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The late 19S RNAs of simian virus 40 (SV40) are functionally polycistronic, i.e., all encode both VP2 and
VP3. The VP3-coding sequences are situated in the same reading frame as the VP2-coding sequences, within
the carboxy-terminal two-thirds of the VP2-coding sequences. To test whether VP3 is produced by proteolytic
processing of VP2, we introduced a variety of deletion and insertion mutations within the amino-terminal end
of the VP2-coding sequences. Genetic and biochemical analysis of the proteins synthesized in cells transfected
with these mutants indicated that VP2 and VP3 were synthesized independently of each other. A leaky scanning
model for the synthesis of VP3 was tested by the insertion of a strong initiation signal (CCAACATGG)
upstream of the VP3-coding sequences. When the signal was placed in the same reading frame as VP3,
synthesis of VP3 was reduced by a factor of 10 to 20, whereas synthesis of the expected VP3-related fusion
protein occurred at a rate similar to that observed for VP3 in cells transfected with wild-type SV40 DNA.
Insertion of this strong initiation signal at the same site, but in a different reading frame, resulted in the
synthesis of VP3 at one-third of the wild-type rate. Mutation of the VP2 initiator AUG resulted in a small but
reproducible (1.6-fold) increase in VP3 accumulation. From these experiments we conclude that (i) VP3 is
synthesized predominantly by independent initiation of translation via a leaky scanning mechanism, rather
than by proteolytic processing of VP2 or direct internal initiation of translation; (ii) a strong initiation signal
5’ of the VP3-coding sequences can significantly inhibit synthesis of VP3, but does not act as an absolute barrier
to scanning ribosomes; (iii) approximately 70% of scanning ribosomes bypass the VP2 initiator AUG, which is
present in a weak context (GGUCCAUGG), and initiate at the VP3 initiation signal located downstream; and

(iv) reinitiation of translation appears to occur on the SV40 late 19S mRNAs at an efficiency of 25 to 50%.

Most eucaryotic mRNAs studied to date encode a single
protein (20). Since mRNAs contain many AUG codons, it is
of interest to understand how ribosomes recognize and
initiate translation at the appropriate ones. From a survey of
known initiation signals, Kozak hypothesized that the utili-
zation of an AUG codon as an initiation signal for translation
is determined both by its location within the mRNA mole-
cule and by the sequences surrounding it (16). Her scanning
model for the initiation of translation of eucaryotic mRNAs
states that 40S ribosomal subunits bind at or near the 5’
end of a mRNA and scan toward the 3’ end until they
encounter an AUG codon; if the AUG codon is situated
within a favorable sequence context, the 40S subunit will
stop scanning, the 60S subunit will attach to it, and protein
synthesis will begin. Combining a survey of initiation signals
used in cellular and viral mRNAs with studies involving
the determination of the relative efficiencies of initiation at
AUG codons in which the sequences surrounding them
were varied systematically (19), Kozak concluded that the
optima) seguencg context for initiation of translation is
5'-CCACCAUGG-3’, with the —3 and +4 positions being of
primary importance for the efficient recognition of the AUG
as an initiation signal. However, if a pyrimidine is present at
—3 or +4, ribosomes fail to recognize efficiently the AUG
codon and frequently scan past it, initiating instead at AUG
codons located downstream (i.e., 5’ distal). During the past
few years, numerous examples have been reported in which
AUG codons located 3’ to other AUG codons function as
initiation codons (20).

The late mRNAs of the small primate DNA tumor virus
simian virus 40 (SV40) encode the virion proteins VP1, VP2,
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and VP3, as well as the leader-encoded protein, LP1 (also
called agnoprotein) (Fig. 1). Most of them contain the coding
sequences for two to four proteins. Each of the late 19S
RNA species is functionally bigenic, making both VP2 and
VP3 when translated (11). These two proteins are encoded in
the same reading frame, with the VP3 sequences contained
within the carboxy-terminal two-thirds of VP2. However,
although the initiation signal used for the synthesis of VP2 is
situated upstream (i.e., 5’ proximal) of the one used for
synthesis of VP3, the rate of synthesis of VP2 is only half
that of VP3 (11).

There have been numerous reports of bicistronic mRNAs
in the literature (20). Members of our laboratory have been
interested in determining the mechanism(s) of synthesis of
proteins from these RNAs. The primary aim of the studies
described here was to determine the mechanism of VP3
synthesis from the bicistronic 19S mRNAs of SV40. To test
whether VP3 is produced by proteolytic processing of VP2,
a variety of deletion and insertion mutations were introduced
within the amino-terminal end of VP2. Genetic and biochem-
ical analysis of the proteins synthesized in cells transfected
with these mutants indicated that VP2 and VP3 were syn-
thesized independently of each other. A leaky scanning
model for the synthesis of VP3 was tested by the insertion of
a strong initiation signal (CCAACAUGG) upstream of the
VP3-coding sequences. When the inserted AUG was in the
VP2/VP3 reading frame, VP3 synthesis was reduced 10- to
20-fold, whereas synthesis of the expected fusion protein
occurred at a rate comparable to VP3 synthesis in cells
transfected with wild-type (WT) SV40 DNA. When the same
initiation signal was placed in a different reading frame in
which ribosomes initiating translation at the inserted AUG
encounter a termination codon 60 bases upstream of the
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FIG. 1. Map of the late region of SV40. The numbered line represents the late region of the SV40 genome, with the nucleotide residues
given in the SV numbering system (33). Below are the structures of the mRNAs made from this region. The 5’ ends of these RNAs are
heterogeneous, mapping between nt 28 and nt 450, with the majority mapping to nt 325 (10). ...... , Excised intervening sequences. The 3’ ends
of these RNAs are identical in sequence and are not shown. The proteins encoded by these mRNAs are indicated by the boxes labeled LP1,
VP2, VP3, and VP1, along with the locations of their translation initiation and termination codons. Also shown are the novel polypeptides
synthesized in cells transfected with mutants in1753(AUGy) and in1754(AUG,,); the precise locations within SV40 and the sequences of the

initiation signals for these proteins are presented in Table 1.

VP3-coding sequences, VP3 was synthesized at one-third
the wild-type rate. These results indicate that although the
initiation signal for synthesis of VP3 is situated approxi-
mately 400 bases from the 5’ end of the mRNAs that encode
this protein, VP3 is synthesized efficiently by a mechanism
in which ribosomes scan from the 5’ end of the mRNA,
bypassing the 5’-proximal AUG codons. The removal of the
VP2 initiation signal resulted in a 1.6-fold increase in VP3
accumulation, providing further evidence that VP3 is syn-
thesized by a mechanism in which ribosomes scan past
5'-proximal AUG codons. In addition, our finding that
reinitiation of translation appeared to occur with 25 to 50%
efficiency may explain in part how VP1 is synthesized from
the major late 16S mRNA species which encodes LP1 5’ to
the coding sequences for VP1. Therefore, by a combination
of leaky scanning and apparent reinitiation, SV40 coordi-
nately regulates expression of pairs of genes such that each
gene is expressed at the proper molar ratio for virion
production.

MATERIALS AND METHODS

Cell lines and culture conditions. CV-1P cells were used in
the complementation experiments. BSC-1 cells were used in
transfections performed to analyze viral proteins and
mRNAs. Both cell lines, derived from African green monkey
kidney cells, were maintained essentially as described by
Mertz and Berg (28). Transfections were performed by using
a modification (24) of the DEAE-dextran method of McCut-
chan and Pagano (26). Briefly, viral DNA was excised from
the vector sequences and ligated to form monomer circles.
The DNA was diluted into Dulbecco modified Eagle medium
(DMEM) containing 500 pg of DEAE-dextran (molecular
weight 2 X 10%) per ml and 20 mM HEPES (N-2-hydroxy-
ethylpiperazine-N-2-ethanesulfonic acid [pH 7.1]) and added
to BSC-1 cells. After incubation at 37° for 45 min, the cells

were washed with DMEM-20 mM HEPES and incubated for
4 h at 37° in DMEM containing 20 mM HEPES, 5% fetal
bovine serum, and 100 wM chloroquine. The cells were
washed again and incubated at 37° in medium containing 5%
fetal bovine serum for the indicated length of time.

Antisera. Polyclonal antisera were raised against gel-puri-
fied VP3 in rabbits as described by Kasamatsu and Nehora-
yan (14). The same method was used to make antisera
against VP1.

Synthetic oligonucleotides. To construct the mutants
in1753(AUG,) and in1754(AUG,,), the oligonucleotides
shown in Fig. 2 were synthesized manually by the phosphor-
amidite method as decribed by Drahos et al. (7).

Construction of mutants. The starting plasmid used in the
construction of all mutants described here was pSVS, a
plasmid in which the DNA of SV40 WT830 was inserted at
the EcoRlI site of a pBR322-based vector (9). The plasmids
corresponding to the deletion mutants d/1750 and dI1751
were created by sequential treatment of pSVS with EcoRV,
S1 nuclease, the Klenow fragment of DNA polymerase I,
and T4 DNA ligase. Plasmid pSVinl752 was made by the
insertion of an 8-base-pair Sall linker at the EcoRV site
(nucleotide [nt] 771). Mutants pSVinl753(AUG,) and
pSVinl754(AUG, ;) were constructed by the three fragment
ligations diagrammed in Fig. 2. The subscripts 0 and +1 for
mutants 1753 and 1754 indicate that the inserted AUG codon
is in the same reading frame used to translate VP2 and VP3
and in the +1 reading frame relative to VP2 and VP3,
respectively. The structures of these mutants (Table 1) were
confirmed by DNA sequencing (25). In addition, mutants
pm918 and dI1755 were generously supplied to us by L.
Barber and P. Good, respectively (see Table 1 for struc-
tures).

Analysis of virion proteins. Cells were harvested 40 to 42 h
after transfection as described by Barkan et al. (4). Briefly,
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FIG. 2. Schematic diagram of the method used for construction
of mutants inl753(AUG,) and in1754(AUG,,). The Sall-BamHI
fragment of pSV1752 and the BamHI-EcoRV fragment of pSVS
were recombined in three-way ligations with the small synthetic
restriction fragments 1 and 2 to generate the plasmids pSVinl753
(AUG,) and pSVinl754(AUG,,), respectively. Symbols: emmms, se-
quences from pBR322; ——, sequences from SV40.

cells were scraped off the dishes and pelleted by centrifuga-
tion. Cells were lysed in a buffer containing 0.01 M Tris (pH
7.4), 4.5% (wt/vol) NaCl, 5% Triton X-100, 2.5% sodium
deoxycholate, 0.5% sodium dodecyl sulfate (SDS), and 1%
aprotinin. When the proteins were to be analyzed by immu-
noprecipitation, the cells were incubated for 2 h in medium
lacking arginine, followed by 1 h in medium containing
[**Clarginine (10 p.Ci/ml, 332 mCi/mmol; New England Nu-
clear Corp.) immediately before being harvested. The immu-
noprecipitations were performed as described previously
(15). The immunoprecipitated proteins were analyzed by
electrophoresis through a 12% polyacrylamide (0.35% bi-
sacrylamide) gel containing SDS (21). Afterwards, the gels
were treated with En*Hance (New England Nuclear), dried,
and exposed to X-ray film. Viral proteins were also analyzed
by immunoblotting with *>-protein A (Amersham Corp.)
essentially as described by Baichwal and Sugden (1). For
both assays, the relative amounts of the virion proteins were
determined by quantitative densitometry.

Analysis of viral late mRNAs. Cytoplasmic RNA was
isolated from transfected cells in parallel with proteins.
Briefly, cells were washed in cold Tris-buffered saline,
scraped off the dishes, and pelleted. The cells were sus-
pended in Tris-buffered saline containing 0.5% Nonidet P-40.
After incubation on ice for 5 min, the nuclei were pelleted by
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centrifugation. The supernatant was incubated for 45 min at
37°C with proteinase K (500 pg/ml), extracted twice with
phenol-chloroform-isoamyl alcohol (24:24:1 vol/vol/vol), and
precipitated twice with ethanol. Quantitative S1 mapping
was performed as described previously (3) by using a DNA
probe 5’ end-labeled at SV40 nt 1046 to analyze the struc-
tures of the 19S RNAs. Correction for recovery of cytoplas-
mic RNA was done by concurrent quantitative S1 nuclease
mapping of cytoplasmic actin mRNA by using a probe with
sequences from nt 64 through nt 245 of the human B-actin
cDNA clone pHFBA-1 (31). The plasmid was a gift from L.
Kedes.

RESULTS

Independent production of VP2 and VP3. Many animal
viruses synthesize two or more proteins from one mRNA by
proteolytic processing of a polyprotein. Since VP3 is identi-
cal in sequence to the carboxy-terminal two-thirds of VP2, it
was theoretically possible that VP3 was produced by pro-
teolytic cleavage of VP2.

To test this possibility, we introduced frameshift muta-
tions at the EcoRYV site situated near the amino-terminal end
of the VP2-coding sequences (Fig. 1). Ribosomes translating
the VP2-coding sequences from the late 19S mRNAs of these
mutants shift reading frames at the site of the mutation and
encounter a termination codon before reaching the se-
quences encoding VP3. If VP3 were produced by proteolytic
cleavage of VP2, the frameshift mutants would be unable to
synthesize either VP2 or VP3. On the other hand, if VP3
were synthesized independently of VP2 by initiation of
translation at its own initiation signal, a frameshift mutation
at the N-terminal end of VP2 would not be expected to affect
significantly the synthesis of VP3.

As a first assay, complementation tests were performed
between the VP2 frameshift mutants dl1750, dl1751, and
in1752 and SV40 mutants with functional defects in each of
the virion proteins. The data, presented in Table 2 and
summarized in Table 1, show that each of the VP2 frameshift
mutants failed to complement a mutant defective in VP2
(i.e., dl1755), but did complement a mutant defective in VP3
(i.e., pm918). The virion proteins made in cells transfected
with each of the VP2 frameshift mutants were determined by
immunoblot analysis (data not shown). The results con-
firmed the genetic analysis: VP3 was synthesized at levels
similar to that observed in cells transfected with wild-type
DNA, whereas VP2 was not detected. Therefore, VP3 is
unlikely to be produced by proteolytic processing of VP2.
These results confirm the studies of Cole et al. (6) in which
mutants that contained deletions within the amino-terminal

TABLE 1. Summary of structures, genetic properties, and proteins synthesized from each of the mutants used in this study

Strain Nucleotides deleted (inserted) Genotype Proteins synthesized Source or reference
SVS (WT830) WT VP1, VP2, VP3 9
tsB201 nt 2003 G — A“ B~ VP1, VP2, VP3 S
di1755 562-563 E™ VP1, VP3 P. Good
pm918 nt918G—>T D~ VP1, VP2 L. Barber
dl1750 759-778 E~ VP1, VP3 This report
di1751 759-787 E~ VP1, VP3 This report
in1752 770(GGTCGACC)771 E~ VP1, VP3 This report
in1753(AUG) 770(TCCAACATGGGGTCGACC)771 D™, E~ VP1, VP2, fusion, VP3¢ This report
in1754(AUG,,) 770(TTCCAACATGGGTCGACC)771 E- VP1, VP24, VP3 This report

“ M. Bina, personal communication.
5 VP2 is synthesized, but is nonfunctional.

¢ VP3 is synthesized, but at levels too low to complement a VP3™ mutant.
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TABLE 2. Time of appearance of plaques after cotransfection“

Time of appearance (days) with following helper:

dIE1755 (VP27)

Mutant

1sB201 (VP1 )

tsB201 b 8
di1755

pm918

di1750

di1751

in1752
in1753(AUG,)
in1754(AUG,,)

pmD918 (VP37)

9

I OO0 | O

- 13

Q0 G0 00 GO 00 OO GO

“ Complementation tests were performed as described previously (27, 28)
by cotransfection of monolayers of CV-1P cells with 2 ng of test mutant DNA
and 2 to 4 ng of helper DNA followed by incubation at 41°C when 1sB201 was
used and 37°C when it was not used. The numbers in the table indicate the day
after cotransfection when plaques were first visible. All monolayers on which
plaques appeared contained similar numbers of plaques by 17 days after
transfection.

b _, Plaques had not yet appeared when the experiment was terminated at
17 days after transfection. :

end of VP2 (as determined by altered mobilities of a restric-
tion fragment in a polyacrylamide gel) were able to synthe-
size VP3. Additional evidence indicating that VP3 is not
synthesized by proteolytic processing of VP2 is presented
below and in the Discussion.

Inhibition of synthesis of VP3 by insertion of an efficiently
utilized translation initiation signal upstream of the VP3-
coding sequences. An alternative model for VP3 synthesis is
that it occurs via a leaky scanning mechanism in which some
of the 40S ribosomal subunits scan past the VP2 initiation
signal and instead initiate translation downstream at the VP3
initiator AUG. Consistent with this model is the fact that the
AUG codon used for initiation of translation of VP2 is found
in a weak context (Table 3).

To test whether VP3 is synthesized by leaky scanning, a
pair of mutants, inl753(AUG,) and in1754(AUG,,), were
constructed in which the rat preproinsulin translation initia-
tion signal was inserted at the EcoRV site within the VP2-
coding region, upstream of the VP3-coding sequences (Table
1; Fig. 1). If VP3 were produced by scanning, cells transfec-
ted with these mutants would be expected to synthesize VP3
at much lower rates than would cells transfected with WT
SV40, because this translation initiation signal conforms
closely to the optimal consensus sequence (Table 3) and is
utilized very efficiently (17). In both mutants, the sequences
from —6 to +5 surrounding this AUG codon are identical to
those surrounding it in the rat preproinsulin gene (Fig. 2;
Table 1). ' '

In mutant in1753(AUGg,), this strong initiation signal was
placed in the reading frame used in the synthesis of VP2 and
VP3. Ribosomes initiating at the inserted AUG codon would
be expected to synthesize a 33-kilodalton fusion protein

TABLE 3. Translation initiation signals of proteins encoded by
the late mRNAs of SV40

Protein Sequence Reference
-3 +1 +4
Consensus C CA CC_A UGG 18
VP2 G G U CC_A UGG 33
VP3 C AG G A_A UGG 33
LP1 A GG CC_A UGG 33
VP1 UG A AG_A UGG 33
Rat preproinsulin C C A A C_A U G G 23
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containing VP2 and VP3 sequences (Fig. 1). In addition,
since the insertion is 18 bases in length, ribosomes initiating
at the VP2 AUG should remain in frame, synthesizing a
protein identical to VP2 except for the addition of 6 amino
acids due to the insertion. The VP3-coding sequences are not
affected by the mutation. Since VP2 and the fusion protein
contain amino acid sequences in common with VP3, all
should be recognized by antisera raised against VP3.
Complementation tests performed with this mutant indi-
cated that it was unable to complement mutants defective in
either VP2 or VP3 (Table 2; summarized in Table 1). To
determine the relative rates of synthesis of the proteins
translated from the mRNAs made from WT SV40 and
mutant in1753(AUG,), BSC-1 cells were transfected with
DNA of each and pulse-labeled 40 h later with [**CJarginine
for 1 h. The VP3-related proteins were purified by immuno-
precipitation with antisera raised against VP3 protein and
analyzed by electrophoresis through SDS-polyacrylamide
gels (Fig. 3A). The mutant- and WT-transfected cells syn-
thesized VP2 at similar rates; however, the rate of synthesis
of VP3 was a factor of 10 to 20 lower in the cells transfected
with the mutant than in cells transfected with WT DNA (Fig.

i VIRIONS

m 1x WT830
4 . 2x WTS830
R Gy
. 1754(AUG, ; )
- MOCK

1753(AUG ;)
1754(/\15(% 1)

- = -
e e E 5
VP1
- — — — —VP2—@ e . — VP2 —
— — fusion —
S e a " —VP3 —} R D3 e —

»
o i
10235415 6 28 A 5! 7.8

FIG. 3. Autoradiograms of VP3-related proteins synthesized in
cells transfected with WT830, the AUG insertion mutants
in1753(AUG,) and inl1754(AUG,,), and the VP2 AUG™ mutant
dI1755. (A) Fluorogram of pulse-labeled, immunoprecipitated pro-
teins. At 40 h after transfection with the indicated DNAs, BSC-1
cells were pulse-labeled for 1 h with [**CJarginine and harvested
immediately thereafter. The proteins in lysate from 4 X 10° cells
(lane 3) or 2 x 10° cells (lanes 2, 4, 5, and 6) were immunoprecipi-
tated with equal amounts of a polyclonal antiserum raised against
VP3 and analyzed by electrophoresis in a 12% polyacrylamide gel
containing SDS. Lane 1 was loaded with [*Hlleucine-labeled puri-
fied SV40 virions for markers. (B) Immunoblot of cells transfected
with WT830, in1753(AUGy), and in1754(AUG,,). Proteins from 2 x
10° cells were separated by electrophoresis in a 12% polyacrylamide
gel containing SDS and transferred to nitrocellulose. The nitrocel-
lulose was blocked by using phosphate-buffered saline containing
1% (wt/vol) powdered milk, incubated with the polyclonal antiserum
used in panel A, incubated with *’I-protein A (Amersham), and
exposed to X-ray film. (C) Immunoblot of cells transfected in
parallel with WT830 and d/1755. Immunoblotting was performed as
described in panel B. (The faint band which appears between VP2
and VP3 is an irreproducible artifact, not seen in other blots of the
same sample or in samples obtained from different transfections
with this mutant. It cannot be the result of ribosomes initiating
upstream of the VP3 initiation codon, since these 19S mRNAs do
not contain any AUG codons in the VP2/VP3 reading frame between
the VP2 and VP3 initiation signals.)
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3A, lane 4 versus lane 2; Table 4). In place of VP3 was a
VP3-related protein (fusion) of the size expected for trans-
lation initiating at the inserted AUG codon. Analysis of the
relative amounts of these proteins by immunoblotting with
VP3 antisera yielded similar results (Fig. 3B), indicating that
all of these proteins have similar half-lives. Furthermore, the
VP2-to-VP1 ratios were similar for mutant- and WT-trans-
fected cells as well (data not shown). Therefore, the 6-
amino-acid insertion in the mutant VP2 proteins does not
affect the stability of VP2. These findings, together with the
fact that VP2 and VP3 are synthesized from the same
mRNAs (11), enabled us to use VP2 as an internal control for
calculating the rate of VP3 synthesis in mutant- relative to
WT-transfected cells (Table 4).

To rule out the possibility that synthesis of the fusion
protein occurred from aberrant mRNAs that lacked the VP2
initiation signal (e.g., RN As processed via the utilization of
a cryptic splice site), the structures of the late mnRNAs made
from mutant in1753(AUG,) were analyzed by S1 mapping
(Fig. 4). Since the DNA probe used in this experiment was
isolated from WT DNA (Fig. 4B), hybrids formed between it
and viral RNA made in cells transfected with the insertion
mutants should contain an 18-base loop of RNA at the site of
the insertion. S1 nuclease does not efficiently cleave DNA
across from an RNA loop (32; P. J. Good, personal commu-
nication). Therefore, unless an aberrant RNA species were
formed, the vast majority of the DNA probe should be
protected up to the splice site at nt 558 and only a small
portion of the probe should be cut across from the inserted
bases. This is what was found (Fig. 4A). Therefore, the
cytoplasmic late 19S RNA isolated from cells transfected
with the mutant DNA was identical in structure, except for
the presence of the inserted sequence, to that found in the
cytoplasm of cells transfected with WT DNA.

Therefore, the presence of a strong translation initiation
signal 150 bases upstream of the VP3-coding sequences
resulted in a 10- to 20-fold reduction in VP3 synthesis. This
finding is consistent with the conclusion that VP3 synthesis

TABLE 4. Summary of relative rates of synthesis of VP3
and VP3-related fusion protein®

Relative rate of synthesis of:

DNA -
VP3-related fusion
VP3 protein
WT830 1> @)
in1753(AUG) 0.07 = 0.01 (ND)° 0.46 * 0.04 (1.2)
in1754(AUG,,) 0.31 = 0.04 (0.3)
dI1755 -4(1.6 = 0.1)°

2 The data were obtained by quantitative densitometry of autoradiograms of
gels similar to the ones presented in Fig. 3. VP3 synthesis was determined
relative to the amount of VP2-like protein synthesized concurrently in the
same cells. All VP3/VP2 ratios were normalized to the VP3/VP2 ratio obtained
from cells transfected in parallel with WT830 DNA excised from pSVS. Each
number is the mean and standard error of the mean from three independent
pulse-labeling experiments performed as described in Materials and Methods.
The numbers in parentheses were obtained from two different immunoblotting
experiments.

5 The VP3/VP2 ratio for WT ranged from 2.9 to 3.9 in different experiments.

¢ ND, Not detected.

4 _, Not done.

¢ Since VP2 is not synthesized by cells transfected with dl1755, VP2 could
not be used as an internal standard for VP3 synthesis. Instead, the amount of
VP3 synthesized in cells transfected with dI1755 was determined by normal-
ization to the amounts of cytoplasmic SV40 late 19S RNA present in cells
transfected in parallel with d/1755 and WT830. Recoveries of cytoplasmic
RNA were controlled by normalization to the amounts of actin mRNA present
in the same samples (see Materials and Methods for details.) This experiment
was repeated three times.
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FIG. 4. Analysis of the structure of the cytoplasmic late 19S
RNAs. Cytoplasmic RNA was isolated from cells transfected in
parallel with those analyzed in Fig. 3. RNA from 2 X 10° cells (lane
2) or 1 x 10° cells (lanes 3 to 6) was incubated at 50°C for 14 h with
the probe indicated in panel B and then incubated with S1 nuclease
as described by Barkan and Mertz (3). Molecular weight standards
are indicated at the left. Lane 7 was loaded with 10% of the amount
of probe used in each hybridization reaction. The large arrows on
the left indicate the positions of reannealed probe and DNA pro-
tected by 19S RNA. The small arrow indicates the size of DNA
protected by 19S RNA, but cleaved by S1 nuclease opposite the
18-base insertion present in the RNAs transcribed from the mutants
but missing from the probe. (B) Strategy used for S1 nuclease
mapping. The probe was derived from a vector that contains WT
SV40 sequences from nt 346 to nt 1046. The probe was 5’-end-
labeled at nt 1046 (a HindllII site) and contains 175 nt of vector DNA
3’ to the radiolabeled SV40 5’ end. Abbreviations: b, base; bp, base
pair.

occurs predominantly via a leaky scanning mechanism. It
also confirms the conclusion that VP3 is not made by
proteolytic processing of VP2, since cells transfected with
this mutant synthesized a VP2-like protein at a rate compa-
rable to that observed in cells transfected with WT DNA, yet
they synthesized VP3 at a greatly reduced rate. It is also
noteworthy that the insertion of 6 amino acids into the
N-terminal end of VP2 did not reduce the stability of this
protein, even though it resulted in the inactivation of its
function as determined by complementation analysis (Tables
1 and 2).

Effect of the reading frame of the inserted initiation signal
on the efficiency of synthesis of VP3. A second mutant,
in1754(AUG ), containing an 18-base-pair insertion at the
EcoRV site, was also constructed. This insertion is identical
in sequence to the one present in mutant inl753(AUG),
except that the ATG is displaced by 1 base pair to put it in
the +1 reading frame relative to VP2 and VP3. Therefore,
ribosomes initiating translation at this inserted initiation
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signal encounter a termination codon 60 bases upstream of
the VP3 initiator AUG after translating 32 codons (Fig. 1).

Complementation tests indicated that this mutant, unlike
in1753(AUG,), can complement mutants defective in VP3
(Table 2). Therefore, cells transfected with in1754(AUG, ,)
must synthesize VP3 in quantities sufficient for virion for-
mation. Analysis of the proteins produced in cells transfec-
ted with this mutant confirmed this result (Fig. 3, lanes 5 and
5’; Table 4). Despite the insertion of the same strong
translation initiation signal at an almost identical location to
that in mutant in1753(AUGg,), the rate of synthesis of VP3 in
cells transfected with in1754(AUG, ;) was only threefold
lower than the rate of synthesis of VP3 in cells transfected
with WT DNA. Therefore, the reading frame of the inserted
initiation signal significantly affects the efficiency of synthe-
sis of VP3.

Effect of mutation of the VP2 initiation codon on VP3
accumulation. If VP3 is produced from the late 19S mRNAs
by scanning, removal of the initiation signal for VP2 should
result in an increase in VP3 synthesis. To test this predic-
tion, we measured VP3 synthesis in cells transfected with
DNA from the WT and a mutant, d/1755, which contains a
deletion removing the first two bases of the VP2 initiation
codon. Cells were transfected with the DNAs, and the
amount of VP3 accumulated was measured by immunoblot
analysis (Fig. 3C). These data show that cells transfected
with mutant DNA did not synthesize VP2, as expected, but
did accumulate a somewhat larger amount of VP3 than cells
transfected with WT DNA. To quantify accurately this
change in VP3 accumulation, the amount of VP3 synthesized
in cells transfected with dI1755 versus WT DNA was deter-
mined by densitometric analysis of immunoblots similar to
the one shown in Fig. 3C and normalized to the amount of
SV40 late 19S RNA found in the cytoplasm of cells trans-
fected in parallel with these DNAs. The results obtained
from three separate experiments indicated that cells trans-
fected with dl1755 accumulated 1.5-, 1.5-, and 1.8-fold more
VP3 than cells transfected with WT DNA (Table 4). There-
fore, the removal of the VP2 initiator AUG resulted in a
small but reproducible increase in VP3 synthesis.

DISCUSSION

VP3 is synthesized predominantly via a leaky scanning
mechanism. The studies presented here were conducted to
determine the mechanism of synthesis of VP3, the down-
stream-encoded protein on a naturally occurring, function-
ally polycistronic mRNA. To test the hypothesis that VP3 is
produced through proteolytic cleavage of VP2, we initially
created frameshift mutations in the amino-terminal end of
VP2. Cells transfected with these mutants failed to synthe-
size VP2, but made normal amounts of VP3. Cole et al. (6)
and L. Barber (personal communication) have also noted
that VP3 can be made in the absence of VP2. These other
studies were not definitive, because VP3 may have been
synthesized in cells transfected with these mutants by reini-
tiation of translation or by a simple scanning mechanism
when the VP2 initiator AUG is mutated. We also found that
cells transfected with mutant in1753(AUG,) made a VP2-like
protein at levels comparable to those in cells transfected
with WT DNA, yet made greatly reduced quantities of VP3
(Fig. 3; Table 4). In addition, cells transfected with mutant
pm918, which differs from the WT solely by a point mutation
in the VP3 methionine initiation codon, synthesize normal
amounts of VP2, but no detectable VP3 (P. J. Good, Ph.D.
thesis, University of Wisconsin, Madison, 1987). Therefore,
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although it is formally possible that the 6-amino-acid inser-
tion present in the VP2-like protein made from mutant
in1753(AUG,) or the 1-amino-acid substitution in the VP2-
like protein made from mutant pm918 might inhibit cleavage
of VP2, it is unlikely that both alterations would do so.
Taken together with the above data, these results provide
strong evidence that VP3 is not synthesized by proteolytic
processing of VP2. Also, since inserted sequences located
150 bases upstream of the VP3-coding region had profound
effects on VP3 synthesis (Fig. 3; Table 4), it is unlikely that
VP3 is synthesized by a mechanism in which ribosomes bind
directly to the VP3 initiator codon.

The insertion upstream of VP3 of an efficiently utilized
translation initiation codon in the VP2/VP3 reading frame in
mutant in1753(AUG,) resulted in a 10- to 20-fold reduction in
VP3 synthesis (Fig. 3; Table 4). In its place, a novel protein
was synthesized which was of the size expected from
translation initiating at the inserted initiation signal. Immu-
noblot analysis of the viral proteins accumulated in cells
transfected with in1753(AUG,) indicated that the fusion
protein was present at levels similar to those found for VP3
in cells transfected with WT DNA (Table 4). Quantitation of
the pulse-labeled VP3-related proteins made in cells trans-
fected with this mutant indicated that the fusion protein was
synthesized at half the rate of VP3 in WT-transfected cells
(Table 4). This result was unexpected, since the inserted
initiation signal should be, by Kozak’s rules (18, 19), stron-
ger than the VP3 initiation signal. One possible explanation
for this twofold discrepancy is that the antiserum raised
against VP3 may recognize VP3 in an immunoprecipitation
reaction more efficiently than it recognizes the fusion protein
and therefore quantitatively precipitate the former, but not
the latter.

Regardless, our results are consistent with synthesis of
VP3 via a leaky scanning mechanism in which approximately
70% of scanning 40S ribosomal subunits bypass the VP2
AUG and instead initiate translation at VP3. Also consistent
with a leaky scanning mechanism was our finding that the
removal of the VP2 initiation codon resulted in a small but
reproducible (1.6-fold) increase in VP3 accumulation (Table
4). Since the VP2 initiation codon is in a weak context, one
might have predicted that it would have little effect on VP3
synthesis. The 1.6-fold increase is remarkably consistent
with the 0.4:1 ratio of VP2 to VP3 synthesis observed in cells
transfected with WT virus, i.e., one in three ribosomes
initiates at the VP2 initiator AUG; therefore, its removal
should allow 50% more ribosomes to initiate translation at
VP3. Others (2, 19) have also shown that the insertion of a
weak initiation signal upstream of an open reading frame has
little or no effect on translation of the open reading frame.

Our finding that a small insertion containing an AUG
codon can be recognized efficiently as a translation initiation
signal supports Kozak’s definition of a strong initiation
signal. However, some VP3 was still synthesized in cells
transfected with a mutant containing this signal in frame and
upstream of VP3. Therefore, some ribosomes were able to
scan past the inserted AUG codon even though it is in an
optimal context. This conclusion appears to contradict the
results of a study by Kozak in which translation of a
synthetic construct containing several copies of the pre-
proinsulin initiation signal arranged in tandem initiated only
from the AUG codon located closest to the 5’ end of the
mRNA (17). Possible reasons for this apparent discrepancy
include (i) sequences outside of the —6-to-+5 region sur-
rounding the AUG codon contribute to the efficiency of
utilization of the AUG codon as an initiation signal; (ii) the
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secondary structure of the mRNA influences the efficiency
of utilization of these initiation signals; (iii) VP3 is also
synthesized at a low efficiency by a mechanism in which 40S
subunits bind directly to the VP3 initiator AUG; and (iv)
initiations downstream of the 5’ proximal AUG were below
the limit of detection in the experiments reported by Kozak.

Studying translation of 19S-like mRNAs made from arti-
ficial constructs derived from the late region of SV40,
Peabody et al. (30) found that ribosomes initiate translation
at AUG codons located downstream of the VP3 AUG. Good
et al. (11) have also shown that VP1 is synthesized from the
SV40 late 19S mRNAs when the number of AUG codons
situated upstream of the VPl-coding region is decreased;
consistent with a scanning mechanism, the amount of VP1
synthesized is inversely proportional to the number of AUG
codons located upstream. We have shown here that 5 to 10%
of ribosomes can scan past an AUG codon in a near-optimal
context. These findings suggest that ribosomes are able to
scan past any AUG codon.

The site of termination of translation or length of an open
reading frame affects the efficiency of translation of 5’'-distal
open reading frames. When cells were transfected with the
mutant in which the inserted AUG codon was placed in a
translation reading frame different from the one used in
synthesis of VP2 and VP3, VP3 was synthesized at a
significantly higher rate than was observed in cells transfect-
ed with the mutant with the in-frame insertion (Table 4). The
mRNAs made by the two mutants are identical in sequence,
except for a 1-base shift in the location of the inserted
initiation signal (Table 1). No significant differences were
seen by S1 mapping analysis in either the quantity or the
structures of the late mRNAs made in cells transfected with
these two mutants (Fig. 4). However, the mRNAs of these
two mutants are translated differently: ribosomes initiating
at the inserted AUG codon in the mRNAs synthesized from
mutant in1754(AUG . ,) translate different and fewer codons
than do ribosomes initiating at the inserted AUG codon in
the mRNAs synthesized from mutant in1753(AUG,), with
termination of translation occurring 60 bases upstream of the
VP3 initiation codon, rather than at the VP3 termination
codon (Fig. 1). The difference in the rates of synthesis of
VP3 from these mRNAs can be explained by either of two
hypotheses. According to an occluded-scanning hypothesis,
40S ribosomal subunits are unable to scan past translating
ribosomes (3; J. E. Mertz, G. Gelembiuk, and J. M. Kane,
manuscript in preparation). Therefore, the long open reading
frame that follows the inserted AUG codon in mRNAs made
from mutant in1753(AUG,) prevents most ribosomes from
scanning as far as the VP3 initiation signal, because one or
more actively translating ribosomes are present within this
region of the mRNA. On the other hand, the short, novel
open reading frame present in 19S5 mRNAs made from
mutant in1754(AUG, ;) enables a significant percentage of
ribosomes to scan as far as the VP3 initiation signal because
it frequently does not contain actively translating ribosomes
owing to its short length. Alternatively, according to a
hypothesis that assumes reinitiation, ribosomes reinitiate
translation efficiently on the 19S mRNAs made from mutant
in1754(AUG,,), but not on those made from mutant
in1753(AUG,), because ribosomes terminate upstream of the
VP3 initiation signal on the former mRNA, but several
hundred bases downstream on the latter. Since the se-
quences surrounding the inserted AUG codons in mutants
in1753(AUG,) and in1754(AUG, ,) are identical from —6 to
+35, it is reasonable to assume that ribosomes initiate trans-
lation from the 19S mRNAs made from the two mutants at
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identical frequencies at the inserted AUG codons. Given this
assumption, the apparent efficiency of reinitiation at the VP3
initiator AUG after termination of translation from the
inserted AUG codon in mutant inl1754(AUG,,;) can be
expressed as follows: apparent efficiency of reinitiation =
(relative rate of synthesis of VP3,,5, — relative rate of
synthesis of VP3,,5;) =+ relative rate of synthesis of
fusion,,s;. Taking these numbers from Table 4, we calculate
an apparent efficiency of reinitiation of 25 to 50%.

Other reports in the literature also describe results con-
sistent with either occluded scanning or reinitiation of trans-
lation after termination upstream (8, 12, 13, 22, 29). Most of
these reports showed that when an open reading frame
precedes the coding region of interest, a termination codon
must also precede the 5’-distal open reading frame to trans-
late the latter efficiently. The requirement for a termination
codon implies that ribosomes either translate the 5'-distal
open reading frame by a reinitiation mechanism or are
prevented from scanning as far as the 5’-distal open reading
frame by ribosome occlusion when the 5’-proximal open
reading frame is long.

The apparent efficiencies of reinitiation range from 0 to
50% or more (13, 29, 34; this study; unpublished data). This
variation is probably not solely an artifact of the methods
used to determine reinitiation efficiencies. Other factors
probably include (i) the specific sequences surrounding the
downstream AUG codon; (i) the distance between the
termination and AUG codons; (iii) the length of the 5'-
proximal open reading frame (Mertz et al., in preparation);
(iv) the cells used in the experiment; and (v) the secondary
structures of the mRNAs.

A reinitiation mechanism could be used to regulate coor-
dinately the relative rates of synthesis of two or more
proteins encoded within a single mRNA. The major late 16S
mRNA species of SV40 contains the coding sequences for
two proteins, LP1 and VP1, separated by 48 bases (Fig. 1).
The LP1 initiation signal is theoretically strong. Therefore,
few ribosomes should scan past it and initiate downstream at
the VP1 AUG codon. If this is true, VP1 should be synthe-
sized from the major late 16S mRNA species predominantly
by reinitiation of translation. This hypothesis has recently
been tested by using SV40 mutants that enable us to deter-
mine directly the effect of the LP1 open reading frame on the
synthesis of VP1 (unpublished data). Our preliminary results
indicate that the majority (approximately 65%) of VP1 syn-
thesized from the major late 16S mRNA species appears to
be made by reinitiation, with the remaining 35% being made
by leaky scanning. Therefore, reinitiation may be the pre-
dominant mechanism of synthesis of some proteins.
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