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The heat shock cognate protein hsc70 has been implicated as a postattachment cell receptor for rotaviruses.
Here we show that hsc70 interacts specifically with rotaviruses through its peptide-binding domain, since a
recombinant full-length hsc70 protein and its peptide-binding domain, but not its ATPase domain, bound
triple-layered particles in a solid-phase assay, and known ligands of hsc70 competed this binding. The peptide
ligands of hsc70 were also shown to block rotavirus infectivity when added to cells before virus infection,
suggesting that hsc70 on the surface of MA104 cells also interacts with the virus through its peptide-binding
domain and that this interaction is important for virus entry. When purified infectious virus was incubated
with soluble hsc70 in the presence of the cochaperone hsp40 and ATP and then pelleted through a sucrose
cushion, the recovered virus had lost 60% of its infectivity, even though hsc70 was not detected in the pellet
fraction. The hsc70-treated virus showed slightly different reactivities with monoclonal antibodies and was
more susceptible to heat and basic pHs than the untreated virus, suggesting that hsc70 induces a subtle
conformational change in the virus that results in a reduction of its infectivity. The relevance of the ATPase
activity of hsc70 for reducing virus infectivity was demonstrated by the finding that in the presence of a
nonhydrolyzable analogue of ATP, virus infectivity was not affected, and a mutant protein lacking ATPase
activity failed to reduce virus infection. Altogether, these results suggest that during cell infection, the
interaction of the virus with hsc70 on the surface of MA104 cells results in a conformational change of virus
particles that facilitates their entry into the cell cytoplasm.

Rotaviruses are the single most important cause of severe
dehydrating diarrhea in young children worldwide. These non-
enveloped viruses are formed by a triple-layered protein capsid
which surrounds the genome, composed of 11 segments of
double-stranded RNA (11). The outermost layer, which is re-
sponsible for the initial interactions of the virus with the cell
surface, consists of the following two proteins: VP7, a glyco-
protein that forms the smooth surface of the virion, and VP4,
which forms the spikes that extend from the surface of the virus
particle. Both proteins play essential roles during the early
interactions of the virus with the cell surface, including recep-
tor binding and cell penetration (11, 29). To be infectious,
rotaviruses depend on the proteolytic cleavage of VP4 (776
amino acids [aa]) into subunits VP8 (aa 1 to 247) and VP5 (aa
248 to 776); this cleavage does not affect cell binding but is
required for entry of the virus into the cell’s cytoplasm (17, 25,
29). Rotaviruses have a very specific cell tropism, infecting
primarily the mature enterocytes at the tips of the villi of the
small intestine, and the susceptibility of these cells seems to be
limited to a narrow age window (26). In cell culture, rotavirus
binds to a large variety of cell types, although it only efficiently
infects some of them, including those of renal and intestinal
origin (6, 11, 12). Rotavirus infection seems to be a multistep
process in which the virus has to interact with several cell
surface molecules to enter the cell (29). We have previously

shown that the neuraminidase-sensitive simian rotavirus strain
RRV initially attaches to a sialic acid-containing cell molecule
through the VP8 subunit of VP4 and then subsequently inter-
acts with integrin �2�1 through VP5 (46). After these initial
contacts, RRV interacts with at least three additional proteins
located at the cell surface, i.e., integrins �v�3 and �x�2 (19,
22) and the heat shock cognate protein hsc70 (20); whether
these last three interactions occur sequentially or alternatively
has not been determined. The virus interaction with hsc70 is
mediated by a domain in VP5 located between amino acids 642
and 659 of the protein, and this interaction takes place at a
postattachment step, since a synthetic peptide that mimics this
region (peptide KID) and antibodies to hsc70 block the infec-
tivity of rotavirus but not its binding to the cell surface (20, 45).

hsc70 is a constitutive member of the heat shock-induced
hsp70 protein family. The proteins in this family are evolution-
arily conserved, but they are not functionally interchangeable;
the functional diversity of these molecular chaperones may
result from variations in their abilities to bind to different
target proteins (15). The heat shock proteins have been asso-
ciated with a number of functions, including protein folding,
translocation across membranes, and assembly and disassem-
bly of oligomeric complexes. In particular, hsc70 has been
shown to favor the transport of proteins across organelle mem-
branes, binding nascent polypeptides and dissociating clathrin
from clathrin coats (3). hsc70 contains two functional domains,
namely, an amino-terminal ATPase (A) domain (44 kDa; aa 1
to 383) that contains the nucleotide-binding site and a carboxy-
terminal peptide-binding (PB) domain (30 kDa; aa 384 to 650)
that contains the substrate-binding pocket determining the
specificity for different peptide substrates (16). The ATPase
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domain is well conserved among the members of the hsp70
family, while the peptide-binding domain is more variable
(3, 30).

In this work, we report that soluble, recombinant hsc70
interacts with rotavirus particles through its peptide-binding
domain, and we show that this interaction reduces virus infec-
tivity in an ATP-dependent manner, most probably by inducing
a conformational change in the virus.

MATERIALS AND METHODS

Cells and viruses. MA104 cells were cultured in Eagle’s minimal essential
medium (MEM) supplemented with 10% fetal bovine serum. Rhesus rotavirus
(RRV G3P5 [3]) was obtained from H. B. Greenberg, Stanford University,
Stanford, CA, and was propagated in MA104 cells as previously described (34).
The viral particles were purified by CsCl density gradient centrifugation of a virus
lysate preincubated with 10 �g/ml of trypsin (specific activity, 1 unit/250 mg)
(Gibco) for 60 min at 37°C and treated as described previously (47).

Proteins and peptides. A cDNA clone of human hsc70 (in plasmid pETHSC;
GenBank accession no. M11717) was originally obtained from R. T. Morimoto,
Northwestern University, Evanston, IL. The sequences encoding the complete
hsc70 protein as well as its amino (A; aa 1 to 383)- and carboxy (PB; aa 384 to
650)-terminal domains were subcloned into the pET28 expression vector (No-
vagene) to generate fusion proteins with a six-histidine tail at their carboxy
termini. The hsc70 mutant K71M (32) was made using a QuickChange site-
directed mutagenesis kit (Promega) and the sense oligonucleotide 5�-193CCAC
ACAGTTTTTGATGCCATGCGTCTGATTGGTCGACG232-3� (mutated nu-
cleotides are shown in bold). The recombinant proteins produced in bacteria
were purified by affinity chromatography on HiTrap chelating columns (Phar-
macia). The nucleotide associated with the purified recombinant proteins was
most probably ATP, given the high ATP/ADP ratio present in normal cells and
the higher affinity of hsc70 for ATP (4). To obtain nucleotide-free hsc70, the
purified protein was incubated with 10 mM EDTA for 10 min at room temper-
ature and then was precipitated by the addition of (NH4)2SO4 to 75% saturation.
The protein was redissolved in phosphate-buffered saline (PBS), dialyzed to
eliminate the excess of (NH4)2SO4, and stored at 4°C, where it is stable for
several months (4). The nucleotide-free hsc70 protein was loaded with different
nucleotides as described below. Synthetic peptide A (103FYQLALT109), derived
from a peptide of the p53 protein (15), peptide C (491KLIGVLSSLFRPC502),
derived from the surface glycoprotein of vesicular stomatitis virus (48), and an
irrelevant peptide control derived from the RRV VP5 protein (676INNDEV
FEAGTDGRY690) were purchased from Invitrogen (Carlsbad, CA) and used at the
indicated concentrations.

Luciferase-refolding assay. Luciferase (0.5 mg/ml; Sigma) was denatured by
incubation in buffer B (6 M guanidinium chloride, 5 mM dithiothreitol [DTT], 50
mM KCH3COO, 25 mM HEPES, pH 7.2) for 60 min at room temperature. The
denatured samples were then diluted 40-fold with buffer C (50 mM KCH3COO,
5 mM DTT, 1 mg/ml bovine serum albumin [BSA], 25 mM HEPES, pH 7.2). For
the renaturation step, the samples were further diluted 25-fold with buffer D [120
mM KCH3COO, 1.2 mM Mg(CH3COO)2, 2 mM DTT, 1 mM ATP, 1 mg/ml
BSA, 28 mM HEPES, pH 7.5], with or without the chaperones hsc70 (0.5 �M)
and hsp40 (Sigma) (0.025 �M). The mixture was incubated for 90 min at 37°C,
and then 1 �l of the reaction mixture was withdrawn and mixed with 50 �l of
luciferase substrate (Roche), and the light produced was detected in a scintilla-
tion counter (Beckman). An equal amount of nondenatured luciferase in buffer
C was measured, and its activity was taken as 100% (5, 41).

Infectivity assays. Confluent monolayers of MA104 cells grown in 96-well
plates were washed twice with MEM, and 50-�l aliquots of different concentra-
tions of peptide diluted in MEM were added to the cells for 30 min at 37°C. After
this incubation period, the peptide solution was removed, and RRV (2,000
focus-forming units/well) was then added and adsorbed to the cell surfaces for
1 h at 37°C. After the adsorption period, the virus inoculum was removed, the
cells were washed twice with MEM, and the infection was left to proceed for 14 h
at 37°C. The infected cells were fixed and immunostained as previously described
(1). About 200 focus-forming units were counted in each well with the aid of a
Visiolab 1000 station (21).

hsc70 binding assay. Ninety-six-well enzyme-linked immunosorbent assay
(ELISA) plates (Costar) were coated with a polyclonal goat anti-rotavirus
hyperimmune serum (diluted 1:10,000) that was used as a capture antibody.
To avoid nonspecific binding, the plates were then incubated with a solution
of 1% BSA in PBS for 2 h at 37°C. Then, 200 ng of purified rotavirus

triple-layered particles (TLPs) was added per well and incubated for 1 h at
37°C. The plates were washed twice and then incubated with the indicated
concentration of recombinant proteins for 1 h at 37°C. The recombinant
hsc70 protein bound to the viral particles was detected with a rabbit anti-
hsc70 hyperimmune serum (diluted 1:2,000) (20), followed by a mouse anti-
rabbit antibody conjugated to alkaline phosphatase (diluted 1:1,500) and the
substrate Sigma 104 (1 mg/ml) diluted in diethanolamine buffer (100 mM
diethanolamine [pH 9.4], 1 mM MgCl2, 5 mM sodium azide). The absorbance
at 405 nm was recorded in an EL311 microplate autoreader (Bio-Tek Instru-
ments). The recombinant proteins eluted from the HiTrap column were
employed in this assay without further treatment. As controls, the absorbance
values obtained for wells having all components of the assay but virus or
having virus but lacking hsc70 were used.

Permeabilization assay. Confluent monolayers of MA104 cells in 96-well
plates were infected with trypsin-activated RRV at a multiplicity of infection
(MOI) of 8 in the presence of 2 mg/ml of peptide C and 150 �g/ml of �-sarcin
(Sigma) for 1 h at 37°C. After this time, the virus inoculum was removed; fresh
serum-free MEM, supplemented with 25 �Ci of EXPRE35S35S protein-labeling
mix (�1,000 Ci/mmol) per ml, was added; and the cells were further incubated
for 1 h at 37°C. After the labeling period, the cells were washed with PBS, treated
with 5% trichloroacetic acid for 5 min at room temperature, and washed three
times with ethanol. The cell monolayer was allowed to dry under a lamp before
the addition of 50 �l of 0.1% sodium dodecyl sulfate (SDS) in 0.1 N NaOH. Total
radioactivity in the samples was determined by liquid scintillation counting after
solubilization of the samples in Ecolite (ICN) (7).

hsc70-TLP interaction in solution. Nucleotide-free hsc70 (1.6 �g) was incu-
bated with 1 mM of ATP, ADP, or ATP�S for 15 min at room temperature and
then with 1.2 �g of virus in 50 �l of PBS or under refolding conditions with 0.025
�M of hsp40 (Sigma) for 90 min at 37°C. After incubation, the samples were
pelleted through a sucrose cushion (40% sucrose in PBS containing 0.01% BSA)
by centrifugation for 40 min at 4°C in an Airfuge (Beckman) at 25 psi (133,000 �

g). The resultant pellet was dissolved in PBS, and the infectivity of the viral
particles recovered in the pellet, as well as their protein composition, was de-
termined by immunoblot and infectivity assays.

Effect of pH and temperature on virus infectivity. TLPs incubated with hsc70
and centrifuged through a sucrose cushion as described above were incubated in
a PBS solution adjusted to the indicated pH with either HCl or NaOH (pH 2, 2.5,
3, 3.5, 4 to 8, 8.5, 9, or 9.5) for 1 h at 37°C, and the virus samples were then
diluted 10-folded in MEM without serum (13). To evaluate the effect of tem-
perature on virus infectivity, the hsc70-treated TLPs were incubated for 20 min
at 37, 40, 45, or 50°C in PBS. After the pH or temperature treatment, the viruses
were adsorbed to confluent monolayers of MA104 cells on 96-well plates for 1 h
at 37°C. After the adsorption period, the virus inoculum was removed, the cells
were washed twice with MEM, the infection was left to proceed for 14 h at 37°C,
and the infected cells were detected by immunocytochemistry as described
above. As a control, we used TLPs that were treated as described above except
that the incubation buffer lacked hsc70.

Immunoblots. The proteins recovered in the pellets after centrifugation of the
TLP-hsc70 mixture through a sucrose cushion (see above) were separated by
SDS-polyacrylamide gel electrophoresis and then transferred to nitrocellulose
membranes (Millipore, Bedford, MA). Membranes were blocked with 5% nonfat
dried milk in PBS and incubated at 4°C with a mixture of rabbit anti-rotavirus
and anti-hsc70 sera diluted in PBS-0.01% milk, followed by incubation with a
horseradish peroxidase-conjugated mouse anti-rabbit antibody. The peroxidase
activity was developed by Western Lightning Chemiluminescence Reagent Plus
(Perkin-Elmer Life Sciences) following the manufacturer’s instructions.

Antibody ELISA. Ninety-six-well ELISA plates (Costar) were coated with a
goat anti-rotavirus serum and blocked with BSA as described above. Then, 200
ng of rotavirus TLPs, preincubated or not with hsc70 and centrifuged through a
sucrose cushion, was added to each well and incubated for 1 h at 37°C. The plates
were washed twice, and the bound virus was detected using the following panel
of antibodies: rabbit polyclonal antibodies to rotavirus (anti-TLPs [1:4,000]) and
the carboxy-terminal region of VP5 (474 [1:4,000]) and monoclonal antibodies
(MAbs) to VP8 (MAb 7A12 [1:800]), VP5 (MAbs HS2 [1:100] and 2G4 [1:800]),
and VP7 (MAbs 159 [1:400], 4F8 [1:800], and 60 [1:100]). The bound primary
antibodies were detected by the addition of the corresponding alkaline phos-
phatase-conjugated antibody and substrate, and the absorbance at 405 nm was
recorded in an EL311 microplate autoreader (Bio-Tek Instruments). The differ-
ences in reactivity obtained with the antibodies were evaluated using a two-tailed,
paired t test.
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RESULTS

hsc70 binds to rotavirus through its peptide-binding do-
main. We have previously shown that rotavirus TLPs, but not
double-layered particles, bind to purified hsc70 in ELISA (20).
hsc70 has two functional domains, the amino-terminal A do-
main that comprises amino acid residues 1 to 383 and the
carboxy-terminal PB domain represented by amino acids 384
to 650 (Fig. 1A). To determine which of these two domains of
hsc70 is involved in binding the virus, the complete hsc70
protein and its A and PB domains were expressed in Esche-
richia coli as fusions to histidine tails, and the resultant pro-

teins were purified by nitrilotriacetic acid-affinity chromatog-
raphy and analyzed by gel electrophoresis (Fig. 1B). ELISA
plates coated with RRV TLPs were then incubated with in-
creasing concentrations of the recombinant proteins, and the
protein bound to TLPs was detected using a rabbit polyclonal
serum to hsc70. The complete hsc70 protein and its PB domain
were found to bind TLPs in a concentration-dependent man-
ner, while the A domain did not bind TLPs at any of the
concentrations tested (Fig. 2A). As previously shown for hsc70
(20), preincubation of the recombinant PB domain of hsc70
with the virus reduced virus infectivity about 40%; in contrast,
the A domain of hsc70 had no effect (results not shown).

We have previously established that rotavirus particles in-
teract with hsc70 through a region near the carboxy-terminal
region of VP5 (45). To determine whether the interaction of
TLPs with the PB domain of hsc70 was through the same
region of VP5, the amino-terminal portion of VP5 (VP5-248;
residues 274 to 474) or the carboxy-terminal part of this pro-
tein (VP5-474; amino acids 474 to 776) was expressed in bac-
teria and purified by affinity chromatography (45). These re-
combinant polypeptides were preincubated with either the
complete hsc70 protein or its PB domain, and these mixtures
were then added to ELISA plates coated with TLPs. We found
that protein VP5-474, but not VP5-248, was able to compete
the binding of both hsc70 and its PB domain to TLPs (Fig. 2B).
Also, the VP5-474 and VP5-248 proteins were used to coat
ELISA plates and were tested for the ability to bind complete
hsc70 or its two independent domains. hsc70 and its PB do-
main bound to the carboxy-terminal part of VP5 in a concen-
tration-dependent manner, but not to the amino-terminal re-
gion of VP5 (results not shown). Altogether, these results
suggest that viral particles bind to the PB domain of hsc70.

Known ligands of hsc70 compete the interaction of TLPs
with hsc70. In vitro studies have shown that hsc70 binds to
carboxymethylated lactalbumin (CMLA), the denatured and
reduced form of lactalbumin (LA), while it does not recognize

FIG. 1. Synthesis of peptide-binding and ATPase domains of hsc70
in bacteria. (A) Schematic representation of the two domains of hsc70.
The amino-terminal ATPase domain (AD) is represented by a light
gray box, while the carboxy-terminal peptide-binding domain (PBD) is
shown as a dark gray box. The thick lines represent the two domains
expressed independently in E. coli. The amino acid change in the hsc70
K71M mutant is also shown. (B) SDS-polyacrylamide gel electrophore-
sis of the purified recombinant hsc70, AD, PBD, and K71M proteins,
stained with Coomassie blue.

FIG. 2. The binding domain of hsc70 interacts with rotavirus TLPs. (A) Ninety-six-well ELISA plates coated with purified RRV TLPs (200
ng/well) were incubated with the indicated concentrations of affinity-purified recombinant human hsc70 or its ATPase (AD) or peptide-binding
(PBD) domain for 60 min at 37°C, and bound recombinant protein was detected by incubation with a rabbit hyperimmune serum to hsc70 as
described in Materials and Methods. The concentration of recombinant protein present in each well was plotted against the optical density (O.D.)
reading at 405 nm obtained in the ELISA plate. (B) The indicated concentrations of affinity-purified recombinant VP5-248 or VP5-474 protein
were preincubated with 500 ng of hsc70 or PBD protein for 30 min at 37°C. After incubation, the mixtures were added to ELISA plates coated
with purified RRV TLPs (200 ng/well), and bound hsc70 or PBD was detected as described above. Data are expressed as percentages of hsc70 or
PBD protein bound to TLPs when the protein was incubated with PBS as a control. The arithmetic means and standard deviations of three
independent experiments performed in duplicate are shown.
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the native protein (33). hsc70 also binds short synthetic pep-
tides with hydrophobic internal residues, particularly those en-
riched in Leu but also those enriched in Ile, Val, Phe, and Tyr,
and flanking regions of basic residues (36, 37, 40), such as
peptide C, derived from the surface glycoprotein of vesicular
stomatitis virus (48), and peptide A, derived from a peptide of
the p53 protein (15). To establish if hsc70 binds TLPs through its
peptide-binding site, the ability of CMLA and peptide C to com-
pete this interaction was tested. In these assays, hsc70 or the PB
domain was preincubated with different amounts of peptide C or
proteins LA and CMLA and then added to ELISA plates that
had been previously coated with TLPs. Increasing concentrations
of peptide C and CMLA decreased the amounts of recombinant
proteins bound to TLPs, while LA did not affect this interaction
(Fig. 3A and B). These results suggest that hsc70 interacts with
the viral particles through its peptide-binding site, which is used
by this chaperone to bind other ligands.

Ligands of hsc70 block rotavirus infectivity. hsc70 has been
detected on the surface of MA104 cells, and it has been shown
that this protein is involved in rotavirus cell infection at a
postattachment step (20). To evaluate if the interaction of the
virus with hsc70 on the cell surface was similarly affected by
known ligands of the chaperone, the effect of peptides A and
C on the infectivity of the virus was tested. Preincubation of
MA104 cells with these peptides prior to the addition of the
virus resulted in an inhibition of infectivity of about 70%,
while an irrelevant peptide did not block rotavirus infection
(Fig. 4). To discard a nonspecific inhibitory effect of the
peptides on the cell that would prevent rotavirus replication,
the peptides were added after the virus had been allowed to
enter the cells for 1 h at 37°C; under these conditions, none
of the peptides had an effect on the infectivity of the virus
(results not shown). Altogether, these results suggest that dur-
ing cell infection, the virus particle interacts with the peptide-
binding domain of hsc70, which is important for the entry
process of the virus into the cell.

The interaction between hsc70 and rotavirus does not pre-
vent the coentry of �-sarcin. It has been shown for several
viruses, including rotaviruses, that the entry of viral particles

into the cell induces early permeabilization of the cell mem-
brane (7, 14, 28). The early cell permeabilization induced by
rotavirus allows the coentry of the toxin �-sarcin, a potent
inhibitor of the cell translation machinery, whose activity in the
cytosol results in a severe arrest of protein synthesis (10, 38).
To determine if peptide C blocks the infectivity of rotavirus by
interfering with its entry into the cell, an �-sarcin coentry assay
was carried out. When �-sarcin was added to the cells either
alone or in the presence of peptide C, but in the absence of
virus, no effect on protein synthesis was observed, as measured
by the incorporation of 35S-labeled amino acids into the pro-
tein (Fig. 5). However, when the toxin was added in the pres-
ence of virus, a drastic reduction in protein synthesis of 75 to
80%, compared to uninfected cells, was observed. The same

FIG. 3. Ligands of hsc70 compete with the interaction of rotavirus with hsc70. The indicated concentrations of peptide C (A) or CMLA and
LA (B) were preincubated with 500 ng of recombinant hsc70 or PBD protein for 30 min at 37°C. After incubation, the mixtures were added to
ELISA plates coated with purified RRV TLPs (200 ng/well), and the recombinant protein bound to TLPs was detected by incubation with a rabbit
hyperimmune serum to hsc70 as described in Materials and Methods. Data are expressed as percentages of hsc70 or PBD protein bound to TLPs
when the protein was incubated with PBS as a control. The arithmetic means and standard deviations of three independent experiments performed
in duplicate are shown.

FIG. 4. Effects of hsc70 ligands on infectivity of RRV. Confluent
monolayers of MA104 cells grown in 96-well plates were incubated
with the indicated concentrations of peptide A, peptide C, or a control
peptide for 30 min at 37°C, and then trypsin-activated RRV (2,000
focus-forming units per well) was added and allowed to adsorb for 1 h
at 37°C. The excess virus was removed, and the infection was allowed
to proceed for 14 h at 37°C. Finally, the cells were fixed and immuno-
stained, and the infectious foci were counted as described in Materials
and Methods. Data are expressed as percentages of the virus infectivity
obtained when the cells were preincubated with PBS as a control. The
arithmetic means and standard deviations for three independent ex-
periments performed in duplicate are shown.
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level of inhibition of protein synthesis was observed when the
virus was added in the presence of peptide C (Fig. 5), indicat-
ing that this peptide did not affect the coentry of �-sarcin,
although under these conditions (an MOI of 8 and 2 mg/ml
peptide C), peptide C blocked virus infectivity by 70% (Fig. 4).
Similarly, incubation of the cell with antibodies to hsc70 did
not block the coentry of �-sarcin, despite inhibiting virus in-
fectivity by 50% (results not shown). These data suggest that
peptide C interferes with the interaction of the virus with
hsc70, blocking virus infection at a step that takes place after
early permeabilization of the cell membrane.

Transient interaction of hsc70 with the viral particle per-
manently modifies its infectivity. The chaperone activity of
hsc70 depends on the hydrolysis of ATP and is enhanced by the
presence of the cochaperone hsp40. To test if the purified
recombinant hsc70 protein used in these assays was active, an
in vitro, hsc70-dependent luciferase-refolding assay was per-
formed. For this assay, native firefly luciferase was denatured
with guanidinium hydrochloride and then incubated with hsc70
in the presence of hsp40 and ATP; the activity of the refolded
luciferase was then measured and compared with those of the
native and denatured proteins. Forty percent of the denatured
luciferase activity was recovered after refolding of the protein
in the presence of hsc70, hsp40, and ATP (Fig. 6A), a level of
activity similar to that recovered in previously reported hsc70
refolding assays (5, 41).

We have previously shown that incubation of hsc70 with
virus particles decreases the infectivity of the virus about 50%
(20). To determine if this hsc70-induced reduction in virus
infectivity requires the chaperone activity of the protein, an
assay was set up in solution. In this assay, purified TLPs were
incubated with hsc70 in either the absence or presence of
hsp40 for 90 min at 37°C, and the viral particles were then
pelleted through a 40% sucrose cushion to remove the soluble
proteins. The virus particles recovered in the pellet were analyzed

by Western blotting using antibodies to the viral structural pro-
teins and hsc70, and the infectivity of the virus particles present in
the pellet was also determined. The immunoblots showed that the
stoichiometry of the structural proteins present in the viral parti-
cles incubated with hsc70 in the presence or absence of hsp40 was
similar to that of control TLPs incubated in the absence of the
chaperone (Fig. 6B), i.e., there were no detectable losses of any
particular viral protein, including the surface proteins VP5 and
VP7. VP8 was not detected in the immunoblots, but the fact that
MAb 7A12, directed to VP8, recognized TLPs treated or not
treated with hsc70 suggests that this VP4 subunit was not lost
from the virion (see below). On the other hand, hsc70 was not
detected in the pellet under any of the experimental conditions
tested, indicating that the interaction of this protein with TLPs
was either transient or weak, with the protein remaining in the
soluble fraction at the top of the sucrose cushion upon centrifu-
gation of the samples. When the infectivity of the viral particles
recovered in the pellet was determined, a reduction of about 50%
in the infectivity of the virus preincubated with hsc70 was ob-
served compared to that of TLPs preincubated in the absence of
the chaperone (Fig. 6C). The infectivity of the virus was found to
be further reduced (about 70%) when the virus was preincubated
in the presence of both hsc70 and its cochaperone, hsp40 (Fig.
6C). The fact that the virus particles preincubated with hsc70 and
centrifuged through a sucrose cushion showed a decreased infec-
tivity even in the absence of detectable hsc70 suggests that under
the conditions employed, the interaction of hsc70 with virus par-
ticles might cause a conformational change in the virus that re-
sults in reduced infectivity.

The reduction of rotavirus infectivity induced by hsc70 is
dependent on the hydrolysis of ATP. The chaperone activity of
hsc70 requires the hydrolysis of ATP. To evaluate whether this
activity is required for the reduction of virus infectivity, puri-
fied hsc70 was depleted of the associated nucleotide by incu-
bation with EDTA, and the nucleotide-free protein was incu-
bated with TLPs in the presence of either ATP, ADP, or
ATP�S, a nonhydrolyzable analogue of ATP. After the incu-
bation period, the viruses were centrifuged through a sucrose
cushion, and the infectivities of the TLPs in the pellets were
determined. In the presence of ATP, hsc70 induced a 50%
reduction in the infectivity of the virus, while a reduction of
about 30% was observed in the presence of ADP (Fig. 7B).
The infectivity of TLPs incubated with hsc70-ATP�S was not
affected, being equivalent to that observed for control TLPs
incubated in the absence of the chaperone (Fig. 7B). Interest-
ingly, when the virus particles recovered in the pellet were
analyzed by immunoblotting, hsc70 was found in this fraction
when the TLPs were incubated with hsc70-ADP, suggesting
that under these conditions the chaperone remained associ-
ated with the virus (Fig. 7A). This was not the case when TLPs
were incubated with hsc70 in the presence of either ATP or
ATP�S. These results suggest that the transient interaction of
hsc70 with the virus that leads to inactivation of its infectivity
requires the hydrolysis of ATP, while hsc70-ADP is able to
block the infectivity of the virus through a more stable inter-
action with TLPs, probably causing steric interference during
virus infection.

To further confirm the relevance of the ATPase activity of
hsc70 to the inactivation of the virus, we constructed and ex-
pressed in bacteria a mutant hsc70 protein (mutant K71M)

FIG. 5. The coentry of �-sarcin is not blocked by peptide C.
MA104 cells in 96-well plates were infected with trypsin-activated
RRV at an MOI of 8 in the presence or absence of 2 mg/ml of peptide
C and in the presence or absence of 150 �g/ml of �-sarcin, as indicated.
Cells were then labeled with an 35S protein-labeling mix for 1 h at 37°C,
and the radioactivity in the trichloroacetic acid-precipitable material
was determined as described in Material and Methods. Data are ex-
pressed as percentages of the amount of 35S-labeled amino acids in-
corporated into mock-infected cells in the absence of �-sarcin and
peptide C. The arithmetic means and standard deviations for three
independent experiments performed in duplicate are shown.
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with a single amino acid change in the A domain (Fig. 1A),
which was previously shown to abolish the ATPase activity of
the chaperone (32). As expected, the recombinant K71M pro-
tein was not able to restore the activity of denatured luciferase
in the luciferase-refolding assay (Fig. 6A). However, it bound
TLPs in a concentration-dependent manner in ELISA, and this
binding was competed by incubation with CMLA, indicating
that the mutant recombinant protein was still able to interact
with TLPs through its peptide-binding domain (results not
shown). When TLPs were incubated with the K71M protein in
the presence of ATP and hsp40 and then centrifuged through
a sucrose cushion as described before, the infectivity of the
virus recovered from the pellet was not decreased compared to
that of control TLPs (Fig. 6C). These results confirm that the
ATPase activity of hsc70 is required to inactivate the infectivity
of the virus.

hsc70 induces a conformational change in rotavirus parti-
cles. To determine if the interaction of hsc70 with TLPs in-
duces a conformational change in the virus, the reactivities of
hsc70-treated TLPs with antibodies directed to the virus sur-
face proteins were characterized by ELISA. In these assays, the
plates were coated with a goat anti-rotavirus antibody, and
then TLPs that had been preincubated or not with hsc70 and
pelleted through a sucrose cushion were added. The reactivi-
ties of three MAbs that recognize different epitopes of VP7
(159, 4F8, and 60), two MAbs against different epitopes in VP5
(HS2 and 2G4), one MAb directed to VP8 (7A12), and a
polyclonal antibody (474) that recognizes the carboxy-terminal
region of VP5 (aa 474 to 776) were determined. A polyclonal
anti-rotavirus antibody was used to normalize the amount of
input virus used in the assay. We found that antibodies 474 to
VP5 and 60 to VP7 showed higher and lower reactivities,

FIG. 6. The interaction of hsc70 with rotaviral particles decreases their infectivity. (A) In vitro hsc70-dependent luciferase-refolding assay,
carried out as described in Materials and Methods. The presence in the reaction mixture of 0.5 �M hsc70, 0.5 �M K71M protein, and 0.025 �M
hsp40 is indicated. The activity of refolded luciferase was determined and compared with those of the native and denatured proteins. Data are
expressed as percentages of the activity detected with native luciferase. The arithmetic means and standard deviations of two independent
experiments performed in duplicate are shown. (B) Purified and trypsin-activated RRV (1.2 �g) was incubated with 1.6 �g of either recombinant
hsc70 or K71M mutant (not shown in the figure) protein under refolding conditions (see Materials and Methods) for 1 h at 37°C, in the absence
or presence of 0.025 �M hsp40, and then pelleted through a 40% sucrose cushion. The viruses recovered from the pellets were analyzed by
immunoblotting with a mixture of rabbit hyperimmune sera to purified rotavirus TLPs and hsc70. The last lane in the immunoblot shows the input
amounts of RRV and hsc70 used in the assay, analyzed before the centrifugation step. (C) The infectivities of the viruses recovered from the pellets
(obtained as described for panel B) were determined by an immunoperoxidase assay as described in Materials and Methods. The difference
between the infectivities of untreated virus and virus treated with hsc70 alone was statistically significant (�� [P 	 0.0001]), as was the difference
in infectivities of the virus treated with hsc70 in the presence or absence of hsp40 (� [P 	 0.05]). Data are expressed as percentages of the virus
infectivity obtained when the virus was incubated without hsc70 as a control. The arithmetic means and standard deviations for three independent
experiments performed in duplicate are shown.
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respectively, with TLPs incubated with hsc70 than viral parti-
cles that were not incubated with the chaperone (Fig. 8A).
Although the difference in reactivities obtained with these an-
tibodies was not very pronounced, it was very reproducible and
statistically significant (P 	 0.05).

To evaluate by different criteria if the hsc70-treated virus
could be distinguished structurally from untreated TLPs, we
tested the effects of pH and temperature on their infectivities.
As shown in Fig. 8B, the infectivity of hsc70-treated virus was
more sensitive to heat than that of the untreated control virus,
being significantly different after incubation for 20 min at 50°C
(P 	 0.01). Likewise, after incubation of TLPs with hsc70, the
virus particles became more sensitive to basic pHs than were
control TLPs, showing a decreased stability of infectivity at
pHs in the range of 8 to 9.5 (P 	 0.05) (Fig. 8C). Altogether,
these results suggest that the interaction of hsc70 with TLPs
induces a slight conformational change in the outer-layer pro-
teins of the virus that is sufficient, however, to reduce the virus
infectivity.

DISCUSSION

hsc70, a constitutive member of the heat shock-induced
hsp70 protein family, has been reported to be present on the
surface of several types of cells (20, 31), including MA104 cells,
where it has been proposed to serve as a postattachment re-
ceptor for rotavirus infection (20). The virus interacts with
hsc70 through a domain in VP5 located between amino acid
residues 642 and 658, near the carboxyl terminus of VP4 (29,
45). In this work, we have shown that hsc70 interacts specifically
with rotavirus through its peptide-binding domain, since (i) a
recombinant full-length hsc70 protein and its peptide-binding do-
main, but not its ATPase domain, bound TLPs in a solid-phase
assay; (ii) this binding was competed by preincubation of the
protein with the carboxy-terminal region of VP5 (which contains
the VP5 domain known to interact with hsc70), but not with its
amino-terminal portion; and (iii) known ligands of hsc70 com-
peted the binding of this protein to TLPs in the solid-phase
assay. The peptide ligands of hsc70 were also shown to block
rotavirus infectivity when added to cells before virus infection,

suggesting that hsc70 on the surface of MA104 cells also in-
teracts with the virus through its peptide-binding domain.

The interaction of hsc70 with the virus during cell entry has
been shown to occur at a postattachment level during virus
infection, since either preincubation of cells with antibodies to
hsc70 or preincubation of the virus with the chaperone blocks
virus infection but not the binding of the virus to the cell
surface (20). Furthermore, the early permeabilization of the
cell membrane induced during the entry of rotavirus into
MA104 cells has been shown to allow the coentry of �-sarcin
into the cells, thus inhibiting the synthesis of proteins (7, 28).
Interestingly, the coentry of the toxin was not prevented by
preincubation of the cells with peptide C or with antibodies to
hsc70 (results not shown). These results indicate that either the
interaction of hsc70 with the virus occurs at a step during virus
entry subsequent to permeabilization of the plasma cell mem-
brane or the remaining 30% infectivity of the virus that still
occurs in the presence of peptide C is responsible for the toxic
effect detected. The first explanation seems more likely, since
the effect of �-sarcin has been shown to correlate with the
multiplicity of infection used (7; results not shown), and the
70% reduction in infectivity caused by peptide C should also
have resulted in a less pronounced inhibition of protein syn-
thesis by �-sarcin compared to the inhibition observed in the
absence of peptide C.

Preincubation of the virus with hsc70 reduces its infectivity.
This effect was shown to depend on the ATPase activity of the
chaperone, since in the presence of a nonhydrolyzable ana-
logue of ATP, hsc70 failed to inhibit viral infectivity. The
observed reduction in infectivity was slightly more pronounced
in the presence of the cochaperone hsp40, which is known to
enhance the chaperone function of hsc70, although it is not
essential for its activity (8, 27, 42). Interestingly, hsc70 also
inhibited the infectivity of the virus in the presence of ADP,
although to a lesser extent. These apparently conflicting data
could be the results of differential interactions of hsc70 with
the virus in the presence of either ATP or ADP, since it is
known that the binding of hsc70 to its substrate is regulated by
the type of nucleotide bound to the chaperone (39). Two

FIG. 7. Effect of different nucleotides on interaction of hsc70 with viral particles. Purified and trypsin-activated RRV (1.2 �g) was incubated
with 1.6 �g of hsc70 for 1 h at 37°C in the presence of 1 mM of either ATP, ADP, or ATP�S and then pelleted through a 40% sucrose cushion.
No-Nuc, no nucleotide was present in the reaction mixture. (A) Immunoblot of viruses recovered from pellets with a mixture of rabbit
hyperimmune sera to purified rotavirus TLPs and hsc70. The first and last lanes of the immunoblot show the input amounts of virus and hsc70,
respectively, used in these assays. (B) The infectivities of the viruses recovered from the pellets were determined by an immunoperoxidase assay
as described in Materials and Methods. Data are expressed as percentages of the virus infectivity obtained when the virus was incubated without
hsc70 as a control. The arithmetic means and standard deviations of four independent experiments performed in duplicate are shown.
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substantially different conformations for peptide-free hsc70 ex-
ist in the presence of either ATP or ADP (43). When ATP is
present, there is a significant interaction between the carboxyl-
terminal PB domain and the amino-terminal A domain of hsc70,
such that the effect of peptide binding is transmitted to the
ATPase domain, resulting in an increased rate of ATP hydrolysis
and ADP and Pi release, and reciprocally, the ATPase domain
constrains the peptide binding domain to a low-peptide-affinity
conformation (39). The hydrolysis of ATP stabilizes the hsc70-
protein complex until ADP/ATP exchange allows protein release,
closing the catalytic cycle (4). In the presence of ADP, the PB
domain is not as constrained by the A domain and could capture
the peptide to form a high-affinity complex (23, 39); ADP can be
removed from the hsc70-ADP substrate only by ADP/ATP ex-
change.

Our results also indicate differential interactions of hsc70
with rotavirus TLPs in the presence of either ATP or ADP, as
judged by the stability of the hsc70-virus complex under dif-
ferent conditions. In the presence of ADP, the chaperone
protein was recovered from the pellet after centrifugation of

the virus-hsc70 mixture through a sucrose cushion, suggesting
that hsc70 was associated with the virus particles during the
centrifugation step. On the other hand, the chaperone was not
found in association with the virus upon centrifugation of a
virus-hsc70 mixture incubated in the presence of ATP, suggest-
ing that the interaction of hsc70-ATP with TLPs is of a lower
affinity than that of hsc70-ADP. The reduction in virus infec-
tivity induced by incubation of hsc70 in the presence of either
nucleotide might result from two different mechanisms of in-
hibition. In the presence of ADP, the reduction in viral infec-
tivity might be due to hsc70 blocking, by steric hindrance, the
interaction of the virus with its receptors on the cell mem-
brane. On the other hand, in the presence of ATP, hsc70 might
induce a conformational change in the viral particle that irre-
versibly inactivates the virus. The differential reactivities of
antibodies with TLPs incubated or not with hsc70, as well as
the differential susceptibilities of the hsc70-treated and un-
treated viruses to heat and pH, support this hypothesis. The
relevance of a functional ATPase activity of hsc70 to the re-
duction in virus infectivity was further shown by the fact that a

FIG. 8. Antibody reactivities and effects of pH and temperature on the infectivity of virus treated with hsc70. (A) Virus recovered from the
pellet after centrifugation through a sucrose cushion was added to a microtiter plate coated with goat hyperimmune serum to rotavirus and
incubated for 1 h at 37°C. The indicated antibodies were then added, followed by the appropriate alkaline phosphatase-conjugated secondary
antibodies. The phosphatase activity was detected as described in Materials and Methods. A polyclonal anti-rotavirus antibody (�TLP) was used
to normalize the amount of input virus used in the assay. Data are expressed as percentages of the reactivity of each antibody obtained when the
virus was incubated without hsc70 as a control. The arithmetic means and standard deviations of six independent experiments performed in
duplicate are shown. Statistically significant differences (by a paired t test) in the reactivities of antibodies with hsc70-treated and untreated viruses
are indicated (� [P 	 0.05]). (B) TLPs that were treated or not treated with hsc70 were incubated for 20 min at the indicated temperatures and
then allowed to adsorb to cells for 1 h at 37°C. The infection was allowed to proceed for 14 h at 37°C, and the infectious foci were detected as
described in Materials and Methods. Data are expressed as percentages of the virus infectivity obtained when the virus was preincubated at 37°C
as a control. The arithmetic means and standard deviations for three independent experiments performed in duplicate are shown (��, P 	 0.01).
(C) TLPs that were treated or not treated with hsc70 were incubated for 1 h at 37°C at the indicated pHs, as described in Materials and Methods.
After a 10-fold dilution in MEM without serum, the viruses were allowed to adsorb to cells for 1 h at 37°C. The infection was allowed to proceed
for 14 h at 37°C, and the infectious foci were detected as described in Materials and Methods. Data are expressed as percentages of the virus
infectivity obtained when the virus was preincubated at pH 7 as a control. The arithmetic means and standard deviations for four independent
experiments performed in duplicate are shown (�, P 	 0.05).
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mutant hsc70 protein lacking ATPase activity failed to de-
crease virus infectivity. In light of these results, it is tempting to
hypothesize that during cell infection, the interaction of the
virus with hsc70 on the surface of MA104 cells results in a
conformational change of the virus particle that facilitates, or
is required for, virus entry. However, when this interaction
takes place with soluble hsc70 in the absence of cells, it triggers
a change that inactivates the virion. A similar observation has
been reported for other viruses, such as human immunodefi-
ciency virus (24, 44), avian leucosis and sarcoma viruses (9, 18),
and poliovirus (2, 35). In the case of poliovirus, upon interac-
tion of the virion with the poliovirus receptor in solution, the
virus suffers a conformational rearrangement in which VP4 is
released from the virion, changing its density and rendering the
virus particle noninfectious (2, 35). Altogether, these results
suggest that hsc70 might have an active role in rotavirus cell
infection, not only serving as an anchor for viruses on the cell
membrane during their transit to the cell’s cytoplasm but also
helping the virus to enter the cell by possibly modifying the
conformation of its surface proteins.
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