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Spontaneous mutants of polyoma virus have been isolated which lack either one or both 

of the two endo Hi&III cleavage sites present in polyoma DNA. Some of the mutants 
contain single hase changes or small delet,ions at the HindHI site in the early region of the 
polyoma genome. Most of these mutants have a normal phenotype; however, one member 
of this group grows poorly in comparison with wild-type virus. Other mutants contain large 
deletions, have lost either of the Hi&III sites, and appear to require complementation by 
helper viruses in order to complete their growth cycle. 

Studies of mutationally altered polyoma 
and SV40 viruses have provided much of 
our current understanding of papovavirus 
biology. Many of these altered viruses were 
isolated after chemical mutagenesis using 
selections for conditional lethality (1). Be- 
cause of the conditions used for mutagene- 
sis, it is likely that many of these viruses 
are altered at more than one site. This has 
been confirmed for several early (SV40) 
and late (polyoma) gene mutants by recent 
studies (2, 3). 

An alternate approach, that of isolating 
or constructing viruses with limited nucleo- 
tide alterations at specific sites, has been 
employed to great advantage in recent stud- 
ies of SV40 gene expression (4-13). Our 
early attempts to isolate polyoma viruses 
with alterations at a single site, that cleaved 
by endo EcoRI, led to the detection of viral 
genomes with reassorted sequences in 
which the EcoRI site had been deleted (14, 
15). In this report, we describe the isolation 
and partial characterization of viruses hav- 
ing alterations at either of the two endo 
Hi&III sites in the polyoma genome. One 
site is in the early region of the viral genome 
and the other site is in the late region (Fig. 
1). 

E:ndo Nin6III cleaves polyoma DNA at 
two sites (Fig. 1); linear molecules remain- 
ing after exhaustive digestion would, there- 

’ Present address: Roche Institute of Molecular Bi- 
ology. Nutley, New Jersey 07110. 

fore, be expected to have lost one of the 
sites. Such linear molecules can be recir- 
cularized in vitro or in viva by virtue of the 
cohesive termini produced by endo Hi&III 
(20). 

Two separate preparations of purified 
Pasadena large plaque polyoma virus DNA 
(2.6 and 3.5 pg) from low multiplicity infec- 
tions were exhaustively digested with endo 
Hind11 (21) and were subjected to electro- 
phoresis through 1% agarose gels. The area 
of the gel where linear DNAs would be 
expected to migrate (no band of linear DNA 
was visible after staining with ethidium bro- 
mide (EtdBr)) was excised and the DNAs 
were recovered by hydroxylapatite chro- 
matography of the solubilized gel (22). Sub- 
confluent 3T6 cells were infected at 32” 
with the two samples of DNA, using 
DEAE-dextran (23, 24). After 10 days, the 
media and cells (which showed no CPE) 
were removed from these plates, frozen, and 
thawed. These preparations were replen- 
ished with vitamins, essential and nones- 
sential amino acids (Gibco), glutamine (0.6 
mg/ml), and calf serum (5%, v/v), and used 
to infect fresh subconfluent ST6 cells. Virus 
stocks were prepared when CPE became 
evident 5-10 days later. These virus stocks 
were used to infect whole mouse embryo 
(WME) cells at 32”, and form I viral DNAs 
were purified by CsCl-EtdBr centrifugation 
of the Hirt supernatants. Upon digestion of 
these DNA preparations with endo Hi&III 
and separation upon 1% agarose gels, it was 
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FIG. 1. Endonuclease sites in the polyoma genome. 
Sites cleaved by endonucleases EcoRI, Hi&III, 

HpaII, BumHI, and HhaI ( 16,17) are indicated on the 
circular polyoma genome. HpaII fragments are num- 

bered within the circle with cleavage sites given by 
(x). Approximate division into early and late regions 

and location of structural proteins are taken from 

Refs. 18 and 29. Dashed line indicates polarities and 
approximate extents of early and late transcripts. 

apparent that they contained significant 
numbers of DNA molecules which lacked 
one or both Hi&III sites. Many of these 
DNAs were significantly smaller than wild- 
type polyoma DNA (Fig. 2a). 

The endo Hi&III-digested DNAs which 
migrated at the position of linear polyoma 
DNA were recovered from the gel and 
taken through another cycle of digestion, 
electrophoresis, and extraction from the 
gel. The linear DNAs were then used to 
infect WME cells in a plaque assay at 32”. 
Serial dilutions of the DNAs were used, and 
well isolated plaques were picked. Viruses 
from these plaques were absorbed to 3T6 
cells or WME cells at 32”, and [““P]DNAs 
were prepared from the infected cells by 
Hirt extraction. Undigested and endo 
Hi&III-digested DNA samples from each 
purified plaque were analyzed by electro- 
phoresis through agarose gels. 

Fifty-one plaques were picked, and all 
produced DNAs with altered endo Hi&III 
digestion patterns. Some of the prepara- 
tions contained viral DNA which appeared 
to be normal in size but which was cleaved 
only once by endo Hi&III. Most of the 
preparations contained viral DNAs which 
were smaller than wild-type polyoma and 

which were cut only once or not at all by 
endo Hi&III. Because many of the prepa- 
rations contained two or more species of 
viral DNA, selected virus stocks were seri- 
ally diluted and subjected to a second 
plaque purification at 32”. Stocks of virus 
were prepared with these twice-purified 
plaques and then were characterized. 

The viruses were divided into two groups 
on the basis of their genome structure and 
requirement for complementing helpers 
(Table 1). Viruses placed in group I do not 
require complementing genomes in order to 
form plaques; whereas, viruses in group II 
appear to require complementation by 
other genomes in order to form plaques. 
Infection by viruses in the first group pro- 
duced homogeneous populations of DNAs. 
Infection by viruses in the second group 
always produced two species of DNAs re- 
gardless of the number of attempts to 
plaque-purify them. 

Digestion of DNAs from viruses in group 
I with endo Hi&III produced linear DNAs. 
To identify which of the two Hi&III sites 
is retained, each DNA preparation was di- 
gested with both endo EcoRI and endo 
Hi&III (Fig. 2b). Every DNA produced 
two fragments approximately 55 and 45% 
the size of polyoma linears, indicating that 
all these mutants are altered at the Hi&III 
site adjacent to EcoRI site (HindI11 site 1, 
in the “early” region, Fig. 1). The sizes of 
the DNAs produced by viruses in group I, 
as measured by agarose gel electrophoresis, 
were not significantly different from that of 
wild-type polyoma DNA (Fig. 2b). Upon 
digestion of these DNAs with endo HaeIII, 
no significant alteration in electrophoretic 
mobility in 6% polyacrylamide gels of the 
210 base pair Hoe111 fragment containing 
the Hi&III site 1 (fragment H (26); frag- 
ment 8 (27)) was observed. A deletion of 10 
base pairs would have been detected. 

Infection of mouse cells by viruses in 
group II generated viral DNAs which were 
smaller than polyoma DNA (between ap- 
proximately 83 and 98% of wild-type size) 
and which were always mixtures of several 
species (Table 1). Even after several plaque 
purifications, mixtures of DNAs were pro- 
duced, suggesting that the production of 
plaques by these viruses requires co-infec- 
tion of cells by complementing genomes. 
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FIG. 2. (a) Electrophoresis of viral DNAs from Hi&III-resistant enriched samples. Wild-type polyoma DNA 
or DNA samples enriched for Hi&III-resistant molecules were subjected to electrophoresis through 1% agarose 
gels (25) with (slots B, D, G) or without (slots A, C, F) digestion by endo Hi&III. Wild-type DNA digested with 

endo EcoRI served as a mobility marker for form III DNA (slot E). Following electrophoresis, DNAs were 
detected by staining with ethidium bromide. The positions of forms I, II, and III and the HinaII 56% and 

Hi&III 44% fragments are indicated on the sides. (b) Electrophoresis of [“‘P]DNAs from selected Hi&III- 
resistant, twice plaque-purified stocks. Phenol-extracted Hirt supernatants were prepared from infections of 5- 

cm dishes of WME cells (25). DNAs were digested with endo EcoRI (slots marked (a)), or with endo Hi&III 
(slots marked (h)), or with endo EcoRI and endo Hi&III (slots marked (c)). After electrophoresis, the gel was 

dried and autoradiographed. 

Many of the stocks of viruses in group II 
generated form I DNAs that were not equal 
in size and which could be easily distin- 
guished by electrophoresis through agarose 
gels. In almost every instance, a DNA with- 
out one Hi&III site was accompanied by 
a DNA having an alteration at the other 
Hi&III site. The DNAs could usually be 
identified by their susceptibility to endo 
EcoRI or endo BumHI (Table 1). For ex- 
ample, the smaller of two DNAs produced 
by stock 2-6-l contained an EcoRI site but 
had lost the BumHI site; the larger of the 

two DNAs lacked the EcoRI site but had 
retained the BamHI site. 

Several of the DNAs that were separable 
by agarose gel electrophoresis have been 
examined in some detail with endonucle- 
ases HpaII and HhaI. In each case, they 
were found to contain substantial deletions 
surrounding each of the Hi&III sites (28). 
It is likely that many, if not all, of the 
mutants in group II contain such deletions 
and require complementation by co-infect- 
ing viruses for growth. 

Analysis of the biological properties of 
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a Properties of selected mutants. Viruses lacking HindI sites are divided into two groups based upon 
whether they produced single (I) or several (II) species of DNA upon infection of mouse cells. 

* Virus stocks prefixed by 1 or 11 originated from the endonuclease Hin.c/IIl digestion of one DNA preparation, 

and virus stocks prefixed by 2 or 21 originated from the Hi&III digestion of a second, independent DNA 
preparation. 

‘Size expressed as an approximate percentage of wild-type length was determined by examining the mobility 
of form I viral DNA in 1% agarose or of linear viral DNA produced by cleavage with a single-site endonuclease 
(such as EcoRI, BarnHI). In group II, the underlined number indicates the predominant species. 

* S, single species observed; TEE, two species of equal size and equal quantity; TEU, two species of equal size 
and unequal quantity; TUE, two species of unequal size and equal quantity; TUU, two species of unequal size 
and unequal quantity; TUO. two species of unequal size with relative amount of two species ambiguous. 

’ Presence or absence of endonuclease sites determined by examining products of digest,ion of form I DNA 
after electrophoresis through 1% ngarose. Viruses in group II produce two DNA species; susceptibility of each 
species is indicated (0, no sites; -, not determined or inconclusive). With TEU mutarlts, the predominant 
species is listed fist. With TUE or TUU mutants, the smaller species is list,ed first. 

‘PFU at 32’ relative to 37” determined by titering viruses at the two temperatures on monolayers of WME 
cells. 32” assays were stained aft,er 21 days; 37” assays were stained aft,er 12 days. 

p Viral DNA synthesis at 39 and 32’ was examined by measuring the incorporation of ,“P, into viral DNA in 
infected WME cells as described in the text. (= indicates equal amounts of incorporation at 39” and at 32”, or 
more incorporation at 39”; < indicates very much less incorporation at 39” than at 32”; and - indicates not 
done or inclusive). 

h Effect of dilution upon plaque formation was measured with all the viruses. Those exhibiting “multiple-hit 
kinetics” produced IO-*-lo-” fewer plaques upon a IO-’ dilution. Small plaque morphology was scored visually. 
Virion thermolability was measured by incubating selected virus stocks at 62.5” and assaying remaining 
infectivity at 37” on WME cells. 
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many of the mutants in both groups re- 
mains to be performed. Most of the mutants 
of group I are not noticeably thermosensi- 
tive in plaque formation or DNA synthesis 
(Table 1). Since they are derived from the 
same preparation of virus, they may be 
separate isolates of the same mutant. One 
member of group I (l-lo-l), however, does 
have an altered phenotype. It produces 
small plaques at both 32 and 37”, and the 
yield of virus in a single-step growth exper- 
iment is significantly lower than that of 
wild type virus (Fig. 3). If the mutation at 
HincZIII site 1 is the cause of its impaired 
viability, it is likely that defective early 
protein(s) are coded by this mutant. 

Many of the stocks of mutants in group 
II were plaque-assayed at 32 and 37” to 
determine if their infectivity was thermo- 
sensitive. Of those examined, only two 
showed a significant inhibition of plaque- 
forming ability at 37’ relative to 32” (Table 
1). One of those produces virions that are 
thermolabile. After heating at 62.5” for 8 
min, when wild-type polyoma infectivity is 
reduced loo-fold, the infectivity of mutant 
stock 21-22-1 was reduced 103- to 104-fold. 

Several of the mutant stocks in group II 
produced plaques at both temperatures 
which were significantly smaller than those 
of wild-type virus (Table 1). This may be 
due to their requirement for co-infection of 
cells. The titers of several of these viruses 
deviated extremely from a linear function 
of dilution as expected for viruses which 
require co-infection by helpers. 

The ability of many of the viruses in both 
groups to synthesize viral DNA at 32 and 
39” was qualitatively examined by separat- 
ing the DNAs by agarose gel electrophore- 
sis, and measuring the incorporation of 32Pi 
into form 1 DNA at both temperatures. 
Several of the mutants in group II did not 
synthesize form I DNA as well at 39” as at 
32” (Table 1) indicating thermolability of 
early gene products. 

In summary, our preliminary characteri- 
zation of these mutants suggests that sev- 
eral, if not many of them, will be useful 
isolates with which to probe functions of 
the polyoma genome. The mutants in group 
I may express altered early functions. Fur- 
ther analysis will be required to define the 
effects of the mutation(s) at the Hi&III 

FIG. 3. One-step growth curve of polyoma viruses. 
WME cells infected with approximately 1 PFU/cell at 

33” were washed with PBS and incubated at 33” in 
medium containing 5% horse serum. At the indicated 

times, single plates were harvested by scraping the 
cells into the medium. The contents of each plate was 

frozen and thawed three times then titered at 33” on 
WME cells. Two separate single-plaque isolates of 
mutant l-10-1 were analyzed. 

site 1 upon the phenotypes of these viruses. 
In addition, most of these viruses are ca- 
pable of proceeding through a normal lytic 
infection and may, therefore, be more use- 
ful as cloning vehicles than wild-type poly- 
oma DNA. (Deletion of Hi&III site 1 
makes it easier to introduce fragments of 
DNA in the late region.) 

Mutants in group II appear to require 
complementation for growth. They are al- 
tered in the early region or the late region 
and should prove to be useful in the analysis 
of polyoma gene functions. However, they 
are difficult to grow in large amounts and 
the individual species of the pairs of mu- 
tants must be separated before the extents 
and effects of the alterations can be defined. 
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