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After crossing the cellular membrane barrier during cell
entry, most animal viruses must undergo further disassembly
before initiating viral gene expression. In many cases, these dis-
assembly mechanisms remain poorly defined. For this report,
we examined a final step in disassembly of the mammalian reo-
virus outer capsid: cytoplasmic release of the central,� fragment
of membrane penetration protein �1 to yield the transcription-
ally active viral core particle. An in vitro assay with reticulocyte
lysate recapitulated the release of intact � molecules. Require-
ments for activity in this systemwere shown to include a protein
factor, ATP, and Mg2� and K� ions, consistent with involve-
ment of a molecular chaperone such as Hsc70. Immunodeple-
tion of Hsc70 and Hsp70 impaired � release, which was then
rescued by addition of purified Hsc70. Hsc70 was associated
with released � molecules not only in the lysate but also during
cell entry.We conclude that Hsc70 plays a defined role in reovi-
rus outer capsid disassembly, during or soon after membrane
penetration, to prepare the entering particle for gene expression
and replication.

After crossing the cellular membrane barrier during cell
entry, a virus must initiate its own gene expression. In many
cases, one or more intervening steps are also required, includ-
ing further disassembly of the virus particle and/or transport to
an appropriate intracellular location. For example, with human
immunodeficiency virus 1, translocation of virus into the cyto-
plasmuponmembrane fusion is followedby partial disassembly
of the viral nucleocapsid. This allows reverse transcription of
the RNA genome, which is in turn followed by translocation of
these “pre-integration complexes” into the cell nucleus. Only
after the viral DNA is integrated into the host DNA does viral
gene expression commence.

Cell entry by mammalian orthoreovirus (reovirus), a nonen-
veloped double strand RNA virus of the family Reoviridae, is
also accompanied by stepwise partial uncoating of the virus
particle. Host proteases degrade the stabilizing outer capsid
protein �3 and cleave the autolytic outer capsid protein �1 (76
kDa) near residue 580, generating a particle termed the infec-
tious subvirion particle (ISVP)5 (1, 2). This cleavage of�1 yields
the myristoylated N-terminal fragment �1� (63 kDa) and the
C-terminal fragment� (13 kDa) (Fig. 1A), both ofwhich remain
particle associated (3). Because a portion of the�1 autocleavage
between residues 42 and 43 may take place during reovirus
assembly, a portion of the ISVP-associated �1� may consist of
the myristoylated N-terminal peptide �1N (4 kDa) and the
large central fragment � (59 kDa) (Fig. 1A) (4, 5). ISVPs can be
generated in vitro by protease treatment of intact virions (3, 6,
7). The ISVP is metastable and can spontaneously convert to a
particle termed the ISVP*, a transition associated with perfora-
tion of target membranes (8, 9). ISVP 3 ISVP* conversion is
characterized by �1 rearrangement to a hydrophobic and pro-
tease-sensitive conformer, release of the adhesion fiber �1, and
derepression of the transcriptase activity of the particle (9).
Moreover, further �1 autocleavage to yield the �1N peptide
is completed during this transition (4), and �1N and � are
largely released from the ISVP* (8, 10)6. The � fragment, in
contrast, remains largely particle associated (8–10).�1 confor-
mational rearrangement and �1 release also occur during cell
entry by reovirus and are associated with membrane penetra-
tion and productive infection (11). In contrast to the stable
association between � and the particle observed in vitro, how-
ever, the ISVP*-like particle that is formed during productive
cell entry appears to exist only transiently; its formation is rap-
idly followed by separation of � from the core particle (11),
which can then mediate viral transcription in the cytoplasm.
Both released � molecules and core particles appear to be

cytoplasmically localized aftermembrane penetration by reovi-
rus, with � immunostaining in a diffuse distribution and core
particles in a more punctate pattern that does not colocalize
with membrane markers (11). If infecting particles contain
mutant �1 protein N42A, which is defective at membrane pen-
etration, � and core immunostaining continue to colocalize in a
punctate distribution, consistent with ISVP*-like particle trap-
ping within intracellular vacuoles (10). Furthermore, new pro-
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tein synthesis is not required for removal of � from ISVP*-like
particles during infection (11). Together, these observations
have led to the hypothesis that constitutively expressed host
cytoplasmic factors play a role in removing � from ISVP*-like
particles either during or soon after membrane penetration.
We now further hypothesize that the hydrophobic conformer
of � present in the ISVP* (9) is a substrate for cellular molecular
chaperones, which effect its removal from the particle.
Molecular chaperones are proteins that facilitate protein

folding and unfolding and prevent aggregation of misfolded or
denatured proteins during cellular stress (12). They aid in
assembly and disassembly of protein complexes, protein degra-
dation, cellular transport, translocation of proteins across cel-
lular membranes, and signal transduction (13). One conserved
family of molecular chaperones with a molecular weight near
70,000 is termed Hsp70/DnaK (14). Hsp70 family members are
present in prokaryotes and in most compartments of eukary-
otic cells. Examples include Hsc70 and Hsp70, which reside in
the eukaryotic cytoplasm and are expressed either constitu-
tively (Hsc70) or in response to cellular stress (Hsp70). Proteins
of the Hsp70 family are weak ATPases, which bind and release
their substrates through regulated cycles of ATP binding and
hydrolysis. Targeting to their substrates, as well as ATP
hydrolysis, is stimulated by other molecular chaperones
(cochaperones) that contain a DnaJ-like domain, such as
Hsp40 and auxilin (13). Additional families include Hsp90
molecular chaperones and chaperonins (12).
Given the diverse functions ofmolecular chaperones, it is not

surprising that they play numerous roles in the life cycles of
different viruses. Viral infection can induce endogenousmolec-
ular chaperone expression and/or relocalization, and in some
cases, this induction has been shown to be essential for virus
replication. For example, avian adenovirus CELO encodes a
protein that increases expression of both Hsp70 and Hsp40, as
well as their relocalization to the nucleus; viruses unable to
express this protein are replication defective, and this defect is
partially rescued when molecular chaperone expression is ele-
vated by other means (15). Some viruses encode their own
molecular chaperones. For example, polyomavirus expresses T
antigens, which are DnaJ-containing proteins that act as
cochaperones for Hsc70 (16). Specific roles ascribed to molec-
ular chaperones during viral infections include regulation of
viral and host gene expression, assembly and disassembly of
viral replication complexes, and virus particle assembly (17).
Roles of molecular chaperones in virus particle disassembly

are less well appreciated, but recently it has been shown that
Hsp70 family members can disassemble polyoma- and papillo-
mavirus capsids in vitro (18). A role for Hsc70 in one or more
early postattachment steps in rotavirus infection has also been
demonstrated (19–21). Several viruses incorporate cellular
molecular chaperones within mature virions. For example,
Hsc70, Hsp70, and Hsp60 have been found in the virion of
human immunodeficiency virus 1 (22), and Hsc70 has been
found in the virions of rabies, vesicular stomatitis, Newcastle
disease, and influenzaAviruses (23). Although incorporation of
molecular chaperones might be a nonspecific by-product of
virus assembly, one can speculate that these proteins may play
specific roles in virus disassembly. Thus, molecular chaperones

may be more widely involved in virus disassembly than has so
far been understood.
For the current study, we examined the newly hypothesized

role of molecular chaperones in � release to yield cytoplasmic
viral cores, a final step in reovirus outer capsid disassembly.Our
results both in vitro and in cells identify a role for Hsc70 in this
process.We conclude thatHsc70 contributes in a definedman-
ner to reovirus disassembly, during or soon after membrane
penetration, to prepare the entering particle for viral gene
expression and replication.

EXPERIMENTAL PROCEDURES

Reagents, Antibodies, and Cells

Rabbit reticulocyte lysate (RRL) was from Green Hectares.
ATP,ATP�S, apyrase, glucose, hexokinase, creatine phosphate,
creatine kinase, phenylmethyl sulfonyl fluoride, N�-p-tosyl-l-
lysine chloromethyl ketone-treated �-chymotrypsin, trypsin,
and cycloheximide were from Sigma-Aldrich. Protein A and G
beads were from Dynal. Recombinant bovine Hsc70 protein
was from Stressgen (product SPP-751). Monoclonal antibodies
(mAbs) against Hsc70 (clone 1B5) and Hsp70 (clone
C92F3A-5) were from MBL. mAbs against �2 (7F4) and �1
(4A3) and serum antibodies against �NS, Type 1 Lang (T1L)
virions, and T1L cores have been described previously (11).
Alexa-488- and Alexa-594-conjugated goat anti-mouse and
goat anti-rabbit immunoglobulin G antibodies were from
Molecular Probes. Spinner-adapted L929 andMv1Lu cells were
grown as described previously (11).

Buffers

Buffers used were as follows: virion-Na� buffer (150 mM
NaCl, 10mMMgCl2, 10mMTris-HCl, pH 7.5); virion-K� buffer
(150 mM KCl in place of NaCl); buffer A (150 mM NaCl, 1%
Nonidet P-40, 10mMTris-HCl, pH 7.9); buffer E (80mM potas-
sium acetate, 0.5 mM magnesium acetate, 10 mM Hepes-KOH,
pH 7.4); dialysis buffer (10 or 50 mM Hepes-NaOH, pH 7.5, 2
mM �-mercaptoethanol); conversion buffer (300 mM CsCl, 50
mMTris-HCl, pH 7.5); Hsc70 buffer (150mMNaCl, 1mM dithi-
othreitol, 0.1 mM PMSF, 10 mM Tris-HCl, pH 7.5); attachment
buffer (phosphate-buffered saline (137mMNaCl, 2.7mMKCl, 8
mM Na2HPO4, 1.5 mM KH2PO4, pH 7.5) with 2 mM MgCl2).

Virions and ISVPs

Virions of reoviruses T1L, Type 2 Jones (T2J), and Type 3
clone 9 (T3c9) were grown and purified by the standard proto-
col (24) and stored in virion-Na� buffer. To generate T1L viri-
ons containing [35S]Met/Cys-labeled proteins, 7 mCi of
Tran35S label (ICN) was added at the onset of infection. ISVPs
were obtained by digesting virions in virion-Na� buffer at con-
centrations of 1 � 1013 particles/ml with 200 �g/ml chymo-
trypsin for 10–20 min at 32 or 37 °C. Digestion was stopped
with 2–5 mM phenylmethyl sulfonyl fluoride on ice. To attach
particles to protein A beads, beads were washed with buffer A
and incubated with an equal volume of mAb 7F4 (1:2–1:4 dilu-
tion in buffer A) for 1 h at room temperature or overnight at
4 °C. The 7F4-bead conjugates were then washed with buffer A
and incubated, with rotary mixing, with particles in buffer A at
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