y una construccion auxiliar que contiene la pra@eaio estructural NS1 bajo el promotor CMV
(PCMVNSI) produjeron resultados similares a los lde transfecciones. Es posible que la
secuencia rica en AT sea un elemento de accidmecissario para que ocurra la replicacion del

genoma de Lulll.
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CHAPTER |

Introduction

Molecular characterization of parvoviruses has bemtouraged because of their broad
host range and great dissemination (Maxwell and wglx 1999). It has been established that
parvoviruses could be a valuable tool for geneapwer The possible use of vectors based on the
autonomous parvovirus Lulll for use in cancer tpgrand the general potential use for
therapeutic purposes can only be accomplished hgidalting the basic biology of this
parvovirus (Cornelis et al., 2004). Viruses of thmily Parvoviridaehave DNA genomes that
are both single stranded and linear. The termintheir 5 kb genome contains palindromic
sequences that fold into stable double strandegihdike structures allowing self-primed DNA
synthesis from the 3'-OH group (Berns, 1990). Tladingromic sequences not only act as
replication origins, they also have the signalsunegl for encapsidation (Cotmore and Tattersall,
1996). Some rodent parvoviruses, including the meimirus of mice (MVM) and the H-1 virus,
encapsidate predominantly the minus strand (comgadany to the mRNA) of the genome and
have non identical 5’ and 3’ terminal sequencedd8at al., 1984). Parvoviruses like the adeno-
associated virus (AAV) and B19, efficiently posseskentical terminal sequences and
encapsidate either strand of their genome withstimae frequency (Berns, 1990). Lulll is an
autonomous parvovirus which encapsidates eithandtof its genome with similar efficiency
and frequency. A sequence comparison of Lulll Wi¥iMp and H-1 revealed that they not only
have similar terminal sequences but, their genomgarization is identical except for two
regions (Diffoot et al., 1993). One of these regibias one copy of a sequence found as a direct

repeat in MVMp and H-1, believed to function asiaternal origin of replication. Lulll has an



AT-rich region of 47 bp long, unique to Lulll (5TRGCTCTATGCTTCATATATAT-
TATATATATTATTATAC TAACTAA-3'), located near the enaf the right ORF at nucleotide
position 4560 of the Lulll genome. Previous studieggest that the AT-rich region may act as a
replication origin in yeast (Roman-Pérez, 200004a, 2000; De Jesus-Maldonado, 2004).
Usual production of Lulll transducing virus has beecomplished by co-transfection of
a plasmid based on a helper transducing genomeragongCorsini et al., 1995). During co-
transfections to generate transducing virus, redoation between the helper and transducing
genomes can regenerate infectious virus with verilequencies. To eliminate this possibility
and to determine the role of the AT-rich regiorg thll length genomic clone of the Lulll virus
pGLulll883AXba was modified in order to lack the AT-rich regiohwo recombinant Lulll
transducing genomes lacking the AT-rich sequence wenstructed. Deletion of the AT-rich
region results in a genome almost identical to M¥M thus, encapsidation of primary minus
strands was expected. Both molecules were tramesfecto HeLa cells and no cytopathic effect
was observed. Transfected DNA was analysed foricamn using theDpnl and Mbol
restriction endunucleases but no replicated DNA vexovered. Subsequent co-transfections
with the helper construct pPCMVNSI and minigenomestaining both terminals of the Lulll
virus resulted in no replication of the LulllA/T-otecules. Thus, these data suggest that the AT-
rich sequence might becgs-acting element, part of a multipartite origin eplication, similar as

described for MVM (Tam and Astell, 1993; Tam andeNs 1994; Brustein and Astell, 1994).



CHAPTER II

Literature Review

The Parvoviridae is the only known virus family with linear singgtranded DNA
genomes. Parvoviruses are some of the smallesegriound in nature, hence their name from
Latin parvusmeaningsmall Their chromosomes range from 4 to 6 kb in leragit consist of a
single-stranded coding region of less than 5.8 #énked by short imperfect terminal
palindromes that fold back on themselves to fornpleki hairpin telomeres. The telomeres
together with some adjacent nucleotides providehaltis-acting information required for viral
replication and progeny genome encapsidation, rsgriooth as origins of replication and as
critical hinges that allow quasi-circular amplifica of the linear chromosome through a series
of duplex intermediates (Cotmore and Tattersalf&0In general, members of tRarvoviridae
family show a high degree of host species spetjifand infect a broad range of invertebrate and
vertebrate hosts, from arthropods to man, reasothé&current classification be based primarily
on virus host range and helper virus dependendea@hov and Goudsmit, 2001).
Classification

The Parvoviridae family is characterized by morphological and phgshemical
properties as well as individual characteristics ggnome organization, replication and
encapsidation. Members of this family are non-eppetl, icosahedral animal viruses that
encapsidate a linear single stranded DNA genomenf3d 990; Berns, 1996; Luckashov and
and Gouudsmit, 2001). Taxonomical classificatiorihig family has divided in two subfamilies

DensovirinaeandParvovirinae,which infect invertebrates and vertebrates respelgti



Densonucleosis viruses or densoviruses (DNVs)rareriebrate viruses belonging to the
subfamilyDensovirinae TheDensovirinaesubfamily is sub-divided in four genus&sevivirus,
Densovirus, Iteravirusand a new genu®efudensovirusDNVs are characterized by their
autonomous replication and the separate encapsidatieither complementary single stranded
DNA sequence (Van Munster et al., 2003). Amongrapbds hosts, representatives of at least
five orders from the class Insecta (Lepidoptergt®a, Orthoptera, Odonata and Hemiptera)
and one order from the class Crustacea are knowe iofected by DNVs (Bando et al., 1990;
Giraud et al., 1992). Common symptoms resultingmfra densovirus infection include
hypertrophy of infected nuclei caused by densomsise(accumulation of viral particles in the
nuclear compartment), progressive paralysis anthdgfathe insect host (Dumas et al., 1992).
Because of their pathogenicity on economically aratlically important insects, they are being
studied for their potential use as a tool in biadagcontrol of pests as well as for their possible
use as gene transfer vehicles (Bossin et al., 2003)

Members of thd?arvovirinae subfamily have been also studied for their appbcs as
vectors, particularly in gene therapy, ranging frong-term gene replacement to short-term
expression. TheParvovirinae subfamily is further subdivided into five gener@bdovirus,
Bocavirus, Dependovirus, Erythrovirusand Parvovirus (Table 1). Taxonomically all
parvoviruses except the members of the gddeiendovirusare autonomous parvoviruses. Of
the five genera that are included in tParvovirinae subfamily, Dependovirusesrythroiruses
andParvovirusescontain important members that infect humans (©oenand Tattersall, 2006).
The RA-1 virus ofParvovirus the B19 virus oErythrovirug and the adeno-associated viruses

of Dependovirusall infect humans.



Table 1. Classification of the Densovirinae Sub-family of the Parvoviridae Family as
established by the ICTV*

Genus Type species Natural Host
Densovirus Junonia coenia densovirus Buckeye butterfly
Iteravirus Bombyx mori densovirus Silkworms
Brevivirus Aedes aegypti densovirus Mosquito
Pefudensovirus Periplaneta fuliginosa densovirus Cockroaches

*|CTV = International Committee on Taxonomy of W&es. http://www.nchi.nim.nih.gov/ICTVdb/ICTVdB/iagd.htm

Dependovirusgenus consists of adeno-associated viruses theg &asingle stranded
DNA genome flanked by identical and inverted temhirepeats (ITRs) at both ends. The ITRs
contain allcis-acting elements required for the replication, gn&tion, packaging, and in some
cases, the transcriptional activation of the vijahome (Spears et al., 1977; Lusby et al., 1980;
Lusby et al., 1981; Qui et al., 2006). In 1965, Hson, et al., identified a contaminating virus
(original isolates 1, 2, 3, 4 and 6) in human amdiax adenoviral preparations. Due to its
inability to replicate in the absence of adenovirinss defective parvovirus was named adeno-
associated, AAV (Timpe et al., 2006). AAVs haveoaleen isolated from animal adenovirus
stocks (Table 2) but the best characterized ofA&lVs is the AAV2. In the absence of a
coinfection by a helper virus, AAV2 enters in aeldt state by integration of its genome into a
specific region of the human chromosome 19ql13-gitesignated the AAVSL1 locus. If the
latently infected cell is subsequently infected dyhelper virus or is exposed to genotoxic

chemicals or radiation, a copy of the latent AAvhgme is released from the chromosomal



content and proceeds to replicate (Linden et &961 Tullis and Shenk, 2000; Ward et al.,
2003). All AAVs are able to infect both dividing @nnondividing cells, achive stable
chromosomal integration, transduce a broad rangssafesn vivo such as brain, liver, muscle,
lung, retina, and cardiac mucle, and to initiategkberm gene expression in these tissues lack of
known human pathogenicity or cell mediated immuesponse has been observed (Ding et al.,
1997; Li et al., 2005).

Erythroviruses are named for their tropism for émbd progenitor cells. Parvovirus B19
of theErythrovirusgenus is the only member of tRarvoviridaefamily known to be pathogenic
towards humans (Faisst and Rommelaere, 2000). 8a3jlobal and common infectious human
pathogen, hence prevalence of IgG antibodies @deagainst B19 are common in the general
population. However, viremia or presence of virdiAis rare (Heegaard and Brown, 2002).
B19 is known to cause several diseases asdplastic crisis in patients with chronic hemolyt
anemiagerythema infectiosum, persistent infections matirigsas chroni@anemia in immuno-
compromised patients, fetal myocarditis, non-immhyerops fetaliseading to intrauterine fetal
death, arthralgias and arthritis (Heegaard and sletim, 1995; (Respondek et al., 1997; Pallier et
al., 1997). The mechanistic basis for these BlAsvassociated diseasespoorly understood.
Nonetheless, most symptoms appear to be reiatbe unique tissue tropism of B19 virus. Cells
permissivdor B19 virus replication are proliferating erytigrecursorén human bone marrow
and fetal liver tissues (Garcia-Tapia et al., 20@9dhough the target cell specificity for B19
infection has been suggested to be mediated bgrilibrocyte P-antigen receptor (globoside), a
number of non erythroid cells that express thiepsar are nonpermisive for B19 replication
(Wang et al., 1995; Gareus et al., 1998; Zhi et28106). Recently, a B19 isolate termed V9 was

identified as the causing agent for transient ajglaanemia, but its sequence was markedly



different from B19 sequences (Heegaard and BroWw02R Cell death is directly induced by
infection with B19 and related viruses like B19-¥9 well as most autonomous parvoviruses

(Morita et al., 2003).

Table 2. Classification of the Parvovirinae Sub-family of the Parvoviridae Family as
established by the ICTV*

Genus Type species Natural Host
Amdovirus Aleutian mink disease virus (AMDV) Mink, skunk, raccoon
Bocavirus Bovine parvovirus (BPV) Cow

Dependovirus Adeno-associated virus-2 (AVV) Human
Erytrovirus Human Parvovirus B19 Human
Parvovirus H-1 parvovirus (H-1PV) Rat

Lulll parvovirus (Lulll) Unknown
Minute virus of mice (MVM) Mouse, Rat

*|CTV = International Committee on Taxonomy of W#es. http://www.ncbi.nim.nih.gov/ICTVdb/ICTVdB/iag.htm

Members of theParvovirusgenus are lytic viruses best known for being aooous
parvovirus, APVs. Because of their low genomic ctaxiy and the flexibility of their single
strands, parvoviruses condense a considerable ambNA into their capsids. However, this
simple structure limits their parasitic potentiak incoming virions lack accessory proteins,
chromatin, or even a duplex transcription tempéate are forced to remain silent in the cell until
cellular factors are expressed as a function difpration and cell division. Thus, APV’s infect
and replicate in the nucleus of mammalian cellS phase or early G2 phase without integration

into the host genome (Lukashov and Goudsmit, 20@R)s are widespread in nature but are



host-specific viruses (Lopez-Guerrero et al., 198H9wever, the autonomous parvovirus Lulll
has a high sequence homology to MVM and H-1, twthef most studied rodent parvoviruses.
Lulll was originally isolated from human lung caroma cells (Soike et al., 1976; Diffoot et al.,
1989). Meanwhile, MVM was isolated from a stockneduse adenovirus and H-1 was originally
isolated as a contaminant of a human tumor cedl passaged in a rodent research laboratory
(Berns, 1996; Lukashov and Goudsmit, 200RA-1 virus, named rheumatoid associated
parvovirus-like agent, was recovered from the syaddissue of a patient with severe rheumatoid
arthritis (Simpsom et al., 1984). RA-1 resemblesv@aruses in physicochemical and
morphological properties and sequence analysis st@mology to bovine parvovirus, although
it is lethal for mice. Polyclonal antibodies detdbie presence of RA-1 in patients with
rheumatoid arthritis but not in people with ostélatis, which supports the possible link
between RA-1 and chronic rheumatoid arthritis imhans, making RA-1 the only known human
pathogen from th@arvovirusgenus. Howeveno further work has been published on thiss
(Kerr, 2000).
Virion Morphology

Parvoviruses are among the smallest and structgiatiplest of eukaryotic viruses. Viral
particles consist of a hon-enveloped icosahedmatiepr capsid, of about 18-26 nm in diameter
containing one linear single stranded DNA molecdlee capsid consists of 60 molecules of
several capsid proteins (VP); (Llamas-Saiz etl&197) of which around 95% is the major viral
protein VP2 (Barbel et al., 2004). The number gésidh VP species per virion differs among
parvoviruses. For example, MVM has three capsidepmms, VP1 to VP3, and members of the
subfamily Densovirinaehave four, VP1 to VP4 (Kontou et al., 2005). Vitgohave a molecular

weight of 5.5-6.2 x 10kDa (Berns, 1996). About 50% of the virion massteanis protein, the



remaining being DNA. Because of the relatively higlNA to protein ratio, the buoyant density
of the intact virion is 1.39-1.42 g/én(Siegl, 1976). The available structural information
indicates that differences in the capsid surfaceerdene tissue tropism, pathogenicity and
antigenicity, among different parvoviruses and agnthre strains of a particular virus (McKenna
et al., 1999). Widespread in nature is explainethleyresistance of the virions, surviving alcohol
or ether treatment, temperatures of up t&€5@&or longer that 30 min) and pH changes between 3
and 9. The virus can be inactivated by formaglipropiolactone, hydroxylamine, and oxidizing
agents (Faisst and Rommeleare, 2000).
Genomic Structure

Sequence comparison of several members of theoWeaus genus has established
similarities in their genomic organization (Banerjet al., 1983; Diffoot et al., 1993; Lukashov
and Goudsmit, 2001). The parvoviral chromosome c¢@ep a single stranded DNA molecule of
either plus or minus polarity, flanked by a smallipdromic telomere capable of adopting a self
priming hairpin configuration that is stabilized bglf-hydrogen bonding (Figure 1). The linear
strands vary from 4 to 6 kb in length with mostitsf DNA sequence devoted to the coding
region. The genome contains two sets of genes: thae encodes proteins involved in
transcription (NS or REP proteins) and another @ratodes the coat proteins (VP proteins).
However, the expression of these genes is compliéix,multiple splicing patterns for each gene
(Besselsen et al., 1996). The termini consist s$ han 10% of the total genome and range in
size from 120 to 420 bases, and can be dissimlaequence and secondary structure within
individual genomes and species.

The terminal palindromes are essential for thdaiitn of genome replication and the

encapsidation of progeny DNA (McLaughlin et al.88% All known DNA directed, DNA
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Figure 1. Flip and Flop Conformations of Parvovirus Lulll. A. Schematic illustration of the flip
and flop conformations at both Lulll termirB. DNA sequence of the right end terminus (5’ end)
of the plus strand of Lulll with the flip and flappnformation. (Adapted from Diffoot et al., 1989).
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polymerases require a primer in addition to a texepfor replication initiation. Because of this
requirement and to maintain their integrity, alidar, viral DNA genomes have evolved as
specialized DNA sequences at their termini. Allivoairus termini, so far characterized, contain
palindromic sequences. AAV, the human B19 virus alh@®ependoviruses have the same DNA
sequences at both termini. However, the rest optrgoviruses characterized have different 3’
and 5’ terminal sequences (Berns, 1990).

The AAV contains identical, yet, inverted termimepeats (ITR) sequences with a length
of 145 nucleotides. The terminal nucleotide repsajuences of AAV have the potential of
assuming a complex T-shaped secondary structurefoling the terminal 125 self
complementary nucleotides (Lefebvre et al., 1984rnB, 1996). Each 3’- and 5’- hairpin
structure contains two sets of DNA sequences ttetlae inverted complement of each other
(Ward et al., 2003). Since equivalent palindromes @esent at each end of the genome, the
replication and resolution processes of both terama similar.

The autonomous parvoviruses also have hairpin daplat both the 3" and 5 ends of
their genomes. However, they do not contain ingetegminal repetitions. In addition, the 3'-
and 5’-hairpin structures differ both in size andA sequence. MVM has two physically and
functionally divergent terminal palindromes thailiz¢ different resolution strategies (Astell et
al., 1983; Astell et al., 1985). The 5’ end of théus strand, conventionally termed the right
hand terminus, can assume a T or U shaped struetugleis 200-211 nucleotides long.
Meanwhile, the 3’ end or left hand palindrome, 164122 nucleotides long and has only been
observed in the T or Y shaped conformation coneeally known as rabbit ear conformation
(Diffoot et al., 1993; Cotmore and Tattersall, 1995 contrast to AAV’s ITRs, the 3’-hairpin

structures of several autonomous parvoviruses leagentially identical DNA sequences and
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contain 115 or 116 nucleotides that are uniquealrse of which base mismatches occur (Astell
et al., 1985).

The terminal palindromes also exhibits two altemgasequence orientation known as
flip and flop, due to a few nucleotides mismatcties form a “bubble-like structure. While in
the hairpin configuration a GAA triplet on one sttlais paired to a GA doublet, in the
complementary strand. The bubble like structuiee riesult of both, the nature of the palindromes
and their inversions during the process of haipamsfer and replication. In Lulll, the right
hairpin shows either a flip conformation (GAA pairéo GA) or a flop conformation (TTC
paired to TC) while the left exhibits exclusivehgtflip conformation (Diffoot et al., 1993). Both
conformations have been linked to the parvoviralADigplication (Chen et al., 1988; Cotmore
and Tattersall, 1988; Berns, 1996).

Viral Proteins and Transcription

The template for transcription in parvoviruses ulle-stranded viral DNA in the
nucleus of the infected cell. This DNA is not asateml to histones and does not form
nucleosomes, but it is bound to unidentified calul proteins (Doerig, 1986).
Transcription goes from 5’- to 3'- and starts abtpromoters, although autonomous parvovirus
B19 has only one active promoter (Berns, 1996; Rdad., 2001)Parvoviral genomes contain
two large open reading frames (ORFs), one codingdplication (REP) or non-structural (NS)
proteins and the other coding for structural orstéproteins (VP) (Figure 2).

Most autonomous parvovirus genomes, like MVM andliLare organized (Figure 3) in
two large open reading frames on the viral codingnsl and transcription starts at promoters P4
located at m.u. 4 and P38 at m.u. 38 from lefigbtr respectively (Figures 2 and 3); (Diffoot et

al., 1993). The P4 promoter codes for the norciiral (NS) proteins. There are two NS
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products, NS1 and NS2, even though the role ofNiB& protein has been well studied, the role
of the NS2 protein is more elusive.

The NS2 is a 25 kDa phosphoprotein that is maigtpmasmic and consists of two or
three isoforms that differ at their carboxy termas a result of alternative splicing of a small
intron located at m.u. 44 to m.u. 46. Although threbde of action is not known, NS2 proteins
are somehow involved in efficient translation alalimRNAs and in accumulation of viral DNA
replication intermediates in mature virions (Broalk et al., 1996). All NS2 isoforms share their

first 85 N-terminal amino acid residues with NS1.
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Figure 2. Terminal Hairpin and Genomic Structure of Parvovirus MVM. DNA sequence

of MVM termini of the plus strand forming the Y afidshape secondary structure are shown.
The positions of the promoters (P4, P38) are indcdy bent arrows, and the major genes
indicated by open arrows represent the directiorthef amino- to carboxy-terminal. NSI
binding sites are denoted by shaded arrow boxek,siies are indicated by vertical arrows.
Since the left end is not a nicking substrate enthirpin configuration, it was termed cryptic
nick site. (Adapted from Cotmore and Tatersall, 00
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The NS1 protein is an 83 kDa cytotoxic, multifuncil nuclear phosphoprotein with
nickase, helicase and ATPase activities that ppaties in driving viral replication transcription
and gene expression (Pujol et al., 1997; Maxwet dfaxwell, 1999; James et al., 2004;
Hickman et al., 2004). NS1 function, as a DNA regtion initiator and is dependent on protein
kinase C phosphorylation. The initiation proteirregulates the late promoter P38 as well as its
own promoter P4 to a small extent, and likely attsoncert with NS2 to direct the packaging of
progeny single strand DNA (Hanson and Rhode, 19851 binds to DNA in a sequence-
specific manner through a (ACCA) motif that is highly represented in the parvovigahome
but not restricted to other sequences in the strfslndtiple cis-acting elements includingteans-
activation GC motif and TATA boxes, and a downgtreglement were reported to be important
for the activity and NS1 induction of the P38 praerqPujol et al., 1997).

The P38 transcript encodes two capsid proteinslattyer VP1 (83 kDa) and the major
VP2 (64 kDa) whose mRNAs are also generated bynaltiwe splicing (Lombardo et al., 2002).
Empty capsids can be assembled only from VP2 (Kte@Ghapman, 1996). Proteolytic enzymes
can shorten some of the amino-terminal regioni®@MP2 molecules in the virion to produce a
third polypeptide, VP3 (62 kDa) after capsid asdgmdnd packaging of the viral genome
(Cotmore and Tattersall, 1986). Although dependmas and autonomous parvovirus have

different life cycles, both their structural andhrstructural proteins have similar functions.
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Figure 3. Terminal Hairpin and Genomic Structure of Parvovirus Lulll. DNA sequence of
the left and right termini of the plus strand ofllLUorming the T and U-shape secondary
structure. The positions of the promoters (P4, R88)indicated by bent arrows, and the major
genes are indicated by open arrows represent teetion of the amino- to carboxy-terminal. NSI
binding sites are denoted by shaded arrow boxek, sites are indicated by vertical arrows.
(Adapted from Diffoot et al., 1989)
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The dependovirus AAV contains only two major opeading framesrep and cap,
named from their roles in DNA replication and ersidption. The Rep78 and Rep68 proteins are
generated from transcripts that derive from thepR3noter, and they differ in their C-termini
due to alternative splicing of the P5 transcriitep78 and Rep68 are DNA helicases that also
have a single-stranded DNA endonuclease activity, lzoth proteins are sufficient to support
AAV DNA replication. These proteins are also reqdirfor site-specific integration of AAV
DNA into the host cell genome and for DNA excisidtep52 and Rep40 are translated from
transcripts generated from promoter P19, locatatiinvithe rep gene and translated from the
same open reading frame as Rep78 and Rep68, apdnvéneir C-termini due to the same
alternative splicing. Rep52 and Rep40 lack DNA bigdand endonuclease domains of the
larger Rep proteins but retain a functional hekcdemain. Rep 52 and Rep 40 are not required
for the replication of double stranded DNA, butlbate required for the efficient production of
single-stranded AAV DNA. Theap gene encodes the three structural proteins VP2, affel
VP3, generated from transcripts initiated from B#® promoter.

The genome of the B19 virus contains two promaler-#lements, in which only one is
functional. The active promoter, termed P6, is fedaat the 5end and regulates all the viral
transcripts (Raab et al., 2001). B19 extreme trodisr replication in erythroid progenitor cells
is attributed to the activity of the P6 promotertioé viral genome in combination with both cell
and cell cycle-specific factors and th@nsactivator protein NS1 (Eiji et al., 2003). NS1-
mediated transactivation is dependent on the pceseh two GC-rich elements arranged in

tandem, upstream of the TATA box (Gareus et aB8)9
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Figure 4. Terminal Hairpin and Genomic Structure of Parvovirus AAV. DNA sequence of
the ITR for the right termini of the plus strandAAV forming the T-shape secondary structure.
The positions of the promoters are indicated byt laerows (P5, P19, P40) and the ORFs are
indicated by open arrows representing the direadfoamino- to carboxy-terminal. Rep Binding
Element (RBE) is depicted by the shaded arrow HexRBE’ position is depicted by the cross-
hatched box, the inboard end of the ITR is markedalrightward arrow, and nick sites are
indicated by arrows. (Adapted from Cotmore andératll, 2006)

18



The B19genome contains two main ORFs and two polyademylatites, located in the
middle and at the end of the genome in combinatith alternative splicing events. These are
responsible for the production of a total of ninealtranscripts, seven of which are used as
MRNAs (Gareus et al.,, 1998). The left hand ORF desthe nonstructural cytotoxic protein
NS1 (77 kDa), which is involved in viral DNAeplication, transcription and cell death, and the
right hand ORF encodes both timajor VP2 (83 kDa) and the minor VP1 (58 kDa) sincel
capsid proteins (Moffatt et al., 1998). VP1 and \@@ similar except for a unigsequence of
227 amino acids (aa) at the N-terminal end of tRd rotein (the VP1 unique region). The VP1
DNA coding sequence is followed by the entire cgdaequence of VP2. VP1 has proven to
have a particular role in the viral life cycle stnneutralizing antibodies interact preferentially
with the VP1 unique region (Dorsch et al., 2002yeflapping the main right hand ORF, there
are two additional ORFancoding two small proteins of 7.5 kDa and 11 kDae functions of
both proteins are still unknown (Servant et alQ20
Parvovirus Replication

The Rolling-Hairpin Replication (RHR) is the unigational single strand-specific
displacement mechanism used by Parvoviruses toifgntpeir genomes through a series of
concatemeric duplex intermediates, shown on Figu(@stell et al., 1985). In general, viral
replication precedes in two distinct phases, atiainamplification phase that generates a high
molecular-weight duplex replicative form (RF) DNAollowed by a progeny genome
displacement phase, in which individual single refrggenomes are excised and displaced for
encapsidation (Cotmore and Tattersall, 1995). InRRkhe hairpin joins the 3’ terminal
nucleotide of the incoming virion DNA with an intedl base, creating a DNA primer that allows

the host DNA polymerase to initiate DNA synthedis@omplementary DNA strand.
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Figure 5. Rolling hairpin replication. In steps i) through ¢) newly synthesized DNA is
shown as a black bar. L and R correspond to theatef right palindromic sequences of the
termini, respectively. The | and r, are their coempénts. Stepv() produces a tetramer in
which 3’ progeny genomes are shown in crosshataret white bars and the parental
sequence in black. (Adapted from Cotmore and Tslier1995)



This generates a monomer length, duplex intermediaivhich the two strands are covalently
cross linked at one end via a single copy of thal @' telomere (Liu et al., 1994). Amplification
proceeds by unidirectional strand displacement withfunctions provided by the host cell
during S phase (Siegl and Gautschi, 1976; Gauetdhi, 1976; Berns, 1996; Delau et al., 1999).
In order for amplification to take place, the haigpmust first be unwound by the NSI or Rep
protein, working as a 3’ to 5’ replicative helicages a result of the replication process, a series
of palindromic duplex dimeric and tetrameric coeca¢rs are created. In these concatemers the
unit-length genomes are fused in left-end:left-eadd right-end:right-end combinations
(Cotmore and Tattersall, 1996). Sequential rounéisreplication are initiated from the
concatemers and individual genomes are then ex@sdddisplaced by a site specific single
strand nick at the telomeric origins performed g viral initiator nuclease NSI or Rep protein.
The initiator protein remains covalently attachedre 5’ end of the progeny genomes (Cotmore
and Tattersall, 1988). Subsequent to the accuroulati the displaced progeny, single strands
appears to be dependent on the availability ofgoneéd capsids and packaging itself is driven
by an ongoing viral DNA synthesis. Active sitesvifal genome replication and viral capsid
assembly have been identified after infection, stmAPAR or autonomous parvovirus-
associated replication bodies (Bashir et al., 20@lLing et al., 2002).

To date, replication strategies have been bestosegblfor the apathogenic defective
Dependovirus AAV and for the autonomous replicatingarvovirus MVM (Faist and
Rommelaere, 2000). In viruses with ITRs, like AAMe monomer length duplex intermediate
creates a replication origin that can be activéte®ep 68/78 (homologous to NS1) in a process
called terminal resolution, whereas in viruses saslMVM, where the left-end telomere is not

like its right telomere, the (left-end) terminusshia be in an extended dimer configuration to
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serve as a replication origin (Cotmore and Tatter$896). In either case, replication proceeds
according to the RHR mechanism as depicted in Egybrand 6, but because of the differences
in the telomeres and genome structure each replcanechanism has its particularities
(Cotmore and Tattersall, 1992).

Terminal resolution is the process by which thelexijporm of the AAV genome, that are
covalently continuous at one end by a single cdgh@terminal palindrome, can be resolved to
an extended form configuration by containing twpies of the palindrome (Im and Muzyczka,
1990; Snyder et al., 1990a; 1990b). Within AAV ITRsst two sequence elements are required
for the origin of replication to function, the RBihd thetrs. The RBE is a 22 bp Rep-Binding
Element composed of two tetranucleotide repeat&s@EGC-3’) which positions Rep 68/78 in
the correct orientation and cleavage position om tiral DNA. Thetrs is a 7 nucleotide
sequence located at 16 nucleotides inboard of tB& Rnd flanked by short palindromic
sequences that stabilize the exposure of the @ritiboshodiester bond by folding into a stem-
loop structure (Snyder et al., 1993; Brister andziybzka, 1999). This structure moves the nick
site toward the active site of the RBE-bound Rapmlex. The initiation efficiency at this origin
can be enhanced by the cellular DNA bending protdidG1 (Costello et al., 1997). A third
element depicted the RBE’, has the DNA sequend8TI-TC-3’, but is not required for origin
function because it has the capacity to enhanggnoeifficiency. The RBE’ is located at the tip
of the hairpin arm, opposite the nick site in th@me position in either of two inverted

complementary forms of the termini.

22



i. NS1 recognizes the viral sense strand
(V) and binds to the ACCA sequence
(depicted by small black arrows). NS1
3 R cuts inside the nick consensus seque
? CTWWTCA.

31

ii. Cleavage results in the formation of a
phosphodiester bond between the 5’
terminal and the NS1. The nick invert
the original complex palindrome onto
the progeny strand, while providing a
new base-paired 3’ hydroxyl to prime

3 synthesis of its complement.

51

lii. Terminal resolution replaces the original
sequence of the hairpin “R” with its
inverted complement “r". Since the

r inversion is repeated with every round
------------------------- > of resolution progeny genomes contain

equal number of termini in both flip and
3 R @ flop orientations.

Figure 6. Terminal resolution at the MVM right terminus. Diagram illustrates the NS1
(depicted by the open wedge) interaction with théeBminus of the viral DNA strand
(portrayed by line segments) of parvovirus MVM digriterminal resolution. “R” depicts
the parental strand and “r’ its inverted complemg@tdapted fromCotmore and

Tattersall, 1995)
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The MVM termini differ from each other in size, semce and structure (Astell et al.,
1983). However, the right end telomere is resolweds hairpin configuration, by a terminal
resolution reaction similar to that of AAV (Figu6@. This reaction generates both flip and flop
sequence orientations whereas the left end telommdizes a junction resolution mechanism
generating termini in a single orientation (Astllal., 1985). The minimal sequence requirement
for nicking the right end origin is 125 bp long,daconstitutes the entire right end hairpin
(Cotmore et al., 2000). There are three NSI redcammelements, two are located in the hairpin
and one is located 120 bp from the nick site indteen, next to the hairpin axis. The right end
terminal forms a duplex with three unpaired bagethe axis and a single mismatch region on
the stem in which a three nucleotide insertion (AGATCT) on one strand separates opposing
pairs of NSI binding sites, creating a 36 bp palimae. NSI binds specifically to double stranded
DNA at the tetranucleotide motif 5-ACCA-3’ repedtat multiple sites throughout the genome
and viral replication origins (Cotmore et al., 1998ecent studies by Cotmore et al. suggest that
the NSI interaction with DNA is similar to what hbsen described for Rep 68/78 (Hickman et
al.,, 2004). Thus, interactions with NSI moleculesuihd to the recognition elements is
strengthened by the DNA bending protein HMG1/2MMM, this interaction is required for the
formation of the cleavage complex (Cotmore et 2000). HMGL1 induces a slight shift on the
DNA sequences protected by NS1, making them toifalwldouble helical loops that extend for
30 bp through the G-rich element in the hairpimst&he loop allows the terminus to adopt a

three dimensional structure needed to activataitiase.

24



MVM
Left end

Inactive Nick Site

Dimer Junction

GA --3
CT --5

5 > z..i  cTT

Active Nick Site

“bubble”

o

5-- CACGTCACTTACGT | ACATGGTTGGTCAGTTCTAAAAATGA AAGCGGTTCTG - - 3

3-- GTGCAGTGAATGCA ?;CT):'GTA@CCAACCAQTCAAGAT TTTTACRTTCGCEAAGAC - - 5

—— NSI Binding Site T

PIF NSI Nick Site

Minimal Origin

Figure 7. Organization of MVM dimer bridge. The left-end hairpin showing the 3’-OH used for
priming replication and the mismatched bubble seqees depicted above (top left). The dimmer
junction diagram condenses the in-vivo stepsroughiv of the RHR figure. Cross-hatched boxes
represent the palindromic secuences which foldve the internal “ears” in the hairpin form of the
3’ end of the MVM genome. The clear box at the trighd depicts the minimal active replication
origin of the 3’ terminus. This box is expandeddvelwith sequences corresponding to the PIF,

“bubble”, NSI Binding Site and NSI Nick Site showm detail. (Adapted from Christensen et al.,
2001)
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The left end telomere of MVM exists as a single fiense sequence containing internal
palindromes designated the “ears” and an asymmmaigmatch “bubble” in the stem where the
triplet GAA on the inboard arm is opposed to thellet GA on the outboard strand (Cotmore
and Tattersall, 1994; Kuntz-Simon et al., 1999)isTielomere cannot function as a replication
origin in its hairpin configuration, hence whilesthairpin while is in the extended form, a single
competent origin is generated. During replicatithre hairpin is extended and copied to form a
completely base paired palindromic junction (lefidgeft end) sequence that spans adjacent
genomes in dimer RF (Baldauf et al., 1997). Theltg®n process resolved by this junction is
called junction resolution. Throughout the juncti@solution process, an asymmetric template
with a nonfunctional nick site on one of the hairgirms serves as the origin, instead of the
terminal hairpin, while the same sequential extamsand refolding reactions of the RHR

amplification take place.
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Figure 8. Proposed Modified Rolling Hairpin Model for MVM DNA Replication. Small black filled
circles represent NSI. Small horizontal arrowheimdiscate DNA 3’ ends. The open polygon in step 6
depics the parvovirus capsid structure. (Reprifitech Kuntz-Simon et al., 1999). Steps in the meudlifi
RHR are as followsl. To serve as a primer for the initiation of the DNpnthesis the 3’ end of the
parental or viral (V) single strand (SS) genomeéddhto a hairpin structure. Elongation from theO®31 of
the hairpin allows it to synthesize a complement@@y copy of the parental strand. The growing
complementary strand reaches the fold back 5’ teumiat the right end and the covalently closed DNA
replicative form (cRF) is created. NSI becomes tenly attached to the viral DNA and nicks the tigh
terminus of the viral genom&. The right termini is displaced and copied givingerito an extended
molecule (5’ eRF)4. Rearrangement of the copied right hand palindrome the hairpin structures
termed “rabbit-ears” creates the rabbit-eared caplie form (5'reRF) which serves as a primer foarsd
displacement synthesiS. The synthesis leads to the formation of the dichgrlex intermediate (dRF) in
which two unit length copies of the genome are gdirby a single duplex copy of the original 3’
palindrome6. Each full length strand monomer is encapsidatedpreformed capsids.
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The minimal active left end origin proposed for MVigl a multi-domain structure of
approximately 50 bp derived from the stem regioihef hairpin (Cotmore and Tattersall, 1995;
Cotmore et al., 1993). The origin is comprised wbt5-ACGT-3' motifs spaced by 5
nucleotides, a “bubble” mismatch (a GAA triplet tttigpposes a GA doublet) that serves as a
critical spacer element (Cotmore and Tattersal§4)9the NSI binding (ACCA)site,the NSI
nick (5’-CTWW\1/ TCA-3’) site and 7 bp beyond the niske. Only the sequence from the arm
containing the GA dinucleotide serves as an origgrmed Orilyc. Within the origin, the three
essential recognition sequences are the NSI Bingiteg the NSI site and the two ACGT motifs
(Cotmore et al., 1993; Liu et al., 1994). Althouljis! binds to the origin through an ATP
dependent manner, it is unable to initiate repglcaon its own (Christensen et al., 1997a). Thus,
a cellular factor called the Parvovirus Initiatibactor (PIF) acts as a cofactor in the replication
initiation process (Cotmore and Tattersal, 2008F B a heterodimeric site, specific DNA
binding factor, essential for the replication iaiion process by allowing efficient and specific
nicking of the 3’-end and leaving NSI covalentlyaahed to the 5’-end of the origin. This factor
binds specifically to two ACGT motifs, spaced frdnmto 9 nucleotides apart with an optimal
spacing of 6 nucleotides (Christensen et al., 1994id then contacts NSI over the “bubble”
sequence to stabilize the binding of NSI on thavacform of the left-end origin Orilc
(Christensen et al., 2001; Burnett et al., 200he Tegion containing the PIF binding site is
highly conserved in the 3’ hairpin of parvovirusetated to MVM, as well as HI, MPV and
Lulll (Christensen et al., 1997a).

Recent studies of the left end terminus of parweviculll suggest that contains all the
cis-acting sequences required for DNA excision andigafon. Thus, in its double stranded

form the hairpin appears to have an active NSleiriwrigin of replication that lacks the
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arrangement of the specific domains present indinger duplex intermediate proposed for
MVM (Diffoot-Carlo et al., 2005). These studies basuggested that the left end terminus of the
minus strand exists only on the flip conformatiohile the right terminus of the plus strand
exists in both flip and flop conformations (Diffoet al., 1989). Based on the functionality of the
left hairpin of Lulll as an origin of replicatiom, replication model was proposed by Diffoot et al.
(Figure 9). This model results in equivalent amsuot plus and minus DNA viral strands,
therefore both strands independently commencecedjmn (step 1). The plus strand starts
replication from the right hairpin and the minusaetl from the left hairpin. Both hairpins can
serve as a primer, which allows a host polymerasgyhthesize a complementary copy of the
internal sequence of the vial genome until the gngvstrand reaches the folded back terminus,
resulting in a cRF. NSI opens the cRF by nicking tiral strand (step 2). There are active NSI
nick sites present at both termini of parvovirusiLr hese nick sites differ from each other and
from the NSI nick sites at MVM in an adenine residasertion in the 5 terminus nick site
(Diffoot et al., 1993). Following the NSI nick, tleeis strand displacement and copying of the
initiating (step 3) that promotes the developmdraroextended molecule containing covalently
joint viral and complementary DNA strands (step®)e model suggests that each strand gives
rise to a copy of self and complement sequencdsoih flip and flop conformations (step 5)

contrary to what was previously proposed (Diffobale, 1989).
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A. Replication of Lulll using plus strand B. Replication of Lulll using minus
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Figure 9. Proposed Model for the Replication of Parvovirus Lull. The model depicts the
replication mechanism for both the plus (+) andusi() strands of Lulll. The NS1 nick site and
its complementary DNA sequence are indicated withaaterisk, (*). Replication of the (+)
strand and (-) strand shown in section A and Bpeevely. Unpaired sequences present at the
left hairpin are shown. Vertical arrows point t@ thS1 nick sites. Aorresponds to the insertion
in the NS1 nick site present at the right termiatikulll. (Diffoot-Carlo et al., 2005)
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Viral Encapsidation

Viruses from théParvoviridaefamily display two particular encapsidation patterThey
can either package equal amounts of plus and nsimasds or mostly minus strand DNA. It has
been established that tlugs-elements required for packaging DNA reside in gasvoviral
genomic termini. Details for this packaging have In@en elucidated, but available data suggest
that emerging genomes are inserted into preforrapdids (Muller and Siegl, 1983). The rodent
autonomous parvoviruses MVM and H-1 have non-igahtgenomic termini and encapsidate
99% minus strandDependovirusAAV and autonomous parvovirus B19 have identiaiamic
termini and encapsidate plus and minus strand wgbal frequency. Originallly, it was
understood that the presence of identical termmithe viral genome was necessary for
encapsidation of equal amounts of plus and minted ¥NA strand. Conversely, Diffoot and
colleagues proved that identical terminal ends raerequired for the encapsidation of both
strands since the autonomous parvovirus Lulll has-identical termini (Diffoot et al., 1989)

and encapsidates both strands with equal frequ@atgs et al., 1984).

Table 3. Encapsidation Pattern of Selected Parvowis (Berns, 1996)

Sub-family Parvovirus Terminal Hairpin Encapsidation
Pattern
Dependovirus AAV Identical 50 % (+), 50 % (-)
Erythrovirus B19 Identical 50 % (+), 50 % (-)
Parvovirus H1 Non-identical 99 % (-)
MVM Non-identical 99 % (-)
Lulll Non-identical 50 % (+), 50 % (-)
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Lulll was sequenced and has shown to have grehtdr 8% identity with rodent
parvoviruses MVMp and H-1 (Diffoot et al., 1993)wd regions of the Lulll genome, both
down stream from the capsid coding region, difignsicantly from those of MVMp and H-1.
One of the sequences is in tandem at the end ofgheORF of MVMp and H-1, while only one
copy of a similar sequence is present in MVMi andllLat m.u. 92. The presence of a single
copy of this sequence is not expected to infludnddl encapsidation pattern, because it may
function as an internal origin of replication. Tob#her region is a possible sequence determinant
of the packaging bias. This region is an AT-richresth of 47 nucleotides
(TATGCTCTATGCTTCATATATATTATATATATTATTATACTAACTAA) at m.u. 89,
located at 6 bases downstream from the end ofighe ®RF. Sequence alignment of Lulll with
the MVMp genome shows that in Lulll, the AT-richgien exists as an insertion that interrupts a
sequence near the right palindrome of MVM, previpudentified as acis-acting replication
signal (Tam and Astell, 1993). This region has bg®own to bind four cellular proteins which
are thought to be involved with replication of &M genome (Tam and Astell, 1994). Since
replication and encapsidation seem to be linkedsi@oand colleages (1995) hypothesize that it
is possible that binding of cellular proteins testiegion of MVM and H-1 virus hinders binding
of the MVM capsid to the right end, preventing gmidation of the plus strand. Thus, disruption
of this protein-binding region by the AT-site migiitminate strand-selective encapsidation and
confers Lulll the ability to encapsidate eitheastt. As a consequence, deletion of this sequence
from Lulll could result in a genome virtually idérdl to that of MVMi and encapsidation of
primarily minus strands would be expected.

Although the Lulll AT-rich sequence is not presamtthe closely related parvoviruses

MVM or H-1, there are AT-like sequences in otherrvpairuses such as the feline
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panleukopenia virus (FPV) and the canine parvov€BV) which encapsidate predominantly
the minus strand of their genome (Parrish et 8381 Martyn et al., 1990). As in Lulll, these
AT-like regions occur near the coat protein termoracodons of FPV and CPV. For FPV and
CPV both the presence and occurrence of the ATdédgqences might suggest that the presence
of the AT-rich sequence is not sufficient for ergidption of the plus strand.

If the virion or the nonstructural proteins couleétermine the packaging bias, a
recombinant Lulll genome with the nonstructural astductural proteins of H-1 or MVM
parvoviruses would be expected to produce viruggbes containing only minus strand. Corsini
and colleagues materialized this experiment anddbelts suggested that the ability of Lulll to
package either strand is a property of the Lullhayee and not of the proteins, since its
encapsidation pattern was maintained (Corsini et H95). Thus, both the mechanism
underlying strand-packaging bias and the role @&f AT-rich sequence unique to the Lulll
genome have not been determined.

Recent studies using genomic chimeras of the MVM knlll genomes established a
possible connection between the mechanistic diffae in the processing of Ofd.and OriR,
and the strand packaging bias of these parvovirésstmore and Tattersall, 2005b).
Accordingly, the relative efficiency with which thevo genomic termini are resolved and
replicated eventually determines the polarity witlich single strands are excised from
replicating RF, and that these are then packagéld @qual efficiency. Their data analyses
indicated that the packaging substrate is the neglBased single strand and not the duplex RF
forms of the genome. They also proposed a singddtdisplacement model in which the
functional asymmetries between the right and leftgdins restrict the release of positive-sense

strands from the RF during the packaging phaseafetiion. Hence, the plus strands are only
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released if the right end nick site is suboptinmabking the displaced minus strands cycle
through an obligatory dimer duplex intermediate.

Viruses package their genomes into protein capsither via association of structural
proteins with the viral genomes or via insertionvifal genomes into preassembled capsids
(King et al., 2001). The parvovirus initiator priotés left covalently attached to the 5’-end of the
nicked DNA after replication (Im and Muzyczka, 19%rasad and Trempe, 1995). Therefore,
the genomes are marked for packaging by their &ggmt with the non structural proteins,
which in turn, bind efficiently to intact empty ca@s. The underline mechanism of how the
empty capsids are recruited to newly displacedsisgands remains unknown.

Single strand DNA accumulates in cells that aselbling competent viral particles
and the displacement of the single strand progestyrs during active DNA replication. In
AAV2, the genomes are translocated into prefornmegabid particles via a reaction that has been
shown to require the helicase activity of the R&52 proteins (King et al., 2001). DNAse
protection data suggest that insertion of progérands into viral particles proceeds from the 3'-
end (Cotmore and Tattersall, 2005a) and the helibas a processivity of 3’ to 5’ (King et al.,
2001). King and colleagues also propose a modehich the Rep 40/52 proteins function as a
molecular motor, associating with a single capgiding and effectively pumping the DNA into
the virion. These studies also suggest that Rapaihave the ability to form an hexameric ring
(James et al., 2004) in which peptide loops prajeict a central pore, through which the single
strand could pass during unwinding or strand taoalon (Yoon-Robarts et al.,, 2004). The
peptide loops carry the residues K404 and K406wknto be essential for the single strand
binding and packaging (Yoon-Robarts et al., 2004)e structure and precise mechanism of

interaction of this molecular motor remains unknown

34



Gene Therapy

Gene therapys a technique used for correcting defective geesponsible for disease
development (Faisst et al., 2000). The most comapmmoach used by researchers for correcting
faulty genes is to replace the nonfunctional gepa bormal gene. Thus, a vector must be used
in order to deliver the therapeutic gene (transpémehe patient's target cells. Currently, the
most studied vectors are viruses, among which th&t promising are the small non-pathogenic
viruses from thdarvoviridaefamily, AAV, MVM, H-1 and Lulll (Corsini et al., 296). Several
parvoviruses, including H-1 and MVM, have been shdw exert an oncosuppressive effect.
They are able to inhibit the formation of spontareas well as chemically or virally induced
tumors in laboratory animals (Avalosse et al., J9%@plants of tumor cells, including human
neoplastic cells, can also be targets for the paraiooncosuppressive activity in recipient
animals (Spegelaere at al., 1991). Despite thaiolgtic properties in cell cultures, parvoviruses
injected in tumor-bearing mice are often not potenbugh to irreversibly arrest the tumor
growth (Kimsey et al., 1986). In order to take auege of the oncotropism of parvoviruses,
recombinant derivates containing a therapeuticsggane are being engineered (Russell et al.,
1992; Maxwell and Maxwell, 1993; Maxwell et al., 98 Maxwell et al., 1996, Maxwell et al.,
2002).

Recombinant parvoviruses are infectious DNA clotieg contain the full-length viral
genome inserted in a bacterial plasmid (Faisstl.et2800). Their strategy consists on the
replacement of part of the parvoviral capsid gemiéis a therapeutic gene whose product can Kill
the tumor cells or stimulate the patient’s immugstem (Russell et al., 1992; Maxwell et al.,
1995). Recombinant Parvoviruses retain the NS1fingosequences under the control of the

parvoviral P4 promoter. Usually, the transgenglased under the control of the P38 promoter
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which, as mentioned before, imns-activated by NS1. Thus, a strong DNA expressiothef
transgene is achieved. These vectors also retaipahvoviral genome telomers (5’- and 3’-end
palindromic sequences), that fulfill alls-acting requirements for the viral DNA amplificatio
and packaging in the presence of the replicatiatepr NS-1 (Tullis and Shenk, 2000; Musatov
et al., 2002). Other alternatives for gene therapy provided by the use of the recombinant
parvovirus vector with a helper plasmid that pregdll the necessary viral products (structural
and nonstructural proteins) in ttransarrangement.

AAV vectors are among the smallest and most chdipiciefined particulate gene
delivery system (Maxwell et al., 1993). Some of thwre relevant advantages of the
recombinant AAV vectors (rAAV) are that they candiade stable and high levels of transgene
expression in both dividing and non-dividing terally differentiated cells without inducing
significant inflammatory toxicity. The rAAV vectorBave become increasingly recognized as
having some superiority to other viral and non lvgane delivery systems with regard to their
safety because viral administration is less fregaea without known pathology (Goudy et al.,
2001). The primary limitation of rAAV has been thmall size of the virion (20 nm), that only
permits the packaging of 4.7 kb of exogenous DN&uding the promoter, the polyadenylation
signal and any other enhancer elements requirezkriReeports have exploited a unique feature
of rAAV genomes such as their ability to link toget in doublets or strings in order to bypass
the size limitation. The development of this tedogy may improve the chances for successful
gene therapy of diseases like cystic fibrosis och&mne Muscular Dystrophy (Flotte et al.,
2000).

The autonomous parvoviruses are also promisingapleertic agents, particularly for

transient expression because their infectious ayoés not involve integration into cellular DNA
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(Cotmore and Tatersall, 1987). Experimental studidgcate that both transformed and tumor-
derived cell lines of animal and human origin aerhore favorable to the parvoviral life cycle,
than the normal cells from which they derive (Céimmet al., 1990; Maxwell et al., 1993;
Maxwell and Maxwell, 1999). Moreover the parvoges, MVM, H-I and Lulll efficiently
infect human cell lines (Maxwell et al., 2002).

Recent experiments performed in animals to assksther MVM or H-1-based vectors
carrying the interleukin 2 (IL-2) cytokine gene leaeinforced anti-cancer capacity showed that
these recombinant viruses suppressed tumor formatmre efficiently than viruses devoid of a
transgene (Cornelis et al., 2004). Strong anti-eaneffects of recombinant parvoviruses
expressing interferon gamma-inducible protein-F)-10) and monocyte chemotactic protein-3
(MCP-3) were also observed against established hgimsarcomas and melanomas in immuno-
competent mice, respectively (Maxwell et al., 2008rnelis et al., 2004).

Extensive work with Lulll recombinants has been eldpecause of the successful
infection of human cells and the highly infectiagenomic clone of Lulll, pGLu883 (Diffoot et
al., 1993). Viral coding sequences of this cloneeneplaced by reporter genes like luciferase
while terminal regions and P4 promoter were leftouched (Maxwell et al., 1993). This
recombinant vector was used to prove that transdueiruses could be produced by transient
co-transfection of these plasmids with helper coress supplying the viral NS and VP proteins,
but lacking terminal sequences. Assays were degdldpr tittering the Lulll recombinants in
terms of total number of DNA-containing particleadaof infectious units (Maxwell and
Maxwell, 1994). Other experimental research alsodooted by Maxwell and colleagues aimed
at replacing the P4 promoter by non-viral, reguigteomoters in which resulted in maintained

trans-activation responses to tissue specific factplaxwell and Maxwell, 1994). It was also
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demonstrated that Lulll recombinant genomes capn aks packaged in other parvoviruses
capsids like those of MVM and H-2 (Maxwell et dl1996; Maxwell et al., 2004). Substitution of
the P4 promoter by prokaryotic tetracycline oparatmuences lead to a constitutive expression
in transient transfected cells. Their previous expent lead to believe that potential use for
systemic Lulll recombinants in targeting metastaséght be enhanced if NS1 expression and
viral replication could be controlled by a safeglsuch as tetracycline (Maxwell and Maxwell,

1999).
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CHAPTER IlI

Objectives
The objective of this research was to determineeffext of deleating the 47 nucleotide AT- rich
region, unique to the Lulll genome, in the encagish pattern of the viral DNA. In order to
accomplish this objective it was necessary to:
1. Construct a genomic clone of the parvovirus LudtKing the 47 bp AT-rich region.
2. Transfect the modified genomic clone into HeLa<ell
3. Study the encapsidation pattern of viral progengegated from the replication of this

clone.
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Materials and Methods

A helper minigenome construct named Lulll A/T miiddgLulllA/T-) was used for the

construction of pGLuU888XbaA/T-. MgLulllA/T- contains Lulll nucleotide sequeas 1 to 277

and 4924 to 5135, the left and right end palindremespectively. These were isolated from the

original genomic clone of Lulll, pGLu883 (Diffoot @l., 1989). ACla | (AT/CGAT) (Roche

Molecular Biochemical, Indianapolis) site was immged at nt 4562 and the AT-rich sequence

of Lulll (nt 4558 to 4604) was deleted. Théa | site is immediately followed by nt 4605-7801

of pGLuU883\Xba containing the right end terminal palindrome. §dhasequences were cloned

into pUC 19 plasmid vector (Figure 10).

BamHI BamHI (7825)

MgLUlllA/T-
3787 bp

Kpnl (1106) BamHI

BamHI (5139)
[ Luil sequence

I AT rich sequenc ] A|\|-:--rlcr5r5€8gif1)go4
uti n -
[ 1 pucC19 sequence ( )

Nhel (4289)

Figure 10. Map of MgLulllA /T- and pGLu883AXba clones. Restriction sites are shown
Nucleotide position and restriction sites for BamHI, Nhe | andKpn | as well as the AT-rich

sequence site are indicated (Maxwell et al., 1993).
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Construction of the pGLU883AXbaAT- clone:

For the construction of pGLU88XbaA/T- (Figure 11), the full length genomic clone of
the Lulll parvovirus, pGLu888Xba and the MgLuUlllA/T- were digested with the redtion
enzymesKpn | (GTAC/CATG) and Nhe | (G/CTAG) obtained from Roche Molecular
Biochemicals, Indianapolis. The digested pGLu888a and MgLulllA/T- plasmid DNA were
electrophoresed (Figure 12 A) on a 1.2% agarosérigter, Molecular Bioloy Grade, BP1356-
100) in 1X TAE buffer (40 mM Tris-acetate, 2 mM EBTpH 8.5) at 70 V. Gel slices
containing a pGLu888Xbafragment of 6968 bp spanned by the restrictioryerezsites foKpn
| andNhel (nt 5152 and 4288, respectively) and a MgLulllAffagment of 823 bp spanned by
Kpn | andNhel restriction sites (1107 and 283, respectivelyjevextracted and purified (Figure
12, B) by the Gene Clean Spin Ki(QBio-gene, No. 1101-200, Montréal, Canada). The
extracted 6968 bp and 823 bp DNA fragments weratd for one hour by using the Rapid
DNA Ligation Kit (Roche Molecular Biochemicals, N1635379001, Indianapolis) at 20°C for
one hour. All possible recombinant molecules wesedufor transformation witk.coli SURE®2

competent cells (Stratagene, 200152, U.S.A.).
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BamHI

BamHI

Nhel
pGLu883AXba

(7835 bp) MgLullIA/T-

(3786 bp)

Nhel
Clal

BamHI AT- rich sequence
(Lulll nt 4558-4604) Kpnl BamHI
Kpn1/Nhel Kpn1/Nhel
Isolation of the 6968 b Isolation of the 823 bp
fragment fragment
Kpnl Nhel Kpnl 8’;2%'
5152 bp 4289 bp 1106 bp Clal p

| | T4 DNA Ligase

ﬁ ' l

pGLu883AXba A/T-

(7791 bp
mmmm MgLUllIA/T
——— Lull

——— puUC

Clal

Figure 11. Strategy used to construct pGLu888XbaA/T-. The nucleotide positions as
well as the resiction sites are indicat..
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(bp)
6000 «— 6968
3000 <+— 2963
1000
800 <+— 863
<+— 3823
B (op) (bp)

- 8144
- 6108

- 4072
- 3054

- 2036
- 1636

-1018

-506,517

Figure 12. Digestion of pGLulli883AXba and MgLulllA/T- and isolation of desired
fragments for cloning. A. Digestion of pGLu888Xba and MgLulllA/T- with restriction
enzymesKpn | and Nhe I. Lane 1. 2-6g Ladder,lanes 2-4: pGLu888Xba, Lanes 5-7:
MgLUlllA/T-, lane 8: 1 kb Ladder. Desired fragmemte shown in boldB. Isolation of the
6968 and 823 bp fragmentsane 1: 2-bg Ladder, lane 2: a purified fragment of 6968 bp
obtained from the digestion of pGLuU888ba, lane 3: purified fragment of 823 bp obtained
from the digestion of the MgLUA/T-. Lane 4: 1 kbdder. Samples were electrophoresed
on a 1.2% agarose gel in 1X TAE buffer at 76 V.
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Construction of pGLu883AXba Reverse:

The strategy performed for this new construct isowsh on Figure 13. The
pGLuU883\XbaA/T- and the original genomic clone of parvovirusllL pGLU883AXba were
digested with restriction enzymekpn | and Nhe I. The digested pGLu8&3ba and
pGLuU883\XbaA/T- DNA were electrophoresed (Figure 14, A) on.a% agarose gel (Fisher,
Molecular Bioloy Grade, BP1356-100) in 1X TAE buff@0 mM Tris-acetate, 2 mM EDTA,
pH 8.5) at 70 V. Gel slices containing the pGLuU8S%BaA/T- DNA fragment of 6968 bp and
corresponding to the restriction enzymes siteskpn | and Nhe | (nt 5152 and nt 4288,
respectively) and the pGLu883ba DNA fragment of 863 bp corresponding to the rettin
enzyme sites foKpn | andNhel (nt 5151 and nt 4289, respectively) were isolatad purified
(Figure 14, B) by using the Geneclean Spin®Ki®Bio-gene, 1101-200, Montréal, Canada).
Isolated fragments were ligated by using the RdpMA Ligation Kit (Roche Molecular
Biochemicals, No. 11635379001, Indianapolis) at2@8r one hour. A sample containing all
possible recombinant molecules were used for toamsftion withE.coli SURE®2 competent

cells.
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Kpnl

pGLu883AXba AT (-)
(7791 bp)

Nhel

Clal

Kpnl/ Nhel

Isolation of the
6968 bp fragment

pGLu883AXba

(7831 bp)

Kpnl/ Nhel

Isolation of the
863 bp fragment

Kpnl Nhel Kpnl Nhel
5151bp 4289 bp 5151 bp 4289 bp
| | T4 DNA Ligase
puUC 19
pGLu883AXba
(Reverse)
—— Lulll

=== pUC 19

Figure 13. Strategy used to construct pGLu8&Xba Reverse. The nucleotide

(7831 bp)

positions as well as the reiction sites are indicat..
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Figure 14. Digestion of pGLu883aXba and pGLu883AXbaA/T- and isolation of the
desired fragments for cloning. A.Digestion of pGLuU88&8Xbaand pGLuU883XbaA/T- with
restriction enzymekpn | andNhel. Lane 1: 2-bg Ladder lanes 2-4: pGLu888Xba,lanes 5-

7. pGLU88AXbaA/T, lane 8: 1 kb LaddemB. Isolation of the 6968 and 863 bp fragments.
Lane 1: 2-bg Ladder, Lane 2: the 6968 bp purified fragment wletc from the digestion of
pGLU88AXbaA/T-, Lane 3: the 863 bp purified fragment obtairexim the digestion of the

pGLuU883AXba Lane 4: 1 kb Ladder. Samples were electrophoresexl1.2 % agarose gel in
1X TAE bufferat 72'v
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Construction of pGLuU883AXbaA/T- de novo:

The parent molecules used for the construction of p@Ba&baA/T- de novowere
pGLu883\Xba and pGLu883XbaA/T- (Figure 15). Both plasmids were digested witte
endonucleas8spl for two hours at 3T and electrophoresed on a 1.2% agarose gel inBX T
buffer (100 mM Tris-borate, 2 mM EDTA, pH 8.3) ab A. The Ssp| digestion with
pGLu883\Xba generated three DNA fragments of approximately 6@R,71068 bp and 36 bp.
The 1068 bp DNA fragment contains nts 4067-5135thaf Lulll sequence, enclosing the
complete right-end terminal (nts 4924-5135) of thigus. In turn the digestion of
pGLuU883\XbaA/T- with Sspl also generated three DNA fragments, of approxayae687 bp,
1068 bp and 36 bp, as shown on Figure 16T#e 6687 bp DNA fragment corresponded to nt 1
to nt 4638 of Lulll and is included in a sequeneaf the pUC 19 vector that spans fr@spl
2501 bp to thé8amHI 417 bp sites located at the multiple cloning sikthe DNA sequence that
corresponds to Lulll includes théla | site from the MgLuUlllA/T- with lacking the AT-ric
sequence.

The 6687 bp DNA fragment obtained from @k | and the left end hairpin in addition
to the 1068 bp DNA fragment with the right end pairwere isolated and purified as described
above and characterized on a 1.2% agarose getaghotesis in 1X TBE buffer at 70 V (Figure
16, B). The 6687 bp DNA fragment and the 1068 bpAOgment were ligated in an overnight
reaction at 4C by using 1U of T4 DNA ligase (Roche, 481220). sxnple containing all the
possible recombinant molecules was used for tramsftion with E.coli SURE’2 competent

cells.
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pGLUBB3AXbAA/T (-)

pGLU883AXba

(7785 bp Nhel (7831 bp

Ssp | Sspl
Isolation ofthe Isolation of the
6687 bp fragment 1068 bp fragment
Ssp Ssp Ssp Ssp
5703 bp 4598 bp 5742 bp 4675 bp

| T4 DNA Ligase

pGLU883AXbaA/T -
denovo
(7755 bp)

——— Lulll

=== pUC 19

Figure 15. Strategy used to construct pGLuU8&8XbaA/T-de novo. The nucleotide
positions as well as the reiction sites are indicat..
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Figure 16. Digestion of pGLu883aXba and pGLu883AXbaA/T- and isolation of cloning
fragments. A. Digestion of pGLuU888Xba and pGLuU883XbaA/T- with restriction enzymesspl.
Lane 1: 2-6g Ladder,lanes 2-4:Sspl digestions of pGLu888Xba, lanes 5-7:Sspl digestions of
pGLU88AXbaA/T-, Lane 8: 1 kb LaddemB. Isolation of the 6687 and 1068 bp fragmehtsne 1:
2-log Ladder, Lane 2: the 6687 bp purified fragment ioledh from the digestion of
pGLU883AXbaA/T- with Sspl, Lane 3: the 1068 bp purified fragment obtaifredn the digestion of
the pGLu88aXba also withSspl. Lane 4: 1 kb Ladder. Samples were electroplearem a 1.2%
agarose gel in 1X TBE buffer at 76 V.
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Preparation and Transformation of E. coli SURE®2 Competent Cells by the Calcium
Chloride Method:

Competent cells were prepared by inoculating alsirgplony of Escherichia coli
SURE®2 strain [(e14(McrA-)A(mcrCB-hsd SMR-mrr) 171 endAlsupE44 thi-1 gyrA%&Irdac
recB recJ sbcC umuCin5 (Kan) uvrC [F' proABlacbZAM15 Tnl0 (Tet) Amy Caml]]
(Stratagene, La Jolla, California) into 1 mL of LBedium (1% Bacttryptone, 0.5%
Bactd’yeast extract, 86 mM NaCl and 1 M NaOH). The SOREells were grown overnight at
37C with constant shaking at 250 rpm. One millilifesm the culture was then transferred to
100 mL LB broth and grown until an Qg3 of 0.3-0.4 was reached. Cells were harvested by
centrifugation at 2,500 rpm for 10 minutes & 4and the pellet was gently resuspended in 25 ml
of ice-cold 50 mM CaGland placed on ice for 30 minutes. Cells were cewgfeid and gently
resuspended in 5 mL of ice cold 50 mM Cga@l120% glycerol. Aliquots of 100 pL were stored
at -80C or transferred into pre-chilled, sterile polypytame 1.5 mL microtubes.

Between 25 ng and 40 ng of recombinant DNA fromlit&tion mixture were added to
the SURE2 competent cells. Competent cells with no plasBiA were used as a negative
control and 10 ng of pUC 19 were added to the SUIRE&mpetent cells as a standard control.
Transformants were incubated on ice for 30 minutest-shocked for 30 seconds in aCi2
water bath and incubated on ice for 2 minutes. &ylosntly, 100 pL of pre-heated (€2 LB
broth were added to activate cells, and then, iatm at 37T for one hour with constant
shaking at 225 rpm. SURE transformed cells were spread on plate of LBeslaThe negative
control was grown on LB plates without ampicillinihe standard control and all experimental
samples were spread on LB plates containing 100ningmpicillin and 100 pL of 10 mM

IPTG. Plates were incubated overnight atC37
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Isolation of DNA Recombinants:

Colonies from target transformants were inoculatel mL of LB broth with 100 pg/ml

ampicillin, and incubated overnight at'@7in an orbital shaker with constant shaking at 225

rpm. Plasmid DNA from transformant cells was isethand purified by using the alkaline lysis

miniprep protocol (Ausbel et al., 2005). Restrintenzyme digestion analysis was performed for

all the possible recombinant molecules obtainede Téstriction patterns for each of the

recombinant molecules are shown in Table 4. Réstnigpatterns were analyzed either on a

1.2% agarose-TBE or 1.2% agarose-TAE. Large schl& preparations were made only for the

recombine ant molecules with the desired restmngpiatterns.

Table 4. Restriction Enzyme Patterns for three Lull clones (bp)

Restriction pGLu883AXbaA/T- pGLu883AXba pGLuU883AXbaA/T-
Enzyme Reverse de novo

BamHI ~5101, ~2686 ~5145, ~2686 ~5069, ~2686
Clal ~7791 * ~7755
Sspl * * ~6687, ~1068
BamHI/Clal ~4570, ~2686, ~535 * ~4570, ~2686, ~499
BamHI/Nhel ~4295, ~2686, ~810 ~4295, ~2686, ~850 ~4295, ~2686, ~774
Nhel/ Kpnl ~6968, ~823 ~6968,~863 ~6968, ~787

*The reaction was not performed.
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Tissue Culture:

HeLa (ATCC®, No. CCL-2; Rockville, Maryland) cells were grovas monolayers until
confluency at 3T in a Minimal Essential Medium (MEM Eagle; MP Biedicals, No. 10101;
Aurora, Ohio) and supplemented with 10% fetal bevserum (FBS; HyClone No. SH 30386.03;
Logan, Utah) and PSG (8 mMeficillin G, 3 mM Sreptomycin Sulfate and 200 mM L-
Glutamine).

HeLa cells were subcultured after 100% confluermy day 4 to 5 after the passage) by
rinsing the cultures twice with 1X Phosphate-BudteiSaline (1X PBS; 4.3 mM NdPO,, 1.4
mM KH,PQy, 137 mM NacCl, and 2.7 mM KCI, pH 7.4) to removeé tehces of serum. Cells
were detached from culture flasks by incubatinchvitiX Trypsin (Difco, No. 215240; Detroit,
Michigan) for 5 minutes at 3Z, and subsequently harvested by centrifugati@50 rpm for 5
minutes at 4C. After centrifugation, the supernatant was dided and the entire pellet was
resuspended in fresh MEM media with serum and seede culture flasks at a dilution ratio of
1:3.

Transfection Assay:

New constructs were transfected into HelLa celib(@ 5) by the electroporation method
with a capacitance discharge machine Gene Puls&ldttroporation System (Bio-Rad
Laboratories, Hercules, California) at 230 V an@® §4-. Transfected HelLa cells were grown to
100% confluency, rinsed three times with 1X PBSAC and incubated in 1X Trypsin for 5
minutes at 3T. Cells were centrifuged twice at 3800 rpm for iButes at 4C. The pellets were
rinsed again in 10 mL of 1X PBS and centrifugedlescribed before. Pelleted cells were then
resuspended in 7.2 mL of fresh MEM media and ctdkbénto 1.5 mL microtubes (800 uL per

microtube). Approximately 5 pug of every clone (Tald) were added to the corresponding

52



microtubes and incubated at'@7for 10 minutes. Cells were transferred into Eecuvettes (4
mm gap width) and electroporated separately. Fatigweach pulse, 700 pL of fresh MEM
media containing 10% FBS were added to the cuwettkethe cells were resuspended carefully.
Transfected cells were incubated atGYor 45 minutes, and then, transferred to 25 iasks
with 3 mL of fresh MEM media containing 10% FBSasks were incubated at'87overnight.
The medium was changed and the cells returnedetinttubator for 6-7 days post-transfection
before isolating the incorporated DNA, (Tam andeMst1993). The DNA was treated with
proteinase K for several hours atG7and extracted with phenol/chloroform, and preaied
with 2 volumes of isopropanol. DNA was resuspenie80 pL TE buffer (10 mM Tris-HCI, 1

mM EDTA, pH 8.0) and treated with RNase for 1 hauB87C.
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Table 5. DNA samples used for transfection assaystivHeLa cells

Sample Transfection Assay |
Plasmid DNA Flask
1 Cells w/o plasmid DNA Negative Control
2 pGLu88Xba Positive Control
3 pCMVNS1 Negative Control
4 pPGLUBBAXbaA/T- Experimental
5 pGLU88AXbaA/T- + pCMVNS1 Co-transfection
6 PGLUB8AXbaA/T- + MgLUlllA/T (+) Co-transfection
7 pPGLU88AXbaA/T- + Mg LUlllA/T (-) Co-transfection
Sample Transfection Assay I
Plasmid DNA Flask
1 Cells w/o plasmid DNA Negative Control
2 pGLu88Xba Positive Control
3 pGLu88XbaReverse Experimental
Sample Transfection Assay Il
Plasmid DNA Flask
1 Cells w/o plasmid DNA Negative Control
2 pGLu88aXba Positive Control
3 pCMVNS1 Negative Control
4 pGLU88AXbaAT(-) de novo Experimental
5 pGLU88AXbaAT(-) de novo+r pPCMVNS1 Co-transfection
6 pGLU88AXbaAT(-) de novo+ MgLUlllA/T Co-transfection
7 §3+()3Lu883&XbaAT(-) de novo+ MgLUlllA/T (-) | Co-transfection
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Southern blot analysis:

Samples of the extracted DNA were treated withricg®n enzymes and their buffers
recommended by the manufacturer. Band patterns vae@dyzed on 1.2% agarose gel
electrophoresis in 1X TBE or TAE buffer at 70 V.é€Thestriction enzymeBpn | and Mbo |
were used to distinguish replicated DNA. These eres/ recognize methylated and
unmethylated DNA, respectively. The replicationaofransfected DNA plasmid in eukaryotic
cells can be assayed by the resistancpo | and sensitivity toMbo | endonuclease®pn |
gains activity when both adenosines from the enzyewognition sequence (GATC) are
methylated. A kind of methylation not performeddaykaryotic methylases. Resistancéfn |
suggests that DNA has been hemimethylated or laokettiylation, a scenario that results from
one or two rounds of DNA replication respectivaly,an eukaryotic hostMbo | will cleave
DNA only when adenosines from the enzyme recogmisequence (GATC) are unmethylated,
reflecting replication by the eukaryotic machinggotmore and Tattersall, 1992). This feature
allows differentiation between input (un-replicgtadd output (replicated) DNA (Rhode, 1989).

Plasmid DNA was passively transferred to a Zetb&tG T Nylon Membrane (Bio-Rad,
No. 162-0196XTU; Hercules, California) using 0.4NMOH (Ausubel et al., 2005). An isolated
fragment of 5,135 bp, corresponding to the Lultavigenome, was labeled by a random primed
DNA labeling method with Digoxigenin-11-dUTP andedsas probe (Roche Applied Science
No. 11004760001Indianapolis, Indiana). The blot was hybridizecimight at 42C with slow
constant shaking. Washes were performed twice @dtil of 2X SSC (8line-Sdium Gtrate) /
0.1% SDS (8dium Dodecyl Silfate) for 20 minutes at 68 and once with 0.1X SSC/ 0.1% SDS

for 1 hour at 6%C. Detection of the Dig-labeled DNA was accompléhwith the
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Chemiluminescent Detection Protocol provided by Bi& System User's Guide for Filter

Hybridization (Roche Diagnostics, No. 115856149h@dianapolis, Indiana).
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CHAPTER IV

Results and Discussion

Autonomous parvoviruses are single-stranded DNAsé@s with palindromic termini that
encapsidate strands of either plus or minus pgléFaisst et al; 2000). Research data suggest
that the termini together with few adjacent nudlbet provide all thecis-acting information
required for both viral DNA replication and progemggnome encapsidation (Cotmore and
Tattersall, 1996). To date, replication stratefieghe autonomous replicating parvoviruses have
been best explored for Minute Virus of Mice (MVM)exies of the genuRarvovirus(Cotmore
and Tattersall, 2006)Sequence comparison of MVM and Lulll demonstrat®@0d DNA
sequence identity between their termini and a 80%A3equence identity between genomes.
This phenomenon contrasts with the fact that 99%hef assembled MVM particles have a
negative polarity genome, while Lulll encapsidategh strands with equal frequen&equence
analysis of the full genome of parvovirus Lulll @ged an AT-rich stretch of 47 nucleotides
long, starting at nucleotide position 4560, uniguéehe Lulll genome. The absence of a similar
region in parvovirus MVM hinted other researcherhwhe possibility that this region might be
related to the characteristic virion DNA distribarti (Diffoot et al., 1993). Because Lulll is
considered a promising vector for gene therapypfoper protocols in future applications, its
mechanisms of replication, strand encapsidationtmslocation must be elucidated. The aim of
this project was to determine the role of the Adhrregion of parvovirus Lulll in the packaging
of its viral DNA. A highly infectious genomic clor@ Lulll, the pGLuU88&Xba was modified

to lack the AT-rich sequence (47 bp) in order tdrads this hypothesis.



pGLu883AXbaA/T- plasmid:

A plasmid containing parvovirus Lulll without theTArich sequence was constructed as
described in the Materials and Methods chapter. cdmstruct pGLuU883XbaA/T- contains the
complete genome of Lulll (from nucleotide (nt) 15&35) but lacks the AT-rich sequence (nt
4558 to 4604). Results from bacterial transformmtioestriction endonuclease analysis,
transfection assay and Southern blot analysis a&u883AXbaA/T- were as follows.

Bacterial Transformation:

Transformation results are shown on Table 6. Tmnsdtion ofE. coli SURE®2 cells
with the pGLU88aXbaA/T- recombinant molecules resulted in a transfaromaefficiency of
5.7 x 16 cfu/pg. The cell control plate resulted in norngabwth of bacterial lawn. No cell
growth was observed in the ampicillin control ptatelemonstrating that the cells exhibit
sensitivity to this antibiotic. Blue colonies grem the transformation control plates, while the
white colonies grew on a selective media of thesexpental samples. Since Lulll was cloned in
theBamHlI site of the multiple cloning site (MCS) of th&@ 19 vector and the MCS is inserted

after the fourth codon of tHacZa gene, Lulll interrupts the expression of the gene.
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Table 6. Transformation of SURE®2 competent cells withpGLU883AXbaA/T-

Transformation Plate DNA added DNA Results
Sample Concentration®
(ng)
1 Control for cell none 0 bacterial lawn
growth
2 Control for none 0 no colonies
antibiotic
3 Control of puUC 19 ~10 5,700
Transformation blue colonies
efficiency
4 Experimental | pGLUAXbaA/T- ~36 93
white colonies

& Estimated concentration is based on the amouwecibr in the ligation reaction per 100 pl of conene cells.

Restriction enzyme analysis:

The isolated DNA plasmid was subjected to restictenzyme digestion analysis and
subsequently electrophoresed (Figure 17). Prepamtof pGLu88BXbaA/T- recombinant
DNA constructs were first characterized by digestwith Kpn | and Nhe I. Constructs with
expected DNA fragments generated two bands of ~2&d ~6968 bp, indicating the presence
of the MgLUlllA/T- insert and the pGLu8&Xbavector sequence, respectively (Figure 17; lanes
4-6). TheCla | site in the MgLUlllA/T- corresponds to the regidhat lacks the AT-rich
sequence. To verify the presence of tbia | site, recombinants these were also digested with
Clal andKpnl. Expected DNA fragments of ~548 bp and ~7243 bpevadrserved (Figure 17;
lanes 9-11). Three different mini-preparations,itealily termed as mp 1, mp 3 and mp 7,
exhibited restriction patterns as described. Thesellts suggest that our target clone was

constructed recovered from the bacterial transftionauccesfully.
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B. Plasmid Restriction Enzyme Cut sites Approximate Length (bp)
pGLu883Xba Kpn|/Nhel 5152-4289 6968, 863
Kpnl/Clal 5152 7831
MgLUA/T(-) Kpn|/Nhel 1111-288 2963, 823
Kpnl/Clal 1111-563 3242, 548
pGLU88AXbaA/T- Kpn|/Nhel 5152-4289 6968, 823
Kpnl/Clal 5152-4564 7243, 548

Figure 17.Kpn I/Nhel and Kpn I/ Cla | digestions of the recombinantspGLU883AXbaA/T-. A. Samples
were electrophoresed on a 1.2% agarose gel in 1k Daffer at 76 V. Digestions of the plasmid
minipreparations were compared to tkpn I/Nhe | and Kpn I/Cla | digestions of pGLu888Xba and
MgLUlllA/T-. Sizes of the 2og DNA Ladder (lane 1) are indicateB. Expected length of the fragments
generated for each plasmid when digested withdheeted restriction enzymes.
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Transfection of HeLa cellswith pGLu AXbaA/T-:

HelLa cells were cultured at & after eight days of incubation. No significananhes in
the HeLa monolayer were observed during the fivg flays post-transfection since all samples
grew until confluency was achieved. Control cellsh&ved confluent until day 8 post-
transfection (Figure 18, A). On the day 6, thetfgign of cytopathic effects (CPE) was evident
for the cells transfected with pGLu888ba (positive control), indicating a successful
transfection. At the beginning, the CPE appeardaettocalized but progressed to a 100% CPE
after day 7 (Figure 18, B) demonstrating that tiral\genome has excised and replicated for
establishing an infection. The experimental samp&, u883\XbaA/T-, was similar to the cell
control. Thus, CPE was not observed, as shownguar€il9, C.

The Lulll genome without the AT-rich sequence reBk® the MVM genome and is
expected to encapsidate a 99% of the negativetrehds Data from studies of the infectious
capabilities of the plus and minus strands of parus Lulll (De La Mota-Peynado, 2004)
suggest that the single strand viral DNA alone @seareffective than the mixture of single strand
and double strand DNA. De La Mota-Peynado obsenedifference between cells transfected
with pGLU883\Xba and cells transfected with the Lulll (-) strandthb infections progress
similarly. Therefore, if the virus encapsidates thyothe (-) strand, CPE should be observed. If
difficulties exist with the virus replication theral strands will not be encapsidated and no CPE

will be observed.
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Cell control

Cell control (no CPE)

pGLu883\Xba (CPE)

pGLU883A\XbaA/T-

Figure 18. HelLa cells electroporated with pGLU88AXbaAT -. Cells were photographed at
day 8 post-transfectiod. Cell control with confluent HeLa cell&. HelLa cells transfected
with pGLu883\Xba with visible CPE, C. Confluent HelLa cells transfected with

pGLU88AXbaAT-.
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Southern blot analysisof samples of transfection with pGLU88AXbaA/T-:

To determine if pGLU888XbaA/T- had the ability to replicate in the eukaryotells,
DNA isolated from these HelLa cells was digestechwvilie restriction enzymélbo | and
fragments were electrophoresed on a 1.2% agardg€igare 19, A). Dpn I/ Mbo | sencitivity
allows differentiation between input (unreplicatea)d output (replicated) DNA. The results
from the Southern blot analysis of the transfeddddiAs digested withMbo | are shown in
Figure 19, B. Lane 1 shows thddyy DNA Ladder, and lane 2 represents the negativer@oiim
which no foreign DNA was added to the HelLa cell@ bands were observed in this lane
indicating the absence of non-specific binding eetwthe HeLa genomic DNA and the Lulll
probe. A 5,135 bp band that corresponds to thegrilome of parvovirus Lulll is shown in lane
3. In lane 4 it shown the banding pattern of pGL288ba digested wittDpn |, used to compare
plasmid DNA to the transfected DNA digested widiibo | in lane 5. Similar banding patterns
between the samples in lanes 4 and 5 are a positli@ator of replication. The transfected DNA
of pGLu883\Xba digested withMbo | is shown in lane 5. A positive signal of this gden
suggests that, as expected, DNA was recovered thentransfected cells. Thus, pGLu&&a
was replicated successfully in the eukaryotic cdlEne 6 shows the restriction endonuclease
pattern of pGLu888XbaA/T- digested withDpn I. Lane 7 shows the transfection DNA of
pGLuU88\XbaA/T-. If the DNA was able to replicate, the rediva endonuclease cleavage of
Mbo | should give a similar banding pattern to thathef sample in lane 6. These results suggest
that pGLU883XbaA/T- was not capable of replicating. Four assaysniital to the one

described above were performed with a similar auieeach time.
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Figure 19. A. Agarose gel electrophoresis and B. Gihern blot of DNA samples purified
from transfected Hela cells. Samples electrophoresed are indicated above. Tbie s
hybridized with the Lulll full-length genome, laleel by random primed Digoxigenin-11-dUTP.
The radiograph was exposed for 4 hours.
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Requirements for parvovirus replication are the-swoctural protein NS1 and tlugs-
acting elements located in the terminal regionstrf@@oe and Tattersall, 2006). The parental
molecule used to construct pGLu8daA/T-, the genomic clone pGLuU883Xba,is capable to
replicate, encapsidate and infect HeLa cells asrobd by the transfection assay. As a result, the
integrity of both the NS1 coding sequence as welthee sequence of both termini should be
conserved. In order to construct the pGLU88BaA/T-, pGLU883\Xbawas digested witiNhel
andKpnl. TheNhel cut at a site located 2015 bp downstream frometie of the NS1 coding
sequence anklpn | cut at a site located 823 bp downstreanNbél. Accordingly, the digestion
of pGLu883Xba with Nhel and Kpn I should not interfere with the NS1 coding sequeote
Lulll. Clones of plasmid DNA obtained from varioparvovirus genomes have been found to
require an intact NS1 gene sequence in eitlseor trans orientation for the subsequent excision
from the plasmid and replication of the viral semues. When NS1 is provided tnans
minigenomes containing the right and left (RL), tight (RR) or two left (LL) termini become
replication competent genomes (Tam and Astell, 1988 address the possibility that the NS1
gene in pGLu888XbaA/T- is not functional, pGLuU888XbaA/T- was cotransfected with
pCMVNSI, a plasmid that contains the complete N8dirng sequence of the MVMp (Minute
Virus of Mice prototype strain) parvovirus underethCMV promoter (the human
cytomegalovirus immediate-early gene promoter) @tbninto the pCDNAS3 vector. The
pPCMVNSI plasmid should provide the pGLU8880aA/T- plasmid with NS1 irtrans

All cis-acting sequences required for both MVM and LulNA®replication reside in the
terminal nucleotides of the left and right termi@iotmore and Tattersall, 1996; Clément et al.,
2001). Thus, in order to replicate, MVM and Lulérinini need to be intact. In cotransfections

with defective viral molecules of MVM with a help&NA the wild type virus is generated

65



through homologous recombination between vectorhatiger DNA (Clément et al., 2001). The
pGLuU883\XbaA/T- was also cotransfected with LulllMgA/T- or UWMgA/T+ in order to
promote recombinant events between their termfnihd pGLU883aXbaA/T- molecule has a
mutated termini, recombination with the helper noale might restore function to the affected
terminal palindrome. The construct LulllMgA/T+ identical to LulllIMgA/T- but it has the 47
bp AT-rich sequence. The minigenomes have bothrighd and left end termini of Lulll and
these have been shown to replicate in the presaihp&Lu883Xba (unpublished data). They
can replicate when NS1 is provided by pGLU8%Ba, since both have all tras elements in the
viral termini needed for its replication.

Cotransfection of HelLa cells with pGLU882XbaA/T- and pCMVNS1, MgLulllA/T- and
MgLUlllA/T+:

Cotransfected HelLa cells were incubated for 8 ddy&7C and the results are shown in
Figure 20. In the cell control flask (no DNA addethe cells achieved confluency at day 8
post-transfection. In the flask transfected withLp&3AXba (a positive control), cells looked
confluent until day 6 post-transfection, and statie show a localized infection (Figure 20). No
CPE was observed from cells transfected with pCMYN&s described before, no CPE
observed on cells transfected with pGLu88BaA/T- or on cells cotransfected with

pGLUB8AXbaA/T- and pCMVNS1, MgLUllIA/T- and MgLulllA/T+.
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Cell pGLu883 Xba pCMVNS1

control
pGLU88AXhaA/T- pGLU88AXbaA/T- pGLU883AXhaA/T-
pCMVNS1 MgLulllA/T+
pPGLU883AXbaA/T-
MgLUlllA/T-

Figure 20. HeLa cells electroporated 'ith pGLU883AXbaA/T - recombinant clone. White
arrows on figure B. shows cells with CPE effectse do viral infection Cells were
photographed at day 8 post-transfection.
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Southern blot analysis of samples from cotransfeains with pGLU883AXbaA/T-:

After the cotransfection assay, total DNA was ectd and replication was assessed by
digestion withDpn | or Mbo | (Figure 21, A) followed by a Southern blot anay@-igure 21, B).
Lane 1 shows the g DNA Ladder, lane 2 shows the 5,135 bp band thatesponds to the
Lulll genome and can be used to compare the mayrati the double stranded viral DNA, lanes
3 to 5 show the transfected pGLud3@a sample uncut, digested wipn | and withMbo I,
respectively. As observed on the blot, uncut sampfeaeplicated pGLu888Xbaresults in two
bands. These bands migrate as a ~5 kb and ~2.5 Kiledand single stranded linear DNA
molecule, respectively. The ~5 kb band is comparabl¢he Lulll genome in lane 2. The
pGLu883\Xba sample digested witDpn | shows a band pattern similar to the uncut sample
while the sample digested wilMbo | shows a restriction pattern as expected fronrépécated
plasmid. Plasmids capable to replicate in eukatcyodlls, when digested witBpn I, should
result in a restriction pattern similar to the unsamples, because these samples are expected to
lack methylation, and therefore, are not sensitoveéhe restriction endonuclease activity with
Dpn I. Given thatMbo | recognizes the same nucleotide sequenceBps!| in the non-
methylated stateMbo | digestion of replicated plasmids that lack meditigih is expected to
generate 24 DNA fragments with the largest fragnant1.2 kb and the smallest of ~8 bp.
Lanes 6 to 8 correspond to pCMVNS1 samples of yndigiested withDpn | and Mbo |,
respectively. The NSI sequence inserted in the p&BMector comes from parvovirus MVMp.
The Lulll probe used here has a high sequence fagigcand although Lulll and MVM share
sequence homology, their DNA sequences are notic@nHence, there is no visible probe
signal on these lanes. Lanes 9 to 20 show the iexpetal results from pGLuU8&3XbaA/T-

transfected DNA to pGLu883XbaA/T- cotransfections with the pCMVNS1 plasmid arne t
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minigenomes. These samples share similar resutube both the uncut and tdéo | digested
samples are analogous and Dyen | digested samples have a restriction pattern amtd non
replicated plasmid DNA. Accordingly, the pGLu888baA/T- transfection and cotransfections

resulted in a non evident replication.
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Figure 21. Gel electrophoresis (A) and Southern Bt (B) of DNA isolated from transfected

HeLa cells. Samples electrophoresedare indicated above. The 1.2% agarose gel was
electrophoresed in 1X TAE buffer at 80 V. The blaasahybridized with the Lulll probe. The

radiograph was exposed for 14 hours.
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Six assays of pGLuB8&3XbaA/T- cotransfections with the minigenomes and the
pCMVNS1 have been done with similar results on daole. The lack of replication could be
explained by one of two possibilities, either bessathe integrity of one of the viral termini was
affected in a molecular rearrangement or becausalisence of the AT-rich region can inhibit
the replication of the virus. The NSI protein ispensible for DNA excision of the viral genome
from the pUC 19 plasmid and it is also directly otwed in its viral replication. Since NS1
moiety was assembled trans orientation and there is conclusive data suggesting that genom
APV vectors need NS1 in eithers or trans orientation in order to replicate, their lack of
replication could not be attributed only to a défer NS1 sequence. Given that
pGLuU883\XbaA/T- was not able to replicate when cotransfecteith wWAgLulllA/T- and
MgLulllA/T+, it is possible that Lulll needs the Arfich sequence in order to replicate
efficiently and that the AT-rich sequence can net gyovided intrans and instead theis
arrangement is preferred.

Rhode deleted 75% of the right-end palindrome dfll{from nt 4970 to nt 5088). This
deletion did not include the AT-rich sequence (Rhdd89). The mutation did not eliminate the
replication entirely. A decrease in the excisiod agplication efficiency was noticeable. He also
observedpn | resistance in a portion of the full-length lindaNA, thus indicating that some
DNA synthesis had occurred. The synthesis was prably done, on one strand, using the intact
viral left-end as the origin. Taking all these dei® account, a strategy to prove the viability of
the viral termini was determined. If the left temas can replicate and compensate the absence of
a 75% of the right terminus the pGLu&88aA/T- molecule might have a damaged left-end.

Thus, the right terminus of pGLuU883bahas to be cloned into the AT-site.
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pGLu883AXba Reverse plasmid:

The AT-rich sequence of pGLu88%bawas cloned into pGLU8&XbaA/T- in order to
determine if the integrity of the Lulll terminalgpgences, in particular the left-end. To determine
if the left end terminus was responsible for thehifity of pGLU882\XbaA/T- to replicate when
transfected into HelLa cells and not the AT-richusage a clone containing the left terminal
sequence of pGLu8&Xba and the right terminal sequence of pGLUB%BaA/T- was
constructed.

Bacterial transformation of the pGLu883AXba Reverse recombinat molecules:

The transformation efficiency of SURE was ~3.5 x 10CFUjug DNA. The results are
shown in Table 7. A total of 80 colonies grew oadh experimental plates. A bacterial lawn was
observed on the cell growth control plate and thveeee no colonies on the ampicillin control

plate.

Table 7. Transformation of SURE cells withpGLu883AXba Reverse

Transformation Plate DNA added DNA Results
Sample Concentration®
(ng)
1 Control for cell none 0 bacterial lawn
growth
2 Control for none 0 no colonies
antibiotic
3 Control of puUC 19 ~10 ~3,500
Transformation blue colonies
efficiency
4 Experimental | pGLu88a\Xba ~50 80
Reverse white colonies

& Estimated concentration is based on the amouwveatbr in the ligation reaction per 100 pl of coneme cells.
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Restriction enzyme analysis:

Recombinant molecules of pGLu@88ba Reversavere digested first with the restriction
endonuclease&pn | and Nhel. The DNA fragments from clones with the corregsert is
expected to be ~863 bp DNA fragment from pGLu88Baand a 6968 bp DNA fragment from
pGLuU88N\XbaA/T- (Figure 22, lane 4). Only mini-preparationshiited the desired restriction
pattern, termed as mp 16 (Figure 22, lanér@\versavas subsequently used for transfection, by
electroporation into HelLa cells.

Transfection of Hela cells with pGLu88&\Xba Reverse:

pGLu88:\Xba Reversevas transfected into HelLa cells to attest for imability of
pGLU88NXbaA/T- to replicate and to determine if the lack ddplication was due to
rearrangements in the left terminus. Cells weredsied on day 8 post-transfection (Figure 23).
No CPE was visible on the cell control flask andtbe day 5, localized CPE areas were first
observed on the pGLu883ba flask. On day 6, the first signs of CPE appeareg dBy 8, a
100% of CPE was observed on the flask containingy®83\Xba ReverseThese results
suggest that the AT was able to restore the capebibf the recombinant molecule for infection
and that the NS1 sequence of pGLUBRBaA/T- as well as the left terminus regions of

LUlllA/T- have the capacity to cause excision, regtion and encapsidation for viral infection.
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pGlu883\Xba 5152-4289 6968, 863
pGlu883AXbaA/T- 5152-4289 6968, 823
pGlu883\Xba Reverseg 5152-4289 6968, 863

Figure 22. Digestions of pssible pGlu88:AXba Reverse with Kpn | / Nhel. A. Samples from
the pGlu88aXba Reverseminipreparations were electrophoresed on a 1.2%oagagel in 1X
TBE buffer at 76 V. Digestions of pGlu883ba Reversglane 4) were compared to thkgn | /
Nhe | digestion of pGLuU88&Xba (lane 2)and pGlu883AXbaA/T- (lane 3). Sizes of the &g
DNA Ladder (lane 1) are indicateB. Aproximate length of the DNA fragments generated f
each plasmid when digested with the indicatedioti®in enzymes.
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A.
Cell control
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pGLu883Xba
C.
pGLu883XbaReverse

Figure 23. HelLa cells electroporated with pGLu88&Xba Reverse recombinant
clone.Cells were photographed after day 8 post-transfecti
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Southern blot analysis of samples from transfectianwith pGLuU883AXba Reverse:

Total DNA was extracted from the transfected Heklscand a replication analysis was
performed by the restriction endunucleaggs | and Mbo | (Figure 24, A). Southern blot
analysis (Figure 24, B) of the samples was camwigdas follows as described on Ausubel et al.,
2005. Lane 1 shows thel@g DNA Ladder. In lane 2, the Lulll 5,135 bp DNA baridat
correspond to the full genome is shown and was tsemdmpare the migration of the double
stranded viral DNA. Lanes 3 to 5 show the pGLu88Ba sample; uncut, digested wipn |
and withMbo I, respectively. The uncut and tBpn | digested DNA samples shown in lanes 3
and 4, respectively have similar mobility, two bamaf ~5 kb and ~3 kb. Uncut samples of
replicated pGLu888Xbaresulted in two bands with sizes of ~5 kb and «B.somparable with
the Lulll 5.1 kb genome band and with the singlearsei DNA (lane 2). The construct
pGLu883\Xbawas able to replicate since it was not sensitMen | digestion and sensitive to
digestion withMbo I. Lanes 6 to 8 show the pGLu888ba Reverséransfected samples; uncut,
digested withDpn | and Mbo |, respectively. In the uncut sample, two fairlyakebands were
observed above the 5 kb, that likely represent tifpNA. Uncut samples of unreplicated
pGLu883\Xba result in two bands. These bands migrate as 127akiol double strand linear
DNA molecule. In lane 7, the bands described bef{aee 6) disappear, and a band pattern
similar to that expected for viral DNA, digestedthviDpn |, is visible. In lane 8, the
pGLu883\Xba Reversglasmid bands were clearly observed, but there baral pattern also
similar to replicated DNA digested witfibo . It is possible that thReverseDNA went through
less cycles of replication than with pGLu&8@a Thus, resulting in a mixture of replicated and
unreplicated DNA. If pGLu888Xba Reversevas able to replicate, there is a possibility that

AT-rich sequence thought before to play a roleha encapsidation pattern of Lulll, might
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actually be more related to the viral replicatiantlee resolution of the 5 termini. However
pGLuU88\XbaA/T- had the 3’ or left terminal from pGLu88Xbaand the 5’ or right terminal
from the LulllMgA/T- and the right termini of pGL@AXba Reversecomes from
pGLu88\Xbaand not from the MgLUlllA/T- there is also a poski that this terminal was
damaged. To address this issue a second attempt was madde$igning the construct

pGLuU88\XbaA/T-. In this case with both DNA termini from pGL88AXba

77
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Figure 24. (A) Agarose gel electrophoresis and (Ejouthern blot of DNA samples purified
from transfected HelLa cells.Samples DNA electrophoresed are indicated abovep®a were
run on a 1.2% agarose gel in 1X TAE buffer at 80re blot was hybridized with Lulll probe.
The radiograph was exposed for 16 hours.
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pGLu883AXbaA/T- de novo plasmid:

A plasmid containing the full genome of Lulll withbthe AT-rich sequences was
constructed by usin§spl as shown in the third cloning strategy of the &tmtls and Methods
Chapter. This plasmid has both the 3’- and 5-effiisn the same parental molecule,
pGLu88\Xba,but lacks the AT-rich sequence.

Bacterial transformation:

The transformation efficiency of SURE was ~5.3 x 10CFU/jug DNA. Results of cell

transformation are shown on Table 8. A total ofcblbnies grew on the experimental platés (

novg. Whereas blue colonies grew on the transformatanirol plates with the pUC 19 vector.

Table 8. Transformation of SURE®2 cells with pGLU883AXbaA/T- de novo

Transformation Plate DNA added DNA Results
Sample Concentration®
(ng)
1 Control for cell none 0 bacterial lawn
growth
2 Control for none 0 no colonies
antibiotic
3 Control of puUC 19 ~10 ~5,300
Transformation blue colonies
Efficiency
4 Experimental | pGLu88\Xba ~50 52
A/T- de novo white colonies

a_ . o . L )
Estimated concentration is based on the amowaibr in the ligation reaction per 100 pl of congne cells.
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Restriction enzyme analysis:

De novorecombinant DNA molecules were digested with restm enzyme described in
Figure 25. Recombinants were digested viddam HI (Figure 25, lane 3), which liberates the
Lulll genome from pUC19, giving rise a pattern wfot bands, one from the viral genome of
approximately ~5069 bp and a second from a ~2686Nf Pagment of the pUC19 vectdbe
novo has theCla | site of pGLU883\XbaA/T- (Figure 25, lane 4). The presence oCla | site
proves the absence of the AT-rich region in theatwle; hence a digestion with bddlamHI
andCla | produced 3 bands of sizes: ~ 4570 bp, ~2686 bp~d99 bp (Figure 25, lane 5).
Digestion of the recombinant molecules wittme | and Kpn | should result in a fragment of
~787 bp and a fragment of ~6968 bp (Figure 25, IgneTévo recombinant molecules gave all
the desired restriction patterns. They were terrmedmpl and mp 5. Th8sp| digestion
generated the DNA fragments of ~6687 bp and a ~1p68bkpectively (Figure 25, lane 7). This

restriction analysis demonstrated thatEreenovoclone was obtained successfully.
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pGIlu883\XbaA/T- BanHl 7749, 5063 5069, 2686
de novo Clal 4564 7755
BanHl/Clal 7749, 5063, 4564 4570, 2686, 499
Nhd/Kpnl 5076, 4289 6968, 787
Ssp 5667, 4599 6687, 1068

Figure 2Et. Digestions of the pGLu88&XbaA/T- de novo recombinant molecule. A.1.2 %
agarose gel in 1X TAE at 76 V. The pGlud3®aA/T- de novorecombinant molecule
minipreparation was digested wiBamHI, Cla I, BamHI/Cla I, Kpn I/Nhel and Sspl. Sizes of
the 2iog DNA Ladder are shown on lane B. Approximate length of the expected fragments
generated for each plasmid when digested withrttlieated restriction enzymes.

81



Transfection of HeLa cells with pGLU883 XbaA/T- de novo:

To explore the possibility that the new construdtwl il without the AT-rich sequence is
able to replicate, the pGLuU883baA/T- de novomolecule was transfected into HelLa cells and
incubated at 3T for a period of 8 days. HelLa cells were expettedchieve confluency unless
infected by the virus. The cells on the controlsklaachieved confluency on day 7 post-
transfection after which some cells started to aetimsom the flask. Extracted DNA obtained
from the cell control sample was not loaded ondtj@ose gel electrophoresis because of limited
space. The pGLu8&Xbaflask showed signs of CPE on day 6 post-trangfedfrigure 26). As
observed before, no CPE was observed on the pCMMI4SH and no signs of CPE were visible

on any other experimental samples.
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Cell control pGLu883 Xba pCMVNS1
(CPE)

pGLU883XbaA/T- de novo pGLuU883XbaA/T- de novo pGLuU883XbaA/T- de novo
pCMVNS1 MgLulllA/T+

pGLuU883XbaA/T- de novo
MgLulllA/T-

Figure 26. HelLa cells electroporated with pGLU88AXbaA/T - de novo recombinant clone.
Cells were photographed at day 8 post-transfection.
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Southern blot analysis of samples from transfectianwith pGLuU883AXbaA/T- de novo:

A replication analysis was performed on all of thansfected cell samples by
endonuclease digestion wibpn | and Mbo I (Figure 27). Southern blot results obtained from
samples analyzed pn I/Mbo | digestion are shown on Figure 27, A. Samples Weaded as
follows: lane 1 shows the IBg DNA Ladder used as a molecular weight marker, mas the
5,135 bp band that corresponds to the linear dosioéended genome of Lulll. Lanes 3 to 20
samples were loaded in the following order: tractefe samples of pGLU88Xba, pCMVNS1,
pGLu883\Xbade novopGLuU883\Xbade novowith pCMVNS1, pGLuU883Xba de novawith
MgLulllA/T+ and pGLu883Xba de novavith MgLuUlllA/T-. These samples are shown uncut,
followed by the same sample digested vidin | andMbo I. The pGLu883Xbadigested with
Dpn | showed the same pattern as the uncut sample whelesample digested witkibo |
showed the restriction pattern as expected from ré@icated plasmid DNA. Samples of
pCMVNSL1 did not appear on the Southern blot becatisige high specificity of the Lulll probe
used. On the transfected and cotransfected sampleSLu883\Xba de novprestriction band
patterns were visible only on the samples digestéd Dpn . Digestion withDpn | is indicative

of unreplicated plasmid DNA
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pGLu88XbaA/T(-) de novo
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Figure 27. Gel electrophoresis (A) and Southern Bt (B) of DNA isolated from transfected

HelLa cells. Samples electrophoresedare

indicated above. The 1.2% agarose gel was

electrophoresed in 1X TAE buffer at 80 V. The blaasahybridized with the Lulll probe. The

radiograph was exposed for 14 hours.
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Severalcis-acting sequences of the 5’ end of the MVM viruyendeen linked to its
replication (Tam and Astell, 1993; Tam and Ast&894; Brustein and Astell, 1997). Deletions
on the 5 terminal palindrome demonstrated thatethgerecis-acting genetic elements in the
viral terminus were essential for the excision aglication of the viral DNA. Removal of one
copy of a tandemly arranged 65 bp repeat (4720-48%%as found to be inboard of the 5
terminal palindrome and inhibited viral DNA replimmn. There is a 26 bp AT-rich sequence
twenty eight nucleotides downstream of the 65 bpeaé in the MVM genome. Sequence
comparison of the 65 bp repeats and the AT-richusece to the autonomous replicating
sequence of yeast revealed similarities betweeh betjuences (Brustein and Astell, 1997).
Studies to investigate an ARS like sequence inritfig end terminus of Lulll resulted in data
that suggests that the 600 bp from map units 88ef@0e viral genome may act as an origin of
replication in lower eukaryotes (Roman-Pérez, 2@06pyo, 2000; De Jesus-Maldonado, 2004).
Studies with MVM minigenomes with two right endrtenals (RR) and two left end terminals
(LL) revealed that the RR minigenomes were mordciefit in replication than the LL
minigenomes (Tam and Astell, 1993). A detailed gsialof the right end terminus of MVM has
exposed two specific elements inboard the rightpiaibetween the nucleotides position 4489-
4636 (element A) and the nucleotide position 468844(element B). These two elements were
found to be necessary for efficient replication M¥M and were considered as replication
sequences (Tam and Astell, 1993). Sequences thateer abolish the replication of MVM are
known as_mternal Feplication _®quences (IRS). Due to this study, the cis-actiagusences
required for replication of the MVM DNA has beemsalered to reside in nucleotide positions
140 and 660 of the left and right termini, respeadti. Later, studies exposed three specific short

sequence elements that contribute to the actifith® IRS. All the elements that constitute the
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so-called IRS were believed to be a form of muttipaorigin of DNA replication similar to that
of the ARS (Brustein and Astell, 1997This region has been shown to bind unidentifietlitze
proteins which are thought to be involved with teplication of the MVM genome. (Tam and
Astell, 1993; Tam and Astell, 1994). Similar sequesnin Lulll have not been examined for such
activity. Alignment of Lulll with the MVMp genomeDffoot et al., 1993) revealed that, in
Lulll, the AT-rich region exists as an insertiontlvrespect to the MVM genome (Figure 28).
Thus, the sequence near the right palindrome of Mv¥AMises a disruption that has been
identified as &is-acting replication signal (Astell et al., 1983)n& the plasmids of LUlllA/T(-)
were not able to self-replicate and the AT-richusatce of Lulll resides in nt 574, inside the 5'-
end, this region could be also consideredisacting element. The ITR were believed to
resemble a multipartite origin of replication, fugt studies should be done to evaluate the
regions surrounding this AT-rich sequence. APV gee® have two origins of replication, one
on each terminal region, so data from studies wmithigenomes containing two left end terminal
regions showed replication capabilities (Diffootrldaet al., 2005). It may be possible that

LUlllA/T- is also replicating at an undetectablgdé
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A. MVMp
B/ A 1= -E

4489 4636 4695 5149
4562, ., 4563

AT rich sequence of Lulll
4489

!

B Lulll 5- AACTGCTACT GGCAACATAA CAAATGTGCC TCIGCTTTCT AGACCTGTTG
' MVM 5’- AACTGCTACT GGAAACATGC AGTCTGTGCC GCTTATARA AGACCTGTTG

4491
Lulll CTAGAAACAC TTACTAACTA AC TATGCTCTATGCTTCATATATATTATATA
MVM  CTAGAAATAC TTACTAACTA AC

Lulll TATTATTATACTAACTAA CCATGTTTAC TCTTACATTA CTTCATATAA
MVM CATGCTTTT TCTTTCTGTA CTTCATATAT
Lulll TATTAAGACT AATAAAAATA CAACATAGAA ATA-3

MVM  TATTAAGACT AATAAAGATA CAACATAGAA ATA -3

Figure 28. Schematic diagram of the position of the.ulll AT-rich region with
respect to the inboardcis-acting elements of MVMp.A. The AT-rich sequence of Lulll
occurs as an insertion into MVMp (Diffoot et al99B). The solid line represents the
MVMp genome, black boxes depicts the viral termwihite boxes show cis-acting
elements A and BB. Nucleotide sequence of MVMp cis elements alignét the Lulll
AT-rich sequence are underlined. (Reprinted froms@oet al., 1995)
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CHAPTER V

Conclusions

A clone of pGLu883Xbalacking the 47 bp AT-rich region present at nuttoposition
4558 of parvovirus Lulll was constructed using thell genomic clone pGLu8&8Xba and the
MgLulllA/T-. Transfection of HelLa cells with pGLuU8XbaA/T- recombinants did not result in
cytopathic effects suggesting that pGLUB8BaA/T- was not replication competent. Meanwhile
transfection of HeLa cells with pGLu88XbaReverseesulted in replication and infection.

A second clone of pGLu883XbaA/T-, termed pGLuU883Xfia de novowas also
constructed, in this case with both termini frome tbriginal genomic clone. HelLa cells
transfected with this construct resulted in no iogpion. Cotransfection assays of both
pGLu883baA/T- and with a helper construct containing NSI §p@NSI) did not change the
outcome of the previous experiments. In additiotrastsfection of the pGLU8&®»aA/T- with
the minigenomes MgLuUlllA/T- and MgLulllA/T+ also salted in no replication. The data
obtained here suggest that the AT-rich sequence beayeeded only igis. Both recombinant
Lulll genomes lacking the AT-rich sequence weres@ffiely constructed and transfected into
HelLa cells, but the Southern blot analysis and @tojbridization assays of isolated DNAs from
transfections demonstrated no replication. Thesealtse suggest that the AT-rich sequence is
essential for the replication of the Lulll genonbeit is not directly linked to the encapsidation
pattern. Finally, the data also supports previdudies the 600 bp from Lulll m.u. 88 to m.u.
100 could represent an origin of replication at 3héerminus of Lulll, an origin strictly tied to

the replication of the viral genome.
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CHAPTER VI

Recommendations

The following recommendations should be consideiredorder to determine the IRS

capabilities of the AT-rich and the AT flanking seqces:

4. Deletions from internal sequences spaning from @8uto m.u.100 of the Lulll genome
will be useful to identify all functional regiongquired for the IRS and to study the
replication and encapsidation capabilities of eaictme deleted forms.

5. Transfection of HelLa cells with an expression vedontaining the 600 bp of the 5’
terminus of Lulll, as its only origin of replicatipin order to determine if the 600 bp is a
replication origin.

6. Construction of a minigenome with two 5’ terminum.§. 88 to m.u. 100) in order to
compare its replication efficiency to the 3’Lulll @inigenome.

7. Protein analysis of cellular extracts obtained fréteLa cells transfected with the
pGLuU88\XbaA/T- constructs in order to test for the presentdN81 as a signal for
initiation of replication, and to determine if thenstructs are replicating deficiently.

8. Insertion of the AT-rich region of Lulll into theegomic clone of MVM in order to study

the replication and nature of the encapsidatedempg
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