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Simian virus 40 (SV40) and murine polyomavirus (PyV)
have proved to be powerful models for understanding the
molecular events involved in the regulation of eukaryotic
genome expression and replication. In addition, the fact that
these viruses are tumorigenic in animals and transform cells
in culture has provided investigators with tools with which to
dissect the mechanisms leading to tumorigenicity. Much of
the progress made with these systems is due to their ele-
gantly simple genome structure and strategy of productive
infection. After infection, transcription initiating at the early
promoter leads to synthesis of the early viral genes. SV40
encodes two early proteins, large T antigen and small t
antigen, while PyV expresses three, the large, small, and
middle T antigens. The action of one or more of these
proteins results in replication of the viral genome, activation
of the late transcription unit which encodes the viral capsid
proteins, repression (autoregulation) of the early promoter,
and efficient viral assembly. Remarkably, in addition to their
roles in regulating viral transcription, DNA replication, and
assembly, the T antigens are also responsible for tumor
induction by these viruses.
Over the past few years, the complete genome sequences

of several members of the polyomavirus group have become
available. Twelve polyomaviruses have been identified, and
the complete nucleotide sequences for nine of these have
been reported (Table 1). Although these viruses exhibit a

variety of host ranges and cell-type tropisms, they all share
a common genome organization, consisting of an early
coding block (the T antigens) and a late coding block (the
capsid proteins VP1, VP2, and VP3) separated by a regula-
tory region that contains the viral origin of DNA replication
(oni). This region also contains the promoters for both the
early and late coding blocks, transcriptional enhancers, and
multiple large T-antigen binding sites.
The genetics and biochemistry of the SV40 and PyV T

antigens have been under intense study and are the subject
of several excellent reviews (1, 9, 14, 28, 36). These studies
have led to the realization that many T-antigen activities can
be localized to discrete functional domains and/or require
common structural motifs (9). We have used computer-
assisted techniques to search for common features among
proteins encoded by the polyomavirus group, to examine the
conservation of the various motifs identified in genetic
studies, and to assess sequence homology among functional
domains (27a). In this article, I review common and unique
features found in the large and small T antigens in relation to
recent biochemical and genetic data on the structure and
function of these viral proteins.

LARGE T ANTIGENS

Genetic and biochemical studies of the large T antigens
encoded by SV40 and PyV have shown that they are

multifunctional proteins composed of several functional do-
mains. The mapping of individual biochemical activities to
specific regions of the molecule and the role of phosphory-
lation and oligomerization in T-antigen function have been
recently reviewed (9, 28). The organization of some of these
activities and motifs for the SV40 T antigen is shown in Fig.
IA.
When the primary sequences of 10 large T antigens are

aligned pairwise, overall amino acid identity varies from 15
to 80%. JC virus (JCV), BK virus (BKV), SA12 virus
(SA12), and SV40 are closely related, with 75% identity. On
the other hand, the avian budgerigar fledgling disease virus
(BFDV) and bovine polyomavirus (BPyV) show the least
identity (15 to 35%) with other members of the group. T
antigens encoded by the remaining viruses, lymphotropic
polyomavirus (LPV), hamster polyomavirus (HaPV), K vi-
rus (KV), and PyV, show an intermediate level of homology
(45 to 55%) both with each other and with SV40 T antigen.
When the domain organization of the T antigens are

compared, these proteins fall into two structural classes: one

exemplified by SV40 (SV40 class) and the other by PyV
(PyV class). There are two major differences between these
classes. (i) The PyV prototype, which includes the T anti-
gens encoded by PyV, HaPV, LPV, KV, BPyV, and BFDV,
contains insertions within the amino-terminal domain rela-
tive to the SV40 class. (ii) The PyV-type T antigens lack a
functional domain that maps to the carboxyl terminus of the
SV40 class of proteins. In SV40, this domain has been shown
to encode an activity that functions in viral assembly. To
examine the relationships of the different T antigens in more
detail, I have compared the sequences of each functional
domain individually.
Amino-terminal domain. For the purposes of this discus-

sion, the amino-terminal domain of the large T antigens is
defined as extending from the initiation codon up to the
nuclear localization signal (NLS). The assignment of this
domain is based on the observations that (i) SV40 mutant T
antigens that prematurely terminate just prior to the NLS
retain certain biological activities, such as the ability to
transform certain cell types and to transactivate viral pro-
moters (34), and (ii) mild proteolysis of SV40 T antigen
produces a metastable fragment extending from the amino
terminus to the NLS (41). The size of this domain is the most
variable portion (from 87 to 273 amino acids) among the
different large T antigens. Because of the splicing pattern of
early viral mRNA, in all cases the amino-terminal portion of
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TABLE 1. The polyomavirus group

Virus Host Genome Virus-encoded proteins" Reference
length (bp) LT ST MT VP1 VP2 VP3

JCV Human 5,130 688 172 354 344 225 11
BKV Human 5,153 695 172 362 351 232 33
SV40 Rhesus monkey 5,243 708 174 364 352 234 10, 30
LPV African green monkey 5,270 679 189 368 356 237 22
BPyV Bovine 4,967 586 124 365 353 232 32
HaPV Hamster 5,366 751 194 401 373 346 221 7
PyV Murine 5,392 785 195 432 385 319 204 12
KV Murine 4,754 646 158 373 321 222 20
BFDV Avian 4,980 554 145 343 341 235 31
SA12h Chacma baboon NR' 699 172 NR NR NR 6, 38
RKV Rabbit NR NR NR NR NR NR NR 13
RPV Rat NR NR NR NR NR NR NR 40

" Number indicates the number of amino acids in the primary sequence. Does not include agno- or SLP protein sequences. LT, large T antigen; ST, small t
antigen; MT, middle T antigen.

b SA12 large and small T-antigen sequences are from Cunningham and Pipas (6a).
NR, not reported.

this domain shares amino acid sequences with small t
antigen.

In SV40, the amino-terminal domain plays an essential
role in both viral replication and transformation. Several
cellular proteins bind to this domain, including DNA poly-
merase ox, retinoblastoma protein (Rb), and p107 (9). Three
sequence elements within this domain are conserved among

the T antigens. They include sequences similar to those of
conserved region 1 (crl) and conserved region 2 (cr2) of the
adenovirus ElA proteins and the highly conserved hexapep-
tide HPDKGG (Fig. 2).

In ElA proteins, crl consists of the sequence (E/D)
X3LX(E/D)LX2(L/I). In SV40 T antigen, this corresponds to
amino acids 9 to 19, a region encoding a transformation
function that is functionally analogous to the EIA 300,000-
kDa binding function (25, 42). A sequence similar to this
occurs in all T antigens (Fig. 2). In the T antigens, the
LXXLL pattern is absolutely conserved within this region.
The avian virus does not have the amino-terminal acidic
residue but rather has a serine at that position.
The cr2 consensus sequence is (D/N)LXCXE. In SV40,

this corresponds to residues 102 to 107 and forms part of the
binding site for the cellular proteins Rb and p107. This
sequence is present in the T antigens of all polyomaviruses
with the exception of BFDV, which has a glycine at the first
position and is missing the conserved cysteine. T antigens
encoded by SV40, BKV, JCV, LPV, and PyV have been
shown to complex with the Rb protein in vitro (8). The
others have not yet been tested. In SV40 and PyV, mutations
within this motif result in the inability to transform some cell
types.
With the exception of the bovine virus, all large T antigens

contain the absolutely conserved hexapeptide HPDKGG.
This occurs at residues 42 to 47 in SV40. Amino acid
substitution mutations within this sequence of the SV40
protein do not affect transformation but render the virus
defective for viral DNA replication (24). All polyomaviruses,
including BPyV, possess this sequence in small t antigen.
Thus, this sequence represents an element distinct from crl
and cr2 that may be involved in interacting with a cellular
component essential for genome replication.
The amino-terminal domain varies in size among the

different T antigens. This variability is largely due to the
presence of extra sequences at two locations within the

domain (Fig. 1). Following SV40 T antigen amino acid 66,
the PyV, HaPV, and LPV T antigens have insertions ranging
from 24 to 29 amino acids. There is no obvious relationship
among the inserts of these different viruses. Following SV40
T antigen amino acid 113 which is just carboxyl terminal to
the Rb-p107 binding site, PyV, HaPV, LPV, KV, and BPyV
have inserts ranging in size from 6 to 115 residues. Again,
there is little relation among the inserts. The variation in the
structure of the amino-terminal domain, coupled with bio-
chemical and genetic data, suggests that this domain is
composed of multiple functional elements, perhaps each
interacting with a different cellular target. Since this domain
communicates with the viral DNA binding domain as a result
of phosphorylation, it provides a way for T antigen both to
control cellular functions and to communicate the state of
cellular physiology to T-antigen replication functions.

In SV40, the amino-terminal domain contains at least one
threonine and several serine residues that are phosphory-
lated (Fig. 2). Phosphorylation of some of these sites has
been shown to have functional significance. Serines 120 and
123 are dephosphorylated in vitro by protein phosphatase 2A
(9, 28). Treatment of T antigen with protein phosphatase 2A
renders it more active in in vitro replication assays. Phos-
phorylation of SV40 T antigen at Thr-124 is essential for its
ability to bind site II and stimulate DNA replication. This
Thr is conserved in all but the BFDV T antigen. Two other
residues that are phosphorylated in the SV40 T antigen are
highly conserved. Ser-112 is conserved in all T antigens, and
Ser-120 is present in all but the avian and bovine viral T
antigens.
NLS. In SV40 T antigen the NLS, P(126)KKKRKV(132),

is the minimal signal sufficient for nuclear transport. A
similar sequence occurs at this position in nine of the
sequenced T antigens (Fig. 2). Only the avian virus lacks this
sequence.
DNA binding domain. The SV40 T antigen minimal DNA

binding domain extends from amino acids 135 to 249. Amino
acid identity among all sequenced T antigens in this domain
is about 45%, with two exceptions. (i) The SV40, BKV,
SA12, and JCV T antigens are more closely related to each
other than to the rest, showing about 80% identity. (ii) The
BFDV T antigen is only distantly related to the others, its
maximal homology being with the LPV domain (26%).
Of the 115 amino acids in the SV40 DNA binding domain,
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A. crl region.

ElA 39E PPT L H E L YD L49

E7 4D TPTLH EYML DL15

5V40 9E SLQ0LMH D L LG LEKR SA W GN IP LM30
BKV 9E SMELMDLLG LERAAWGNLPLM30
JCV 9E SMELMDLLG LDRSAWGNIPVM30
LPV 9ERNELMDLLQ ITRAAWGNLSMM30
HaPV 9E K QA LI S L LD LE P QY W GD YG RM30
PyV 9D KERLLELLK LPRQLWGDFGRM30
KV 9E SQRLMHLLK LPMEQ YGNFPLM30
BPyV 7E YEEKL R G L LG - -T PD IG NA D TL26
BFDV 3S L RR LT E LL C LP V TA T A -ADI122

D D I

B. HPDKGG Box.

SV4O0 40E F HP DK GGDEK EKMKHKK HMN TL YK60
BKV 40E FHPDK GGDE DKMKRMNTLYK60
JCV 40EKLHPDK GGDEKDKMKRMNFLYK60
LPV 40L YHPDK GGDS AKMQR LNELFQ60
HapV 40Q LH P DK G GNE EKLMHQQ LNHT LWHTr6
pyV 40L LHPDK GGSH ALMQEKLNSLWG60
KV 40I VHPDK GGSDKELSQE LISLYR60
BPyV
BFDV 32K Y HPD0K G GDEK EKMKHKE L N TLMHE52

C. cr2 region and nuclear localization signal.

ElA 120IDL TC HE AG FPP SD133

K7 20TDLYC YEQL NDSSE33

5V40 101EKNLFC SEEMPSSDD EAT117 1BADSQ H ST PPKK K RKV132
BKV 103E DLFC HEDMFASDEEAT19 120ADSQH ST PPKK K RKV134
jCV 103EKDLFC HEEMFASDD ENT"9 120G-SQ HS T PPKK K KKV133
LPV 129D DLFC SETMSSSSDEDT145 35lsOQSSYTCT PPKR K KTE19-5
HaPV128EDLTC QEEL SSSEDEFT144 9S243QQSHHHT TPK KP PPT251
pyV 140P DLFC YEEPLLSPHPSS156 115 272QSSFNAT PPKK AR ED286
KV 102F DLFC NEAFDRSDDEQEl's 15134PAASQA TP PKK K AKM148
BPyV58Q0DLHC DEELEPSDH EEE74 681APG SQ AT PPK KP RTS95
BFDV 58E GLRA DETLKEDSDFKEPE74 ---------------

D L XC XE XX XXS
H P

D. large T antigen zinc finger motifs.

5V40 297y SFEMCLKC IKKEQPSHYKY------H E K-H YAHN323
BKV 299YHNVEECKKC QKKDQPYHFKY------H E K-H FAHN325
JCy 298ENPQQ CKKCKEKKDQ PNHFNHH --- H E K-H YYHN324
LPV 362VKEPGKCGKCKEKKQHKFHYHY------HK A -H H AN388
pyV 44KEP ICSETRQHK----HRK-HAEN7
HapV 421QCESSCKKC AEALP RMKVHWAN-- - -H SQ -H LEH449
KV 314S PVPN CSKCHNRMLTNHFKF------H KE -H HEHN340
BPoV 254T APEACKVC DNPRRLEHRRH------HT K DH TLHN281
BFDV 220Q P TD0K C PEKC 0QKDKD0 T VK RK R STH I D D H P R - H Q H N252

E. small antigen mnotifs
5V40 97C KQWPKECAKKMSAHNCI-CLLC (X-21l C Y CFD CF RMWF G149
BKV 95C KEWP ICSKKPSVHCP-CMLC (X- 21) C Y CIDC F TQW FG147
jCV 97C KEKW P N CA T HN-PS5V H CP - CLM CIX - 21) C Y C FD0 C F R Q W F G147
HaPV 103C R L PI TCL RHNK GIS TCOH- C IL CIX- 221 C Y C ID0 C F A LW F G157
pyV 105C RMPLTCLVHNVKYS SCS-CILClX- 22) C F CLEC Y MQW FG159
LPV 105I GLYPTCTK F-VRAHNCN-CIVClX= 22) C W CYK C YLVW FG158
Ky 89L TDWIHNC ----HNFEHNCHKCLYC tX-la) C L CYKC Y IIW FG136

FIG. 2. Sequence motifs of large T and small t antigens. Sequence alignments of the cr1 motif (A), the HPDKGG box (B), cr2 (C), and
the zinc finger motif (D) of large T antigen are shown. An asterisk indicates a residue phosphorylated in SV40 T antigen. (E) Cysteine repeats
of small t antigens.

only 20 are absolutely conserved among all polyomaviruses, near the origin of replication (oni) via the consensus pentanu-
excluding BFDV. Among these is Glu-166, which when cleotide G(A/G)GGC. The oni regions of all members of the
mutated in SV40 to a Gln or a Lys results in a T antigen with polyomavirus group, except BFDV, contain multiple copies
relaxed origin-binding specificity (19, 23). On the other hand, of this sequence. Thus, it is likely that most T antigens bind
Ala-157, which yields a similar phenotype when changed to viral DNA in a similar manner by recognizing this sequence.
a Thr, is conserved only among SV40, JCV, and BKV. BFDV is the only member of the polyomavirus group that
The SV40 and PyV T antigens bind viral DNA within or does not contain the GAGGC element in its regulatory region.
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This fact, coupled with the observation that the BFDV
T-antigen domain is only distantly related to the other T
antigens, suggests that this T antigen might recognize on

DNA by a different mechanism. Interestingly, a possible zinc
finger motif (CX2CX1,HX3H) is present near the amino-
terminal boundary of the putative BFDV DNA binding do-
main. Perhaps this indicates that there are two ways to form
a polyomavirus T-antigen binding domain, one involving a

zinc finger and the other involving an alternative structure
utilized by the other members of the group.

Zinc finger region. The zinc finger region of SV40 T
antigen (approximately amino acids 250 to 370) lies between
the on binding and ATPase domains of the molecule. Amino
acid identity among T antigens varies from 30 to 55% in this
region. Of the 122 residues in SV40 T antigen, 17 are

conserved among all T antigens. Although this region has not
been shown to function as an independent domain, it pos-

sesses some common motifs and conserved sequences. Most
prominent among these is a potential zinc-binding motif.

All T antigens have a C2H2 zinc finger motif (Fig. 2). In
SV40 T antigen this sequence includes C-302, C-305, H-317,
and H-320 and may play a role in oligomerization of the
protein (16). There is little sequence conservation amino
terminal to C-302. Y-292, D-284, and A-277 are conserved in
all T antigens. There is also a leucine-rich hydrophobic
sequence just C terminal to the conserved aspartic acid in all
T antigens. The spacing between the conserved cysteine
residues is always CXXC, with X = K in one of the positions
in all but the avian virus T antigen. The size of the loop
between the last conserved cysteine and first conserved
histidine varies from 11 to 17 residues. There is little sequence
conservation in this region. The loop between the conserved
histidines is HXXH in eight of the nine sequenced T antigens.
The bovine virus has three residues. There are several resi-
dues following the finger motif that are absolutely conserved
in all T antigens. In SV40, these include N-323, A-324, Q-333,
K-334, C-337, A-340, A-346, R-357, L-361, and R-364.

In SV40 T antigen, another leucine-rich stretch lies just C
terminal to the zinc finger motif. Starting at L-345, there are

four leucines with the spacing LX7LX7LX7L. BKV has an

identical arrangement of leucines. However, except for
L-361, none of these residues is conserved among all T
antigens. The functional significance of this pattern is still
unclear.
ATPase-p53 binding domain. The most highly conserved

domain among all polyomavirus T antigens is the ATPase
domain. Sequences important for complex formation with
the cellular p53 protein also lie within this domain. The
consensus GXXXXGK motif, found in many nucleotide-
binding proteins is present in all T antigens in the form
GPX1X2X3GKT, where the first X1 = V or I and X2 = N or

D (39). The carboxyl-terminal portion of this region is very
highly conserved among all T antigens, including the motif
GXXXVNLE. Computer modeling has been used to gener-

ate a hypothetical structure for this domain on the basis of
structural homologies with nucleotide-binding proteins
whose structures have been solved (2). These models predict
that the nucleotide-binding fold of T antigen lies between
residues 418 and 530. For the purposes of this article, we
consider this domain to extend from SV40 T antigen residue
371 to 530. Of these 130 residues, 33 are conserved among all
polyomavirus T antigens. The T antigen of the avian poly-
omavirus BFDV, which shows little relation to most other T
antigens throughout most of the molecule, nevertheless
shows from 48 to 60% identity with other T antigens within
the ATPase domain.

While computer modeling places the carboxyl-terminal
boundary of the nucleotide-binding domain approximately at
residue 530, many mutations that alter amino acids between
residues 531 and 624 are ATPase defective (3, 5, 18, 37).
When compared with the putative nucleotide-binding fold, the
carboxyl-terminal region of this domain is relatively uncon-
served among the various T antigens. Amino acid identities
range from around 20 to 40%. The SV40 region consists of 94
amino acids, of which three are absolutely conserved in all T
antigens. All T antigens do have a stretch of hydrophobic
residues (starting at SV40 amino acid 572) at a conserved
position. Mutations in this region of the SV40 T antigen result
in a protein that is defective for ATPase activity, p53 complex
formation, and oligomerization (26, 37).

Host range domain. A functional domain located at the
carboxyl terminus of the SV40 large T antigen has been
shown to encode an activity, termed host range function,
that is required late in viral productive infection, probably in
viral assembly (15, 27, 35). This same function also allows
human adenoviruses to grow in normally nonpermissive
monkey cells and thus has also been called the adenovirus
helping function (4). Sequence comparison analysis reveals
that only the SV40, BKV, SA12, and JCV T antigens possess
a host range domain. All other T antigens terminate at a
position equivalent to SV40 T antigen residue 625, just after
the sequences required for ATPase function.
The host range function has been shown to reside in the

carboxyl-terminal 38 amino acids of SV40 T antigen. Se-
quences present in SV40 (residues 625 to 669) are not present
in any other T antigen, and mutants with deletions in these
sequences behave like wild type. This probably represents an
interdomain linker, although it is possible that these se-
quences encode an as-yet unknown biochemical function. Of
the 38 SV40 residues required for host range function, 22 are
conserved in JCV and BKV. All polyomaviruses that lack a
host range domain have insertions of extra amino acids within
the amino-terminal domain of T antigen (see above). It is not
clear whether these viruses also require a host range-like
function for assembly. Such a function could be carried within
these insertions or on another virus-encoded protein. Alter-
natively, they could assemble by a mechanism distinct from
that of the SV40 class of viruses and thus not require this
function. There is no obvious sequence identity between the
amino-terminal inserts of the PyV class of viruses and the
host range domain of the SV40 class.

SMALL t ANTIGENS

All polyomaviruses contain an open reading frame and
splice signals consistent with their encoding a small t antigen
(Fig. 1B). These small t antigens share an amino-terminal
region with large T antigen, because both proteins initiate at
the same ATG. The unique carboxyl termini of the small t
antigens are created by differential splicing of a common
precursor mRNA. The SV40 small t antigen has been re-
ported to transactivate the adenovirus E2 promoter in some
contexts (17) but not in others (29). In addition, the small t
antigens from PyV and SV40 have been shown to form a
complex with the catalytic subunit and one regulatory sub-
unit of protein phosphatase 2A (21, 43). It is thought that by
forming this complex small t antigen inhibits protein phos-
phatase 2A activity or alters its substrate specificity.

Large T-small t common region. The amino-terminal por-
tion of all small t antigens has the same sequence as the
corresponding large T antigen. Thus, features such as crl are
present in all small t antigens. In addition, the conserved
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HPDKGG box is present in all small t antigens. This includes
the putative small t protein encoded by BPyV, although the
large T antigen of this virus does not possess the HPDKGG
box because the splicing pattern of the large T mRNA
eliminates it.

Small t-antigen carboxyl-terminal domain. The carboxyl-
terminal regions of the SV40-, BKV-, JCV-, HaPV-, and
PyV-encoded small t antigens possess a stretch of cysteine
residues with conserved spacing, followed by the conserved
sequence Trp-Phe-Gly (Fig. 2). The consensus motif is
CX5CX7-8CXCX2CX21-22CXCX2CX3WFG. The putative
LPV small t antigen also has this motif but is missing the
amino-terminal cysteine. In the KV small t antigen there is a
slightly different spacing of the cysteines in the amino-
terminal portion of the motif. The function of these se-

quences is not known.
The carboxyl-terminal regions of the putative small t

antigens encoded by BPyV and BFDV do not have these
cysteine repeats. In fact, both of these small t antigens have
only a single cysteine in this region. There is little or no
relation between the carboxyl-terminal domains of these
small t antigens when compared with each other or with the
small t antigens of the other polyomaviruses. This could
indicate that this domain of the BPyV and BFDV proteins
has a unique function. On the other hand, the coding
sequences of the BFDV and BPyV small t antigens have
been inferred from DNA sequence analyses. These proteins
have not been observed nor have the splicing patterns of the
early mRNAs of these viruses been analyzed. Thus, it is
possible that these viruses do not express a small t antigen.

SUMMARY

Although 12 different members of the polyomavirus group
have now been identified, only SV40 and PyV have been
studied extensively. Whereas each member of the group
shows a restricted host range, viruses infecting species from
birds to humans have been reported. Although little is
known concerning the biology of natural infections in the
wild, it is apparent that these viruses exhibit various cell-
type tropisms. Some viruses, such as LPV (B lymphocytes)
or KV (pulmonary endothelium), are tightly restricted to
specific cell types, while others, such as PyV, infect a
variety of tissues in the animal. Despite these differences, all
polyomaviruses share a common strategy of productive
infection, expressing T antigens which act both on cellular
targets, preparing cellular metabolism for supporting optimal
viral replication, and then on targets within the viral genome,
to regulate viral DNA replication, transcription, and assem-
bly. Presumably, this common replication strategy restricts
the degree to which the sequences of these viruses can

diverge. Thus, sequence motifs conserved among these
different viruses may indicate key structural elements essen-
tial for biochemical function.

In this article I have compared the sequences of all
polyomavirus-encoded large and small T antigens sequenced
to date. This has led to the following conclusions and
speculations.

(i) Comparison of the domain organization of different
large T antigens reveals that these proteins fall into two
structural classes. Members of the SV40 class, which in-
clude SV40, JCV, BKV, and SA12, possess a carboxyl-
terminal domain, which in SV40 has been shown to be
dispensable for viral DNA replication but essential for virion
assembly. The PyV class lacks the carboxyl-terminal domain
and carries additional amino acids within the amino-terminal

domain. When total amino acid identity is examined, mem-
bers of the SV40 class show the highest degree of conserva-
tion (65 to 85%), while sequence identity among the remain-
ing viruses varies from 18 to 55%.

(ii) The DNA binding domains of most large T antigens are
closely related, with amino acid identities ranging from 35 to
86%. Several residues within this domain are invariant
among all T antigens. All of these viruses have multiple
copies of the consensus T-antigen-binding pentanucleotide
(GAGGC) in their on region, suggesting that all T antigens
recognize this sequence. The single exception is the large T
antigen encoded by the avian virus BFDV. The putative
DNA binding domain of this protein shows little or no
sequence relation to that of other T antigens. Furthermore,
the GAGGC motif is not found in the on region of this virus.
Thus, the BFDV T antigen may bind DNA by a distinct
mechanism.

(iii) Some sequence motifs, such as the zinc finger, nucle-
otide-binding fold, and crl- and cr2-like sequences are
conserved in all large T antigens. In addition, all large T
antigens except the BFDV protein have an SV40-like NLS,
and all except the BPyV protein have the hexapeptide
HPDKGG.

(iv) All polyomaviruses have an open reading frame con-
sistent with their encoding a small t antigen. All small t
antigens have a crl motif and the HPDKGG box in the small
t-large T common region. The small t unique regions of the
BPyV- and BFDV-encoded proteins have little or no se-
quence relationship to each other or to the small t antigens
encoded by the other viruses. All of the other viral small t
antigens have cysteine-rich small t unique regions with a
highly conserved spacing.
As indicated above, some of the biochemical activities of

large and small T antigens act on cellular targets to alter cell
regulation. One possible explanation for the variation ob-
served among these proteins, for example the presence or
absence of specific domains or sequence motifs, is that each
viral T antigen has evolved to interact with targets, some of
which are specific for the type of cells in which that virus
normally grows. This is particularly relevant to the amino-
terminal domains of the large T antigens which are known to
interact with host proteins involved in regulating cell prolif-
eration and gene expression and which show the greatest
size variation of all the domains. Thus, even though the
polyomaviruses may employ common strategies of replica-
tion and may interact with a common set of cellular proteins,
some viral T antigens may target unique host systems
specific for given cell types. This hypothesis predicts that
more excitement and insight into cellular control functions
await the further characterization of these complex multi-
functional regulatory proteins.
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