
lsevier.com/locate/yviro
Virology 345 (200
Parvovirus uncoating in vitro reveals a mechanism of DNA release without

capsid disassembly and striking differences in encapsidated DNA stability
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Abstract

The uncoating mechanism of parvoviruses is unknown. Their capsid robustness and increasing experimental data would suggest an uncoating

mechanism without capsid disassembly. We have developed an in vitro system to detect and quantify viral DNA externalization and applied the

assay on two parvoviruses with important differences in capsid structure, human B19 and minute virus of mice (MVM). Upon briefly treating the

capsids to increasing temperatures, the viral genome became accessible in its full-length in a growing proportion of virions. Capsid disassembly

started at temperatures above 60 -C for B19 and 70 -C for MVM. For both viruses, the externalization followed an all-or-nothing mechanism,

without transitions exposing only a particular genomic region. However, the heat-induced DNA accessibility was remarkably more pronounced in

B19 than in MVM. This difference was also evident under conditions mimicking endosomal acidification (pH 6.5 to 5), which triggered the

externalization of B19-DNA but not of MVM-DNA. The externalized ssDNA was a suitable template for the full second-strand synthesis.

Immunoprecipitation with antibodies against conformational epitopes and quantitative PCR revealed that the DNA externalized by heat was

mostly dissociated from its capsid, however, the low pH-induced DNA externalization of B19 was predominantly capsid-associated. These results

provide new insights into parvovirus uncoating suggesting a mechanism by which the full-length viral genome is released without capsid

disassembly. The remarkable instability of the encapsidated B19 DNA, which is easily released from its capsid, would also explain the faster heat

inactivation of B19 when compared to other parvoviruses.

D 2005 Elsevier Inc. All rights reserved.
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Introduction research as parvovirus model. MVM causes lethal infections in
Parvoviruses are nonenveloped icosahedral viruses with a

single-stranded DNA genome of approximately 5 kb. Human

parvovirus B19 and minute virus of mice (MVM) are two

distantly related members of the family Parvoviridae. B19 is a

member of the Erythrovirus genus and the only parvovirus

known to cause disease in humans, notably a mild disease

known as erythema infectiosum or fifth disease. Other more

severe syndromes associated with B19 infections are polyar-

thropathy, transient aplastic crisis, hydrops fetalis and persistent

anemia (Heegaard and Brown, 2002). MVM is a member of the

genus Parvovirus (Siegl et al., 1985) and is frequently used in
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newborn and immunodeficient mice (Brownstein et al., 1991).

The three-dimensional capsid structures of several parvo-

viruses has been determined, human B19 (Agbandje et al.,

1994; Kaufmann et al., 2004); canine parvovirus (CPV) (Tsao

et al., 1991; Xie and Chapman, 1996); feline panleukopenia

virus (FPV) (Agbandje et al., 1993); MVM (Llamas-Saiz et al.,

1997); Galleria mellonella densovirus (Simpson et al., 1998);

adeno-associated virus 2 (AAV-2) (Xie et al., 2002); AAV-4

(Padron et al., 2005); and porcine parvovirus (PPV) (Simpson

et al., 2002). While the capsid inner surface is structurally

similar among parvoviruses, the outer surface has important

differences. B19 is structurally most similar to AAV-2 and

MVM to CPV and FPV. A common feature of the icosahedral

T = 1 parvovirus capsids is that they are highly resistant to

many physicochemical agents. In the extracellular environ-

ment, this resistance provides an effective protection to the

fragile highly condensed ssDNA genome and ensures trans-
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Fig. 1. Hybridization/extension assay for the detection and quantification o

virus ss-DNA externalization. Viral particles are briefly exposed to heat or low

pH. A probe with a 3V virus-specific sequence and 5V virus-unrelated tail is

hybridized to the exposed ss-DNA. The hybridized probe is extended by a

polymerase. The probe-extended DNA is detected and quantified by real-time

PCR. The forward primer hybridizing the virus-unrelated sequence of the

probe-extended DNA and the reverse primer hybridizing a downstream vira

sequence.
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mission between hosts. However, once inside the cell, the

capsid should dissociate or modify its structure sufficiently to

allow the release of the viral genome, a process known as

uncoating. How and at which stage of the infection the robust

parvovirus capsid releases the genome for replication is not

known. It is still a matter of discussion whether parvoviruses

uncoat in endosomes, cytosol, nucleus or at various locations.

Increasing evidence suggests that parvoviruses enter the

nucleus still assembled (Bartlett et al., 2000; Hansen et al.,

2001a,b; Sanlioglu et al., 2000; Seisenberger et al., 2001; Xiao

et al., 2002). It is also unknown whether full disassembly of the

tough parvovirus capsid is required to release the viral genome

or instead the DNA is released form assembled capsids after

conformational rearrangements triggered by cellular factors.

This question has remained largely elusive, mainly due to the

difficulty to study in vivo the structural changes of the

infectious particles leading to DNA release. Not all incoming

DNA-containing particles follow the same intracellular path-

way. It has been shown that a proportion of AAV incoming

particles are degraded by the proteasomes (Douar et al., 2001;

Duan et al., 2000; Yan et al., 2002) and a large proportion of

particles accumulate in a perinuclear region (Bartlett et al.,

2000). Some of the perinuclear particles are slowly transported

into the nucleus where it seems that only few are able to release

the DNA, while the rest of particles remain intact (Hauck et al.,

2004; Thomas et al., 2004). This diversity makes difficult to

discriminate the structural rearrangements of the infectious

particles leading to the release of the genome from those which

are degraded or do not uncoat.

Parvoviruses are very resistant to inactivation. It has

previously been shown that MVM and AAV capsids only

disassemble at temperatures above 70–75 -C (Bleker et al.,

2005; Carreira et al., 2004; Kronenberg et al., 2005).

Considering the elevated energy required to disassemble the

parvovirus capsid, an alternative uncoating model would be a

mechanism of DNA release without capsid disassembly. In this

model, intracellular structural transitions of the incoming

capsid would trigger the externalization of the viral genome.

Although direct evidence of this notion is still lacking, there is

increasing evidence that support such a mechanism. The

structural arrangement of the capsid proteins of parvoviruses

as well as that of other icosahedral viruses, leaves open pores

whose functions are still not well understood. It has been

shown that the 5-fold axes pore is the site of genome

encapsidation as well as the site of N-VP1 externalization

(Bleker et al., 2005; Farr and Tattersall, 2004; Reguera et al.,

2004). The diameter of the pore is large enough to allow the

transit of macromolecules in their linear conformation. It has

been shown that exposure of MVM to mild temperatures

externalized N-VP1 and increased the accessibility of the viral

DNA to externally applied enzymes while the capsid remained

essentially intact (Cotmore et al., 1999). Similarly, AAV

capsids treated at 65 -C maintained their structural integrity

but a proportion of virions became empty (Bleker et al., 2005).

The function of open pores as channels for macromolecule

traffic has been described for several icosahedral viruses. A 4%

expansion of the picornavirus capsid and an iris-type move-
ment of VP1 open a channel on the fivefold axis through which

the RNA genome is released. (Belnap et al., 2000; Hewat et al.,

2002; Hewat and Blaas, 2004; Smyth and Martin, 2002).

Conformational changes in the reoviruses capsids open pores to

allow the diffusion of substrates for transcription and exit of

newly synthesized mRNA segments (Reinisch et al., 2000; Xia

et al., 2003; Zhou et al., 2003).

The aim of this study was to gain new insights into the

uncoating process of parvoviruses and particularly define the

conditions that are required to release the viral genome and

their implications on the capsid integrity. We have examined

and compared two distantly related parvoviruses with impor-

tant structural differences, human B19 and MVM. The results

showed that upon briefly heating the capsids, both parvovirus

released their genomes without capsid disassembly and without

transitions exposing partially a genomic region. Genome

release was more manifest in B19 than in MVM. The released

ss-DNA was a suitable template for the full-length second-

strand synthesis. Interestingly, exposure of B19 capsids to mild

acidification conditions, similar to those of the endocytic

pathway, was enough to trigger the externalization of the viral

DNA, which remained mostly capsid-associated, however, low

pH had no effect on the encapsidated MVM DNA.

Results

Detection of parvovirus ss-DNA externalization

By using the hybridization/extension assay developed in the

present studies (outlined in Fig. 1), it was possible to detect and

quantify parvovirus ssDNA sequences that become exposed

outside of the capsid shell. Since the reaction is performed in

PBS at 37 -C, the integrity of the viral particle is ensured. The

difference in Tm between the short region of the probe specific

for the viral DNA (low Tm) and its long unrelated 5V tail (high
Tm) allowed a subsequent quantification of the extended DNA

molecule by PCR without interference of the viral DNA. By

simply changing the sequence of the 3V viral specific region of
f
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Fig. 2. (A) Structural integrity of heat-treated B19 and MVM capsids. Viruses

were treated at increasing temperatures for 3 min (85 -C; 10 min). After

temperature treatment, the capsids that remained assembled were immunopre-

cipitated by an antibody against a conformational epitope (B19;MAb 860-55 and

MVM; D10). (B) Quantitative determination of B19 and MVM 3V genome

externalization at increasing temperatures by real-time PCR. The concentration

of MVM and B19 viruses was adjusted to 3� 106 DNA-containing particles per

microliter in PBS. Viral suspensions were heat-treated for 3 min (85 -C; 10 min).

Subsequently, the presence of externalized DNA was examined by the

hybridization/extension assay (as described in Materials and methods). The

sample 37 -C and 85 -C were considered as 0 and 100% externalization,

respectively. All samples were incubated with the polymerase for 10 min except

for the 85 -C negative control that was incubated for few seconds. (C) B19 and

MVM3V genome externalization at increasing temperatures analyzed by standard

PCR and agarose gel electrophoresis to examine the specificity of the PCR.
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the probe it was possible to study the exposure of any region of

the viral genome. While the hybridization of the probe

demonstrates the accessibility of a particular sequence stretch,

the subsequent extension reaction allows determining the

accessibility and integrity of the DNA sequences downstream

the probe target sequence.

Comparison of the capsid disassembly kinetics of B19 and

MVM

The integrity of B19 and MVM capsids following heat

treatment was analyzed by immunoprecipitation with MAb

860-55 and MAb D10, respectively. Both antibodies only

recognize conformational epitopes (Cotmore et al., 1999;

Gigler et al., 1999) and do not react with denatured proteins.

Heat-treated B19 particles retained their integrity up to 60 -C.
A small proportion of capsids were still assembled at 70 -C
(Fig. 2A). Heat-induced capsid disintegration of MVM has

previously been shown to occur at temperatures above 70 -C
(Carreira et al., 2004; Cotmore et al., 1999). Under our

experimental conditions, MVM capsid integrity is retained

similarly up to 70 -C (Figs. 2A and 4B).

Quantitative determination of B19 and MVM 3V genome

externalization at increasing temperatures

Both, B19 and MVM progressively exposed the 3V region of

the DNA at increasing temperatures. However, the degree of

DNA externalization in response to temperature treatment was

remarkably different for both viruses. At 40 -C, the external-

ization of B19-DNA was already evident (5%), while that of

MVM was only 0.15%. At 55 -C, the amount of accessible B19

and MVM DNAwas approximately 75% and 10% of the total,

respectively. An accessibility of 50% was only achieved in

MVM at temperatures above 70 -C. Interestingly, B19 capsids

remained intact at 60 -C but nearly 90% of them exposed the

genome. The specificity of the quantitative PCR was confirmed

by a melting curve analysis (data not shown) and by agarose gel

electrophoresis (Fig. 2C). No amplification product was detected

in the samples where incubation with the polymerase was

immediately stopped after addition of the enzyme (Figs. 2B and

C). The amount of ‘‘contaminant’’ accessible DNAwas near to

10% of the total for B19 and less than 1% for MVM untreated

stocks. These amounts were substantially reduced by pre-

clearing the samples with silica magnetic particles (Novagen).

Nevertheless, the presence of non-encapsidated viral DNA did

not interfere with the evaluation of viral DNA externalization

since the expressed values represented always the intensification

of the signal over the background at 37 -C.

The heat-treated B19 and MVM virions expose the DNA in its

full-length without detectable transitions

It was of interest to analyze whether the observed

externalization involves other regions of the viral genome

apart from the 3V terminus. To study this question, we applied

three probes covering the 3V, central and 5V regions of the B19
and MVM genomes (Fig. 3A). All the probes proved specific

for their respective genomic regions when applied on viral

suspensions treated at 85 -C for 10 min (Fig. 3B). When the

probes were applied to detect DNA externalization at increas-



Fig. 3. The heat-treated B19 and MVM virions expose the DNA in its full-

length without detectable transitions. (A) Genomic map of B19 and MVM

showing the regions covered by the 3V, central and 5V hybridization/extension
assays. (B) Specificity of the different hybridization/extension assays tested by

PCR and agarose gel electrophoresis on viral suspensions treated at 85 -C for

10 min. (C) Quantitative comparison of 3V, central and 5V genome

externalization by real-time PCR at increasing temperatures from assembled

B19 and MVM capsids. (D) Full-length DNA second-strand synthesis.

Subsequent to the temperature treatment, the externalization of the intact full-

length genome was examined by the 3V hybridization/extension assay with a

longer extension time (45 min) and subsequent detection with a reverse primer

from the 5V region of the genome. As negative control, capsids were treated at

60 -C for 3 min and incubated with the polymerase for only few seconds. Pol.,

polymerase. C, central region. Size marker, 1-kb ladder.

Fig. 4. B19 and MVM release the DNA before capsid disassembly. Following

heat treatment (3 min), the B19 and MVM capsids were immunoprecipitated

with the antibodies 860-55 and D10, respectively. The amounts of viral proteins

and viral DNA present in the immunoprecipitated and supernatant fractions

were analyzed by SDS–10% PAGE and real-time PCR, respectively. (A) B19

DNA-capsid dissociation at increasing temperatures. (B) MVM DNA-capsid

dissociation at increasing temperatures. (C) MVM DNA-capsid dissociation at

increasing temperatures (longer temperature incubation time, 20 min). IP,

immunoprecipitated. SN, supernatant.
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ing temperatures, the results obtained were practically identi-

cal, indicating that the three regions are similarly and

simultaneously exposed in response to heat treatment (Fig.

3C). Transitions exposing only partially a particular region of

the genome were not observed in any of the two viruses. To

further confirm that the externalization involves the whole ss-

DNA and that the exposed genome is intact and replication-
competent, the 3V probe was incubated with the polymerase for

a longer time (45 min) to allow, if accessible and intact, the full

synthesis of the second strand. As shown in Fig. 3D, the full-

length second strand was achieved. No amplification product

was detected where incubation of capsids with sequenase was

immediately stopped after addition of the enzyme.
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Human B19 and MVM release their genome before capsid

disassembly

We next examined the connection of the fully exposed

MVM genome with its capsid. Following heat treatment, B19

and MVM virions were immunoprecipitated with the anti-

bodies 860-55 and D10, respectively, as indicated above. The

amount of capsids and viral DNA present in the immunopre-

cipitated and supernatant fractions was analyzed by SDS-

PAGE and quantitative PCR, respectively. The results showed

that heat treatment triggers the externalization of the genome,

which before particle disassembly became mostly dissociated

from the capsid. As shown in Fig. 4, the amount of B19 and

MVM DNA immunoprecipitated with the capsids progressive-

ly decreased with rising temperatures while increased in the

supernatant. Since the amount of exposed MVM DNA was

considerably less than that of B19, a longer incubation time of

20 min was performed for MVM. The longer incubation time

did not have effect on the capsid integrity, however, the amount

of released viral DNA increased significantly (Fig. 4C). Thus,

before capsid disintegration, the B19 and MVM genome is

ejected leaving an empty but still assembled particle.

Endosomal/lysosomal acidification alone is sufficient to trigger

viral DNA externalization in B19 but not in MVM virions

Parvoviruses enter the cell through receptor-mediated

endocytosis. The low pH-dependent conformational changes

that occur within endosomal compartments are required for the
Fig. 5. Acidification triggers the genome externalization of B19. (A) Externalization

conditions. (C) Structural integrity of low pH-treated B19 capsids. After pH treatm

conformational epitope of B19 (MAb 860-55). (D) B19 DNA externalized by low

neutralization, B19 capsids were treated at 37 -C or 85 -C and immunoprecipitated

supernatant fractions was determined by real-time PCR. IP, immunoprecipitated. SN
internalization, uncoating, and trafficking of many viruses. We

have previously shown that MVM entry involves a low pH-

dependent entry pathway (Ros et al., 2002). Similar require-

ment has been observed for CPV and AAV (Bartlett et al.,

2000; Parker and Parrish, 2000; Vihinen-Ranta et al., 1998).

Therefore, it was of interest to examine the effect of low pH in

DNA release. We have observed that exposure of B19 capsids

to acidification conditions (pH 6.5 to 5) similar to those of

endosomes/lysosomes destabilized the capsids and the genome

became exposed (Figs. 5A and B), but the integrity of the

capsids was maintained (Fig. 5C). Interestingly and in clear

contrast with the DNA externalized by heat, which was mostly

dissociated from its capsid, the low pH-induced DNA

externalization of B19 was predominantly capsid-associated

(Fig. 5D). Under low pH conditions, the DNA of MVM

remained stably encapsidated and only if the capsids were

heated the DNA became exposed (Figs. 6A and B). Addition-

ally, exposure to low pH did not change the heat-induced DNA

externalization pattern in MVM (Fig. 6C). These results clearly

indicate that the exposure of B19 capsids to a low pH similar to

that of endosomes/lysosomes is sufficient to trigger the

uncoating of the virus.

N-VP2 cleavage and MVM DNA externalization

The cleavage of the N-terminal of VP2 occurs during the

entry process of MVM. It has been recently shown that the N-

VP2 plays a role in the export of ‘‘de novo’’ particles out of the

nucleus (Maroto et al., 2004). However, it is not known
of B19 3V DNA at pH 5. (B) Externalization of B19 3V DNA under various pH

ent, the assembled capsids were immunoprecipitated by an antibody against a

pH treatment remained capsid-associated. Following low pH treatment and re-

with MAb 860-55. The amount of B19 DNA in the immunoprecipitated and

, supernatant.



Fig. 6. Acidification has no effect on the encapsidated MVM DNA. (A)

Externalization of MVM 3V DNA at pH 5. (B) Externalization of MVM 3V DNA
at pH 5 measured by the DNase I assay (as described in Materials and methods).

(C) Influence of pH 4.5 on the kinetics of MVM DNA externalization.

Fig. 7. Influence of VP2 to VP3 cleavage on MVM DNA externalization

MVM capsids with undetectable levels of VP3 were incubated with a

chymotrypsin. The presence of VP3 in the cleaved and uncleaved capsids was

analyzed by SDS–10% PAGE. Lane 1, chymotrypsin and chymostatin were

added at the same time and incubated for 1 h at 30 -C. Lane 2, chymotrypsin

was added and after 1 h at 30 -C, the reaction was stopped by adding

chymostatin. The effect of the cleavage on the kinetics of MVM DNA

externalization was examined with a probe for the 3V region of the MVM

genome as specified in Materials and methods.
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whether the cleavage is also part of the uncoating program of

MVM. We hypothesized that cleavage of VP2 to VP3 might

render the particle more flexible and facilitate the extrusion of

the DNA. To examine this hypothesis, we compared the

capacity of native and pre-cleaved particles to expose the

genome under the same thermal conditions. The results showed

that the cleavage of the N-terminal of VP2 facilitated only

moderately the externalization of the viral DNA (Fig. 7).

Discussion

Parvovirus capsids have developed structural solutions to

integrate two opposite features, a high extracellular resistance
that helps maintain their structural integrity facilitating the

transmission between hosts, and an intracellular flexibility to

allow delivery of the viral DNA for replication. How

parvoviruses integrate stability and flexibility is not well

understood. Certain viruses deliver their genomes after an

extensive and complex disassembly (Whittaker et al., 2000).

Other viruses, like picornavirus, deliver their viral nucleic acid

through the fivefold axis without capsid disassembly (Smyth

and Martin, 2002). The upper limit in particle diameter for

transport through the nuclear pore complex (NPC) is 39 nm

(Pante and Kann, 2002). Therefore, having a diameter of 18–

25 nm, parvoviruses can potentially pass through the nuclear

pore in intact form. Increasing evidence support that parvovirus

particles enter the nucleus still assembled (Bartlett et al., 2000;

Sanlioglu et al., 2000; Seisenberger et al., 2001; Xiao et al.,

2002), and it has been suggested to occur independently of the

NPC (Hansen et al., 2001a, 2001b). Considering these

observations, parvovirus uncoating would have to take place

inside the nucleus. Another possibility is that a proportion of

the intact parvovirus particles entering into the nucleus have

the ss-DNA already accessible to the replication machinery.

Despite the detection of incoming assembled virions inside the

nucleus, disassembly of the infectious capsids has not been

observed so far. This could be due to a very limited rate of

nuclear translocation and/or uncoating, as it has been observed

for AAV (Hauck et al., 2004; Thomas et al., 2004; Zhong et al.,

2004) or to the possibility that the disassembly pathway does

not exist and instead the genome becomes accessible after

specific conformational rearrangements triggered by one or

various cellular factors, like receptor binding, the low

endosomal pH or interactions with the NPC.

We have attempted to shed light on this process and mimic

aspects of the uncoating mechanism by exposure of virions to

an external energy source like heat or low pH. Such treatments

have been widely used because they can trigger conformational

transitions, which are similar, if not identical, to those induced

by cellular factors (Brabec et al., 2003; Chow et al., 1997;

Giranda et al., 1992; Hoover-Litty and Greve, 1993; Meyer et
.
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al., 1992). The final goal was to define the conditions required

to release the parvovirus replication-competent genomes and

the implications of those conditions on the capsid integrity. A

similar approach to study conformational transitions in MVM

showed that brief exposure of MVM to heat triggered the

externalization of N-VP1 and increased the accessibility of the

viral genome to externally applied enzymes (Cotmore et al.,

1999). Similarly, the N-VP1 of CPV and AAV can be

externalized by heat (Kronenberg et al., 2005; Vihinen-Ranta

et al., 2002). These conformational transitions occurred without

capsid disassembly.

Our approach consisted in the exposure of capsids to heat

and low pH and the subsequent application of a hybridization/

extension assay to detect and quantify DNA sequences that

became exposed outside of the virion. This method could be

applied to study the uncoating of any single-stranded DNA

virus, after minor modifications. We used MAbs against

conformational epitopes to monitor the capsid integrity. Two

distantly related parvoviruses were examined, MVM and B19,

which have been classified into different groups according to

their structure (Padron et al., 2005). The results showed that

upon briefly exposing the capsids to increasing temperatures,

the viral genome became accessible in its full length in a

growing proportion of virions without capsid disassembly

(Figs. 2 and 3). The viral DNA externalization followed an all-

or-nothing mechanism, without transitions exposing a partial

genomic region (Fig. 3). The encapsidated B19 DNAwas very

instable and the energy required to release the viral genome

from its capsid was much lower than that required for MVM.

Compared with viruses in general, B19 is very resistant to

inactivation, but still it is much faster inactivated that the

majority of parvoviruses (Boschetti et al., 2004; Yunoki et al.,

2003). In line with these observations, we showed that capsid

disintegration of B19 occurred at lower temperatures than

MVM (Fig. 2A). Interestingly, heating B19 capsids to 60 -C
for few min has been shown to efficiently reduce the infectivity

of the virus (Yunoki et al., 2003). At this temperature, the

capsid integrity of B19 was maintained (Fig. 2A), but nearly

90% of the viral DNA was released (Fig. 2B), leaving most of

the virions empty (Fig. 4A). These results emphasize that the

stability of the parvovirus particle and the stability of the viral

DNA in its encapsidated form are strictly different.

Parvoviruses enter the cell via receptor-mediated endocy-

tosis and inside the endosomal vesicles the virus particles

encounter a low pH environment, which is required for

infection (Bartlett et al., 2000; Basak and Turner, 1992;

Hansen et al., 2001a, 2001b; Parker and Parrish, 2000; Ros et

al., 2002). However, the exact role of the low endosomal pH

is still not clear. For many viruses, the low endosomal pH

triggers structural rearrangements essential for penetration and

uncoating (Helenius et al., 1980; Marsh and Helenius, 1989;

Martin and Helenius, 1991). Uncoating of the minor-group

human rhinovirus is triggered by the low pH of the late

endosome (Prchla et al., 1994). Viral particles found in

purified endosomes of infected cells were mostly empty. It

was therefore of interest to study the influence of low

endosomal pH conditions on parvovirus DNA externalization
and capsid integrity. The results showed, that mild acidifica-

tion destabilized B19 capsids, triggering the externalization of

the viral DNA (Figs. 5A and B) without affecting the capsid

integrity (Fig. 5C). In sharp contrast, acidification alone did

not destabilize the MVM capsid and the viral DNA remained

firmly encapsidated (Fig. 6). Among the structure differences

between B19 and MVM that could explain this striking

difference is the topographical disposition of the N-terminal

of VP1. In many parvoviruses, N-VP1 has a large number of

basic amino acids, and its internal disposition would partially

neutralize the negative charge of the viral DNA contributing

to the stabilization of the encapsidated genome (Tsao et al.,

1991). In MVM, N-VP1 is internal and becomes externalized

during the infection (Ros and Kempf, 2004; Vihinen-Ranta et

al., 2002), however, N-VP1 of B19 is already exposed on the

surface of the virion after assembly (Rosenfeld et al., 1992).

Moreover, increasing experimental evidence would suggest

that the same conformational change leading to N-VP1

externalization would also lead to DNA externalization

(Bleker et al., 2005; Cotmore et al., 1999). Sustaining this

notion is the observation that under mild acidification

conditions, MVM neither externalizes N-VP1 (Cotmore et

al., 1999), nor the viral DNA (present results). N-VP1 plays a

central role in parvovirus biology. It harbors NLS motifs

required for nuclear transport (Lombardo et al., 2002;

Vihinen-Ranta et al., 2002) and phospholipase A2 (PLA2)

motif required for endosomal escape (Canaan et al., 2004;

Dorsch et al., 2002; Girod et al., 2002; Zadori et al., 2001).

For this reason, N-VP1 has to be externalized during the

cytoplasmic trafficking and blocking the externalization also

blocks the infection. A direct link between endosomal

acidification and N-VP1 externalization has so far not been

found. Treatment of cells with lysosomotropic drugs did not

prevent the externalization of CPV N-VP1 and infection with

heat-treated viruses with exposed N-VP1 was still sensitive to

lysosomotropic drugs, suggesting that there might be some

other low-pH dependent factors, which are required for the

infection (Suikkanen et al., 2003). The low pH-induced B19

DNA externalization has an important particularity in that the

DNA is not released but instead remains associated to the

capsid (Fig. 5D). This result would suggest an uncoating

mechanism in vivo by which the low endosomal pH alone is

enough to trigger the externalization of the B19 DNA, while

MVM-DNA would need additional capsid rearrangements

(possibly N-VP1 externalization).

Another intracellularly modulated capsid rearrangement of

MVM is the cleavage of the N-terminal of VP2. Different to

MVM, the VP2 of B19 is not cleaved. It has been recently

shown that the N-VP2 of MVM is required for nuclear export

of the newly assembled capsids (Maroto et al., 2004). The

cleavage can be achieved in vitro by trypsin or chymotrypsin.

Since the proteolytic processing of many viruses is part of their

uncoating program, it was of interest to study the cleavage of

VP2 in the context of MVM uncoating. The results showed that

the in vitro cleavage facilitated only moderately the external-

ization of the viral DNA and therefore its role as part of the

uncoating program is not conclusive (Fig. 7).
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Our results on the in vitro uncoating of two distantly related

parvoviruses support an uncoating mechanism in vivo by

which the parvovirus genome is exposed to the replication

machinery of the cell after conformational rearrangements

which do not involve capsid disassembly. This study shows

similarities to previous observations on picornavirus uncoating

in which the viral genome is hypothesized to exit via the

fivefold axis channel without the requirement to disassemble

the capsid (Smyth and Martin, 2002). Understanding the

conditions required for the conformational rearrangements

leading to the release of the viral genome would help to

understand the underlying mechanism of the uncoating

process. It would also assist the design of novel strategies for

B19 inactivation in the context of blood product safety or

increase the efficiency of parvovirus uncoating in the context

of gene therapy.

Materials and methods

Cells and viruses

Mouse A9 fibroblast cells were propagated in Dulbecco

modified Eagle’s medium (DMEM) supplemented with 10%

of heat inactivated fetal bovine serum. Stocks of MVM were

propagated on A9 cell monolayers, purified and concentrated

by ultracentrifugation through 20% sucrose. Human B19 was

concentrated from infected serum by ultracentrifugation

through 20% sucrose. The MVM and B19 titers were

determined by quantitative PCR, as DNA containing particles

per microliter.

Exposure of viral particles to heat and low pH

The concentration of MVM and B19 viruses was adjusted

to 3 � 106 DNA-containing particles per microliter in PBS by

using quantitative PCR. Prior to any treatment, the viral
Table 1

List of probes and primers used for hybridization/extension assay and PCR

Probes Region 5V-virus unrelated sequence

B19 3V CGATCCGACTCACACCTGGACC

central GCTGAGTGCCAACGGTGACAA

5V CCTCGCAGCGTACCGTTAGCA.

MVM 3V GGGGATGCGGGGAGTGTACGG

central CCGACGGACGCTGGACACCTG

5V CGCCCAGACATCATAGCAGTAG

Primers Target Sequence (forward)

B19 Extended 3V probe CGATCCGACTCACACCTGGACC

Extended central probe GCTGAGTGCCAACGGTGACAA

Extended 5V probe CCTCGCAGCGTACCGTTAGCA

Extended 3V probe (FL) CGATCCGACTCACACCTGGACC

B19 DNA TGGGGCAGCATGTGTTAAA

MVM Extended 3V probe GGGGATGCGGGGAGTGTACGG

Extended central probe CCGACGGACGCTGGACACCTG

Extended 5V probe CGCCCAGACATCATAGCAGTAG

Extended 3V probe (FL) CGGGGAGTGTACGGGCGATA

MVM DNA GACGCACAGAAAGAGAGTAAC

FL (full-length); bp (base pairs); nt (nucleotides).
suspensions were mixed with nucleic acid-binding magnetic

silica particles (Novagen, Merck, Darmstadt, Germany) to

minimize the amount of non-encapsidated viral DNA.

Subsequently, 50 Al viral suspensions were heat-treated in

thin-walled tubes for 3 min in a pre-heated thermoblock. A

probe was used to monitor the temperature of the suspension.

After temperature treatment, the samples were rapidly cooled

on ice and immediately used for subsequent reactions. When

total particle disintegration was intended, the 50-Al viral

suspensions were treated at 85 -C for 10 min. For pH

treatments, the viral suspension (3 � 108 DNA-containing

particles per microliter) was acidified by adding HCl and the

pH was monitored. After the treatment, the pH of the viral

suspension was neutralized by dilution (1:100) in PBS (for

the hybridization/extension assay) or Tris–HCl (for the

DNase I assay).

Hybridization/extension and DNase I assays

Subsequent to the temperature or pH treatments, the

presence of externalized DNA was examined by a hybridiza-

tion reaction with a probe consisting of a 3V virus-specific 16

nucleotides (specific for a sequence stretch of the 3V, central or
5V regions) and a 5V virus-unrelated 21 to 23 nucleotides tail

(Table 1, Fig. 1). The hybridization reaction was performed in

10 Al volumes containing 7 Al viral suspension, 2 Al 5 �
hybridization buffer (40 mM Tris–HCl, pH 7.5, 20 mM MgCl2
and 50 mM NaCl) and 1 Al probe (0.5 pmol), at 37 -C for 10

min. The hybridized probe was extended by adding 1 Al DTT
(100 mM), 1 Al dNTPs (200 AM each) and 2 Al of sequenase
(3.25 U; USB, Cleveland, OH) and incubated at 37 -C for 10

min (partial extension), 45 min (full-length genome extension)

or few seconds (negative control). The reaction was stopped

and DNAwas purified by using the QIAquick PCR purification

kit (Qiagen, Valencia, CA). The probe-extended DNA was

quantified by real-time PCR, as specified bellow. Additionally,
3V-virus specific sequence Length (nt)

. . . CCGCCTTATGCAAATG 38

. . . GGGAAAGTGATGATGA 37

. . CCGTGGGAATTATGAC 37

GC. . . GATAAGCGGTTCAGGG 39

. . . GCTACTGACTCTGAAC 37

C. . . CCAAACGGAGCCACA 38

Sequence (reverse) Size (bp)

CCCCGGTAAGGTCAAGCTTAGAAGC 418

TGCCAGGCCCAACATAGTTAGTACC 399

GCGCAACAACATAATTTTTTAACC 482

GCGCAACAACATAATTTTTTAACC 4,834

CACAGGTACTCCAGGCACAG 314

GC CCAACCATCTGATCCAGTAAACAT 640

AGCCAAACTCCCCAAGCATTAGCATCC 527

C CCACCCTTCCACCCTTTTATTCA 540

CAGTTGGTTCACTGAATAGACAGTAGT 4,840

CAA CCAACCATCTGCTCCAGTAAACAT 502
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the presence of accessible DNA was analyzed by treatments of

the viral suspension with DNase I (10 U; Amersham

Biosciences) for 1 h at 37 -C in a buffer containing 40 mM

Tris–HCl, pH 7.9, 10 mM NaCl, 6 mM MgCl2 and 1 mM

CaCl2. The reaction was stopped and the viral DNA was

purified by using the DNeasy tissue kit (Qiagen).

Quantitative PCR

Amplification and real-time detection of PCR products were

performed on the DNA samples generated by the hybridization/

extension and DNase I assays using the Lightcycler system

(Roche Diagnostics, Rotkreuz, Switzerland) with SYBR Green

(Roche). PCR was carried out using the FastStart DNA SYBR

Green kit (Roche) following the manufacturer’s instructions.

For detection and quantification of the probe-extended DNA

generated from the hybridization/extension reaction, a primer

specific for the 5V virus-unrelated tail of the probe and a

downstream virus-specific primer were used (Fig. 1). The

melting temperature (Tm) of the PCR primers was much higher

than that of the 3V viral-specific region of the probe, allowing

an annealing temperature during PCR sufficiently high to avoid

re-annealing of the probe. In addition, most of the remaining

free probe was removed before the PCR by the QIAquick PCR

purification kit (Qiagen). For amplification of the viral DNA

prepared from the DNase I assay, two virus-specific primers

were employed. All probes and primers used are shown in

Table 1.

Determination of B19 and MVM capsid integrity

The structural integrity of the B19 and MVM capsids was

examined after heat and low pH exposure. The particles were

immunoprecipitated by an antibody against assembled capsids.

Human anti-B19 capsids (MAb 860–55; against a conforma-

tional epitope of B19) was kindly provided by S. Modrow

(Gigler et al., 1999) and rabbit anti-MVM capsids (MAb D10;

recognizing only intact capsids) was kindly provided by P.

Tattersall (Cotmore et al., 1999). After overnight incubation at

4 -C in the presence of 20 Al of protein G PLUS-agarose (Santa

Cruz Biotechnology, Santa Cruz, CA), the supernatant was

carefully removed and the beads were washed five times with 1

ml of ice-cold PBS. Proteins present in the supernatant and the

beads were resolved by sodium dodecyl sulfate (SDS)–10%

polyacrylamide gel electrophoresis (PAGE). After transfer to a

PVDF membrane, the blot was probed with a mouse anti-B19

VPs antibody (1:500; US biologicals, Swampscott, MA) and a

rabbit anti-MVM VPs antibody (1:2,000; kindly provided by

J. M. Almendral), followed by a horseradish peroxidase-con-

jugated secondary antibody (1:20,000 dilution). The viral

structural proteins were visualized with a chemiluminescence

system (Pierce, Rockford, IL).

Determination of the viral DNA/capsid association

In order to know whether the exposed viral DNA is still

associated to the capsid or otherwise dissociated, the B19 and
MVM capsids were immunoprecipitated with the antibodies

860-55 and D10, respectively as indicated above. The amount

of viral capsids and viral DNA present in the immunopreci-

pitated and supernatant fractions was analyzed by SDS-PAGE

and quantitative PCR, respectively.

In vitro cleavage of MVM capsids

MVM capsids with undetectable levels of VP3 were

incubated with a-chymotrypsin (250 Ag/ml; Sigma, St. Louis,

Miss.) for 1 h at 30 -C. The protease reaction was stopped by the
addition of chymostatin (100 AM; Sigma). A mixture of a-

chymotrypsin and chymostatin was added to the uncleaved

control. The presence of VP3 in the cleaved and uncleaved

capsids was analyzed by SDS-PAGE. The effect of the cleavage

on the DNA externalization was examined with a probe for the

3V region of the MVM genome as specified above.
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