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The location of phosphorylation sites in the large T antigen of simian virus 40
has been studied both by partial chemical cleavage and by partial proteolysis of
various forms of large T. These included the full-size wild-type molecule with an
apparent molecular weight of 88,000, deleted molecules coded for by the mutants
d11265 and d11263, and several shortened derivatives generated by the action of a
cellular protease. These molecules differed from each other by variations in the
carboxy-terminal end. In contrast, a ubiquitous but minor large T form with a
molecular weight of 91,000 was found to be modified in the amino-terminal half of
the molecule. In addition to the phosphorylation of threonine at position 701 (K.-
H. Scheidtmann et al., J. Virol. 38:59-69, 1981), two other discrete domains of
phosphorylation were recognized, one at either side of the molecule. The amino-
terminal region was located between positions 81 and 124 and contained both
phosphothreonine and phosphoserine residues. The carboxy-terminal region was
located between approximate positions 500 and 640 and contained at least one
phosphoserine residue but no phosphothreonine. The presence in the phosphory-
lated domains of large T of known recognition sequences for different types of
protein kinases is discussed, together with possible functions of large T associated
with these domains.

Simian virus 40 (SV40) large tumor (T) anti-
gen, or the viral A gene product, is a multifunc-
tional protein with a central regulatory role in
both productive infection and cell transforma-
tion (for a recent review, see reference 60).
Protein phosphorylation is known to modulate
the activity of multiple enzymes and regulatory
proteins (27). Since large T antigen is a phospho-
protein (14, 48, 57, 63, 65), differential phosphor-
ylation of its residues might yield molecular
subclasses, each adapted to a particular set of
functions and biological activities. Subclasses of
large T with different isoelectric points have
been described (42), and they may vary in phos-
phate content (21). Free monomers of large T
antigen are reported to be underphosphorylated,
whereas fast-sedimenting molecules in tetramer
form or complexed with host-coded phospho-
proteins of molecular weight (Mr) 48,000 to
55,000 (48K to 55K) are highly phosphorylated
(15, 22, 34). Nevertheless, this conclusion has
not been substantiated by the experiments of
others (19). Also, the degree of phosphorylation
is positively correlated with the nonspecific
binding affinity of large T to calf thymus DNA
(39) and with its affinity for host chromatin (22).
However, it was also reported recently that in
vitro dephosphorylation of T antigen at a num-
ber of specific phosphoserine (P-Ser) sites does

not affect its binding to specific regions of SV40
DNA (50) and that dimer forms of large T
antigen bind more specifically and tightly to
SV40 DNA than do monomers or (highly phos-
phorylated) tetramers (3, 19). The most recent
evidence comes from a study of proteins coded
for by adenovirus 2-SV40 hybrid viruses and
suggests that two regions ofDNA-binding activi-
ty exist in large T: one contributes to nonspecific
DNA binding, whereas the other is necessary for
specific binding to the viral origin of replication
(46). To obtain a better correlation between the
phosphorylation state of large T and any of its
functions, it seems imperative to locate and
identify its phosphorylated residues.
We have previously described the presence of

at least one P-Ser and one phosphothreonine (P-
Thr) residue in an amino-terminal (N-terminal)
31K fragment generated from large T by mild
digestion with Staphylococcus V8 protease (63).
A truncated 33K large T molecule coded for by
SV40 mutant dl1l01 comprises this N-terminal
31K fragment. A complementary nonoverlap-
ping carboxy-terminal (C-terminal) 58K frag-
ment also contains at least one P-Ser and one P-
Thr residue (63). The latter phosphorylation
sites are present in the 42K and 56K large T
variants coded for by the adenovirus-SV40 hy-
brid virus Ad2+ND2, but large T of mutant
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d11265 lacks the C-terminal P-Thr site. In the
present study, we have located these phosphor-
ylation sites more precisely by both chemical
degradation and partial proteolysis analysis.

MATERIALS AND METHODS

Cells and viruses. CV-1 monkey cells were used
throughout this study, except for a single experiment
where SV40-transformed human cells (SV80) were
extracted. These cells were grown in Dulbecco modi-
fied Eagle medium supplemented with 10% newborn
calf serum and infected with SV40 as described (63).
The wild-type (WT) SV40 used was strain 776, and
mutant SV40 strains included the viable deletion mu-
tants dl1263 and d11265 (9; gift of C. N. Cole).

Labeling and extraction of cells. Cells were routinely
labeled for 4 h at 42 h postinfection. Cells were labeled
with [35S]methionine (code SJ-204; Amersham Inter-
national Ltd., England; 250 ,uCi in 1 ml/20 cm2 of
cells) after two washings in methionine-free medium
supplemented with 2.5% dialyzed serum. For 32p
labeling, cells were washed twice with phosphate-free
medium supplemented with 2.5% dialyzed serum and
then were incubated with 2 to 3 mCi of 32p, (code PBS-
43; Amersham International) in 1 ml/20 cm2 of cells. At
the end of the labeling period, the cells were washed
twice with ice-cold phosphate-buffered saline and then
were extracted in situ for 0.5 h at 0°C with 400 ,ul of
extraction buffer per 20 cm2 of cells. This buffer
consisted of 1% Nonidet P-40, 137 mM NaCl, 1 mM
EDTA, 10% glycerol, 50 mM Tris-hydrochloride (pH
9.0), 500 Kallikrein inactivator units of aprotinin (Sig-
ma Chemical Co., St. Louis, Mo.) per ml, 300 ,ug of
phenylmethylsulfonyl fluoride (Serva, Heidelberg,
Federal Republic of Germany) per ml, 150 ,ug of L-1-
tosylamide-2-phenylethyl chloromethyl ketone (Serva)
per ml, and 50 p.g of N-a-p-tosyl-L-lysine chloromethyl
ketone (Serva) per ml. In cases where proteolytic
degradation products of large T were to be extracted,
the latter protease inhibitors were omitted, and the pH
value of the extraction buffer was decreased to 7.5.
Lysates were scraped from the plates, cleared in an
Eppendorf minicentrifuge, and either stored frozen or
immunoprecipitated immediately.
Large T purification. Large T antigen was purified

by immunoprecipitation with hamster anti-SV40 tumor
serum generously provided by the Resources and
Logistics Branch, National Cancer Institute, Bethes-
da, Md. (lot no. 79X000 128). Immune complexes were
formed, adsorbed to protein A-Sepharose Cl-4B beads
(Pharmacia Fine Chemicals, Uppsala, Sweden),
washed, and eluted as described previously (63). In the
case of large T antigen encoded by mutant d11265, the
eluted proteins were S-alkylated with N-ethylmale-
imide (10). Routinely, large T proteins were analyzed
on sodium dodecyl sulfate gels of 8% acrylamide and
were calibrated with several marker proteins as de-
scribed (63). If the proteins were to be processed
further, the gels were dried immediately after electro-
phoresis with no washing or fixation step.

Partial proteolysis peptide mapping. Large T pro-
teins were partially digested with Staphylococcus au-
reus V8 protease (Miles Laboratories, Slough, En-
gland) during reelectrophoresis on a 12.5%
polyacrylamide gel by the method of Cleveland et al.
(6). This one-dimensional analysis could be extended

by loading a whole strip of this gel onto a new 12.5%
gel and digesting it with increased concentrations of
V8 during a second reelectrophoresis. Details of these
one- and two-dimensional partial proteolysis mapping
techniques, including the calibration peptides used,
have been described (63). In this study all concentra-
tions of V8 protease are given as the amount used per
standard gel sample well (width, 6 mm).

Peptid4 fingerprinting. Proteins were eluted from
preparative gel bands and were concentrated by pre-
cipitation with 20% trichloroacetic acid as previously
described (63). Further treatment was done by the
method of Smith et al. (53) and comprised oxidation
with performic acid, digestion with trypsin, and analy-
sis on thin-layer cellulose plates by electrophoresis at
pH 1.9 in the first dimension and by chromatography
in butanol-acetic acid-water-pyridine (30:6:24:20) in
the second dimension.

Peptide mapping by formic acid cleavage. This chem-
ical degradation was performed essentially by the
method of Lam and Kasper (28). Protein bands (0.5
cm2) were excised from dried gels and swollen by
shaking for 1.5 h in 2 ml of 75% formic acid. Then the
supernatant was removed by suction, and the wet gel
fragments were incubated in closed vials overnight at
37°C without shaking. Thereafter, 3 ml of 1 M Tris
base was added, and the gel pieces were shaken for 1
h. Finally, the gel pieces were incubated for 0.5 h in
0.5 ml of gel sample buffer. They were stored frozen
until they were loaded in a sample well of a 12.5%
polyacrylamide gel and electrophoresed.
Phosphoamino acid analysis. Proteins and proteolyt-

ic fragments thereof were eluted from dried gel pieces
as described (63). Large T and its larger fragments
(31K and above) were recovered by trichloroacetic
acid precipitation as described (63). Smaller fragments
(11K to 20K) were freed of sodium dodecyl sulfate and
other salts efficiently and with high rates of recovery
by gel filtration in a mixture of propionic acid, formic
acid, and water (2:1:2, vol/vol/vol) by the method of
Amons and Schrier (2). Acid hydrolysis was per-
formed in 6 N HCI for 2 h at 110°C. Phosphoamino
acids were separated by electrophoresis on cellulose
thin-layer plates at pH 1.9 and were quantitated as
described previously (63).

RESULTS
Different phosphopeptides in large T variant

molecules. We have previously found that prote-
olysis of undegraded WT large T antigen with
small amounts of S. aureus V8 protease yields
31K and 58K phosphorylated intermediates orig-
inating from the N-terminal and C-terminal
ends, respectively (63). These phosphopeptides
are nonoverlapping, and both contain P-Ser as
well as P-Thr residues. In this study we analyzed
the generation of these diagnostic phosphopep-
tides in a number of species of large T, coded for
by WT SV40 and by deletion mutants d1265 and
d11263. WT SV40-infected cells yield undegrad-
ed 88K large T (referred to as form A), proteo-
lytic degradation products with apparent Mrs of
83K and 78K (referred to as forms B and C), and
minor amounts of a 91K species (referred to as
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FIG. 1. Large T forms and their major S. aureus V8 proteolytic fragments. (A) 32P-labeled large T molecules

extracted from SV40-infected cells either at pH 9.0 in the presence of protease inhibitors (lane a) or at pH 7.5 in
the absence of inhibitors (lane b). Immunoprecipitates were analyzed on an 8% polyacrylamide gel. The different
protein and peptide bands in this and the following figures are generally indicated by an identification code which
is explained in the text and summarizes, if possible, the origin or nature of the protein, its apparent Mr (x103)
and, for peptide fragments, its location in the original undegraded molecule. If only a number is indicated, it
refers to the apparent Mr (x 103) only. (B) Different 32P-labeled large T forms isolated as in (A) and then digested
with V8 protease (10 ng per 6-mm sample well) during reelectrophoresis in a 12% acrylamide gel. The following
large T polypeptides were analyzed: A-88 of WT SV40 (lane a), B-83 of WT SV40 (lane b), C-78 of WT SV40
(lane c), A'-84.5 of mutant d11263 (lane d), and B'-80.5 of dl1263 (lane e). Outside rows of symbols correspond to
fragments in outside lanes.

form Z) (Fig. 1A) (63). The genome of mutant
d11263 lacks 33 base pairs at map position 0.20
(61). Infection with this mutant yields apparently
undegraded 84.5K large T (referred to as form
A'), a proteolytic degradation product with an
apparent Mr of 80.5K (referred to as B'), and
minor amounts of an 87.5K species (referred to
as Z'). Large T from the mutant dll265 lacks
only the nine C-terminal amino acids, which are
replaced by four new residues (61). Infection
with this mutant yields a set of large T forms
(referred to as A", B", C", and Z") that comigrate
with the WT (A to Z) forms mentioned. In this
study we will refer to any fragment of large T by
indicating the large T species from which the
fragment is derived, followed by the apparent
Mr (in thousands) and by the letters C, N, or I
(superscript) to indicate whether the fragment
resides N-terminally, C-terminally, or internally
in the original molecule. For instance, according
to this convention, mild V8 digestion ofWT 88K
large T yields the fragments A-31N and A-58c
(see above).
We have now found that limited V8 proteoly-

sis of most aforementioned 32P-labeled large T
species produces WT-like N-terminal 31K frag-
ments, but the C-terminal fragments differ from
each other, as illustrated in Fig. 1B and summa-
rized in Table 1. Thus, endogenous proteolysis
during lytic growth or subsequent extraction
clearly affects the C-terminal end of large T, and
this is consistent with previous reports (33, 56).
In contrast, digestion of both WT Z-91 and
mutated Z'-87.5 molecules produced, in addi-

TABLE 1. Phosphoamino acid analysis of different
large T antigen species and their major V8

proteolytic phosphopeptides

Large T species' V8 phosphopeptidesb
Infect- Relative amt Relative amt
ing Codec ofd: Codec ofd:
virus

P-Ser P-Thr P-Ser P-Thr

WT776 Z-91 72 28 Z-79c NDe ND
Z-58c 67 33
Z-34N 73 27

A-88 74 26 A-79c ND ND
A-58c 70 30
A-31N 75 25

B-83 80 20 B-74c ND ND
B-55c 100 0
B-3lN 72 28

C-78 82 18 C-69c ND ND
C-52.5c 100 0
C-31N 74 26

dl1263 Z'-87.5 ND ND ZI-58c ND ND
Z'-34N ND ND

A'-84.5 72 28 At 55c 68 32
AI-3lN 74 26

B'-80.5 79 21 B'-53.5c 100 0
Br_31N 73 27

dll265 A`-88 82 18 A`-58c 100 0
Al'-31N 73 27

aData shown partially in Fig. 1A.
b Data shown partially in Fig. 1B and 2A.
c Explained in the text.
d Expressed as the percentage of the total counts for

both phosphoamino acids.
' ND, Not done.
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tion to minor amounts of a 31K phosphopeptide,
significant amounts of the new phosphopeptides
Z-34N and Z,_34N, respectively (Fig. 2A). This
finding indicates that it is unlikely that the A'-
87.5 species corresponds to genuine undegraded
large T antigen molecules of mutant d11263, as
previously suggested (8). Extended V8 digestion
of A-31N and Z-34N phosphopeptides indicates
that these fragments are closely related since
both yield a 19K-18K doublet from which the
18K phosphopeptide is quite stable (Fig. 2B).
The 34K phosphopeptide was also found to be
typical of the 91K large T molecules isolated
from a variety of SV40-transformed cells (63;
data not shown).

Differences of 5K exist between large T forms
A-88, B-83, and C-78, but apparently these dif-
ferences drop to 2.5K to 4K if the N-terminal
31K fragment is cleaved off (yielding fragments
A-58c, B-55c, and C-52.5c) or if the deletion
from the d11263 mutant is introduced (yielding
forms A'-84.5 and B'-80.5 and fragments A'-55
and BW-53.5c). Large T, with a theoretical Mr of
81,632 (60, 62), has an anomalously high appar-
ent Mr in sodium dodecyl sulfate-polyacryl-
amide gel (11, 23). Thus, it can be postulated
that the discrepancies in Mr mentioned above
are due to a conformational anomaly in un-
cleaved and undeleted large T molecules. Previ-
ously, it has been found that deletions in the C-
terminal region of large T do indeed cause an
unexpectedly large drop in apparent Mr (11, 17,
45).
We have previously reported that the large T

antigen encoded by the mutant d11265 lacks the
C-terminal P-Thr site (63; Table 1). This is
consistent with the definite localization of this
phosphorylation site at position 701 by Scheidt-
mann et al. (48). As expected, this P-Thr residue
is conserved in the A'-84.5 form of mutant
dl1263 but is lost during endogenous proteolysis
of the C-terminus (see the B-83, C-78, and B'-
80.5 molecules in Table 1). However, this type
of proteolysis apparently does not affect the
phosphorylation of (all) C-terminal P-Ser resi-
dues, and neither does the dl1263 deletion.
An N-terminal 10K fragment is not phosphory-

lated. In addition to typical C-terminal 58K and
N-terminal 31K and 34K fragments, a 79K phos-
phopeptide was generated when the A-88 and Z-
91 species of WT large T were digested with
small amounts (1 to 10 ng) of V8 protease (Fig. 1
and 2, Table 1). It is likely that this peptide arose
by cleaving off a terminal 9K to 10K peptide
from undegraded large T (see also Fig. 4A).
Digestion of degraded large T species B-83 and
C-78 yielded shortened equivalents of the 79K
peptide (B-74 and C-69; Fig. 1, Table 1). This set
of larger phosphopeptides was further analyzed
by extended V8 proteolysis. Some repre-

sentative digests at three concentrations of pro-
tease are shown in Fig. 3. Upon comparison of
the degradation profiles of the B-74 peptides
(Fig. 3, lanes b, b', and b") with those of the
original B-83 molecules (Fig. 3, lanes e and e'), it
is clear that the sets of phosphopeptides pro-
duced are essentially the same, including the
typical C-terminal 55K fragment (see above) and
the fairly stable end products previously de-
scribed (18K, 13K, and 11K; reference 63).
However, if the relative intensities of the differ-
ent phosphorylated intermediates are compared,
two striking differences may be noted: the inten-
sity of a 31K fragment of B-74 drops, and that of
a 19K fragment is considerably increased. Ex-
actly the same relationship exists between the
degradation patterns of C-69 peptides (Fig. 3,
lanes c, c', and c") and C-78 molecules (Fig. 3,
lanes d, d', and d") and between those of A-79
peptides and A-88 molecules (data not shown).
Since the N-terminal 31K phosphopeptide is a
precursor of a 19K-18K doublet (Fig. 2B; Fig. 3,
lanes g, g', and g"), we concluded that the A-79-
B-74-C-69 set of peptides contains the C-termi-
nus and arises by cleaving off by V8 protease
from the respective precursor molecules an N-
terminal 9K to 10K fragment. This is summa-
rized schematically in Fig. 4A. Residual 32p
radioactivity in a 31K peptide of V8 digests of
the molecules mentioned is most probably due
to degradation of the fragments A-58c, B-55c,
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FIG. 2. Comparison between V8-generated phos-

phopeptides of Z-91 and A-88 large T forms of WT
SV40. (A) 32P-labeled Z-91 (lane a) and A-88 (lane b)
large T molecules, isolated as explained in the legend
to Fig. 1 aged digested with 10 ng of V8 protease in an
8% polyacrylamide gel. (B) Phosphopeptides, excised
from gel lanes similar to those depicted in panel (A)
and subjected to extended proteolysis with increasing
amounts of V8 protease during reelectrophoresis on a
12.5% polyacrylamide gel. Either Z-34 fragments
(lanes a through e) or A-31 fragments (lanes a' through
e') were analyzed. The following amounts of V8 were
used: 0 ng (lanes a and a'), 10 ng (lanes b and b'), 100
ng (lanes c and c'), 1 ,ug (lanes d and d'), and 10 ,ug
(lanes e and e').
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FIG. 3. Extended proteolysis of predominantly long V8-generated phosphopeptides of large T. Forms B-83
and C-78 of 32P-labeled WT-encoded T antigens were purified and digested with small amounts of V8 protease as
described in the legend to Fig. 1. Selected peptide bands were excised and subjected to extended proteolysis with
the amounts of V8 protease indicated at the top of the figure. The following fragments and proteins were
analyzed as indicated at the bottom of the lanes: C-52.5c (lanes a, a', and a"); B-74c (lanes b, b', and b"); C-69c
(lanes c, c', and c"); original C-78 molecules (lanes d, d', and d"); original B-83 molecules (lanes e and e'); B55c
(lanes f and f'); and C-31N (lanes g, g', and g"). All lanes came from a single electrophoretic run, but a shorter
exposure time of the same gel was used for lanes e, e', and f.

and C-52.5c, as illustrated by the control digests
shown in Fig. 3 (lanes a, a', a", f, and f') and
described in full detail further on.
The V8-generated 10K fragment presumed to

be located N-terminally could not be detected by
32p labeling (Fig. 1B and 2A). However, when
A-88 molecules labeled with [35S]methionine
were digested with smaller amounts of V8, a
10K fragment was easily detectable (Fig. 5A).
Moreover, the same 35S-labeled unphosphory-
lated fragment was produced from the V8-gener-
ated A-31N peptide by extended V8 proteolysis
but was absent from the comparable digests of
the A-58c peptide (Fig. 5B). Thus, the sugges-
tion that the A-31N peptide is processed to
complementary 19K and 10K peptides seems
well founded. Lanes c' and d' of Fig. SB show
also that most of the 35S radioactivity of A-31N is
transferred to the 10K product. This finding also
lends support to the N-terminal position of the
latter because the N-terminal region of large T is
known to be extremely rich in methionine resi-
dues (60, 62). On the other hand, all of the 32P
radioactivity in A-31N is transferred to the 19K-
18K doublet (Fig. 2B and Fig. 3, lane g").
The origin of the V8-generated 10K peptide

was further explored by preparative digestion of
35S-labeled A-88 molecules, prepared this time
from SV80 cells. The 10K peptide, together with
undegraded A-88 large T, was eluted and ana-
lyzed by trypsin digestion and two-dimensional
peptide mapping (Fig. 6). The lower half of the
peptide map of A-88 molecules was particularly
closely comparable with maps of large T tryptic

peptides reported previously (43, 53, 54). The
upward pointing arrows in Fig. 6 indicate pep-
tides also present in the digest of the 10K
fragment. This was especially evident when both
maps were calibrated by the ninhydrin-stained
peptide profile of bovine serum albumin, added
to the digests as a carrier protein. Moreover, the
peptides of the 10K fragment corresponded to
the set of [35S]methionine tryptic peptides
shared by large T and small t (53, 54) and, most
interestingly, included the spot known to be the
N-terminal tryptic peptide N-acetyl-Met-Asp-
Lys (labeled with an N in Fig. 6) (38, 54). These
data provide definitive proof that the unphos-
phorylated 10K peptide (A-10N) contains the N-
terminus. As expected, all peptides of A-10N are
also resent in a tryptic digest of V8-generated
A-31 , whereas the tryptic digest of A-58N lacks
the N-terminal peptide mentioned but yields a
peptide previously reported to be present in the
C-terminal half of large T (indicated by the
downward arrow in Fig. 6; further data not
shown) (43, 54).
An internal 12K fragment at position 135 to 239

is not phosphorylated. According to the nucleic
acid sequence of the SV40 A gene (60, 62), large
T contains two aspartyl-prolyl bonds, at posi-
tions Asp134-Pro and Asp239-Pro. Such bonds
are known to be particularly acid labile (29).
Thus, we have subjected the A-88, B-83, and C-
78 forms of 32P-labeled large T antigen to partial
formic acid cleavage, the better to localize the
phosphorylation sites. Although nonspecific
degradation also occurred to some extent, a
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FIG. 4. Schematic representation of the cleavage sites in SV40 large T antigen. N and C mark the N- and C-
terminals, respectively. Numbers refer to positions in the amino acid sequence (60, 62). Peptides are designated
by a code explained in the text. The phosphoamino acid composition of the different fragments is shown at the
right: S and T stand for P-Ser and P-Thr, respectively. Letters in parentheses indicate that the given
phosphoamino acid composition is likely but has not been confirmed experimentally. (A) Peptides yielded by V8
protease digestion; see Table 1 and Fig. 3, 5, and 6 for most of the data. (B) Peptides yielded by limited acid
hydrolysis; see Table 2 and Fig. 7.

number of prominent phosphorylated fragments
could be seen (Fig. 7, lanes a through d). These
could be identified as indicated in Table 2 and
the scheme of Fig. 4B. It follows from the data in
Table 2 that all phosphopeptides obtained from
A-88 molecules contain both P-Ser and P-Thr
residues, but the 66K and 55K peptides of the B-
83 molecule lack P-Thr. This confirms the C-

terminal localization of the latter peptides,
which lack the P-Thr701 site. In addition, the A-
31N fragment of V8-cleaved large T yielded a
single 17K phosphorylated fragment upon acid
treatment (Fig. 7, lane e). This confirms the
localization of the 17K peptide in the N-terminal
half of large T (Fig. 4B). No 12K phosphopep-
tide was detectable in any of the digests shown
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FIG. 5. Partial proteolysis peptide mapping of [35S]methionine-labeled large T molecules. Large T molecules

purified by immunoprecipitation and electrophoresis on an 8% gel as described in the legend to Fig. 1. The A-88
protein bands were excised and subjected to partial proteolysis with V8 protease during reelectrophoresis on a
12.5% polyacrylamide gel (A). Either 35S-labeled large T (lanes a, b, c, and d) or 32P-labeled large T (lanes a', b',
c', and d') were digested with the following amounts of V8: 1 ng (lanes a and a'), 10 ng (lanes b and b'), 100 ng
(lanes c and c'), and 1 pLg (lanes d and d'). (B) 35S-labeled peptides of the A-88 large T form, excised from gel
lanes similar to lane b of (A) and subjected to extended proteolysis with increasing amounts of V8 protease
during reelectrophoresis on a 12.5% polyacrylamide gel. Either A-58c (lanes a through f) or A-31N (lanes a'
through f') peptides were analyzed. The following amounts of V8 were used: 0 ng (lanes a and a'), 1 ng (lanes b
and b'), 10 ng (lanes c and c'), 100 ng (lanes d and d'), 1 ,ug (lanes e and e'), and 10 j±g (lanes f and f'). The arrows
and bars point out a nonphosphorylated 10K peptide (A-10N) discussed in the text.

TABLE 2. Phosphoamino acid analysis of large T
antigen peptides generated by cleavage at Asp-Pro

bonds

Large M, (K) Relative amt
T5 Peptide M~()ofb:locationaform Theoreticalc Observed' P-Ser P-Thr

A-88 N-I-C 81.6 88 ++ +
I-C 66 70 + + +
C 54 59 + + +

N-I 27.5 30 ++ +
N 15.5 17 ++ +

I 12 Ue

B-83 N-I-C -80 83 +++ +
I-C -64 66 + -
C -52 55 + -

N-I 27.5 30 + + +
N 15.5 17 ++ +

I 12 U - -
a N, N-terminal; I, intermediately positioned; C, C-

terminal.
b The relative abundance of each phosphoamino

acid was evaluated from relative spot intensities on
autoradiographs and is represented by the number of
+ signs. -, Undetectable spots.

c Calculated from the amino acid sequence of large
T (60, 62), assuming cleavage at the Asp131-Pro and
the Asp239-Pro bonds.

d Data shown in Fig. 7, lanes a through c.
' U, Undetectable by 32P labeling.

in Fig. 7. Therefore, the 12K fragment in the
intermediate position (from Pro135 to Asp239) is
apparently not phosphorylated.

Improved localization of C-terminal phosphor-
ylation sites. C-terminal fragments with Mrs be-
tween 58K and 52.5K were isolated by limited
V8 proteolysis from several T antigen forms
(Fig. 1B, Table 1). They were further analyzed
by extended V8 proteolysis (Fig. 8 and 9).
Phosphopeptides typical of each large T species
or subsets of these species (indicated by dots in
the figures) as well as phosphopeptides common
to all species were revealed. Most of the precur-
sor-product relationships within these groups of
phosphorylated fragments could be worked out
from or confirmed by an extensive setup of two-
dimensional V8 proteolytic degradations. The
details of this procedure have already been
published (63), and a few typical examples at
high and moderate V8 concentrations in the
second dimension are given here (Fig. 10). Thus,
by knowing the structure peculiar to each form
of large T (see above) we were able to construct
a best-fitting model for the location of these
phosphopeptides in the large T molecule (Fig.
11). For the interpretation of the degradation
patterns, it should be borne in mind that only
phosphorylated fragments are detected. Promi-
nent phosphopeptides in the cleavage patterns
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FIG. 6. Tryptic peptide fingerprints of the
[35S]methionine-labeled A-88 form of large T (A) and
of A-10N, a 10K fragment thereof (B), prepared as

described in the legend to Fig. 5. These molecules
were digested with trypsin, and the resulting peptides
were analyzed on cellulose thin-layer chromatography
plates by electrophoresis at pH 1.9 towards the cath-
ode (on the left) followed by ascending chromatogra-
phy in the second dimension. Upward-pointing arrows

indicate spots shared by A-88 and A-10N molecules. N
indicates the N-terminal peptide N-Acetyl-Met-Asp-
Lys (38, 54). The downward arrow indicates a peptide
present in the C-terminal half of large T (see text).

(Fig. 11, horizontal arrowheads) either bear ma-

jor phosphorylation sites or arise because some

peptide bonds are cleaved preferentially (Fig.
11, black vertical arrows).
Most worthy of interest are the smaller phos-

phopeptides and their mutual relationships. A
stable 11K phosphopeptide is cleaved off at
rather low enzyme concentrations (10 to 100 ng;

see arrowheads in Fig. 8, lanes a, f, i, k, and m,
and Fig. 9, lane a). This peptide is known to be
C-terminal (A-11C) because it disappears from
digests of the At'-58c peptide (Fig. 8, lanes g, j, 1,
and m), the B-55c peptide (Fig. 8, lane b), and
the C-52.5c peptide (Fig. 9, lane b). In digests of
At 55C peptides of molecules encoded by the
mutant d11263, this A-11c fragment is replaced
by a shortened AI-7c phosphopeptide (Fig. 9,
lane c, arrowhead), which disappears from di-
gests of degraded BI-53.5c molecules (Fig. 9,
lane d). The A-11c peptide was found to contain
exclusively P-Thr residues (data not shown), as
expected from its disappearance in digests of
molecules encoded by mutant dl1265.

This C-terminal 11K peptide generated at low
V8 concentrations should not be confused with a
phosphopeptide which is operationally referred
to as a 12K peptide but actually almost comigrat-
ing with the A-11c fragment. This comigration
complicates the interpretation of the two-dimen-
sional proteolytic patterns. The 12K peptide
with internal location was found in the digests of
all types of molecules examined, but only at the
higher V8 concentrations (1 to 10 ,ug; Fig. 8,
lanes d, 1, and n, and Fig. 9, lanes f, g, and h).
The latter peptide is related to an internal 13K
phosphopeptide which is also found in digests of
all types of large T molecules. Indeed, extended
cleavage of a 17K V8 phosphopeptide common
to all forms of large T yields a 16K phosphopep-
tide as well as those of 15K, 13K, and 12K,
whereas cleavage of this 16K peptide yields
phosphorylated 14K and 12K but not 15K or
13K products (Fig. 10A). Similar arguments can
be proposed from the extended V8 degradation
of 19K-18K phosphopeptides and other doublet
fragments (see also Fig. 11). Both internal 12K
and 13K phosphopeptides (Fig. 8 and 9, horizon-
tal bars) can be processed further (at least par-
tially) to a 7K and a 4K phosphopeptide at a very
high V8 concentration (40 ,ug; data not shown),
but fine mapping of the latter very small peptides
has not so far been possible. The 13K phospho-
peptide was found to carry exclusively one or
more P-Ser residues (data not shown).

Since the d11263 deletion which removes resi-
dues 663 to 674 from large T (61), does not affect
the internal 12K-13K doublet fragments (Fig. 9,
lane g), the latter peptides must be separated
from the C-terminus by a distance of at least 5K.
Alternatively, the major internal 13K peptide is
related to major 17K, 19K, and 43K phospho-
peptides (Fig. 10 and 11). The latter peptides are
common to all large T forms examined and can
be derived, for example, from major A-27, A-29,
and A-53 peptides merely by cleaving off the A-
11C peptide each time. These arguments lend
strong support to the idea that the A-11c and A-
13' phosphopeptides are neighboring nonover-

J. VIROL.
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FIG. 7. Formic acid cleavage of large T molecules and a V8-generated fragment thereof. 32P-labeled A-88, B-
83, and C-78 large T forms and the A-31N phosphopeptide were purified as described in the legend to Fig. 1.
These molecules were cleaved by formic acid hydrolysis as described in the text, and the reaction mixtures were
analyzed on a 12.5% polyacrylamide gel. In a first electrophoretic run, phosphopeptides of A-88 (lane a) and B-83
(lane b) large T molecules were analyzed as indicated at the bottom of the lanes. In a second run,
phosphopeptides of B-83 (lane c) and C-78 (lane d) molecules were analyzed. Phosphopeptides of the A-31N
fragment (lane e) were separated in a third run. The letter m indicates for each run a lane of Mr-markers. In the
first run, these consisted of the following molecules: undegraded B-83 and V8-generated peptides of this large T
form (55K, 31K, and 19K), human nonviral T or p53 (53K), and V8-generated peptides of this cellular protein
(48K, 39K, and 12K; see reference 63). In the other two runs, commercial calibration peptides were used (63).

lapping fragments. Furthermore, from the analy-
sis of the shorter phosphopeptides unique to
each of the different forms of large T, it can be
deduced that an A-23c peptide is the shortest
one comprising both the nonoverlapping A-11c
and A-131 phosphopeptides. It should also be
noted here that under certain experimental con-
ditions, C-terminal phosphopeptides appear to
display different conformational states. Thus,
the A-23c, A-11c, and At 7c fragments can also
be present as 21K, 9K, and 5.5K conformers,
respectively (indicated by brackets in Fig. 8,
lanes a and c, and in Fig. 9, lanes a, c, e, and g).
The latter peptides are not proteolytic products
of the former since they are not present consis-
tently in extended digestions (Fig. 8, lanes i and
k) and since they comigrate with the slower
migrating forms upon reelectrophoresis (see also
Fig. 10).
We have shown before that the d11265 dele-

tion removes all P-Thr residues from the A't-58c
fragment (63). Here it was found that the A-11c
fragment contains this P-Thr residue(s) but lacks
any additional P-Ser residues. Previously (63)
and here (Fig. 3 and 8), we have also shown that
upon cleavage of A-58C and equivalent C-termi-
nal fragments of other large T forms with high

concentrations of V8, almost all incorporated
32p radioactivity is transferred to quite stable
phosphopeptides of 11K to 12K and of 13K.
Therefore, it is very likely that the 13K-12K
doublet contains at least the predominant and
possibly all P-Ser residues present in the C-
terminal region of large T. Making allowance for
conformation-specific influences on apparent
Mr, we can conclude so far that the phosphor-
ylation of serine residues in the C-terminal re-
gion of large T is restricted to a region between
approximate positions 500 and 640 (Fig. 11 and
12).

DISCUSSION

The present state of our knowledge about the
phosphorylation sites in large T antigen is repre-
sented in Fig. 12. Taking the N-terminus as the
starting point, we have detected a 10K peptide
which contains this terminus but lacks phos-
phorylation sites. The length of this peptide
corresponds roughly to that of the N-terminal
segment of 82 amino acid residues common to
the large T and small t antigens (60). The small t
antigen has never been found to be phosphory-
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FIG. 8. Extended proteolysis of predominantly C-terminal V8-generated phosphopeptides of large T.
Different forms of 32P-labeled large T antigens were purified and digested with low amounts of V8 protease as
described in the legend to Fig. 1B. Selected peptide bands were excised and subjected to extended proteolysis
with the amounts of V8 protease indicated at the top of the figure. The following fragments (indicated at the
bottom of the lanes) were analyzed: A-58c of WT-encoded 88K large T (lanes a, c, f, i, k, and m); B-55c of WT-
encoded 83K large T (lanes b and d); A-31N of WT-encoded 88K large T (lanes e and h); and A'-58c of 88K large
T encoded by mutant dl1265 (lanes g, j, 1, and n). Outside rows of numbers correspond to apparent Mrs of
fragments in outside lanes. All other symbols are explained in the text. Lanes a through d and lanes e through n
came from two different gel runs.

lated in vivo (32, 49, 55, 67). This does not
necessarily mean that the same fragment could
not be phosphorylated in large T, because the N-
terminal ends of small t and large T are known to
have different conformations (66). Partial acid
hydrolysis of large T produced an N-terminal
17K fragment that extended from position Met'
to Asp134 and contained both P-Ser and P-Thr
residues. This finding agrees with the character-
ization by Schwyzer et al. (49) of a 17K phos-
phorylated N-terminal tryptic peptide of large T,
which would extend up to position Arg130. An
internal 12K fragment which extends from posi-
tion Pro135 to Asp239 was apparently not phos-
phorylated.
Taken together, these data lead to the conclu-

sion that phosphorylation in the N-terminal re-
gion of large T of both Ser and Thr residues
ought to be located between positions Thr81 and
Thr'24. Indeed, according to the nucleic acid
sequence of the SV40 A gene (60, 62), Thr8l is
the first Ser or Thr residue after Thr57 which
definitely resides in the unphosphorylated N-

terminal 10K fragment characterized. On the
other hand, Thr124 is the last Ser or Thr residue
before Pro135 which is the N-terminal end of the
internal 12K fragment found to be unphosphory-
lated. Previously we have shown that V8-cleav-
age of a 33K large T fragment, encoded by the
mutant dl1001 and extending from the N-termi-
nus to position 272, yields the typical N-terminal
31K phosphopeptide (63). This implies that the
A-31 fragment extends to about position 255.
This leaves a short stretch of about 15 residues,
starting at position Pro240, about which we have
no direct information. This stretch contains
phosphorylatable Ser residues at positions 242
and 247, and it contains no Thr. However, it is
very unlikely that these residues represent a
major site(s) of phosphorylation since formic
acid hydrolysis of the A-31N fragment yields
only the A-17N phosphopeptide and no detect-
able 32P-labeled 12K to 13K peptide with a
presumed location between approximate posi-
tions 135 and 255 (see also Fig. 4B and Fig. 7,
lane e). In addition, Schwyzer et al. (49) charac-
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FIG. 9. Extended proteolysis of C-terminal V8-generated phosphopeptides of large T. Selected 32P-labeled
peptides were subjected to extended V8 proteolysis as described in the legend to Fig. 5. The following fragments
were analyzed: A-58c of WT-encoded 88K large T (lanes a and e); C-52.5c of WT-encoded 78K large T (lanes b
and f); At 55c of 84.5K large T encoded by mutant d11263 (lanes c and g); and BP-53.5c of d1263-encoded 80.5K
large T (lanes d and h). Outside rows of numbers correspond to apparent Mrs of fragments in outside lanes. The
other symbols are explained in the text. All lanes came from the same gel run.

terized a phosphate-free internal 40K tryptic
peptide with N-terminus at position Lys 31,

which should exclude phosphorylation of the
residues between position 240 and 255 (see also
Fig. 12).
Our localization of the C-terminal phosphor-

ylation sites in large T was largely based on
partial proteolysis maps of different large T
forms. These forms were shortened internally
near the C-terminus by the d11263 deletion (form
A'), at the C-terminus itself by the d11265 dele-
tion (form A"), or by the action of a cellular
protease (forms B, B', B", C, and C"). This
procedure enabled us to locate a 13K phospho-
peptide internally between approximate posi-
tions 500 and 640 and carrying one or more P-Ser
residues. This confirms and extends the results
of Schwyzer et al., mentioned above (49). Since
the exceptional conformation of the C-terminus
of large T makes accurate determination of the
Mrs of C-terminal peptides difficult, we have so
far been unable to improve our localization of
the P-Ser site(s) in that region, which contains a
total of 10 phosphorylatable Ser residues. This
13K phosphopeptide is separated from the C-
terminus by a P-Thr-containing fragment with an
apparent Mr of 11K. The d11265 mutation re-

moves all radioactivity from this A-11c peptide
(this gaper) as well as all P-Thr residues from the
A-58 fragment (63), so that either Thr701 or
Thr708 carries this phosphate. Recently, Scheidt-
mann et al. (48) have mapped P-Thr at position
701 by tryptic fingerprint analysis.
We have mentioned previously the presence

of a 91K phosphorylated species (form Z) of
large T in both SV40-transformed and SV40-
infected permissive and nonpermissive cells
(63). In this study we found that mild V8 proteol-
ysis of these molecules yields a typical 34K
fragment as well as a normal C-terminal 58K
fragment. This 34K fragment was found to be
related to the normal N-terminal 31K fragment.
It is possible that Z and Z' molecules are trans-
lated from low-abundance mRNA with an alter-
native splicing pattern. Another possibility is
that these species represent large T antigens
binding to (a class of) RNA molecules or frag-
ments thereof (26). Alternatively, Z molecules
could be polyADPribosylated large T molecules.
This type of modification has recently been
reported to occur in a minor fraction of the large
T molecules found in lytically infected cells (20).
Up to now, there is no unequivocal evidence
available to support the alternative splice hy-
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FIG. 10. Two-dimensional proteolysis mapping of C-terminal V8-generated phosphopeptides of large T. 32P-
labeled peptides of large T were obtained by proteolysis with low amounts of V8 protease as described in the
legend to Fig. 1. Extended V8 proteolysis of those peptides was performed as described in the legend to Fig. 9.
Finally, strips of the latter gel were subjected to proteolysis with still higher amounts of V8 protease in a second
dimension as described in the text. Each autoradiogram is clarified by a corresponding scheme. Horizontal and
vertical arrows show directions of the first and second dimensions, respectively. The protease concentration
used in each dimension is also indicated. The following phosphopeptides were analyzed: A-58c of WT-encoded
88K large T (A), At 55c of 84.5K large T encoded by the mutant d1263 (B), and B'-53.5c of dl1263-encoded
80.5K large T (C). The letter m in (C) indicates a one-dimensional reference digest of the A-58c peptide with 1 ,ug
of V8 protease.

pothesis or the peculiar RNA-bi.-ding class, but
our recent unpublished data do suggest that the
Z molecules are polyADPribosylated to a great-
er extent [based on 32Pi incorporation in 2'-(5"-
phosphoribosyl)-5'-AMP] than A molecules. We
have also found that the Z and A molecules bind
to native DNA-cellulose with equal efficiency,
and that both forms are complexed to host-
coded 53K phosphoproteins in SV40-trans-
formed cells (unpublished data).

Recently, information has become available
on the minimum structural requirements of the
target peptides for four different types of protein
kinase. We therefore analyzed the amino acid
sequence of large T for these putative substrate
sequences (Table 3). Basically, cyclic AMP- and

cyclic GMP-dependent protein kinases recog-
nize the sequences Lys-Arg-X-(X)-Ser/Thr and
Arg-Arg-X-(X)-Ser/Thr (16, 27). Ser residues are
generally modified, but Thr has also been report-
ed to be phosphorylated by these enzymes (1, 7,
35). There is only one sequence of this type in
large T: Lys-Arg-Val-Asp-Ser352. In addition,
large T contains the sequence Lys-Gln-Val-
Ser269-tryptophan (Trp)-Lys, which is very simi-
lar to the sequence Lys-Gln-Ile-Ser-Val-Arg,
known to be phosphorylated by the Ca2+-depen-
dent phosphorylase kinase (58). Large T also
contains multiple sequences of the type Ser/Thr-
X-Asp/Glu, recognized by the so-called cyclic
AMP-independent casein kinase TS (4, 24, 31,
37). But the sequences typical for the so-called
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FIG. 11. Best-fitting model of location of detectable 32P-labeled proteolytic fragments in the C-terminal parts
of different large T forms. All peptides were generated by S. aureus V8 digestion as illustrated in Fig. 8-10. The
peptides have been ordered in this scheme according to the data discussed in the text. N and C indicate the N-
and C-terminal ends of the peptides. Major peptides are indicated by horizontal arrowheads. Arrows with black
heads indicate sites that are cleaved by V8, presumably by preference; arrows with white heads indicate minor
cleavage sites. Peptides of A-88 and A'-84.5 large T forms which should contain both P-Ser and P-Thr residues
are indicated by single asterisks. However, it should be noted that the same sets of peptides contain only P-Ser in
the case of A"-88 and B-83 large T forms. Peptides A-llc and A'7c, containing phosphate solely at position
Thr701, are indicated by double asterisks. Alf other peptides contain solely P-Ser residues. In summary, the
maximum length of two phosphorylated domains was derived from these data, as shown at the bottom of this
scheme. The first domain contains solely P-Ser residues. The second contains a single P-Thr residue at position
701.

cyclic AMP-independent casein kinase S are not
present. The latter enzyme is a secondary kinase
which phosphorylates Ser residues situated C-
terminal to very acidic clusters, including sever-

al P-Ser residues (36). Except for the latter
enzyme, protein kinases also generally require a
,-turn as the secondary structure of their target
sequence (36, 37, 44, 52). Indeed, ,-turns are
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FIG. 12. Schematic representation of the presumptive phosphorylation sites in SV40 large T antigen. At the
top are shown the different large T forms as described in this and a previous report (63). N and C indicate the N-
and C-terminals, respectively. Numbers refer to positions in the amino acid sequence (60, 62). Below are shown
major peptides generated by partial V8 proteolysis, by limited formic acid hydrolysis, or by partial tryptic
proteolysis. The latter data were taken from Schwyzer et al. (49). Phosphorylated peptides are marked with
asterisks. Shown at the bottom are two domains that carry phosphorylation sites and the P-Thr site at position
701. Further details are given in the text.

located predominantly at the periphery of the
molecule, where they are ideally situated for
recognition and modification by the kinase. Ca-
sein kinase TS sites also require that the p-turn
forming tetrapeptides include both the target
residue and the acidic determinant at the n + 2
position (36). After selection for this whole set of
criteria, only the following sequences in large T
remain as possible targets for the four types of
kinases mentioned: Thr88-Asp-Glu, Serll
Serl 12-Asp-Asp, Thr 117-Ala-Asp, Ser632-Asp-
Asp, and Ser639-Gln-Glu (Table 3). It so happens
that all six of these sites lie within the physical
limits described above (Fig. 12). However, until
the phosphorylation sites have been mapped
unambiguously by phosphoamino acid sequenc-
ing, the possibility that large T contains addi-
tional substrate sequences cannot be excluded.

Several other phosphoproteins have been found
to contain such unclassified sequences, which
are modified by the same or different protein
kinases (27, 52, and references therein). One of
these kinases undoubtedly phosphorylates
Thr701 (48), which does not fit in with the previ-
ous scheme except for the presence of a ,-turn.
One can attempt to correlate phosphorylation

of discrete sites in large T with any of its known
physiological functions. Phosphorylation of the
N-terminal part of large T could be involved in
its DNA-binding capability. Mutant dllOOl is
known to code for a 33K protein which contains
only the first 272 amino acids of large T (47, 64).
This protein still binds to double-stranded DNA
(47) and contains both P-Ser and P-Thr residues
(63). Furthermore, the adenovirus 2-SV40 hy-
brid Ad2+D2 synthesizes a T-antigen-related

1, 10k,
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TABLE 3. Possible target sequences for different types of protein kinases in large T antigen

Protein Pt Predicted Presumed
Sequencea kinaseb (x'04) <Pt> <>C < a> -turnd targetkinase'(x10')c as p-turn ~~~sequence'

-[Gly-THR88-Asp-G1u]- TS 1.26 1.18 0.98 0.71 Yes Yes
-[Cys-SER`o-Glu-G1u]- TS 1.02 1.02 1.12 0.67 No No
-[SER111-SER112-Asp-Asp]- TS 2.42 1.44 0.89 0.64 Yes Yes-Yes
-[THR'17-Ala-Asp-Ser]- TS 1.24 1.13 1.01 0.83 Yes Yes
-Lys-[Gln-Val-SER269-Trp]-Lys-Leu- Ca2+ 0.74 0.97 1.01 1.23 No No
-[Tyr-SER298-Phe-G1u]- TS 0.47 0.98 1.02 0.99 No No
-Lys-Arg-Val-[Asp-SER352-Leu-Gln]- cAMP 0.72 1.11 1.02 0.92 No Nof
-[SER381-Ala-Asp-Ile]- TS 0.91 1.00 1.07 0.93 No No
-[Asn-SER632-Asp-Asp]- TS 3.24 1.48 0.86 0.68 Yes Yes
-[SER639-Gln-Glu-Asn]- TS 0.82 1.18 1.01 0.78 Yes Yes
-[Pro-Pro-THR701-Pro]- ? 1.36 1.38 0.63 0.71 Yes Yesg

a The presumptive or actual target residues are in capitals and are numbered according to their position in large
T (60, 62). Essential residues in the target sequences are italicized. Brackets enclose either the predicted ,-turns
or the tetrapeptides with the highest Pt values. In the case of a casein TS substrate, these tetrapeptides also had
to contain both the target residue and the acidic residue at position n + 2.

b TS, Casein kinase of type TS; Ca2 , Ca2+-dependent phosphorylase kinase; cAMP, cAMP-dependent
protein kinase; ?, so far unclassified kinase.

' Calculated as described by Chou and Fasman (5). P1, Probability of p-turn occurrence; P1, conformational
parameters of p-turns; P,,, a-helices; p, ,-sheets.

d Possible p-turns are tetrapeptides with Pt > 0.75 x 10' as well as < P,> > 1.00 and <Pa> < <Pt> > <P13>
(5).

' In addition, the sequences -THR1"-Lys-Glu, -THR237-Arg-Asp, -THR356-Arg-Glu, and -SER482-Arg-Asp in
large T antigen are presumably not phosphorylated by casein kinase TS since they contain a basic residue at
position n + 1 (44).
f Besides the absence of a p-turn, this is not an ideal phosphorylation site since the target residue is not

preceded by a neutral hydrophobic residue (27).
9 So far only, this sequence has been confirmed to be phosphorylated in vivo (48).

protein which lacks the first 82 amino acids of
normal large T but still binds very efficiently to
DNA (59). From recent results on the DNA-
binding properties of T-antigen-related polypep-
tides coded for by the adenovirus 2-SV40 hybrid
Ad2+ND4, it was concluded that sequences in
the region between 0.54 and 0.50 map units are
required (46). Thus, the DNA-binding region of
large T resi4es between approximate positions
82 and 140 and could, for instance, involve the
basic cluster Lys127-Lys-Lys-Arg-Lys13t (64).
The latter cluster is also present in the structural
proteins VP2 and VP3, where it could play a
similar role (68). In a neighboring or partly
overlapping region between genome map coordi-
nates 0.43 and 0.50, mutations were also mapped
which result in a large T antigen binding more
efficiently to a mutated origin of replication (51).
Thus, phosphorylation of sites in this region can
be expected to modulate DNA binding and can,
therefore, have a role in regulating both viral
replication and transcription (59). The same re-
gion of large T has also been found recently to be
involved in the induction of cellular DNA syn-
thesis (18).
The C-terminal P-Ser site could be situated in

a region of large T which is largely present also
in the 28K protein of the adenovirus-SV40 hy-
brid Ad2+ND1. This virus contains the early
SV40 DNA segment that extends from 0.17 to
0.29 map units (40). The 28K protein has been
reported to function as a tumor-specific trans-
plantation antigen (25) and is detectable at the
cell surface (13). It also contains so-called U-
antigenicity, which is associated with the nucle-
ar envelope (12, 30). It may possibly be involved
in viral DNA replication since, in contrast to
cellular DNA induction, viral DNA replication
does require the C-terminal end of large T (41).
In this same region, there is also located a
peculiar deletion which results in a phenotype
which is heat sensitive for lytic growth but cold
sensitive for transformation (45). Beyond doubt,
the generation by site-directed mutagenesis of
mutants lacking phosphorylation sites of large T
will clarify this picture. Finally, it was men-
tioned previously (48, 63) that mutant d11265
lacks the C-terminal P-Thr701 site. This mutant is
fully viable, although its adenovirus helper func-
tion is much impaired (8), suggesting an effect of
either this segment or its phosphorylation on the
latter activity.
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