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The phosphorylation patterns of cytoplasmic and nuclear forms of simian virus 40 large T antigen encoded
by simian virus 40-adenovirus 7 hybrid viruses were analyzed by two-dimensional peptide mapping. The
PARA(cT) mutant which encodes a large T antigen defective for nuclear transport was used as source for
cytoplasmic large T antigen. The data suggest that the large T antigen is phosphorylated in a sequential
manner at a subset of sites in the cytoplasm and at additional sites in the nucleus.

Simian virus 40 (SV40) large T antigen (large T), a
phosphoprotein of 82,000 daltons, performs various func-
tions, such as initiation of viral DNA replication and regula-
tion of transcription or stimulation of cellular DNA and RNA
synthesis (18, 26, 27). The bulk of large T is located in the
nucleus (25), and a small fraction is found in the plasma
membrane (3-5, 12, 19, 24). Posttranslational modification
might play a role in directing large T to its appropriate
cellular compartment. Acylation appears to be specific for
membrane-associated large T (10). Phosphorylation might be
involved in nuclear transport (14), in the interaction of large
T with DNA (17, 21), or in oligomerization (1, 7, 9, 16).
Large T is phosphorylated in a reversible manner (6, 23, 29),
at eight or more sites that are clustered in two separate
regions of the molecule (11, 20, 28). In this study we asked in
which cellular compartment large T becomes phosphorylat-
ed with parental [PARA(nT)] and mutant [PARA(cT)] strains
of SV40-adenovirus 7 hybrid virus as tools. PARA(cT)-en-
coded large T is not transported to the nucleus and was
shown to be less phosphorylated than nuclear large T (13,
14). The mutation is dominant since coinfection with wild-
type (wt) and mutant virus inhibits nuclear transport of wt
large T (13). In the present paper we demonstrate (i) that
distinct subsets of sites are phosphorylated in the cytoplasm
and in the nucleus and (ii) that some of the cytoplasmic sites
are characteristic of newly synthesized molecules of wt large
T.
TC7 cells (African green monkey kidney) were infected

with PARA(nT) or PARA(cT) (13) and labeled with 32p, from
20 to 24 h postinfection. Cells were extracted with lysis
buffer (pH 8) containing 0.5% Nonidet P-40; large T was
purified by immunoprecipitation and sodium dodecyl sul-
fate-polyacrylamide gel electrophoresis (15, 20); it was di-
gested with trypsin and pronase and subjected to two-
dimensional peptide mapping as described in the legend to
Fig. 1. For comparison, large T from SV40-infected cells was
analyzed in the same way. The two large T variants differed
markedly in their phosphorylation patterns (Fig. 1). The
pattern of the nuclear variant, PARA-nT [large T encoded by
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PARA(nT)J, was similar to that of wt SV40 large T, indicat-
ing that PARA-nT and wt large T are phosphorylated at
identical sites (Table 1; reference 20). The pattern of the
mutant, PARA-cT [large T encoded by PARA(cT)], was
quite different. Peptides 3, 5, 9, 10, and 11 were completely
absent and peptides 1, 2, and 7 were strongly reduced;
peptide 4 seemed to lack a component(s) present in the
corresponding peptide of wt large T, thus it was designated
4'. On the other hand, peptides 6 and 12, which represent
only minor components in wt large T, were rather strongly
labeled in the mutant. Using a different peptide mapping
system, Jarvis et al. found PARA-cT to lack at least one
prominent phosphopeptide (D. L. Jarvis, R. E. Lanford, and
J. S. Butel, Virology, in press). These data are in agreement
with previous results of Lanford and Butel (14), who showed
by double-labeling experiments that the phosphate content
of the cytoplasmic variant is about half that of nuclear large
T.
The reduced phosphorylation of PARA-cT could be due to

alterations in phosphorylation sites or be a consequence of
the transport defect, i.e., if large T does not enter the
nucleus it cannot be phosphorylated by nucleus-specific
kinases. This question was approached by double infection
with PARA(cT) and SV40, in which most wt large T is
retained in the cytoplasm due to the dominant effect of the
mutation, but which provides all potential phosphorylation
sites. In the first case, wt large T would show its usual
phosphorylation pattern; in the second, it would show a
pattern similar to that of PARA-cT. Large T was isolated
from double-infected and 32P-labeled cells and analyzed by
peptide mapping. As shown in Fig. 1 (mixed infection), the
phosphorylation pattern of this mixed large T population was
similar to that of the cytoplasmic variant alone. Minor
differences were noticed for peptides 4 and 5. Peptide 4
seemed to contain a second component (as in wt SV40 large
T and PARA-nT), and peptide 5 was present only in large T
from the mixed infection but not in PARA-cT.
To rule out the possibility that synthesis of wt large T was

inhibited by the co-infecting PARA(cT) virus, cells were
double infected with a constant amount of PARA(cT) and
varying amounts of SV40. The yield of large T from these
infections increased proportional to the amount of SV40
(Fig. 2a, Table 2). The subcellular distribution of large T in
the double-infected cells was investigated by cell fraction-
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FIG. 1. Phosphopeptide analysis of nuclear and cytoplasmic large T. TC7 cells were infected with SV40-adenovirus 7 parental (PARA-nT)

or mutant (PARA-cT) strains, or double-infected with PARA(cT) and wt SV40 (mixed infection). Cells were labeled with 1 mCi of 32P from 20
to 24 h postinfection and then extracted with lysis buffer at pH 8 (10 mM NaPO4, 140 mM NaCl. 3 mM MgCl2. 1 mM dithiothreitol. 0.5% Noni-
det P-40, 1 ,ug of Aprotinin per ml). Large T was purified by immunoprecipitation and sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (15, 20); after elution from the gel, it was digested with trypsin and pronase E as previously described (20). The resulting
digestion mixtures were applied in the middle of thin-layer cellulose plates (vertical dash) and electrophoresed at pH 1.9 (6% formic acid,
1.25% acetic acid, 0.25% pyridine) at 1,300 V for 20 min (horizontal direction, cathode on the right). Ascending chromatography was
performed in isobutyric acid buffer (isobutyric acid:pyridine:acetic acid:butanol:water, 65:5:3:2:29) for 5 h (20). For comparison, large T from
SV40-infected cells (SV40-T-Ag) was analyzed in the same way. The phosphopeptides were visualized by autoradiography with intensifying
screens. Numbering of the peptides is according to Scheidtmann et al. (21).

ation experiments. When PARA-cT was present in excess of
or in amounts similar to wt large T, nuclear transport of wt
large T was largely inhibited. On the other hand, when more

wt large T was present than PARA-cT, a considerable
fraction of the former migrated into the nucleus. (Fig. 2b,

TABLE 1. Phosphorylation sites of large T
Phosphorylated in:

Phosphorylated residuesa Peptidesb Cytoplasm Nucleus

Ser-106 1 +
Ser-111 4, 6 +
Ser-112' 4 + +
9d 5 +

Ser-123 7, 11 +
Thr-124 12, (7, 11)e +
Ser-639 2, (4f +
Ser-676, Ser-677, Ser-679 8, 9, 10 +
Thr-701 13 + +

a From reference 20.
b Numbering is according to Scheidtmann et al. (21) and differs

from that in reference 20.
c Not definitely identified.
d Phosphorylated residue not identified.
e Thr-124 is also present in peptides 7 and 11.
f Ser-639 is also present in peptide 4 since peptide 4 appears to be

a mixture of two or three peptides of similar composition.

Table 2). From the above considerations one would expect
that the fraction of wt large T migrating into the nucleus
becomes phosphorylated at additional; nucleus-specific
sites. The peptide map shown in Fig. 2c confirmed this
prediction. These results demonstrate that neither synthesis
nor phosphorylation of wt large T was inhibited by the co-
infecting PARA(cT) virus. We conclude that the reduced
phosphorylation occurring in PARA-cT (and in wt large T
during co-infection) was due to its cytoplasmic localization
rather than alterations of phosphorylation sites. In the
meantime, the mutation in PARA(cT) has been identified by
marker rescue and sequencing as an exchange of Lys-128 to
Asn (R. E. Lanford, submitted for publication), thus provid-
ing further evidence for our conclusion. In summary, these
data indicate that phosphorylation of large T takes place at a
distinct subset of sites in the cytoplasm and at additional
sites in the nucleus. It should be considered that the accumu-
lation of large T in the cytoplasm of mutant-infected cells
represents an artificial situation and cytoplasmic phosphor-
ylation might occur to a lesser extent under normal condi-
tions, when large T is rapidly transported to the nucleus.

Recently, we found that subclasses of newly synthesized
and "old" (wt) large T subclasses differ in their extent of
phosphorylation and exhibit distinct phosphorylation pat-
terns (21). It was therefore of interest to compare the
patterns of cytoplasmic (PARA-cT) and newly synthesized
wt large T. New large T is in a low-phosphorylation state and

VOL. 50, 1984

14.~
5



638 NOTES

exists mainly in monomeric form; it can be separated from
the bulk of highly phosphorylated and oligomeric old large T
by sucrose gradient centrifugation (7, 9). The monomeric 5S
form was isolated and subjected to peptide mapping. As
shown in Fig. 3 (SV40, 5S), a characteristic feature of the
pattern of new large T is the strong labeling of phosphopep-
tides 5, 6, and 12 relative to the other peptides (compare the
pattern of wt SV40 large T in Fig. 1). Peptides 6 and 12 were
also typical for PARA-cT (see above). Evidence that pep-
tides 6 and 12 from the mutant and from newly synthesized
wt large T are identical was obtained by mixing the phospho-
peptides derived from individually isolated large T variants
(Fig. 3; mixed peptides). Thus, new large T from the nucleus
closely resembles cytoplasmic large T.

b

TABLE 2. Yield and subcellular distribution of large T in cells
infected with PARA(cT) or SV40, or both

Yield' of large T in: Ratio
Infecting virus" Total (cytoplasm/

extract Cytoplasm Nucleus nucleus)

PARA(cT)
1 27 61 7 8.7

PARA(cT) + SV40
1 + 0.5 35 88 10 8.8
1 + 1 54 140 23 6.1
1 + 2 74 161 44 3.7

SV40
1 24 26 76 0.32

a Relative units.
b Arbitrary units obtained by scanning the autoradiographs shown

in Fig. 2a and b; mean values from three determinations.
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FIG. 2. Yield, subcellular distribution, and phosphopeptide anal-
ysis of large T from cells co-infected with PARA(cT) and SV40. (a,
b) Cells were infected either with PARA(cT) or SV40 or double-
infected with a constant amount of PARA(cT) (ca. 5 PFU per cell)
plus SV40 at ratios of 1:0.5, 1:1, or 1:2. Cells were labeled with 0.1
mCi of [35S]methionine from 26.5 to 27 h postinfection. Cytoplasmic
and nuclear extracts were obtained by sequential extraction in buffer
C (10 mM N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid
[HEPES] [pH 7.4], 0.3 M sucrose, 50 mM NaCI, 2.5 mM MgCI., 1
mM CaCI2, 1 ,ug of Aprotinin per ml, 0.5% Triton X-100) at 0°C for 1
min and in buffer N (0.1 M Tris-hydrochloride [pH 9.0], 0.1 M NaCI,
5 mM KCI, 1 mM CaCIl, 0.5 mM MgCl2, 0.5% Nonidet P-40, 1 ,ug of
Aprotinin per ml) for 15 min, respectively (modified from Ben-Ze'ev
et al. [2] and Deppert and Pates [4]). Large T was isolated by
immunoprecipitation and sodium dodecyl sulfate-polyacrylamide
gel electrophoresis and visualized by fluorography (15); the relative
amounts of large T were determined by scanning the autoradio-
graphs (data are shown in Table 2). (a) Large T from aliquots of total
extracts; (b) large T from aliquots of the corresponding cytoplasmic
(C) and nuclear (N) extracts. (c) Cells were double-infected with
PARA(cT) and SV40 at a ratio of 1:3; cells were labeled with 32P,
and large T was isolated and analyzed by peptide mapping as

described in the legend to Fig. 1.

Peptides 5, 6, and 12, which are characteristic for cyto-
plasmic and newly synthesized large T, were only weakly
labeled in the nuclear form (PARA-nT). This suggests either
that they are phosphorylated only in the cytoplasm and not
in the nucleus or that they are specifically dephosphorylated
in the nucleus. A third possibility is that they contain several
phosphorylation sites, only some of which are phosphorylat-
ed in the cytoplasm; additional phosphorylation in the nucle-
us would result in conversion to other peptides. Peptides 12
and 11 are probably related in this way; both peptides have
the same sequence (His-122-Ser-Thr-Pro-Pro-Lys-127), but
peptide 12 is phosphorylated only at Thr-124 and peptide 11
at Ser-123 and Thr-124 (20, 21). Peptides 4 and 13 appeared
with similar intensities in cytoplasmic and nuclear large T,
indicating that they are phosphorylated in both compart-
ments. Phosphopeptides 1, 2, 3, and 7 through 11, which are
exclusively found in nuclear large T, are phosphorylated
during entry into the nucleus or within the nuclear compart-
ment. This may reflect the subcellular distribution of the
kinases involved in phosphorylation of large T. These data
are summarized in Table 1.

It has been suggested that phosphorylation might play a
role in converting large T from a monomeric to an oligomeric
form (1, 7, 9, 16, 21). From this suggestion, one would
expect that cytoplasmic large T does not form oligomers
because of its low phosphorylation state. When large T from
PARA(cT)-infected cells was analyzed by sucrose gradient
centrifugation, the majority (60 to 70%) of the molecules
sedimented with 5 to 7S (monomers, dimers, or both), and
the rest sedimented with 15S (tetramers) (data not shown).
This latter result suggests that oligomerization does not
solely depend on but might be facilitated by phosphoryla-
tion. There might be an equilibrium between mono- and
oligomers determined by the state of phosphorylation.
The trans effect of the PARA(cT) mutation is not under-

stood. Three possible mechanisms have been suggested (13).
(i) A PARA-cT-associated protein kinase activity might
cause aberrant phosphorylation of both PARA-cT and wt
large T. The data presented here do not support this idea. (ii)
Transport of large T to the nucleus might be facilitated by a
cellular factor. If the mutant large T bound to this factor
irreversibly, it would no longer be accessible for wt large T.
(iii) It is possible that PARA-cT and wt large T form
complexes which cannot enter the nucleus, whereas in single
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FIG. 3. Comparison of phosphopeptides from newly synthesized
wt large T and cytoplasmic large T. TC7 cells were infected either
with SV40 or with PARA(cT) and labeled with 32P, for 4 h. The
extract from PARA(cT)-infected cells was processed as described in
the legend to Fig. 1. The SV40-infected cell extract was sedimented
through a 5 to 30% sucrose gradient in buffer containing 10 mM
HEPES (pH 7.8), 5 mM NaPO4, 5 mM KCI, 1 mM dithiothreitol. 0.5
mM MgCl2, and 1 ,ug of Aprotinin per ml in a Beckman SW55 rotor
at 1°C at 48,000 rpm for 4 h. Large T was purified from individual
gradient fractions by immunoprecipitation and sodium dodecyl
sulfate-polyacrylamide gel electrophoresis. The 5S fraction contain-
ing the majority of newly synthesized large T (7. 9) was further
processed for peptide mapping (SV40. SS). To assess the identity of
phosphopeptides 6 and 12 deriving from newly synthesized wt large
T or PARA-cT, the phosphopeptides from both individually isolated
forms of large T were mixed and analyzed on the same peptide map
(mixed peptides).

infections newly synthesized large T in the cytoplasm is in

monomeric form and enters the nucleus in this state (J.
Schickedanz and K. H. Scheidtmann, manuscript in prepa-

ration). Consistent with this latter possibility is the finding

that excess wt large T is readily translocated into the nucleus
(see above). We are presently testing this possibility.

In conclusion, our data suggest that large T is first
phosphorylated in the cytoplasm at a distinct subset of sites
(Ser-111, Thr-124, Thr-701, and perhaps two additional
residues in peptides 4 and 5) and enters the nucleus in this
state. Recent data suggest that large T binds to DNA in a low
phosphorylation state (8, 17, 21). Additional phosphoryla-
tion might modulate the interaction with DNA and lead to
oligomerization.
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