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HeLa cells infected with adenovirus type 2 (Ad2)-simian virus 40 (SV40) hy-
brid viruses produce several SV40-specific proteins. These include the previously
reported 28,000-dalton protein of Ad2+ND1, the 42,000- and 56,000-dalton pro-
teins of Ad2+ND2, the 56,000-dalton protein of Ad2+ND4, and the 42,000-dalton
protein of Ad2+ND5. In this report, we extend the list of SV40-specific proteins
induced by Ad2+ND4 to include proteins of apparent molecular weights of 28,000
42,000, 60,000, 64,000, 72,000, 74,000, and a doublet of 95,000. Cell fractionation
studies demonstrate that the SV40-specific proteins are detectable in the nu-
clear, cytoplasmic, and plasma membrane fractions. By pulse-chase and cell
fractionation experiments, three classes of SV40-specific proteins can be distin-
guished with regard to metabolic stability: (i) unstable in the cytoplasmic but
stable in the nuclear and plasma membrane fractions; (ii) stable in the nuclear,
cytoplasmic, and plasma membrane fractions; and (iii) unstable in all subcellu-
lar fractions. Immunoprecipitation of infected cell extracts demonstrates that
most ofthe above proteins share antigenic determinants with proteins expressed
in hamsters bearing SV40-induced tumors. Only the 42,000-dalton protein of
Ad2+ND5 is not immunoprecipitable.

The nondefective adenovirus type 2 (Ad2)-
simian virus 40 (SV40) hybrid viruses isolated
by Lewis and coworkers (17, 18) are useful for
studying nonstructural SV40-specific proteins.
Each of the five nondefective hybrid viruses
contains a segment of SV40 DNA covalently
inserted in the Ad2 genome (4, 9, 11, 16, 25).
Ad2+ND1 contains approximately 17 to 20% of
the SV40 genome; Ad2+ND2 contains approxi-
mately 32 to 36.5%; Ad2+ND3 contains approx-
imately 6.4 to 7%; Ad2+ND4 contains approxi-
mately 43 to 48%; and Ad2+ND5 contains ap-
proximately 28% (11, 15, 24, 25). During produc-
tive infection, the SV40 information in the hy-
brid viruses is expressed, leading to the induc-
tion of SV40-specific antigens. Ad2+ND4 in-
duces T antigen, tumor-specific transplantation
antigen (TSTA), and U antigen (18, 20);
Ad2+ND2 induces TSTA and U; and Ad2+ND1
induces U antigen (18-20). Two other hybrid
viruses, Ad2+ND3 and Ad2+ND5, do not induce
any of the antigens in detectable amounts.

Previously, a protein with a molecular
I Present address: Max-Planck-Institut fur Biophysikal-

ische Chemie, D-34 Gottingen Nikolausberg, Postfach 968,
West Germany.

weight of 28,000 (28K protein) has been identi-
fied in Ad2+ND1-infected cells (7, 21). We re-
cently reported a 42K protein in both Ad2+ND2
and Ad2+ND5-infected cells, and a 56K protein
common to cells infected by Ad2+ND2 and
Ad2+ND4 (30). The 56K and 42K proteins in
Ad2+ND2-infected cells share common amino
acid sequences, and are immunoprecipitable
with serum from hamsters bearing SV40 tu-
mors (5a). They have the interesting property
of accumulating in a stable fashion in nuclei
and plasma membranes of Ad2+ND2-infected
HeLa cells while being metabolically labile in
the cytoplasm (5a). In this report, we describe
additional SV40-specific proteins in Ad2+ND4-
infected cells. Furthermore, the intracellular
distribution and the metabolic stability of the
different SV40-specific proteins induced by the
hybrid viruses have been studied. Immunopre-
cipitation with serum from hamsters bearing
SV40 tumors identifies several of these proteins
as SV40 tumor specific.

MATERIALS AND METHODS
Viruses and cells. Seed stocks of nondefective

Ad2-SV40 hybrid viruses, Ad2+ND1, Ad2+ND2,
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Ad2+ND4, and Ad2+ND5, were obtained from A. M.
Lewis, Jr. Stocks of Ad2, Ad2+ND1, Ad2+ND2, and
Ad2+ND5 were prepared in HeLa S3 cells grown in
minimum essential medium (MEM) for suspension
culture (GIBCO no. F-13) supplemented with 5% calf
serum (growth medium). Stocks of Ad2+ND4 were
prepared in CVI cells grown in Dulbecco modified
Eagle medium with 10% fetal calf serum. The titer
of the virus stocks used in these experiments was 109
PFU/ml for all stocks except Ad2+ND4 which titered
107 PFU/ml. Stocks were assayed on HeLa monolay-
ers as described by Williams (32).

Infection and labeling of cells. (i) Two-hour con-
tinuous labeling experiments. HeLa S3 cells (2 x
10') in suspension were infected with 2 ml of undi-
luted virus stocks. After an adsorption period of 20
min, the cells were diluted with 100 ml of growth
medium. At the times indicated in the figure leg-
ends, the cells were washed twice with 40 ml of
Eagle medium minus amino acids and labeled in 10
ml of Eagle medium minus amino acids containing
10 ACi of a 14C-labeled L-amino acid mixture (NEN,
specific activity 10 mCi/mmol) per ml and 5% calf
serum. After 2 h, the labeling medium was removed;
the cells were washed with 40 ml of Eagle MEM and
then subjected to cell fractionation (see below).

(ii) Pulse-chase experiments. HeLa S3 cells (5 x
10') in suspension were infected with 5 ml of undi-
luted virus stocks. After the adsorption period, the
cells were diluted with 300 ml of growth medium. At
the times indicated in the figure legends, the cells
were washed twice with 40 ml of Eagle medium
minus amino acids and labeled in medium minus
amino acids containing 40 pUCi of 14C-labeled L-
amino acid mixture per ml and 5% calf serum. After
15 min, the cells were split into two parts and
washed once with 20 ml of Eagle MEM. One part
(pulse) was immediately subjected to cell fractiona-
tion (see below). The remaining cells (pulse-chase)
were diluted with 100 ml of growth medium and kept
in this medium for the time indicated in the figure
legends. At the time indicated, the equivalent part
was washed once with 20 ml of Eagle medium and
subjected to cell fractionation. For immunoprecipi-
tation, cells were infected as described and labeled
at 37 h postinfection with 165 pCi of 35S-labeled
methionine (specific activity, 512 Ci/mmol) per ml
for 2 h in methionine-free Eagle medium.

Cell fractionation. (i) Membrane isolation. Mem-
branes of uninfected and infected HeLa cells were
prepared according to the method of Brunette and
Till (3). The cells were washed twice with 20 ml of
0.15 M NaCl and suspended in 2 ml of a 1 mM ZnCl2
solution. After swelling for 10 min at room tempera-
ture, they were cooled in an ice bath for 5 min and
then homogenized in a stainless steel Dounce ho-
mogenizer (clearance, 0.002 inch [ca. 0.005 cm]). The
homogenization procedure was monitored by exam-
ining the cell lysate under a phase-contrast micro-
scope. Homogenization was stopped after about 80%
of the cells were broken (10 to 15 strokes). The cell
lysate was spun at 2,000 rpm for 15 min in an IEC
centrifuge, model PR-2, rotor head 269 (800 x g).
The supernatant was designated cytoplasm. The
pellet of the low-speed centrifugation, containing

SV40 TUMOR-SPECIFIC PROTEINS 1171

membrane bags, unbroken cells, and nuclei, was
subjected to centrifugation in the two-phase system
containing polyethylene glycol 6000 and dextran 500
(3). Plasma membranes were found at the inter-
phase; nuclei and unbroken cells were found in the
pellet. Plasma membranes were further purified fol-
lowing the procedure of Brunette and Till (3). Phase-
contrast microscopy of the purified plasma mem-
branes suspended in water showed that the mem-
brane fraction consisted of single empty bags and
aggregates of bags (Fig. 1). No contamination by
nuclei could be detected. We observed that the ho-
mogenization of cells in the presence of ZnCl2 causes
aggregation of cytoplasmic proteins which subse-
quently pellet during a 60-min centrifugation at
100,000 x g. Therefore, cell homogenization in the
reconstitution experiments (see below) was per-
formed in the absence of ZnCl2. In these experi-
ments, the cells were washed twice with 20 ml of
0.15 M NaCl and suspended in 2 ml of cold lysis
buffer (5 mM MgCl2-2 mM CaCl2, buffered with 10
mM 2-[N-morpholino] ethanesulfonic acid [MES],
pH 6.5). After swelling for 5 min in the cold, the cells
were homogenized as described above, and the cell
lysate was spun at 2,000 rpm for 15 min at 800 x g.
The supernatant (cytoplasm) was further fraction-
ated (see below). The pellet of the low-speed centrif-
ugation was subjected to centrifugation in the two-
phase system, and the plasma membranes were iso-
lated and purified as described above.

(ii) Subfractionation of cytoplasm. The cyto-
plasm from the low-speed centrifugation of the cell
lysate prepared in the absence of ZnCl2 (see above)
was separated into a 100,000 x g cytoplasmic super-
natant and a 100,000 x g cytoplasmic pellet by cen-
trifugation at 100,000 x g for 60 min at 4°C.

(iii) Purification of nuclei. The pellet collected
after the two-phase spin, consisting of unbroken
cells and nuclei, was suspended in isotonic Tris
buffer (0.14 M NaCl-5 mM KC1-0.5 mM MgCl2-1
mM CaCl2-25 mM Tris-hydrochloride, pH 7.4). Non-
idet P-40 (NP-40) was added to a final concentration
of 0.5%. After 10 min on ice, the nuclei were pelleted
for 2 min at 800 x g and washed three times with
isotonic Tris buffer. This preparation was desig-
nated NP-40-nuclei. Nuclei, from which the outer
nuclear membrane was removed, were prepared by
treatment of NP-40 nuclei with a Tween-deoxycho-
late(DOC) mixture (26). NP-40 nuclei were resus-
pended in 1 ml of isotonic Tris buffer, and 150 ,ul of a
mixture of 1 volume of 10% sodium deoxycholate and
2 volumes ofTween 40 in water were added. After 10
min on ice, the nuclei were pelleted for 2 min at 800
x g and washed three times with isotonic Tris
buffer. This nuclei preparation was designated
Tween-DOC nuclei.

Reconstitution experiment. HeLa S3 cells (5 x
10') in suspension were infected with 5 ml of undi-
luted Ad2+ND2 virus stock and labeled with 40 ,uCi
of a 14C-labeled L-amino acid mixture per ml at 35 h
postinfection as described. After 30 min, the cells
were divided into two equal parts and washed once
with 20 ml of Eagle MEM. The cells of one part
(pulse) were immediately subjected to cell fractiona-
tion (see above). The cells of the other part (pulse-
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cells were incubated at 00C with purified, unlabeled
plasma membranes isolated from uninfected HeLa
cells. After 20 min, the incubation mixture was spun
for 15 min at 800 x g. The pelleted membranes were
then repurified by centrifugation in the two-phase
system as described above.
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FIG. 1. Plasma membrane preparation from Ad2-infected HeLa cells. Plasma membranes were isolated 36
h postinfection as described in Materials and Methods and suspended in water. The magnification is 400-fold.
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Preparation of samples for gel electrophoresis.
Portions of the cell lysate (homogenate) and of the
cytoplasm were diluted 1:1 with electrophoresis
sample buffer (0.0625 M Tris, pH 6.8; 3% sodium
dodecyl sulfate [SDS]; and 5% 2-mercaptoethanol).
The 100,000 x g cytoplasmic supernatant was pre-
cipitated with ice-cold trichloroacetic acid (10% [vol/
vol] final concentration), washed three times with
cold acetone, air dried, and dissolved in electropho-
resis sample buffer. Nuclei and plasma membranes
were pelleted and then dissolved in electrophoresis
sample buffer. Immediately after the addition of
sample buffer, the samples were sonically treated
with a Branson sonifier equipped with a microtip
(position 4, 3 x 10 s) and heated for 3 min in a boiling
water bath. The protein content of the samples was
determined by the method of Lowry et al. (22) and
adjusted to approximately 15 Aug/10 /Al.

Polyacrylamide gel electrophoresis and fluorog-
raphy. The polyacrylamide gel system of Laemmli
(13) and Maizel (23) was employed. A 15-gg amount
of protein in approximately 10-/l samples was ap-
plied per slot. Electrophoresis was performed at a
constant current of 10 mA. After electrophoresis, the
gels were prepared for fluorography as described by
Bonner and Laskey (2). To obtain a linear response
of the film to the radioactivity, the X-ray film was
preexposed by a light flash (14).

Immunoprecipitation. Cytoplasmic extracts from
Ad2 and Ad2+SV40 hybrid virus-infected cells la-
beled with [35S]methionine were prepared by lysing
the cells in a buffer solution containing 0.14 M
NaCl, 3 mM MgCl2, 10 mM Tris-hydrochloride, pH
7.4, 0.5% NP-40, and 1% phenylmethylsulfonyl fluo-
ride. Nuclei and debris were sedimented at 800 x g
for 10 min. A 20-tLI portion of the supernatant was
incubated with either 5 1d of normal hamster serum
(Flow Laboratories, Inc.) or 5 /l of serum from
hamsters bearing SV40 tumors (received from Jack
Gruber, Chief, Office of Program Resources and Lo-
gistics, National Cancer Institute, National Insti-
tutes of Health) for 60 min at 30°C. Then 0.4 ml of
rabbit antiserum prepared against hamster gamma
globulin (Cappel Laboratories) containing 0.1% NP-
40 was added to equivalence. After 15 h at 4°C, the
precipitate was collected by centrifugation and then
washed and dissolved in 50 ,ul of sample buffer. A 10-
,ul portion of this sample was applied on a slab gel.
Prior to use, all sera were absorbed with Ad2-in-
fected HeLa cells and decomplemented by heating to
56°C for 30 min.

Safety precautions. Infections with nondefective
Ad2-SV40 hybrids, labeling, and cell fractionation
experiments were conducted in a containment labo-
ratory, equipped according to the National Insti-
tutes of Health guidelines for handling nondefective
Ad2-SV40 hybrids. All persons involved in this work
had Ad2 antibody titers higher than 1/10 by plaque
neutralization tests.

RESULTS
Subcellular distribution of SV40-specific

proteins in cells infected by Ad2+ND1,
Ad2+ND2, Ad2+ND4, and Ad2+ND5. HeLa cells

in suspension were infected with different hy-
brid viruses and labeled with a '4C-amino acid
mixture for 2 h at a late time of infection when
the synthesis of host cell protein was shut off.
The labeled cells were fractionated into plasma
membranes, cytoplasm, and a crude nuclear
fraction as described in Materials and Methods.
Purified nuclei were obtained by treatment of
the crude nuclear fraction with 0.5% NP-40
(NP-40 nuclei) or by treatment of NP-40 nuclei
with a mixture of Tween 40 and DOC (Tween-
DOC nuclei; see Materials and Methods). The
radioactive polypeptides in the initial homoge-
nate, cytoplasm, NP-40 nuclei, Tween-DOC nu-
clei, and plasma membranes were analyzed by
SDS-acrylamide gel electrophoresis and visual-
ized by fluorography (Fig. 2 through 4). Ap-
proximately equal amounts of protein from
each sample were applied to the gel. There-
fore, the intensity of an individual band in the
fluorograms is a measure of the specific activity
and does not reflect the absolute amount of
radioactive protein in a particular cell fraction.
Ad2+ND1-infected cells. As described previ-

ously, the 28K protein induced by Ad2+ND1 is
present in infected cells in small quantities
(30). The fluorogram shown in Fig. 2 demon-
strates that this protein is present in all subcel-
lular fractions. Most clearly it can be detected
in nuclei and plasma membranes. For compari-
son, Fig. 2 also shows the distribution in differ-
ent subcellular fractions of radioactive proteins
from Ad2-infected cells. An interesting obser-
vation concerning the Ad2-specific protein Vc,
should be pointed out. Vc (30) is a nuclear
protein, not found in Ad2 virions, that is solubi-
lized to a large extent by treatment of NP-40
nuclei with a mixture of Tween 40 and DOC.
Since this mixture acts by removing the outer
nuclear membrane (26), Vc may therefore be
located in the outer nuclear membrane.
Ad2+ND2-infected cells. The fluorogram

shown in Fig. 3 demonstrates the subcellular
distribution of SV40-specific proteins in
Ad2+ND2-infected cells. The previously de-
scribed 56K and 42K proteins induced by
Ad2+ND2 are present in all cell fractions.
Ad2+ND4-infected cells. Cells infected with

Ad2+ND4 synthesize a surprisingly large num-
ber of SV40-specific proteins (Fig. 3). (i) A 95K
protein is most clearly detectable in homoge-
nate and nuclei. This protein has a diffuse ap-
pearance indicating heterogeneity (see below).
It is usually superimposed on a background
either of host proteins that are not totally shut
off by the infection or of Ad2-specific proteins.
(ii) Two proteins, 74K and 72K, are present in
all subcellular fractions. They are clearly sepa-
rated from each other on gels from homogenate,

VOL. 21, 1977
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FIG. 2. SDS-polyacrylamide gel fluorogram of "4C-labeled polypeptides in different cell fractions ofHeLa
cells infected with Ad2+ND1. Parallel cultures of HeLa S3 cells were infected with Ad2 or Ad2+ND1,
respectively, and labeled for 2 h (46 to 48 h after infection) with "IC-amino acids. The cells were fractionated
as described in Materials and Methods. Portions ofeach fraction containing 15 Mg ofprotein were applied to a
hyperbolic 7.5 to 30% acrylamide gradient gel and run for 5.5 h at 10 mA. Subcellular fractions were
designated as follows: (H) homogenate, (C) cytoplasm, (N1) NP-40 nuclei, (N2) Tween-DOC nuclei, and
(PM) plasma membrane.

cytoplasm, and plasma membranes. With sam-

ples from nuclei, the separation and detection
of these two proteins is perturbed by the pres-

ence of the early Ad2-specific protein IIIb (ap-
proximate molecular weight of 74,000) which is
located in the nucleus and absent in other cell
fractions (30). (iii) A 64K protein was detected
in pulse-chase experiments (see Fig. 7). (iv) A
60K protein, migrating slightly faster than the
Ad2 protein IV (fiber) was detected in all sub-
cellular fractions. (v) Two proteins, 56K and
42K, comigrating with the 56K and 42K pro-

teins in Ad2+ND2-infected cells, are also found
in all cell fractions. (vi) Occasionally we ob-
served a 28K protein comigrating with the 28K
protein in Ad2+ND1-infected cells. Figure 3
does not demonstrate this protein because the
gel conditions are not optimal for its detection.
However, the fluorogram of a gradient gel
shown in Fig. 4 reveals a small amount of this

protein in NP-40 nuclei of Ad2+ND4-infected
cells. It is not detectable in NP-40 nuclei from
Ad2+ND2 and Ad2+ND5-infected cells.

In previous experiments, only one SV40-spe-
cific 56K protein could be identified with cer-
tainty in Ad2+ND4-infected cells (30). This was
somewhat surprising, since Ad2+ND4 has the
capacity to code for an SV40-specific protein
with a moleular weight of approximately
85,000, assuming a molecular weight of 3.25 x
106 for the SV40 genome (8) or for a 95K protein
based on a molecular weight of 3.6 x 106 (28).
The reasons for this result are now clear. First,
the stock of Ad2+ND4 tested in our previous
experiments (3) was contaminated with adeno-
associated virus (AAV), whereas our present
stock is AAV-free. Cells infected by Ad2+ND4
containing AAV synthesize three structural
proteins of AAV (10, 27), in addition to Ad2-
and SV40-specific proteins. One of these has an
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FIG. 3. SDS-polyacrylamide gel fluorogram of 14C-labeled polypeptides in different cell fractions ofHeLa
cells infected with Ad2+ND2 and Ad2+ND4. Parallel cultures ofHela S3 cells were infected with Ad2+ND2 or
Ad2+ND4, respectively, and labeled for 2 h (43 to 45 h after infection) with "IC-amino acids. The cells were
fractionated as described in Materials and Methods. Portions ofeach fraction containing 15 pg ofprotein were
applied to a 7.5% acrylamide slab gel and run for 4.5 h at 10 mA. Designation ofsubcellular fraction as in the
legend to Fig. 2. Homogenate ofAd2-infected cells is shown as control.

approximate molecular weight of 96,000 and
interferes with the detection of the SV40-spe-
cific 95K protein. The major structural protein
of AAV (molecular weight, 65,000) interferes
with the detection of the SV40-specific 74K,
72K, and 64K proteins. In addition, AAV at
high multiplicity of infection suppresses the
expression of Ad2-specific information in
Ad2+ND4-infected cells (H. Linke and G. Wal-
ter, unpublished data) and may also interfere
with the expression of SV40-specific proteins.
This may explain why the 42K protein, present
in relatively small quantities, was not detected
previously. A detailed report on the effect of
AAV coinfection on the expression and detecta-
bility of SV40-specific proteins will be pub-
lished elsewhere. Second, the analysis of sub-
cellular fractions facilitates the identification of
individual SV40-specific proteins, such as the
95K and 64K proteins in the nucleus and the
74K and 72K proteins in cytoplasm. Third, with
regard to the 69K protein, it is evident now that
the choice of the gel conditions is important for
separating this protein from the Ad2 protein

IV. For example, the 60K protein is clearly
detectable on a linear 7.5% gel (Fig. 3) but not
on a gradient gel where it migrates close to the
Ad2 fiber protein IV (Fig. 4).
Ad2+ND5-infected cells. As described previ-

ously (30), Ad2+ND5 induces only one SV40-
specific 42K protein. Figure 5 demonstrates
that this protein is present mainly in the cyto-
plasm and in the nuclei, but only slightly pres-
ent in the plasma membrane. The protein of
slightly smaller apparent molecular weight
than the 42K protein in the nuclear fractions
could be a host cell protein, since it has been
observed in several experiments in which the
shutoff of host protein synthesis was incom-
plete. Table 1 summarizes the molecular
weights of the SV40-specific proteins found in
different hybrid virus-infected cells. Only pro-
teins found reproducible under a variety of ex-
perimental conditions were considered as SV40-
specific. Other novel bands that were observed
only occasionally have not been studied.
Molecular stability of the SV40-specific

proteins. Pulse-chase experiments demon-

Ad2
H H
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FIG. 4. SDS-polyacrylamide gel fluorogram of "4C-labeled polypeptides in NP-40 nuclei of HeLa cells

infected with Ad2+ND1, Ad2+ND2, Ad2+ND4, and Ad2+ND5. Parallel cultures of HeLa S3 cells were

infected with Ad2+ND1, Ad2+ND2, Ad2+ND4, or Ad2+ND5, respectively, labeled for 2 h (46 to 48 h after

infection with Ad2+ND1; 43 to 45 h after infection with Ad2+ND2 and Ad2+ND4; and 44 to 46 h after
infection with Ad2+ND5) with "IC-amino acids. The cells were fractionated as described in Materials and

Methods. Portions of the NP-40 nuclei fraction containing 15 pg ofprotein were applied to a hyperbolic 8.5 to

20% acrylamide gradient gel and run for 5.5 h at 10 mA.

strated previously that the 56K protein in
Ad2+ND2 and Ad2+ND4-infected cells and the
42K protein in Ad2+ND2 and Ad2+ND5-in-
fected cells are metabolically unstable (30).

However, pulse-chase experiments and cell
fractionation studies with Ad2+ND2-infected
cells showed that the 56K and 42K proteins are

unstable only in the cytoplasm, which contains

Ad2t
ND5
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FIG. 5. SDS-polyacrylamide gel fluorogram of "4C-labeled polypeptides in different cell fractions ofHeLa
cells infected with Ad2+ND5. HeLa S3 cells were infected with Ad2+ND5, labeled for 2 h (44 to 46 h after
infection) with "IC-amino acids and fractionated as described in Materials and Methods. Portions of each
fraction containing 15 pg ofprotein were applied to a 7.5% acrylamide slab gel and run for 4.5 h at 10 mA.
Designation of subcellular fractions were as in the legend to Fig. 2.

the bulk of these proteins, but are stable in
nuclei and plasma membranes (5a). It was of
interest to investigate whether metabolic in-
stability is a general property of all SV40-
specific proteins induced by the different hy-
brid viruses and whether the stability of these
proteins is influenced by their subcellular loca-
tion. HeLa cells infected by the different hybrid
viruses were labeled with "4C-amino acids for
15 min (pulse) and chased for several hours

with excess unlabeled amino acids. Both pulse-
labeled and -chased cells were fractionated into
nuclei, cytoplasm, and plasma membranes,
and the radioactive polypeptides in each frac-
tion were analyzed by SDS-acrylamide gel
electrophoresis.
Ad2+ND2-infected cells. In previous experi-

ments, AD2+ND2-infected cells were pulse-la-
beled for 30 min and chased for 5.5 h (5a). Fig-
ure 6 demonstrates the results of an experi-
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TABLE 1. Properties of the SV40-specific proteins found in different hybrid virus-infected cells

Metabolic stability

Ad2+Ad2+Ad2+ Ad2+ ~~~~~~Immuno-Protein AND1 ANd2 AND4 AND5 Nucleus and precipi-
plasma mem- Cytoplasm tation

brane

28K + + Stable Stable
42K + Stable Unstable +

+ Unstable Unstable +
+ Unstable Unstable

56K + + Stable Unstable +
60K + Stable Stable +
64K + Stable Stable +
72K + Stable Stablea +
74K + Stable Stablea +
95K (doublet) + Stableb Unstable +

Decreases slightly during chase.
b In the nucleus, lower band of the doublet is shifted to higher position during chase.

ment in which chase periods ranging from 3 to
12 h were chosen. In the cytoplasm, the
amounts of radioactive 56K and 42K proteins
were drastically reduced after 3 h of chasing.
The 42K protein is undetectable after a chase
of 6 h, whereas some 56K protein is still de-
tectable even after a 12-h chase. In contrast,
both proteins are considerably more stable in
the nuclear and in the plasma membrane frac-
tion. In both fractions, the amount of radioac-
tive 56K protein is unchanged or slightly in-
creased after a chase of 3 h. It then decreases
during the 6-h chase and remains constant for
another 6 h. The amount of 42K protein in
nuclei and plasma membranes decreases dur-
ing the first 3 h of chase and then remains
constant.
By scanning the fluorograms and taking into

account the total amounts of protein in each
subcellular fraction, we calculated previously
that after a 30-min pulse the cytoplasm con-

tained the major protion of the radioactive 56K
and 42K proteins, i.e., 67 and 79%, respectively,
of the total amount present in homogenates.
Nuclei and plasma membranes combined con-

tain a minor fraction of 16 and 8%, respectively.
In comparison, after a 5.5-h chase, the cyto-
plasm contains only 28% of the 56K protein and
17% of the 42K protein, whereas nuclei and
plasma membranes together contain the bulk
of the radioactive 56K and 42K proteins (5a).
Ad2+ND4-infected cells. The fluorogram

shown in Fig. 7 demonstrates the result of a

pulse-chase experiment with Ad2+ND4-infected
cells. Here the 56K and 42K proteins in the
cytoplasm are also unstable, but, whereas the
56K protein is stable in the nuclei and plasma
membranes over a chase period of 4 h, the 42K
protein appears to be unstable. The patterns of
nuclei and plasma membranes, however, are

difficult to evaluate with respect to the 42K
protein since it is present in small quantity.
The 60K protein is stable in all subcellular
fractions. An SV40-specific protein with an ap-
proximate molecular weight of 64,000 is present
in all cell fractions of both pulse-labeled and
-chased cells. Under optimal gel conditions, this
protein can be separated from the Ad2 protein
IV (molecular weight, 62,000). It is most easily
detectable in nuclei and plasma membranes
that contain only small quantities of protein
IV. The 74K and 72K proteins in the cytoplasm
are slightly reduced in amount after the chase,
but are stable in nuclei and plasma mem-
branes. The appearance on the gel of the 74K
protein in the nuclear fraction is perturbed by
the Ad2-specific early protein IIIb. Both nuclei
and cytoplasm of pulse-labeled cells contain a
-doublet of proteins migrating in the 95K region
of the gel. After the chase, this doublet is de-
tectable in reduced quantity in the cytoplasm,
whereas in nuclei the smaller component is
shifted to a slightly higher position. A trace of
the 95K doublet protein is detectable in the

FIG. 6. SDS-polyacrylamide gel fluorogram of pulsed and pulse-chased polypeptides in different cell
fractions ofAd2+ND2-infected HeLa cells. HeLa S3 cells were infected with Ad2+ND2 andpulse-labeled for l5
min with '4C-amino acids 36 h after infection as described in Materials and Methods. Pulse-labeled cells (p)
and cells chased for 3 h (c3), 6 h (c6), and 12 h (c12) were fractionated as described in Materials and Methods.
Portions of each fraction containing 15 Mg ofprotein were applied to a 7.5% acrylamide slab gel and run for
4.5 h at 10 mA. The nuclei represent NP-40 nuclei.
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FIG. 7. SDS-polyacrylamide gel fluorogram of pulsed and pulse-chased polypeptides in different cell
fractions ofAd2+ND4-infected HeLa cells. HeLa S3 cells were infected with Ad2+ND4 and pulse-labeled for 15
min with 14C-amino acids 38 h after infection as described in Materials and Methods. Pulse-labeled cells (p)
and cells chased for 4 h (c) were fractionated as described in Materials and Methods. Samples ofeach fraction
containing 15 pg ofprotein were applied to a 7.5% acrylamide slab gel and run for 4.5 h at 10 mA. The nuclei
represent NP-40 nuclei.

plasma membrane fraction after the pulse but
not after the chase.
Ad2+ND5-infected cells. Pulse-chase experi-

ments with cells infected by Ad2+ND5 reveal
an interesting difference in metabolic stability
between the 42K protein induced by Ad2+ND5
and the 42K protein induced by Ad2+ND2 (Fig.
8). Whereas the 42K protein is stable in the
nucleus and the plasma membrane of
Ad2+ND2-infected cells, the corresponding pro-
tein is unstable in all subcellular fractions of
Ad2+ND5-infected cells.

In addition, pulse-chase and cell fractiona-
tion studies with cells infected by Ad2+ND1
have shown that the 28K protein is metabol-
ically stable in all cell fractions (N. Axelrod,
personal communication).

Reconstitution of cytoplasm and plasma

membranes. To investigate the possibility that
the 56K and 42K proteins in the cytoplasm of
Ad2+ND2-infected cells may bind to plasma
membranes after cell lysis, reconstitution ex-
periments were performed. Unlabeled plasma
membranes isolated from uninfected HeLa cells
were incubated for 15 min at 0C with total
cytoplasm or 100,000 x g cytoplasmic superna-
tant from Ad2+ND2-infected cells pulse-labeled
for 30 min with '4C-amino acids. The plasma
membranes were repurified from the mixture
and analyzed by gel electrophoresis. Figure 9
demonstrates that the unlabeled HeLa cell
membranes adsorbed from the cytoplasm the
Ad2 proteins, II and Ha, and the Ad2+ND2 56K
and 42K proteins; however, proteins III and IV,
present in large quantities in the cytoplasm,
adsorbed less well. In a parallel experiment,

- 64K
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FIG. 8. SDS-polyacrylamide gel fluorograms of pulsed and pulse-chased polypeptides in different cell
fractions ofAd2 +ND5-infected HeLa cells. HeLa S3 cells were infected with Ad2+ND5 andpulse-labeled for 15
min with "IC-amino acids 41 h after infection as described in Materials and Methods. Pulse-labeled cells (p)
and cells chased for 3.5 h (c) were fractionated as described in Materials and Methods. Samples of each
fraction containing 15 Mg ofprotein were applied to a 7.5% acrylamide slab gel and run for 4.5 at 10 mA. The
nuclei represent NP-40 nuclei.

purified unlabeled HeLa cell membranes were

mixed with cytoplasmic extracts from
Ad2+ND2-infected cells that had been pulse-
labeled with 14C-amino acids for 30 min and
chased with excess cold amino acids for 5.5 h.
The polypeptide patterns of radioactive pro-

teins adsorbed from the cytoplasm to the repu-

rified plasma membranes are shown in Fig. 9.
Only proteins II and Ha were bound in signifi-
cant amounts to the reconstituted plasma mem-
branes, whereas the 56K and 42K proteins were
barely detectable. These experiments demon-
strate that the 56K and 42K proteins bind to

purified plasma membranes. The amounts of
radioactive 56K and 42K proteins bound to pur-

ified plasma membranes in a reconstitution ex-

periment are proportional to the amounts of
radioactive 56K and 42K proteins present in the
cytoplasm. In contrast, the amounts of radioac-
tive 56K and 42K proteins found in plasma
membranes isolated from Ad2+ND2-infected
cells do not reflect the concentration of these
proteins in the cytoplasm as shown by pulse-
chase experiments.

Immunoprecipitation. It was recently shown
that the 56K and 42K proteins of Ad2+ND2 are

C
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FIG. 9. SDS-polyacrylamide gel fluorogram of pulsed and pulse-chased polypeptides in different cell
fractions of Ad2+ND2-infected HeLa cells and of labeled polypeptides present in unlabeled plasma mem-

branes of uninfected HeLa cells after reconstitution experiments. HeLa S3 cells were infected with Ad2+ND2
and pulse-labeled for 30 min with '4C-amino acids 35 h after infection as described in Materials and Methods.
Pulse-labeled cells (pulse) and cells chased for 5.5 h (chase) were fractionated, and reconstitution
experiments with unlabeled plasma membranes of uninfected HeLa cells were performed as described in
Materials and Methods. Samples of each fraction containing 15 pg of protein were applied to a 7.5%
acrylamide slab gel and run for 4.5 h at 10 mA. The following fractions were analyzed: (H) homogenate, (C)
cytoplasm, (S) 100,000 x g cytoplasmic supernatant, (PM) plasma membrane, (PM-C) repurified plasma
membranes of uninfected, unlabeled HeLa cells mixed with cytoplasm of labeled HeLa cells infected with
Ad2+ND2, and (PM-S) repurified plasma membranes of uninfected, unlabeled HeLa cells mixed with
100,000 x g cytoplasmic supernatant of labeled HeLa cells infected with Ad2+ND2.

immunoprecipitable with serum from hamsters
bearing SV40 tumors (5a). Figure 10 demon-
strates the results of immunoprecipitation ex-

periments with extracts of Ad2+ND4- and
Ad2+ND5-infected cells. The 60K, 64K, 72K,
74K, and 95K proteins of Ad2+ND4 were im-
munoprecipitable with SV40 antitumor serum
(Fig. lOb and d). The 56K and 42K proteins of
Ad2+ND4 were slightly detectable in the pre-
cipitates (Fig. lOd), presumably because they
were present in small quantities in the infected
cell extracts. The 42K protein of Ad2+ND5 was

not immunoprecipitable (Fig. 10g). Though
this protein occurred less abundantly than the
Ad2+ND2 42K protein, attempts to immuno-
precipitate equivalent absolute amounts of la-

beled 42K protein from both Ad2+ND2 and
Ad2+ND5-infected cell extracts failed to pre-
cipitate any detectable 42K protein from
Ad2+ND5. We were not able to immunopre-
cipitate the 28K proteins of Ad2+ND1 and
Ad2+ND4. This may simply be a reflection of
the absolute quantity of the protein in any

given sample and, therefore, its apparent lack
of antigenicity cannot be dismissed. Lewis and
Rowe demonstrated that SV40 tumor bearing
hamsters can develop T+ U- sera (19). When
tested by immunofluorescence, our anti-T se-

rum produced a very faint perinuclear staining,
characteristic ofU antigen (19), with Ad2+ND1
infected cells. Therefore, the inability of the
SV40 anti-T serum to immunoprecipitate the

56Km

42K
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FIG. 10. SDS-polyacrylamide gel fluorogram of [35S]methionine polypeptides immunoprecipitated from
hybrid-infected HeLa cell preparations with serum from SV40 tumor-bearing hamsters. HeLa S3 cells were

infected with Ad2+ND4 or Ad2+ND5 and labeled with [35S]methionine. Extracts were prepared and immu-
noprecipitated as described in Materials and Methods. The sample order is (a) cell extract of Ad2+Nd4-
infected cells; (b) and (d) same, immunoprecipitated with SV40 antitumor serum; (c) and (e), same,
immunoprecipitated with control serum; (f) cell extract ofAd2+ND5-infected cells; (g) same, immunoprecipi-
tated with SV40 antitumor serum; (h) same, immunoprecipitated with control serum. Immunoprecipitations
shown in (b) and (c), and (d) and (e) were performed with cell extracts from separate infections. The presence
of large quantities ofgamma globulin in the immunoprecipitates causes a distortion of the gel pattern in the
region of 50,000 daltons. To compare the migration of the precipitated polypeptides with the corresponding
polypeptides in the extracts, an equivalent amount ofgamma globulin was mixed with the extracts a and f
prior to electrophoresis. Samples a, b, and c; d and e; and f, g, and h were analyzed on three separate 7.5%
acrylamide slab gels and run for approximately 4.5 h at 10 mA.

28K protein could also be due to a low titer of
SV40 U antibody. Table 1 summarizes the prop-
erties of SV40-specific proteins induced by the
different hybrid viruses.

DISCUSSION
As pointed out previously (30), the 28K, 56K,

and 42K proteins induced by Ad2+ND1,

Ad2+ND2, and Ad2+ND5, respectively, corre-

spond in size to the maximum coding capacity
of the SV40 DNA segments contained in these
hybrid viruses. Ad2+ND4 could code for an
SV40 95K protein, assuming that the SV40
DNA in Ad2+ND4 represented 48% of the total
SV40 genome and based on a molecular weight
of 3.6 x 106 for the SV40 genome. Thus, the
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newly identified 95K protein in Ad2+ND4-in-
fected cells could represent an SV40-coded pro-
tein. Direct evidence that all SV40-specific pro-
teins identified so far in hybrid virus-infected
cells are indeed virus coded comes from in vitro
translation of SV40-specific RNA from hybrid
virus-infected cells (G. Walter and T. Hunter,
in preparation).
An interesting observation is that more than

one SV40-specific protein is induced by individ-
ual hybrid viruses and that several hybrid vi-
ruses produce proteins of similar size: i.e., a
56K protein is induced by Ad2+ND4 and
Ad2+ND2; a 42K protein is induced by
Ad2+ND5, Ad2+ND4, and Ad2+ND2; and a 28K
protein is induced by Ad2+ND4 and Ad2+ND1.
Peptide mapping directly demonstrated that
most, if not all, of these proteins are structur-
ally related to each other. The 56K and 42K
proteins induced by Ad2+ND2 share common
amino acid sequences (5a). Furthermore, the
42K, 56K, 60K, 64K, 72K, 74K, and 95K pro-
teins in Ad2+ND4-infected cells have tryptic
peptides in common with each other and with
the 56K and 42K proteins induced by Ad2+ND2
(K. Mann and G. Walter, unpublished data).
The 28K proteins in Ad2+ND1- and Ad2+ND4-
infected cells and the 42K protein in Ad2+ND5-
infected cells are being analyzed. Thus, it is
likely that the different SV40-specific proteins
represent overlapping gene products of the
early region of the SV40 genome, with the 95K
proteins being the gene product of the entire
early region. It is puzzling that the 28K protein
has not been found in Ad2+ND2- and Ad2+ND5-
infected cells. In view of the fact that this pro-
tein is most difficult to identify, one cannot rule
out that it is present in very small amounts.
The mechanism by which two or more SV40-

specific proteins could be generated by one hy-
brid virus is presently unknown. We have ex-
cluded the possibility that the large number of
SV40-specific proteins in Ad2+ND4-infected
cells is due to a mixture of several different
hybrid viruses present in the stock of
Ad2+ND4. Ten different plaques of Ad2+ND4
were isolated and used to infect HeLa cells. The
infected cells were labeled with '4C-amino acids
and analyzed by acrylamide gel electrophore-
sis. The number and quantity of SV40-specific
proteins was identical in all 10 samples (unpub-
lished data). No evidence that the smaller pro-
teins are derived from the larger ones by post-
translational cleavage was obtained from the
pulse-chase experiments. Attempts to demon-
strate a precursor-product relationship by
treating infected cells with protease inhibitors
have failed. It is possible, therefore, that the

different proteins are synthesized on different
size messengers or that they arise by internal
initiation on a single messenger RNA species.

Several nonstructural SV40-specific proteins
with molecular weights ranging from 60,000 to
100,000 have been found in SV40-infected mon-
key cells and SV40-transformed cells (1, 5, 12,
29, 31). It remains to be seen whether these
proteins are structurally related to the SV40-
specific proteins in hybrid virus-infected cells.
In two instances, nonstructural SV40-specific
proteins were characterized immunologically
using serum from hamsters bearing SV40 tu-
mors. Del Villano and Defendi identified a 70K
protein in both acutely infected and trans-
formed cells that bound specifically to immuno-
sorbents reacting with T antigen (5). Tegt-
meyer et al. were able to immunoprecipitate
with antitumor serum a lOOK protein, that was
present in SV40-infected monkey cells and in
SV40-transformed cells (29). Both groups infer
that the proteins they identified are SV40 T an-
tigen. Furthermore, Tegtmeyer et al. suggest
that the lOOK protein is coded for by the entire
early region of the SV40 genome (29). We re-
cently found that SV40 antitumor serum im-
munoprecipitates the 56K and 42K proteins
from Ad2+ND2-infected cells (5a). Although
these proteins are immunoprecipitable,
Ad2+ND2 does not have enough SV40 informa-
tion to induce SV40 T antigen, as defined by
fluorescent staining. This finding demonstrates
that immunoprecipitation cannot be used as
the only criterion for defining T antigen. It
would be preferable to define T antigen by
using a functional rather than an immuno-
logical assay. We have shown that the SV40-
specific proteins induced by Ad2+ND4 of molec-
ular weights 42,000, 56,000, 60,000, 64,000,
72,000, 74,000, and 95,000 are also immunopre-
cipitable with antitumor serum. These data im-
ply that structurally related proteins are ex-
pressed in SV40 tumors. It remains to be seen
which of these proteins represents T antigen in
a functional sense.
Of major interest is the finding that all SV40-

specific proteins in cells infected by the differ-
ent hybrid viruses can be found in purified
plasma membranes. Proteins identified in puri-
fied plasma membranes could be either genuine
components of plasma membranes in intact
cells, or they could be adsorbed from the cyto-
plasm to plasma membranes in the course of
cell fractionation. In the case of the 56K and
42K proteins, this problem does not arise be-
cause these proteins are metabolically unstable
in the cytoplasm but are stable in the plasma
membranes. Hence, it was possible to isolate

J. VIROL.
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plasma membranes after a 12-h chase period
containing a large quantity of radioactive 56K
and 42K proteins, although the cytoplasmic
pool of radioactive 56K and 42K proteins was
almost depleted by this time (Fig. 6). We, there-
fore, conclude that the 56K and 42K proteins in
Ad2+ND2-infected and the 56K proteins in
Ad2+ND4-infected cells are plasma membrane
proteins in intact cells.
Further support for the conclusion that the

56K and 42K proteins induced by Ad2+ND2 are
real plasma membrane proteins comes from re-
constitution experiments. The amounts of ra-
dioactive 56K and 42K proteins bound to iso-
lated plasma membranes were proportional to
the amounts of radioactive 56K and 42K pro-
teins present in the cytoplasm; i.e., unlabeled
plasma membranes bind more radioactive 56K
and 42K proteins from cytoplasm containing a
pool of these proteins with high specific radioac-
tivity than from cytoplasm of cells containing
a pool of these proteins with low specific radio-
activity (Fig. 9). Therefore, the radioactive
56K and 42K proteins present in high amounts
in plasma membranes after a long chase period
cannot be bound to membranes during their
isolation, but must represent an integral part
of plasma membranes in intact cells. On the
other hand, it seems likely that the 56K and
42K proteins found in plasma membranes after
a short pulse are, at least in part, adsorbed
from the cytoplasm after cell lysis. Reconstitu-
tion experiments may not be suitable for deter-
mining whether the metabolically stable pro-
teins such as the 60K, 64K, 72K, and 74K pro-
teins induced by Ad2+ND4 are plasma mem-
brane proteins in vivo. Only those proteins that
are metabolically unstable in the cytoplasm
and stable in the plasma membrane can be
identified as genuine plasma membrane pro-
teins by pulse-chase and by reconstitution ex-
periments.

By pulse-chase experiments, three classes of
SV40-specific proteins can be distinguished
with regard to their metabolic stability. (i) The
56K and 42K proteins in Ad2+ND2-infected
cells are unstable in the cytoplasm and stable
in nuclei and plasma membranes. Although the
reasons for this behavior are unknown, it is
possible that these proteins escape from proteo-
lytic digestion in the cytoplasm by insertion
into the lipid bilayer of nuclear or plasma mem-
branes (6). Preliminary evidence suggests that
the location of the 56K and 42K proteins in the
nucleus is the nuclear membrane. Another pos-
sibility is that these proteins, when present in
plasma membranes (or in the nuclear mem-
brane), are modified and therefore become re-

sistant to degradation. (ii) The higher molecu-
lar weight SV40-specific proteins in Ad2+ND4-
infected cells are stable in all subcellular frac-
tions, as is the 28K protein induced by
Ad2+ND1. It is possible that a specific amino
acid sequence in the 56K and 42K proteins is
recognized by cellular proteolytic enzymes. The
same region may not be exposed on the higher
molecular weight SV40-specific proteins in
Ad2+ND4-infected cells and may be absent in
the 28K protein. (iii) The 42K protein induced
by Ad2+ND5 is neither stable in nuclei and
plasma membranes, nor stable in the cyto-
plasm. This finding is of particular interest
since Ad2+ND5 does not induce any detectable
SV40 antigens (20). Ad2+ND2, on the other
hand, does induce U antigen and TSTA, and
the 42K and the 56K proteins accumulate in the
plasma membrane and in the nucleus in a sta-
ble form. This correlation between the ability of
Ad2+ND2 to induce SV40 U antigen and TSTA
and the stable incorporation of the 42K protein
in nuclei and plasma membranes on one hand,
and the absence of both events in Ad2+ND5-
infected cells on the other, is compatible with
the idea that the 42K protein in Ad2+ND2-
infected cells is structurally related to SV40 U
antigen and TSTA. Due to a small difference in
structure, the 42K protein in Ad2+ND5-infected
cells may not be able to associate in a stable
form with the nuclear membrane or the plasma
membrane. Peptide mapping experiments dem-
onstrated that the 42K proteins of Ad2+ND2
and Ad2+ND5 share common peptides (K.
Mann, T. Hunter, and G. Walter, unpublished
data). On the other hand, the finding that the
42K protein ofAd2+ND5 is not immunoprecipit-
able, in contrast to the 42K protein of
Ad2+ND2, indicates a structural difference be-
tween these proteins. The elucidation of this
difference may shed light on the nature and
function of the SV40-specific antigens U and
TSTA.
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