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The cellular glucose-regulated protein GRP78-BiP is a member of the HSP70 stress family of gene products,
and the protein is a resident component of the endoplasmic reticulum, where it is thought to play a role in the
folding and oligomerization of secretory and membrane-bound proteins. GRP78-BiP also binds to malfolded
proteins, and this may be one mechanism for preventing their intracellular transport. An induction in synthesis
of the GRP78-BiP protein occurs in cells infected with paramyxoviruses (R. W. Peluso, R. A. Lamb, and
P. W. Choppin, Proc. Natl. Acad. Sci. USA 75:6120-6124, 1978). We have studied the expression and activity
of the GRP78-BiP gene and synthesis of the GRP78-BiP protein during infection with the paramyxovirus simian
virus 5 (SV5). We wished to identify the viral component capable of causing activation of GRP78-BiP since
GRP78-BiP interacts specifically and transiently with the SV5 hemagglutinin-neuraminidase (HN) glycoprotein
during HN folding (D. T. W. Ng, R. E. Randall, and R. A. Lamb, J. Cell Biol. 109:3273-3289, 1989).
Expression of cDNAs of the SV5 wild-type HN glycoprotein and a mutant form of HN that is malfolded but not
the SV5 F glycoprotein or SV5 cytoplasmic proteins P, V, and M caused increased amounts of GRP78-BiP
mRNA to accumulate, as detected by nuclease S1 protection assays. As unfolded or malfolded forms of HN
cannot be detected to accumulate during SV5 infection, the data suggest that the flux of HN through the ER
in SV5-infected cells can cause activation of GRP78-BiP transcription.

Infection of a wide variety of cells with the paramyxovirus
simian virus 5 (SV5) causes the induction in synthesis of a
group of polypeptides (Mr 98,000, 96,000, and 78,000) re-
ferred to as glucose-regulated proteins (44, 45). These cellu-
lar polypeptides are the same polypeptides whose synthesis
is stimulated in cells transformed by avian sarcoma viruses
(25, 52, 54) and in cells deprived of glucose or under
conditions in which glycosylation is inhibited (46, 52). Al-
though maintenance of a high concentration of glucose in the
medium has been reported to decrease the synthesis of these
polypeptides in transformed cells (52), this is not the case in
paramyxovirus-infected cells (6, 45), and a recent study
suggests that the 78,000-Mr polypeptide is induced in Rous
sarcoma virus-transformed cells independent of glucose star-
vation (53). The glucose-regulatory proteins of Mr 98,000
and 96,000, which are glycosylated and unglycosylated
forms of the same polypeptide, and Mr 78,000 are now
designated GRP94 and GRP78-BiP, respectively (reviewed
in reference 34).
GRP78-BiP is a member of the hsp70 family of stress-

related proteins and is a resident and soluble component of
the lumen of the endoplasmic reticulum (ER) (17, 35).
GRP78-BiP is regulated at the transcriptional level (4, 48),
and in addition to glucose deprivation, transformation of
cells, and paramyxovirus infection, mammalian GRP78-BiP
protein synthesis (and mRNA synthesis, where examined) is
induced by inhibition of glycosylation (4, 39, 57), treatment
of cells with amino acid analogs (22, 27), disruption of
intracellular calcium stores (12, 58, 62), low extracellular pH
(59), expression of malfolded proteins (28), and increased
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expression of secreted proteins (11, 60; reviewed in refer-
ence 15). Interestingly, GRP78-BiP protein synthesis is
strongly resistant to hypertonic salt concentrations (44),
conditions which greatly decrease initiation of cellular pro-
tein synthesis (38). GRP78-BiP has been implicated in having
a role in the folding and assembly of proteins in the ER (2,
14, 18, 26, 35, 43), to mark aberrantly folded proteins
destined for degradation (10, 14, 32) or to aid in solubilizing
aggregated proteins during periods of stress (35). Recently it
has been shown that the SV5 and Sendai virus hemaggluti-
nin-neuraminidase (HN) glycoprotein and the vesicular sto-
matitis virus glycoprotein (G) specifically and transiently
associate with GRP78-BiP during glycoprotein folding (33,
37, 49). It has been found that GRP78-BiP and HN form a
complex which can be detected from the time of HN
synthesis up to a point just before oligomerization of the
immature HN molecules to form the native tetramer (37). In
addition, GRP78-BiP plays a second role in that it becomes
more stably associated with altered forms of HN or G that
are malfolded (33, 37), as has also been found with malfolded
forms of several proteins, including the influenza virus
hemagglutinin (HA) (14, 23).
We are interested in the molecular requirements for

GRP78-BiP induction after infection of cells with the
paramyxovirus SV5. In addition to HN, SV5 encodes the
fusion (F) glycoprotein, a small nonglycosylated integral
membrane protein (SH), the viral membrane protein (M), the
major nucleocapsid protein (NP), and the nucleocapsid-
associated proteins L, P, and V (reviewed in reference 30).
As most of the cDNA sequences encoding the SV5 virus
proteins have been cloned, sequenced, and expressed in
eukaryotic cells (20, 21, 40-42, 51, 55), we examined
whether the synthesis of particular SV5 proteins is respon-
sible for the induction of GRP78-BiP synthesis, and we find
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that it is due to expression of the HN protein. As unfolded or
malfolded forms ofHN cannot be detected to accumulate in
wild-type SV5-infected cells, we conclude that the flux of
synthesis of folding-competent HN molecules stimulates
GRP78-BiP synthesis.

MATERIALS AND METHODS

Cells and viruses. CV-1 cells were maintained in Dulbec-
co's modified Eagle's medium (DME) supplemented with
10% calf serum. The W3 strain of SV5 was grown in MDBK
cells as described before (45). The virus (3 x 108 PFU/ml)
was stored in DME containing 1% bovine serum albumin
(BSA) at -70°C. UV-irradiated SV5 was prepared by using
a 15-W germicidal lamp for 5 min at a distance of 7 cm for 3
ml of undiluted virus spread evenly in a 10-cm dish; residual
infectivity under such conditions was <103 PFU/ml. Simian
virus 40 (SV40) stocks were grown in CV-1 cells as previ-
ously described (42). For infection of cells with SV5, con-
fluent monolayers of CV-1 cells were washed twice with
either phosphate-buffered saline (PBS) or DME and then
infected with SV5 (approximately 50 to 100 PFU/cell) for 1 to
2 h at 37°C. Following infection, the virus-containing me-
dium was removed and the cells were maintained in DME
plus 2% fetal calf serum. For mock infections or infections
with UV-irradiated SV5, CV-1 cell monolayers were washed
in parallel with the cells to be infected, incubated in DME
plus 1% BSA (mock) or UV-irradiated SV5 for the duration
of infection, and then maintained in DME plus 2% fetal calf
serum and treated in parallel with the SV5-infected cells.
Infections with the SV40 virus stocks were done as de-
scribed before (42). For mock SV40 infections, cell cultures
were incubated in DME alone for the duration of the
infection period.

Analysis of mRNA abundance and transcription rates.
Cytoplasmic RNA was isolated from virus-infected or mock-
infected CV-1 cells as described previously (7). Briefly, cell
monolayers were washed with PBS and lysed in buffer
containing 0.1 M NaCl, 10 mM Tris-HCl (pH 8.0), 2 mM
EDTA, 1% Nonidet P-40, 0.5% sodium deoxycholate, and
1% ,-mercaptoethanol. The nuclei were removed by centrif-
ugation, and the mRNA-containing supernatant was ex-
tracted twice with phenol-chloroform-isoamyl alcohol (25:
24:1) and then precipitated with ethanol. Nuclease S1
protection assays of endogenous GRP78-BiP mRNA were
done similarly to those described by Wu et al. (61), using a
human GRP78-BiP gene probe (detailed in the legend to Fig.
4). Following overnight hybridization of the denatured probe
to CV-1 cell RNA, the single-stranded nucleic acids were
digested with 600 U of nuclease S1 (Boehringer Mannheim
Biochemicals, Indianapolis Ind.) for 60 to 90 min at 37°C.
Proteins were extracted with phenol-chloroform-isoamyl al-
cohol (24:24:1), and the nucleic acids were precipitated with
ethanol. Nuclease S1-resistant products were separated by
electrophoresis on 4% polyacrylamide gels containing 8 M
urea, and the gels were subjected to autoradiography. For
quantitation, multiple exposures of each gel were scanned by
laser densitometry.

In vitro run-on transcription reactions (13) were per-
formed in isolated CV-1 cell nuclei in the presence of
[32P]UTP, as described previously (1). Radioactive RNA
was hybridized to nitrocellulose filters containing gene-
specific plasmids pHG23.1.2 (GRP78-BiP), pHA7.6 (P72),
pH2.3 (HSP70) (61), and pHF,A-1 (actin) (16). The vector
plasmid pGEM2 (Promega Biotech, Madison, Wis.) was also
immobilized on the nitrocellulose filter, as a control for

nonspecific hybridization. The hybridizations were carried
out in 50% formamide-6x SSC (lx SSC is 0.15 M sodium
chloride and 0.015 M sodium citrate)-5x Denhardt's solu-
tion (lx is 0.02% Ficoll, 0.02% polyvinylpyrrolidone, and
0.02% BSA)-0.1% sodium dodecyl sulfate (SDS)-50 V.g of
tRNA per ml at 42°C for 65 to 80 h. Following hybridization,
filters were washed sequentially in 6x SSC-0.2% SDS, 2x
SSC-0.2% SDS, and 0.2x SSC-0.2% SDS for 30 to 60 min
each at 65°C. Results were visualized by autoradiography,
and the radioactivity was quantitated with a phosphoimaging
analyzer (Molecular Dynamics, Sunnyvale, Calif.).

Radioisotopic labeling, immunoblot analysis, and immuno-
precipitation of polypeptides. Proteins were labeled metabol-
ically with [35S]methionine in methionine-free DME (short
pulse labeling) or in continuous-label medium (methionine-
free DME supplemented with 10% complete DME and 2%
fetal calf serum) for longer labeling periods. The duration of
labeling periods is described in the figure legends. For
analysis of whole-cell lysates, cells were washed with PBS,
pelleted, and lysed in gel sample buffer (29). Lysates were
sonicated, boiled, and stored at -70°C. Proteins were sepa-
rated by electrophoresis through 10% polyacrylamide-SDS
gels (29) or 15% polyacrylamide-SDS gels (44). The gels
were processed by fluorography, dried, and exposed to
Kodak X-Omat film.
For immunoblot analysis, proteins were electrophoreti-

cally transferred from polyacrylamide gels to nitrocellulose
filters (3), and the filter was blocked in PBS containing BSA
(5 mg/ml) for 1 h at room temperature or overnight at 4°C,
incubated with anti-HN serum (36) for 60 to 120 min, and
washed two to three times with PBS plus 0.05% Nonidet
P-40. Filters were then incubated with 1251-labeled goat
anti-rabbit immunoglobulin G (IgG) and washed as described
above. Blots were subjected to autoradiography in the
presence of an intensifying screen.

For immunoprecipitations, metabolically labeled cells were
pelleted and lysed in 1% Nonidet P-40-150 mM NaCI-50 mM
Tris-HCl (pH 7.4)-2 mM phenylmethylsulfonyl fluoride for 2
to 5 min on ice. Nuclei were pelleted by centrifugation for 2
to 5 min, and the cytoplasm-containing supernatant was
incubated with SV5-specific antiserum or anti-BiP monoclo-
nal antibody (MAb) (2) for 60 to 120 min at 4°C. Protein
A-agarose beads (Boehringer Mannheim Biochemicals) were
added, and the incubations were continued another 30 to 90
min. Beads were washed three times in wash buffer (1%
Nonidet P-40, 0.5% sodium deoxycholate, 0.1% SDS, 0.5 M
NaCl, 50 mM Tris-HCl[pH 7.4]) and once in PBS as de-
scribed before (2). Proteins were eluted from the beads by
boiling in gel sample buffer and analyzed by electrophoresis,
as described above.

RESULTS

Induction of GRP78-BiP protein synthesis during SV5 in-
fection. It has been found previously in cells infected with
the paramyxovirus SVS that the synthesis of GRP78-BiP is
induced from the earliest time (6 to 9 h postinfection [p.i.])
that viral protein synthesis can be detected (44, 45). To
confirm this observation and to provide positive identifica-
tion of GRP78-BiP, lysates from mock-infected CV-1 cells,
mock-infected CV-1 cells treated with tunicamycin (an in-
hibitor of N-linked glycosylation), and SV5-infected cells
were either analyzed on gels directly or immunoprecipitated
with the rat anti-BiP MAb (2). As shown in Fig. 1, the
amount of GRP78-BiP immunoprecipitated from tunicamy-
cin-treated cells was approximately threefold greater than
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FIG. 1. Synthesis of GRP78-BiP is induced during SV5 infection.
Confluent monolayers of CV-1 cells were mock infected or infected
with SV5 and maintained in DME plus 2% fetal calf serum. At 14 h
p.i., cells were labeled with 50 ,uCi of [35S]methionine per ml in
methionine-free DME for 30 min. Tunicamycin (2 pg/ml) was added
to mock-infected cells 2 h prior to and maintained during radioiso-
topic labeling. Lysates containing approximately equal cell numbers
were analyzed directly or immunoprecipitated with rat anti-BiP
MAb or anti-HN IgG. Polypeptides were separated by electropho-
resis on 15% polyacrylamide-SDS gels and subjected to autoradi-
ography. Positions of GRP78-BiP (78 kDa) and the viral structural
proteins HN (70 kDa), NP (63 kDa), M (35 kDa), and V (22 kDa) are
indicated. Lanes: M, mock-infected cells; SV5, SV5-infected cells;
TM, tunicamycin-treated cells; BiP, immunoprecipitated with anti-
BiP MAb; HN, immunoprecipitated with anti-HN IgG.

that from untreated cells. When SV5-infected cell lysates
were immunoprecipitated under ATP-depleting conditions
with anti-BiP MAb, a four- to fivefold greater quantity of
GRP78-BiP was precipitated than from mock-infected cells
and HN was coprecipitated with the BiP MAb (Fig. 1) (37).
Previously it has been found under steady-state labeling
conditions that the molar ratio of GRP78-BiP to HN in the
complex is 0.7:1, which suggests that one or more molecules
of GRP78-BiP associate with each newly synthesized HN
molecule (37). To confirm further the nature of the associa-
tions, lysates from SV5-infected cells were immunoprecipi-
tated with anti-HN antibody (which recognizes both imma-
ture and mature forms of HN), and as shown in Fig. 1,
GRP78-BiP coimmunoprecipitated with the HN protein. The
anti-HN antibody does not precipitate GRP78-BiP from
uninfected cells (37).

Transcriptional activation of GRP78-BiP. Dactinomycin
treatment of SV5-infected cells inhibits the induction of
GRP78-BiP protein synthesis, a finding which is suggestive
of increased transcription of the gene (45). To determine
whether SV5 infection of CV-1 cells stimulates GRP78-BiP
expression at the transcriptional level, in vitro run-off tran-
scription assays with isolated nuclei were performed. In
preliminary experiments it was found in mock-infected cells
that between 0 and 3 h posttreatment, there was an unex-
pected but reproducible transient stimulation (fivefold) of
GRP78-BiP transcription, not observed in uninfected cells,
i.e., cells for which medium changes were not made (data
not shown). This stimulation of GRP78-BiP transcription
declined to a basal rate by 6 h posttreatment. Several
changes in the mock infection procedure were made in an
attempt to identify the perturbant inducing GRP78-BiP tran-
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FIG. 2. GRP78-BiP is transcriptionally activated during SV5
infection. CV-1 cells were uninfected (U), infected with SV5, or
mock infected with UV-irradiated SV5. Nuclei were isolated at the
times p.i. indicated (in hours) and were used for run-on transcription
assays in the presence of [c_-32P]UTP. Radiolabeled RNA was
hybridized to nitrocellulose filters containing plasmids pHG23.1.2
(GRP78-BiP), pHA7.6 (P72), pH203 (HSP70), pHFPA-1 (actin), and
pGEM2 (vector). Plasmid pHG23.1.2 contains a 1.0-kb insert of
sequences derived from the 5' end of the human GRP78-BiP cDNA.
Plasmid pHA7.6 contains 600 bp of 5' sequences from the human
P72 cDNA (constitutive heat shock gene) (57a). Plasmid pH2.3
contains the human HSP70 gene, and pHFPA-2 contains sequences
encoding human actin. Following hybridization, the nitrocellulose
filters were washed as described in Materials and Methods, exposed
to Kodak X-Omat film for autoradiography, and then quantitated
with a phosphoimage analyzer.

scription in mock-infected cells, including changing the
medium on the cells 12 h prior to the experiment to supple-
ment glucose levels and washing cells in DME equilibrated
in an atmosphere of 5 to 7% CO2 to eliminate pH fluctua-
tions. However, these procedural changes did not prevent
the transient activation of GRP78-BiP transcription at 0 to 3
h posttreatment in mock-infected cells. Thus, to examine
GRP78-BiP transcription induced by SV5 infection at 6 to 9
h p.i., given the susceptibility of GRP78-BiP to transcrip-
tional induction, the mock infections were performed with
SV5 that had been inactivated by UV irradiation.

Nuclei were isolated from uninfected cells, SV5-infected
cells, and UV-inactivated SV5-infected cells at 3, 6, 9, and
12 h p.i. and used for in vitro run-off transcription assays.
Radiolabeled run-off transcripts were hybridized to nitrocel-
lulose filters containing gene probes for GRP78-BiP and, as
controls, hsp70, the heat-inducible member of the heat shock
family; P72, the constitutive member of the heat shock
family; and actin, an unrelated control gene probe. The
autoradiographic data are shown in Fig. 2, and radioactivity
was quantitated with a phosphoimager analyzer. Both SV5
and UV-irradiated SV5 caused a transient fivefold increase
in GRP78-BiP transcription at 3 h p.i., which declined by 6 h
p.i.; this was expected given the results obtained with the
mock-infected cells. Most important for the experiments
described here, in SV5-infected cells but not in cells infected
with UV-irradiated SV5 there was a reproducible fivefold
increase in GRP78-BiP transcription at 9 h p.i., and this
increased transcription rate slowly declined up to 15 h p.i.,
the last time point measured (Fig. 2 and data not shown).
SV5 infection or mock infection with UV-irradiated virus did
not cause any change in the transcription rate of HSP70 or
P72 at 3, 6, 9, and 12 h p.i. Although the transcription rate of
actin was threefold greater in SV5- and mock-infected cells
at 3 h p.i. than in cells for which the medium was not
changed, its increased transcriptional rate declined equally
in both cases over time. No hybridization was detected to
vector sequences immobilized on the nitrocellulose filter,
indicating that minimal nonspecific hybridization occurred.
The increase in the rate of GRP78-BiP transcription during
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FIG. 3. Previously synthesized and newly synthesized GRP78-

BiP are competent to bind HN. CV-1 cells were labeled with

[35S]methionine for 8 h in continuous-label medium, incubated

complete medium for 2 h, infected with SV5, and incubated

complete medium (prelabel). A parallel plate of CV-1 cells

infected with SV5 and labeled with [35]methionine in continuous-

label medium from 4 to 12 h p.i. (postlabel). At 12 h p.i., cells

washed with PBS, scraped from each set of dishes, and dispersed

into three aliquots. One aliquot was lysed in 2% SDS

analysis of polypeptides. Two aliquots were prepared for immuno-

precipitations with anti-HN IgG (HN) or anti-BiP MAb

Polypeptides were separated by SDS-PAGE and subjected

radiography.

SV5 infection is reflected by an approximately threefold

increase in the level of GRP78-BiP mRNA accumulation

over the levels found in mock-infected cells, as determined

by nuclease Si protection assays (data not shown, but see

below for use of this assay).

Association of previously synthesized and newly synthesized

GRP78-BiP with HN. Synthesis of HN can be detected

between 4 and 6 h p.i. (44), and at all times examined it was

found to be associated with GRP78-BiP (data not shown).

This suggests that theSV5-induced transcriptional activation

of the GRP78-BiP gene and synthesis of the new GRP78-BiP

protein occur well after complexes between HN and preex-

isting GRP78-BiP have formed and that new synthesis

GRP78-BiP is not required for complex formation with HN.

To examine this further, CV-1 cells were labeled with

[[3S]methionine for 8 h, infected with SV5, and then main-

tained without radioisotope. In a parallel experiment, SV5-
infected cells were labeled with [35S]methionine from 4 to 12

h p.i. At 12 h p.i., lysates were prepared from both sets of

cells and incubated with either anti-HN IgG serum or

anti-BiP MAb. As expected, the HN antibody coimmuno-

precipitated a small fraction of GRP78-BiP synthesized

during infection (Fig. 3, postlabel, HN) and the anti-BiP

MAb coprecipitated a small amount ofHN (Fig. 3, postlabel,

BiP) from lysates of cells labeled duringSV5 infection.

When lysates from prelabeled cells were immunoprecipi-
tated with either anti-HN IgG serum or anti-BiP MAb, only
GRP78-BiP could be detected (Fig. 3, prelabel). These data
suggest that GRP78-BiP synthesized under normal growth
conditions, prior to SV5 infection, will interact with newly
synthesized HN molecules.
GRP78-BiP transcription is induced by HN synthesis. We

were interested to determine whether we could detect an
increase in GRP78-BiP mRNA accumulation caused by
expression of individual SV5 polypeptides, particularly the
HN glycoprotein. It has been found previously that in-
creased synthesis of secretory proteins in cells causes in-
creased expression of GRP78-BiP (11) and that the presence
of an altered form of the influenza virus HA which is
malfolded, associates with GRP78-BiP, and remains local-
ized in the ER significantly increases the amount of GRP78-
BiP mRNA accumulation (28). However, synthesis of nor-
mal HA did not increase the accumulation of GRP78-BiP
mRNA (28). The SV5 cDNAs encoding the glycoproteins F
and HN and the cytoplasmic proteins M, P, and V were
expressed in CV-1 cells by using SV40 recombinant virus
vectors as described previously (42, 51, 55). In addition, we
expressed a mutant form of HN (HNgO) that lacks all four
sites for addition of N-linked glycosylation. HNgO does not
fold into a native conformation, associates with GRP78-BiP
in a relatively stable manner (half-time, >3 h), fails to be
transported intracellularly out of the ER, and turns over very
slowly (36). Thus, HNgO would be expected to cause an
increase in GRP78-BiP mRNA accumulation and serves as a
positive control. To monitor the basal level of GRP78-BiP
RNA accumulation, cells were mock infected, and to control
for effects of the vector, cells were infected with wild-type
SV40. Cytoplasmic RNA was isolated at various times p.i.,
and the level of GRP78-BiP mRNA was analyzed by nucle-
ase Si protection, using as a probe a cDNA to human
GRP78-BiP mRNA. Autoradiograms were quantitated by
laser scanning densitometry.
Mock infection did not lead to an accumulation of GRP78-

BiP mRNA over levels found in uninfected cells, and most
important for these experiments, GRP78-BiP mRNA did not
accumulate in wild-typeSV40-infected cells over the levels
found in mock-infected cells (Fig. 4A). In addition, there was
no change in the level of GRP78-BiP mRNA accumulation in
cells infected with the SV40 recombinant viruses expressing
the F glycoprotein (Fig. 4A) or the cytoplasmic proteins P,
V, and M from the levels of GRP78-BiP mRNA found in
mock-infected cells (data not shown). In contrast, in cells
infected withSV40 vectors expressing either the wild-type
HN (SV40/HN) or the mutant form of HN (SVHNgO),
GRP78-BiP mRNA accumulated threefold above the levels
found in wild-typeSV40- or mock-infected cells by 42 to 48
h p.i. (Fig. 4A). As a control to monitor the levels of RNA
used in each of the nuclease Si protection experiments, the
level of HSP70 mRNA was measured, as this gene is not
induced by SV5 infection (Fig. 2) orSV40 infection (data not
shown). The results of an RNA dot-blot assay showed that
there was no change in any recombinant or wild-type SV40
virus infection (data not shown). Thus, the nuclease Si
protection assays for GRP78-BiP are specific.
To correlate the increased accumulation of GRP78-BiP

mRNA with HN-GRP78-BiP protein complex formation,
SV40 recombinant virus-infected cells were labeled with
[35S]methionine and immunoprecipitated with anti-HN se-
rum. As shown in Fig. 4B, HN-GRP78-BiP and HNgO-
GRP78-BiP complexes could be isolated. We have not
quantitated the expression levels of wild-type HN and HNgO

VOL. 65, 1991



3594 WATOWICH ET AL.

A

MOCK SV4 n,-V4

24 48 2;r4 .: ,j _ ..

B.

GI0178. BiP-

HN -

HN c: C) -

SV42:HN SV NOIN

2-:4 38 4? 48 -h4.r .1 A&

FIG. 4. GRP78-BiP mRNA accumulation increases in response
to expression of wild-type or mutant HN molecules. Confluent
monolayers of CV-1 cells were infected with SV40 recombinant
viruses expressing HN (SV40/HN); HNgO, a mutant form of HN
lacking all four N-linked glycosylation sites (SVHNgO); and F
(SV40/F). Parallel cultures were uninfected (U), mock infected
(mock) or infected with wild-type SV40. (A) At the times p.i.
indicated (in hours), cytoplasmic RNA was isolated. The RNA was

hybridized to a 650-bp BstEII-Pvull fragment isolated from plasmid
pHG26.8 and uniquely 5'-end labeled with 32P at the BstElI site.
Plasmid pHG26.8 contains approximately 800 bp of 5' sequences
from the human GRP78-BiP cDNA (57a). Human GRP78-BiP
mRNA protects a 500-bp fragment of this probe (data not shown).
RNA from CV-1 cells protects an identically sized fragment, indi-
cating that the human cDNA and monkey mRNA are highly
homologous. Protected DNA fragments were analyzed on a 4%
polyacrylamide gel containing 8 M urea. The position of the pro-
tected GRP78-BiP mRNA fragment (500 bp) is indicated. (B) At the
times indicated (in hours), HN or HNgO molecules were immuno-
precipitated from [35S]methionine-labeled SV40 recombinant virus-
infected cell lysates with antiserum raised against SDS-denatured
HN (36). Polypeptides were analyzed by electrophoresis on 10%
polyacrylamide-SDS gels. GRP78-BiP, HN, and HNgO are indi-
cated.

on a per-cell basis to correlate the relative expression levels
with the induction of GRP78-BiP. However, the data shown
in Fig. 4B suggest that HNgO is expressed at levels lower
than wild-type HN and yet causes an equally large or larger
induction of GRP78-BiP mRNA and protein accumulation.
We expected this result because wild-type HN has only a
specific and transient association with GRP78-BiP (half-
time, 25 min) during its folding process, whereas the inter-
action of HNgO with GRP78-BiP (half-time, >3 h) is rela-
tively stable. Thus, the steady-state levels of these species
that interact with GRP78-BiP are very different.
HN synthesis and not an accumulation of malfolded HN

molecules induces GRP78-BiP synthesis. GRP78-BiP tran-
scriptional induction and the increased rate of GRP78-BiP
protein synthesis during SV5 infection could be in response

to GRP78-BiP associating with HN molecules which spon-

taneously misfold or remain unfolded during maturation.
Alternatively, the flux of HN synthesis and transient asso-

ciation between HN and GRP78-BiP as HN folds into its
native conformation could require an increased level of
GRP78-BiP protein and thus signal GRP78-BiP gene activa-
tion. In an attempt to distinguish between these two possi-

FIG. 5. Examination for the presence of malfolded HN in SV5-
infected cells. CV-1 cells were infected with SV5, and at either 6 h
p.i. (A) or 12 h p.i. (B) they were metabolically labeled with
[35S]methionine (500 ,uC/ml) for 10 min and incubated in DME-2%
fetal calf serum containing 2 mM methionine for 10 min (pulse) or 90
min (chase). Lysates from pulse-labeled (P) or pulse-chase-labeled
(C) cells were immunoprecipitated with anti-HN IgG serum (lanes
HN, P, and C) or anti-BiP antibody (lanes BiP, P, and C). Parallel
lysates from pulse-chase-labeled cells were incubated with MAb
HN-lb for three sequential rounds of immunoprecipitation to de-
plete folded forms of HN present in the lysate (lanes lb). The
depleted lysates were then incubated with anti-HN IgG (lanes HN)
or anti-BiP MAb (lanes BiP). (C) SV5-infected CV-1 cell lystates at
6, 9, or 12 h p.i. were immunoprecipitated with anti-BiP MAb, and
the polypeptides were subjected to SDS-PAGE, transferred electro-
phoretically to nitrocellulose, and immunoblotted with antiserum
raised against SDS-denatured HN and [125I]-labeled goat anti-rabbit
IgG.

bilities, we sought evidence for an accumulation of unfolded
HN in SV5-infected cells. At 6 or 12 h p.i., SV5-infected
cells were metabolically labeled for 10 min with [35S]methio-
nine and either lysed immediately (pulse) or incubated in
normal medium for 90 min and then lysed (chase). Aliquots
of the lysates were immunoprecipitated with either the
anti-HN IgG or the anti-BiP MAb. It was found, as ex-
pected, that the HN antibody coprecipitated labeled BiP
after both the pulse and chase periods because unlabeled HN
molecules synthesized after the pulse-label associate with
labeled BiP molecules, whereas the BiP antibody coimmu-
noprecipitated HN synthesized during the pulse-label but
hardly at all after the chase period (Fig. 5A). Another aliquot
of the chase lysate was incubated in three serial immunopre-
cipitations with conformation-specific MAb HN-lb (47) to
deplete the lysate of normally folded HN molecules, as
described previously (37). The MAb HN-lb recognizes an
epitope which forms in HN monomers approximately 3 to 4
min after synthesis and which is retained in HN dimers and
tetramers. The serial immunoprecipitations with HN-lb re-
move all normally folded forms of HN and possibly HN
folding intermediates. HN-lb does not recognize unfolded
forms of HN (37). The lysates, in duplicate, depleted of
normally folded HN protein were then incubated with either
the anti-HN IgG serum to immunoprecipitate any unfolded
or malfolded HN molecules or with the anti-BiP MAb. As
shown in Fig. 5, at 6 or 12 h p.i. less than 1% of the HN
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synthesized in a 10-min pulse-label is unfolded or malfolded
after a 90-min chase period and very little of this material
remained associated in a complex with GRP78-BiP. Thus,
these data suggest that at either 6 or 12 h p.i. there is very
little HN in an unfolded or malfolded form (Fig. 5A, lane
HN/4). The two- to three-polypeptide species that were
found in most lanes of immunoprecipitates that migrated
between GRP78-BiP and HN correspond in size with two
members of the HSP70 family, HSP70 and P72. It is pres-
ently unclear whether this is nonspecific immunoprecipita-
tion or represents specific interactions, as has been sug-
gested to be necessary for the translocation and synthesis of
membrane-compartmentalized proteins (5, 8).
To examine for an accumulation of malfolded HN mole-

cules that might remain in a semistable complex with
GRP78-BiP, cell lysates were immunoprecipitated with the
BiP MAb at 6, 9, or 12 h p.i., and polypeptides were
subjected to polyacrylamide gel electrophoresis (PAGE),
transferred to nitrocellulose, and then immunoblotted with
anti-HN serum and 1251I-labeled goat anti-rabbit IgG. As
shown in Fig. 5B, the level of HN molecules that were
complexed with GRP78-BiP at each time point was similar
and did not dramatically increase as would be expected if
malfolded HN molecules were accumulating and leading to
the induction of GRP78-BiP synthesis. The absence of
accumulated malfolded forms of HN in cells is mirrored by
the absence of malfolded forms of G in vesicular stomatitis
virus-infected cells (33). However, with some strains of
influenza virus, up to 10% of the HA fails to fold to the native
conformation (14; reviewed in reference 24). In aggregate,
the data reported here support the view that the induction of
GRP78-BiP mRNA and protein synthesis is due to the
increased flux of HN molecules through the ER.

DISCUSSION

Increased transcription of the gene encoding GRP78-BiP
has been observed after perturbations to cells that directly or
indirectly affect the ability of proteins to fold to their native
conformations in the ER. These perturbations include inhi-
bition of glycosylation (4, 28, 57), disruptions of intracellular
calcium stores (12), and direct expression of proteins that
cannot fold normally (28).
Our analysis of the maturation pathway of the paramyxo-

virus SV5 HN glycoprotein (37) indicates that HN folding
and oligomerization (half-time, -30 min) is fairly slow com-
pared with the assembly of HA (half-time, 7 to 10 min [14])
or vesicular stomatitis virus G (half-time, 6 to 8 min) (9).
Unfolded or immature HN molecules that could not be
recognized by conformation-specific antibodies were found
to associate with one or more molecules of GRP78-BiP (37).
Newly synthesized HN associated and dissociated from
GRP78-BiP (half-time, -20 to 25 min) in an inverse correla-
tion with the gain in reactivity with the HN conformation-
specific antibodies, suggesting that the transient association
of GRP78-BiP with immature HN is part of the normal HN
maturation pathway (37). In addition, GRP78-BiP binds in a
semistable manner to altered HN molecules that are unable
to gain reactivity with the conformation-specific MAbs, and
these mutant HN molecules are retained in the ER as a
semistable complex (half-time, >3 h) (36).

It was of considerable interest to investigate further the
observation that SV5 infection of cells causes the induction
of synthesis of GRP78-BiP (44, 45). Our findings indicate that
in SV5-infected cells, at 9 h p.i., just as HN reaches it
maximum rate of synthesis (44), there is a fivefold increase in

the rate of GRP78-BiP transcription, which leads to an
increase in GRP78-BiP protein levels (three- to fourfold, but
this value has to be treated conservatively because the
anti-BiP antibody does not yield 100% recovery [19]). When
the individual SV5 polypeptides were expressed from cloned
cDNAs, it was found that synthesis of HN but not the F
glycoprotein or the cytoplasmic proteins P, V, and M led to
an increased accumulation of GRP78-BiP mRNA in cells. As
unfolded or malfolded forms of HN could not be detected to
accumulate in SV5-infected cells, the most straightforward
interpretation of the data is that the flux of synthesis of
folding-competent HN molecules stimulates GRP78-BiP
synthesis, as has been found with increased expression
levels of soluble proteins (11, 60).

Earlier studies with wild-type and mutant malfolded HA
indicated that only the mutant malfolded HA induced in-
creased accumulation of GRP78-BiP mRNA (28). The sim-
plest explanation for the seeming difference between these
data and our data with HN is that HA oligomerizes rapidly
(half-time, -7 to 10 min) (14) and thus the steady-state level
of unfolded HA is low and does not require more than the
normal level of GRP78-BiP molecules available in the ER,
whereas HN oligomerizes more slowly (half-time, -30 min)
(37) and the steady-state level of unfolded HN can be
expected to be higher. This is reflected by the comparative
ease with which wild-type HN-GRP78-BiP complexes can be
detected (37) versus the difficulty of showing a transient
association of HA with GRP78-BiP (14, 23). Hence, HN
molecules would be expected to utilize the available GRP78-
BiP molecules for longer than HA, thus requiring an increase
in the pool size of GRP78-BiP molecules. The mutant HA
and HN molecules both bind GRP78-BiP relatively stably,
and thus both molecules reduce the pool size of GRP78-BiP,
requiring an induction of GRP78-BiP synthesis. Similar to
the observations made with HA, we have found it difficult to
demonstrate a transient interaction of the SV5 F protein with
GRP78-BiP, and wild-type F protein expression does not
cause an increase in GRP78-BiP mRNA accumulation. We
thus posit that F, like HA, will oligomerize rapidly, but this
remains to be determined.
The data we describe here support the view that if

molecules are slower to fold (perhaps because they are more
complicated to assemble), their rate of synthesis increases,
or they fail to fold due to mutations or other defects, than the
number of GRP78-BiP molecules has to be increased (15). As
an increase in substrate (unfolded or malfolded protein)
leads to a decrease in unbound GRP78-BiP and an induction
in GRP78-BiP transcription, it has been suggested there is a
feedback mechanism from the ER to the nucleus, which
monitors the activity of the GRP78-BiP protein and modu-
lates transcription of the gene (4, 28, 57). The mechanism of
the signalling pathway is not known, but it has been sug-
gested that the sequestering of GRP78-BiP into complexes
could bring about a release of calcium that is known to be
bound to GRP78-BiP (28; reviewed in reference 50). Alter-
natively, transduction of the signal across the membrane of
the ER could be mediated by binding of the GRP78-BiP-
protein complexes to the GRP78-BiP transmembrane recep-
tor protein(s) (31, 56).
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