
JOURNAL OF VIROLOGY, Jan. 2004, p. 513–519 Vol. 78, No. 1
0022-538X/04/$08.00�0 DOI: 10.1128/JVI.78.1.513–519.2004
Copyright © 2004, American Society for Microbiology. All Rights Reserved.

Chromosome-Protein Interactions in Polyomavirus Virions
Mariarosaria Carbone,1 Giuseppe Ascione,1 Silvia Chichiarelli,2
Marie-Isabelle Garcia,1 Margherita Eufemi,2 and Paolo Amati1*

Dipartimento di Biotecnologie Cellulari ed Ematologia,
Sezione di Genetica Molecolare,1 and Dipartimento di Scienze Biochimiche “A. Rossi Fanelli,”2
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In this work, we sought to determine whether the components of the murine polyomavirus capsid establish
specific interactions with the minichromosome encapsidated into the mature viral particles by using the
cis-diamminedichloroplatinum(II) cross-linking reagent. Our data indicated that VP1, but not minor capsid
proteins, interacts with the viral genome in vivo. In addition, semiquantitative PCR assays performed on
cross-linked DNA complexes revealed that VP1 binds to all regions of the viral genome but significantly more
to the regulatory region. The implications of such an interaction for viral infectivity are discussed.

The murine polyomavirus (Py) genome is organized into a
minichromosome that is formed from a supercoiled circular
double-stranded 5.3-kb DNA molecule with which cellular hi-
stones are associated (15). This chromatin is encapsidated into
an icosahedral capsid composed of 72 pentamers of the major
capsid protein VP1, with each pentamer being associated with
minor capsid protein VP2 or VP3 (15). Several functions in the
lytic life cycle, other than the structural one, have been as-
signed to the capsid proteins. The VP1 protein mediates the
initial attachment and entry into host cells through interaction
with sialic acids and integrins (2, 8, 20, 42, 43), and VP2 has
been proposed to participate in viral cell entry (11, 28, 39). In
addition, previous characterizations of Py mutants of the VP1
DE loop have also suggested a role for VP1 in viral growth
control (22, 29, 38). Indeed, at early times postinfection, VP1
appears to colocalize with the infecting viral minichromosome
in the cell nucleus and, in particular, at the nuclear matrix
(NM), where viral transcription and replication take place (5,
10, 14). The finding that VP1 interacts with the NM regulatory
protein YY1 early after infection suggests that VP1 may be
required to anchor viral genomes to the NM for the formation
of protein complexes that are necessary for early transcription
(35). In accordance with this hypothesis, previous reports
aimed at studying the potential interactions between capsid
proteins and DNA have demonstrated that VP1, but not the
minor coat proteins, is able to bind DNA through a DNA-
binding domain (DBD) mapped within its first seven N-termi-
nal residues (9, 31). These experiments were performed with
an in vitro method and thus did not allow the attribution of any
DNA sequence specificity to the DBD of VP1, as VP1 binds all
Py and non-Py DNA sequences with equivalent high affinities
(9, 31). The aim of the present work was to determine whether
the components of the Py capsid establish interactions with the
minichromosome encapsidated into the mature viral particles
and, if so, with what specificity. For this purpose, we decided to

treat mature Py virions with the cis-diamminedichloroplatinu-
m(II) (cis-DDP) reagent, a molecule that produces inter- and
intra-DNA strand cross-links independently of the sequence
(6, 25, 37) and preferentially induces cross-links between DNA
and nonhistone proteins located within a distance of 4 Å (16,
27). In contrast to formaldehyde, cis-DDP does not form pro-
tein-protein complexes (40). Furthermore, with respect to
other cross-linking agents such as UV, the cross-linking reac-
tion promoted by cis-DDP is fully reversible and allows for the
recovery and characterization of the cross-linked proteins and
DNA sequences (7, 17, 30, 32).

cis-DDP cross-links viral DNA in virions. To set up the
experimental conditions, mature viral particles or a control
naked DNA (Py genome cloned into plasmid pAT153 [22])
was incubated with different concentrations (25, 35, and 50
�M) of cis-DDP (Sigma) for 90 min at 37°C. The efficiency of
cross-linking was first tested by analyzing the ability of the
DNA that was extracted from the cross-linked samples to be
hybridized in Southern blot experiments with the Py genome
used as the probe (22). Quantification of the hybridization
efficiency was performed with an Instant-Imager. As shown in
Fig. 1A, the cis-DDP reagent reduced the hybridization effi-
ciency of both the control naked DNA and the encapsidated
minichromosome in a dose-dependent manner (with a maxi-
mum of 35%), indicating that the drug had penetrated the viral
particles and cross-linked the viral DNA. The same kind of
results were obtained by PCR analysis when DNA extracted
from cross-linked samples was used as the template; this DNA
appeared less amplified than that extracted from non-cross-
linked samples (data not shown). Next, to isolate cross-linked
DNA complexes and to test which drug concentration was the
most appropriate to recover them with the highest efficiency,
viral particles (approximately 5 �g of VP1) treated with dif-
ferent cis-DDP concentrations were dissociated with 10 mM
EDTA and 3 mM dithiothreitol and separated on a denaturing
gradient composed of 0.5% Sarkosyl and 1.42 g of CsCl/cm3 by
ultracentrifugation (35,000 rpm for 72 h [Optima LE-80K ul-
tracentrifuge; Beckman Coulter]) (34). This type of denaturing
gradient abolishes the interactions between DNA and non-
cross-linked proteins and fully disassembles nucleosomes (34).
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Free DNA would be expected to sediment at a density of
�1.65 g/cm3, whereas DNA-protein complexes should sedi-
ment in fractions of lower density. We analyzed the distribu-
tion of viral DNA in the gradient with a slot blot experiment by
hybridizing an equal volume (1/30) of each fraction with the
whole Py genome as a probe. As anticipated, in both cis-DDP-
treated and untreated samples, free DNA sedimented at a
density of �1.65 g/cm3 (Fig. 1B). Additionally, two types of
signals were detected at lower densities in cis-DDP-treated
virions at all of the concentrations used (Table 1). In fractions
with densities of 1.32 to 1.34 g/cm3, signals increased with drug
concentrations and represented up to 18.2% of total DNA at
50 �M (67% of the cross-linked DNA). The signal corre-
sponded to stabilized, undissociated viral particles as con-
firmed by electron microscopy (data not shown). In addition,
another signal that was detected at densities of 1.56 to 1.60
g/cm3 (hypothesized to contain DNA-protein complexes) ap-
peared consistently more intense in virions that were treated
with 35 �M cis-DDP than in those that were treated with 25
�M cis-DDP or left untreated (16.2% versus 3.38 and 0.38% of
total DNA, respectively). But higher drug concentrations (50
�M cis-DDP) resulted in reduced viral dissociation (Table 1)
due to a further stabilization of undissociated virions and con-
sequently decreased the recovery of DNA-protein complexes
(8.62% of total DNA versus 16.2% at 35 �M). Therefore, the
next experiments were performed with the intermediate con-
centration of cis-DDP (35 �M).

VP1, but not VP2 or VP3, binds viral DNA. In order to
determine if Py capsid proteins bind to the genome in the
mature particles, the presence of these proteins in cross-linked
DNA complexes was examined as follows. The same viral prep-
aration was divided into two samples: one was treated with
cis-DDP (35 �M), and the other was left untreated. Then, viral
particles were dissociated and loaded onto a denaturing CsCl
gradient as described above. After centrifugation, fractions
were analyzed for both Py DNA (see above) and capsid pro-
teins by slot blotting by using anti-VP1 or anti-VP2/3 antisera
(18). The distribution of VP1 and VP2/3 in the gradient was
revealed by using horseradish peroxidase-conjugated second-
ary anti-mouse immunoglobulin G and an enhanced chemilu-
minescence reaction (Pierce) and was then quantified by den-
sitometry (ImageMaster 2D Elite; Pharmacia Biotech). As
shown in Fig. 2A and B, different patterns of distribution of the
VP1 protein were found in cis-DDP-treated and -untreated
samples. Indeed, whereas under both experimental conditions
the VP1 protein was detected mainly in the lower-density frac-

FIG. 1. cis-DDP cross-links encapsidated minichromosomes.
(A) cis-DDP penetrates viral particles. Naked viral DNA and viral
particles were incubated with or without cis-DDP at different concen-
trations, and treated DNA was analyzed by Southern blotting with the
whole Py genome used as a probe. The level of hybridization was
quantified by phosphorimager analysis. One hundred percent hybrid-
ization corresponds to the level of hybridization detected in cis-DDP-
untreated samples. (B) Effect of cis-DDP concentration on the recov-
ery of DNA-protein complexes. Viral particles were incubated with
different concentrations of cis-DDP. After virus dissociation, samples
were ultracentrifuged in denaturing CsCl gradients. The distribution of
viral DNA in the fractions of the gradient was analyzed by slot blotting
with the whole Py genome used as a probe.

TABLE 1. Efficiency of viral DNA cross-linking

cis-DDP
(�M)

Cross-linked
DNA (%)a

Stabilized
virions
(%)b

DNA-protein
complexes

(%)c

0 0.38 0 0.38
25 4.14 0.76 3.38
35 23.9 7.7 16.2
50 26.82 18.2 8.62

a Percentage of the total DNA of the gradient based on densitometry of the
signals in slot blots from Fig. 1B.

b Stabilized virions correspond to fractions with a density of 1.28 to 1.34 g/cm3.
c DNA-protein complexes correspond to fractions with a density of 1.56 to 1.60

g/cm3.

514 NOTES J. VIROL.



tions, in cis-DDP-treated samples, a strong signal (arbitrary
units, an approximate 25-fold increase with respect to cis-
DDP-untreated samples) was evidenced in the fractions of
higher density (1.56 to 1.60 g/cm3) that were presumed to
contain cross-linked DNA complexes. In contrast, the distri-
butions of the VP2/3 proteins were very similar in cis-DDP-
treated and -untreated samples, i.e., the minor capsid proteins
were detected in the lowest-density fractions (1.20 to 1.28
g/cm3), but no signal at all could be detected in the higher-

density fractions (1.56 to 1.60 g/cm3) (Fig. 2A). In fractions
corresponding to the undissociated virions (density, 1.32 to
1.34 g/cm3), VP2/3 proteins were found exclusively in the cis-
DDP-treated samples. These data suggest that VP1, but not
the minor proteins, is associated with the viral genome in
mature virions. To confirm this hypothesis, fractions from cis-
DDP-treated or -untreated samples with buoyant densities of
1.56 to 1.60 g/cm3 were pooled, dialyzed against a Tris-EDTA
buffer to remove CsCl, and then subjected to immunoprecipi-

FIG. 2. VP1 binds viral genome in mature particles. Qualitative (A) and quantitative (B) densitometry analysis of the distribution of viral DNA
and capsid proteins VP1 and VP2/3 in the fractions of the gradient. Virions treated with (�) or without (�) the cis-DDP reagent are indicated
at the top of each lane in panel A. Aliquots of each fraction were analyzed by slot blotting. Viral DNA was detected by hybridization as described
in the legend to Fig. 1. Viral proteins were detected by using monoclonal antibodies directed against VP1 or VP2/3 (13) followed by incubation
with horseradish peroxidase-conjugated secondary antibodies and an enhanced chemiluminescence reaction. Solid and broken lines represent
cis-DDP-treated and cis-DDP-untreated virions, respectively, in panel B. (C) VP1 is associated with the viral genome. Complexes containing
fractions of cis-DDP-treated (35 �M) or cis-DDP-untreated (0 �M) virions were immunoprecipitated with (�) or without (�) anti-VP1 antibodies.
After reversal of cross-links, the DNA purified from the immunoprecipitated (IP) and immunodepleted (ID) samples was used as a template in
PCRs (with primer pair 9) to amplify the Py origin of replication region.
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tation with anti-VP1 antibodies or without antibodies (as a
control) in a radioimmunoprecipitation assay buffer (36). Im-
munoprecipitated and immunodepleted samples were treated
with 1.5 M thiourea (Sigma) to reverse cross-links, digested
with proteinase K, and extracted with phenol-chloroform. The
presence of viral DNA in the extracted samples was assessed
by PCR with primer pairs specific for the Py genome (see Fig.
4A) as follows. The PCR buffer was comprised of 1� Taq
polymerase buffer (Promega), 3 mM MgCl2, 0.3 mM each
deoxynucleoside triphosphate (Roche), 0.5 U of Taq polymer-
ase (Promega), and 0.5 pmol of each primer/�l, and the PCR
was carried out for 30 cycles of 92°C for 30 s, 50°C for 1 min,
and 74°C for 2 min. The initial cycle had a denaturation step of
3 min at 94°C. As shown in Fig. 2C, in a representative PCR
assay performed with primer pair 9, only anti-VP1-immuno-
precipitated samples from cis-DDP-treated virions gave an am-
plification signal, confirming the physical association between
VP1 and the viral minichromosome.

Analysis of the viral DNA sequences cross-linked to Py VP1.
We next investigated whether viral DNA that was cross-linked
to VP1 had any sequence specificity. Since cis-DDP modifies
some bases, rendering impossible the use of DNA endonucle-
ases (4) to fragment DNA, viral genomes were broken me-

chanically by sonication. We first determined the time that was
necessary to induce homogeneous DNA fragmentation. Viral
particles treated with cis-DDP were divided into equal volumes
and sonicated for 10, 20, 30, 60, or 90 s (amplitude, 80). Cross-
links were reversed, and DNA was extracted for Southern blot
analysis. The results of hybridization which were quantified
with an Instant-Imager indicated that 10, 20, or 30 s was not
long enough to obtain a complete fragmentation. Instead, 60 s
was sufficient to give rise to DNA fragments ranging from 250
to 660 bp (mean, approximately 430 bp), while a longer soni-
cation time (90 s) did not significantly reduce the size of frag-
ments and only increased variability (data not shown). There-
fore, a sonication time of 60 s was chosen for our analysis.
Then, to characterize the cross-linked viral DNA sequences,
the DNA from fractions at buoyant densities of 1.56 to 1.60
g/cm3 was sonicated, immunoprecipitated with anti-VP1 anti-
bodies, and used as a template in semiquantitative differential
PCRs. This method relies on the coamplification of both the Py
target sequence (variable amount) and a reference sequence
(fixed amount) in the same reaction vessel (21). Equal volumes
of the immunoprecipitated samples, which were designated the
target sequences, were coamplified with the pLITMUS plas-
mid (New England Biolabs), which was used as the reference

FIG. 3. Experimental design of semiquantitative PCR analysis of VP1 cross-linked DNA fragments. (A) The relative amplification value (R.A.),
measured as the ratio of amplification of Py to amplification of reference sequences, is a function of the initial amount of Py molecules present
in the samples. (B) Representative PCR experiments performed in the presence of [�-P32]ATP with primer pairs 4 and 8 amplifying the
VP1-encoding and enhancer regions, respectively.
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sequence. pLITMUS sequences were amplified with the prim-
ers corresponding to nucleotides (nt) 2095 to 2112 (forward)
and nt 2660 to 2645 (reverse). The PCRs were performed as
described above in the presence of 106 cpm of [�-32P]dATP
(NEN Life Science Products, Boston, Mass.). Twelve primer
pairs were designated to cover all of the viral genome and to
amplify segments of approximately 300 bp (see Fig. 4A) with a
similar annealing temperature. PCR products were electro-
phoresed on 7% nondenaturing polyacrylamide gels; the gels
were fixed and dried, and the bands were quantified. The
choice of 107 molecules per tube as a fixed amount of reference
sequence was determined in preliminary PCRs in which in-
creasing amounts of the target sequence were used (Fig. 3A,
left panel). The ratio of amplification of the Py and pLITMUS
sequences appeared as a function of the initial amount of the
template Py sequence, thus validating our calculation method
(Fig. 3A, right panel). The results of representative experi-
ments obtained with primer pairs 4 and 8 are shown in Fig. 3B
(left and right panels, respectively), and results obtained with
all of the primer pairs are reported in Fig. 4. To take into
consideration any potential differential efficiency of amplifica-
tion among primer pairs, the amplification value was calculated
for each primer pair as the ratio (Py/ref)IP/[(Py/ref)IP � (Py/
ref)ID], where Py is the target sequence, ref is the reference
sequence, IP is immunoprecipitation, and ID is immunodeple-
tion. The finding that all the primer pairs that were tested on
VP1-immunoprecipitated complexes gave positive amplifica-
tion signals indicated that VP1 is associated with all segments
of the Py genome. Some viral regions appeared to be more
abundantly represented among the complexes. However, the
region encompassing the enhancer, the origin of replication,
and the early and late promoters and their transcription start
sites (nt 4900 to 190) was found to be 1.8-fold more amplified
than the nonregulatory region. These results suggest that Py
VP1 is associated with the entire Py genome but significantly
more with the control region.

Conclusions. Previous reports have analyzed the structural
features of the Py and simian virus 40 (SV40) minichromo-
somes as model systems for studying eukaryotic gene structure-
function relationships. These studies were done with viral ge-
nomes that were extracted from infected cells before
encapsidation (70S) and capsid assembly intermediates (180S)
but not with the mature virions (240S) (12). In this work, we
used the cis-DDP reagent to cross-link intact murine Py par-
ticles in order to analyze the potential interactions between the
minichromosome and the proteins (histones excluded) present
in viral particles. We found that VP1 interacts with the viral
genome but that the minor coat proteins VP2 and VP3 do not.
In addition, at a level of sensitivity of 100 pg, no other non-
histone proteins that were associated with viral DNA could be

FIG. 4. Semiquantitative PCR analysis of VP1 cross-linked DNA
fragments. (A) Description of the primer pairs used to amplify target
Py sequences. For a statistical analysis, each PCR was done in triplicate

and repeated at least six times. The relative amplification value (A.V.)
was calculated for each primer pair as the ratio of (Py/ref)IP to [(Py/
ref)IP � (Py/ref)ID]. The fold increase (F.I.) value was calculated as the
ratio of the amplified value of each primer pair to the amplified value
of primer pair 4 (lowest amplified value). ORI, origin of replication;
LT, large T antigen; mT, middle T antigen; sT, small T antigen.
(B) Graphical representation of the semiquantitative PCR analysis.
The numbering of the Py genome starts at the EcoRI site (nt 1562).
nct, nucleotide.
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detected (data not shown). Our data are in accord with previ-
ous in vitro experiments that have mapped the DBD of VP1 to
the N terminus, a disordered region predicted by crystallogra-
phy to be oriented internally towards the minichromosome
core (9, 31, 44). Although the affinity of the VP1-DNA inter-
action could not be measured by the present method, this
association appeared to be very strong. In fact, we could detect
the VP1-DNA complexes in un-cross-linked samples at very
low levels in the radiolabeled semiquantitative PCR assays
(Fig. 3B, right panel). The present work has demonstrated
that, in mature viral particles, VP1 interacts with all regions of
the genome. Such a broad association may suggest that VP1
plays a structural role in the protection of the encapsidated
DNA from the extracellular medium. This hypothesis seems to
be sustained by the observation that the fixation of the DNA-
VP1 interactions with cis-DDP generates totally stabilized and
undissociated viral particles. In the related virus SV40, such a
role has also been proposed, and mutations in the DBD of the
VP1 are indeed associated with altered virion formation and
viability (26). In addition, VP1 may contribute to modulating
or maintaining the chromatin compaction of the encapsidated
viral DNA, promoted initially by the linker histone H1 once it
is displaced from the minichromosome during the final matu-
ration of viral particles (45). The other finding of this report is
that the viral sequences extending over the regulatory region
(i.e., the origin of replication, the enhancer, and early and late
promoters) are 60 to 80% more highly represented in the
sonication fragments that were immunoprecipitated with anti-
VP1 antibodies than in the sonicated fragments covering the
coding Py sequences. We found that the VP1-rich region was
quite large (approximately 1,200 bp), but this may be ascribed
in part to the size of the sonication fragments (mean, 430 bp)
used for the PCR assays. This region is the one described
earlier as nucleosome free in viral genomes extracted from
infected cells, which correspond to the 70S chromatin form
(13, 23). For SV40, a comparative analysis of the nucleosome
spacing of minichromosomes showed an increase in length
distribution of nucleosomes in assembly intermediates of 180S
with respect to the preencapsidated chromatin of 70S, suggest-
ing the nucleosome redistribution of the nucleosome-free re-
gion during encapsidation (12). In addition, studies of SV40
temperature-sensitive mutants have led to the proposal that
VP1 has a role in this process (1, 3). Our present data show
that VP1 is preferentially associated with this particular region
of the Py genome. Although we cannot conclude that nucleo-
somes are totally absent in the VP1-rich region, our data cer-
tainly indicate that this region has greater accessibility by VP1
for interaction than does the rest of the genome. We propose
that the binding of VP1 to this region represents more of a
structural preference than a sequence-specific interaction with
the regulatory region, which is consistent with studies per-
formed in vitro with murine Py and SV40 that failed to detect
any sequence preference for the VP1 interaction with viral
DNA (9, 31, 41). In contrast to SV40 (33), no specific encap-
sidation initiation site has been reported for the Py genome.
We suggest that the binding of VP1 to the noncoding region is
used as the signal for the encapsidation of murine viral DNA.
Furthermore, since it is well known that the accessibility of
regulatory factors by chromatin conditions gene expression, it
is likely that the preferential association of VP1 with the reg-

ulatory region may have a role in the initial phases of viral
infection. Indeed, previous evidence has shown that VP1 may
be required to control viral expression and to anchor viral
genomes to the NM through interactions with NM factors such
as YY1 (35). The higher (and/or stronger) association of VP1
with the enhancer region may favor the binding of host factors
to this region by influencing the nucleosome organization and
may consequently influence viral gene transcription. In addi-
tion, a direct role in the formation of the complexes necessary
for early transcription is also possible for VP1 that is bound to
the enhancer region. This hypothesis is supported by the pre-
vious observation that cis-dominant mutations of VP1 change
the Py host range and early transcription ability (22, 29, 38).
Further cross-linking studies performed with infected cells
should help to identify qualitative and/or quantitative varia-
tions in the association of VP1 with the viral genome before
early transcription occurs and therefore help to verify the hy-
pothesized multifunctional role of VP1 in the Py life cycle. It
has been demonstrated that Py capsids and pseudocapsids can
transfer heterologous DNA to mammalian cells but that this
transfer is quite inefficient (19, 24). This may be due in part to
an incorrect chromatin structure of the cloned DNA associated
with VP1. Therefore, a better knowledge of the DNA-binding
properties of VP1 during the infectious process seems to be of
primary interest for the further improvement of pseudocapsid
vehicles for gene transfer.
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