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The 61-amino-acid agnoprotein is a nonessential polypeptide encoded by the late leader region of simian virus
40 which appears to play a role in viral assembly. A 2-base-pair (bp) insertion mutant (in2379) was created by
altering the coding region of this protein. This mutation prevents the synthesis of the agnoprotein and, in
contrast to the more extensive deletion mutations previously described in this region, might be expected to have
a lesser effect on the template for late viral transcription. In fact, the 2-bp insertion mutant grew significantly
less well than most mutants containing larger deletions in the agnoprotein region and frequently gave rise to
stock containing second-site alterations in the same region. These observations suggested that the defect in
mutant in2379 extends beyond the loss of the agnoprotein. Characterization of a number of second-site mutants
indicated that all of them grew more efficiently than the original 2-bp insertion mutant. Based on the nucleotide
sequence of these mutants, we suggest possibilities for the deleterious effect induced by the insertion in mutant
in2379.

In addition to the three viral structural proteins, VP-1,
VP-2, and VP-3, the late region of simian virus 40 (SV40)
encodes in its leader region a 61-amino-acid, highly basic
polypeptide which has been termed the agnoprotein (7, 16,
17, 26, 28). Several viable deletion mutants with mutations in
the agnogene coding sequence have been characterized, and
the results are consistent with this protein being nonessential
for viral growth in cell cultures (4, 5, 12, 13, 24, 25, 33, 35,
37). Nevertheless, most of these mutants grow with de-
creased efficiency and produce plaques of altered morphol-
ogy. In addition, there is a curious lack of correlation
between the size and position of the late leader deletion and
the relative growth rate of the mutant (2, 33).
There is now evidence from both genetic (21) and bio-

chemical (27) studies to suggest that the agnoprotein plays a
role late in the lytic cycle, perhaps in the assembly of
virions. In addition, based on its DNA binding properties
(17) as well as some of the characteristics of the deletion
mutants, there is speculation that the agnoprotein may also
directly affect the synthesis or processing, or both, of late
mRNA (1, 14).
Due to the complexity and overlapping structure of the

SV40 control sequences and the ill-defined nature of the late
transcriptional signals, it has been difficult to ascribe the
defects which result from the various mutations in the
agnogene either to the loss of the agnoprotein or to alter-
ations in either the template or control signals for late mRNA
synthesis. In the present study, we attempted to construct a
simple 2-bp insertion mutation which would prevent produc-
tion of the normal agnoprotein and yet, presumably, repre-
sent a minimal alteration in the late transcriptional template.
The generation and analysis of the properties of the 2-bp
insertion mutant are described below.

MATERIALS AND METHODS
Cells and viruses. Wild-type SV40 strain 776 and derived

SV40 mutants were grown in either primary AGMK cells
(M.A. Bioproducts; Flow Laboratories, Inc.) or the

* Corresponding author.

established AGMK cell line, CV-1. Cells were grown in
Dulbecco modified Eagle medium containing 10% fetal calf
serum (FCS) and maintained in Eagle minimal essential
medium with 2% FCS after infection. Transfection and
plaquing experiments were carried out in CV-1P cells (24)
which were grown and maintained in Dulbecco modified
Eagle medium supplemented with 5% FCS. Media and sera
were purchased from Meloy Laboratories, Inc. and GIBCO
Laboratories, respectively.
DNA transfection. Twenty-four hours before transfection,

CV-1P cells were seeded at 3 x 104 cells per microwell
(Falcon MicroTest II Tissue Culture Plates). Cultures were
refed 4 h before transfection. Transfections were performed
by the DEAE-dextran method (DEAE-dextran molecular
weight 2 x 106; Pharmacia) (23) using a modification of the
method of Brockman and Nathans (4). DNA concentrations
were determined by optical density readings and by photo-
graphic comparisons with the known concentrations of SV40
DNA in agarose gel electrophoresis after ethidium bromide
staining. Cultures were washed once with prewarmed
Dulbecco phosphate-buffered saline and then incubated with
transfection mix, consisting of 3.2 to 32 ng of DNA, 30 ,ul of
DEAE-dextran (2 mg/ml in minimal essential medium), 15 pul
of 1 M Tris hydrochloride (pH 7.5), and 0.1x SSC (1x SSC
is 0.15 M NaCl plus 0.015 M sodium citrate) in a final volume
of 0.3 ml. After 60 min at 37°C, the inoculum was removed
and cells were trypsinized and transferred to 60-mm plates
containing 2 ml of prewarmed Dulbecco modified Eagle
medium with 5% FCS. Plates were incubated at 37°C for 2 to
3 h to permit attachment, and then 106 CV-1P cells in 3 ml of
medium were added to each plate. After 24 h of incubation at
37°C, medium was replaced with 5 ml of agar overlay
containing 0.9% agar (Agar-Noble; Difco Laboratories) and
5% FCS in minimal essential medium. Thereafter, 2 ml of
agar overlay was added to each plate every 3 days. Cultures
were stained with neutral red at 10 to 13 days posttransfec-
tion to identify plaques.

Analysis of DNA from plaques. Well-separated plaques
were picked and suspended with a Pasteur pipette in 1 ml of
minimal essential medium. The suspension was heated at
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Mutants. To introduce a frameshift mutation, wild-type
SV40 DNA (form I) was cleaved at the unique HpaII site
(nucleotide [nt] 346). Nucleotide numbering follows the BBB
system (36). Repair of the 2-base sticky ends with DNA
polymerase I was followed by blunt-end ligation with T4
DNA ligase (20). A mutant virus stock, in2379, was prepared
in AGMK cells fromn one of the plaques produced by
transfection of AGMK cells with the altered DNA.
Recombinant DNAs. The plasmid construct in2379p was

obtained by inserting the DNA of in2379 into pBR322 at the
BamHI site; this recombinant plasmid was introduced into
Escherichia coli HB101 by the CaCl2 method (18). Clones
containing mutant DNA were analyzed by restriction
endonucleases (SstII from Bethesda Research Laboratories,
Inc. and the others from New England Biolabs) and by DNA
sequencing. For large-scale preparation, the recombinant
DNA was amplified in E. coli with chloramphenicol and was
purified from bacterial cell lysates by two consecutive equi-
librium centrifugations in cesium chloride-ethidium bromide
(20).
For reconstruction of in2379r, the DNAs of wild-type

Log 10
5F

Form 11-

Form 111- _-"

toqE
Form -.-w e

4

m
z

0)

U-L

0D
FIG. 1. Construction and analysis of SV40 mutant in2379. (A)

Diagram of changes in the translational reading frame and restriction
endonuclease recognition sites resulting from a 2-bp (CG) insertion
at the HpaII site (nt 346) in mutant in2379. (B) Restriction endonu-
clease analysis of wild-type and mutant in2379 DNA. Wild-type and
mutant in2379 SV40 DNAs were digested by EcoRI alone, by EcoRI
plus HpaII, SstII, or ThaI, or by HhaI alone. DNA digests were

electrophoresed in a 1.4% agarose gel. (Forms I, II, and III
represent the positions of migration of supercoiled, nicked circular,
and linear SV40 DNAs, respectively.)

68°C for 10 min with 1% sodium dodecyl sulfate and 1 mM
EDTA, extracted with phenol and chloroform, and ethanol
precipitated. Pellets were suspended in 25 ,ul of 10 mM Tris
hydrochloride (pH 7.5) plus 1 mM EDTA, and 5-pI samples
were subjected to digestion with restriction endonucleases
BamHI and SstII. To confirm the completion of digestion,
pBR322 DNA and 4X174 RF I DNA (New England
Biolabs), which were cleaved once with BamHI and SstII,
respectively, were included in each reaction. DNA digests
were electrophoresed in a 1.4% agarose gel, checked under
a UV light to confirm that the control pBR322 and 4fX174
DNA had been cleaved, transferred to a nitrocellulose
membrane (34), and hybridized with a 32P-labeled probe
prepared by nick-translation of SV40 DNA (31).
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FIG. 2. Viral growth curves after DNA transfection. Plasmid

pBR322 sequences were excised from the recombinant in2379p
DNA by BamHl digestion, and the SV40 segment was recovered
from a 1.4% agarose gel in linear form. Wild-type 776 form I DNA
was similarly treated to isolate it as a linear form. A portion of both
DNAs was subjected to recircularization by T4 DNA ligase with
efficiencies greater than 50%. CV-1P cells were transfected with
wild-type or in2379 DNA, as either circular or linear molecules,
using the DEAE-dextrati technique as described in Materials and
Methods. Cultures were stained on day 10, and plaques were scored
from day 6 to day 17. Symbols: * 0, wild-type SV40, circular-
ized DNA; 0- - -0, wild-type SV40, linear DNA; O-O, in2379,
circularized DNA; 0- -0, in2379, linear DNA.
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FIG. 3. Morphology of plaques formed after transfection. CV-1P cells were transfected with varying concentrations of either circularized
wild-type or mutant in2379 DNA. Transfections were performed as described in Materials and Methods.

SV40 and in2379p were digested with restriction endonucle-
ases KpnI and EcoRV at SV40 nt 294 and 768, respectively.
The small fragment (475 bp) from in2379p and the large
fragment (4,768 bp) from wild-type SV40 were recovered by
polyacrylamide and agarose gel electrophoresis, respec-
tively. The large wild-type SV40 fragment was dephosphor-
ylated with calf intestine alkaline phosphatase (Boehringer
Mannheim Biochemicals) and joined to the smaller in2379p
fragment by overnight incubation at 15°C in a 10-,ul reaction
mixture containing 2 U of T4 DNA ligase (Collaborative
Research, Inc.). The resulting reconstructed in2379r DNA
was inserted into pBR322 at the BamHI site and used to
transform E. coli LE392.

In this report, the terms in2379 and in2379r DNA indicate
the complete SV40 genomic DNA excised from vector
pBR322. Recombinants in2379p or in2379rp are plasmid
DNA with the SV40 insert.
DNA sequence analysis. DNA sequencing was performed

by the method of Maxam and Gilbert (22). Cloned DNAs
were treated with DdeI endonuclease. A 435-bp fragment (nt
287 to 722) was isolated by agarose gel electrophoresis
followed by 3'-end labeling with 10 U of DNA polymerase I
(Klenow enzyme; Boehringer Mannheim Biochemicals) and
[ca-32P]dTTP (New England Nuclear Corp.). The labeled
ends were separated by a second cleavage with HpaI endo-
nuclease at SV40 nt 501. The 214-bp fragment (nt 287 to 501)
was isolated by polyacrylamide gel electrophoresis and
elution (22). Single end-labeled fragments were sequenced
on 0.4-mm gels (32) of 8% polyacrylamide with 7 M urea or
of 20% polyacrylamide with 8 M urea and on gradient gels as
described by Biggin et al. (3). Gels were subjected to
autoradiography at -70°C.

RESULTS

Construction and analysis of an agnogene mutant. To
produce a minimal mutation in the agnogene coding se-
quence, two nucleotide pairs (CG) were inserted at the
unique HpaII site in SV40 DNA as described in Materials
and Methods (Fig. 1A). This insertion mutant (in2379) po-
tentially encodes a 33-amino acid polypeptide of which only
the first 5 amino acids are common to the wild-type aghogene
product. The insertion both destroys the HpaII site and
creates overlapping cleavage sites for restriction enzymes
ThaI and SstII, which allows one to easily distinguish the
mutant in2379 DNA from wild-type DNA (Fig. 1A). Diges-
tion of either wild-type SV40 DNA or the insertion mutant
DNA with EcoRI plus either HpaII, ThaI, or SstII, or
digestion with HhaI alone, results in the expected cleavage
patterns (Fig. 1B). This confirms the structure of the 2-bp
insertion mutant.
Growth of in2379 in monkey kidney cells. In preliminary

experiments, CV-1 cells were transfected with circularized
in2379 DNA (from which the plasmid sequences had been
excised), and the resulting plaques were isolated. Viruses
from several plaques were individually propagated in CV-1
cells, and the growth characteristics of one such mutant
virus stock were studied. Cultures of CV-1 cells were
infected with either wild-type SV40 or the mutant virus
in2379 stock at a multiplicity of 20 PFU per cell. Whereas the
cytopathic effect appeared at 48 h in wild-type SV40-infected
cells, it was not observed until 72 h postinfection with the
mutant virus. The SV40 agnoprotein was detected by 48 h,
using polyacrylamide gel electrophoresis, only in those
cultures infected with the wild-type virus. The putative
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FIG. 4. Restriction endonuclease analysis of in2379 DNA
plaques. DNAs were prepared from six individual plaques resulting
from transfection of CV-1P cells with circular in2379 DNA; one-fifth
of the total DNA from each plaque was employed for digestion with
BamHI and SstII (lanes 4 through 9). To assure completeness of
digestion, each digest included unlabeled 4X174 RF I DNA and
pBR322 DNA, which were cleaved once by SstII and BamHI,
respectively. Also shown are uncut (form I) wild-type SV40 DNA
(lane 1), linear (form III) wild-type SV40 DNA (lane 2), and
recombinant in2379p DNA cleaved with SstII and BamHI (lane 3).

33-amino acid polypeptide encoded by the agnogene region
of in2379 was not observed under similar conditions (data
not presented); we assume that this polypeptide either is
produced at subdetectable levels or is unstable. After the
mutant virus stock was passaged twice in AGMK cells, a

significant portion of the viral DNA was found to be resistant
to digestion by both restriction enzymes HpaII and SstII.
This suggested that second-site mutations were occurring at
reasonably high frequency in the region of the original 2-bp
insertion. To further investigate this observation and to
exclude the possibility of artifacts which might arise from the
initial passage of the virus stock, we repeated these experi-
ments starting with a plasmid clone with SV40 in2379 DNA
inserted at the BamHI site of pBR322 (in2379p).

Plaque formation by wild-type and mutant SV40 DNAs.
CV-1P cells were transfected in the presence of DEAE-
dextran with three different concentrations of wild-type
SV40 or in2379p DNA. The viral DNA molecules were
cleaved from pBR322 by BamHI restriction enzyme and
either transfected as linear molecules or circularized before
transfection (see Fig. 2, legend). With circular wild-type
SV40 DNA, plaques were observed by day 5 posttransfec-

tion and a maximum titer of 3.2 x 104 PFU per Rg of DNA
was obtained by day 12 (Fig. 2). Circular in2379 DNA
produced minute plaques by day 6, and the virus reached a
maximum titer of 1.1 x 103 PFU/pLg of DNA on day 15.
Analogous results were observed after transfection of linear
SV40 and mutant DNAs, although plaques developed more
slowly and the maximum titers were somewhat lower (Fig.
2). Plaques formed by wild-type DNA were clear, sharp
edged, and greater than 12 mm in diameter by day 18. Most
mutant plaques were clear, but not sharp edged, and were
about 5 mm in diameter by day 18 (Fig. 3). The mutant
plaques continued to increase in size and eventually ap-
proached the size of wild-type plaques. Transfection exper-
iments were repeated twice with linear DNAs, and similar
results were obtained. This delayed appearance and contin-
ued increase in size of the in2379 plaques again suggested
that second-site mutations may have arisen during the
course of the plaque assay. This was further examined by
direct analysis of the DNA from individual plaques.

Restriction endonuclease analysis of DNA from single
plaques. To examine DNA from individual plaques for
possible second-site alterations in the region of the 2-bp
insertion, CV-1P cells were transfected as described above
with in2379 DNA; two small (1.5-mm), two medium
(3.0-mm), and two large (5.0-mm) plaques were selected.
DNA prepared from each of these plaques was linearized by
BamHI digestion and tested for the presence of an SstII site.
A significant but variable fraction ofDNA from each of these
individual plaques was resistant to SstII digestion (Fig. 4).
Whereas DNA from one of each of the small (pl-2), medium
(pl-3), and large (pl-5) plaques was largely resistant to SstII
cleavage, about 50% of the DNA from the other plaques
(pl-1, pl-4, and pl-6) remained sensitive to SstII. The rapid
development of second-site alterations in this region, as
indicated by SstII resistance, suggested a selection against
the original mutant in2379.

Nucleotide sequence of in2379 variants. To determine the
nature of the second-site alterations, virus from one of the
plaques, pl-1, was amplified in primary AGMK cells. Form I
viral DNA was prepared by the Hirt procedure (15) and was
cloned into pBR322 at the BamHI site for sequence analysis.
Of 30 clones with SV40 inserts, 7 were found to have DNA
resistant to SstII cleavage. Three SstII-resistant clones (cl
1-5, cl 1-22, and cl 1-24) and two SstII-sensitive clones (cl
1-14, cl 1-21) were examined further. All of these clones
contained SV40 DNA which was resistant to HpaII cleavage
and thus did not represent wild-type DNA contamination or
reversion to the wild-type SV40 sequence. Comparison of
the restriction enzyme cleavage pattern of parental in2379
DNA with DNAs from the five clones suggested that a
deletion had occurred in the region of the original 2-bp
insertion as a second-site alteration in each of the clones. To
determine the specific change, the nucleotide sequence of
each clone in the region of the original HpaII site was
determined by the method ofMaxam and Gilbert. DNA from
in2379p and from each of the five clones was digested with
DdeI, and the 3' ends of a fragment from SV40 nt 287 to 722
were 32p labeled as described in Materials and Methods.
After HpaI cleavage, the SV40 fragments from nt 287 to 501
were purified and sequenced (Fig. 5).
The positions of the deletions in cl 1-5 and cl 1-22 DNAs

are identical, from nt 318 to 368 (51 bp); in cl 1-24 the
position of the deletion is from nt 297 to 365 (69 bp). The
sequences deleted in these clones include the SV40 major
late RNA cap site (9, 10, 12, 29) and the translation initiation
codon for the agnoprotein. Two deletions were present in cl
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23791 CCTCAGAAGGTACCTAACCAAGTTCCTCTTTCAGAGGTT GGAIlGTGGTG CTGCGCCGGCTGTCACGCCAGGCCTCCGTTAAGGTTCGTAGGTTCATGGACTGAAAGTAAAAAAACAGCTCAACGCCT TTTTGTGTT

GGAGTCTT CC ATGGATTGGTTCAAGGAGAAAGTCTCCAATAAAGTCCGG TACC AC GACGCGGCCGACAGTGCGGT CCGGAGGCAATTCCAAGCAT CC AGTACCTG ACTIT CATTTTT TTGTC GAGTTGCGGAAAAACAC AA
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CG

cl 1-14 c cTC AG AA GG TA CC TA AC CA AG T TCCT C TT TC AG AG G TT A TGG C T G C G C C G GC T G T C AC G C C AGG C C T C C G T T AA^G G T I C G T A GG T C A T G GA^ C T G AAA G T AAA A A AA^cA^G c T C^AAc G c c T T T T T G T G T T
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CG IC

cl 1-21 CCTCAGAAC TIACCTAAC CAATTCCA CTCTIATTCAGAGGATTAIGTCAGGCCAITGGTCTGCICCGGC IGTCACGCCAG
GGA1TC TTCCAT GGA11GG1TCAAGGAGAAAGT CTCCAATIAAAGTCCGGTACCACGACICGGCCGIACAGTGSCGGTC

GCC TTTTTGTGT
-- -CGGAAAAACACA

cl 1-5 CCTCAGAAGGTACCTAACCAAGTTCCTCTTTC

cI 1-22 GGAGTCTTCCATGGATTGGTTCAAGGAGAAAG

cl 1-24 CCTCAGAAGGI -----____
GGAGTCTTCCA

TTAAGGTTCGTAGGTCATGGACTGAAAGTAAAAAAACAGCTCAACGCCTTITTTGITT
- -- -- -- AAT T CCAAGCATCCAG TAC C TGAC TTT CAT T TT TTTG TCGAGTTGCGGAAAAACA CA

*- .19 w _ .:-,

CCGTTAAGGTTCGTAGGTCA TGGACTGAAAGTAAAAAAACAGCTCAACGCCTTTTTGT GT

GGCAATTCCAAGCATCCAGTACCTGACTTTCATrTTTTTGTCGAGTTGCGGAAAAACACA

FIG. 5. Location of the deletions in second-site mutant DNAs. (A) Autoradiograms of the sequencing gels from which the positions of the
insertions in mutant in2379p and cl 1-14 and the second-site alterations in clones cl 1-14, cl 1-21, cl 1-22, and cl 1-24 were determined. The
sequence of cl 1-5 was identical to that of cl 1-22. cl 1-21 was analyzed in a gradient gel, whereas the others were analyzed in 20%
polyacrylamide-8 M urea gels (see Materials and Methods). (B) Nucleotide sequences of mutations in the late leader region of SV40. Deleted
sequences are represented by solid lines. The position of the major late SV40 cap site ( I ) and the initiation codon for the agnoprotein
(ATG) are indicated. Nucleotide numbers follow the BBB system (36).

1-14 DNA (which remained SstII sensitive); a 10-bp segment
(nt 325 to 334) as well as two additional nucleotide pairs (nt
339 and 340) were removed. Although this mutant lacks the
major late SV40 cap site, it could potentially encode a

62-amino acid polypeptide initiating at the agnogene AUG
which would differ from the agnoprotein in its first 4 amino
acids. The size of the deletion in cl 1-21 DNA is 52 bp (nt 362
to 413). This clone retains the major late SV40 cap site and
the initiation codon for agnoprotein. A putative truncated
polypeptide would be only 23 amino acids in length.

Biological properties of second-site deletion mutants. The
plaquing efficiency in CV-1P cells of DNA from these

deletion mutants was compared with that of wild-type SV40
and in2379 DNA. Experiments were performed by transfect-
ing CV-1P cells with linearized viral DNA as previously
described.

Plaques appeared 15 days after transfection of in2379, and
a maximum titer of 1.0 x 102 PFU per iug of DNA was
reached on day 19 (Fig. 6). The deletion mutants cl 1-5, cl
1-14, and cl 1-21 grew seven- to ninefold better than the
parental in2379. Although these mutants differ in the size and
location of deleted sequences, in two separate studies they
all grew with rather similar kinetics. cl 1-24 DNA did not
form any plaques after transfection with even 100 ng ofDNA
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10 in two experiments on CV-1P cells and failed to generate a
viral stock in CV-1 cells in four separate experiments.
To confirm that the novel biological properties of in2379

result from the 2-bp insertion at the HpaII site and not from
a putative distant second-site alteration, the fragment from
KpnI (nt 294) to EcoRV (nt 768) was cloned from in2379 into
a wild-type SV40 DNA background as described in Materials
and Methods. This reconstructed mutant (in2379r) formed
plaques with approximately the same efficiency as did in2379
(see Fig. 6).
The properties of these mutants and their comparison with

wild-type SV40 are summarized in Table 1.

DISCUSSION

Although the agnoprotein itself is not absolutely essential
to virus viability, a number of studies have demonstrated
that mutations in the late leader region of SV40 which
prevent the expression of this polypeptide lead to a signifi-

cant reduction in the viral growth rate (13, 25). There is some
evidence to suggest that the agnoprotein plays a role in virus
assembly (21, 27). Most of the deletions in the SV40
agnogene mutants, however, are large enough to have a

potential effect on the synthesis and processing of late SV40
mRNA as well as to destroy the agnoprotein coding capac-

ity. To distinguish between these alternatives, we attempted

to make a mutation in the agnogene coding sequence which
would not represent a significant alteration in late mRNA
template sequences. A simple 2-bp insertion mutation was
created (at the HpaII site) within the coding sequence for the

-- Ifi Ifi | 62-amino acid polypeptide. This insertion both prevents the

6 8 10 12 14 16 18 20 22 expression of the agnoprotein and yet represents a minimal
alteration in the late transcriptional template.

DAYS AFTER TRANSFECTION A surprising result of this study was that the 2-bp insertion
mutant, in2379, grew with considerably less efficiency than a

irowth of wild-type SV40 and agnogene mutants. CV-1P number of other SV40 deletion mutants from which the

ransfected as described in Materials and Methods with coding potential for the agnoprotein had also been elimi-

2 ng of linearized DNA per plate from wild-type SV40
(0), cl 1-21 (A), cl 1-5 (A), in2379r (A), or in2379 () nated. This growth defect was reflected in mutant in2379 not

re stained on day 13, and plaques were scored as only by the late development of plaques and the low titers of

stocks, but also by the rapid generation of second-site
mutations in the agnogene region, which probably arose

TABLE 1. Physical, biological, and genetic properties of second-site mutants derived from in2379
Efficiency of plaque formationb

Deletion
Titer

Viral DNA Location Major cap Agnoprotein PFU per % of Plaque
(bp) (nucleotide ,ug wild size (mm)
(bp) residues)' of DNA type

Wild-type strain 776 + + 9.2 x 103 100.0 10.0-12.0
in2379c + + 1.0 x 102 1.1 0.5-3.0
in2379re + +d 2.1 x 102 2.2 1.0-3.0
cl 1-5 51 318-368 - - 6.3 x 102 6.8 1.0-4.0
cl 1-14 10 + 2 325-334 - + 8.3 x 102 9.0 0.5-5.0

339-340
cl 1-21 52 362-413 + +9 7.3 x 102 7.9 0.5-5.0
cl 1-22 51 318-368 - - NTh
cl 1-24 69 297-365 - - <1.0 x 10 <0.1

a Nucleotide residues are numbered according to the BBB system (see reference 36).
b Eighteen days posttransfection with linear DNA.
c A 2-base insertion at the HpaII site, nt 346.
d A putative 33-amino acid polypeptide with only the first five residues homologous to the wild-type protein.
' Reconstructed in2379.
f A putative 62-amino acid polypeptide whose sequence is identical to that of the wild-type protein except for the first four residues.
8 A putative 23-amino acid polypeptide with the first five residues homologous to the wild-type protein.
h NT, Not tested (the deletion is the same as that of cl 1-5).
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during growth in monkey kidney cells but could have been
generated at low levels in plasmid stocks.
Although each of the second-site mutants contained a

more extensive deletion in the leader region, except for cl
1-24 they grew more efficiently than did the original mutant
in2379. There was no obvious common pattern to the sec-
ond-site mutations such as regeneration of the agnoprotein
reading frame, deletion of the agnoprotein translation initia-
tor AUG, or elimination of the major late cap site. In fact,
each of these changes was found in at least one of the
second-site mutants. Only one of the second-site mutants (cl
1-14) appeared able to regenerate a reading frame similar to
that of the wild-type SV40 agnoprotein; thus it is clear that,
while beneficial, the agnoprotein is not essential to the life
cycle of SV40. This may be either because the virus does not
absolutely need the protein for growth in cell culture or
because a cellular protein can substitute (although perhaps
inefficiently) for the wild-type agnoprotein. In cl 1-24, as in cl
1-5 and cl 1-22, both the major cap site and the AUG for
agnoprotein translation were removed. In cl 1-24, an addi-
tional 21 bp upstream (nt 297-317) were deleted. This clone
failed to replicate in AGMK cells in four separate attempts.

Since the agnoprotein is nonessential, the pronounced
inefficiency of growth by the 2-bp insertion mutant and the
rapid alterations that it appears to undergo in monkey kidney
cells remain puzzling. It is possible that this 2-bp insertion
has a more profound effect either on the SV40 late transcrip-
tional template or on the secondary structure of the SV40
late mRNA precursor molecule (2, 8, 9, 29) than do the larger
deletions in the late leader region. Another alternative is that
the 2-bp insertion in some way interferes with translation of
late mRNA molecules (6, 8, 11, 19, 30). Depending on the
initiator codon, the 2-bp insertion can produce a transla-
tional frameshift that would read through the AUG for VP-2
at nt 562 and thus, in some forms of the spliced 19S mRNA
(splice from nt 373 to 558), interfere with initiation of VP-2
(J. Resnick and T. Shenk, personal communication). It is
also conceivable that the truncated form of the agnoprotein
generated by in2379 is in some way deleterious to the life
cycle of SV40. Since we were unable to definitively demon-
strate the presence of such a truncated protein, we suspect
that if it is synthesized, it may be highly unstable.
The nucleotide sequence of the second-site mutant clones

indicates that they could circumvent either of the potential
problems discussed above. Clones cl 1-22 and cl 1-24 have
the agnogene transcriptional initiation codon deleted. The
donor splice site at nt 373, as well as most of the agnoprotein
coding sequence, is absent from cl 1-21. In cl 1-14, the
deletion of 2 bp just beyond the agnogene AUG (nt 339-340)
establishes a new reading frame with a termination codon at
nt 521, just before the 19S mRNA splice site. Thus, reiniti-
ation could presumably take place at the VP-2 AUG in the
spliced late 19S mRNA of this mutant.

Since the second-site mutants grow better than in2379, it is
clear that this mutant suffers from a significant defect beyond
the loss of agnoprotein. One approach to studying the role of
the late agnoprotein apart from the potentially deleterious
effects of mutations in the late mRNA template involves
establishing cell lines which constitutively express the
agnoprotein. Such studies are in progress in our laboratory
as well as in others (J. Alwine and J. Mertz, personal
communications).
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