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Members of the human heat shock (HSP) family of related proteins are involved in the intracellular folding,
transport, and assembly of proteins and protein complexes. We have observed that human heat shock protein
70 (HSP70) is associated with the capsid precursor P1 of poliovirus and coxsackievirus Bi in infected HeLa
cells. Antiserum generated against HSP70 coimmunoprecipitated the poliovirus protein P1, an intermediate in
capsid assembly. Similarly, a-virion serum coimmunoprecipitated HSP70 from virus-infected cell extracts, but
not from mock-infected cell extracts. The HSP70-P1 complex was stable in high-salt medium but was sensitive
to incubation with 2 mM ATP, which is a characteristic of other known functional complexes between HSP70
and cellular proteins. The P1 in the complex was predominantly newly synthesized, and the half-life of
complexed P1 was nearly twice as long as that of total P1. The HSP7O-Pl complex was found to sediment at 3S
to 6S, suggesting that it may be part of, or a precursor to, the "5S promoter particles" thought to be an
assembly intermediate of picornaviruses. The finding that HSP70 was associated with the capsid precursors of
at least two enteroviruses may suggest a functional role of these complexes in the viral life cycles.

Poliovirus, a member of the picornavirus family, has a
7,500-nucleotide positive-stranded RNA genome encapsi-
dated in an icosahedral protein shell. The genomic RNA
contains a single long open reading frame which encodes a
247-kDa polyprotein (29). This polyprotein is cotranslation-
ally cleaved first by the virus-encoded protease 2A, releasing
the capsid precursor P1 (34). The capsid precursor P1 is
subsequently cleaved by the virus-encoded protease 3CD
(36), to yield a 5S promoter particle containing one copy
each of VP1, VP3, and VPO. Five of these promoter particles
are then thought to assemble in the cytoplasm of the infected
cells into a 14S pentamer (27, 29), which can then assemble
into 75S empty capsids (27, 29). Subsequently, the viral
RNA may then be encapsidated by either the 75S empty
capsids or the 14S pentamers, resulting in the formation of a
125S to 150S provirion containing 60 copies each of VPO,
VP1, and VP3. The final processing of the provirion into the
mature virion requires cleavage of VPO into VP2 and VP4,
presumably by a virion-catalyzed mechanism (2).

It is striking that many processes in the viral life cycle,
such as RNA replication (3, 4), translation (8, 28), and capsid
assembly (7, 26, 35), appear to be localized on membranes
derived from the endoplasmic reticulum (ER). For example,
the RNA replication complexes are thought to be anchored
on the membrane surface by the hydrophobicity of 2C, 2BC,
and 3AB viral proteins (3, 4, 33) required for RNA synthesis.
However, the mechanism for targeting poliovirus mRNA
translation to ER membranes is not clear, because the
poliovirus polyprotein has no known targeting signal se-
quence. Similarly, it is unknown why viral assembly takes
place on membranes, because poliovirions do not contain
glycoproteins.
There is evidence that proteins can be targeted to mem-

brane-bound organelles derived from the ER by an associa-
tion with members of the 70-kDa heat shock protein (HSP70)

* Corresponding author.

family, which presumably maintain the associated proteins
in an unfolded, translocationally competent conformation.
For example, both the bacterial plasma membrane M13 coat
protein precursor (37) and the yeast preproalpha factor (9,
12) can be targeted to membranes by association with
HSP70. Similarly, heat shock proteins have been reported to
associate with steroid hormone receptor and may target the
activated receptor to the nucleus (15). Besides playing a role
in intracellular targeting, HSP70 is involved in the folding
and translocation of proteins into the mitochondrial matrix
(19). Another HSP70-like molecule, BiP, is localized in the
lumen of the ER and is known to bind to newly synthesized
immunoglobulin heavy chains during the course of their
folding and assembly with immunoglobulin light chains (5,
16).
Evidence that HSP70 may be involved in the assembly of

virions has been provided by Macejak and Luftig (22), who
reported that HSP70 is associated with the fiber protein of
adenovirus. Because members of the HSP70 family facilitate
both the proper folding and targeting of proteins within the
cell, we examined whether HSP70 was specifically associ-
ated with poliovirus proteins in infected cells. We report
here the association of HSP70 with the capsid precursor P1
of both poliovirus type 1 and coxsackievirus Bi and suggest
a possible role for this interaction in viral assembly.

MATERIALS AND METHODS

Cells and viruses. HeLa cells were grown in Dulbecco's
modified Eagle's medium supplemented with 10% bovine
serum (Irvine Scientific). Wild-type poliovirus type 1 was
isolated from a single plaque derived from HeLa cells that
had been transfected with RNA molecules made by in vitro
transcription of a full-length poliovirus cDNA-containing
plasmid as previously described (30). Coxsackievirus Bi was
obtained from Harley Rotbart, University of Colorado
Health Sciences Center, Denver.

Preparation of cell extracts and analysis of proteins by
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FIG. 1. Immunoprecipitation of P1 by cL-HSP70 serum in poliovirus-infected HeLa cells. Infected cells were pulse-labeled with

[35S]methionine-[35S]cysteine for 20 min at the times postinfection as indicated in hours above the autoradiograph. Cytoplasmic extracts were
prepared and analyzed by SDS-PAGE. An autoradiograph is shown displaying labeled proteins obtained from the total lysate (LYSATE; lanes
1 to 8), after immunoprecipitation with a-HSP70 serum (HSP70; lanes 9 to 16), or after immunoprecipitation with normal rabbit serum (NS;
lanes 17 to 24). The positions of poliovirus proteins P1, 3CD, and 2C are indicated. The asterisk (adjacent to lane 9) denotes the position of
HSP70 in lanes 9 and 10.

immunoprecipitation and immunoblot techniques. HeLa cell
monolayers were infected with wild-type poliovirus as pre-
viously described (32), except that a multiplicity of infection
of 50 was used. At different times after infection, cells were
incubated in methionine-free, cysteine-free medium and
subsequently labeled with 100 ,uCi of [35S]methionine and
[35S]cysteine (Trans-label; New England Nuclear) for 10 min
(unless otherwise indicated) as described previously (18). In
prelabeling experiments, cells were incubated with 100 ,uCi
of Trans-label for 3 h prior to virus infection. For pulse-
chase experiments, cells were labeled for 10 min as de-
scribed above, subsequently washed three times in Dulbec-
co's modified Eagle's medium supplemented with 0.15 mg of
methionine per ml and 0.04 mg of cysteine per ml (10-fold
greater than the normal concentrations in Dulbecco's mod-
ified Eagle's medium), and incubated for various times at
37°C in Dulbecco's modified Eagle's medium supplemented
with the 10-fold concentrations of methionine and cysteine.
Cytoplasmic cell extracts were prepared and immunopre-

cipitation analysis was performed as described previously
(31). Proteins were analyzed on sodium dodecyl sulfate
(SDS)-10% polyacrylamide gels. The gels were treated with
1 M salicylate and dried, and autoradiographs were prepared
at -700C.
Immunoblot analysis with a-HSP70 antisera was per-

formed as described previously (22). The a-HSP70 serum
immunoprecipitated quantitatively HSP70 from cell ex-
tracts. This was determined by immunoprecipitation of
various amounts of HSP70 purified either from HeLa cell
extracts or from Escherichia coli strains which overex-
pressed HSP70 (21).

Analysis of viral and subviral particles. Preparation of cell
extracts and separation of 75S and 150S particles by sedi-

mentation through 15 to 30% sucrose gradients made in RSB
(10 mM Tris [pH 7.4], 10 mM NaCl, 1.5 mM MgCl2) were
performed as described previously (11), except that cells
were labeled with [35S]methionine and [35S]cysteine for 30
min at 3 h after infection. The 5S and 14S particles were
separated by sedimentation through 5 to 20% sucrose gradi-
ents as described previously (23), except that the gradients
were made in RSB.

RESULTS

Coimmunoprecipitation of poliovirus capsid precursor P1
with human HSP70 in infected HeLa cells. To determine
whether HSP70 interacts with any poliovirus proteins in
infected cells, HeLa cells were infected with wild-type
poliovirus and pulse-labeled with [35S]methionine and
[35S]cysteine hourly from 0 to 6 h postinfection. Cytoplasmic
extracts were prepared and immunoprecipitated, with either
antiserum raised against HSP70 (aL-HSP70) or normal rabbit
serum. Figure 1 shows that poliovirus infection resulted in
the expected inhibition of host cell translation (29) and the
production of virus-specific proteins by 2 h postinfection
(lane 3). Concurrently with the production of poliovirus
proteins, a-HSP70 serum immunoprecipitated a protein from
infected cell extracts which comigrated with capsid precur-
sor P1 (lanes 11 to 15). In extracts prepared from cells that
were continuously labeled from 4 to 6 h after infection, an
additional protein comigrating with 3CD was also immuno-
precipitated by the a-HSP70 serum (lane 16); however, this
protein was also immunoprecipitated by normal serum (lane
24) and thus was not specifically immunoprecipitated by the
HSP70 antiserum. Because of the virus-induced inhibition of
cellular translation, cellular HSP70 could be labeled only at
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FIG. 2. Immunoprecipitation of HSP70 by a-virion serum in
poliovirus-infected (PV-inf) HeLa cells. Cells were labeled with
[35S]methionine-[35S]cysteine for 3 h prior to infection. Extracts
were prepared 3 h after infection and analyzed by SDS-PAGE. An
autoradiograph is shown displaying labeled proteins obtained from
the extracts (lys) and after immunoprecipitation with normal rabbit
serum (ns), a-HSP70 serum (ahsp), or a-virion serum (avir). The
migration of prestained marker proteins (Diversified Biotech) is
indicated (in thousands) on the left. Note that the migration of the
70-kDa HSP70 protein was slightly retarded in lane 8 owing to
excess immunoglobulin heavy chain migrating slightly below the
70-kDa protein. The position of HSP70 is indicated at right. The
arrow denotes P1 immunoprecipitated specifically by the a-virion
serum in infected cell extracts.

1 and 2 h after infection (lanes 9 and 10). The additional
labeled proteins immunoprecipitated at that time most prob-
ably represent cellular proteins that are normally associated
with HSP70 (25).
To test whether antiserum directed against poliovirions

coimmunoprecipitated HSP70, we labeled HeLa cells for 3 h
prior to infection with poliovirus. Cell extracts were then
prepared at 3 h after infection and immunoprecipitated with
antiserum directed against either HSP70 or virions. Figure 2
shows that the patterns of labeled proteins from mock- and
virus-infected cell extracts were indistinguishable (lanes 1
and 5); no poliovirus-specific proteins could be seen under
these labeling conditions. The a-HSP70 serum specifically
immunoprecipitated the expected 70-kDa protein from both
uninfected (lane 3) and infected (lane 7) extracts, as well as

a few other proteins which may be present in complex with
HSP70 in the cell extract. In addition, several other proteins
were nonspecifically immunoprecipitated by both the
a-HSP70 and the normal rabbit serum (lane 2). The ao-virion
serum immunoprecipitated a 70-kDa protein from infected
cell extracts but not from mock-infected cell extracts (lanes
8 and 4, respectively). This indicated that the 70-kDa pro-

tein, presumably HSP70, was coimmunoprecipitated by the
oa-virion serum. In addition to HSP70, a protein migrating
above 95 kDa, identified as P1, was immunoprecipitated by
the a-virion serum from poliovirus-infected, but not from
mock-infected, cell extracts (arrow, lanes 8 and 4, respec-
tively).

Quantitation of the HSP7O-Pl complex in infected cells. To
determine the percentage of the total amount of P1 and
HSP70 present in the observed complex, lysates from unla-
beled mock- and virus-infected cells were prepared and
immunoprecipitated with various antisera. After separation
by SDS-polyacrylamide gel electrophoresis (PAGE), total
and immunoprecipitated proteins were transferred to nitro-
cellulose and immunoblotted with either a-HSP70 (Fig. 3,
lanes 1 to 8) or a-virion (lanes 9 to 16) antibodies. The
a-HSP70 immunoblot revealed a single protein with the
expected molecular weight of 70,000, present in total lysates
(lanes 1 and 5) and in a-HSP70-collected immunoprecipita-
tions (lanes 3 and 7), obtained from both mock- and virus-
infected cell extracts. Bands of indistinguishable intensities
were obtained in lanes 1, 3, 5, and 7, showing that immuno-
precipitation by a-HSP70 serum, electrophoretic transfer
from gel to filter, probing with a-HSP70 antibody, and
detection of bound antibody were reproducible. HSP70 was
also recognized in the ot-virion-collected immunoprecipita-
tions obtained from virus-infected extracts (lane 8) but not
from mock-infected extracts (lanes 4). Quantitation by den-
sitometry (32) showed that as much as 50% of total cellular
HSP70 was immunoprecipitated by the a-virion serum.
The blot on the right in Fig. 3 shows that a-virion serum

detected viral capsid precursors P1 and VPO and capsid
proteins VP1 and VP3 in lysates and in a-virion-collected
immunoprecipitations from virus-infected (lanes 13 and 16)
but not mock-infected (lanes 9 and 12) cells. Further tore,
the precursor protein P1 was detected in the a-HOP70-
collected immunoprecipitation from virus-infected (lane 15)
but not mock-infected (lane 11) cell extracts. Quantitation by
densitometry revealed that approximately 1% of the total P1
was immunoprecipitated by the a-HSP70 serum.

Again, this experiment substantiated that HSP70 and P1
were not individually recognized by both antisera. Rather,
HSP70 and P1 could be coimmunoprecipitated in infected
cell extracts and thus appeared to be in a physical complex
with each other. This complex was found to remain stable
after incubation in 500 mM NaCl-1% Nonidet P-40-0.2%
SDS (30 min at 0WC), but was sensitive to freezing at -20°C
(21). Furthermore, the association of HSP70 appeared to be
specific for P1 and not for the P1 cleavage products VPO,
VP1, or VP3 or any other poliovirus proteins.
To gain further evidence for a physical association of

HSP70 with P1, we cross-linked extracts from poliovirus-
infected cells with both N-succinimidyl-6-(4'-azido-2'-nitro-
phenylamino)hexonate (SANPAH; Pierce) and bis(sulfosuc-
cinimidyl)suberate (BS3; Pierce). Both HSP70 and P1
appeared to redistribute into heterogeneous high-molecular-
weight complexes in SDS-polyacrylamide gels after cross-
linking (21). However, it was not conclusive whether these
high-molecular-weight complexes contained HSP70-P1 com-
plexes. If only 1% of total P1 was associated with HSP70
(Fig. 3), and if the efficiency of cross-linking was 50% or less,
a HSP70-P1 complex may not be displayed by this approach.

HSP70-associated P1 has a longer half-life than total P1
does. To examine potential functional roles of the HSP70-P1
complex in infected cells, we first compared the stability of
total P1 and HSP70-complexed P1. Poliovirus-infected cells
were pulse-labeled with [35S]methionine and [35S]cysteine 3
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FIG. 3. Immunoblot analysis of capsid proteins and HSP70 in mock- and poliovirus-infected (PV-inf) cell extracts. Proteins from extracts
(lys) and after immunoprecipitation with normal serum (ns), a-HSP70 serum (ahsp), or a-virion serum (avir) sera were separated by
SDS-PAGE and subsequently transferred to nitrocellulose filters. The filter represented on the left was incubated with a-HSP7O serum (lanes
1 to 8). The filter represented on the right was incubated with a-virion serum (lanes 9 to 16). The positions of HSP70 and marker proteins are
indicated (in thousands) on the left. The positions of P1, cleavage products VPO, VP1, and VP3, and immunoglobulin heavy chain (IgG) are
indicated on the right.

h after infection, excess unlabeled methionine-cysteine was

added, and the processing and/or degradation of total and
HSP70-complexed P1 was monitored by immunoprecipita-
tion analysis. Figure 4A shows that pulse-labeled P1 was
chased into P1 cleavage products VPO, VP1, and VP3 (lanes
1 to 6). P1 and its cleavage products could be immunopre-
cipitated with the a-virion antibody (lanes 8, 10, 12, 14, 16,
and 18). The P1 precursor, but not the P1 cleavage products,
could be immunoprecipitated by a-HSP70 serum and, thus,
represented the HSP70-associated form of P1 (lanes 7, 9, 11,
13, 15, and 17).

Quantitation of pulse-labeled P1 (lanes 7 and 8) revealed
that 15% of newly synthesized P1 was immunoprecipitated
by the a-HSP70 serum. In contrast, only 1% of the total
amount of P1 was complexed to HSP70 (Fig. 3). Thus, it
appeared that HSP70 preferentially associated with newly
synthesized P1 and that the half-life of P1 associated with
HSP70 was longer (43 min) than that of total P1 (23 min) (Fig.
4B). The increased half-life of HSP70-associated P1 could be
due to either slower processing of P1 by 3CD or slower
overall decay of P1, or both. The individual contributions of
processing and of overall decay on the stability of P1 could
be studied by using extracts prepared from 3C mutant
poliovirus-infected cells.

Sensitivity of the HSP70-P1 complex to incubation with
ATP. Many known HSP70-protein complexes, such as

HSP70-p53 and BiP-immunoglobulin heavy chain (reviewed
in reference 25), are disrupted by incubation in buffers
containing ATP (25). The precise role of the ATP is not

clear. However, members of the HSP70 family are known to
bind ATP with high affinity (25). Pelham has therefore
suggested that ATP hydrolysis may provide the energy to
change the conformation of the heat shock protein-protein
complex, thereby inducing the disruption of the complex
(25). As shown in Table 1, 84% of newly synthesized P1 that
is associated with HSP70 (15% of newly synthesized P1 is
associated with HSP70 in the cell extract) could be released
from HSP70-P1 complexes after incubation of the infected
cell extract with 2 mM ATP. Thus, the HSP70-P1 complex
displayed the ATP sensitivity characteristic of many HSP70-
protein complexes.
The HSP70-P1 complex sediments at 3S to 6S. The assem-

bly intermediates of poliovirus have defined sedimentation
values (27). To determine whether the HSP70-P1 complexes
were associated with any of these particles, we separated
infected cell extracts by sucrose density sedimentation. The
separation of 75S and 150S particles in 15 to 30% sucrose
gradients is shown in Fig. 5A and the proteins present in the
individual fractions of the gradient are shown in Fig. SB.
Most of the radiolabeled capsid proteins were at the top of
the gradient in fractions 1, 2, and 3, containing 31, 20, and
9% of labeled P1, respectively. The 150S peak (fractions 13
and 14) contained processed capsid proteins VP0, VP1, VP2,
and VP3. Immunoprecipitation of alternate fractions with
a-HSP70 serum showed that HSP70-associated P1 was
found primarily in fraction 3 (44% of total radiolabeled P1)
(Fig. SC).
To resolve the HSP70-P1 complex further, we analyzed
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FIG. 4. (A) Pulse-chase analysis of total and HSP70-complexed P1 in poliovirus-infected HeLa cells. Infected cells were pulsed (P) with
[35S]methionine-[5S]cysteine for 10 min at 3 h after infection, chased with excess methionine and cysteine, and harvested at various times
after the chase as indicated in hours at the top of the figure. An autoradiograph is shown displaying total proteins (lanes 1 to 6) and proteins
immunoprecipitated with a-HSP70 (h) or a-virion (v) serum. The positions of P1 and P1 cleavage products (VPO, VP1, and VP3) are indicated.
(B) Quantitation of total and HSP70-complexed P1. P1 in panel A was quantitated by densitometric analysis. The amount of radioactivity in
the immunoprecipitated P1 bands after the pulse-label was set to 100%. The percentages of P1 that could be immunoprecipitated at various
times after the chase are shown.

infected cell extracts by sedimentation through 5 to 20%
sucrose gradients (23). Fractions were immunoprecipitated
with a-HSP70 serum and separated by SDS-PAGE. The gel
was subsequently immunoblotted with a-virion serum. The
P1 immunoprecipitated by a-HSP70 serum was found to be
at the top of the gradient, particularly in fractions 3 and 4
(Fig. 5D). In a parallel gradient, the sedimentation of hemo-
globin (9S) was monitored as a marker. The approximate S
value of the HSP70-P1 complex was determined in this way
to be 3S to 6S. Immunoprecipitations of the same fractions
followed by immunoblotting with ot-HSP70 serum indicated
that HSP70 was present in fractions 3 and 4 as well (21).
Thus, it appeared that the HSP70-P1 complex was not found
primarily in large aggregates. Rather, this complex, sedi-

TABLE 1. ATP sensitivity of the HSP70-P1 complex

Amt of P1 associated with
Reaction conditiona HSP70b

OD655 Relative amt

No addition 542 1.0
10 mM MgCl2 added 546 1.0
10 mM MgCl2 plus 2 mM 86 0.16
ATP added
a Extracts were prepared in TENN buffer (50 mM Tris-HCI, 5 mM EDTA,

150 mM NaCI, 0.5% Nonidet P-40), and different samples from the same
extract were incubated for 10 min at 25°C with the additions as indicated.

b Determined by densitometric analysis of the autoradiograph. The amount
of P1 under reaction conditions with no addition, after collection by immuno-
precipitation with os-HSP70 serum, was set at 1.0. OD655, optical density at 655.

menting at 3S to 6S, may be part of a precursor, or the entire
precursor, to the 5S particle, which is thought to be an
intermediate in viral assembly.

Coimmunoprecipitation of coxsackievirus Bi capsid precur-
sor P1 with HSP70 in infected HeLa cells. To determine
whether the HSP70-P1 interaction was seen in other entero-
virus-infected cells, extracts were prepared from HeLa cells
infected with coxsackievirus Bi and were subjected to
immunoprecipitation analysis. As shown in Fig. 6A,
a-HSP70 serum immunoprecipitated a 100-kDa protein from
coxsackievirus Bl-infected cell extracts (lane 4), as well as
the 70-kDa HSP70 from mock-infected extracts (lane 3). The
100-kDa protein comigrated with coxsackievirus P1 recog-
nized by a-virion serum (lane 6). As shown in Fig. 6B, the P1
protein of coxsackievirus Bi was observed to migrate more
slowly than the analogous P1 protein of poliovirus type 1.
The data in Fig. 6A and B suggest that the association of
HSP70 with P1 is conserved among at least two enterovi-
ruses; these capsid precursor proteins share about 60%
homolgy (17).

DISCUSSION
We have examined the association of HSP70 with polio-

virus structural proteins in infected HeLa cell extracts by
using immunoprecipitation and immunoblot analysis with
sera generated against either human HSP70 or poliovirus
virions. The a-HSP70 serum coimmunoprecipitated the cap-
sid precursor P1 in cytoplasmic extracts from infected cells.
Conversely, the a-virion serum coimmunoprecipitated
HSP70 from virus-infected but not mock-infected cell ex-
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FIG. 5. Analysis by sucrose gradient sedimentation of HSP70-associated viral and subviral particles. (A) Profile of [35S]methionine-
[35S]cysteine-labeled cell extracts from poliovirus-infected cells fractionated in a 15 to 30% sucrose gradient. Fractions are numbered from
top to bottom. Counts per minutes (CPM) are indicated. (B) SDS-PAGE analysis of radiolabeled proteins in individual fractions of the sucrose

gradient shown in panel A. An autoradiograph is shown. (C) Alternate fractions of the sucrose gradient shown in panel A were

immunoprecipitated with a-HSP70 serum and analyzed by SDS-PAGE. An autoradiograph is shown. The coimmunoprecipitation of the
low-molecular-weight proteins was also seen in samples collected after immunoprecipitation with normal serum, and thus is nonspecific. (D)
Immunoblot analysis of proteins from poliovirus-infected cell extracts. Extracts were separated by sedimentation in 5 to 20% sucrose

gradients, and individual fractions were immunoprecipitated with a-HSP70 serum. After SDS-PAGE, proteins were transferred to
nitrocellulose and the blot was incubated with a-virion serum. The position of hemoglobin (9S), separated from rabbit reticulocyte lysate in
a parallel gradient, is indicated. P1 in the unfractionated infected extract is also shown (lane i).

tracts. We have shown that the antibodies did not cross-

react, and thus it appears that HSP70 and P1 are physically
associated in infected cells.
The HSP70-P1 complex was stable in 500 mM NaCl and

0.2% SDS, but was sensitive to incubation with 2 mM ATP

or to freezing at -20°C. As reviewed by Pelham (25),
complexes between HSP70 and p53 or between BiP and
immunoglobulin heavy chain are all resistant to high salt
concentrations, but are released in an ATP-dependent man-

ner. Thus, the HSP70-P1 complex that we have observed in
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FIG. 6. Coimmunoprecipitation of HSP70 with P1 from coxsack-
ievirus Bl-infected cells. Cells were labeled with [355]methionine-
[35S]cysteine for 20 min at 3 h after infection. Lysates and collected
immunoprecipitations were analyzed by SDS-PAGE. Autoradio-
graphs of the gels are shown. (A) Total proteins (lys) and proteins
immunoprecipitated with a-HSP70 serum (ahsp) or a-virion serum
(avir) from mock-infected (M) or coxsackievirus Bl-infected (CB1)
cells are shown. (B) Total proteins (lys) and proteins immunopre-
cipitated with a-HSP70 (ahsp) serum from poliovirus-infected (PV)
or coxsackievirus Bl-infected (CB1) cell extracts are shown. The
positions of P1, HSP70, and protein markers are indicated. Note
that the P1 of coxsackievirus Bi migrates more slowly than that of
poliovirus.

in the complex involves the myristate moiety on the amino
terminus of P1 (10, 24), since VP0 is myristylated as well.
Moreover, the association of HSP70 and P1 was not distrib-
uted by incubation with 1 or 5 mM myristate (21). It may be
that HSP70 recognizes the conformation of P1 or a cleavage
junction site in P1, conserved in the P1 protein of coxsack-
ievirus Bi. It is conceivable that HSP70 can bind to nascent
P1 and facilitate its folding into a particular conformation
required for productive cleavage and assembly. In this
regard, it is generally thought that the proper folding of P1
triggers the cleavages by the viral protease 3CD to yield a 5S
promoter particle (1, 6, 13). Such a function for HSP70
would be analogous to that proposed for BiP in facilitating
the folding and assembly of immunoglobulin molecules (5,
16) and other secretory proteins (14) in the lumen of the ER.
In addition, the role of an HSP70 association with P1 could
be analogous to the involvement of HSP70 in the targeting of
proteins to the ER or mitochondria in yeasts (9, 12). Thus,
HSP70 could not only influence the conformation of P1 as
described above, but also facilitate its transport to the site of
assembly on the ER vesicle surface.
A potential role of HSP70 in the assembly of adenovirus,

a double-stranded DNA virus, has been suggested by detec-
tion of HSP70-fiber capsid protein complexes in adenovirus-
infected cells (22). Therefore, it is tempting to speculate that
HSP70 is playing an antiviral role in virus-infected cells by
binding to certain newly synthesized capsid proteins to limit
their participation in assembly. Alternatively, HSP70 may
have been subverted by the viruses to facilitate assembly of
their capsids. Also, it is possible that such an association is
due merely to a fortuitous interaction. This is less likely,
because the association of HSP70 with poliovirus P1, for
example, is highly stable, is specific to the P1 precursor, and
is conserved in another enteroviruses. The development of a
membrane-dependent in vitro assembly system, the results
of further cell fractionation studies, and the use of viral
mutants with reduced P1 affinity for HSP70 could be used to
test some of these hypotheses and to elucidate the role of
HSP70 in poliovirus-infected cells.

enterovirus-infected cells shares biochemical properties
common to other heat shock protein-protein complexes
previously described. In addition, the half-life of P1 was
increased when bound to HSP70, a property displayed by
HSP70-associated p53 in transformed cells (20). Further-
more, HSP70-P1 complexes immunoprecipitated with
a-HSP70 antibodies could not be cleaved by the poliovirus
protease supplied from poliovirus-infected extracts (21).
This suggests that the P1 in the complex is uncleavable by
the viral protease, and this is in agreement with the finding
that heat shock proteins are associated with unfolded pro-
teins (25).
Although only 1% of the total amount of P1 was observed

to be associated with HSP70, pulse-chase experiments re-
vealed that 15% of newly synthesized P1 was associated with
HSP70. Thus it appears that HSP70 is preferentially associ-
ated with newly synthesized P1. Most probably, a single
burst of 1,000 virions per cell requires more than 1% of total
P1 present in the cell. However, if HSP70 association with
P1 is only transient, the role of the HSP70-P1 interaction
may be significant.

Further analysis of the HSP70-P1 complex by sucrose
gradient sedimentation showed that it sedimented at 3S to
6S. HSP70 associated specifically with precursor P1 and not
with the P1 cleavage products VPO, VP1, and VP3. There-
fore, it is unlikely that the interaction between HSP70 and P1
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