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The DNA sequences of four "early" viable deletion mutants of polyoma virus
have been determined. Two of these (dl-8 and dl-23) are mutants with deletions
in the region of the genome that codes for parts of both large and middle T-
antigens, and two (dl-6 and dl-28) are mutants with deletions around the viral
origin of replication. The former mutants have altered transformation properties
relative to wild-type virus, and dl-8 appears to be replication deficient (B. E.
Griffin and C. Maddock, J. Virol. 31:645-656, 1979). Sequences are discussed in
terms of the altered phenotypes observed for the various mutants, the DNA
structures and protein sequences that are affected by the deletions, and how these
might affect the biological properties of the mutants.

Recent studies on polyoma virus have shown
that cellular transformation by this virus does
not require the entire viral genome (18, 21, 30).
Thus, in transfection experiments with viral
DNA, a fragment that contains only about half
of the "early region" (the early region being
defined as the part of the genome, about 50%,
transcribed before the onset ofDNA replication)
was found to be fully competent to transform rat
cells in culture, and these cells produced tumors
on injection into rats (30). The fragment em-
ployed in this study was derived from the part
of the DNA (between 65.4 and 0/100 map units
[14]) which has especially complicated coding
properties. Throughout the coding sequence
(from 73.8 to 0/100 map units) it contains over-
lapping information for at least two proteins,
and in part for three, making use of different
reading frames. Any deletion in this region,
therefore, must affect at least two proteins. The
"noncoding sequence" (65.4 to 73.8 map units)
contains the viral origin of replication and three
putative viral early RNA promoters (39). With
such an intricate genetic organization, attempts
to correlate cellular responses to specific poly-
oma viral gene products is complicated. None-
theless, some recently isolated polyoma virus
mutants have provided insight into viral growth
properties and have suggested a crucial role for
the viral middle T-antigen in cellular transfor-
mation (15, 16, 23, 26).

In this report we have determined the DNA
sequence of four viable early deletion mutants
that were isolated and partly characterized pre-
viously (16) and compared them with the wild-
type DNA sequence (39). Two of the mutants
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(dl-6 and dl-28) have deletions from a region
near the viral origin of replication, whereas the
other two (dl-8 and dl-23) have deletions that
are derived from a region which encodes parts
of the large and middle T-antigens. We refer to
the latter group of mutants as mlt mutants (i.e.,
mutants affected in the middle and large T-
antigens). In addition to the dl-8 and dl-23 mu-
tants, separate mutants of this type (mutant 45
[2] and mutants 1013-1015 [26]) have recently
been isolated in other laboratories. The dl-8 and
dl-23 mutants have altered transfornation prop-
erties relative to the wild-type virus. Moreover,
mutant dl-8 appears to replicate very poorly.
The DNA sequences presented here allow some
deductions to be made about the relationship
between the coding properties of these mutants
and the altered phenotypes observed.

MATERIALS AND METHODS

Viruses and viral DNA. Polyoma virus deletion
mutants dl-6, dl-8, dl-23, and dl-28 were isolated and
partly characterized previously (16). DNA from these
mutants was extracted from virus infected 3T6 mouse
cells by the Hirt procedure (20). Covalently closed
circular DNA was initially purified by cesium chloride
equilibrium density centrifugation followed by further
purification on neutral sucrose velocity gradients by
standard procedures (13).

Restriction enzymes. All restriction endonucle-
ases were isolated and purified by standard procedures
(31) in our laboratory and assayed using polyoma
DNA as substrate (12-14).

Purification ofbacteriophage T4-induced DNA
polymerase. The T4-induced DNA polymerase was
purified according to a modification of a method of R.
Kamen (unpublished data). T4amN82-infected Esch-
erichia coli cells (80 g; New England Enzyme Center,
Tufts University Medical School) were suspended in
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20 mM Tris-hydrochloride (pH 8.0)-5 mM 2-mercap-
toethanol (ME)-10 mM MgCl2-1 mM EDTA in 4 M
NaCl. The cells were disrupted by sonication, and the
suspension was centrifuged for 45 min at 50,000 rpm
at 40C. The supernatant was then supplemented with
0.5 volume of 30% polyethylene glycol (final concen-
tration, 10%). After 30 min at 00C with continuous
stirring, the solution was centrifuged for 20 min at
15,000 rpm, and the supernatant was dialyzed against
4 liters of 20 mM Tris-hydrochloride (pH 8.0)-50 mM
NaCl-1 mM EDTA containing 2 mM ME. After di-
alysis, the extract was loaded onto a DNA-cellulose
column (1.5 by 15 cm), washed with dialysis buffer
until the absorbancy at 280 nm was 0.05, and proteins
which were absorbed were eluted with a linear step
gradient from 0.15 M NaCl (100 ml) to 0.3 M NaCl
(100 ml) in 20 mM Tris-hydrochloride (pH 8.0)-i mM
EDTA-2 mM ME. Fractions assayed to have DNA
polymerase activity (see below) were pooled and ap-
plied to a hydroxylapatite column (1.5 by 15 cm). The
column was equilibrated with 10mM phosphate buffer
(pH 6.8) containing 10 mM ME. Protein containing
DNA polymerase activity was eluted from the column
by a gradient from 10 to 300 mM phosphate buffer
(pH 6.8)-10 mM ME in 10% glycerol. After dialysis,
the material was loaded onto a DE-52 column (1.5 by
4 cm), and DNA polymerase was eluted from the
column with a gradient from 0.05 M NaCl (50 ml) to
0.5 M NaCl (50 ml) in 25 mM phosphate buffer (pH
6.8)-10 mM ME-10% glycerol. The DNA polymerase
activity eluted in a sharp peak and was applied to a
Sephadex G-150 column (Pharmacia AB, Uppsala,
Sweden) and eluted with 1 M NaCl in 50 mM Tris-
hydrochloride (pH 7.5)-10 mM ME-10% glycerol.
Fractions were assayed, and those with enzymatic
activity were combined and dialyzed against 0.1 M
phosphate buffer (pH 6.8) containing 10 mM ME and
50% glycerol. The final purified protein had an absorb-
ancy at 280 nm of 2.5 (0.36 units of absorbancy at 280
nm per ml) and corresponded to 412 units, assayed in
a manner similar to that described by Goulian et al.
(11). It was free of detectable endonuclease activity
and was used as described below.

Preparation ofrestriction fragments. The DNA
from each mutant was cleaved with the HpaII restric-
tion enzyme in 6 mM Tris-hydrochloride (pH 7.5)-6
mM MgCl2-1 mM dithiothreitol at 370C for a suffi-
cient time and with a sufficient amount of enzyme for
complete digestion. After incubation, the DNA in 1 M
NaCl was precipitated with 2 volumes of ethanol at
-20°C overnight.

3'-Labelling of restriction fragments. The
HpaII restriction endonuclease fragments (14) were
incubated in a total volume of 40,l in 30 mM Tris-
hydrochloride (pH 8.0)-30 mM MgCl2-30 mM NaCl-
5 mM dithiothreitol in the presence of [a-32P]GTP
(2,000 to 3,000 Ci/mmol) (Radiochemical Centre,
Amersham, England), and three nonlabeled deoxyri-
bonucleotide triphosphates, the latter being present in
at least a twofold excess over the number of 3' ends.
The amount (in nanomoles) of radioactive dGTP used
was at least equal to the number of nanomoles of 3'
ends present in the restricted fragments. T4 DNA
polymerase was added in the proportion 1 p1 of enzyme
per 7 to 10 Lg of DNA in a total volume of 40 pi, and
the solution was incubated for 30 min at 370C. The

reaction was stopped by the addition of 2 volumes of
phenol. Carrier tRNA (50 ug) was added, and the
aqueous layer was extracted three times with phenol.
Traces of phenol were subsequently removed by three
ether extractions. The labeled fragments were twice
precipitated with ethanol as described above.
As a control, wild-type polyoma virus DNA (A2

strain) was also cleaved with HpaII and terminally
labeled as above.

Separation and extraction of radioactivity la-
beled fragments. The 3'-labeled fragments were sep-
arated by electrophoresis in 5% acrylamide-(bisacryl-
amide) (purchased from BDH Chemicals Ltd., Poole,
England; gel electrophoresis grade) slab gels (20 by 40
cm) in Tris-acetate (pH 7.5) buffer (35). Electropho-
resis was carried out at 30 mA until a bromphenol blue
dye marker had migrated about two-thirds down the
gel. Fragments were located by autoradiography, and
those with altered mobilities relative to wild-type
DNA fragments were excised and eluted by the pro-
cedure of Maxam and Gilbert (28).

Mutants dl-6 and dl-28 contained HpaII-5 frag-
ments which migrated faster than the wild-type
HpaII-5 fragment and overlapped the HpaII-6 frag-
ment. After excision and elution, the DNA was further
cleaved with the HphI restriction enzyme. This en-
zyme leaves the HpaII-6 fragment intact and cleaves
the HpaII-5 fragment once (12). The HpaII-5-HphI
subfragments were separated from HpaII-6 by electro-
phoresis on a 10% acrylamide slab gel essentially as
described above.
The DNA from mutant dl-8 has a HpaII-4 restric-

tion fragment which migrates faster than its counter-
part from wild-type polyoma virus DNA. This frag-
ment was isolated and further cleaved with the HaeIII
restriction enzyme (12). Subfragments were separated
by electrophoresis and isolated as described above.
The HpaII restriction enzyme digest from mutant

dl-23 yields only seven fragments compared with eight
found in wild-type DNA. The deletion in this mutant
results in a fusion of the HpaII-7 and HpaII-8 frag-
ments. The fragment unique to dl-23 was cleaved with
the MboII restriction enzyme (16), and subfragments
were again separated and isolated as described above.
DNA sequencing. All of the HpaII fragments were

cleaved with another restriction enzyme as described
above to produce fragments that were labeled at one
end only and which were separated on 8 or 10% acryl-
amide gels (see above). The appropriate fragments
were excised and eluted, and DNAs were precipitated
with ethanol. The Maxam-Gilbert DNA sequencing
method (28) was used for determining the sequence of
mutant specific restriction fragments. Electrophoresis
was carried out on 20% denaturating acrylamide gels
(20 cm by 40 cm by 1 mm) (32). Samples were loaded
in several slots at different times to increase the length
of DNA sequence which could be read from one gel.
Autoradiography was carried out on Kodirex films
(Kodak, Ltd.) at -20°C. Detailed descriptions of pro-
cedures used for sequencing polyoma virus DNA have
been published elsewhere (10, 37).

RESULTS
The sequences of the polyoma virus deletion

mutants dl-6, dl-8, dl-23, and dl-28 are reported
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in this paper. All four of these mutants are
viable; that is, they grow in the absence of helper
virus. Their deletions are located in the early
region of polyoma virus DNA (Fig. 1) and vary
in size from 24 to 102 base pairs. The biological
properties of the mutants are summarized in
Table 1.
Deletion mutants from the coding region

of the genome. Two viable deletion mutants of
polyoma virus, dl-8 and dl-23, previously iso-
lated in this laboratory (16) have transformation
properties that differ markedly from those of the
wild-type virus. The DNA sequence analysis of
the dl-8 mutant is shown in Fig. 2 and 3. The
deletion in this mutant was found to lie between
89.5 and 91.2 map units (14), in a region which
appears to code for the body of the middle T-
antigen and part of the large T-antigen of poly-
oma virus, with two different coding frames (10,
38). The data show that 90 deoxynucleotides are
deleted in the mutant relative to the wild-type
species. This should result in a decrease in mo-
lecular weight corresponding to 30 amino acids
of both of these T-antigens. The size estimates
of the T-antigens of dl-8 are consistent with the
DNA sequencing data (15, 23). Extensive map-
ping by other restriction enzymes and sequence
analysis of the region around the viral origin of
replication (data not given) have shown no dif-
ferences in other regions of dl-8 DNA as com-
pared with wild-type A3 strain viral DNA (38).
The dl-23 mutant has a deletion which lies be-
tween 92.1 and 94.3 map units. The sequence of
this region of the viral genome is shown in Fig.
2 and 3. The deletion is 102 nucleotides long. It
causes a decrease in molecular weight of middle
and large T-antigens consistent with the loss of
34 amino acids (15, 23). Also, for this mutant, no
changes in DNA sequence in other regions were
observed by restriction enzyme analysis.
The deletions in the dl-8 and dl-23 mutants
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do not result in shifts of reading frames. The
postulated composition of deleted amino acids
in these mutants is shown in Table 2. From a
consideration of the changes in amino acid com-
position of the mutant proteins, the deletions in
dl-8 and dl-23 might be predicted to change
considerably the properties of the middle and
large T-antigens (see below).
Mutants with deletions in the noncoding

region of the viral genome. Two mutants of
polyoma virus, dl-6 and dl-28, were shown by
sequence analysis to have deletions of 24 nucleo-
tides relative to wild-type polyoma virus A2
strain DNA (Fig. 1) and to be identical. Their
deletions are located entirely within the HpaII-
5 restriction endonuclease fragment, between
71.5 and 72.3 map units, near the viral origin of
replication.
The DNA sequence between the origin of

replication and the ATG initiation codon for the
T-antigen is partly self-complementary and

TABLE 1. Properties of viable early mutants of
polyoma virus

Size of
deletion

Mutant in base Plaque DNA Transformation
pairs (% size synthesis
of ge-
nome)

dl-6a 24 (0.45) Largeb Normal As wild-type
virus

dl-28a 24 (0.45) Large Normal As wild-type
virus

dl-8a 90 (1.70) Small Dimin- More profi-
ished cient than

wild-type vi-
rus'

dl-23a 102 (1.93) Large' Normal Deficient
a Data taken from Griffin and Maddock (16).
b Originally isolated as minute plaque.
' Data taken from Griffin et al. (15).
d Originally isolated as small plaque.

ATG

Base pairs 0

Hpall 3 5

A3

Mutants dI-6
dl 28

500 1000

1 4 181 7 1

NG -18 dI-8 dl-23

FIG. 1. Physical map of the early region ofpolyoma virus A2 strain DNA showing the location of some
mutants and a strain variant, A3. The wild-type HpaIIphysical map is taken from Griffin et al. (14). The base
pair numbers and "initiation codon" (ATG) for the early proteins are taken from DNA sequence data (39),
and the location of the A3 strain deletion, the deletion in the host range transformation mutant, NG-18, and
the temperature sensitive (tsa) mutant lesions are taken from Soeda et al. (38), Soeda and Griffin (40), and
Miller and Fried (29), respectively.
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FIG. 2. Acrylamide gels from which the sequence ofpolyoma virus mutants were in part derived: A, dl-28
(or dl-6); B, dl-23; and C, dl-8. DNAs from all mutants were digested with the HpaII restriction enzyme. After
3' labeling, the fragments which, migrated with mobilities different from those of wild-type (A3 strain) DNA
were excised and cleaved with a second restriction enzyme as appropriate. Thus, fragment HpaII-5 of dl-28
(or dl-6) was further cleaved with HphI, HpaII-4 of dl-8 was further cleaved with HaeIII, and HpaII- 7 of dl-
23 was further cleaved with MboII. Details of sequencing and DNA analysis are given in the text. The
numbers given in A correspond to nucleotides complementary to those shown in Fig. 5. The numbers given in
B and C correspond to nucleotide numbers in Fig. 3, the gel sequence in B being, however, derived from the
complementary DNA strand. Numbers placed above and below a single line indicate the site of the deletion
(see Fig. 3).

could adopt two hairpin structures. It is note-
worthy that the regions around the origins of
replication in simian virus 40 and BK viral
DNAs permit the formation oftwo hairpin loops.
One such structure in polyoma virus can be
formed from the part of the DNA which has
considerable (about 80%) homology with either
simian virus 40 or BK virus DNA sequences and
probably contains their origins of replication
(38). The other, however (see Fig. 5), is formed
in a region that is unique to polyoma virus DNA.
According to present sequence data, the DNAs
from the mutants dl-6 and dl-28 have deleted 13

nucleotides from the latter structure. However,
the sequence analysis yields a slightly ambigu-
ous result because of nucleotide duplications at
both the 5' and 3' sides of the deletions. For this
reason, although they appear to be identical
mutants, dl-6 and dl-23 could have arisen by
deletions of different sequences. It is noteworthy
that of the two mutants, dl-6 was originally a
minute-plaque isolate, whereas dl-28 was a
large-plaque isolate. Since the sequence of both
mutants proved to be essentially identical (see
below) the plaque morphologies of the viral
stocks from which the sequenced DNAs had
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Middle T-antigen: SER LEU LEU SER ASN PRO THR TYR SER VAL MET ARG SER HIS
Large T-antigen: GLU SER SER GLU GLN PRO ASP LEU PHE CYS TYR GLU GLU PRO

5'- G A G T C T T C T G A G C A A C C C G A C C T A T T C T G TiT A T G A G G A G C C A C

SER TYR PRO PRO THR ARG VAL LEU GLN GLN ILE HIS PRO HIS ILE LEU LEU GLU
LEU LEU SER PRO ASN PRO SER SER PRO THR ASP THR PRO ALA HIS THR ALA GLY
T C C T A T C C C C C A A C C C G A G T T C T C C A A C A G A T A C A C C C G C A C A T A C T G C T G G A

GLU ASP GLU ILE LEU VAL LEU LEU SER PRO MET THR ALA TYR PRO ARG THR PRO
ARG ARG ARG ASN PRO CYS VAL ALA GLU PRO ASP ASP SER ILE SER PRO ASP PRO

A G A A G A C G A A A T C C T T G T G T T G C T G A G C C C G A T G A C A G C A T A T C C C C G G A C C C C

PRO GLU LEU LEU TYR PRO GLU SER ASP GLN ASP GLN LEU GLU PRO LEU GLU GLU
PRO ARG THR PRO VAL SER ARG LYS ARG PRO ARG PRO ALA GLY ALA THR GLY GLY

C C C A G A A C T C C T G T A T C C A G A A A G C G A C CfA A G A C C A G C T G G A G C C A C T G G A G G A

GLU GLU GLU GLU TYR MET PRO MET GLU ASP LEU TYR LEU ASP ILE LEU PRO GLY
GLY GLY GLY GLY VAL HIS ALA ASN GLY GLY SER VAL PHE GLY HIS PRO THR GLY

G G A G G A G G A G G A G T A C A T G C C A A T G G A G G A T C T G T A T T T G G A C A T C C T A C C G G G
dl-23

GLU GLN VAL PRO GLN LEU ILE PRO PRO PRO ILE ILE PRO ARG ALA GLY LEU SER
GLY THR SER THR PRO ALA HIS PRO PRO PRO TYR HIS SER GLN GLY GLY SER GLL; SER

G G A A C A A G T A C C C C A G C T C A T C C C C C C C C C T A T C A T T C C C A G G G C G G G T C T G A G T-C - 3'
1273

FIG. 3. Part of the polyoma virus DNA sequence, the predicted amino acid sequences of middle and large
T-antigens encoded within it, and the deletions found in mutants dl-8 and dl-23. (Mutant 45, described
elsewhere [2], has a deletion which lies between those of dl-8 and dl-23 and includes three of the nucleotides
deleted in each of the latter) The DNA sequence shown lies between nucleotides 960 and 1273, within the
restriction endonuclease fragment Hinf-8 (16) (Hinf sites are indicated). The wild-type viral DNA sequence
and the numbering are taken from Soeda et al. (39).

TABLE 2. Amino acids deleted in polyoma virus
mutants

Total No. of amino acids'
Mu- T-a amino
tant ntigen acids . . Un- Hydro-

deleted Basic Acidic charged phobic

dl-8 Middle 30 5 4 5 16
Large 30 4 3 10 13

dl-23 Middle 34 13 4 17
Large 34 4 19 11

aAmino acids are divided into four groups as follows: basic,
arg, his, and lys; acidic, asp and glu; uncharged, asn, cys, gln,
gly, ser, thr, and tyr; hydrophobic (nonpolar), ala, ile, leu, met,
pro, trp, and val. There was no change of amino acid compo-
sition in the small T-antigen of either mutant (23).

been isolated were determined (Table 1). Stocks
of both mutants gave large plaques. This is not
the first instance in which plaque morphologies
of mutants have appeared to change during
propagation in culture. A similar observation
was made in the case of the dl-23 mutant. Since
mutant virus stocks employed here represent
two passages of the original virus isolate in cul-
ture, it is possible that the original plaques may
have contained more than one mutant species
and that selection of the more viable one has
occurred during viral growth. Alternatively, the
mutants may have undergone some alteration
during passage in their permissive host cell.

DISCUSSION
Deletion mutants of the early region of poly-

oma virus have been isolated in an attempt to

answer two basic questions about the virus: (i)
how much of the coding and noncoding regions
of the viral genome are essential for viral repli-
cation, and (ii) what part of the sequence is
involved in the viral transformation of cells? The
biological properties of four deletion mutants
isolated during our studies have been character-
ized previously, and we have now determined
their primary DNA sequences in an attempt to
correlate the alterations in biological properties
with the changes in DNA sequence. Two of the
mutants (dl-6 and dl-28) have growth and trans-
formation properties similar to those of the wild-
type virus. The other two mutants (dl-8 and dl-
23) have transformation properties which differ
markedly from those of the wild-type virus, and
one ofthem (dl-8) has altered growth properties.
Mutants dl-8 and di-23. The dl-8 and dl-23

mlt mutants are of special interest since they
have altered transformation phenotypes relative
to the wild-type virus (16). Moreover, the trans-
formation phenotype of dl-23 differs consider-
ably from that of dl-8, even though, as shown
here, their sequence deletions lie in the same
part of the genome, only sixty nucleotides apart
(Fig. 3 and Table 1). Since analysis of the early
proteins induced by wild-type and mutant vi-
ruses showed no apparent quantitative differ-
ences among the various T-antigens (23), the
change in biological properties observed in the
mutants would appear to be a direct result of
protein sequence alterations.
A functional large T-antigen is essential for

DNA replication and virus growth (8). Studies
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on the large T-antigen of simian virus 40 have
shown that it binds specifically to viral DNA in
the region around the viral origin of replication
(42), and it seems likely that polyoma virus large
T-antigen can interact with viral DNA in an

analogous fashion (38). The properties of the dl-
8 mutant suggest that viral DNA replication is
in some way impaired. On the other hand, this
mutant appears to express properties associated
with transforination and tumor formation to a

greater extent than does the wild-type virus.
From these and other considerations, we have
postulated that impairing replication might en-

hance transformation (15). That is, in rat cells
(which are semipermissive for expression of pol-
yoma virus) replication and transformation
might appear as antagonistic events. For exam-

ple, an analysis of the wild-type DNA sequence

missing in dl-8 shows that the deletion in this
mutant (corresponding to 30 amino acids) re-

moves a part of a very proline-rich region of
large T-antigen (Fig. 3). Overall, polyoma virus
large T-antigen is not especially rich in proline
(37), but the sequence present in wild-type virus
and deleted in dl-8 would code for a polypeptide
that contains 20% of this amino acid. Since pro-

line residues often play a special role in folding
of both globular and fibrous proteins (9), a se-

quence alteration in a proline-rich part of a

protein might be expected to modify tertiary
structure and biological function more than
might be expected from a similar deletion of
other amino acids.
A similar consideration of the coding sequence

lost in the gene for middle T-antigen of dl-8,
although it points to no unusual features in
terms of single amino acids, shows that many of
the amino acids in the missing fragment are

essentially hydrophobic in nature (Fig. 3 and
Table 2).

Analysis of the wild type viral DNA sequence

missing in dl-23 is shown in Fig. 2 and 3. Since
dl-23 grows at least as well as the wild-type
virus, it would appear that the mutation has
little functional effect upon the large T-antigen.
On the other hand, the dl-23 mutant does not
express all ofthe phenotypic properties normally
associated with transformation in rat fibroblast
cells. This might be due to the particular loss of
amino acids from the middle T-antigen, since it
would now appear that this protein plays an

important role in the transformation of cells by
polyoma virus (15, 23). In the dl-23 mutant, 13
acidic amino acids out of a total of 34 may be
predicted to have been lost from the wild-type
protein and a very acidic polypeptide, hexaglu-
tamic acid [(Glu)6], found only once in polyoma
virus, is removed (38, 39). Since middle T-anti-
gen is a membrane-associated protein (22) and

changes of the charge characteristic of proteins
known to bind to membranes can be shown to
cause dramatic changes in membrane properties
(3, 5), it is tempting to suggest that the unusual
phenotype of the dl-23 mutant may be explained
by its altered middle T-antigen. However, in this
connection it should be noted that in the mutant
middle T-antigen-related protein, membrane as-
sociation is maintained (15). Several studies (6,
33, 36) have shown that a kinase activity might
be associated with middle T-antigen and that in
vivo this protein is phosphorylated on a tyrosine
residue (6). Sequence analysis shows that the
dl-23 mutant middle T-antigen loses two tyro-
sine residues, one of which is contiguous with
the (Glu)6 residue, and the protein has been
found to be poorly phosphorylated (36). How-
ever, we note that an mlt mutant (dl-1015) re-
cently isolated by Magnusson and Berg (26) was
found to have properties similar to those of the
dl-23 mutant, although it retains several of the
DNA sequences which code for the acidic resi-
dues, including those which code for the poly-
peptide (Glu)6. Therefore, it is not clear what
correlation, if any, exists between the membrane
association, kinase activity, and transformation.
The mutants dl-8 and dl-23 were isolated by

transfection with heteroduplex DNA ofpolyoma
virus strains A2 and A3 after treatment of the
heteroduplex molecule with the single-strand
specific nuclease S1. Since sequence differences
between these strains are only known to exist in
the region around the viral origin of replication
(38), the region covered by mutants dl-8 and dl-
23 and mutant 45 (described elsewhere [2]) may
contain sites that are intrinsically S1 sensitive.
The sequences from this portion of the genome
do contain extensive regions of intrastrand com-
plementarity that might allow the DNA to as-
sume a very unusual secondary structure (Fig.
4). It is not suggested that in the DNA such a
structure would stably exist under physiological
conditions (although it might form part of a
stable secondary structure in the viral mRNA's),
but in the presence of the anomalously high Zn2+
concentration and the low pH employed for
nuclease S1 treatment such a structure, or a
portion of it, might conceivably exist as an in-
termittent alternative conformation that would
cause the DNA to become susceptible to the
enzyme. It is noteworthy that in recent studies
aimed at probing the DNA structure of polyoma
virus using electron microscopy, Wu et al. (45)
have shown that the viral single-stranded DNA
has considerable secondary structure in the re-
gion which maps between 92.9 + 0.8 and 95.0 +
0.7 map units, or roughly the region covered in
Fig. 4. Moreover, as more DNA sequence data
on different organisms become available, the
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FIG. 4. Secondary structure suggested by the DNA sequence of thepart ofpolyoma virus which lies between
nucleotides 990 and 1290 (89.2 to 95.0 map units) (38). Some restriction endonuclease sites which lie within this
region are indicated. The dl-8 mutant lacks the sequence which includes nucleotides 990 through 1079,
inclusive, and the dl-23 mutant lacks the sequence which includes nucleotides 1139 through 1240. Studies on
single-stranded polyoma virus DNA by electron microscopy (45) revealed a hairpin "fold back" structure
between 92.9 ± 0.8 to 95.0 ± 0.7 map units, which includes most of the largest loop shown in this figure.

potential for such intra-strand complementary
structures to exist and possibly even to play
functional roles becomes more apparent. For
example, there are obvious similarities between
the secondary structure proposed for the region
around the origin of replication in Salmonella
typhimurium (46) and that shown in Fig. 4.
Mutants dl-6 and dl-28. Mutants dl-6 and

dl-28, as originally isolated, differed in their
plaque morphologies, but according to the pres-
ent DNA sequence data (Fig. 2) they have either
the same or a very similar deletion in their

DNAs. The mutants are both derivatives of the
A3 (large-plaque) strain of polyoma virus that
lacks 11 base pairs relative to the more com-
monly studied large-plaque A2 strain (38). This
deletion lies very near the viral origin of repli-
cation. The dl-6 and dl-28 mutants also lack a
further 13 base pairs, relative to the A2 DNA,
which are located about midway between the
origin of replication and the ATG triplet that
specifies the initiation codon for the viral early
mRNA's. The region deleted has a unique (as
opposed to repeated) sequence and includes the

J. VIROL.
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replication in simian virus 40 usually remove one
copy of a tandemly repeated sequence (41). This
is not the case in polyoma virus, in which the
sequences removed in the mutants do not appear
in other parts of the DNA. So far, however, no
polyoma virus viable mutants have been isolated
that contain a deletion within the striking hair-
pin or four-stranded structures that could occur
close to the origin of replication (38). Some of
the mutants isolated by Bendig et al. (1) grow
poorly and have deletions which presumably
approach the boundaries of the noncoding and
nonessential region of polyoma virus. As might
be predicted, however, it would appear that
there are strictly limited portions of the DNA
that can be deleted and at the same tixne allow
the viral phenotype to be apparently essentially
retained. Since in several other parts of the
polyoma virus genome, two, and sometizmes even
three, reading frames are used for coding (10,
38-39), it would be surprising if extensive viral
sequences could be removed without a concom-
itant change in some function. Moreover, it is
possible that in these mutants a virally induced
cellular function may have been altered, and we
(and others) would not have detected this in our
studies.
A final interesting observation arises from a

consideration of the DNA sequences of mutants
described in this manuscript as well as other

di 28
and
di 6

T-G

An,

¢*G Hae

T *A

'A.T
A GGCTTCCAGAGG6eATATAATTAAGC

two HaeII restriction endonuclease sites and the
single Bgll site found in polyoma virus DNA.
These mutants replicate and transformn in a
manner practically indistinguishable from that
of the wild-type virus (Table 1).
The exact sequence removed from the A3

strain DNA to generate mutants dl-6 and dl-28
could not be deduced by DNA sequence analy-
sis, since, as shown in Fig. 5, a small C-G dinu-
cleotide repeat occurs before and after the dele-
tions. A similar situation has been observed with
some of the other polyoma virus deletion mu-
tants as well as with mutants with deletions
within the noncoding part of the late region of
simian virus 40. For example, an apparently
similar sequence is deleted in viable simian virus
40 mutants 893 and 894 and in strains Rh911
and 1802, but ambiguities which result from
short sequence repeats on both the 3' and 5'
sides of the deletions make it imnpossible to as-
sign these deletions to specific nucleotides in the
wild-type DNA (43).

Several other viable mutants with deletions in
the noncoding part of the early region of poly-
oma virus have been characterized recently (1,
26, 44). The deletions all seem to cluster around
the HaeII and BglI sites, so it must be assumed
that this region is either nonessential for the
virus or serves a function not yet identified.
Viable mutants with deletioris near the origin of

WT

Hhal C*I

or ~ T

deletion at' bHes

T *A-

T- A

deletion in A3J-A

AGGCITTGTAGA GTTCCAGAGG'- ATATAATTAAGC
40 13

FIG. 5. Secondary structure possible within the early noncoding region ofpolyoma virus wild-type DNA
and altered in some deletion mutants. Virus mutants dl-6 and dl-28 have deletions of 24 base pairs relative
to the wild-typeA2 strain and appear to be derived from theA3 strain. The deletions in these mutants remove
the single BglI recognition site (between nucleotides 87 and 97n found in polyoma virus DNA, both the HaeII
sites (as shown), one of the GGAGG pentanucleotides present five times, and one of the AGAGGCC
heptanucleotides present four times in the noncoding region ofwild-type viral DNA (38); they retain a CTTCC
possible ribosomal binding site. Because of a small sequence duplication, the deletions cannot be precisely
defined and may be located as indicated either by the dotted or dashed lines. Either deletion gives a mutant
with the same structure. The dashed line shows the more symmetrical of the two possible deletions. Numbers
are taken from the DNA sequence (39).



966 SMOLAR AND GRIFFIN

TABLE 3. Ambiguities in DNA sequence in deletion
mutants ofpolyoma virusa

Virus Nucleotide sequence Refer-ence

A3 G AkGGC(A T T....VGC) T T C C A (38)
NG-18 T A G T4A (A A T .... G C&A) T G C C T (40)
A8 AGAC4A(CCT..... CA4'A)ATGTG (19)
B2 CTkGt4A(GAA....G&CA)CAGCG (19)
SD15 A A GkGC (T A C .... AG4C)AA CAT (4)
dl-6 C T GGiC (G C C .... CG4)T G T G Gdl-28
dl-8 TCTc*T(TAT.... GC4T)GAGCC
dl-23 CGAACC(AAG.... T'CC)CCCCC

a Deletions can be sequences given within brackets or al-
ternatively those indicated by arrows. A similar ambiguity has
been observed in the dl-1015 mutant (26), though apparently
not in mutant 45 (2).

polyoma virus mutants. In many mutants (Table
3), there is an ambiguity in the assignment of
sequences around the deletion sites, i.e., the
deletions that have occurred are found at sites
which have repeating sequences. In some cases
these are simple dinucleotide repeats, but in
other cases they are longer. Similar repetitions
are apparent in DNA sequence studies on simian
virus 40 deletion mutants (17, 34, 43). In this
connection, it is interesting to note that compa-
rable results have apparently been observed in
genes coding for various human 8?-globins (27).
Further, in E. coli, spontaneous deletions ac-
count for a large proportion of spontaneous mu-
tations, and they occur at regions of short se-
quence repeats (7).
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