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Messenger RNA was isolated from simian virus 40 (SV40)-infected and
mock-infected cells by chromatography on poly(U) sepharose. When added to
cell-free extracts from Chinese hamster ovary cells or rabbit reticulocytes, RNA
from the infected cells, but not from mock-infected cells, stimulated synthesis of
the major SV40 capsid protein. Identification of this species was done by sodium
dodecyl sulfate gel electrophoresis, peptide mapping, and immunoprecipitation.
The in vitro synthesized capsid protein was slightly different from virion
assembled capsid protein, as shown by separation upon chromatography on

hydroxylapatite and by minor differences in the peptide map.

The simian virus 40 (SV40) virion contains a
major polypeptide (molecular weight of 45,000),
two minor polypeptides (molecular weight of
35,000 and 25,000), and three internal histone-
like proteins (3, 4, 6, 18). Late in the lytic cycle
virion proteins represent 10 to 20% of the total
protein synthesis of the cell (2, 18). Viral
mRNA's should comprise as much as 20 to 30%
of the total mRNA found in cells during this
period. Viral RNAs isolated from the cytoplasm
late in infection can be resolved into two spe-
cies, 16S and 19S, both of which contain at least
one poly(A) sequence; they are presumably de-
rived from larger virus-specific RNAs found in
the cell nucleus (23, 24). During lytic infection
one can detect, in addition to the virion antigen,
the T and U antigens in the nucleus. It is not yet
clear whether they are encoded by the virus
genome (reviewed in ref. 21).
As a first step in defining the function of the

SV40 mRNA's, we isolated from infected cells
poly(A)-containing RNA. When added to cell-
free extracts prepared from either Chinese ham-
ster ovary (CHO) cells or rabbit reticulocytes
this RNA directs synthesis of the major SV40
capsid protein. Independently, Prive et al. (C.
Prives et al., Proc. Nat. Acad. Sci. U.S.A., in
press) have also demonstrated cell-free transla-
tion of SV40 mRNA yielding the major capsid
protein.

MATERIALS AND METHODS
Virus and cell lines. SV40 strain SV-S was propa-

gated in Vero cells at 38 C at a low multiplicity as
previously described (18).

Virus infection. Confluent monolayers of Vero

cells (75-cm2 flask or 150-mm diameter petri dish)
were infected at a multiplicity of infection of 5 to 20
PFU/cell as previously described (18). At 44 to 60 h
postinfection, cultures were harvested for RNA ex-
traction.

Preparation of labeled virus. Cells were labeled in
complete medium from 48 to 96 h postinfection with
either [2H]methyl methionine (specific activity 4
Ci/mmol, 20 MCi/ml medium) purchased from New
England Nuclear Corp. or ['4C larginine (specific
activity 0.3 Ci/mmol, 0.5 ACi/ml medium) purchased
from Schwarz-Mann. Virus was purified from the cells
by repeated equilibrium centrifugations in CsCl as
previously detailed (10).

Extraction of poly(A)-containing RNA. About 5
x 108 cells were washed twice with phosphate-buff-
ered saline and were lysed in a buffer of 0.1 M NaCl,
0.001 M EDTA, 0.01 M Tris, pH 7.4, and 1.5% sodium
dodecyl sulfate (SDS). The viscosity of the resultant
solution was reduced by shearing briefly in a Dounce
homogenizer. The solution was extracted once at room
temperature with an equal volume of redistilled
phenol plus an equal volume of chloroform, and then
twice more with equal volumes of chloroform (20).
Sodium chloride was then added to the aqueous phase
to a final concentration of 0.4 M and SDS to 1%. The
solution at room temperature was layered onto a 5-ml
column of poly(U)Sepharose previously equilibrated
in the same buffer (5). The column was then washed
with several volumes of 50% ethanol in 0.2 M ammo-
nium acetate, and the RNA remaining on the column
was eluted with 5 ml of a solution containing 70%
formamide and 30% of 0.001 M EDTA. Ammonium
acetate was added to the eluate to a final concentra-
tion of 0.4 M followed by an equal volume of ethanol.
The RNA was precipitated by centrifugation at -5 C
in a Beckman SW65 rotor at 40,000 rpm for 4 h. The
resultant pellet was resuspended in distilled water
and reprecipitated twice more as described above.
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The final pellet was lyophilized, and the RNA was dis-
solved in 200 gsliters of distilled water.

Preparation of cell extracts for protein synthe-
sis. Cell extracts derived from CHO cells and rabbit
reticulocytes were prepared exactly as described by
McDowell et al. (15) and Housman et al. (7).

Cell-free protein synthesis. Conditions for cell-
free protein synthesis in CHO extracts were exactly as

described by McDowell et al. (15).
Conditions for reticulocyte cell-free synthesis have

been detailed by Lodish et al. (13), except that
dithiothreitol (0.005 M) replaced 2-mercaptoethanol,
and the concentrations of magnesium acetate and
creatine phosphokinase used were 0.0012 M and 0.1
mg/ml, respectively. All incubations were at 30 C.

Polyacrylamide gel electrophoresis. Cell-free
reactions were terminated by the addition of ribonu-
clease A (50 ,g/ml) followed by a 10-min incubation
at 37 C. The products of the reaction were resolved on

7.5% polyacrylamide gels containing 0.1% SDS and 8
M urea as described previously (14); conditions for
staining with Coomassie blue and autoradiography of
the dried gels also have been described (12). X-ray
film was exposed for 4 days; the autoradiograms
were scanned with a Joyce Loebel microdensitometer
with a wedge in such a way that full-scale pen
deflection was 1.49 optical density units.

Hydroxylapatite chromatography. Radioactively
labeled proteins (35S) made in cell-free reactions and
3H-labeled SV40 virions were mixed and fractionated
together by electrophoresis through polyacrylamide
gels. The location of the ('"S)labeled products was

determined by autoradiography of the dried gels. The
labeled ("1S-3H) polypeptide migrating in the position
of the major capsid protein was eluted from the gel in
0.5% SDS and chromatographed in a hydroxylapatite
column as described by Moss and Rosenblum (17).

Immunoprecipitation. Radioactive proteins hav-
ing a mobility identical to that of the major SV40
capsid protein were eluted from dried polyacrylamide
gels in 0.5% SDS. Portions were diluted to 0.2 ml in
0.5% SDS, 0.1 M NaCl, 0.01 M Tris, pH 7.4, and 5 mg
of bovine serum albumin per ml, and were incubated
for 60 min at 37 C with 20 uliters of a rabbit antiserum
to SDS-treated virus particles (19). Subsequently, 0.2
ml of a sheep antiserum to rabbit gamma globulin
(kindly provided by M. Mage, National Institutes of
Health) was added; the reaction was incubated for 60
min at 37 C, followed by overnight incubation at 4 C,
and centrifuged at 10,000 x g for 10 min. The immune
precipitate was washed three times in 0.1 M NaCl and
0.01 M Tris, pH 7.4, at 4 C and dissolved in 0.5 ml of
1% SDS at 56 C for subsequent determination of
radioactivity. (No rddioactivity was detectable in the
final supernatant.)

*Peptide mapping. Radioactive proteins were elu-
ted from dried gels in 0.5% SDS. Urea was added to 6
M, and 1.5 mg of bovine serum albumin was added as
carrier. SDS was removed by a published procedure
(23), and proteins were recovered by precipitation
with 5% trichloroacetic acid. Over 90% of the eluted
("IS) radioactivity was recovered by this procedure.
After repeated lyophilization to remove residual acid,
the protein was digested with 60 ,g of TPCK-trypsin

(Worthington Biochemicals) in 2.0 ml of 1% ammo-
nium bicarbonate for 4 h at 37 C. After lyophilization
the peptides were resolved by paper ionophoresis at
pH 3.5 at 40 V/cm for 3 h as detailed previously (11).

RESULTS
Two types of cell-free extracts were used in

this study: preincubated extracts from CHO
cells and non-preincubated extracts from rabbit
reticulocytes. Although the latter extracts syn-
thesize globin and other reticulocyte proteins at
a constant rate for at least 1 h, we have been
able to detect synthesis of both reovirus (15)
and vesicular stomatitis virus proteins (16) in
them after addition of the respective viral
mRNA's.
The mRNA utilized here was isolated from

SV40-infected and mock-infected cells and pu-
rified by adsorption to and elution from poly(U)
sepharose. Because of the small amount ofRNA
recovered, we did not attempt to determine the
concentration; rather, each preparation was
tested at several concentrations, and the opti-
mal concentration was chosen.
CHO extracts. RNA from equivalent

amounts of mock-infected or SV40-infected
cells stimulated protein synthesis to the same
extent (Table 1); the maximal protein synthesis
obtained was about one-half that of the maxi-
mal synthesis stimulated by bacteriophage Q#
RNA. Reactions incubated with [35S]methio-
nine and containing mock-infected or SV40-
infected RNA were analyzed by SDS gel electro-
phoresis and radioautography. In all cases ra-
dioactive protein was found in a diffuse band
throughout the gel. However, in the sample

TABLE 1. Stimulation of cell-free protein synthesis by
viral RNAa

RNA Amt Counts/min

None 1,193
SV40-infected 1 hliter 3,537

2 gliters 6,035
4,gliters 7,408

Mock-infected 1 Mliter 3,502
2 uliters 6,054
4 ;iliters 7,641

Q RNA 9jug 15,044

aReactions (25 Mliters) contained CHO extracts,
[8H]leucine (48 Aci/ml; 48 ci/mmol) and the indicated
amount of RNA. Poly(A) containing RNA from 5 x
108 SV40-infected or mock-infected cells was dis-
solved in 200 ,liters of H20. Reactions were incubated
at 30 C for 40 min. A 0.5-ml amount of 0.1 M NaOH
was added. After incubation at 37 C for 10 min, 0.5 ml
of 10% trichloroacetic acid was added, and the precip-
itate was collected on fiberglass filters.
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containing the SV40-infected mRNA there was
a unique new band of mobility precisely like
that of the major SV40 capsid marker (vertical
line at 5.4 cm, Fig. 1).
An additional experiment showed that this

material is the SV40 capsid protein. A cell-free
reaction labeled with [35S Imethionine and con-
taining SV40 mRNA was mixed with [3H]methi-
onine-labeled virions. After SDS gel electro-
phoresis and autoradiography, the SV40-spe-
cific band at 45,000 molecular weight (detected
by [35S] radioactivity) was excised and eluted
with 0.5% SDS. This band, as expected, con-
tained the majority (83 to 95%) of the added
[3H] radioactivity. After digestion with trypsln,
the labeled peptides were resolved by paper
ionophoresis at pH 3.5 (Fig. 2). All of the pep-
tides present in the authentic virion protein
were found in the product of the cell-free sys-
tem, although one of the peptides (at 7 cm) was
present in the in vitro product in reduced
amounts relative to the others. The in vitro
product from the reaction primed with SV40

0 8 6 4 2
cm

0 (top)

FIG. 1. Scan of radioautogram of polyacrylamide
gel separation of proteins synthesized in CHO ex-

tracts. A, No added RNA; B, mock-infected RNA; C,
SV40-infected RNA; D, marker ("C) SV40 virion.
Reactions (60 Aliter) contained 10 MCi of [35S ] methio-
nine (100 Ci/mmol) and, where indicated, 4 tsliters of
RNA (see Table 1). Incubation was at 30 C for 40 min.
Portions of 3 gliters were taken for determination of
protein radioactivity: A, 5,500 counts/min; B, 8,900
counts/min; C, 9,300 counts/min. The remainder of
the reaction was analyzed by gel electrophoresis at 4
mA/gel for 24 H. Shown is the microdensitometer
scan of the dried gel (see Materials and Methods).

tORIGIN C
PH 3.5

I --' T - --

10 20 30 40
cm

FIG. 2. Separation of tryptic peptides of SV40
proteins. Top: 35S proteins, synthesized in CHO
extract with no added RNA, of gel mobility identical
to that of the major SV40 capsid protein. Bottom:
analogous 35S proteins synthesized in CHO extract
with SV40 RNA. Reactions (240 gliters) of composi-
tion identical to those of A and C in Fig. 1 were used.
To each was added 20,000 count/min [methyl-3H]
methionine-labeled SV40 virions, and each reaction
was analyzed on four gels as in Fig. 1. After autoradi-
ography, the region of the major SV40 capsid (45,000
molecular weight) was detected (by "3S radioactivity)
and a 2-mm-wide region was eluted. Trypsin digestion
and paper electrophoresis techniques were summa-
rized in Materials and Methods.

mRNA yielded no major peptides not found in
authentic virions. Occasionally there were a few
tryptic peptides (at 4, 11, 14 cm as shown in Fig.
2c) which did not correspond to viral peptides
and which were not produced from reactions
without SV40 mRNA. Such small amounts of
these were made that it was impossible to
determine their nature. The same figure shows
the digest of material from the same position in
the gel, but from a reaction without SV40
mRNA; it yields a diffuse [35S ] profile with no
characteristic viral protein peptides.
Reticulocyte extract. Because the extracts

used were not preincubated to reduce transla-
tion of endogenous reticulocyte mRNA, addi-
tion of exogenous mRNA does not stimulate the
rate of overall protein synthesis. On the con-
trary, occasionally, addition of SV40 mRNA
(Fig. 3 legend) and other mRNAs such as reo
mRNA (15) inhibits incorporation by up to 50%.
Nonetheless, analysis of the product of a reticu-
locyte incubation containing mRNA from
SV40-infected cells yields a labeled protein
species which comigrates with authentic SV40
capsid, and which is not found in the control

0 Extract
35S) Methionine

I A. No RNA

B. Mock- infected
RNA

C. SV-40 infected
RNA

D. (14C) SV40 Virion
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9 8 7 6 5 4(top)cm
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FIG. 3. Scan of polyacrylamide gel analysis of
proteins synthesized in reticulocyte extracts. Reac-
tions (60 uliter) contained 10 sCi of [35S]methionine
(102 Ci/mmol) and, in B, 4 Mliters of SV40 RNA
(Table 1). Incorporation was at 30 C for 50 min. In 3
juliters of reaction A (no RNA) there were 48,000
counts/min and in reaction B, with SV40 rRNA,
40,000 counts/min. Gel electrophoresis was as in Fig.
1. Shown is a scan only of the region from 4 to 9 cm of
the gel. Below 9 cm is the enormous peak of globin.
Above 4 cm there were no new SV40-specific bands
observed. A parallel analysis of a reaction with
mock-infected RNA (not shown) yielded results not
significantly different from the reaction without RNA.
Markers for determination of molecular weights of
proteins have been detailed (12).

reaction lacking SV40 mRNA (Fig. 3). Two
types of evidence support the contention that
this species is SV40 capsid protein. First, tryp-
sin digestion of the [35S ]methionine-labeled
species yields a pattern of peptides identical to
that of marker [3H ]methionine peptide (Fig. 4).
As seen previously in the product of the CHO
extract, the peptide present at 7 cm is found in
the in vitro product in reduced amounts.

Second, the material, after elution from the
gel in 0.5% SDS solution, was specifically pre-
cipitated with antibody to disrupted SV40 vi-
rions (Table 2). Since 60% of purified 45,000-
dalton protein from virions was precipitable
under these conditions of immunoprecipitation,
the data in Table 2 indicate that at least
one-half of the material in the 35S in vitro
product is antigenically related to the major
cpasid.
From neither the CHO (Fig. 1) nor reticulo-

cyte (Fig. 3) reactions could we detect synthesis
of proteins which comigrated with either of the

,00-

500-

400-

300-

minor virion polypeptides (8.5 and 6.9 cm in
Fig. 1; 8 cm in Fig. 3), although both reactions
yielded small amounts of SV40-specific pep-
tides which did not comigrate with marker virus
proteins. We have not studied these bands
further.
Hydroxylapatite chromatography. In an at-

tempt to further demonstrate the identity of the
capsid protein synthesized in vitro, we analyzed
it by chromatography on hydroxylapatite
(HAP) in buffers containing SDS. This proce-

CPM

(3H) (35S)

5001-100
a

400- - 80

200+

100-

(3H) Met SV40

60 ; Reticulocyte
Ix. IExtract

-40 No RNA

100

b x ^' (3H) Met SV40
-80

j4t1Reticulocyte
x-X- x_ x - x -Extract

-40

-20

GDORIGIN ®)
PH 3.5

10 20 30 40

FIG. 4. Separation of tryptic peptides of
SV40-specific proteins made in reticulocyte extracts.
Top: [35S] proteins of gel mobility equal to that of
virion capsid protein synthesized in reticulocyte ex-
tract without added RNA. Bottom: analogous [36S]
proteins synthesized in the presence of SV40 mRNA.
Reactions (240 uliters) of composition identical to
those of A and B (Fig. 3) were mixed with 20,00X0
count/min [methyl-3H]methionine SV40 virions.
Analysis was as in Fig. 2.

TABLE 2. Immunoprecipitation of capsid protein
synthesized by viral RNAa

Type ofRNA Input % in
used (counts/min) precipitate

No added RNA 747 7.8
780 5.1

SV40-infected RNA 870 26.6
563 27.4
615 28.0

a The 45,000-dalton protein synthesized in cell-free
extracts from reticulocytes (either with no added
RNA or RNA from SV40-infected cells) was isolated
by SDS-acrylamide gel electrophoresis and 50 to 75
;iliters of this fraction was used in an immunoprecipi-
tation reaction as described in Materials and
Methods. Purified capsid protein was 60% precipita-
ble under these conditions.
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dure separates proteins on a basis other than
molecular weight (17). When [3H ]methionine-
labeled virion was disrupted in SDS and chro-
matographed, the protein eluted as a single
peak (Fig. 5, inset). Next, 8"S-labeled CHO
reactions primed with SV40 RNA were mixed
with [3H]methionine-labeled virions. The la-
beled proteins were resolved by gel electropho-
resis and, as in the peptide mapping experi-
ments, the region of the major virion coat
protein (45,000 dalton region), containing over
85% of the 3H radioactivity, was eluted in 0.5%
SDS. It was applied directly to a HAP column.
The 3H marker showed a major peak at the
expected position, but more heterogeneous la-
beled material than expected. Presumably this
is due to trace amounts of protease acting in the
gel or during elution. Of interest was the fact
that the in vitro 35S coatlike product eluted
three fractions later. When the same region of
the SDS gel but from a reaction with no SV40
mRNA was analyzed on HAP, there was only a
diffuse profile of 31S radioactivity, with no
single large peak (data not shown).

DISCUSSION
This paper shows that poly(A)-containing

RNA, isolated from cells late in infection by
SV40, can direct the synthesis of a protein
which closely resembles the major SV40 capsid
protein in cell-free extracts from both CHO and
reticulocytes. The in vitro product comigrates
on SDS gels with authentic SV40 capsid protein
and yields a similar pattern of tryptic peptides
to that from authentic capsid protein.

Two pieces of evidence, however, suggest that
the in vitro product is not exactly the same as
the protein found in virions. Trypsin digestion
of the in vitro product, labeled with [35S Imeth-
ionine, yields relatively little of one peptide
found in the marker [3H ]methionine-labeled
capsid protein (Figs. 2, 4). Furthermore, the
capsid protein synthesized in vitro elutes
slightly later than the authentic capsid marker
during chromatography on HAP in buffers con-
taining SDS (Fig. 5). During in vivo virus
assembly the capsid protein may be modified by
loss of some amino acids and thus generate a
soluble methionine-containing tryptic peptide
(at 7 cm in Fig. 2c and Fig. 4c) from the
insoluble tryptic core (not analyzed in Figs. 2 or
4) of the precursor protein. Hence, this peptide
(at 7 cm) would not be expected to be found in
the cell-free product. Proteolytic cleavage of
virus proteins during assembly has been amply
documented in other viruses (1, 8, 9). A second
possibility is that the virus capsid is methylated
at some stage during assembly, resulting in the
appearance of the new [3H ]methionine-labeled
peptide (at 7 cm). Were this the case, this
peptide (at 7 cm) again would not be found in
the cell-free product.
The techniques detailed in this paper should

allow one to determine which of the virus
mRNA species found in the cell cytoplasm
encodes the capsid protein(s). Finally, by using
specific immunological assays one could deter-
mine whether the cell-free reactions utilized
here synthesize virus T or U antigens. These
experiments are in progress.
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FRACTION

FIG. 5. Hydroxylapatite chromatography of SV40
proteins. Insert: chromatography of [3H]methionine
SV40 wirion disrupted in 0.5% SDS. Main figure:
[39Hmethionine-labeled SV40 virion was mixed with a

CHO reaction, labeled with [35S]methionine, and
primed with SV40 RNA, exactly as in Fig. 2. The
region of the gels corresponding to the SV40 capsid
protein was eluted in 0.5% SDS as in Fig. 2 and
applied directly to a hydroxylapatite column.
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