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During the lytic infection of monkey and mouse cells with simian virus 40 and
polyoma virus, respectively, the preferentially increased synthesis of two host
proteins of 92,000 and 72,000 Mr was observed by 15 to 20 h after infection besides
the general stimulation of most cellular proteins. The incubation of uninfected
monkey and mouse cell cultures for 30 to 60 min at 43.5°C induced the enhanced
synthesis of at least three proteins of 92,000, 72,000 and 70,000 Mr, the last one
being the major heat shock protein of mammalian cells. Two-dimensional gel
electrophoresis and partial proteolytic digestion confirmed that the same 92,000-
and 72,000-Mr proteins are stimulated by virus infection and thermal treatment. In
simian virus 40-infected CV-1 cells, we also observed the weak stimulation of a
70,000-Mr protein comigrating in gel electrophoresis with the major heat shock
protein. The 92,000-, 72,000-, and 70,000Mr proteins of monkey cells are
structurally very similar to the corresponding proteins of mouse cells. In
immunoprecipitations, no specific association of these proteins to simian virus 40
T antigens was noticed.

In a variety of organisms and cell cultures,
from bacteria and yeasts to humans, a mild heat
shock was found to induce the vigorous synthe-
sis of a few characteristic proteins. In Drosophi-
la melanogaster, where this phenomenon has
been extensively investigated, the induction of
the heat shock proteins is paralleled by a strong
reduction in the synthesis of most proteins made
before the heat shock. In avian and mammalian
cells, decreased protein synthesis is less evi-
dent, but the increased synthesis of at least two
proteins in the range of 85,000 to 95,000 Mr and
70,000 to 75,000 Mr was observed; these pro-
teins may be related to two of the major heat
shock proteins in insects. The increased synthe-
sis of the same or similar proteins has been
reported for cells subjected to a variety of treat-
ments, such as exposure to amino acid analogs,
chelating drugs, heavy metal ions, arsenite, and
other sulfhydryl reagents (for a review, see
reference 19).

The lytic infection of mouse and monkey cell
cultures with polyoma virus or simian virus 40
(SV40), respectively, induces an increased syn-
thesis of the majority of cellular proteins (9).
Among these, two strongly stimulated host pro-
teins fall into the same size range as the proteins
mentioned above (E. W. Khandjian, P. Arrigo,
T. Rose, and J.-M. Matter, Experientia 36:749,
1980). Here, we show that the two proteins that
are stimulated by virus infection are also in-

duced by thermal treatment of uninfected mouse
and monkey cells.

MATERIALS AND METHODS
Cell cultures, virus infections, and thermal treatment.

Confluent primary mouse kidney cultures and conflu-
ent cultures of CV-1 (African green monkey) cells in 9-
cm-diameter petri dishes were mock infected or infect-
ed with polyoma virus or SV40, respectively, and
incubated at 37°C as described previously (9). For
thermal treatment (heat shock), cultures were incubat-
ed at 43.5°C for 1 h before labeling at 37°C for 2 h with
100 iCi of [35S]methionine (500 to 1,000 Ci/mmol; The
Radiochemical Centre, Amersham, United Kingdom)
in 2 ml of methionine-free medium.

Extraction of proteins. After [35S]methionine label-
ing, the cell monolayers were washed with cold phos-
phate-buffered saline, total proteins were solubilized
by the addition of sodium dodecyl sulfate (SDS) sam-
ple buffer (68 mM Tris-hydrochloride [pH 6.8], 2%
SDS, 2% 2-mercaptoethanol, 0.01% bromophenol
blue, 15% glycerol) (10), and the viscous extract was
sonicated. Alternatively, cultures put on ice were
lysed with 0.5% Nonidet P-40 in 0.1 M Tris-hydrochlo-
ride (pH 9)-0.1 M NaCI-5 mM MgCI2 for 10 min, and
the lysates were centrifuged at 30,000 x g for 30 min at
4°C. To the supernatant 0.5 volume of threefold-
concentrated SDS sample buffer was added, and the
samples were heated in a boiling water bath for 1.5
min. For two-dimensional gel electrophoresis, cells
were lysed in urea lysis buffer (9.5 M urea, 2% Nonidet
P-40, 5% 2-mercaptoethanol, 2% ampholytes [LKB-
Produkter AB, Bromma, Sweden]) (13). Insoluble



2 KHANDJIAN AND TURLER

material was removed by centrifugation at 12,000 x g
for 10 min.
Gel electrophoresis. Proteins were separated by

SDS-polyacrylamide gel electrophoresis (10) in verti-
cal slab gels. Apparent molecular weights (Mr) were
determined by the use of the following markers: ,B-
galactosidase, 116,000; phosphorylase a, 97,000;
transferrin, 77,000; bovine serum albumin, 68,000;
glutamate dehydrogenase, 41,000; carbonic anhy-
drase, 29,000; and myoglobin, 17,000. After electro-
phoresis, gels were fixed and stained with 0.5% Coo-
massie brilliant blue in 20%o (wt/vol) trichloroacetic
acid, destained, dried, and exposed to Kodak XR-5X-
Omat R films for 1 to 5 days. For quantitation,
autoradiographs were scanned with a microdensitome-
ter, and peak areas were determined by a Hewlett-
Packard (model 3385) computer; in addition, radioac-
tivity was counted in excised bands. Two-dimensional
gel electrophoresis was done by the method of O'Far-
rell (13) with minor modifications: for electrofocusing,
the cathodic electrolyte was 0.2 M NaOH, the anodic
electrolyte was 0.1 M H3PO4, and 0.01% bromophenol
blue was included in the overlay solution to follow
migration. Electrofocusing was for 5,000 V h. After
SDS-polyacrylamide gel electrophoresis in the second
dimension, 35S-labeled proteins were revealed by fluo-
rography (11).

Partial proteolytic digestion. Preparative polyacryl-
amide gels (7.5% acrylamide) were briefly rinsed in
water and dried. Protein bands revealed by autoradi-
ographv were excised, rehydrated, put into sample
wells of a 15% SDS-polyacrylamide gel, and overlaid
with 25 ,ul of buffer containing 10%o glycerol, 0.01%
bromophenol blue, and 0.5 or 0.05 ,ug of Staphylococ-
cus aureus V8 protease (Miles Laboratories, Inc.) (2).
Peptide bands were revealed by fluorography (11).

Immunoprecipitation. One-milliliter samples of cell
extracts obtained with 0.5% Nonidet P-40 (pH 9) were
reacted with 20 p.l of hamster anti-SV40 tumor serum
or with 10 ,ul of a mouse serum directed against
spontaneously transformed mouse cells (T-AL/N;
kindly provided by T. Rose). Immune complexes were
isolated by immunoaffinity chromatography with pro-
tein A-Sepharose (Pharmacia Fine Chemicals, Uppsa-
la, Sweden) (20).

RESULTS

Cellular proteins induced by virus infection and
by thermal treatment. During the lytic and abor-
tive infection of mouse and monkey cells with
polyoma virus and SV40, an increased synthesis
of most cellular proteins was observed (9).
Among these, two proteins with apparent Mr of
about 92,000 and 72,000 were particularly stimu-
lated. An increased synthesis of these two pro-
teins was detected by labeling with [35S]methi-
onine by 15 to 20 h and by protein staining by
about 24 h after infection and took place also
when cellular and viral DNA replication was
inhibited with 5-fluorodeoxyuridine or 1-03-D-
arabinofuranosylcytidine (Khandjian et al., Ex-
perientia 36:749, 1980; and unpublished data).
To test for a possible relation of the two virus-

induced proteins with mammalian heat shock
proteins, we analyzed the virus-induced and
thermally induced proteins of CV-1 and mouse
kidney cells on the same SDS-polyacrylamide
gel (Fig. 1). Virus-infected monkey and mouse
cell cultures showed an increased synthesis of
the 92,000-Mr protein (resolved as a doublet)and
of the 72,000-Mr protein. The stimulation of the
two proteins was detected both by protein stain-
ing (Fig. 1, lanes 2 and 5) and by autoradiogra-
phy (Fig. 1, lanes 2' and 5'). The proteins with
about 46,000 Mr observed in the same lanes are
the major viral capsid protein VP1 of SV40 and
polyoma virus.
The thermal treatment of CV-1 and mouse

kidney cells led to an increased labeling of the
92,000- and 72,000-Mr proteins and the appear-
ance of a new, strongly labeled protein with an
apparent Mr of 70,000 (Fig. 1, lanes 3, 3', 6, and
6'). In uninfected and polyoma-infected mouse
kidney cells kept at 37°C, this protein was not
detected (Fig. 1, lanes 4, 5, 4', and 5'), but in the
corresponding CV-1 cells, the 70000-Mr protein
was visible as a faint band (Fig. 1, lanes 1, 2, 1',
and 2'). In CV-1 cells but not in mouse kidney
cells, two other proteins with apparent Mr of
about 115,000 and 65,000 showed increased la-
beling after thermal treatment (Fig. 1, lane 3').
Figure 2 shows the microdensitometer scans of
the autoradiographs from Fig. 1. Labeled pro-
teins from virus-infected (Fig. 2A and C) and
thermally treated cultures (Fig. 2B and D) are
compared with those from uninfected cultures
kept at 37°C. The quantitative analysis of the
scans is given in Table 1. The stimulation of 35S
incorporation in total monkey and mouse pro-
teins by virus infection was 1.5- and 1.7-fold,
respectively. In SV40-infected CV-1 cells, the
increase in labeling of the 92,000- and 72,000-Mr
proteins was significantly higher than that of the
total proteins. In polyoma-infected mouse kid-
ney cells, preferential labeling of the 92,000- and
72,000-Mr proteins was less pronounced. It
should be noted that the labeling of total and
individual proteins in virus-infected cultures
varies with the time of infection (9). The labeling
of total and individual proteins after thermal
treatment was closely similar in monkey and
mouse cells (Table 1), the stimulation of the
92,000- and 72,000-Mr proteins being in the same
order of magnitude as in virus-infected cells.
To determine more specifically how the

92,000-, 72,000-, and 70,000-Mr proteins respond
to virus infection and thermal treatment, we
labeled parallel cultures of mock-infected and
SV40-infected CV-1 cells which were either
maintained at 37°C or subjected to thermal treat-
ment. The proteins were electrophoresed on a
high-resolution SDS-polyacrylamide gel. Com-
parison of the different lanes in Fig. 3 yielded the
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FIG. 1. Virus-induced and thermally induced monkey and mouse cell proteins. All cultures were labeled at

37°C with [355]methionine from 27 to 29 h after infection or mock-infection. Proteins were extracted with 0.5%
Nonidet P-40 (pH 9) and analyzed by SDS-polyacrylamide gel electrophoresis (7.5% acrylamide). Lanes I to 3,
Mock-infected, SV40-infected, and thermally treated mock-infected CV-1 cells, respectively; lanes 4 to 6, mock-
infected, polyoma-infected, and thermally treated mock-infected mouse kidney (MK) cells; lanes 1 to 6,
Coomassie blue (C.B.)-stained gel; lanes 1' to 6', corresponding autoradiography (A.R.). Arrows indicate the
major virus-induced and heat shock-induced proteins of 92,000, 72,000, 70,000 and 65,000 Mr.

following results: (i) increased synthesis of the
92,000-Mr protein was observed under both con-
ditions (Fig. 3, lanes 2, 2', 3', and 4'); (ii) the
72,000-M, protein was strongly stimulated by
virus infection (Fig. 3, lanes 2, 2', 4, and 4') and
moderately by thermal treatment (Fig. 3, lane
3'); (iii) the major heat shock protein of 70,000
Mr (Fig. 3, lanes 3' and 4') showed weak stimu-
lation by virus infection (Fig. 3, lanes 2 and 2').
Thus, both the 72,000-Mr and the 70,000-Mr
proteins responded, although differently, to vi-
rus infection and thermal treatment.
Comparson of virus-induced and heat shock-

induced cell proteins. (i) Two-dimensional gel
electrophoresis. Fluorographs of two-dimension-
al gel electrophoresis of proteins extracted from
mock-infected, SV40-infected, and thermally
treated CV-1 cultures are reproduced in Fig. 4.
Among the numerous host proteins showing
increased synthesis after virus infection, the
92,000-, 72,000-, and 70,000-Mr proteins were
easily recognized. Comparison of the proteins
from virus-infected cells with those from ther-
mally treated cells showed that the 92,000 (pl
5.2), the 72,000 (pl 5.8), and the 70,000 (pl 6.1)

proteins migrated to the same positions, thus
indicating that indeed the same proteins were
stimulated by virus infection and by thermal
treatment. However, the thermally induced
92,000- and 70,000-Mr proteins showed some
charge heterogeneity which was not observed
after virus infection. Since no inhibitors ofDNA
replication had been used, the synthesis of viral
capsid proteins VP1 with the known charge
heterogeneity (9, 14) and VP2 (17, 18) was
observed. SV40-infected cultures also showed
strong stimulation of a protein with about 53,000
Mr (pl 5.1), which we did not characterize
further. The labeling of actin (Mr, 43,000; pl
5.35) showed no significant changes in the three
differently treated cultures.

(il) Partial proteolysis. The major virus-in-
duced and heat shock-induced proteins of mon-
key and mouse cells were further characterized
by partial proteolytic digestion with staphylo-
coccal protease V8. Figure 5A shows the digests
of the 92,000-Mr proteins present in mock-in-
fected mouse kidney and CV-1 cells (Fig. 5,
lanes 3 and III, respectively), in virus-infected
cells (Fig. 5, lanes 2 and II), and in heat shock-
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FIG. 2. Densitometer tracings of the autoradiographs shown in Fig. 1. Virus-infected (A and C) and thermally

treated (B and D) cultures (solid line, tracing of lanes 2', 3', 5', and 6', respectively, in Fig. 1) are compared with
mock-infected cultures kept at 37°C (dashed line, tracings of lanes 1' and 4' in Fig. 1). (A and B) CV-1 cells; (C
and D) mouse kidney cells.

treated cells (Fig. 5, lanes 1 and I). These
analyses showed that the same 92,000Mr pro-
tein already present in mock-infected cultures
was induced by virus infection and by thermal

TABLE 1. Stimulation of protein synthesis by virus
infection and thermal treatment

CV-1 Mouse kidney
Protein InfYmock0 Hs/mocka Inf/mock Hs/mock

Total proteins 1.5 1.1 1.7 1.1
92,000 2.8 2.1 1.8 2.3
72,000 4.1 2.1 2.0 1.7
70,000 b 6.5 c >6c
Actin 1.1 1.0 1.2 1.1

a Figures give the peak area of individual proteins or
the area of total proteins from virus-infected (Inf) or
thermally treated (Hs) cultures over those from unin-
fected cultures kept at 370C (mock).

b The quantitation of the 70,000-Mr protein in virus-
infected CV-1 cells was not possible due to the overlap
with the 72,000-M, band.

c The 70,000-Mr protein was not detected in infected
and uninfected mouse kidney cultures kept at 37°C;
the value for its stimulation by thermal treatment was
estimated in comparison with CV-1 cultures.

treatment, both in mouse and monkey cells. In
addition, the similarity of the patterns obtained
for the mouse protein and the monkey protein
was striking; we detected only very minor differ-
ences between the two, which are indicated in
the figure by dashes.

Figure SB shows the analysis of the virus-
induced and thermally induced 72,000-, 70,000-,
and 65,000-Mr proteins. In the preparative gels,
the separation of the 72,000- and 70,000-Mr
proteins of thermally treated CV-1 cells was not
sufficient to excise the two bands separately.
Figure 5, lanes 5 and V, shows the partial digests
of the mixture of the 72,000- and 70,000-Mr
proteins from thermally treated mouse kidney
and CV-1 cells, respectively, whereas lane 4
shows the pattern of the 70,000-Mr heat shock
protein of mouse kidney cells. Since the labeling
of the 70,000-Mr protein was three- to fivefold
higher than that of the 72,000-Mr protein, most
bands observed in lanes 5 and V have to be
attributed to the 70,000-Mr protein. This is also
concluded from a comparison of lane 4 (mouse,
70,000) and lane 5 (mouse, 70,000 and 72,000).
The patterns obtained in lanes 4, 5, and V again
show a striking similarity, indicating a close
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FIG. 3. Virus-induced and thermally induced pro-

teins of CV-1 cells. All cultures were labeled at 37°C
with [35S]methionine from 44 to 46 h after infection or
mock infection. Proteins were extracted with 0.5%
Nonidet P-40 (pH 9) and analyzed by high-resolution
SDS-polyacrylamide gel electrophoresis (10%o acryla-
mide; 210- by 140- by 0.7-mm gel). Lanes 1 and 2,
Mock-infected and SV40-infected CV-1 cells, respec-
tively; lanes 3 and 4, thermally treated mock-infected
and SV40-infected CV-1 cells, respectively. Lanes 1 to
4, Stained gel (C.B.); lanes 1' to 4', corresponding
autoradiography (A.R.). VP1, Major viral capsid pro-
teins (M1, 46,000).

structural relation between the 70,000-Mr heat
shock proteins of mouse and monkey cells; the
characteristic bands for this protein are indicat-
ed by open triangles. Figure 5, lanes 6 and VI,
show the digests of the virus-induced 72,000-Mr
proteins of mouse and monkey cells, respective-
ly, and lane 7 shows that of the 72,000-Mr
protein present in uninfected mouse kidney
cells. We were unable to isolate a sufficiently
labeled and clean band for the 72,000-Mr protein
of mock-infected CV-1 cells. The patterns of the
mouse and monkey 72,000Mr proteins were
again closely similar. These digests showed a
few bands which might correspond to bands
observed with the 70,00O-Mr proteins, but they
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FIG. 4. Two-dimensional gel electrophoresis of
"S-labeled proteins of mock-infected, SV40-infected,
and thermally treated, mock-infected CV-1 cells. All
cultures were labeled at 37°C with [355]methionine
from 44 to 46 h after infection or mock infection.
Thermal treatment (Mock 43°C) was done at 43.5°C for
1 h before labeling. Proteins were extracted with urea
lysis buffer. First dimension, Isoelectric focusing for
5,000 V h; second dimension, SDS-polyacrylamide gel
electrophoresis (7.5% acrylamide). Numbers indicate
the major virus- and thermally induced proteins. VP,
Viral capsid proteins; 43, actin.
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FIG. 5. Comparison of virus-induced and thermal-
ly induced proteins from mouse kidney (MK) and
monkey (CV-1) cells by partial proteolysis. Proteins
were purified from the cell extracts shown in Fig. 2 by
preparative SDS-polyacrylamide gel electrophoresis
(7.5% acrylamide) and subjected to partial proteolytic
digestion by V8 protease. Lanes 1 to 7, Mouse pro-
teins; lanes I to VIII, monkey proteins. (A) 92,000-M,
proteins from thermally treated, mock-infected cells
(1, I), from virus-infected cells (2, II), and from mock-
infected cells (3, III). Dashes indicate minor differ-
ences between the mouse and monkey proteins. (B)
70,000-Mr protein (lane 4) and mixture of 70,000- and
72,000-Mr proteins (lanes 5 and V) from thermally
treated mock-infected cells; 72,000-Mr proteins from
virus-infected (lanes 6 and VI) and from mock-infected
(lane 7) cells; 65,000-Mr protein from thermally treated
mock-infected cells (lane VIII). Open triangles indi-
cate unique peptides of the 70,000-Mr major heat
shock proteins; closed triangles indicate unique pep-
tides of the 72,000-M, proteins. In each series of
digests, the left lane was digested with 0.5 ,ug of V8
protease per sample, and the right lane was digested
with 0.05 ,ug.

also revealed peptides unique to the 72,000-Mr
proteins (marked with closed triangles). Finally,
Fig. 5, lane VIII, shows the partial digest of the
65,000-Mr protein induced by thermal treatment
in CV-1 cells, yielding a different pattern than
the 72,000- and 70,000- Mr proteins.
The results obtained by two-dimensional gel

electrophoresis and by partial proteolytic diges-
tion demonstrate that the same proteins of
92,000 Mr and 72,000 Mr are stimulated in virus-
infected and thermally treated cultures. More-
over, the peptide patterns indicated that each
protein is structurally very similar in both spe-
cies and apparently belongs to a group of well-
conserved cellular proteins, as do the major heat
shock proteins (70,000 Mr) of mouse and mon-
key cells.

Association of cellular heat shock proteins with
viral tumor (T) antigens. In Rous sarcoma virus-
transformed chicken fibroblasts, a cellular heat
shock or stress protein (89,000 Mr) has been
found to be associated with the viral transform-
ing protein pp6Osrc in immunoprecipitations with
antiserum directed against pp6Osrc (1, 15). We
tested, therefore, whether any of the virus-
induced or heat shock-induced proteins of CV-1
cells were immunoprecipitated together with
SV40 T antigens, the early proteins of SV40,
which include the transforming function of this
virus.

In immunoprecipitations with anti-SV40 tu-
mor serum (Fig. 6a), SV40 large T antigen
(88,000 Mr) was easily detected by staining (Fig.
6, lanes 2 and 4) and by autoradiography (Fig. 6,
lanes 2' and 4') in extracts from infected cells. In
the same lanes, a faint band corresponding to the
virus-induced 72,000-Mr protein was also ob-
served. Immunoprecipitates from thermally
treated mock-infected and SV40-infected cul-
tures showed by autoradiography an additional
band corresponding to the 70,000-Mr heat shock
protein (Fig. 6, lanes 3' and 4', respectively).
However, bands of the 72,000- and 70,000-Mr
proteins with similar intensity were also ob-
served in immunoprecipitates of corresponding
cell extracts, using a mouse antiserum contain-
ing no antibodies against SV40 T antigens (Fig.
6b). This and the fact that radioactivity was very
low in these bands compared with radioactivity
present in these proteins in the cell extracts
suggested that there was no significant associa-
tion of these proteins with SV40 T antigens.
Their presence in the immunoprecipitates was
rather due to unspecific binding to the antiserum
or to protein A-Sepharose, as was also observed
for other proteins, e.g., actin (43,000 Mr) and
viral capsid protein VP1 (46,000 Mr). The
92,000-Mr protein is expected to migrate slightly
slower than SV40 large T antigen, making its
detection difficult. However, the sharpness of
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FIG. 6. Immunoprecipitations of SV40 T antigen and heat shock proteins from extracts of untreated and

thermally treated CV-1 cells. All cultures were labeled with [355]methionine from 24 to 25 h after infection.
Immunoprecipitated proteins were analyzed by SDS-polyacrylamide gel electrophoresis (7.5% acrylamide). (a)
Immunoprecipitations with hamster anti-SV40 tumor serum; (b) immunoprecipitations with a mouse serum
directed against spontaneously transformed mouse cells (T-AL/N). Lanes 1 and 2, Mock-infected and SV40-
infected cells maintained at 37°C, respectively; lanes 3 and 4, thermally treated mock-infected and SV40-infected
cells, respectively. C.B., Coomassie blue staining (lanes 1 to 4); A.R., corresponding autoradiographs, exposed
for 4 weeks (lanes 1' to 4'). T, SV40 large T antigen (88,000 Mr); H, immunoglobulin G heavy chains. Numbers
refer to M, (x 103) of marker proteins, virus-induced and heat shock-induced proteins (72 and 70), viral capsid
protein (46), and actin (43).

the stained and autoradiographed large T antigen
bands (Fig. 6a, lanes 2, 4, 2', and 4', respective-
ly) also seems to rule out a significant associa-
tion of the 92,000-Mr monkey protein with SV40
T antigens. Immunoprecipitations with cell ex-
tracts made in the presence of 0.1% SDS at pH
7.0 (1) and with extracts from SV40-infected
mouse kidney cells led to the same conclusions
(data not shown). Since the role of SV40 T
antigens in the initiation and maintenance of
transformation (21) is different from that of
ppWsrc, our results should not be understood as
a contradiction of those reports.

DISCUSSION
The lytic infection of mouse cells with poly-

oma virus and of monkey cells with SV40
strongly enhanced the synthesis of two cellular
proteins (92,000 and 72,000 Mr). The same pro-
teins were also stimulated by the thermal treat-
ment of uninfected cells and, therefore, they
belong to the group of mammalian heat shock or
stress proteins (19). At present, the biological
functions of these proteins in a cell responding
to various stress situations are not known. The
virus-induced and thermally induced 92,000-Mr
proteins, which formed a double band in gel
electrophoresis, had the same isoelectric point
and yielded the same pattern upon partial pro-

teolytic digestion. The monkey and mouse
92,000-Mr proteins were structurally very simi-
lar and correspond most likely to the 89,000-Mr
chicken protein, which is strongly stimulated by
thermal treatment and by arsenite (1, 7, 15). This
conclusion is based on the comparison of tryptic
peptide analyses of the 89,000-Mr chicken pro-
tein (1, 15) and of the mouse and monkey 92,000-
Mr proteins (unpublished data). Recently, con-
siderable structural conservation of the larger
heat shock protein (Me, 84,000 to 92,000) from
Drosophila, chickens, and humans has been
found by tryptic peptide analyses (R. Voellmy,
personal communication) and by immunological
cross-reactions (8). The other protein which was
stimulated by virus infection (72,000 Mr) also
comigrated in two-dimensional gel electrophore-
sis with a protein induced in uninfected cells by
thermal treatment. The major heat shock protein
of mouse and monkey cells had an apparent Mr
of 70,000 and thus corresponds to the main
stress protein of other mammalian cells (19). The
synthesis of the 70,000-Mr protein was moder-
ately stimulated in SV40-infected CV-1 cells,
and the virus-induced protein comigrated in two-
dimensional gel electrophoresis with the major
heat shock protein of CV-1 cells. Partial proteo-
lytic digestion showed that both the 72,000- and
the 70,000-Mr proteins of mouse and monkey

a
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cells are highly conserved. Further analyses are
required to determine whether the 72,000- and
the 70,000-M, proteins are related, as has been
suggested for the apparently corresponding rat
proteins (5).
The stimulation of host cell proteins in the

ranges 89,000 to 95,000 Mr and 70,000 to 75,000
Mr in virus-infected and virus-transformed cells
has been reported previously for different virus-
es (3, 4, 6, 16, 21). These proteins were thought
to be important for viral replication or cell
transformation. Our results suggest that these
proteins belong to the group of cellular stress
proteins, as do the 92,000- and 72,000-M, mouse
and monkey proteins induced by polyoma virus
and SV40. Virus infection is the first known
stimulus that induces some cellular stress pro-
teins under normal physiological conditions in
the absence of toxic chemicals. This might be
the reason why some differences between virus-
induced and thermally induced proteins were
noticed. It should also be pointed out that the
increased synthesis of heat shock proteins could
be observed after the exposure of cultures to
43.5°C for 10 min only; in virus-infected cells,
the induction of these proteins occurred by 15 to
20 h after infection, corresponding to the asyn-
chronous transition from early to late phase of
lytic infection when cells enter S-phase. Since
the increased synthesis of heat shock proteins is
only one among many changes observed in
infected cells, we are unable to speculate on
their possible role. Recently, it has been report-
ed that adenovirus induces the synthesis of the
70,000-Mr heat shock protein during the lytic
infection of HeLa cells and that this induction is
controlled by an early viral gene (12). It remains
to be shown whether these findings with virus-
infected cell cultures reflect processes occurring
in organisms which respond with higher tem-
perature (fever) to viral infections.

ACKNOWLEDGMENTS
We thank A. Tissieres and R. Weil for their interest in this

work and for the critical reading of the manuscript and P. A.
Arrigo for many helpful discussions. We also thank T. Rose
for the T-ALJN serum, N. Bensemanne for preparing the cell
cultures, and Yvonne Eprecht and 0. Jenni for figures and
photographs.

This work was supported by Swiss National Science Foun-
dation grants 3.474.79 and 3.012.081 and a fellowship from the
Swiss Cancer Society for E.W.K.

LITERATURE CITED

1. Brugge, J. S., E. Erickson, and R. L. Erkkson. 1981. The
specific interaction of the Rous sarcoma virus transform-
ing protein, pp60, with two cellular proteins. Cell
25:363-372.

2. Cleeland, D. W., S. G. Fscber, M. W. Kirschner, and
U. K. Laenunl. 1977. Peptide mapping by limited proteol-
ysis in sodium dodecyl sulfate and analysis by gel electro-
phoresis. J. Biol. Chem. 253:1102-1106.

3. Coinm, P. L., L. E. ghtower, and L. A. Ball. 1980.
Transcriptional map for Newcastle disease virus. J. Virol.
35:682-693.

4. Hightower, L. E., and M. D. Smith. 1978. Effects of
canavanine on protein metabolism in Newcastle disease
virus-infected and uninfected chicken embryo cells, p.
395-405. In B. W. J. Mahy and R. D. Barry (ed.), Nega-
tive strand viruses and the host cell. Academic Press,
Inc., New York.

5. Hhtower, L. E., and F. P. White. 1981. Cellular respons-
es to stress: comparison of a family of 71-73-kilodaltons
proteins rapidly synthesized in rat tissue slices and cana-
vanine-treated cells in culture. J. Cell. Physiol. 108:261-
275.

6. Isaka, T., M. Yoshida, M. Owada, and K. Toyoshima.
1975. Alterations in membrane polypeptides of chick
embryo fibroblasts induced by transformation with avian
sarcoma viruses. Virology 65:226-237.

7. Johnston, D., H. Opperann, J. Jackson, and W. Levin-
son. 1980. Induction offour proteins in chick embryo cells
by sodium arsenite. J. Biol. Chem. 255:6975-6980.

8. KeRley, P. M., and M. J. Scles ge. 1982. Antibodies to
two major heat shock proteins cross-react with similar
proteins in widely divergent species. Mol. Cell. Biol.
2:267-274.

9. KhandJian, E. W., J.-M. Matter, N. Ltonard, and R. Well.
1980. Simian virus 40 and polyoma virus stimulate overall
cellular RNA and protein synthesis. Proc. Natl. Acad.
Sci. U.S.A. 77:1476-1480.

10. Laemmil, U. K. 1970. Cleavage of structural proteins
during the assembly of the head of bacteriophage T4.
Nature (London) 227:680-85.

11. Lakey, R. A., and A. D. Mills. 1975. Quantitative fluorog-
raphy of acrylamide gels. Eur. J. Biochem. 56:335-341.

12. Nevins, J. R. 1982. Induction of the synthesis of a 70,000
dalton mammalian heat shock protein by the adenovirus
ElA gene product. Cell 29:913-919.

13. O'Farrell, P. H. 1975. High resolution two-dimensional
electrophoresis of proteins. J. Biol. Chem. 250:4007-4021.

14. O'Farrell, P. Z., and H. M. Goodman. 1976. Resolution of
simian virus 40 proteins in whole cell extracts by two-
dimensional electrophoresis: heterogeneity of the major
capsid protein. Cell 9-.289-298.

15. Oppermaan, H., W. Leavnon, and J. M. BIhop. 1981. A
cellular protein that associates with the transforming
protein of Rous sarcoma virus is also a heat shock protein.
Proc. Natl. Acad. Sci. U.S.A. 78:1067-1071.

16. Pdeso, R. W., R. A. Lamb, and P. W. Choppin. 1977.
Polypeptide synthesis in simian virus 5-infected cells. J.
Virol. 23:177-187.

17. Rozenblatt, S., R. C. Muligan, M. Goreckd, B. E. Roberts,
and A. Rkh. 1976. Direct biochemical mapping of eukary-
otic viral DNA by means of a linked transcription-transla-
tion cell-free system. Proc. Natl. Acad. Sci. U.S.A.
73:2747-2751.

18. Rundell, K., J. K. Coll, P. Tegtmeyer, H. L. Ozer, C.-J.
Lai, and D. Nathan. 1977. Identification of simian virus
40 protein A. J. Virol. 21:636-46.

19. Sclger, M. J., M. Ashburne, and A. Tlsslitres (ed.).
1982. Heat shock from bacteria to man. Cold Spring
Harbor Laboratory, Cold Spring Harbor, N.Y.

20. Schwyzer, M., R. Weil, G. Fraack, and H. Zuber. 1980.
Amino acid sequence analysis of fragments generated by
partial proteolysis from large simian virus 40 tumor anti-
gen. J. Biol. Chem. 255:5627-5634.

21. Stone, K. R., R. E. Smith, and W. K. Jokilk. 1974.
Changes in membrane polypeptides that occur when chick
embryo fibroblasts and NRK cells are transformed with
avian sarcoma viruses. Virology 58:86-100.

22. Topp, W. C., D. Lae, and R. Pollack. 1980. Transforma-
tion by simian virus 40 and polyoma virus, p. 205-296. In
J. Tooze (ed.), Molecular biology of tumor viruses, part 2.
Cold Spring Harbor Laboratory, Cold Spring Harbor,
N.Y.

MOL. CELL. BIOL.


