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Tiivistelmä: 
 
Koiran parvovirus (CPV, Canine Parvovirus) on hyvin pieni virus, halkaisijaltaan vain noin 26Å. Koiran 
parvoviruksen genomi on yksijuosteista DNA:ta, pituudeltaan 5,3 kiloemästä. Pienen kokonsa takia koiran 
parvovirus on erittäin riippuvainen isäntäsolustaan. Useimpien muiden DNA-virusten tavoin koiran 
parvovirus lisääntyy isäntäsolun tumassa. Promyelosyyttisen leukemia (PML)-proteiinin löytyminen on 
seurausta sen yhteydestä harvinaiseen, mutta erittäin vaaralliseen akuuttiin promyelosyyttiseen leukemiaan. 
Myöhemmin PML-proteiini on paljastunut mahdolliseksi uudenlaiseksi virusinfektiota vastaan taistelevaksi 
tekijäksi. Sen ilmentyminen lisääntyy seurauksena tyypin II interferoneille, joita perinteisesti pidetään 
merkittävimpinä solun puolustusmekanismeina viruksia vastaan. PML-proteiini on tumassa keskittynyt 
tiettyihin rengasmaisiin rakenteisiin, joita kutsutaan mm. nimillä PML-tumarakenne (PML-NB), PML 
onkogeeninen piste (POD), Kramer rakenne tai tuma domeeni 10 (ND10). PML-tumarakenteet ovat 
dynaamisia, ja ne reagoivat solua uhkaaviin stressitekijöihin. PML-tumarakenteiden todellinen merkitys 
soluille on kuitenkin edelleen kiistanalainen. Useiden virusten, koiran parvovirus mukaan luettuna, voidaan 
havaita löytyvän läheltä PML-tumarakenteita infektion aikana, ne ovat myös kehittäneet useita menetelmiä 
hajottaa PML-tumarakenteet. Virusten ja PML-tumarakenteiden läheisyyden merkityksestä löytyy 
ristiriitaisia todisteita. Tässä tutkimuksessa me käytimme hyväksi konfokaalimikroskopiaa tutkiaksemme 
koiran parvoviruksen vaikutusta PML-tumarakenteiden dynamiikkaan. Hyödynsimme erityisesti kahta 
menetelmää: valkaisun jälkeistä fluoresenssin palautumista (FRAP, Fluorescence recovery after 
photobleaching) ja 4-ulotteista (4D) kuvantamista. Koiran parvoviruksella ei havaittu olevan tilastollisesti 
merkittävää vaikutusta: PML-tumarakenteiden keskikoko, -lukumäärä ja -nopeus, olivat kaikki likimäärin 
samoja infektoiduissa ja infektoimattomissa soluissa (p=0,166, p=0,389 and p=0,113). Yli 50 nm/s liikkuvien 
PML-tumarakenteiden lukumäärä oli kuitenkin hieman koholla infektoiduissa soluissa (p=0,052), mikä on 
erittäin lievä vaikutus verraten monien muiden virusten aikaansaannoksiin. Koiran parvoviruksella ei näytä 
olevan tarvetta hajottaa PML-tumarakenteita. Tämä voi viitata siihen, että CPV ei ole altis PML:n 
välittämälle viruspuolustukselle, tai kykenee välttämään sen vielä tuntemattomalla tavalla. PML-
tumarakenteiden rooli CPV-infektiossa voi olla myös täysin toinen, nimittäin viruksen monistuminen. 
Seurasimme CPV:n sijaintia leimaamalla viruksen proteiini NS1, joka on mielenkiintoista kyllä viruksen 
monistumiselle välttämätön proteiini. FRAP:lla osoitimme PML IV-proteiinin olevan vapaasti liikkuva, 
vaikkakin 158 sekunnin palautumisen puoliaika (tD) viittaa varsin tiukkaan sitoutumiseen. Perusteellista data-
analyysiä vaikeutti kuitenkin liian voimakas valkaisu. 
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Abstract: 
 
Canine parvovirus (CPV) is roughly 26Å in diameter and has a 5.3kb long single-stranded DNA genome. 
The very small genome subdues CPV strongly dependent on nuclear processes of the host cell, requiring 
actively dividing cells to replicate. Like most other DNA viruses, CPV replicates within the host cell nucleus. 
Promyelocytic leukaemia (PML) protein, found due to its involvement in acute promyelocytic leukaemia 
(APL), is a novel component postulated to participate in the cellular anti-viral defence. Its expression is 
induced in response to type II interferons, a major defence line against viral infections. PML is the defining 
constituent of nuclear structures known as nuclear domain 10 (ND10), Kramer bodies, PML oncogenic dots 
(POD) or simply PML nuclear bodies (PML-NB). PML-NBs are dynamic structures known to respond to 
cellular stress, but whose exact function has been under rigorous debate. Nonetheless, many viruses, 
including CPV, are localized near PML-NBs in the course of infection and viruses have evolved diverse 
methods to disrupt PML-NBs. However, evidence for the significance of the virus-PML-NB co-localization 
is in some part contradictory. Here, we describe the use of confocal microscopy to define the effect of CPV 
infection on PML-NB dynamics. Two methods are emphasized in particular: fluorescence recovery after 
photobleaching (FRAP) and four-dimensional (4D) imaging. CPV appeared to have no significant effect on 
PML-NB dynamics. Average number, size and speed, all remained roughly the same in infected cells 
(p=0.166, p=0.389 and p=0.113, respectively). A borderline insignificant increase in the amount of PML-
NBs moving over 50nm/s was however revealed (p=0.052), a very mild response considering what other 
viruses are capable of. The lack of significant effect may suggest CPV not being susceptible for PML-
mediated anti-viral effects, or circumventing them by yet unknown mechanism. It may also hint for another 
role for PML-NBs in CPV infection, i.e. that of viral replication. It is the NS1 protein, important factor in 
viral replication, that was followed to the PML-NBs. Using FRAP we showed PML IV to be fully mobile 
within the nucleus, although the half time of recovery (tD) of 158 seconds suggests rather tight binding 
interactions. Thorough data analysis was hindered however by too intense bleaching. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Keywords: Canine parvovirus, CPV, Promyelocytic leukaemia nuclear body, PML-NB, anti-viral defence, 
FRAP, Fluorescent recovery after photobleaching, 4D imaging 
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Introduction 

Canine parvovirus (CPV) belongs to a family of viruses that possess a unique feature of 

linear single-stranded (ss) DNA genome. Very small linear ssDNA genome forces 

parvoviruses under strict dependence on the processes of the host cell. Although the virus 

harbours only a few proteins of its own, they accomplish a multitude of viral functions by 

carrying several functional activities. Since its emergence in the late 1970s, canine 

parvovirus has become a widespread epidemic among dogs. Although CPV has been under 

extensive study since its emergence, more is known of some of its relatives like minute 

virus of mouse or the adeno-associated viruses. 

 

As a cell is exposed to viral infection it may take drastic measures to defend itself and to 

notify surrounding cells of the problems it is facing. The type I interferon (IFN) response is 

considered as the primary reaction against viral infection, but novel mechanisms have been 

discovered in recent years. Some of the recently discovered anti-viral mechanisms involve 

nuclear and cytoplasmic proteins belonging to the tripartite motif (TRIM) protein family, a 

member of this family is known as Promyelocytic leukaemia (PML) protein. 

Promyelocytic leukaemia protein is a major constituent of nuclear structures known as 

nuclear domain 10 (ND10), Kramer bodies, PML oncogenic dots (POD) or simply PML 

nuclear bodies (PML-NB), used hereafter. The PML-NBs are only one of many subnuclear 

organelles discovered. The PML-NBs are dynamic structures and their function has proven 

to be difficult to define as they contain several proteins taking part in divergent nuclear 

processes. Among many other postulated functions, PML-NBs have been linked to type I 

interferon response and thus, the anti-viral defence. 

 

Among the methods used to study dynamics of nuclear proteins and organelles are 

fluorescence recovery after photobleaching (FRAP) and four-dimensional (4D) imaging, 

both executed using confocal microscope. Confocal laser scanning microscope (CLSM) is 

a versatile tool to which many research methods has been developed. Images obtained with 

CLSM may be impressive but quantitative data is required to ensure reliable conclusions, 

many mathematical models are available for this purpose. 
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Canine Parvovirus 

Evolution 

A new canine virus emerged in 1978 to wreak havoc among dogs in several countries 

around the world. In less than four years some of the structural features of the virus were 

already known and the virus was classified as a canine parvovirus (CPV) (Paradiso, P.R. et 

al., 1982). In 1985 the nucleotide sequence of the gene coding for capsid proteins VP1 and 

VP2 (viral proteins 1 and 2) was determined (Rhode, S.L.,3rd, 1985a) and three years later 

the whole genome sequence of CPV was elucidated (Reed, A.P. et al., 1988). Atomic 

structures of the DNA-containing and empty CPV capsids were published in the early 

1990s with resolutions of 3.25Å and 3.0Å, respectively (Tsao, J. et al., 1991, Wu, H., and 

Rossmann, M.G., 1993), and in 1996 the structure of DNA-containing capsid was refined 

to 2.9Å  (Xie, Q., and Chapman, M.S., 1996). 

 

The emergence of CPV in such a near past provides an excellent opportunity to study host-

range shift and virus-host interaction. CPV emerged by a host-range shift of feline 

panleukopenia virus (FPV) (Siegl, G. et al., 1985). Change in only five amino acid residues 

of the viral protein 2 (VP2) is sufficient to cause the shift of FPV host-range from cats to 

dogs. Change of the residues 93 and 323 led to capability of the virus to bind canine 

transferrin receptor (TfR) (Hueffer, K. et al., 2003), while change of residues 80, 564 and 

568 is thought to have lead to loss of feline host-range (Truyen, U. et al., 1996). The 

original CPV strain named type 2 was replaced by strains 2a and 2b in only two years. 

Strains 2a and 2b reclaimed the ability to infect cats in addition to dogs (Truyen, U. et al., 

1996). The CPV and FPV host-ranges are rather unclear and may differ in vivo and in vitro 

(Truyen, U., and Parrish, C.R., 1992), in vivo, CPV has been found to infect coyotes and 

domestic cats and dogs (Truyen, U. et al., 1996) while FPV infects raccoons, minks and 

cats (Barker, I.K. et al., 1983). 
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For rapidly evolving RNA viruses, evolution ensues high nucleotide substitution rate 

caused partly by lack of proofreading activity of the RNA-dependent RNA-polymerases 

(For review see Reanney, D.C., 1982). In contrast, it is assumed that double-stranded (ds) 

DNA viruses have a rate of nucleotide substitution not far from their hosts, due to their use 

of cellular enzymes to replicate. However, few estimates of rate of nucleotide substitution 

for single-stranded DNA viruses are available. One such shows that CPV has a nucleotide 

substitution rate close to that of RNA viruses like HIV-1 or influenza A. High nucleotide 

substitution rate has made it possible for CPV to generate a number of antigenic and host-

range variants during its relatively short existence (Shackelton, L.A. et al., 2005). 

The Family Tree 

Canine parvovirus belongs to genus parvoviruses, one of the five genera of the subfamily 

parvovirinae, four other genera being erythro-, dependo-, amdo- and bocaviruses. All but 

dependoviruses are capable of infecting target cells independently, whereas 

dependoviruses require a concurrent infection, typically by an adenovirus, to multiply. For 

this reason many of the dependoviruses are named adeno-associated viruses (AAV). The 

subfamily parvovirinae forms the virus family parvoviridae along with the subfamily 

densovirinae. Members of the family parvoviridae are among the smallest of the DNA 

animal viruses and are the only known viruses with linear single-stranded DNA genome. 

Parvovirinae is a group of vertebrate infecting viruses, whereas members of the subfamily 

densovirinae infect invertebrates. 

Structural Features 

Fig 1. The structure of CPV capsid. The CPV 
capsid displays icosahedral symmetry with 
triangulation number 1, as determined by Caspar 
and Klug (CASPAR, D.L., and KLUG, A., 1962). 
The capsid is constructed of 60 copies of capsid 
proteins, of which VP2 is the main constituent. 
Three types of axes of rotational symmetry can be 
recognized from the structure: five-, three- and 
two-fold. 
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Canine parvovirus is a non-enveloped, single-stranded (ss) DNA virus, roughly 26nm in 

diameter with a capsid constructed of three structural proteins, viral proteins 1, 2 and 3 

(VP1, 2 and 3). The CPV capsid is arranged according to T=1 icosahedral symmetry with 

20 triangular faces related to each other by two-, three- and fivefold rotational axes of 

symmetry, by nomenclature of Caspar and Klug (CASPAR, D.L., and KLUG, A., 1962) 

(Figure 1.). The capsid is constructed of 60 copies of capsid protein. A newly produced 

capsid is comprised of VP2 and VP1, while VP3 is produced in small amounts only in 

DNA-containing viruses by proteolytic cleavage from VP2 or VP1 (Clinton, G.M., and 

Hayashi, M., 1976). Proteins VP1 to 3 are identical in sequence except for their N-

terminus. The capsid proteins contain a β barrel of 2 loosely connected sheets, the sheets 

contain 5 and 4 strands named with letters from A to I, while the intervening loops are 

named by the two strands they connect. The GH loop is remarkably long and makes up the 

protrusion on the three-fold axis (Tsao, J. et al., 1991) (Figure 2.). 

 

Fig 2. Structure of the CPV capsid protein. 
The proteins constructing the CPV capsid are 

identical in sequence, except for their N-
terminus. The core of the protein is a β 

barrel of nine strands, named with 
letters from A to I. The DE loop 

(loop connecting strands D 
and E) forms a cylindrical 
component surrounding the 
cylinder at the five-fold axis 
of the capsid, while the 
remarkably long GH loop 
forms the protrusion on the 
three-fold axis. An 11 base 
long segment of DNA is 
bound at the interior of the 
capsid. α-helices are shown in 
red, while β-sheets are shown 
in dark blue. Green areas 
represent intervening loops. 

 

The near-atomic three-dimensional structure of several parvoviruses has been determined, 

including insect densovirus galleria mellonella (Simpson, A.A. et al., 1998), porcine 

parvovirus (PPV) (Simpson, A.A. et al., 2002), minute virus of mouse (MVM) (Llamas-

Saiz, A.L. et al., 1997), AAV2 (Xie, Q. et al., 2002), FPV (Agbandje, M. et al., 1993) and 

empty and full CPV (Chapman, M.S., and Rossmann, M.G., Tsao, J. et al., 1991, Wu, H., 
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and Rossmann, M.G., 1993, 1996, Xie, Q., and Chapman, M.S., 1996). Structure of some 

other parvoviruses has been determined to a lesser resolution (Agbandje, M. et al., 1994, 

Bruemmer, A. et al., 2005, Walters, R.W. et al., 2004). In general, the structure of these 

closely related viruses is quite much alike, having cylinder around each five-fold axis, 

spikes on three-fold axes, depressions on the two-fold axes and canyons surrounding the 

five-fold axes. The prominence of these features differs between the viruses. X-ray 

crystallographic data show that in CPV capsid roughly 65% of the five-fold pores are filled 

with the N-terminal region of 13% of the capsid proteins (Xie, Q., and Chapman, M.S., 

1996), although it isn’t known which of the proteins occupy this space VP1 is a good 

candidate (Cotmore, S.F. et al., 1999, Mani, B. et al., 2006). 

 

The canine parvovirus genome is tightly packed in the full capsids, 660 bases of the 

genome are visible by x-ray crystallography. These 660 bases are loosely bound to the 

capsid interior in each of the 60 icosahedral asymmetric units and constitute 13% of the 

genome. The favoured sequence bound by the capsid interior is XT/CAT/CCTT/C
A/G

A/G
A/GX 

(where X is any nucleotide) (Tsao, J. et al., 1991). The CPV virion is remarkably stable; it 

can tolerate wide temperature and pH changes still retaining its infectivity (Gordon, J.C., 

and Angrick, E.J., 1986). Yet, it is required to enable some notable feats like the release of 

the viral genome once it has reached the nucleus of the target cell. Stability versus 

adaptability can be acquired through series of dynamic changes, triggered by 

environmental changes or specific interactions with ions or macromolecules. 

 

Merely ∼5300 nucleotides long, the (-) stranded ssDNA genome of canine parvovirus 

contains only two open reading frames (ORF). Separate promoters control the two ORFs, 

but they terminate at a single polyadenylation site. Each of the genes produces two distinct 

mRNAs trough alternative splicing. Promoter P38 controls the ORF at the 5´-half of the 

genome that codes for structural proteins, and promoter P4 controls the ORF at the 3´-half 

that codes for nonstructural proteins (NS1 and 2)(Figure 3.). The genomes of the 

parvoviruses, including CPV, are unique in structure as they contain terminal repeats, 

which form T-shaped hairpin structures on both ends of the genome. This structural feature 

reflects to genome replication since the hairpin on the 3´-end of the genome can act as a 

primer for synthesis of the complementary strand. (Reed, A.P. et al., 1988) 
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Fig. 3. CPV genome and mRNAs. The single-stranded, ~5300 bases long CPV genome is responsible for 
the production of a total of five proteins through two open reading frames. Each of the ORFs produce two 
mRNAs by alternative splicing. The ORFs share the same polyadenylation site but are controlled by different 
promoters, P4 and P38. The fifth protein is produced post-translationally by proteolytic cleavage in the 
assembled virus. The CPV genome is displayed in the 3’→5’ orientation, mRNAs produced are also shown 
with the proteins they represent on the left, and the mRNA size on the right. Dark red and blue represent 
regions translated into proteins, while light colours represent untranslated regions. (Reed, A.P. et al., 1988) 

Sneaking by the Cell Membrane 

As a virus is in the vicinity of a cell, the first requirement for it to be able to infect the cell 

is the ability to attach to and penetrate the cell membrane, consequently gaining access to 

the cytoplasm. The viral entry is a specific process involving interactions between viral 

proteins and wide variety of molecules on cell surface. The mechanism of entry differs 

significantly between enveloped and non-enveloped viruses since enveloped viruses tend 

to be able to exploit direct membrane fusion to enter the cell, whereas non-enveloped 

viruses are required to resort to more tortuous methods to manage the same (For review see 

Sieczkarski, S.B., and Whittaker, G.R., 2005). 

 

Canine parvovirus uses canine or feline transferrin receptors (TfR) to attach to the cell 

surface (Hueffer, K. et al., 2003). The apical domain of TfR has been recognized as the site 

of CPV binding (Palermo, L.M. et al., 2003). When CPV binds to the TfR, it is quickly 

taken in by dynamin-regulated clathrin-mediated endocytosis and accumulated in late and 

recycling endosomes (Parker, J.S., and Parrish, C.R., 2000). Rapid intake is a hallmark of 
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clathrin-mediated endocytosis (Mellman, I., 1996). The regions of TfR binding are located 

on the shoulders of the three-fold spikes and the edges of the two-fold depressions. In fact, 

change in only two amino acid residues (VP2 residues 93 and 323) located in these areas is 

required and sufficient to enable FPV to bind, or prevent CPV from binding, the canine 

TfR (Parker, J.S., and Parrish, C.R., 1997). Additional amino acid residues affecting the 

TfR binding has also been revealed, these are also situated in the region of three-fold 

spikes or edge of two-fold depressions (Hueffer, K. et al., 2003). Although cell 

susceptibility is largely determined by binding to TfR (Parker, J.S. et al., 2001), this 

interaction does not guarantee productive infection as some mutations allow capsid binding 

without leading to infection (Hueffer, K. et al., 2003, Palermo, L.M. et al., 2003). In 

addition, clathrin-mediated endocytosis is not the only entry route for CPV, since 

mutations in TfR preventing its association with clathrin through adapter protein 2 did not 

prevent infection (Hueffer, K. et al., 2004, Palermo, L.M. et al., 2003). 

 

After uptake, CPV is quickly accumulated to perinuclear endosomes and the virus particles 

remain in these vesicles for several hours (Parker, J.S., and Parrish, C.R., 2000, Suikkanen, 

S. et al., 2002). The mechanisms underlying the CPV release from the endocytotic vesicles 

are yet to be discovered. When CPV travels through the endocytotic route, it is exposed to 

gradually acidifying environment. The acidic treatment is thought to be required for the 

CPV to effectively escape the endocytotic vesicles (Basak, S., and Turner, H., 1992, 

Suikkanen, S. et al., 2003b). The unique N-terminal sequence of VP1 contains 

phospholipase A2 (PLA2) activity and is essential for CPV infection as PLA2 inhibitors 

prevent infection (Suikkanen, S. et al., 2003b, Zadori, Z. et al., 2001). Infection by PLA2-

mutant virus can be complemented by a wild type virus. The complementation requires 

packaged genome since empty capsids fail to complement PLA2-mutant infection (Farr, 

G.A. et al., 2005). Interestingly, it has been shown that MVM has very inefficient nuclear 

transport as majority of the virus ends up into lysosomes without showing signs of 

lysosomal membrane destabilization (Mani, B. et al., 2006). 
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Towards the Nucleus 

As a DNA-virus requiring nuclear enzymes to replicate and transcribe the genome, CPV 

has to gain access to the nucleus. CPV is released from the endocytotic vesicles to the 

cytoplasm in the proximity of the nucleus. Subsequently, the viruses are transported to the 

nucleus by dynein-motor proteins along the microtubule network. The exploitation of the 

microtubule network and dynein is suggested by the inability of viral capsids to reach the 

nucleus in the presence of microtubule-depolymerizing agents or anti-dynein antibodies 

(Suikkanen, S. et al., 2002, Suikkanen, S. et al., 2003a). 

 

Nuclear pore complex (NPC) is a large complex spanning through the nuclear membrane 

(Maco, B. et al., 2006). NPCs guard the traffic between the nucleoplasm and the 

cytoplasm. Small macromolecules can diffuse freely through the NPC, whereas large 

macromolecules need specific, active transport to pass through. Active transport of large 

macromolecules consumes ATP and requires cytosolic factors like Ran-1 and importins. In 

addition, the molecule to be transported has to contain a nuclear localization signal (NLS) 

for it to gain entry into the nucleus. The channel of nuclear pore complex is ∼9nm wide, 

although, the channel of NPC may dilate to suit to the transport of protein-NLS-coated 

gold particles up to approximately 39nm in diameter (Pante, N., and Kann, M., 2002).  

 

Intact canine parvovirus capsids, ∼26nm in diameter, enter the nucleus once injected into 

the cytoplasm and can be detected by antibodies against intact capsids (Vihinen-Ranta, M. 

et al., 2002). The nuclear transport of CPV capsids is likely to be controlled by the unique 

N-terminal sequence of VP1, which, along with its PLA2 activity, contains a potential 

classical NLS. This sequence between amino acid residues 4 and 13 is adequate to drive 

bovine serum albumin into the nucleus and may function as NLS for CPV (Vihinen-Ranta, 

M. et al., 1997). The VP1 N-terminal sequence is normally buried in the capsid, but 

becomes exposed during the infection (Vihinen-Ranta, M. et al., 2002). Although the NPC 

does have the capacity to enable transport of intact CPV capsids, optional mechanism for 

nuclear entry is through the nuclear envelope, mediated possibly by the VP1 N-terminal 

PLA2 activity (Farr, G.A. et al., 2005), this mechanism is suggested by MVM-induced 

dramatic changes in the nuclear morphology (Cohen, S. et al., 2006). 
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Viral Replication 

It is not yet understood as to how the CPV genome is released from the capsid; one 

hypothesis is that the genome passes through a channel located in the 5-fold axis of the 

capsid (Farr, G.A., and Tattersall, P., 2004, Xie, Q., and Chapman, M.S., 1996). Another 

possibility is the disassembly of the capsid. Evidence favouring the former mechanism is 

the exposure of 20-30 nucleotides of the 5´-end of the genome, to which NS1 is covalently 

attached, in newly produced capsids (Cotmore, S.F., and Tattersall, P., 1988). In addition, 

the T-shaped hairpin structure on the 3´-end of the genome can also be externalized with 

certain treatments, and can act as a template for DNA polymerase in vitro (Cotmore, S.F. 

et al., 1999, Vihinen-Ranta, M. et al., 2002). 

 

When the CPV genome has been released to the nucleoplasm, it has to wait for the cell to 

enter S phase, in which the ssDNA genome is converted into double-stranded form. After 

the genome has been converted into a double-stranded form the P4 promoter is activated 

and production of proteins NS1 and 2 is initiated. The function of NS2 in CPV infection is 

unknown; lack of NS2 doesn’t impede CPV infection (Wang, D. et al., 1998). 

Interestingly, NS2 has been proven to affect capsid assembly and translation of viral 

mRNA of MVM in murine cells (Cotmore, S.F. et al., 1997). NS1, a true jack-of-all-trades, 

serves multiple purposes including promoter activation, cell cycle arrest, helicase- and 

nickase-activitities and inducement of genome replication and cytopathic effects. A 

controlled function of NS1 is accomplished by temporal regulation through post-

translational modifications, phosphorylation by the members of protein kinase C family, in 

particular (Nuesch, J.P. et al., 1998, Nuesch, J.P. et al., 2003). 

 

Functions of NS1 of CPV are not thoroughly investigated, but the MVM counterpart is 

better known. MVM NS1 induces cell cycle arrest in G1, S and G2 (Op De Beeck, A. et al., 

2001) and recognizes the origin of replication at the 3´-terminal hairpin structure of the 

parvovirus genome, subsequently assembling replication factors to the site (Willwand, K. 

et al., 2002). With the help of parvovirus initiation factor, a cellular transcription factor, 

NS1 executes its nicking activity needed in the process of genome replication (Christensen, 

J., and Tattersall, P., 2002). NS1 is covalently attached to the 5´-end of the genome in the 
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nicking process. Both the helicase activity of NS1, and replication fork formation depend 

on the presence of a cellular single-strand binding protein RPA (replication protein A) 

(Christensen, J., and Tattersall, P., 2002). NS1 also takes part in viral transcription by 

activating promoter P38 in concert with cellular transcription factors thus launching the 

production of capsid proteins (Rhode, S.L.,3rd, 1985b). 

 

Virions begin to assemble as the CPV genome is replicated and capsid proteins are 

produced at an increasing rate. Both empty and full capsids are produced in canine 

parvovirus infection. Empty capsids begin accumulating only minutes after the beginning 

of protein synthesis, but full capsids start to appear only after 1 hour (Yuan, W., and 

Parrish, C.R., 2001). For some parvoviruses, the capsid assembly has been shown to 

require other viral components (Cotmore, S.F. et al., 1997). It has been suggested that the 

genome may be packaged through the cylinder at the five-fold axis (Farr, G.A., and 

Tattersall, P., 2004), while the precise sequence of events during capsid assembly remain 

unknown. 

The Grand Walkout 

Enveloped and non-enveloped viruses differ not only in the entry mechanisms into the cell, 

but also in method of outing themselves from the cell. Enveloped viruses take their 

envelope from some of the membranous structures of the host cell and may be able to bud 

out of the cell without disrupting the cell (For review see Garoff, H. et al., 1998). Non-

enveloped viruses don’t have this option and therefore commonly rely on cell lysis as the 

method of getting out of the cell. Cell lysis may follow even days of accumulation of the 

virus within the infected cells but is also induced more directly. Very little is known of the 

exact mechanisms of how viruses directly induce cell death. MVM NS1 induces cytotoxic 

effects on host cells by mechanisms controlled by the phosphorylation state of the protein 

(Daeffler, L. et al., 2003, Op De Beeck, A. et al., 2001). 
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The Pathogenesis 

Canine parvovirus has become a worldwide epidemic among dogs, partially due to its 

resilience of environmental stress. Most dogs are exposed to CPV at some point of their 

lives, either trough vaccination or natural occurrence. Healthy adult dogs are generally 

rather safe from CPV; however, infection may prove to be lethal for young individuals 

with insufficient immune defence. Because CPV requires actively growing cells to 

replicate, it affects primarily lymphoid tissues and rapidly replicating cells of the small 

intestine (For review see Parrish, C.R., 1995). The common symptoms of CPV infection 

are diarrhoea, vomiting, destruction of the intestinal lining and reduction in lymphocyte 

numbers (Figure 4.). In young animals CPV infection affects variety of tissues and may 

spread to heart, causing myocarditis and possibly death. Other ways by which CPV may 

cause death are severe dehydration caused by diarrhoea and vomiting and bacterial 

invasions due to loss of intestinal barrier. 

 

 
Fig 4. The pathogenesis of CPV. Due to the need of actively dividing cells, CPV often first affects the 
tonsils. After a few days, the virus spreads to the small intestine and the bone marrow, sites where large 
numbers of dividing cells are located. Infection of the bone marrow leads to reduction in lymphocyte 
numbers, whereas consequences of intestinal infection include destruction of the intestinal lining, and 
therefore diarrhoea and vomiting. Finally, CPV is spread to the environment through the faeces of the 
infected animal. 
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Promyelocytic Leukaemia Nuclear Bodies 

Cell vs. Virus 

Type I and Type II interferon (IFN) responses are considered major pathways for cells to 

establish defence against viral infection (For review see Goodbourn, S. et al., 2000). Type I 

interferons include IFN-α and -β while IFN-γ is type II interferon, the two types share no 

structural homology. IFNs warn neighbouring cells of the impending threat, inducing them 

to enter an anti-viral state. High level of IFN-α/β expression is observed early in infection 

by several viruses and is specific for viral infections as it does not occur in infections by 

other pathogens (For review see Biron, C.A., 1998). The activities of type I interferons are 

mediated by the JAK-STAT signal transduction pathway and the best-characterized anti-

viral effects are induction of (2´-5´)-oligoadenylate synthetase (OAS) and the dsRNA-

dependent protein kinase (PKR) (For review see Stark, G.R. et al., 1998). (2´-5´)-

oligoadenylate synthetase activates RNase L and dsRNA-dependent protein kinase 

phosphorylates translation initiation factor eIF2 (eukaryotic initiation factor 2). 

Phosphorylation of eIF2 blocks it from recycling from an inactive form and RNase L acts 

to degrade mRNA, together these events result in general inhibition of protein synthesis. A 

number of alternative factors are likely to participate in inducing the production of IFN-

α/β, one contributing factor is dsRNA, not normally present in normal cells but common 

result of viral replication (For review see Kaempfer, R., 2003). 

 

Novel anti-viral defence mechanisms have been discovered and they include RNA 

silencing (Voinnet, O., 2005), the zinc-finger anti-viral protein (Gao, G. et al., 2002) and 

some members of the tripartite motif (TRIM) protein family (For review see Nisole, S. et 

al., 2005). Promyelocytic leukaemia (PML) protein is a member of the TRIM family and is 

proposed to have a role in infection of various viruses (Chee, A.V. et al., 2003, Chelbi-

Alix, M.K. et al., 1998, Turelli, P. et al., 2001). PML proteins are mostly found in distinct 

nuclear bodies called the promyelocytic leukaemia nuclear bodies (PML-NBs) but some 

isoforms are thought to have cytoplasmic location (Flenghi, L. et al., 1995). 
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Nuclear Substructure of Mammalian Cell Nucleus 

Majority of the mammalian nucleus is dominated by chromatin of varying degrees of 

condensation and the nucleolus, a prominent nuclear body whose main functions reside in 

production of ribosomes. Early studies suggested the nucleus to lack significant 

organization. However, in recent years it has become clear that the nucleus has elaborate 

organization with several subnuclear organelles specialized for diverse functions (For 

review see Zimber, A. et al., 2004) (Figure 5.). Although many of the nuclear processes are 

known in outstanding detail, knowledge of temporal and spatial interaction of different 

mechanisms is remarkably poor. The protein components of the subnuclear organelles are 

often found diffusely in the nucleoplasm as well as in the particular nuclear domains. In 

many cases, protein exchange between the organelles and the nucleoplasm takes place 

(Handwerger, K.E. et al., 2003). The significance of the subnuclear organelles may well lie 

in increasing local concentration of proteins in the nucleoplasm, thus increasing also the 

efficiency of biochemical processes taking place in the nucleus (Kuthan, H., 2003). Among 

the most studied and best-known nuclear bodies, other than the nucleolus, are the Cajal 

bodies (formerly known as Coiled bodies) and the splicing speckles. As both Cajal bodies 

and the splicing speckles are mainly comprised of molecules taking part in limited number 

of nuclear processes, it has been relatively straightforward to deduce their potential 

functions (For review see Lamond, A.I., and Spector, D.L., 2003, For review see Stanek, 

D., and Neugebauer, K.M., 2006). In contrast, protein constituents of the promyelocytic 

leukaemia nuclear bodies (PML-NBs) are so diverse, that it has been very difficult to 

assign any undisputed functions for them. Remarkable new discoveries have been made in 

recent years concerning the dynamics of the nuclear entities. Some of the subnuclear 

organelles are found to be dynamic structures exhibiting directional movement (Muratani, 

M. et al., 2002), while metabolic-energy-dependent movement of yeast chromatin has also 

been demonstrated (Heun, P. et al., 2001). 
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Fig 5. The Nuclear substructure. Many significant substructures can be recognized from the mammalian 
cell nucleus, only some of them are pictured here. Nucleolus is the most prominent structure found from the 
nucleus, and has long been thought to be responsible for the production of ribosomes. More novel structures 
include the splicing speckles, gems, cajal bodies (coiled bodies) and the PML-nuclear bodies. The functions 
of the novel substructures are under scrutiny, however, it has become clear that the nucleus is far more 
dynamic and complex than previously thought. Figure adapted from (Spector, D.L., 2001). 

PML protein 

Promyelocytic leukaemia protein was found in the beginning of the 1990s due to its 

involvement in Acute Promyelocytic Leukaemia (APL) (Goddard, A.D. et al., 1991, 

Kakizuka, A. et al., 1991, Kastner, P. et al., 1992, de The, H. et al., 1991). APL is a rare 

disease associated in 90% of patients with a reciprocal translocation of chromosomes 15 

and 17 that entails fusion of PML protein and retinoic acid receptor α (RARα). PML 

protein belongs to an extensive family of proteins called the tripartite motif (TRIM) protein 
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family (For review see Jensen, K. et al., 2001, Moosmann, P. et al., 1996, Reymond, A. et 

al., 2001). Characteristic feature of the members of the TRIM family is an N-terminal 

RBCC motif, containing a RING domain (Really Interesting New Gene), one or two B-

boxes and a predicted coiled-coil domain. The RING domain is a zinc finger of 40-60 

residues that binds two zinc atoms and is found in several proteins with diverse functions, 

the B-boxes in contrast are specific for the TRIM family. The two B-box domains, B1 and 

B2, are also zinc-finger domains of approximately 40 residues. The coiled-coil domains are 

common participants in oligomeric interactions of proteins. All four domains of the RBCC 

motif are essential for oligomerization or nuclear body formation of PML (Borden, K.L. et 

al., 1996, Kastner, P. et al., 1992, Shen, T.H. et al., 2006).  

 

Alternative splicing produces several different PML isoforms from nine exons of the 

∼35kb long PML genomic locus. PML isoforms are divided into seven groups, which are 

designated as PML I-VII. All of the isoforms are equally expressed (Fagioli, M. et al., 

1992). The groups are further divided into sub-groups a/b/c depending on the alternative 

splicing of exons 4, 5 and 6. Variants b and c lack NLS and thus may exhibit cytoplasmic 

location (Flenghi, L. et al., 1995). The splicing variants are characterized by differences in 

the C-terminus as they all share an identical N-terminal RBCC motif. Functional role of 

the C-terminus is unknown, but isoform specific interaction of PML IV with p53, pRb and 

histone deacetylase has been demonstrated (Alcalay, M. et al., 1998, Fogal, V. et al., 2000, 

Wu, W.S. et al., 2001b). Rather little attention has been paid for the different isoforms and 

their possibly differing roles, which is suggested by the high number of splicing variants 

and recently discovered isoform specific functions.  

 

Promyelocytic leukaemia protein is found diffusely in the nucleoplasm but it is also 

required for the formation and integrity of the PML-NBs (Ishov, A.M. et al., 1999, Zhong, 

S. et al., 2000). First evidence of the role of small ubiquitin like modifier-1 in the 

localization of PML was found in 1997 (Sternsdorf, T. et al., 1997). Müller, Matunis and 

Dejean (Muller, S. et al., 1998) showed that unmodified PML was found in the 

nucleoplasm whereas phosphorylation-dependent covalent attachment of SUMO-1 induces 

localization of PML into PML-NBs. A recently proposed model for PML-NB formation 

suggested an important role for a SUMO-binding domain in interaction between 
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SUMOylated PML-proteins. SUMOylated PML-proteins could mediate binding with 

others, thus building up into a large complex capable of recruiting additional components 

(Ishov, A.M. et al., 1999, Shen, T.H. et al., 2006). Intriguingly, PML has also been shown 

to stimulate hSUMO-1 modification in yeast (Quimby, B.B. et al., 2006). In addition to the 

important role of SUMO-1 in biology of PML, modification by SUMO-3 has been shown 

to be essential for nuclear localization of PML (Fu, C. et al., 2005). 

PML-NBs – Structure and Dynamics 

Promyelocytic leukaemia nuclear bodies are currently identified by the presence of PML 

protein. Soon after the discovery of the PML protein, it was described to specifically bind 

to NBs detected as an auto-antigenic target in patients with primary biliary cirrhosis (Dyck, 

J.A. et al., 1994, Koken, M.H. et al., 1994). PML-NBs are seen as circular structures in 

electron microscope images and vary in size from 0.3 µm to 1 µm in diameter. Typical 

mammalian cell nucleus contains 10 to 30 PML-NBs. More than 40 protein species can be 

detected in PML-NBs, most notably sp100 and retinoblastoma protein (Alcalay, M. et al., 

1998, Szostecki, C. et al., 1990). In addition, nascent RNA has been observed to localize in 

PML-NBs (LaMorte, V.J. et al., 1998). Several studies have revealed the dynamic nature 

of the components of the PML-NBs (Boisvert, F.M. et al., 2001, Chalkiadaki, A., and 

Talianidis, I., 2005, Ishov, A.M. et al., 1999). In fluorescence recovery after 

photobleaching experiments PML and sp100 recover in minutes, while CBP recovers far 

more quickly (Boisvert, F.M. et al., 2001, Wiesmeijer, K. et al., 2002). 

 

Promyelocytic leukaemia nuclear bodies are dynamic organelles that vary extensively in 

size, number and mobility (Eskiw, C.H. et al., 2003). The PML-NBs can be divided into 

three classes based on their mobility. Two of the classes are either immobile or exhibit 

localized movement (Muratani, M. et al., 2002), which may be merely a result of 

chromatin dynamics as shown by the similar movement of PML, Cajal and biologically 

inactive nuclear bodies composed of yellow fluorescent protein-tagged murine Mx1 

protein (Gorisch, S.M. et al., 2004). Interestingly, the third class represents highly mobile 

small PML-NBs, being the first nuclear macromolecular complex proven to move in 

metabolic-energy-dependent manner (Muratani, M. et al., 2002). 
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Not only does a subset of PML-NBs scuttle around the nucleus, but the NBs can also 

respond to various stimuli. PML-NBs have been shown to be under cell cycle specific 

control and to disperse in response to cellular stress (Eskiw, C.H. et al., 2003, Everett, R.D. 

et al., 1999). In addition, PML-RARα, found in APL, is able to sequester the wild-type 

PML from the PML-NBs in a dominant negative manner; leading to disruption of the 

PML-NBs (Dyck, J.A. et al., 1994, Koken, M.H. et al., 1994, Weis, K. et al., 1994). 

However, disruption of NBs by PML-RARα is reversible since treatment with all-trans 

retinoic acid (ATRA) or arsenic trioxide (As2O3) leads to reappearance of NBs resembling 

normal PML-NBs (Kakizuka, A. et al., 1991, Koken, M.H. et al., 1994). Heat stress, heavy 

metal exposure and expression of adenovirus E1A protein all cause the PML-NBs to 

partially disassemble into smaller PML-containing microstructures. The microstructures 

appear to bud out of the pre-existing PML-NBs rather than form from diffuse 

nucleoplasmic PML. During recovery from the stress, the microstructures fuse together 

and to remnants of the original PML-NBs (Eskiw, C.H. et al., 2003). 

 

In G2-phase of the cell cycle, cells appear to have substantially increased number of PML-

NBs. PML and sp100, which co-localize rather tightly during interphase, seem to separate 

in early prophase (Everett, R.D. et al., 1999). PML forms mitotic accumulations during 

mitosis, which may represent a mechanism of partition of the NBs to the daughter cells 

(Dellaire, G. et al., 2006). A common feature to PML-RARα-, cellular stress- and cell 

cycle-induced disruption of PML-NBs is the state of covalent modification by SUMO-1. 

When not in the PML-NBs, PML protein seems to lack modification by SUMO-1, 

irrespective of whether it is located in microstructures induced by PML-RARα or cellular 

stress or in the mitotic accumulations (Dellaire, G. et al., 2006, Eskiw, C.H. et al., 2003, 

Muller, S. et al., 1998). In contrast, SUMO-1 modification seems to be commonly 

associated with reincorporation of PML into the NBs as in treatment of APL cells with 

ATRA (Muller, S. et al., 1998). 

 

A number of viruses are known to alter the integrity, localization or size of the PML-NBs 

(Figure 6.). The best-characterized case is herpesvirus HSV-1, whose regulatory protein 

ICP0 is by far the most studied viral protein related to PML-NB dynamics. ICP0 is capable 

of disrupting PML-NBs by inducing proteasome-dependent degradation of PML (Chelbi-
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Alix, M.K., and de The, H., 1999, Everett, R.D. et al., 1998, Muller, S., and Dejean, A., 

1999). ICP0 contains a RING domain, which is essential for its disruptive effect. 

Adenovirus as well as herpesviruses Human cytomegalovirus (HCMV), Eppstein-Barr 

virus and Human herpesvirus-8 also possess PML-NB-disruptive potential under certain 

circumstances (For review see Everett, R.D., 2001). In contrast to the disruptive herpes- 

and adenoviruses, arenaviruses induce relocation of PML to the cytoplasm. The Z protein 

responsible for this phenomenon is similar to HSV-1 ICP0 as it also contains a RING 

domain (Borden, K.L. et al., 1998). In comparison to viruses mentioned above, the rabies 

virus induces deviant PML-NB behaviour. Although the expression of rabies 

phosphoprotein P sequesters PML into cytoplasm, rabies induces growth of PML-NBs in 

infected cells. An increase in the size of PML-NBs is induced by one of the four N-

terminally truncated P proteins, the P3 (Blondel, D. et al., 2002). 

 

Fig 6. PML-NB Dynamics. PML-NBs are highly dynamic structures affected by many environmental 
events. (1) PML nuclear bodies in normal, unstressed conditions. (2) Chromosomal translocation creating 
PML-RARα fusion protein is a common cause of rare, but severe cancer, the acute promyelocytic leukaemia. 
The PML-RARα, as well as heat stress and the ICP0 protein of HSV-1 cause disruption of the PML-NBs into 
hundreds of smaller structures (Chelbi-Alix, M.K., and de The, H., 1999, Dyck, J.A. et al., 1994, Eskiw, C.H. 
et al., 2003, Koken, M.H. et al., 1994, Weis, K. et al., 1994). (3) PML-RARα induced transformation is 
reversible by treatment with all-trans retinoic acid, which causes reassembly of structures resembling normal 
PML-NBs (Kakizuka, A. et al., 1991, Koken, M.H. et al., 1994). (4) In contrast to HSV-1 infection, rabies 

virus induces enlargement of the PML-NBs. Interestingly, expression of rabies phosphoprotein P induces 
effect similar to arenaviruses, whereas the effect observed in infection is induced by a truncated P protein, the 
P3 (Blondel, D. et al., 2002). (5) The Z protein produced by arenaviruses causes relocation of the PML-NBs 
into the cytoplasm (Borden, K.L. et al., 1998). 
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Function 

A myriad of functions has been assigned to PML-NBs, these encompass e.g.: regulation of 

transcription (Kiesslich, A. et al., 2002), apoptosis (For review see Bernardi, R., and 

Pandolfi, P.P., 2003) and cell proliferation (Daniels, M.J. et al., 2004), involvement in 

DNA repair (Xu, Z.X. et al., 2003, Varadaraj, A. et al., 2007), tumour suppression (For 

review see Salomoni, P., and Pandolfi, P.P., 2002) and defence against nuclear-replicating 

viruses (For review see Everett, R.D., 2001, For review see Nisole, S. et al., 2005). In 

addition, due to the presence of such a high number of various proteins in the PML-NBs it 

has been proposed that PML-NBs may function as nuclear depots, releasing needed 

proteins in response to cellular stress (For review see Negorev, D., and Maul, G.G., 2001). 

Overall, the PML-NB function is still very unclear and under constant debate. 

 

The participation of PML-NBs in tumour suppression was first suggested by the discovery 

of PML-RARα in APL. The reciprocal t(15:17) translocation responsible for the fusion of 

PML and RARα may produce both RARα-PML and PML-RARα (Alcalay, M. et al., 

1992). PML-RARα is able block retinoic acid (RA) induced differentiation by acting as a 

dominant negative RAR (Damm, K. et al., 1993, Raelson, J.V. et al., 1996, Rousselot, P. et 

al., 1994). In addition, PML-RARα disrupts PML-NBs as described above, leading to 

impediment of the postulated PML-dependent apoptosis (Rogaia, D. et al., 1995). PML-

RARα is able to transform haematopoietic cells in vitro and induce acute leukaemia in vivo 

(Altabef, M. et al., 1996, Grisolano, J.L. et al., 1997). PML-RARα induced transformation 

is susceptible to treatment with pharmacological doses of ATRA. Not only does ATRA 

induce reformation of nuclear bodies resembling normal PML-NBs (Kakizuka, A. et al., 

1991, Koken, M.H. et al., 1994), but also efficiently eliminates transgenic splenic 

promyelocytes expressing PML-RARα in vitro (Grisolano, J.L. et al., 1997). While PML-

RARα seems to be the major factor in APL, the RARα-PML has been shown to enhance 

the oncogenic effect of PML-RARα by mechanisms not yet understood (Pollock, J.L. et 

al., 1999). 

 

The tumour suppressor p53 is an extremely important factor governing the integrity of the 

genome. The activity of p53 is modified by protein stability and post-translational 
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modifications. P53-/- cells exhibit resistance to γ irradiation-induced apoptosis; PML-/- cells 

appear to have the same trait, although to lesser extent (Guo, A. et al., 2000). Co-operation 

of p53 and PML is indicated not only by the similar consequence of their absence, but also 

by the impaired induction of p53 target genes in PML-/- cells (Guo, A. et al., 2000). A 

plausible mechanism of p53 activation by PML is through acetyltransferase CBP, since 

PML is known to directly interact with it and acetylation is known to activate p53 

(Pearson, M. et al., 2000). Remarkably, only PML IV can activate p53 (Fogal, V. et al., 

2000) in a PML-NB dependent manner (Pearson, M. et al., 2000). PML is found in 

nucleolus after DNA damage and is thought to protect p53 by sequestering ubiquitin ligase 

Mdm2, a negative regulator of p53, there (Bernardi, R. et al., 2004). 

 

While extensive studies support the function of PML in tumour suppression, the role of 

PML in anti-viral defence is more controversial. Anti-viral activity of the PML-NBs is 

suggested by the close interaction of several viruses with them. Moreover, expression of 

PML and some other components of the PML-NBs are enhanced by the type I interferon 

response, a major cellular anti-viral defence mechanism (For review see Stanek, D., and 

Neugebauer, K.M., 2006). High expression of PML interferes with replication of several 

RNA viruses and some DNA viruses (Chee, A.V. et al., 2003, Chelbi-Alix, M.K. et al., 

1998, Regad, T. et al., 2001b, Saffert, R.T., and Kalejta, R.F., 2006). While several viruses 

localize near PML-NBs and have undisputed effect on them, it is not known whether it is 

the viruses that specifically go to the PML-NBs or vice versa. Majority of the PML-NBs 

are thought to be relatively immobile. However, some PML-NBs are highly mobile 

(Muratani, M. et al., 2002). In addition, evidence for the de novo emergence of PML-NBs 

in association of HSV-1 genome has been gathering (Everett, R.D., and Murray, J., 2005). 

However, the mechanism of association may differ significantly between viruses. Unlike 

large DNA viruses, smaller viruses like CPV may enter the nucleus intact, thus initial 

location of their genome depends on the site of uncoating. 

 

Although increasing evidence supports the role of PML-NBs in viral infections, the 

mechanism underlying the involvement is unclear. Among many other things, PML-NBs 

have been linked to repression of gene expression by chromatin remodelling (Wu, W.S. et 

al., 2001b). This provides an attractive model for the role of PML-NBs in viral infection. 
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Recent study demonstrates repression of HCMV immediate early gene expression by 

PML-NB associated protein Daxx and a histone deacetylase (Saffert, R.T., and Kalejta, 

R.F., 2006). Remarkably, HCMV is able to overcome this anti-viral activity by inducing 

degradation of Daxx. Another recent study suggests a role for PML-NBs in type I IFN 

induced cellular response to foreign DNA (Bishop, C.L. et al., 2006). However, not all 

evidence supports the negative role of PML-NBs in viral infection, as HSV-1 appears to 

replicate more efficiently when localized near PML-NBs (Sourvinos, G., and Everett, R.D., 

2002). In addition, Eppstein-Barr virus and Human herpesvirus-8 associate with PML-NBs 

only upon entry into lytic infection (Bell, P. et al., 2000, Wu, F.Y. et al., 2001a). HSV-1 

activates DNA repair pathway during infection, leading to association of ATM and the 

Mre11/Rad50/Nbs1 complex as well as other proteins involved in DNA repair with the 

HSV-1 replication compartment (Lilley, C.E. et al., 2005). Interestingly, PML-NBs have 

also been shown to associate with the Mre11 complex at sites of irradiation induced DNA 

damage (Carbone, R. et al., 2002). 
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Confocal Microscopy 

Green Fluorescent protein 

Green fluorescent protein (GFP) and its variants of different colours have revolutionized 

the field of fluorescence microscopy. Wild-type GFP found from a jellyfish Aequorea 

victoria emits green light of wavelength 506 nm and has two absorbance maxima at 397 

and 475 nm. GFP is an 11-stranded β-barrel approximately 14kDa in size (Figure 7.), the 

fluorophore is located inside the barrel and forms by cyclization of residues Ser65-Tyr66-

Gly67 (Cody, C.W. et al., 1993, Ormo, M. et al., 1996). A number of mutagenesis studies 

have generated GFP variants with improved properties, including speeding of the 

fluorophore formation (Zacharias, D.A. et al., 2002), helping GFP to fold correctly in 37°C 

(Tsien, R.Y., 1998) and converting the two absorbance peaks to a single peak at 489 nm 

(Delagrave, S. et al., 1995). The improved properties were combined to a single variant, 

the enhanced GFP (EGFP). In addition, GFP variants with different spectral properties 

have been produced, these have been named by the colour of the light they emit: BFP for 

blue (Heim, R. et al., 1994), CFP for cyan (Heim, R. et al., 1994), YFP for yellow (Ormo, 

M. et al., 1996) and RFP for red (Campbell, R.E. et al., 2002). GFP and its variants are 

relatively stable and can be genetically linked to variety of proteins; the non-invasive 

nature of these fusion proteins has enabled 

multicolour imaging of different proteins in 

the same living cells. 

 

 
Fig 7. The structure of wild-type GFP. The green 
fluorescent protein is formed by a β-barrel surrounding 
the fluorophore. The fluorophore forms by cyclization 
of amino acid residues Ser65-Tyr66-Gly67 located inside 
the barrel (not seen in the image). 
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Operational Principle of Confocal Microscope 

As early as in mid 1950s, Marvin Minsky made an invention that has had a major impact 

on fluorescence microscopy, the confocal microscope. However, confocal microscopy 

became applicable in practice only in the late 1980s due to the development of lasers. In a 

confocal laser scanning microscope (CLSM) a laser beam is focused to the fluorescent 

sample by objective lens while two scanning mirrors mounted on motors are responsible 

for scanning the sample. Fluorescent light and light reflected from the sample are collected 

by the objective lens, and a beam splitter assorts the fluorescent light from the laser. The 

fluorescent signal is directed to a detector through a pinhole, which only allows light from 

certain focal plane to pass. The detector is attached to a computer, which assembles the 

image. The acquired images are from thin sections of the sample since most of the light 

from below or above the focal plane is blocked from passing the pinhole to the detector 

(Figure 8.). Assembling a high-resolution three-dimensional (3D) image is possible after 

scanning several thin sections of the sample. 

Fig 8. Schematic diagram of CLSM. The laser beam is directed 
to the specimen by two scanning mirrors and through the 
objective. The fluorescent light and the light reflected from the 
sample are collected by the objective. The fluorescent light is 
assorted from the laser by a beam splitter, after which it passes 
through the pinhole. The pinhole only allows light from certain 
focal plain to pass to the detector. A computer attached to the 
detector is responsible for the assembly of the final image. Figure 
adapted from http://www.physics.emory.edu/~weeks/confocal/, 
28.2.2007. 
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CLSM – a Versatile Tool 

The exploitation of confocal microscopy for various research purposes was significantly 

facilitated with the development of relatively photostable fluorescent proteins and 

computers powerful enough to process the data acquired. The use of confocal microscope 

can vary from efforts to observe co-localization of different protein species by acquiring 

single two- or three-dimensional images of cells to elaborate methods that seek to resolve 

dynamic properties of proteins in living cells (Goodwin, J.S., and Kenworthy, A.K., 2005, 

Presley, J.F. et al., 1997, Santangelo, P.J. et al., 2004). Some of the more sophisticated 

techniques include FRET, FLIP, FRAP and FLIM, fluorescence resonance energy transfer, 

fluorescence loss in photobleaching, fluorescence recovery after photobleaching and 

fluorescence lifetime imaging microscopy, respectively. 

 

While defining co-localization of differently labelled proteins by fluorescence microscopy, 

the proteins may appear to co-localize although considerable distance may separate them. 

Thus, the images do not provide information of the actual physical interactions of the 

proteins. The inadequate detection of co-localization is caused by resolution limited to 

approximately 250 nm due to diffraction of light. Attempts to break this limit have lead to 

development of novel imaging techniques (Kwak, E.S. et al., 2001, de Lange, F. et al., 

2001). Fluorescence resonance energy transfer, also called Förster resonance energy 

transfer, is an ingenious method used to study close interactions of macromolecules or to 

trace specific nucleic acids in cells. FRET is based on energy transfer between two closely 

situated fluorophores of overlapping emission and excitation peaks. When the first 

fluorophore, designated the donor, is excited it can transfer the energy to another 

fluorophore, the acceptor, instead of releasing the energy as light. If the energy transfer 

occurs, the acceptor is excited and emits light on its intrinsic wavelength. Energy transfer 

between the two fluorophores is possible only if they are less than ∼10 nm apart; the 

efficiency of energy transfer diminishes as the distance of the fluorophores increases. 

FRET has been successfully utilized to study the myosin-actin interaction (Dos Remedios, 

C.G., and Cooke, R., 1984). In addition, dual FRET molecular beacons, short DNA 

fragments with stem-loop structure (Sokol, D.L. et al., 1998), have been developed to 

detect specific nucleic acids with relatively high signal-noise ratio (Santangelo, P.J. et al., 
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2004). Although FRET is a phenomenon known for quite some time, a novel approaches 

for utilizing it continues to be developed, it has been applied for detection of matrix 

metalloproteinase activity (Yang, J. et al., 2006) and to study structural changes of Ras 

(Sugawa, M. et al., 2006). 

 

Instead of measuring the intensity of fluorescence, fluorescence lifetime imaging 

microscopy measures the fluorescence lifetime, defined as the time a probe spends in the 

excited state before returning to the ground state (Clegg, R.M. et al., 2003). Fluorescence 

lifetime of a probe is sensitive to the environmental and physical processes that influence 

the excited state, thus FLIM may detect regional differences in fluorescence lifetimes, 

suggesting differing local microenvironments (Lakowicz, J.R. et al., 1992). FLIM also 

provides a method to detect FRET since in the presence of an acceptor the mean lifetime of 

the donor is shortened (For review see Bastiaens, P.I., and Squire, A., 1999). The 

fluorescence lifetimes and FRET efficiencies may vary unpredictably, but the effect of 

FRET may be verified by selectively photobleaching the acceptor. Bleaching the acceptor 

causes the fluorescence lifetime of the donor to shift to that of an unquenched donor (Chen, 

Y., and Periasamy, A., 2004). FRET detected using FLIM, has been used to monitor the 

phosphorylation of epidermal growth factor receptor (Wouters, F.S., and Bastiaens, P.I., 

1999). Special equipment for confocal microscope is required in order to make FLIM 

experiments possible. 

 

Photobleaching signifies permanent loss of fluorophores ability to fluoresce. 

Photobleaching is induced by exposure of the fluorophore to either repeated cycles of 

excitation and emission or to laser of high intensity. FLIP and FRAP are closely related 

techniques that seek to take advantage of this traditionally undesired phenomenon (For 

review see Koster, M. et al., 2005). EGFP has proved to be very suitable for 

photobleaching experiments due to its brightness and stability under low-intensity 

illumination yet fast and irreversible bleaching when illuminated with high intensity 

(Patterson, G.H. et al., 1997). The resistance of EGFP to low intensity illumination is due 

to the β-barrel structure, which serves to protect the fluorophore. 
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Fluorescence loss in photobleaching is commonly used to study continuity of cellular 

compartments or mobility of proteins within a compartment. FLIP has been used to study 

e.g. ER-to-Golgi transport (Presley, J.F. et al., 1997), nucleocytoplasmic traffic of Stat1 

(Lillemeier, B.F. et al., 2001) and the intranuclear mobility of pre-mRNA splicing factor 

SF2/ASF (Phair, R.D., and Misteli, T., 2000). FLIP is based on repeated bleaching of 

desired region of the cell to ensure prevention of fluorescence recovery. The continuous 

bleaching leads to loss of fluorescence in cellular compartments connected to the bleached 

region. Loss of fluorescence is only observed if the molecules within these compartments 

are able to travel to the bleached region, i.e. the molecules are not immobilized. The rate of 

fluorescence loss depends on extent of communication between the compartments (Figure 

9A, B and E). As FLIP and FRAP take slightly different approaches to very similar 

research problems, they are often utilized in conjunction (Lillemeier, B.F. et al., 2001, 

Phair, R.D., and Misteli, T., 2000). 

 

FRAP is a technique aiming at monitoring recovery of fluorescence. A rather 

comprehensive introduction to FRAP is offered by Meyvis et al. (For review see Meyvis, 

T.K. et al., 1999). In a FRAP experiment a small region of interest is bleached once, 

causing a dramatic reduction of fluorescence (Figure 9C). According to Meyvis, the 

optimal amount of bleaching is between 30-70 %. The subsequent rate and extent of 

fluorescence recovery is monitored. The recovery of fluorescence intensity is a 

consequence of exchange of bleached and unbleached molecules between the bleached 

region and the surroundings (Figure 9D). Slow or impaired recovery signifies low mobility 

of the fluorescently labelled molecules that may be a result viscous environment or variety 

of diffusion barriers as well as binding of the molecule to macromolecular complexes. In 

contrast, freely mobile molecules move quickly into the bleached region and the 

fluorescence is fully recovered (Phair, R.D., and Misteli, T., 2000). 
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Fig 9. Schematic illustration of FLIP and FRAP techniques. FRAP and FLIP are closely related 
techniques used to study connectivity of cellular compartments and dynamic properties of cellular proteins. 
(A, B, E) In a FLIP experiment a region of interest is repeatedly bleached with high intensity laser to prevent 
recovery of fluorescence in the region. When a protein found throughout the cell is subjected to FLIP, (A) the 
fluorescence in the cytoplasm fades and nuclear fluorescence remains unaffected if the protein is incapable of 
nucleo-cytoplasmic shuttling. (B) However, if the protein can escape the nucleus to the cytoplasm, 
fluorescence in both compartments fade and the rate of nuclear bleaching is dependent on the rate of nuclear 
export of the protein. (C) In a FRAP experiment, a single laser pulse is used to bleach the region of interest. 
The possible recovery of fluorescence in the bleached region is followed after the bleaching. Recovery of 
fluorescence is only observed if the protein is able enter the bleached region. (D, E) Fluorescence intensities 
detected in FRAP and FLIP experiments, respectively. (D) In FRAP, The rate of fluorescence recovery is 
dependent on several factors, including diffusion rate, interactions with macromolecular complexes and 
different kind of diffusional barriers. (E) In FLIP, it is necessary to simultaneously follow the fluorescence 
intensity of an unbleached cell (curve with filled dots) in order to define bleaching caused by the low 
intensity imaging. Figure adapted from (Goodwin, J.S., and Kenworthy, A.K., 2005). 
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FRAP – a Closer Look 

The subnuclear organization, particularly the nuclear matrix, has been under vigorous 

debate for decades (For review see Misteli, T., 2001, For review see Pederson, T., 2000). 

Recent discoveries by e.g. Houtsmuller et al. and Phair and Misteli have provided new 

insights into the subnuclear dynamics as they have shown many of the nuclear proteins to 

move by energy-independent manner (Houtsmuller, A.B. et al., 1999, Phair, R.D., and 

Misteli, T., 2000). In their studies Houtsmuller and Phair used FRAP to determine the 

diffusional properties of proteins involved in various nuclear processes. However, long 

before application of FRAP to intracellular proteins was possible, it was utilized for 

determining dynamics of membrane-bound molecules (Jacobson, K. et al., 1976). 

Fluorescence recovery after photobleaching was first developed in the 1970s (Axelrod, D. 

et al., 1976) but has in past decade gone through a renaissance due to development of 

CLSM and discovery of GFP. In fact, CLSM is not required for FRAP, although it is the 

most common choice of equipment. In addition to intracellular events, FRAP can be used 

to study mobility of molecules in the interstitial spaces of tissues, for example delivery of 

anticancer therapeutics to tumours (Brown, E.B. et al., 2004). 

 

Two key parameters that can be calculated from FRAP data are the diffusion coefficient D 

and the mobile fraction Mf. While Mf provides information on the fraction of molecules 

immobilized by e.g. protein complexes or membrane structures, the diffusion coefficient D 

describes movement of the molecules due to Brownian motion (i.e. stochastic movement). 

The basic theory used for quantification of molecular mobility from FRAP data was 

developed by Axelrod et al. (Axelrod, D. et al., 1976). However, the theory was generated 

to define two-dimensional lateral diffusion, and thus requires assumptions that are often 

not met by modern research applications. For this reason, several novel mathematical 

models for data analysis have been developed (For review see Carrero, G. et al., 2003). 

Some of the models take a numerical approach to the problem (Wedekind, P. et al., 1996) 

and are thus laborious for biologists to utilize, while others were generated to be more 

readily applicable (Braeckmans, K. et al., 2003, Braga, J. et al., 2004). However, even the 

novel models are best-fit for certain experimental configurations, therefore it is of high 

importance to choose the model most suitable for the used FRAP set-up, or preferably 
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consider the model even while designing the experiment. To make matters even more 

complicated, comparison of the acquired quantitative data is hindered by lack of standards 

to calibrate the FRAP set-up. Hence, development of GFP-based standard has recently 

been attempted (Pucadyil, T.J., and Chattopadhyay, A., 2006). The diffusion coefficient 

and the mobile fraction are not the only numbers calculable from FRAP data. In fact, D is 

related to the half time of recovery (tD or t1/2, used herein) (Figure 10A), which is 

comparable between different FRAP studies. However, the importance of diffusion 

coefficient lies in its capacity to describe the diffusion rate alone, while variation in the t1/2 

arises from combination of diffusion, binding kinetics (kON) and unbinding kinetics (kOFF) 

(Sprague, B.L., and McNally, J.G., 2005). 

 

 
Fig. 10. Analysis of FRAP data. (A) The simplest numbers that can be defined from FRAP data, are the 
mobile fraction and t1/2, the former describes the amount of protein free to diffuse to the bleached area, 
whereas the latter is defined as the time when fluorescence is half recovered. (B, C) Slow recovery generally 
suggests participation of binding reactions to FRAP. Although the shape of the curve may give some clue, 
defining the combination of diffusion and binding properties responsible for a characteristic recovery 
requires extensive analysis. Figure adapted from (Sprague, B.L., and McNally, J.G., 2005). 
 

As the behaviour of freely diffusing molecules has been extensively analyzed in the long 

history of FRAP (see above), the analysis of binding properties of proteins has started to 

attract more and more attention. A number of studies have pursued the representation of 

mathematical models taking the binding reactions into account (For review see Carrero, G. 

et al., 2003, Carrero, G. et al., 2004, Sprague, B.L. et al., 2004, For review see Sprague, 

B.L., and McNally, J.G., 2005). Sprague et al. have recently introduced a straightforward 

guidelines for interpreting FRAP data (Sprague, B.L. et al., 2004). Participation of binding 

reactions to the FRAP recovery is generally suggested by slower recovery, the contribution 

of diffusion to such cases can be deduced by the relationship of two values. Association 

rate describes the kON multiplied with the concentration of the molecule, while the inverse 
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of this number represents the time it takes for a molecule to become bound. In contrast, 

diffusion rate is the required time for a molecule to diffuse across the bleach spot. If the 

diffusion rate is fast, as compared to the time required for binding, the recovery can be 

classified as diffusion-uncoupled. If the opposite is true, the recovery is diffusion-coupled 

(For review see Sprague, B.L., and McNally, J.G., 2005) (Figure 10B and C). 

Quantitative Confocal Microscopy – In Conclusion 

As novel microscopic methods have been developed, the role of data analysis has grown 

significantly (Garcia Penarrubia, P. et al., 2005, Goucher, D.R. et al., 2005, Soltanian-

Zadeh, H. et al., 2005). Quantitative confocal microscopy takes many forms (Akita, H. et 

al., 2004, Choi, H.J. et al., 2005, Price, J.R. et al., 2005) and aims at untangling research 

problems with ever increasing precision. In some cases, the inadequacy of available 

mathematical tools for data processing may complicate analysis of the acquired data, while 

user bias poses another growing problem (Voss, T.C. et al., 2005). As single-cell imaging 

has become a common practice, concern has risen over the notion of average cell (Levsky, 

J.M., and Singer, R.H., 2003) due to variation in gene expression among cell population 

(Elowitz, M.B. et al., 2002). Voss et al. have proposed an unbiased method for selection of 

transiently transfected cells for imaging. The method is based on cotransfection of cells 

with plasmids encoding the XFP-tagged protein of interest and a free RFP. The cell to be 

imaged can be chosen based on expression of RFP without prior knowledge of the 

expression level of the fusion protein. (Voss, T.C. et al., 2004, Voss, T.C. et al., 2005) 



38 

 

 

AIM OF THE STUDY 

The described studies aimed at: 

 

1. Elucidating the dynamic properties of Promyelocytic leukaemia nuclear bodies in 

NLFK cells in canine parvovirus infection. 

2. Setting up experimental conditions for FRAP experiments. 

3. Defining nuclear binding and diffusion properties of PML protein isoform 4 in 

CPV infection. 
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Materials and Methods 

Sample Preparation 

Plasmids 

N-terminally tagged EYFP-PML IV, ECFP-PML IV and EYFP-NS1 constructs were 

utilized in the experiments. The PML-plasmids, previously described (Everett, R.D. et al., 

2003), were a generous gift from Everett R.D. (University of Glasgow, Scotland, UK). 

Jylhävä J. and Niskanen E. (University of Jyväskylä, Finland) produced the pEYFP-NS1 

construct (Ihalainen, T.O. et al., 2007). The plasmids were amplified in Escherichia coli 

and purified with the Wizard Plus Midipreps DNA Purification System (Promega) 

following the protocol provided by the manufacturer. 

Cell culture and Transfections 

Norden Laboratory Feline Kidney (NLFK) cells, a generous gift from Colin Parrish 

(Cornell University, Ithaca, New York, USA), were grown and maintained in Dulbecco´s 

modified Eagle´s medium (DMEM) supplemented with 10 % inactivated foetal calf serum 

(FCS, PAA Laboratories GmbH), 1 % L-glutamine, 1 % penicillin-streptomycin and 1 % 

non-essential amino-acids (Gibco-BRL Life technologies). For transfections, cells were 

grown either on 60 mm glass-bottom culture dishes (MatTek, USA) or on coverslips in 3 

cm culture dishes. The cells were transiently transfected using two different methods, 

fugene6-reagent (Roche Diagnostic) or electroporation. Transfection by fugene6 was 

executed according to the instructions of the manufacturer after the cells had been grown 

for one day. 3 µg and 1,5 µg of plasmid was used for transfection in the 60mm glass-

bottom dishes and the 3 cm culture dishes, respectively. 6µl of fugene6-reagent was used 

per 1,5 µg of plasmid. Transfection by electroporation was executed alongside cell 

culturing. 400 µl volume of cell suspension was transferred into an electroporation cuvette 
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(BTX) and desired plasmids were added on the cells. Whether together or alone, 16, 32 and 

16 µg of pEYFP-PML, pECFP-PML and pEYFP-NS1 were used, respectively. The cells 

were electroporated with Electro Cell Manipulator 600 using the following parameters: 

500 V Capacitance & resistance, Capacitance 500 µF, Resistance 13 ohm and Charging 

voltage 130 volts. 

 

If cells were not to be infected by CPV, they were allowed to grow for two days before 

being imaged by confocal microscope. The cells not imaged live were fixed prior to the 

imaging in 4% paraformaldehyde (PFA), RT for 20min. 

Viruses and Infection 

If CPV infection were to be done, it was executed the day following transfection. The 

growth medium was withdrawn from the culture, and infection was induced with viral 

medium, MOI 0.5-2. The cells were incubated for 30 minutes at 37°C and 5% CO2, after 

which growth medium was added to the cells. 

Immunofluorescent Labelling 

After being fixed in 4% paraformaldehyde (PFA), RT for 20min, the cells were labelled 

according to (Vihinen-Ranta, M. et al., 1996) for 1 hour with primary anti-NS1 

monoclonal antibody and secondary anti-mouse-alexa-633 antibody. In addition, the cells 

were embedded in Mowiol-Dabco and imaged by CLSM. 

Confocal Microscopy 

Equipment 

The main instrumentation used to carry out the confocal microscopy experiments, was 

comprised of Zeiss LSM 510 confocal mounted on a Zeiss Axiovert100M inverted 
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microscope. The microscope was equipped with heated objective and working stage, 

heating being controlled by Tempocontrol 37-2 digital (Zeiss). A 63x/1.25 NA Plan-

Neofluar oil-immersion objective and a 25mW argon (Ar) laser operated at 60% of the 

laser power were used in all experiments. In addition to the Zeiss LSM510, Olympus 

Fluoview FV1000 was used to acquire 2D images. 

Performing FRAP Experiments and Analysis of the Data Acquired 

FRAP experiments for both live and fixed cells transfected with pEYFP-PML were carried 

out at 37°C. At first, the cells were placed on the heated stage and the temperature was 

allowed to settle. The YFP-PML was imaged using 3x zoom and Ar laser at 488 nm with 3 

% of the bleaching intensity (∼0.18% of the maximum laser power). Three images of the 

nucleus of a cell were acquired, after which the desired PML-NB was bleached. The 

bleaching was performed with 100 iterations in a circular ROI (region of interest) of 15 

pixels (1.5µm) in diameter. A total of 360 images with 2 second intervals were acquired in 

a single FRAP experiment. The pinhole was opened to 9.21 airy units and the cell was kept 

in focus by hand. No image averaging was used. 

 

Tables of the observed fluorescence intensities were generated using LSM510 software 

provided by Zeiss. ROI was drawn around the bleached PML-NB and the whole nucleus. 

The fluorescence intensity of the bleached PML-NBs often had to be collected in short 

periods due to movement of the cell; the ROI was kept constant in shape and size in such 

cases. The fluorescence intensities of a cell were transferred into a single Microsoft excel 

file and were subsequently normalized. The normalized fluorescence intensities, F(t), were 

generated by equation (1) (Goodwin, J.S., and Kenworthy, A.K., 2005). 

 

(1) F(t) = I(t) Ti / Ii T(t) 

 

Where Ti corresponds to the average fluorescence of the nucleus before bleaching, Ii to the 

average fluorescence of the bleached region before bleaching, I(t) to the average 

fluorescence of the bleached region and T(t) to the average fluorescence of the nucleus. 
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Average fluorescence recovery was determined from cells, whose recovery curves were 

stabile throughout the imaging, i.e. the plane of focus did not drift during imaging. The 

mobile fraction Mf can be determined according to equation (2). 

 

(2) Mf = (F∞ – F0) / (Fi – F0) 

 

F∞ corresponds to the fluorescence intensity at the end of the experiment, while F0 and Fi, 

correspond to the fluorescence immediately after and prior to the bleach, respectively. 

Movement of the PML-NBs and Analysis of the Data Acquired 

As in FRAP experiments, live cells transfected with pEYFP-PML were imaged at 37°C. 

Prior to the imaging, the cells were placed on the heated working stage and the temperature 

was allowed to settle. Three-dimensional images were acquired in 8 stacks with pinhole of 

1 airy unit for approximately 10 minutes using 3x zoom. Time interval between each 

image was 7 seconds and a total 90 images was acquired. Image scanning was performed 

with 488 nm line of the Ar laser with intensity of ∼0.18% of the maximum laser power. 

 

A two-dimensional projection of the acquired image stacks was produced using LSM510 

software. The projection images were thereafter processed using ImageJ-software 

(http://rsb.info.nih.gov/ij/, 27.03.2006). ImageJ-plugins downloaded for processing the lsm 

files and tracking the PML-NB movement were “LSM Reader”, “Manual Tracking” 

(manual tracker used herein), “Stackreg” and “Turboreg”. Movement of the cell 

significantly disturbs the determination of movement of single PML-NBs, therefore 

stackreg was used to eliminate the cellular movement. After processing the images with 

stackreg, manual tracker was used to define the dynamics of the PML-NBs. The data 

produced by ImageJ was further processed using Microsoft Office Excel. 
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RESULTS 

Canine Parvovirus Co-localizes with PML-Nuclear Bodies within 12 

Hours of Infection 

In order to follow viral localization during infection, cells transfected with EYFP-PML 

were fixed and immunofluorescently labelled for NS1 at various time points after CPV-

infection. Subsequently, cells were imaged with confocal laser scanning microscope to 

follow the accumulations of NS1 in relation to PML-NBs. After eight hours of infection, 

there was no co-localization detected between labelled NS1-protein and the PML-NBs. 

However, in later time points the co-localization became more frequent, and finally 12 

hours post-infection the two entities showed near-perfect co-localization. 

 

Fig 11. The localization of CPV in the course of infection. Co-localization of CPV with PML-NBs was 
studied utilizing NLFK cells transfected with pEYFP-PML IV and infected with CPV. The cells were fixed 
in 4% PFA and immunolabelled with anti-NS1 monoclonal antibody. Finally, the cells were imaged by 
Olympus Fluoview FV1000. Scalebar 5 µm. 
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Canine Parvovirus Appears to Have Very Little Effect on PML Nuclear 

Body Dynamics upon Infection 

After verifying the close apposition of CPV and the PML-NBs late in infection, we wanted 

to investigate whether CPV infection has any effect on the dynamic properties of the PML-

NBs. The number and size of the PML-NBs were determined from confocal images and 

4D imaging was utilized to follow their movement. The data was processed with ImageJ 

and Microsoft office Excel. 24 hours of CPV infection had no effect on the average 

number of PML-NBs (p=0.166). In addition, there were no observed difference in the size 

of the PML-NBs (p= 0.389), nor were there significant difference in the average speed 

(29.9 nm/s and 31.7 nm/s in uninfected and infected cells, respectively, p=0.113). 

Consistent with previous studies, the smallest PML-NBs tended to exhibit the fastest 

movement, while others showed rather uniform behaviour. Although the average speed of 

PML-NBs remained unchanged in CPV-infection, the difference in the amount of fast 

PML-NBs was borderline insignificant (p=0.052). 

Fig 12.  PML-NB dynamics upon CPV infection. 
PML-NB dynamics was examined by imaging pEYFP-PML IV-transfected cells with Zeiss LSM510 CLSM. 
Images were acquired as stacks through the cells; projection of the stacks was used for further analysis. (A) A 
projection image of an uninfected nucleus, the boxed area is shown magnified with 14 second interval. (B) 
Distribution of PML-NBs according to average speed. PML-NB speed was determined using Manual 
Tracking-plugin for ImageJ. Average size (C) and number (D) of PML-NBs. 
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Dynamic Properties of PML-Protein Remain Unaffected in CPV 

Infection 

Although very mild to no changes were detected in the dynamic properties of the PML-

NBs in cells infected by CPV, we wanted to further investigate its possible effect on the 

PML-protein. We utilized confocal-FRAP to determine the dynamic properties of the 

PML-protein in normal culture conditions. The half-time of recovery, t1/2, was determined 

as 158.6 seconds, while the mobile fraction was 100%. As the same experiment was 

carried out for cells 24 hours post-infection, the behaviour of PML-protein was revealed to 

be effectively identical as compared to control cells. 

Fig 13. Fluorescence recovery 
after photobleaching. NLFK 
cells were transfected with 
pEYFP-PML and infected with 
CPV. The cells were imaged live 
by Zeiss LSM 510. A PML-NB 
from a suitable cell was bleached 
with high-intensity laser. (A) The 
recovery of fluorescence in the 
bleached PML-NB is evident, as 
is the overall bleaching caused 
by the long-term low-intensity 
imaging. (B) The mobile fraction 
was shown to be 100%, as the 

relative fluorescence in the bleached PML-NB was eventually fully recovered. The recovery of PML was 
shown to be very slow, as the half-time of recovery was 158.6 seconds. 
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DISCUSSION 

CPV – PML Interaction 

Several viruses, including Canine parvovirus, are required to enter the host cell nucleus in 

order to induce productive infection. However, rather little is known of the interplay 

between viruses and the nucleus during viral infection. Some viruses are known to interact 

with the promyelocytic leukaemia nuclear bodies, while for few (namely HSV-I), the 

manner of interaction is understood in relatively good precision (Everett, R.D., and 

Murray, J., 2005, Sourvinos, G., and Everett, R.D., 2002). In the described study, we 

observed and analyzed the dynamic behaviour of both promyelocytic leukaemia nuclear 

bodies and their defining component, the PML-protein. Since CPV appears to co-localize 

with PML-NBs during infection, we were interested in determining whether CPV has any 

profound effect on the dynamics of the PML-NBs, thus bringing some light to the 

interactions of viruses and nuclear compartments. However, our results are shadowed by 

suspicion due to the imperfect infectivity of CPV. Not all cells are infected after 24 hour 

exposure to the virus, thus, some uninfected cells may cause minor distortion to the results 

since imaging was executed at a single cell level. In addition, as neither the cells nor the 

infection were synchronized, variation in the stage of cell cycle or infection may have 

caused additional distortion to the results, especially as PML-NB dynamics have been 

shown to vary according to the cell cycle (Dellaire, G. et al., 2006, Everett, R.D. et al., 

1999). 

 

PML-NBs have been assigned numerous roles, including participation in anti-viral 

defence, DNA-repair and regulation of transcription and apoptosis. Over-expression of 

PML-protein leads to increased number and size of PML-NBs and renders the cell resistant 

to infection by foamy virus (Regad, T. et al., 2001b) and to lesser extent, by HCMV and 

HSV-1 (Chee, A.V. et al., 2003, Saffert, R.T., and Kalejta, R.F., 2006). As PML has been 

recognized as an anti-viral effector, it has become clear that numerous viruses disrupt 

PML-NBs in order to circumvent this activity (Blondel, D. et al., 2002, Borden, K.L. et al., 

1998, Chelbi-Alix, M.K., and de The, H., 1999, Everett, R.D. et al., 1998, For review see 
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Everett, R.D., 2001, Muller, S., and Dejean, A., 1999). Unlike what was expected, CPV 

appeared to have no effect on PML-NB dynamics, as there was no difference in average 

number, size or mobility detected. In addition, Canine parvovirus did not affect the 

properties of PML-protein, displayed by the FRAP experiments. Together these 

observations support a view of CPV not being susceptible for the anti-viral activity of 

PML, or circumventing it by other means. As a result, it would be interesting to investigate 

whether over-expression or lack of PML would have any effect on infectivity of CPV. 

Since PML promoter contains IFNα-stimulated response element and IFNγ activation sites, 

PML expression is induced in response to IFNs, making it part of IFN-induced anti-viral 

response (For review see Regad, T., and Chelbi-Alix, M.K., 2001). Viruses have evolved 

numerous methods to block IFN-induced events in the infected cell (For review see Regad, 

T., and Chelbi-Alix, M.K., 2001). Thus, it would be of interest to investigate the IFN-

response in NLFK cells to further clarify the mechanism by which CPV is able to avoid it. 

 

Contradicting the anti-viral activity exhibited by the PML, some viruses show increased 

replication efficiency when localized near PML-NBs (Sourvinos, G., and Everett, R.D., 

2002). In addition, localization of some viruses near the PML-NBs marks the transition 

from lysogenic to lytic infection (Bell, P. et al., 2000, Wu, F.Y. et al., 2001a). As such, 

PML-NBs has been suggested a role in viral replication. As we observed the co-

localization of CPV with PML-NBs by following NS1, viral protein involved in viral 

genome replication, it should be investigated whether this co-localization coincides with 

active replication, and whether it is necessary for NS1 function in this regard. Since 

extensive portion of PML-protein is located diffusely in the nucleoplasm, clarification of 

the effect of location on PML-protein function would also help solve the significance of 

PML-NBs for various viruses. In addition, it is of high importance to note the possible 

isoform-specific functions, as they may partly explain contradictory findings. Although 

PML-protein is required for formation of PML-NBs (Ishov, A.M. et al., 1999, Zhong, S. et 

al., 2000), they also contain numerous other components (For review see Matera, A.G., 

1999). Thus, localization of CPV NS1 near PML-NBs does not equal direct interaction as 

there are numerous other potential partners. Co-precipitation, FRET, or related techniques 

should be utilized in order to study this interaction more closely. Our studies show PML 

IV-protein to be fully mobile within the nucleus, the recovery was also too slow to be 
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largely affected by diffusion. Thus, it is evident that whether NS1 and PML IV interact 

directly or not, CPV infection has no effect on the overall traffic of PML IV between 

PML-NBs and the nucleoplasm. 

Execution of FRAP 

Fluorescent recovery after photobleaching is a technique originally developed in the 1970s 

(Axelrod, D. et al., 1976). After experiencing a renaissance due to development of confocal 

laser scanning microscope and finding the green fluorescent protein, it has become a 

powerful tool to determine subcellular dynamics. Our studies showed PML-protein to be 

fully mobile within the nucleus. However, determination of diffusion coefficient and the 

binding kinetics (kON and kOFF) was hindered in our experiments by lack of suitable model 

for data analysis and poor choice of bleaching intensity. With the increasing amount of 

specialized applications for FRAP, lack of mathematical models for data analysis has 

become one of the limiting steps in research. The fluorescence intensity should not be 

allowed to drop to 0 after bleaching. 30 to 70 % bleaching efficiency would be optimal for 

purposes of data analysis according to Meyvis et. al. (For review see Meyvis, T.K. et al., 

1999). In addition, some background fluorescence should be allowed to enable proper 

normalization of the data (Goodwin, J.S., and Kenworthy, A.K., 2005). 

 

As PML IV was revealed to be extremely slowly recovering protein, problems resulting 

from diffusion during bleaching were avoided. However, another problem was faced, as 

long recovery subdued the experiments vulnerable to focal drift due to temperature 

changes, air currents etc. (Goodwin, J.S., and Kenworthy, A.K., 2005). We attempted to 

overcome the problem of focal drift by manually keeping the focus, which in turn, subdued 

the experiment under human influence. Focal drift could also to some extent be prevented 

by allowing the temperature of the cell culture dish to equilibrate on the heated working 

stage of the microscope prior to imaging. Additional problem faced as a consequence of 

long imaging required by slow recovery of PML, was bleaching due to low intensity 

imaging. This can best be avoided by decreasing the laser intensity used to acquire post-

bleach images, and by increasing detector gain (Goodwin, J.S., and Kenworthy, A.K., 

2005). 
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Finally, 

As any good research, this work raised more questions than answered them. In the 

described study we have shown canine parvovirus to be localized near promyelocytic 

leukaemia nuclear bodies in the course of infection, but to have no effect on their 

dynamics. Question whether PML-NBs are battling against CPV infection, or whether 

CPV goes to PML-NBs to enhance or begin replication, remains unanswered. In either 

case, other components of the PML-NBs than PML protein itself are likely partners for 

interaction with the virus. Although we were successful in setting up conditions for further 

FRAP experiments, the light brought to the interactions of viruses and nuclear 

compartments stayed dim. 
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