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Simian virus 40 capsid proteins VP-1, VP-2, and VP-3 have been synthesized in
wheat germ and reticulocyte cell-free systems in response to either poly(A)-
containing mRNA from the cytoplasm of infected cells or viral RNA purified by
hybridization to simian virus 40 DNA linked to Sepharose. All three viral
polypeptides synthesized in vitro are specifically immunoprecipitated with anti-
simian virus 40 capsid serum. VP-2 and VP-3 are related by tryptic peptide
mapping to each other but not to VP-1. The most abundant class of L-strand-
specific viral mRNA, the 16S species, codes for the major capsid protein. The
relatively minor 19S class directs the cell-free synthesis of VP-1, VP-2, and VP-3.
Whether the 19S RNA represents more than one distinct species ofmRNA is not
yet clear. VP-1 mRNA can be isolated from the cytoplasm, detergent-washed
nuclei, and the nuclear wash fraction. The mRNA from the nuclear wash fraction
is enriched for VP-2 mRNA when compared to other viral or cellular polypeptides.

An understanding of the relationship between -
the simian virus 40 (SV40) RNA classes and the
viral capsid proteins VP-1, VP-2, and VP-3 has
been largely sought through techniques involv-
ing mRNA isolation and translation in cell-free
systems. To date, the following observations
have been made about the translation of the L-
strand-specific classes of SV40 mRNA. SV40
16S mRNA, the most abundant viral mRNA
class, codes for VP-1, the major capsid poly-
peptide, whereas SV40 19S mRNA codes, in
addition, for another viral polypeptide originally
termed the X polypeptide (25), which was later
found to be identical to the minor viral capsid
polypeptide VP-2 (C. Prives, unpublished data).
However, the origin of VP-3 was not well de-
fined; this product was never clearly identified
among the cell-free products of mRNA from
infected cells or even of viral RNA purified by
hybridization to SV40 DNA-Sepharose.

In the present study, we have improved the
conditions for the in vitro synthesis and identi-
fication of the viral proteins. Through the use of
RNA fractionation on sucrose gradients, an ef-
ficient translation system and specific immuno-
precipitation of cell-free products with antisera
directed against SV40 capsid proteins, we have
been able to identify VP-1, VP-2, and VP-3
among the cell-free products ofRNA from SV40-
infected cells and to assess the approximate size
and subcellular distribution of their mRNA's.

t Present address: Laboratory of DNA Tumor Viruses,
National Cancer Institute, Bethesda, MD 20014.

MATERIALS AND METHODS
Cells and viruses. The standard wild-type SV40

used in this laboratory is a plaque-purified stock of
strain 777 grown from a limiting dilution (15) in the
BSC-1 line of African green monkey kidney cells.
Radioactively labeled SV40 virus was prepared as
described for normal virus preparation (15), except
that infected cells were grown in the presence of
[35S]methionine (20 t.Ci/ml) in medium containing
one-tenth the normal amount of methionine.
RNA preparation. BSC-1 cultures (10' cells) were

infected with SV40 (50 PFU/cell). Approximately one-
fifth of the cultures were routinely labeled with [5,6-
3H]uridine (50 pCi/ml) from 40 to 48 h postinfection,
after which cells were washed three times with ice-
cold buffer containing 0.01 M Tris (pH 7.5) and 0.14
M NaCl, before lysis in Nonidet P-40 (NP40) extrac-
tion buffer (0.1 M NaCl, 0.005 M Tris, pH 8.5, 0.003 M
MgCl2, and 0.5% NP40), using 2 ml per 10' cells. Cell
extracts were centrifuged at 2,000 x g for 5 min at 4°C
in a clinical centrifuge to remove nuclei which, in some
cases, were saved for further fractionation. After a
second centrifugation at 10,000 rpm in a Sorvall cen-
trifuge for 10 min at 4°C, the supernatant was sub-
jected to phenol-chloroform extraction (21), followed
by ethanol precipitation to obtain cytoplasmic RNA.
In experiments where nuclear fractions were desired,
the nuclei obtained after the first low-speed centrifu-
gation were washed twice in NP40 extraction buffer
and then subjected to a modification of the detergent
wash procedure first described by Penman (21). The
nuclear pellet was suspended in 5 ml of a solution
containing 0.006 M NaCl, 0.006 M Tris-hydrochloride
(pH 7.5), 0.0025 M MgCl2, 2% NP40, and 1% sodium
deoxycholate. The suspension was gently blended in
a Vortex mixer and then centrifuged at 2,000 rpm in a
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clinical centrifuge for 5 min at 4°C. The supernatant
(nuclear wash fraction) was subjected to a similar
phenol-chloroform extraction as for the cytoplasmic
RNA preparation. The washed nuclear pellet was sub-
jected to an extraction procedure used by Hirt (10), in
which the nuclei were suspended in a solution contain-
ing 1.0 M NaCI, 0.001 M EDTA, and 0.6%- sodium
dodecyl sulfate (SDS) for 16 h at 4°C. The lysed nuclei
were centrifuged at 30,000 rpm for 45 min in a Beck-
man 30 rotor, and the resulting supernatant was also
subjected to phenol-chloroform extraction as de-
scribed.
RNA from cytoplasm or nuclear fractions was sub-

jected to two successive rounds of oligo(dT)-cellulose
chromatography (2). The poly(A)-containing RNA
was then either added directly to the translation svs-
tem or subjected to preparative hybridization and/or
sucrose gradient sedimentation.

Preparative hybridization. SV40 DNA-Sepha-
rose (100 fg of DNA/ml of Sepharose) was prepared
and poly(A)-containing RNA was hybridized to and
eluted from the immobilized DNA as previously de-
scribed by Gilboa et al. (9).
Sucrose gradient sedimentation. Poly(A)-con-

taining RNA or hybridization selected RNA were dis-
solved in buffer containing 37.5' formamide (Fluka),
0.1' SDS, 0.001 M EDTA, 0.01 M NaCl, 0.01 M Tris-
hvdrochloride (pH 7.5), and approximately 1,000 to
5,000 cpm of ''P-labeled purified 28S and 18S rRNA
markers. After being heated at 40°C for 10 min, the
RNA solution was layered onto a 17-ml gradient of 15
to 30; (wt/vol) sucrose in SDS buffer (0.1 M NaCl,
0.01 M Tris [pH 7.5], 0.001 M EDTA, 0.5% SDS).
Gradients were centrifuged at 26,000 rpm for 22 h at
20°C in a Beckman SW27.1 rotor.

Translation. Cell-free systems were prepared from
wheat germ or reticulocvtes. The wheat germ system
was essentially that described bv Roberts and Pater-
son (28) with previously described modifications (24).
The reticulocyte system was prepared and used as
described by Pelham and Jackson (20). In either sys-
tem, reaction volumes were 25 Ml (or multiples
thereof), containing 10 to 20 MCi of [35S]methionine,
0.5 to 1 Mg of mRNA, and all other components as
published.
Immunoprecipitation. Immunoprecipitations

were carried out by a modification of a previously
described procedure (16). Reaction mixtures (50 Ml
each) were diluted to 200 Ml in a solution containing
0.1 M NaCl, 0.01 M Tris (pH 7.5), and 0.5'% SDS. After
incubation at 37°C for 30 min, 50 Ml of a solution of
bovine serum albumin (5 mg/ml) was added, followed
by 15 Ml of rabbit antiserum prepared against SDS-
dissociated SV40 capsid proteins and the incubation
continued at 20°C for 1 h. At the end of the incubation
period, 50 ILd of a 10'% suspension of heat-inactivated,
formaldehyde-fixed Staphvlococcu.s clureus (13) was
added, and the suspension was kept at 20°C for a
further 30 min. Bacterial pellets containing the adher-
ing immunoglobulin complexes were precipitated by
centrifugation at 3,000 x g for 2 min and washed four
times in 0.5 ml of buffer containing 0.02 M Tris (pH
7.5), 0.15 M NaCl, 0.01 M EDTA, and 0.05'% NP40.
After the final washing, the pellet was suspended in 50
yl of electrophoresis sample buffer (24) and heated at
100lC for 1 min. The samples were centrifuged at

3,000 x g once more, and the supernatants were care-
fully removed and saved for SDS-polyacrylamide gel
electrophoresis.

Polyacrylamide gel electrophoresis. Reaction
mixtures or immunoprecipitates in electrophoresis
sample buffer were heated at 100°C for 1 min and
applied to 10 to 20% gradient or 10%; simple discontin-
uous slab polyacrylamide gels prepared as described
(26). Electrophoresis was generally carried out for 3 h
at 150 V run at constant voltage. Gels were fixed and
stained with Coomassie brilliant blue (24) and either
autoradiographed directly or fluorographed (4) using
Kodak SB-5 film.

Tryptic peptide mapping. Viral capsid polypep-
tides synthesized in vitro in response to mRNA from
SV40-infected cells were immunoprecipitated with
anti-S\'40 capsid serumn and subjected to electropho-
resis in 10'-% polyacrylamide slab gels. Individual poly-
peptides in the unfixed, dried gel were located by
autoradiography. The method for tryptic digestion, as
well as two-dimensional electrophoresis and ascending
chromatography on thin-layer silica gel plates was as
previously described (23).

Materials. Rabbit antisera directed against SDS-
dissociated SV40 capsids or gel-purified viral polypep-
tides were generous gifts from H. Ozer and II. Kasa-
matsu, respectively. Wheat germ was obtained from
the Bar Rav Mills, Israel. [:I5S]methionine (500 to 1,000
Ci/mol) and [3,6-3H]uridine (40 Ci/mmol) were pur-
chased from the Radiochemical Centre, Amersham,
England. Calf liver tRNA was purchased from Boeh-
ringer-Mannheim, Germany.

RESULTS
Purification and translation of SV40

mRNA. SV40 does not inhibit the synthesis of
host mRNA (17) or proteins (33), and viral
mRNA, late in lytic infection, does not comprise
more than 10% of the cellular mRNA (22).
Therefore, to assess which proteins are encoded
by viral mRNA sequences we have used the
technique of hybridization selection in which
mRNA from infected cells was annealed to SV40
DNA-Sepharose. SV40 DNA immobilized on
nitrocellulose filters has proved useful for isola-
tion of viral late mRNA classes (25, 26). More
recently, SV40 DNA-Sepharose was shown to
have advantages for translation of SV40 late (9)
and early (24) mRNA classes. SV40 19S and 16S
mRNA's were prepared by hybridization of total
mRNA to SV40 DNA-Sepharose followed by
sucrose gradient sedimentation of the virus-spe-
cific RNA (Fig. IA). The 19S and 16S fractions
were separately pooled, concentrated, and trans-
lated in the wheat germ system (Fig. lB). 16S
mRNA directs the synthesis of VP-I and several
small polypeptides. The wheat germ system is
known to prematurely terminate polypeptide
chains, and at least some of the products syn-
thesized which are smaller than VP-1 may well
be the result of this.

19S mRNA directs the cell-free synthesis of
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FIG. 1. (A) Sucrose gradient profile of hybridiza-
tion-selected RNA. [:H]uridine-labeled SV40 RNA
(from 108 cells) selected by hybridization to SV40
DNA-Sepharose was subjected to sucrose gradient
centrifugation as described in the text. A total of 35
fractions were collected and 25-jd portions were

counted by liquid scintillation. The arrow denotes
the position of the '2P-labeled 18S rRNA internal
marker. The heavier portion of the gradient is on the
left; a and b refer to 19S and 16S RNA fractions,
respectively, which were separately pooled and pre-

cipitated. (B) Cell-free products of SV40 16S and 19S
mRNA. The 19S and 16S SV40 RNA pools from the
gradient shown in A were each added to a wheat
germ translation system which had virtually no en-

products which comigrate electrophoretically
with VP-1 and VP-2. In addition, a small amount
of a product which comigrates with VP-3 is
occasionally detected among the cell-free prod-
ucts of the 19S peak (Fig. 1B). To more clearly
establish the in vitro synthesis of VP-3, we have
recently utilized the reticulocyte translation sys-
tem (20) and immunoprecipitation techniques to
identify viral products.
Translation of mRNA fractionated by su-

crose gradient sedimentation. The general
distribution of viral mRNA into two sedimenting
species does not preclude the existence of more
than two viral mRNA classes with slight differ-
ences in their sedimentation properties. To in-
vestigate this possibility, we have fractionated
mRNA from infected cells on a sucrose gradient
which was collected into a large number (45 to
50) of fractions. Each fraction was precipitated
separately and translated in the reticulocyte ly-
sate system. When the products of the mRNA
in the individual fractions were analyzed by SDS
gel electrophoresis, it was clear that this ap-
proach is useful for assessing the size of the
mRNA's for a large number of different proteins.
The sedimentation profile of total mRNA late
in lytic infection is an amorphous bimodal peak,
the lighter portion very likely representing the
viral 16S class and the rest representing the pool
of cellular and viral mRNA, of which the cellular
mRNA is probably predominant (Fig. 2A).
Nevertheless, among the fractions translated

(no. 16 to 25 of 45 total fractions) it can be seen
that the mRNA's of several different polypep-
tides are quite sharply defined in their sedimen-
tation profile (Fig. 2B). Among these are prod-
ucts which comigrate electrophoretically with
both the VP-2 and VP-3 markers, in which both
clearly peak in one (and the same) fraction (Fig.
2B; slot e, corresponding to fraction 19). It can
also be seen from this figure that the VP- I
mRNA is clearly the most abundant mRNA late
in lytic infection. Its great quantity has raised
the possibility that VP- 1 synthesized in response
to 19S mRNA may well be the result of contam-
ination with the far more abundant viral 16S
mRNA class. However, closer analysis suggests
that this is not the case.
Immunoprecipitation of the cell-free

products of mRNA from infected cells. To
further identify the viral proteins among the
cell-free products of the separate RNA gradient
fractions, the protein synthesis reaction mix-

dogenous protein-synthesizing activity (not shown).
Autoradiograms are of (a) purified [3S]methionine-
labeled SV40 virions; (b) products directed by SV40
19S mRNA (1 jig); and (c) products directed by SV40
16S mRNA (1 ,ug).

J. VIROL.



CELL-FREE SYNTHESIS OF SV40 CAPSID PROTEINS 1207

.,~~9 0

.J
-f St

10 20,

30 40

30 40

B

VP

VP2_
VP3-

-~~~~~~~~~~~~.

S~~~~~~~~~~o"Al.".

FIG. 2. (A)Sucrosegradientprofileofpoly(2
taining RNA from SV40-infected cells. [3H]ui
labeled poly(A)-containing mRNA from 108 cel
isolated and subjected to sucrose gradient ce

gation as described in the text. A total of45 frc
were collected, and the positions of the 32P-I
internal 28S and 18S rRNA markers were deter
by direct Cerenkov radiation counting. Portic
oll each) of the fractions were counted by liqui
tillation, and the remainder of each fractio
ethanol precipitated with 5 ,ul of calf liver tR
carrier. The heavy portion of the gradient is
left. (B) Cell-free products ofmRNA from indi
gradient fractions. RNA fractions in A were p
tated, and one-fifth ofeach was added to retic
translation system reaction mixtures (50 ,u1). A
(5 ILI each) of each were analyzed directly oi

20%o gradient SDS-polyacrylamide gels. Au

--A tures were subjected to immunoprecipitation
with anti-SV40 capsid serum (anti-C serum).
From Fig. 3A it can be seen that proteins comi-
grating with VP-1, VP-2, and VP-3 are immu-
noprecipitated with anti-C serum. Preimmuni-
zation control serum did not react with any of
the cell-free products. It is interesting that
an immunoreactive product whose molecular
weight was estimated to be approximately
60,000, by comparison with known marker pro-
teins in the same gel, is reproducibly synthesized
in response to mRNA which cosedimented with
the mRNA for VP-1.
Densitometer tracings of the different viral

polypeptides in the autoradiograms were made,
and the amount of each polypeptide was esti-
mated by calculating the area of each peak (Fig.
3B). From the sedimentation profile of the viral
protein products, it could be seen that VP-2 and
VP-3 both appear to be directed by mRNA
which has a defined peak slightly heavier than
the 18S mRNA internal marker. Thus, it ap-
peared that these two proteins appeared to be
encoded by mRNA species which have very
similar sucrose gradient sedimentation proper-
ties. It could also be seen that the VP-1 directed
by the 19S RNA is not the result of simple
contamination by the 16S RNA class. mRNA
with a similar size distribution as the VP-2 and
VP-3 19S mRNA's appears also to code for VP-
1. Possible explanations for this are dealt with
below.
Tryptic peptide fingerprints of VP-1, VP-

2, and VP-3 synthesized in vitro. It has been
_p reported that SV40 VP-2 and VP-3 share com-

mon sequences which differ from those of VP-1
(8, 29). This is consistent with data derived from
the known DNA sequences of the late region in
which VP-2 and VP-3 have overlapping se-
quences and are read in a different frame from
VP-1 (6). We wished to ascertain that this is also
the case for VP-1, VP-2, and VP-3 synthesized

I)-con- in vitro in response to infected cell mRNA. It
ridine- had been previously shown that VP-1 synthe-
lls was sized in vitro has a similar tryptic fingerprint to
ntrifu- virion VP-1 (25, 26, 29) and, similarly, that the
ictions tryptic map of VP-2 synthesized in vitro resem-
'abeled bles that of virion VP-2 (29; C. Prives, unpub-
rmined lished data). The immunoprecipitated viral
)ns (10 polypeptides synthesized in vitro were isolated
*d scm- by polyacrylamide gel electrophoresis, digestedin was with trypsin, and subjected to two-dimensional
on the separation by electrophoresis in the first phase
ividual and ascending chromatography in the second. It
)recipi-
ulocyte
liquots
n 10 to
rtoradi-

ograms are of (a) [35S]methionine-labeled SV40 virus
and (b-k) cell-free products of fractions 16 to 25,
respectively. The 18S internal marker peak was in
fraction 20 (slot f).

0
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FIG. 3. (A) Immunoprecipitates of cell-free prod-
ucts ofmRNA from sucrose gradient fractions. Trans-
lation products from gradient fractions depicted in

Fig. 2A were immunoprecipitated with antiserum as

described in the text and then subjected to electro-
phoresis on SDS 10% polyacrylamide slab gels. Au-
toradiograms are of (a) [35Slmethionine-labeled
SV40 virus; (b) control rabbit serum immunoprecipi-

tate ofproducts of total mRNA which was subjected
to sucrose gradient centrifugation in Fig. 2A; and (c-
l) anti-SV40 capsid serum immunoprecipitates ofgra-
dient fractions 16 to 25 depicted in Fig. 2A, respec-

tively. (B) Plot of densitometer tracings. Quantitated
densitometer tracings of VP-1 (0), VP-2 (0), and VP-
3 (O) peaks from autoradiograms of immunoprecipi-
tates in A. Fraction numbers are as described in

legend to Fig. 2A. The arrow marks the position of
the internal 18S rRNA marker in the gradient.

could be seen that this observation also extends
to the cell-free products (Fig. 4). The VP-1 tryp-
tic digest shows five to seven major [i5S]methi-
onine-containing tryptic peptides. VP-2 and VP-
3 have very similar fingerprints, both containing
two major [35S]methionine-containing peptides.
The VP-1 fingerprint is clearly different from
those of VP-2 and VP-3.
Cellular localization of SV40 late mRNA

classes. The original purpose of these experi-
ments was to assess whether poly(A)-containing
RNA from nuclei will direct the synthesis of
viral polypeptides. A problem in isolating nu-
clear mRNA is the probability of contamination
with the far more abundant cytoplasmic mRNA
classes. To reduce this likelihood, nuclei were
washed twice in NP40 extraction buffer and
subjected to the detergent wash procedure de-
scribed by Penman (21). The combined use of a
weak ionic detergent with a nonionic detergent
has been reported to remove the outer nuclear
membrane including a specifically associated
class of structures resembling ribosomes (11).
This should greatly reduce the likelihood of
cytoplasmic contamination associated with the
nuclear fraction.
RNA was extracted from the cytoplasm, the

washed nuclei, and also the nuclear wash portion
which presumably contains nuclear membranes
and ribosomes. All fractions were subjected
to oligo(dT)-cellulose chromatography, and
poly(A)-containing RNA was collected and
translated in the reticulocyte system. It was
found that, whereas most of the mRNA activity
for VP-1, VP-2, and VP-3 is cytoplasmic, both
nuclear and nuclear wash mRNA's are active in
directing the cell-free synthesis of polypeptides
although relatively less efficiently (per micro-
gram of RNA) (Fig. 5A-D). In all cases, the
major polypeptide synthesized comigrates elec-
trophoretically with VP-1 and is specifically im-
munoprecipitated with rabbit anti-SV40 capsid
serum. The pattern of polypeptides synthesized
was similar in all cases with one clear exception;
the nuclear wash fraction mRNA directed the
synthesis of proportionally much more VP-2
than the nuclear portion or the cytoplasmic por-
tion. Immunoprecipitation of the products of the
three types of mRNA with anticapsid serum
yielded confirmatory results (Fig. 5E-H). The
autoradiograms of the immunoprecipitates were
subjected to densitometer analysis, and the
areas of the peaks corresponding to VP-1, VP-2,
and VP-3 were estimated. Table 1 shows the
relative quantities of VP-1 and VP-2 synthesized
by the three fractions and their ratios. The VP-
2-to-VP- I ratio in the nuclear wash fractions was
considerably greater than that in the nuclei or

J. VIROL.
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FIG. 5. Cell-free products o,

cell fractions. Poly(A)-containi
ent cell fractions of SV40-infe,
and translated in the reticulo(

(50-*l reaction volume). Auto

["S]methionine-labeled SV40
tion mixture primed by cytoplc
5 Ml of reaction mixture prime
nuclear mRNA (1Myg); (d)5-t
primed by nuclear wash mRl

Anti-SV40 capsid immunopre

respectiuely, on a different ge

labeled SV40 virus.

the cytoplasm. Thus, the rn

appears to be specifically
mRNA.

DISCUSS]

In this study, we have sh

VP-2, and VP-3 can be syi

translation systems in resp
SV40-infected cells. In thisg
ies (25), the SV40 16S ar

separately isolated from p
and each translated in the
It was found that 16S mFR
whereas 19S mRNA codes

other viral product, origin

polypeptide which was nc

virions but was found in

late in lytic infection. After
fication and anal-ysis of [35S
purified SV40 virus it wa

polypeptide was present

sponded to the VP-2 polyp
of the X polypeptide syn
virion VP-2 has been subsi
that they have similar trypt
differ from that of VP-I (C.

data). As can be seen in the

VP-2 is a very minorcomi
thermore, we have repeatec
has a tendency to be cony

molecular weight form to a 40,000 to 42,000
molecular weight form which tends to obscure
the small amount of VP-2 present (e.g., Fig. 2B).

Until recently, we have been able to detect
little, if any, VP-3 among the cell-free products
of purified viral mRNA or poly(A)-containing
mRNA from virus-infected cells. However, by

_ -; improved methods of mRNA isolation, cell-free
translation, and immunoprecipitation of cell-free
translation products with anti-SV40 capsid se-
rum, we have been able to identify this virion
polypeptide among the cell-free products of
mRNA from infected cells. The VP-3 mRNA
may differ from VP-1 and VP-2 mRNA's in its
stability during the extraction procedure or in

f mRNA from different
its translation efficiency in heterologous cell-free

ing mRNA from differ- systems from wheat germ and reticulocytes. Op-
cted cells was isolated perman and Koch (18), using the technique of
cyte translation system hypertonic shock of cells to measure polypeptide
radiograms are of (a) initiation rates, have presented evidence of a
) virus; (b) 5,l of reac- reduced initiation frequency of VP-3 in vivo
asmic mRNA (1 jg); (c) when compared to those of VP-1 and VP-2.
d by detergent-treated However, by increasing the KCl concentration
Ml of reaction mixture in the wheat germ translation system to 120 or

NA (I jg)- (e, f, and g) 140 mM we have observed (C. Prives, unpub-
cpi(htateso5,methc,aonidnd lished data), as have Wheeler et al. (35), that

cell-free products comigrating with VP-1, VP-2
and VP-3 are among the very few products still
synthesized. Thus, at least in this respect, VP-3

iuclear wdash mRNA mRNA appears to be very similar to VP-I and
enriched for VP-2 VP-2 mRNA's. Nevertheless, the VP-3 mRNA

may be singularly different from the other viral
ION mRNA's with respect to its capping structure or

its leader sequence, if indeed it has either of
own that SV4O VP-1, these features.

nthesized in cell-free According to the RNA fractionation proce-

onse to mRNA from dures we have employed, the VP-3 and VP-2
and in previous stud- mRNA's appear to have similar sedimentation
ad 19S species were rates, although VP-3 mRNA may have a very

)urified viral mRNA slightly slower sedimentation rate than VP-2
wheat germ system. mRNA. Portions of the same translation prod-
ZNA codes for VP-1, ucts of the individual gradient fractions were
i,in addition, for an- immunoprecipitated with anti-SV40 T serum,

ally termed the "X" and a clear difference in the sedimenting peaks
A observed in SV40 of the large T and small t antigen mRNA's was

infected cell extracts obtained (data not shown), as has been previ-
a more careful puni- ously reported (19; E. May, M. Kress, and P.
']methionine-labeled,
Ls found that the X
n virions and corre- TABLE 1. Distribution of viral mRNA's in

)eptide. The identity subcellular fractions
thesized in vitro as

tantiated by the fact
tic fingerprints which
. Prives, unpublished
figures in this paper,

ponent of SV40. Fur-
Ily observed that VP-
,erted from the 45,000

Capsid poly-
peptide area VP-2/VP-1

mRNA source (mm2) ratio
(X 102)

VP-1 VP-2

Cytoplasm 9.09 0.81 9
Detergent-washed nuclei 1.11 0.11 10
Nuclear wash fraction 1.22 0.35 29
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May, Nucleic Acids Res., in press). Thus this
RNA gradient fractionation is sensitive enough
to detect differences of approximately 250 nu-
cleotides, the putative size difference between
the two early mRNA's (3). Barring conforma-
tional differences of the VP-2 and VP-3 mRNA's
not detected in these nondenaturing conditions,
the two major capsid mRNA's are very close in
size.
In polyoma, there are three major L-strand

mRNA classes with sedimentation coefficients
of approximately 16S, 18S, and 19S which code
for VP-1, VP-3, and VP-2, respectively (12, 30).
Our data suggest that there is not an analogous
18S SV40 VP-3 mRNA. That there are only two
major size classes of SV40 L-strand-specific
mRNA as originally described by Weinberg et
al. (34) has recently been confirmed by using
more refined techniques. Bratosin et al. (5), upon
examination of SV40 mRNA's by R-loop elec-
tron microscopy, have demonstrated that there
are two major species of L-strand-specific cyto-
plasmic mRNA's with clearly defined positions
of their leader and body sequences on the viral
genome. Lai et al. (14), using S-1 nuclease anal-
ysis, have also shown that there are 16S and 19S
body classes with some heterogeneity in the
sequences of the leader position of the 16S and
19S RNAs. However, size variations in the leader
sequences are not sufficient to affect the sedi-
mentation properties of either of the two RNA
classes. Furthermore, S-1 analysis of individual
sucrose gradient fractions using simnilar sedimen-
tation conditions to those we have used for the
experiments described herein have again shown
that there are only two major size classes of L-
strand mRNA (C.-J. Lai, personal communica-
tion). These observations and our own findings
raise the question of how the VP-3 is initiated
internally at least 300 nucleotides from the 5'
terminus of the 19S mRNA molecule. If more
than one 19S mRNA exists, what differences in
their structures are responsible for altering the
accessibilities of their initiation sites?
According to our experiments, VP-1 appears

to be synthesized in response to i9S mRNA as
well as to 16S mRNA. There are several possible
explanations for this. (i) VP-1 is initiated inter-
nally on the i9S mRNA (which of course could
also account for the synthesis of VP-3 in re-
sponse to the i9S size class of viral mRNA).
However, there are clear demonstrations in
other virus systems, notably polyoma, which
argue against this. After sucrose gradient sedi-
mentation under RNA-denaturing conditions,
polyoma 19S mRNA codes, in the main, for VP-
2, despite the fact that, as with its SV40 coun-
terpart, it contains VP-1 and VP-3 coding se-
quences (30, 31). (ii) SV40 16S mRNA has an

unusual association with SV40 i9S mRNA re-
sulting in a portion of it cosedimenting with the
larger species. This is unlikely, because repeated
attempts to isolate i9S mRNA free of VP-1
coding properties after denaturing formamide
sucrose gradients have failed (C. Prives, unpub-
lished data). (iii) There are three i9S mRNA
species, each coding for a specific viral poly-
peptide. If this is the case, it will be discernible
only by direct sequence analysis of i9S mRNA,
because most RNA size techniques do not dis-
criminate between different molecules in the i9S
size class. However, heterogeneity of SV40 i9S
mRNA leader sequences has been demonstrated
(14) which could result in different coding prop-
erties of 19S mRNA's. (iv) The SV40 19S mRNA
which is known to be rather unstable may be
converted to a form which has an accessible
initiation site for VP-1 during the translation
process. We consider this a likely possibility
because when we isolated cytoplasmic RNA
which sedimented more rapidly than the 18S
rRNA marker and subjected it to a second su-
crose gradient centrifugation followed by trans-
lation of the individual fractions as performed in
Fig. 3, most of the VP-1 mRNA activity resedi-
ments in a heterogeneous peak of less than 18S.
This suggests that the VP-1 mRNA activity in
this region of the gradient is not an intact 19S
mRNA molecule. Experiments to test this on
the comparative kinetics of VP-1 and VP-2 syn-
thesis in response to 19S mRNA are underway.

Studies to ascertain the subcellular distribu-
tion of viral mRNA's have yielded an interesting
observation. It appears that mRNA coding for
VP-1 can be isolated from both nuclear wash
and nuclear fractions and that the nuclear wash
RNA in addition is particularly enriched for VP-
2 mRNA. Penman (21) has described a tech-
nique for specifically removing cytoplasmic tabs
and unbroken cells from preparations of nuclei
by the combined use of ionic and nonionic de-
tergents. Electron microscopic studies (11)
showed that this procedure removes the outer
nuclear membrane and a class of associated ri-
bosomes. That mRNA isolated from this frac-
tion was particularly enriched for VP-2 mRNA
could indicate that this viral RNA species has a
special affinity for membrane-bound ribosomes.
Although the exact position of the VP-2 on the
viral genome has not yet been determined by
amino-terminal sequence analysis, the SV40
DNA sequence (7, 27) has yielded a very likely
position of the initiation ATG codon for this
polypeptide (36). If the deduced sequence is
correct, then the N-terminal portion of VP-2 is
unusually hydrophobic, being exceptionally rich
in alanine and lacking basic residues in the first
98 amino acids. This suggests a possible inter-
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action of VP-2 with membranes which may well
be the explanation for the enrichment of VP-2
mRNA in the nuclear wash fraction.
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