
JOURNAL OF VIROLOGY, Mar. 1981, p. 871-875
0022-538X/81/030871-05$02.00/0

Vol. 37, No. 3

Nucleotide Sequence Changes in Polyoma ts-a Mutants:
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The mutations in three polyoma ts-a mutants have been determined. Two
mutants, ts-25 and ts-52, have different single-base changes at the same position
(2883) in the early region corresponding to a conserved glycine residue very near
the C-terminus of the polyoma large T antigen. Mutant ts-48 has a single-base
change at position 2341, as well as a second change at position 1228, in the region
of large T antigen shared with medium T antigen.

A thorough understanding of the structure-
function relationship of a biologically active pro-
tein requires detailed infonnation of the enzy-
matic and other biological functions, knowledge
of its primary structure through amino acid se-
quencing, a description ofsecondary and tertiary
structural features through X-ray crystallogra-
phy and other physical methods, the identifica-
tion of functional domains and residues through
characterization of mutants, and evolutionary
studies of functionally and genetically related
proteins to identify conserved regions of the
proteins. Such analyses require ready sources of
purified proteins and well-developed genetic sys-
tems in addition to assays for protein function.
Within the past several years, the availability of
purified simian virus 40 (SV40) large T antigen
(13, 26) and the description of its protein kinase
and ATPase activities (11, 27), together with the
likely availability of other papovavirus tumor
antigens, have begun to make possible both an
examination of the structure-function relation-
ships of the papovavirus tumor (T) antigens and
an understanding of the mechanisms of cell
transformation mediated by these proteins. Of
major importance has been the development of
methods for the rapid determination of the nu-
cleotide sequence of large DNA molecules (17,
21), by which the nucleotide sequences of the
entire genomes of SV40 (5, 19), polyoma virus
(2, 8, 24), and BK virus (22) have been deter-
mined. These studies provided valuable infor-
mation about the nature and structure of all of
the virus-coded proteins, including the T anti-
gens, long before purified proteins became avail-
able. Using nucleotide sequence information
alone, we have identified functionally important
regions of these molecules from an identification
of conserved regions in the viral genomes (7).
Other workers have examined the effects of mu-
tations at a variety of positions in the genomes
on the function of viral gene products.

We wish to present here the nucleotide se-
quence of polyoma group A mutants that affect
the structure and expression of the polyoma
large T antigens and a correlation of the altered
sequences with characteristics of the protein
structure.

MATERIALS AND METHODS

Wild-type strain 3 polyoma is the strain whose
complete nucleotide sequence has been described and
analyzed in detail in this laboratory (2, 8). The tem-
perature-sensitive (ts) mutants ts-25, ts-48, and ts-52
were obtained from Walter Eckhart, The Salk Insti-
tute, La Jolla, Calif., and have been characterized
extensively (3). All three mutants have the polyoma
ts-a phenotype; i.e., they fail to transform cells at a
nonpermissive temperature, and they are also condi-
tionally defective in the induction of large T antigen
and in the induction of viral DNA synthesis. All viral
DNAs were prepared after infection of 3T6 cells by
previously described methods (9).

Preparation of cloned fragments. DNA purified
from the mutants was cleaved with MboI and cloned
by ligation into the BamHI site of plasmid pBR322;
selection of ampicillin-resistant colonies and detection
of appropriate polyoma inserts were done by the hy-
bridization method of Grunstein and Hogness (12),
using nick-translated (16) wild-type polyoma HaeIII
fragment 7 as a probe. Similarly, the PstI fragments
were cloned into the PstI site of pBR322, and inserts
were detected as above by selecting tetracycline-re-
sistant colonies and by colony hybridization with wild-
type polyoma HpaII fragment 6.

Full-genome clones were prepared by cleaving mu-
tant DNA with BamHI and ligating into the BamHI
site of pBR322. The resulting colonies were screened
as described above. Plasmid DNA was prepared in
SF8 Escherichia coli (4) and purified in cesium chlo-
ride-ethidium bromide gradients (1, 20). HaeIII and
HpaII fragments were prepared, labeled, and se-
quenced as described previously (9). All cloned mate-
rials were prepared and used in accordance with Na-
tional Institutes of Health and University of Califor-
nia, San Diego, Biosafety Committee guidelines.

Nucleotide sequencing. Details of the sequence
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determination of wild-type polyoma have been re-
ported previously (2, 8, 9). The nucleotide sequences
of the mutant DNAs were determined by the method
ofMaxam and Gilbert (17) and included the G-specific
methylene blue reaction for G (6) and the potassium
permanganate reaction for T (C. Houck, personal com-
munication). Details offragment preparation, labeling,
and purification, gel electrophoresis and autoradiog-
raphy, information storage, and sequence comparisons
have been published previously from this laboratory
(7-9).

RESULTS
Marker rescue experiments from other labo-

ratories have previously mapped the mutations
of several group mutants of polyoma (18). ts-a
was localized to a fragment between the HindIII
site at nucleotide position 1671 and an HhaI site
at position 2331, whereas mutants ts-25, ts-48,
and ts-52 have all been localized to the HhaI
fragment spanning the region from positions
2331 to 2913 by the numbering convention used
by Friedmann et al. (9). The sequence changes
in the mutants examined in this study are sum-
marized in Table 1. Each of the mutants showed
only a single mutation within the marker rescue
fragment, indicating that the mutations given in
Table 1 are responsible for the ts phenotype.
Mutant ts-48 is, in addition, known to be missing
the HpaII cleavage site at the junction of HpaII
fragments 7 and 8. We have sequenced across
this site from the MboI site at position 1207 and
have found a transition from the wild-type C to
a T at position 1228 (W. Eckhart, S. Delbruck,
P. Deininger, T. Friedmann, and T. Hunter,
Virology, in press).

Figure 1 shows the amino acid distribution of
the polyoma large T antigen and the positions
of the mutations determined in this study. The
positions at which all three papovavirus nucleo-

TABLE 1. Nucleotide and amino acid sequence
changes in polyoma ts-a mutants

Mutant Nucleo- Nucleo- Amino acid change and
tide no. chne positionchange

ts-25 2883 G - T Gly -. Cys (large T
antigen residue
778)

ts-48 2341 G - T Ser - Illeu (large T
antigen residue
597)

1228 C -T Thre - Ileu (large T
antigen residue
597)

ts-52 2883 G A Gly -+ Ser (large T
antigen residue
778)

tide sequences are identical in the large T anti-
gen are indicated at the top of Fig. 1.

DISCUSSION
The ts-a mutants characterized in this study

were generated by nitrous acid mutagenesis of
the polyoma genome, making it possible, and
even likely, that some of these mutants contain
multiple alterations in large T antigen and other
viral proteins, as in the case of ts-48, in which
we have found one alteration affecting only large
T antigen, one affecting both the large T antigen
and the medium T antigen (see below), and
another altering the VP2,3 terminator (Eckhart
et al., in press). The use of the marker rescue
data and analysis of wild-type revertants makes
it possible to determine the region containing
the alterations responsible for the phenotypic
changes brought about by an altered large T
antigen (18). In the cases of all three mutants,
there is only a single-base-pair change within
the mapped region, indicating that, for these
mutants, it is a single amino acid change that
affects the ts phenotype and that other possible
alterations outside the marker rescue region
have little or no effect on T-antigen function.
The mutation in ts-48 that confers the ts-a

ptenotype is a transversion from a G to a T at
position 2341, resulting in a substitution of an
isoleucine residue for the normally occurring
serine residue in large T antigen (Table 1). This
mutation is in one of the most highly conserved
regions of the papovavirus large T antigens,
although the wild-type polyoma serine residue
itself has not been conserved in the two other
papovaviruses (Fig. 1). The serine residue is
located amid a number of hydrophobic residues,
mostly leucine and alanine, in a general region
that also contains a number of the positively
charged residues lysine and arginine (Fig. 1).
The more short-range environment, however, in
the immediate vicinity of the ts-48 mutation is
devoid of charged residues over a stretch of 12
amino acids. Thus, the change of a serine to an
isoleucine may enrich this already hydrophobic
region.
The ts-52 mutation responsible for the altered

phenotype is a G-to-A transition at position
2883, very near the portion of the sequence
encoding the C-terminus of the T antigen at
position 2919. This region in polyoma virus
shows relatively poor conservation with the
other papovaviruses, but the alteration itself
does represent the change of a conserved glycine
(Fig. 1) to serine. Mutant ts-25 contains a G -.
T transversion at the same position as the ts-52
mutation, resulting in a change from glycine to
cysteine in the mutant protein. These alterations
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FIG. 1. Amino acid distribution of the polyoma large T antigen. The arrows indicate the position of the
mutations in ts-25, ts-48, and ts-52. Thepositions that are conserved in all threepapovavirus large T antigens
are indicated at the top. The large gap represents the unique portion of the polyoma large T antigen. The
asterisks indicate the positions of the sequence changes in four SV40 tsA mutants (23), and the dashed arrow

indicates the ts-apolyoma mutant characterized by Thomas et al. (25). The ts-25sequenced by Thomas et al.
is mutated at the same site as the ts-25 sequence in our study.

occur in the relatively highly negatively charged
C-terminus of the large T antigen and place a

serine residue within a negatively charged clus-
ter. The C-terminus of the wild-type large T
antigen contains eight negatively charged resi-
dues and only one positively charged residue.
We have detected in ts-48 a second early re-

gion point mutation outside the marker rescue

region, a C-to-T transition at position 1228
which causes a change from threonine to isoleu-
cine in large T antigen at amino acid position
219 (Fig. 1), and a change from proline to serine
in medium T antigen. This mutation lies within
a domain of the polyoma large T antigen that is
unusual in several respects. Most notable are

the very marked clustering of glycine and serine
residues, the large number of proline and thre-
onine residues, and the deficiency of charged
residues. This region contains a portion of the
coding region for the polyoma medium T anti-
gen, and since there is no equivalent region in
the BK virus or SV40 genomes, it can be consid-
ered an insert, relative to those genomes. The
marker rescue results indicate that neither the
change in medium T antigen nor the change in

the large T antigen caused by the mutation at
position 1228 is responsible for the ts-a pheno-
type. However, it is possible that the medium T
antigen, not required for lytic infection of per-

missive cells, or even large T antigen functions
are altered in a manner not detected by the lytic
infection assay used for marker rescue.

The region of the polyoma medium T antigen
affected by the ts-48 mutation at position 1228
is within the unusual glutamic acid-, aspartic
acid-, and proline-rich region of the molecule
that characterizes the C-terminal halfofmedium
T antigen. The mutation also lies within the
deleted region of d11013 and d123 and near the
deletions of d11014 and dll015, a series of mu-
tants that generally reduce the transformation
efficiency or the transformation phenotype in
rat cells (10, 14). We do not know whether
aspects of the defect in cell transfornation of ts-
48 may be related to the amino acid substitutions
in medium T antigen.

Analysis of the conserved regions of the large
T antigens of the three papovaviruses reveals
further common and possibly important struc-
tural features. In the 79 amino acid residue
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region of the large T antigen N-terminal to the
proximal large T splice, none of the 13 amino
acid differences between BK virus and SV40
occur at positions that are conserved in polyoma
virus and SV40. The latter conserved residues
therefore seem to be relatively important. Sim-
ilarly, throughout the rest of the large T antigen
molecules, most of the amino acid differences
between SV40 and BK virus also occur at posi-
tions not conserved in polyoma virus and SV40,
indicating that the conserved sites are important
for protein function. Of the 22 amino acid differ-
ences between BK virus and SV40 at residues
conserved in polyoma virus and SV40, 14 are
functionally conservative, i.e., Lys -. Arg,
Asp -* Glu, hydrophobic -* hydrophobic. These
findings suggest that most of the amino acid
residues of the large T antigens play important
and similar structure-function roles and are
therefore conserved. There are two small regions
that may be exceptions, one just N-terminal to
the ts-48 mutation at nucleotide 1228, where
several of the polyoma-SV40 conserved residues
are altered in BK virus, and the other at the C-
terminal tail in the vicinity of the ts-52 mutation.
Thomas and her colleagues have determined

the nucleotide sequence alterations responsible
for the ts phenotype in the prototypical group A
mutant ts-a and in ts-25 (25). Their ts-25 shows
a change identical to that described here,
whereas ts-a contains a change at position 2193,
corresponding to amino acid 547 in Fig. 1.
The mutations in four tsA mutants of SV40

have been identified by Seif et al. (23), and the
positions of those mutations are indicated by
asterisks in Fig. 1. All four fall in part of the
sequence near that of polyoma mutants ts-48
and ts-a, as identified by Thomas et al. (25),
suggesting particular importance for that por-
tion of the molecule. It is of interest to note that,
whereas the mutations in ts-48 and ts-25 cause
changes to more hydrophobic amino acid resi-
dues, the mutation in ts-52 results in a change
from glycine to serine, two residues with little or
no difference in their hydrophobicity (15).
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