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Hsp70 chaperones play a role in polyoma- and papillomavirus assembly, as evidenced by their interaction
in vivo with polyomavirus capsid proteins at late times after virus infection and by their ability to assemble
viral capsomeres into capsids in vitro. We studied whether Hsp70 chaperones might also participate in the
uncoating reaction. In vivo, Hsp70 coimmunoprecipitated with polyomavirus virion VP1 at 3 h after infection
of mouse cells. In vitro, prokaryotic and eukaryotic Hsp70 chaperones efficiently disassembled polyoma- and
papillomavirus-like particles and virions in energy-dependent reactions. These observations support a role for
cell chaperones in the disassembly of these viruses.

The Papillomaviridae and Polyomaviridae are small, nonen-
veloped DNA viruses that have structurally similar 50- to 55-
nm-diameter capsids comprised of 72 capsomeres arranged in
a T � 7 icosahedral lattice (2). Each capsomere is a pentamer
of the major capsid protein: L1 for papillomavirus and VP1 for
polyomavirus. The carboxy terminus of L1 or VP1 mediates
interpentameric contacts in the assembled capsid (13, 16, 17,
22). These contacts are stabilized by disulfide bonds for pap-
illomaviruses (15, 21, 29) or by both disulfide bonds and cal-
cium bridges for polyomaviruses (4, 5, 14).

Some papillomaviruses enter the cell via a slow version of
clathrin-dependent receptor-mediated endocytosis (3, 9, 10,
31, 32), and disassembly may be initiated in late endosomes
before escape into the cytoplasm (9). Polyomavirus entry path-
ways converge on the endoplasmic reticulum (ER), where dis-
assembly and release of a dissociated viral nucleoprotein com-
plex into the cytosol may occur (25, 26). Disassembly of simian
virus 40 begins within 5 h postinfection (hpi) in the ER (25);
murine polyomavirus VP1 colocalizes with the ER resident
Hsp70 family chaperone BiP by 3 hpi and subsequently can be
detected in perinuclear regions (19, 27). While there is no
evidence for Hsc70/BiP functioning in the uncoating of poly-
oma- and papillomaviruses, previous studies have demon-
strated an interaction between Hsp70 family chaperones and
polyomavirus VP1 late in infection during virion assembly (1,
8), and Hsc70-mediated in vitro assembly of both polyoma-
and papillomavirus capsids from VP1 and L1 has been ob-
served (7; L. R. Chromy and R. L. Garcea, unpublished data).

Observations during the study of in vitro chaperone-medi-
ated assembly of capsomeres suggested that the chaperone
reaction may be reversible (Chromy and Garcea, unpublished
data). Therefore, we hypothesized that Hsp70 family chaper-
ones may also participate in the disassembly of entering poly-
oma- and papillomavirus virions.

Hsp70 chaperones associate with polyomavirus virions early
in infection. To determine whether cellular Hsp70 chaperones
associate with incoming virions during infection, coimmuno-
precipitation experiments were performed with murine poly-
omavirus-infected NIH 3T3 cells. Uninfected cells or cells at 1,
2, or 3 hpi were harvested in radioimmunoprecipitation assay
buffer containing 10 mM ADP to inhibit dissociation of chap-
erones (7, 8). The lysate was coimmunoprecipitated with either
I58, an anti-VP1 rabbit antibody, or SPA820, an anti-Hsp/
Hsc70 mouse antibody (Stressgen). The converse antibody was
used to detect the interacting protein by immunoblotting.

As seen in Fig. 1, an association between Hsc70 and VP1 was
detected in both immunoprecipitation reactions at 3 hpi, al-
though the interaction was more apparent with the anti-Hsc70
antibody (Fig. 1B). Hsc70 binding to VP1 was not detected
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FIG. 1. Association of Hsc70 with polyomavirus virion VP1 during
virus entry. Murine polyomavirus-infected NIH 3T3 cells were har-
vested at 1, 2, or 3 hpi in radioimmunoprecipitation assay buffer con-
taining 10 mM ADP. The lysate was immunoprecipitated and analyzed
by Western blotting using the indicated antibodies. Arrows indicate
bands of interest.
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after 3 hpi (not shown). Although supportive of an interaction
between virions and Hsp70 during uncoating, the analysis is
difficult because of the relatively low numbers of infecting
virions and thus a small amount of VP1. Therefore, we con-
tinued to study the interaction of cellular chaperone proteins
with both polyoma- and papillomavirus by using in vitro bio-
chemical assays.

Disassembly of virions and VLPs by prokaryotic chaper-
ones. Recombinant bovine papillomavirus (BPV) L1 virus-like
particles (VLPs) and BPV virions isolated from cow warts (15)
were purified by density ultracentrifugation in CsCl. CsCl was
removed by dialysis into gradient buffer (20 mM Tris-Cl [pH
7.2], 5% glycerol, 180 mM NaCl, 10 mM KCl, 1 mM CaCl2, 1

mM MgCl2), and the VLPs or virions were then treated with
either no chaperones or the purified recombinant prokaryotic
chaperones DnaK, DnaJ, and GrpE (KJE) (Stressgen) (7).
These reactions were carried out by dialysis against reaction
buffer (50 mM Tris-Cl [pH 7.2], 5% glycerol, 180 mM NaCl, 10
mM KCl, 1 mM CaCl2, 20 mM MgCl2, 20 mM ATP) or against
reaction buffer with 20 mM ADP instead of ATP overnight at
room temperature with 4 �M KJE.

Reaction mixtures were absorbed to glow-discharged, car-
bon, and Formvar-coated copper grids (G400 copper; EM Sci-
ences), rinsed with buffer lacking phosphates, stained with ura-
nyl acetate, and examined by transmission electron microscopy
(TEM) (Philips CM10) at 80 kV. No morphological differences

FIG. 2. Prokaryotic chaperones disassemble BPV virions and VLPs (BPVLP). In vitro reactions were performed by dialysis overnight against
disassembly buffer (no dithiothreitol, with calcium and ATP or ADP where indicated). (A) TEM showing disassembled particles (arrow) in samples
with chaperones (�KJE). (B) Reactions analyzed by sucrose gradient sedimentation. V, assembled particles; C, capsomere controls. (C) Quan-
titation of the assembled fractions (shaded in panel B).
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between the starting samples in CsCl and the dialyzed particles
were seen (Fig. 2A). The addition of prokaryotic chaperones
resulted in a decreased number of assembled particles per field
and a concomitant increase in the amount of pentamers and
background amorphous material (Fig. 2A). In the BPV-plus-
KJE samples, capsid proteins may be present as aggregates on
the viral genome (Fig. 2A, arrow). No disassembly was ob-
served when chaperone activity was inhibited by excess ADP
(Fig. 2A).

The products of the in vitro reactions were analyzed by
sucrose gradient sedimentation to separate VLPs or virions
from the disassembly intermediates and to quantify the extent
of disassembly. Ten to 50% discontinuous sucrose gradients

were prepared with gradient buffer (20 mM Tris-Cl [pH 7.2],
5% glycerol, 180 mM NaCl, 10 mM KCl, 1 mM CaCl2, 1 mM
MgCl2) in 2.2-ml tubes (Beckman). Samples were sedimented
in an RP55S-351 swinging bucket rotor in a Sorvall RC M120
ultracentrifuge at 50,000 rpm for 30 min at 4°C. Fractions were
trichloroacetic acid precipitated, and capsid proteins were as-
sayed by sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis. The gradients demonstrated that the assembled par-
ticles seen in the samples without chaperones were shifted to
slower-sedimenting products in the reactions with chaperones
(Fig. 2B). The products from the BPV VLP-plus-KJE reac-
tions sedimented at the position of capsomere controls, while
the BPV-plus-KJE reactions had a wider sedimentation pro-

FIG. 3. Prokaryotic chaperones disassemble murine polyomavirus virions (PyV) and VLPs (PyVLP). In vitro reactions were performed by
dialysis overnight against disassembly buffer (no dithiothreitol, with calcium and ATP or ADP where indicated). (A) TEM showing disassembled
particles (arrow) in samples with chaperones (�KJE). (B) Reactions analyzed by sucrose gradient sedimentation. (C) Quantitation of the
assembled fractions (shaded in panel B).
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file, consistent with the genome-plus-capsid-protein aggregates
seen by TEM. The presence of ADP inhibited chaperone dis-
assembly of particles and also appeared to stabilize the inher-
ent background dissociation seen in samples without chaper-
ones. A similar stabilization was seen for polyomavirus
particles, but to a lesser extent (see below). The assembled
particles (Fig. 2B, shaded regions) were quantitated (Fig. 2C),
and the number of VLPs or virions was significantly reduced by
chaperone-mediated disassembly in an energy-dependent
manner. The relatively low percentage of assembled particles
in the no-chaperone samples may represent a compromise
between the need to stabilize assembled particles and the op-
timization of buffer conditions for chaperone activity. All of
the disassembly reactions were repeated multiple times with
similar results; however, only the data from the optimized
buffer conditions are shown.

In vitro disassembly reactions were also performed with re-
combinant polyomavirus VLPs or polyomavirus virions puri-
fied, respectively, from recombinant baculovirus-infected Sf9
cells or virus-infected NIH 3T3 cells (12, 30). In vitro disas-

sembly reactions were carried out as described for papilloma-
virus VLPs and virions. TEM demonstrated disassembly in the
presence of prokaryotic chaperones, and the chaperone-medi-
ated disassembly was inhibited by ADP (Fig. 3A). Again, cap-
sid proteins appeared to form aggregates with the viral genome
in the virion-plus-KJE samples (Fig. 3A, arrow).

The products of the polyomavirus reactions were analyzed
by sucrose gradient sedimentation (Fig. 3B). The polyomavirus
virion sedimentation profile, although broadened in this exper-
iment, was similar to that observed for BPV, with a shift to
slower-sedimenting products in the presence of chaperones
that was inhibited by ADP. However, the polyomavirus VLP
reactions did not demonstrate disassembly as complete as that
seen for BPV VLPs. Polyomavirus VLP disassembly may have
been partially inhibited by calcium in the reaction buffer, which
both stabilizes and promotes VLP assembly. Additionally,
chaperones assemble VP1 capsomeres into capsids in the pres-
ence of ATP, although very few of these assemblies were iden-
tified. Reassembly probably did not occur in the polyomavirus
virion disassembly reactions because the dissociated capsomeres

FIG. 4. Eukaryotic chaperones disassemble papillomavirus (BPV) and polyomavirus (Py) virions and VLPs. In vitro reactions were performed
by overnight dialysis against disassembly buffer. (A) TEM of samples with Hsc70 and Hsp40 chaperones (�hsc70/40). (B) Quantitation of fractions
analyzed by sucrose gradient sedimentation.
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likely formed aggregates with the viral minichromosomes. Nev-
ertheless, quantitation of the assembled fractions revealed
chaperone-mediated disassembly that was energy dependent
(Fig. 3C).

Previous studies have demonstrated that disulfide bond-re-
ducing agents expand BPV (15, 21, 29) and that disulfide bonds
and calcium bridges stabilize polyomavirus virions (4, 5, 14).
However, chelating and reducing agents did not enhance chap-
erone-mediated disassembly of either papilloma- or polyoma-
virus virions (data not shown).

Eukaryotic chaperone-mediated disassembly of polyoma-
and papillomavirus VLPs and virions. We also determined
whether eukaryotic chaperones could disassemble polyoma-
and papillomavirus capsids in the same manner as did the
prokaryotic factors. Disassembly reactions were carried out
with BPV VLPs, BPV virions, polyomavirus VLPs, and poly-
omavirus virions with or without addition of the eukaryotic
chaperones Hsc70 and Hsp40 (at 4 �M and 0.4 �M, respec-
tively). As in the TEM analysis of the previous experiments,
the samples with chaperones showed disassembly products
(Fig. 4A). The BPV VLP-plus-Hsc70/40 reaction had residual
assembled products, and these observations were consistent
over several experiments. Sucrose gradient analysis confirmed
disassembly by chaperones, including the disassembly of BPV
VLPs, as evidenced by a shift to slower-sedimenting fractions
(quantitation in Fig. 4B).

Discussion. Chaperones assist in many stages of virus life
cycles (20) and have been implicated in the disassembly of
adenovirus (6, 23, 28). Our previous studies identified a role
for Hsp70 chaperones in the late stages of infection, when
virions are being assembled (7, 8). The current results show
that Hsp70 chaperones can disassemble viral capsids in the
reverse reaction. The direction of the equilibrium could de-
pend on cochaperones found in particular cellular compart-
ments or other regulatory factors (reviewed in reference 35).

Capsid dissociation is likely initiated before the viral genome
enters the cytosol, so that the genome will be competent for
nuclear import. Polyoma- and papillomavirus virions must un-
dergo considerable conformational changes during disassem-
bly, since they are too large (50 to 55 nm) to be transported
intact through the nuclear pore, (reviewed in reference 33).
Although we found that significant morphological and struc-
tural changes resulted from chaperone action, the observed
virus disassembly intermediates may not be completely “un-
coated.” Complete removal of capsid proteins may be disad-
vantageous, since the viral genome likely could not be im-
ported to the nucleus without the karyophilic signals of bound
capsid proteins, as shown for the nuclear localization signal of
polyomavirus VP3 (17).

The entry pathway is critical for initiating disassembly and
raises interesting paradoxes for these viruses, given the bonds
stabilizing their capsids. For example, the calcium concentra-
tion is high and the disulfide reducing capacity is relatively low
in the ER. Thus, the uncoating reaction must prevail despite
unfavorable environmental conditions. Indeed, we detected
little to no enhancement of chaperone-mediated disassembly
in the presence of chelating and reducing agents. Cofactors in
vivo may modulate the unfavorable environmental conditions.
For example, thiol-redox reactions are mediated by the protein
disulfide isomerase (PDI) family, and these proteins can be

found at the cell surface through the ER. Some PDIs contain
J domains (reviewed in reference 11), suggesting that PDIs
may recruit and stimulate Hsp70 chaperones or have intrinsic
chaperone activity (24, 34), and recently the PDI-like protein
Erp29 was shown to mediate polyomavirus membrane pene-
tration (18). Our observations support a step in which Hsc70-
like chaperones continue the uncoating process.
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