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The phosphorylation sites of simian virus 40 large T antigen were determined
within the primary structure of the molecule. Exhaustive digestion of 32P-labeled
large T antigen with trypsin generated six major phosphopeptides which could be
separated in a newly developed isobutyric acid-containing chromatography sys-
tem. By partial tryptic digestion, large T antigen was cleaved into an amino-
terminal fragment of 17,000 daltons and overlapping fragments from the carboxy-
terminal region ranging in size between 71,000 and 13,000 daltons. The location of
the phosphopeptides was then determined by fingerprint analyses of individual
fragments. Their physical properties were analyzed by sizing on polyacrylamide
gels and by sequential digestion and peptide mapping; their amino acid composi-
tion was determined by differential labeling with various amino acids. The amino-
terminal 17,000-dalton fragment gave rise to only one phosphopeptide (phospho-
peptide 3) that contained half of the phosphate label incorporated into large T
antigen. It contained phosphoserine and phosphothreonine sites, all ofwhich were
clustered within a small segment between Cyslo5 and Lys127. This segment
contained five serines and two threonines. Among these, Ser,06, Ser123, and
Thr124 were identified as phosphorylated residues; in addition, either one or both
of Ser1ll and Ser,12 were phosphorylated. The neighboring residues, Ser123 and
Thr124, were found in three different phosphorylation states in that either Ser123 or
Thr,24 or both were phosphorylated. Phosphopeptides 1, 2, 4, 5, and 6 were all
derived from a single fragment extending 26,000 daltons upstream from the
carboxy terminus of large T antigen. Phosphopeptide 6 was identical with the
previously determined phosphothreonine peptide phosphorylated at Thr701. Phos-
phopeptides 1, 2, 4, and 5 contained only serine-bound phosphate. Phosphopep-
tides 1, 2, and 4 represented overlapping peptides, all ofwhich were phosphorylat-
ed at Ser639 located next to a cluster of six acidic residues. In phosphopeptide 5, a
large peptide ranging from Asn653 to Arg691, at least two of seven serines were
phosphorylated. Thus, large T antigen contains at least eight phosphorylation
sites. Their clustering within two separate regions might correlate with structural
and functional domains of this protein.

The simian virus 40 (SV40) large T antigen
(large T) is a phosphoprotein of 82,000 daltons
(82K) (36, 46). It plays a central role in the
growth cycle of the virus as well as in virus-
induced malignant transformation. During lytic
infection large T initiates replication and regu-
lates transcription of the viral genome (reviewed
in reference 49). In vitro, large T binds to DNA,
specifically to the regulatory region on the SV40
genome that includes the origin ofDNA replica-
tion (19, 40, 45, 47); moreover, it is associated
with an ATPase and a protein kinase activity (1,
17, 48).
How these different functions are exerted by a

single protein is not understood, but it is possi-
ble that large T can assume different functional
forms which are interconvertible by phosphor-

ylation. Compatible with this possibility are the
following findings: large T is phosphorylated at
multiple sites (52) in a reversible fashion (9, 38);
subclasses of large T can be separated by iso-
electric focusing (15); and correlations exist be-
tween the degree of phosphorylation of large T
on one hand and its degree of oligomerization
(10, 16) or its affinity for DNA (31) on the other.
However, the functional significance of these
quantitative differences in the phosphorylation
state is not yet clear. Montenarh and Henning
reported that highly phosphorylated large T ex-
hibits the strongest affinity for (calf thymus)
DNA (31), whereas Shaw and Tegtmeyer found
no difference between phosphorylated and de-
phosphorylated large T in its capacity to bind to
the replication origin of the SV40 genome (41).
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To assess a specific role of phosphorylation in
the various functions and interactions of large T,
detailed information about individual phosphor-
ylation sites and their location within the poly-
peptide chain and their appearance in different
subclasses of large T will be required.
A preliminary localization of the phosphoryla-

tion sites has been achieved by determining the
distribution of phosphate in defined fragments of
large T. Studies with the deletion mutant dllOOl
(36) or with adenovirus-SV40 hybrid viruses (52)
suggested that the majority of phosphorylation
sites of large T might be located in an amino-
terminal region encoded from 0.625 to 0.59 map
units or from 0.54 to 0.44 map units (or both) on
the SV40 genome. Schwyzer et al. (39) analyzed
the phosphate content of specific fragments of
large T which were generated by partial proteol-
ysis. These authors found that the majority of
phosphates were bound to an amino-terminal
fragment of 17K extending to Arg130, that a
central region of 40K distal from Arg130 was
essentially free of phosphate, and that an addi-
tional phosphorylation site(s) must be located in
a carboxy-terminal region of 30K. Similar re-
sults were obtained by other investigators (51).
We have previously localized the major phos-

phothreonine site in the carboxy-terminal tryptic
peptide. A characterization of the phosphoser-
ine peptides was not possible because we were
not able to resolve them in the usual peptide
mapping systems (37).

In the present paper we describe a newly
developed chromatography system capable of
separating highly polar and large peptides. Using
this system we have identified six major phos-
phopeptides and analyzed their distribution
within defined proteolytic fragments of large T
(39). The phosphopeptides were further charac-
terized by sizing on polyacrylamide gels, by
sequential cleavage with proteases, and by dif-
ferential labeling with various amino acids. At
least three phosphorylated serines and one phos-
phothreonine were found in the amino-terminal
region; all four were clustered between Ser,06
and Thr124. The carboxy-terminal region con-
tained at least three phosphoserine sites in addi-
tion to the previously identified phosphothreon-
ine.

MATERIALS AND METHODS
Cell line and virus. The TC7 subclone of the CV1

African green monkey kidney cell line was used in all
experiments. The cells were grown in Dulbecco modi-
fied Eagle minimal essential medium supplemented
with 5% fetal calf serum (Boehringer, Mannheim,
Federal Republic ofGermany). The large-plaque strain
of SV40, originally obtained from P. Tegtmeyer, was
propagated in TC7 cells. Virus stocks were kept at
-60°C and had a titer of approximately 5 x 107 PFU/
ml.

Infection and labeling of cells. Confluent TC7 cells
growing on 9-cm plastic petri dishes were infected with
SV40 at a multiplicity of 5 to 10 PFU/cell. Cells were
routinely labeled between 40 and 50 h postinfection in
1.5 ml of Eagle medium with 5% fetal calf serum for 4
h. Labeling with carrier-free 32Pi was carried out at 1
mCi per plate in phosphate-free Eagle medium with
5% fetal calf serum. 3H- or 14C-labeled essential amino
acids were used at 1 or 0.125 mCi per plate, respective-
ly, in Eagle medium with 5% fetal calf serum lacking
the respective amino acid. Labeling with the nones-
sential amino acids was in 3 ml of complete Eagle
medium with 5% fetal calf serum from 24 to 44 h
postinfection. [35S]methionine and [35S]cysteine were
used at 0.25 mCi per plate. All radiolabeled materials
were obtained from Amersham International, Ltd.,
Amersham, United Kingdom.

Isolation of large T. Cytoplasmic extracts from in-
fected and radiolabeled cells were prepared by low-
salt extraction in 0.5% Nonidet P-40 as described
previously (30, 37), but all Tris buffers were replaced
by NaPO4 buffers because 60 to 100o higher yields of
phosphate label bound to large T were obtained with
NaPO4 buffers. Isolation of large T by immunoprecipi-
tation and sodium dodecyl sulfate (SDS)-polyacryl-
amide gel electrophoresis (SDS-PAGE) was per-
formed as described previously (22, 27, 30).

After autoradiography of the unfixed dried gel large
T was eluted in buffer containing 50 mM NH4HCO3,
0.1% SDS, and 5% 2-mercaptoethanol; it was precip-
itated with 20% trichloroacetic acid and oxidized with
3% performic acid (37).

Partial diestion of large T Immune complexes. When
large T-antibody complexes are treated with proteases
under mild conditions, large T is cleaved only at
preferential sites; some material may be released after
cleavage, but most of the digestion products remain
tightly associated with the immune complex (39). The
original procedure described by Schwyzer et al. (39)
was followed, except that fixed Staphylococcus aur-
eus instead of protein A-Sepharose was used for
immunoprecipitation. Briefly, large T was immunopre-
cipitated with hamster antitumor serum and S. aureus
as described previously (30). The precipitate was
washed twice in precipitation buffer (30), once in pH 9
lysis buffer (10 mM Tris hydrochloride [pH 9.0], 100
mM NaCl, 5 mM KCI, 1 mM CaC12, 0.5 mM MgCl2,
0.5% Nonidet P-40 [39]), suspended in 1/4 to 1/5 of the
original volume in pH 9 lysis buffer, and incubated
with tolylsulfonyl phenylalanyl chloromethyl ketone-
trypsin at a concentration of 30 pg/ml at 0°C for 30
min. The immunoprecipitate was sedimented, and the
supernatant containing released material was adjusted
to 2% SDS-20 mM dithiothreitol and electrophoresed
on 12.5% SDS-polyacrylamide gels. The immune com-
plex was dissociated with SDS-PAGE sample buffer,
and the digestion products were separated on SDS-
polyacrylamide gels consisting of a 7-cm layer of 15%
polyacrylamide and a 6-cm layer of 10%o polyacryl-
amide.

Elution, precipitation with trichloroacetic acid, and
oxidation were performed as described above for
intact large T.

Two-dimensional peptide analysis. Digestion of large
T or offragments of large T with tolylsulfonyl phenyla-
lanyl chloromethyl ketone-trypsin or chymotrypsin or
pronase E was carried out in 0.5 ml of 50 mM
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NH4HCO3 (pH 7.9) at an enzyme concentration of 20
Fg/ml at 37°C two times for 5 h. All enzymes were
preincubated at 37°C for 60 min to destroy contaminat-
ing phosphatase and protease activities. In sequential
digests the enzyme used first was inactivated by
boiling. The digestion products were separated by
two-dimensional fingerprinting on thin-layer cellulose
(TLC) plates as described by Gibson (13).

Different electrophoresis or chromatography buffers
were used depending on whether separation of the
phosphopeptides or of unphosphorylated peptides was
desired.

Electrophoresis in the first dimension was carried
out in 6% formic acid-1.25% acetic acid-0.25% (vol/
vol) pyridine, pH 1.9 (buffer A) (37); in 5% butanol-
2.5% acetic acid-2.5% (vol/vol) pyridine, pH 4.7 (buff-
er B) (30); or in 1% (wt/vol) NH4HCO3, pH 8.9 (buffer
C) (52).
Ascending chromatography was performed in 39.3%

butanol-30.4% pyridine-6% (vol/vol) acetic acid (buff-
er D) (30) or in 37.5% butanol-25% pyridine-7.5%

a

b

5.

FIG. 1. Two-dimensional separation of tryptic
phosphopeptides of large T. SV40-infected TC7 cells
were labeled with 32Pi from 44 to 48 h postinfection.
Large T was purified by immunoprecipitation and
SDS-PAGE and digested with tolylsulfonyl phenyl-
alanyl chloromethyl ketone-trypsin as described in the
text. The resulting peptides were separated on TLC
plates by electrophoresis at pH 1.9 at 1,000 V for 35
min in the horizontal direction and by ascending
chromatography in buffer E (a) or in buffer F (b) for 5
h. The origin is indicated by a vertical dash. The TLC
plates were autoradiographed on Kodak X-Omat AR
film with an intensifying screen.

(vol/vol) acetic acid (buffer E) (52). For the highly
polar phosphopeptides a new chromatography system
was developed, composed of isobutyric acid-pyridine-
acetic acid-butanol-water (65:5:3:2:29) (buffer F). The
positions of 35S- or "C-labeled peptides were visual-
ized by fluorography (3); 32P-labeled peptides were
visualized by direct autoradiography with an intensify-
ing screen. Comigration between 35S- or 14C-labeled
and 32P-labeled peptides was assessed by mixing di-
gests of either kind, peptide mapping, and autoradiog-
raphy. To visualize the phosphopeptides alone, a
fourfold layer of aluminium foil was placed between
the TCL plate and X-ray ifim. 3H-labeled samples
were mixed with 32P-labeled digests of large T and
fingerprinted as described above; 32P-labeled peptides
were identified by autoradiography, eluted from the
cellulose, and analyzed for their 3H content by liquid
scintillation counting (37).
Determination of phosphoamino adds. Acid hydroly-

sis of isolated phosphopeptides was performed in 5.6
N HCI at 110°C for 2 h in sealed glass tubes. After a 20-
fold dilution in water, the acid was removed by
lyophilization over an NaOH pellet. The hydrolysates
were mixed with unlabeled phosphoserine and phos-
phothreonine, applied onto TLC plates, and electro-
phoresed in buffer A at 1,000 V for 70 min. The
markers were visualized with ninhydrin (37).

Size analysis of phosphopeptides by SDS-PAGE. Pro-
teolytic digests of 32P-labeled large T were lyophilized
and dissolved in SDS-PAGE sample buffer and ana-
lyzed on linear gradient gels containing 10 to 30%o
polyacrylamide. The following size markers (and mo-
lecular weights) were used: "C-labeled carbonic anhy-
drase (30,000), soy bean trypsin inhibitor (21,500),
cytochrome c (12,500), aprotinin (6,500), and insulin [3
chain (3,400) and a chain (2,350). Molecular weight
markers were purchased from Amersham.

RESULTS
Separation of the phosphopeptides of large T.

To study the phosphorylation of SV40 large T
during productive infection, SV40-infected mon-
key cells were labeled with 32p late during
infection. Large T was isolated by
immunoprecipitation and SDS-PAGE as de-
scribed previously (30). After digestion of large
T with trypsin, the phosphopeptides were sepa-
rated by two-dimensional fingerprinting on TLC
plates. In previously published work we were
able to separate and analyze the major phos-
phothreonine-containing peptide, whereas the
bulk of the phosphoserine-containing peptides
could not be resolved due to their apparent
heterogeneity and polarity (37) (Fig. la). Even
sequential digestion with various proteases and
peptide mapping in a variety of commonly used
systems did not result in sufficient resolution of
the phosphopeptides. The new chromatography
system introduced in the present investigation is
based on an isobutyric acid buffer (isobutyric
acid-0.5 M NH3, 5:3) originally used by Eckhart
et al. to separate phosphothreonine and phos-
photyrosine (8). When we used this buffer to
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FIG. 2. Analysis of phosphoamino acids of isolated
peptides. The phosphopeptides shown in Fig. lb were
isolated from TLC plates, hydrolyzed as described in
the text, and electrophoresed at pHl.9 at 1,500 V for
60 min. The numbers correspond to individual phos-
phopeptides in Fig. lb. 0, Origin.

separate the phosphopeptides of large T, they
migrated far up, some of them with the buffer
front. Therefore, we tried various combinations
of the isobutyric acid buffer with the chromatog-
raphy buffer used in our previous studies (buffer
E, see above). By slightly varying the ratios
between polar and apolar constituents we ob-
served great differences in the relative mobilities
of different peptides. Thus, this chromatography
system should be applicable to many specific
separation problems. The buffer used in the
following peptide mapping experiments was
composed of isobutyric acid-pyridine-acetic
acid-butanol-water (65:5:3:2:29) (buffer F).
When a tryptic digest of 32P-labeled large T

was analyzed by electrophoresis at pH 1.9 and
subsequent chromatography in buffer F, six ma-
jor phosphopeptides could be separated desig-
nated phosphopeptides 1 through 6 (Fig. lb).
Phosphopeptides 3 and 4 appeared to be rather
heterogeneous, suggesting that they were either
incompletely digested or varied in their extent of
phosphorylation. Phosphopeptide 3' was not re-
producibly obtained and is probably a degrada-
tion product of phosphopeptide 3; phosphopep-
tides 5 and 5' are also related to each other (see
below). Phosphopeptide 6 represents the car-
boxy-terminal phosphothreonine-containing
peptide identified previously (37). To investigate
the nature of the phosphate linkage in the indi-
vidual peptides, they were isolated from the
cellulose plates and analyzed by acid hydrolysis
and subsequent electrophoresis. Phosphopep-
tides 1, 2, 4, and 5 contained only phosphoser-

ine; phosphopeptide 3 (and 3') contained both
phosphoserine and phosphothreonine in a ratio
of 6:1; and as expected, phosphopeptide 6 con-
tained only phosphothreonine (Fig. 2). The latter
peptide appeared to be incompletely hydrolyzed
since some material remained at the origin.
Presumably, the proline bonds in this peptide
are partially resistant to hydrolysis under the
conditions employed.
Mapping of phosphopeptides by partial proteol-

ysis of large T. A preliminary localization of
phosphorylation sites of large T has been
achieved by Schwyzer et al. (39) by analyzing
partial cleavage products of large T for their
phosphate content. Upon partial tryptic diges-
tion, large T is cleaved into an amino-terminal
fragment of 17K and several overlapping frag-
ments of 71K, 67K, 58K, and 40K sharing
Lys131 as the amino-terminal residue and ex-
tending to various degrees toward the carboxy
terminus. Among these fragments, only the 17K,
71K, 67K, and 58K fragments, but not the 40K
fiagment, contain phosphate (39). Thus, peptide
analysis of the individual fragments should allow
the alignment of the phosphopeptides with dis-
tinct regions of large T. With a slightly modified
procedure for partial digestion (described
above), fiagments of 71K, 67K, 58K, 40K, 26K,
24K, 22K, and 17K were obtained. All of these
contained phosphate, except for the 40K frag-
ment (Fig. 3). This result is in agreement with
the data published by Schwyzer et al. (39),
except that these authors did not observe the
26K, 24K, and 22K fragments. The reason for
this difference is not known. The alignment of
the fragments within the large T polypeptide was
determined by tryptic peptide analysis of
[35S]methionine-labeled fragments and compari-
son with the established arrangement of methio-
nine-containing peptides (25, 30) (Fig. 4). The
nomenclature is according to Mann et al. (30)
and Linke et al. (25). Figure 4a shows a peptide
map of complete large T. The 17K fragment
(Fig. 4b) contained all peptides that are common
between large T and small t (25). The 71K and
67K fragments (Fig. 4c) contained all peptides
that have been ascribed to the unique portion of
large T (25, 30). The 58K fragment (Fig. 4d)
lacked only one peptide (methionine peptide 2),
which was the most carboxy-terminal methio-
nine peptide (see below). The 26K and 22K
fragments (Fig. 4e) consisted of peptides deriv-
ing from the carboxy-terminal region (30, see
below). Figure 4f shows a digest of the 22K
fragment, which was fingerprinted by using the
isobutyric acid-containing chromatography sys-
tem to resolve peptide 2 (see below). The data
demonstrated in Fig. 4b through d are consistent
with the findings of Schwyzer et al. (39) that the
17K fragment is derived from the amino termi-
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FIG. 3. Analysis of partial digestion products of
32P-labeled large T. Large T was extracted from SV40-
infected cells immunoprecipitated and partially digest-
ed with trypsin as described in the text. The digestion
products were analyzed on a gel consisting of a 7-cm
layer of 15% polyacrylamide and a 6-cm layer of 10%
polyacrylamide. Lanes: a, large T, untreated; b, frag-
ments of large T eluted from the immune complex after
digestion; c, fragments released during digestion.

nus of large T and that the 71K, 67K, and 58K
fragments are derived from the unique part of
large T, sharing a common amino terminus but
differing at their carboxy termini. As will be
shown below, the 26K and 22K fragments have
the same carboxy termini as the 71K and 67K
fragments, respectively. Since the difference in
molecular weight between the 26K and 22K
fragments is the same as that of the 71K and 67K
fragments, we can assume that the former also
have common amino termini. Although the ex-
tension of a given fragment cannot be deduced
precisely from its apparent molecular weight, we
assume that the 26K and 22K fragments extend
to Thr518 (see sequence in Fig. 9) because the
sequence * Lys * Arg * Thr518 * might be easily
accessible during partial digestion with trypsin,
and because the peptide Thr518 Lys535 was
the most amino-terminal methionine peptide ob-
tained from the 26K and 22K fragments as
identified by differential labeling. This peptide
corresponds to methionine peptide 5 in Fig. 4e
and f.
To determine the distribution of phosphate

and the origin of the phosphopeptides, 32p_

labeled large T was cleaved into fragments
which were then redigested and analyzed by
peptide mapping with the isobutyric acid system
(Fig. 5). The amino-terminal 17K fragment con-
tained about 50% of the total phosphate label of
large T, but it gave rise to only one phosphopep-
tide, namely, phosphopeptide 3 (Fig. 5b). The
71K and the 26K fragments both contained the
carboxy-terminal phosphothreonine peptide
(phosphopeptide 6 in Fig. 5d and g) and all
phosphoserine peptides except phosphopeptide
3. From the 67K and the 22K fragments only
phosphopeptides 1, 2, 4, and 5 were obtained
(Fig. Se and h); thus, they were lacking the
carboxy terminus. Peptide maps of the 24K
fragment always showed traces of phosphopep-
tide 6 (data not shown), probably due to incom-
plete separation of the 26K and the 24K frag-
ments. The 58K fragment (Fig. Sf) contained
only p'.osphopeptides 1, 2, and 4, but traces of
phosphopeptide 5 were sometimes observed.
These results demonstrate that the phosphoryla-
tion sites of large T are located in two separate
regions, an amino-terminal region of 17K and a
region extending 26K upstream from the car-
boxy terminus.
To localize the phosphorylated residues more

precisely within the amino acid sequence of
large T, the phosphopeptides were further ana-
lyzed. Their physical properties were investigat-
ed by SDS-PAGE and peptide mapping of se-
quential digests. The amino acid composition of
individual phosphopeptides was elucidated by
differential labeling with various radiolabeled
amino acids as described previously (37).

Analysis of the amino terminal phosphopeptide
3. Examination of the predicted amino acid
sequence of the 17K fragment (11, 34) reveals
that it contains three tryptic serine peptides.
Two of these are relatively small and hydropho-
bic; they contain methionine and are probably
identical with methionine peptides N and P or Q
(Fig. 4b). The third peptide is a large peptide of
60 to 64 amino acids extending from Tyr68 to a
cluster of five basic residues around Arg130. To
determine the size of phosphopeptide 3, tryptic
digests of 32P-labeled large T or of the 17K
fragment were analyzed on 10 to 30% polyacryl-
amide gradient gels (Fig. 6). Digestion of large T
revealed large phosphopeptides heterogeneous-
ly migrating with apparent molecular weights of
5K to 7K and smaller peptides migrating with
the front (Fig. 6, lane b); digestion of the 17K
fragment usually yielded only a large phospho-
peptide of 6.5K, but sometimes small material
which migrated with the front was also observed
(Fig. 6, lane g). When phosphopeptide 3 was
eluted from a TLC plate and analyzed on a
polyacrylamide gel it migrated as a 6.5K pep-
tide. These data suggested that phosphopeptide
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FIG. 4. Fingerprint analysis offragments of [35S]methionine-labeled large T. [35S]methionine-labeled large T
was extracted from infected cells, immunoprecipitated, and subjected to partial proteolysis as described in the
text. The digestion products were separated on preparative polyacrylamide gels, and individual fragments were
redigested with trypsin under standard conditions and subjected to peptide mapping on TLC plates. With the
exception of panel f, all peptide maps were obtained by electrophoresis in buffer B (1,000 V, 25 min) and
chromatography in buffer D (5 h). In the case of panel f, peptide mapping was performed as described in the
legend to Fig. lb, to resolve peptides 1 and 2. Autoradiographs were taken as described previously (3). The
nomenclature of the peptides is according to Mann et al. (30) and differs from the numbering of the
phosphopeptides in Fig. lb. Panels: a, complete large T; b, 17K fragment; c, 67K fragment; d, 58K fragment; e
and f, 22K fragment.
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#; * f

FIG. 5. Distribution of phosphopeptides within defined fragments of large T. Individual fragments obtained
by partial digestion of "2P-labeled large T were isolated and redigested with trypsin (or chymotrypsin, panel c).
The resulting peptides were fingerprinted as described in the legend to Fig. lb. The peptide maps were derived
from complete large T (a), or fragments of 17K (b and c), 71K (d), 67K (e), 58K (f), 26K (g), and 22K (h).

3 was identical with the 60-residue peptide deriv-
ing from the carboxy terminus of the 17K frag-
ment (Fig. 7). To confirm this assumption, a
similar analysis was performed with chymotryp-
sin. From the amino acid sequence of large T
one would predict the generation of a large
chymotryptic peptide of 41 residues extending
from Cys105 to Phe145. This peptide overlaps
with the tryptic 6.5K phosphopeptide and would
not be obtained from the 17K fragment, since
the latter terminates with Arg130 (Fig. 7). Size
analysis of a chymotryptic digest of large T
revealed large phosphopeptides of 4.5K to 5.5K
and smaller peptides migrating with the front
(Fig. 6, lane c). As expected, the 17K fragment
did not give rise to a large chymotryptic phos-
phopeptide (Fig. 6, lane h). These results were
consistent with the predictions. Large T, the
17K fragment, and the isolated phosphopeptide
3 were also digested sequentially with trypsin

and chymotrypsin or vice versa. In each case,
the large phosphopeptides were converted to
smaller ones, indicating that the large tryptic
peptide(s) contained cleavage sites for chymo-
trypsin and vice versa (Fig. 6, lanes d, e, and i).
As mentioned above, phosphopeptide 3 con-

tained serine phosphate and threonine phos-
phate. Theoretically, cleavage of the 6.5K pep-
tide with chymotrypsin could generate two
phosphopeptides, one containing two threonine
residues and one containing five serines and two
threonines. Two-dimensional analysis of chymo-
tryptic digests of the 17K fragment or of the
6.5K peptide revealed that all phosphorylated
residues were located in a single peptide (Fig.
Sc). This peptide represents a segment that
overlaps between the tryptic 6.5K phosphopep-
tide and the chymotryptic 5.5K phosphopep-
tide reaching from Cys105 to Lys127 (Fig. 7).
Phosphopeptide 3' (Fig. lb) was also ana-
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FIG. 6. Analysis of various digests of 32P-labeled
large T by SDS-PAGE. Large T or the 17K fragment
were isolated and digested with trypsin or chymotryp-
sin or sequentially with either enzyme and analyzed on
a 10 to 30%o polyacrylamide gradient gel. Lanes a
through e: large T, untreated (a), digested with trypsin
(b) or chymotrypsin (c), or digested sequentially with
trypsin and chymotrypsin (d) or chymotrypsin and
trypsin (e). Lanes f through i: isolated 17K fragment,
undigested (f), digested with trypsin (g) or chymotryp-
sin (h), or digested with trypsin and chymotrypsin (i).

NH2 Lys67

lyzed. Acid hydrolysis revealed that it contained
serine phosphate and threonine phosphate at a
6:1 ratio. On polyacrylamide gels it migrated
with the front. During peptide mapping it exhib-
ited properties similar to the chymotryptic pep-
tide generated from the 17K fragment (compare
Fig. lb and 5c). These data suggest that phos-
phopeptide 3' is a degradation product of phos-
phopeptide 3.

Since the 17K fragment contained more than
half of the phosphate label of large T and the
phosphorylated segment from Cys105 to Lys127
contains five serine and two threonine residues,
it was probable that phosphorylation occurred at
multiple sites. Consistent with this prediction is
the finding of serine phosphate and threonine
phosphate at a 6:1 ratio.

Indeed, upon sequential digestion of the 17K
fragment with chymotrypsin (or trypsin) and
pronase, several new phosphopeptides were
generated (Fig. 8), some of which might be
overlapping peptides. Two groups of peptides
were observed. Peptides of the first group mi-
grated to the anode during electrophoresis at pH
1.9; hence, they must have a net negative charge
(Fig. 8, peptides a through d). The other pep-
tides migrated to the cathode and were neutral
or positively charged (Fig. 8, peptides e through
g). Since carboxyl groups are not dissociated at
this pH, the net negative charge of a peptide can
result from two or more phosphate residues or
from cysteic acid plus phosphate residues. How-
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FIG. 7. Schematic representation of the amino-terminal region of large T. The upper line represents part of a
linearized molecule of large T. The cleavage sites for trypsin and chymotrypsin that are relevant for the
generation of the 17K fragment or the respective phosphopeptides are indicated. The segment overlapping
between the tryptic 6.5K and the chymotryptic 5.5K phosphopeptides is shown enlarged with its amino acid
sequence (11, 34). The lower part shows the possible locations of the phosphopeptides generated by pronase
(Fig. 8) as deduced from their amino acid composition (Table 1).
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FIG. 8. Fingerprint analysis of pronase peptides
generated from the 17K fragment of 32P-labeled large
T. The amino-terminal 17K fragment generated by
partial tryptic digestion of 32P-labeled large T was
isolated and redigested with trypsin and pronase. The
digestion products were subjected to peptide mapping
as described in the legend to Fig. lb, except that
electrophoresis was carried out at 1,500 V for 20 min.
The TLC plate was then autoradiographed as de-
scribed in the text.

ever, phosphoamino acids and di- and tripep-
tides, though containing only one phosphate
group, may also migrate slightly to the anode.
The individual peptides were isolated from

TLC plates and analyzed for their contents in
phosphoserine and phosphothreonine. Their
amino acid composition was determined by ra-
diolabeling large T with amino acids, isolating
the 17K fragment and digesting it with pronase,
and analyzing the resulting phosphopeptides by
peptide mapping. In some cases intact large T
was directly digested with trypsin and pronase.
The results presented in Table 1 can be summa-
rized as follows. Phosphopeptides 3a, 3b, and 3d
contained only serine-bound phosphate. Phos-
phopeptide 3a contained only cysteine (cysteic
acid), but no methionine and proline; therefore,
the phosphorylated residue in this peptide must
be Ser,06 (Fig. 7). Peptides 3b and 3d contained
methionine and proline, but no alanine and no

cysteine; therefore, these peptides must contain
two (or more) phosphate residues or they must
be very small. In the first case, the phosphory-
lated residues could be Ser,06 and Serlll or

Serj06 and Ser,12 or Serlll and Ser,12. In the
second case, Serlll would carry the phosphate.
Phosphopeptides 3e and 3g contained phospho-
serine and phosphothreonine at a ratio of 6:1; of
the labeled amino acids proline and lysine were
found in both peptides, and peptide g contained
histidine in addition, whereas glutamine and
alanine were absent in both. Peptide 3c con-
tained phosphoserine and phosphothreonine at a
1:1 ratio and proline, but lacked all of the other
amino acids tested. Therefore, the phosphory-
lated residues in peptides 3c, 3e, and 3g must be
Ser123 and Thr124. The difference in the phos-
phoserine/phosphothreonine ratios between
these peptides may result from different phos-
phorylation states (see below). Peptide 3f con-
tained only threonine-bound phosphate; none of
the other labeled amino acids could be detected.
Since it did not comigrate with authentic phos-
phothreonine it must contain an additional
amino acid, possibly unphosphorylated Ser123.
Presently, we cannot decide whether phos-
phopeptide 3f contains Thr124 or Thr,17. In sum-
mary, the amino-terminal region contains at
least four phosphorylation sites which are clus-
tered between Cys,05 and Lys127. Ser,06, Ser123,
and Thr124 were identified as phosphorylated
residues; uncertainty remains about Serlll,
Ser,12, and Thr,17, whereas Ser,20 is definitely
unphosphorylated.

Identification of phosphopeptides of the car-
boxy-terminal region. Four phosphoserine-con-
taining peptides were derived from a fragment
extending 26K upstream from the carboxy ter-
minus of large T, presumably up to Thr518 (Fig.
5g). To analyze and identify these phosphopep-
tides, a strategy similar to that described above
for the amino-terminal 17K fragment was ap-
plied. The size of the phosphopeptides isolated

TABLE 1. Amino acid composition of the amino-terminal phosphopeptides generated by pronase digestion
of the 17K fragment

Peptide Alae Cys" Gln" His' Lys' Metb prob Tyr' Ser(P)c d Thr(P)C Ser(P):Thr(P)Y c

3a - + - - - - - - +
3b - + + +

3c - - - - - - + - + + 1
3d - - - - - + + - + - -
3e - - - ± + - + - + + 6
3f - - - - - - - - - + -

3g - - - ++ + - + - + + 6
a Determined by elution from TLC plates and scintillation spectrometry.
b Determined by autoradiography of peptide maps.
c Determined by acid hydrolysis of isolated 32P-labeled peptides.
d Phosphorylated forms of amino acids are indicated by (P).
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from TLC plates was determined on polyacryl-
amide gradient gels. Phosphopeptides 1 and 2
migrated with the front, indicating that they are
smaller than 3K (the limit of resolution of the
gel). Phosphopeptides 4, 5, and 5' migrated
heterogeneously with apparent molecular
weights between 4K and 7K. The carboxy-
terminal phosphothreonine peptide (which con-
sists of 11 amino acids) migrated with the front
(data not shown).

Characterization of phosphopeptides 1 and 2.
From their behavior during chromatography it
can be deduced that peptides 1 and 2 are ex-
tremely polar (Fig. lb). When the electrophore-
sis on TLC plates was performed at pH 8.9
(where all carboxyl groups are dissociated) pep-
tides 1 and 2 migrated far to the anode (data not
shown), indicating that they are very acidic.
Determination of the amino acid composition of
phosphopeptides 1 and 2 by differential labeling
revealed that of 13 different amino acids only
alanine, glutamine, and lysine were present in
these peptides (Table 2). Based on the amino
acid sequence of large T, only one tryptic pep-
tide fulfills these conditions, extending from
Asn631 to Lys645 (Fig. 9) and containing eight
acidic residues. The similar physical properties
of phosphopeptides 1 and 2 and the labeling data
suggested that these peptides contain overlap-
ping sequences. They could differ by charge or
by length.
A difference in charge between phosphopep-

tides 1 and 2 could result from a different degree
of phosphorylation; the less positively charged
peptide 1 might have both serines phosphorylat-
ed, whereas peptide 2 might carry only one
phosphate. Alternatively, if both peptides con-
tained the same amount of phosphate, peptide 2
could result from incomplete digestion with
trypsin and might contain one basic residue
more than peptide 1. To distinguish between
differential phosphorylation and incomplete di-
gestion, phosphopeptides 1 and 2 were isolated
and cleaved with pronase or acid. If peptides 1
and 2 differed in their phosphate content one

would expect different phosphate-containing
cleavage products. Upon partial acid hydrolysis
(5.6 N HCl, 370C, 40 h [26]), the same products
were generated from both peptides, indicating
that they contained the same phosphorylated
residues (Fig. lOb and d). Digestion of phospho-
peptide 1 with pronase generated one phospho-
peptide (designated phosphopeptide la in Fig.
lOa). Pronase digestion of phosphopeptide 2
revealed predominantly phosphopeptide 2a and
a small amount of phosphopeptide la (Fig. lOc).
The third phosphopeptide visible in Fig. lOc was
only obtained when phosphopeptide 2 was first
isolated from TLC plates and then treated with
pronase, but not when tryptic peptides were
pronase digested before peptide mapping.
Therefore, we assumed that this peptide and
maybe peptide 2a were digestion intermediates.
The reason for the limited digestion of the isolat-
ed phosphopeptide 2 is not known.

Since peptide la migrated to the anode at pH
1.9 it was possible that it contained two phos-
phate residues. In this case, it had to contain the
six acidic residues between Ser632 and Ser639
(see sequence in Fig. 9). To answer this question
phosphopeptide la was analyzed by electropho-
resis at pH 4.7 and 8.9. As mentioned above, at
pH 1.9 only amino and phosphate groups of
phosphopeptides are charged; at pH 4.7, all
carboxyl groups are dissociated, and at pH 8.9,
the phosphate residues acquire a second nega-
tive charge. From the difference in migration at
pH 1.9, 4.7, and 8.9 (data not shown) we de-
duced that phosphopeptide la does not contain
more than one acidic residue and contains only
one phosphate group.
To determine whether Ser632 or Ser639 was

phosphorylated, [14C]glutamine-labeled large T
was digested with trypsin and pronase and ana-
lyzed by peptide mapping. Two of the gluta-
mine-containing peptides comigrated with phos-
phopeptides la and 2a. Therefore, the serine
next to the glutamine (namely, Ser639) must be
phosphorylated. Considering that partial acid
hydrolysis generated the same products from

TABLE 2. Amino acid composition of the tryptic phosphoserine peptides in the carboxy-terminal region of
large T

Peptide Ala' Argb Cysh Glnb His' flea Leua Lys' Metb Prob Vaaa Thrb Tl.4P)C Ser(P)c

1 + - - + - - - + - - - - - +
2 + - - + - - - + - - - - - +
4 + - - + _ +d + + + +
5 ± + + + + + - - + + + + - +
5' ± + + + +c ++ ++ ++ - - ++ ++ + +

a Determined by scintillation counting of isolated peptides.
b Determined by autoradiography.
c Phosphorylated forms of amino acids are indicated by (P).
d Slightly above background levels.
' Three to six times the amount detected in peptide 5.
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FIG. 9. Representation of the carboxy-terminal region of large T. The upper part represents the predicted
amino acid sequence (11, 34) of the 26K fragment. Indicated are those cleavage sites for trypsin (V) and
chymotrypsin (V) which are referred to in the text. The lower part shows the carboxy-terminal region
downstream from Phe617 with the extensions of the phosphopeptides that can be generated by digestion with
trypsin or with chymotrypsin as deduced from the experimental results in accordance with the amino acid
sequence. The phosphorylated Ser639 and the possibly phosphorylated Ser676, Ser677, and Ser679 are indicated by
x; the phosphorylated Thr701 is marked by 0.

both phosphopeptides 1 and 2 and assuming that
phosphopeptide 2a was a digestion intermediate
(which would give rise to phosphopeptide la
upon complete digestion), we conclude that both
phosphopeptides 1 and 2 are phosphorylated
only at Ser639. Therefore, their different migra-
tion during electrophoresis may reflect incom-
plete digestion rather than a different degree of
phosphorylation. Analysis on a 10 to 37.5%
polyacrylamide gradient gel revealed that phos-
phopeptide 2 was larger than phosphopeptide 1,
suggesting that phosphopeptide 2 consisted of
phosphopeptide 1 (from Asn631 to Lys645) plus

an extension at one end. The labeling data
(Table 2) and the hydrophilic properties argue
against an extension on the amino-terminal side
(up to Phe617), but are compatible with an elon-
gation on the carboxy-terminal side down to
Lys652 because all additional residues are polar
and the second lysine residue would render
phosphopeptide 2 more positively charged than
phosphopeptide 1. We conclude that phospho-
peptides 1 and 2 represent overlapping peptides,

peptide 1 extending from Asn631 to Lys645 and
peptide 2 extending from Asn631 to Lys652, and
that both peptides are phosphorylated at Ser639.

Characterization of phosphopeptide 4. Phos-
phopeptide 4 appeared on polyacrylamide gels
as a relatively large peptide of 4.5 K. It was
generated from all carboxy-terminal fragments
of large T including the 58K fragment which
terminates at Lys652. Therefore, we concluded
that phosphopeptide 4 must be derived from a
region between Thr518 (the amino terminus of
the 26K fragment) and Lys652 (the carboxy ter-
minus of the 58K fragment) (Fig. 9). From the
amino acid sequence one can predict that tryptic
digestion would generate four serine-containing
peptides from this region, if one excludes the
acidic phosphopeptide 1. Two of these peptides,
extending from Thr518 to Lys535 and from Ile568
to Arg595, were identified by differential labeling
as methionine peptides 5 and 7, respectively
(Fig. 4e and f). The other two peptides, extend-
ing from Ser560 to Lys566 and from Glu606 to
Lys614, respectively, can also be excluded be-

--- -__.-
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FIG. 10. Analysis of phosphopeptides 1, 2, and 4
by pronase digestion and partial acid hydrolysis. Phos-
phopeptides 1 (a and b), 2 (c and d), and 4 (e and f)
were separated by two-dimensional peptide mapping
as described in the legend to Fig. lb. After elution
from the TLC plates, the isolated peptides were sub-
jected to pronase digestion (a, c, and e) or to partial
acid hydrolysis (5.6 N HCI, 37°(, 40 h [26]) (b, d, and
f). Subsequently, the products were analyzed by pep-
tide mapping as described in the legend to Fig. 8.

a b

I.

e

cause of their size as well as their amino acid
composition. Therefore, we assumed that phos-
phopeptide 4 represented an incomplete diges-
tion product.
Phosphopeptide 4 was analyzed by cleavage

with chymotrypsin or pronase or acid. Digestion
with pronase or partial acid hydrolysis yielded
the same products (Fig. lOe and f) as obtained
from phosphopeptide 1 (Fig. lOa and b), suggest-
ing that peptide 4 contained the same phosphor-
ylation site as peptide 1. Treatment of the isolat-
ed peptide 4 with chymotrypsin was rather
inefficient, but when large T or carboxy-terminal
fragments of large T were sequentially digested
with trypsin and chymotrypsin, phosphopeptide
4 disappeared to yield a peptide with properties
similar to those of phosphopeptide 2 (phospho-
peptide 4a in Fig. lle and f). These results can
be best explained by assuming that phosphopep-
tide 4 is composed of phosphopeptide 1 plus an
extension at the amino terminus of the latter up
to Phe617 (see sequence in Fig. 9). It does not
exceed beyond Phe617, because the bonds
Lys614 'Met, Lys616 * Phe617 are very efficient-
ly cleaved to yield methionine peptide 3, which
represents the dipeptide Met * Lys (25) (Fig. 4e
and f). The extension would render phosphopep-
tide 1 more hydrophobic; upon digestion with
chymotrypsin, one would expect cleavage at

C

g

*. '* S

h. '

5a

* Osb

4a 4*

~~~~~~~~~~* 2

FIG. 11. Analysis of phosphopeptides 4 and 5 by digestion with chymotrypsin or pronase. The 67K and 58K
fragments of large T were obtained by partial digestion as described in the text. The isolated fragments were
redigested with trypsin or chymotrypsin or sequentially with both enzymes, and the digestion products were
analyzed by peptide mapping as described in the legend to Fig. lb. Panels a, b, e, and f: 67K fragment, digested
with trypsin (a), chymotrypsin (b), trypsin and chymotrypsin (e), or chymotrypsin and trypsin (f). Panel c, 58K
fragment, digested with chymotrypsin; panel g, tryptic phosphopeptide 5, isolated and redigested with
chymotrypsin; panels d and h, phosphopeptides 5 and 5', respectively, isolated and redigested with pronase.
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Trp628 to yield phosphopeptide 1 extended only
by Arg30 and Leu629. Such a peptide would be
slightly more hydrophobic and would contain
one positive charge more than phosphopeptide
1. The properties of phosphopeptide 4a (Fig. lle
and f) are consistent with these predictions.

Characterization of phosphopeptide 5. The
amino acid composition of phosphopeptide 5 as
determined in various labeling experiments (Ta-
ble 2), its apparent molecular weight of approxi-
mately 5K (data not shown), and the finding that
this peptide was absent on peptide maps of the
58K fragment (Fig. 5f), as was methionine pep-
tide 2 (Fig. 4d), suggested that it was identical
with a peptide of 39 amino acids extending from
Asn653 to Arg691. On fingerprints of amino acid-
labeled large T this peptide appeared as a char-
acteristic group of three to five peptides (Fig.
4f), two of which comigrated with phosphopep-
tides 5 and 5'. The various forms of the 39-
residue peptide might derive from incomplete
digestion or incomplete oxidation of the cysteine
residue or from different degrees of phosphor-
ylation. Of the two phosphorylated variants of
the 39-residue peptide, phosphopeptide 5 always
contained more phosphate label than did peptide
5', whereas peptide 5' contained reproducibly
three to six times more amino acid-label than did
peptide 5. From this finding we conclude that
phosphopeptides 5 and 5' differ in their extent of
phosphorylation.

Since the 39-residue peptide contains 7 serines
we attempted to localize the phosphorylated
residues more precisely. According to the amino
acid sequence (Fig. 9) chymotrypsin should
cleave the tryptic peptide 5 at Phe671 into an
amino-terminal half containing four serines and
a carboxy-terminal half with three serines. Upon
digestion of the isolated phosphopeptide 5 with
chymotrypsin, mainly one phosphopeptide was
generated (designated 5a in Fig. llg), indicating
that all phosphorylated residues were located in
one half of the 39-residue peptide.
The question of whether the chymotryptic

peptide 5a was derived from the amino- or the
carboxy-terminal part of the 39-residue peptide
was addressed as follows. Chymotryptic diges-
tion of large T (or of carboxy-terminal frag-
ments) would possibly yield two phosphoserine
containing peptides (Fig. 9): (i) a large peptide
extending from Asn618 or Leu629 to Phe671 would
cover the tryptic phosphopeptide 1 as well as the
amino-terminal half of the tryptic 39-residue
peptide; (ii) a second peptide extending from
Gln672 to Tyr687 would represent the carboxy-
terminal part of the 39-residue peptide. Thus, if
phosphopeptide 5a was derived from the amino-
terminal half of the 39-residue peptide, it would
be contained in the large chymotryptic peptide,
but if it originated from the carboxy-terminal
half, it would represent an individual peptide.

Based on these considerations, we analyzed a
chymotryptic digest of the 67K fragment by two-
dimensional peptide mapping. Phosphopeptide
5a appeared as an individual peptide (Fig. llb),
indicating that it was derived from the carboxy-
terminal part of the 39-residue peptide. The
other material represented the large peptide
mentioned above phosphorylated at Ser639. Pep-
tide 5a was also obtained when the 67K fragment
was sequentially digested with trypsin and chy-
motrypsin or vice versa (Fig. lle and f), but it
was not generated from the 58K fragment (which
lacks the tryptic 39-residue peptide) (Fig. llc).
These data strongly suggest that the phosphor-
ylation sites in phosphopeptide 5 are located in
its carboxy-terminal half in the sequence
Pro674 * Gln * Ser Ser * Gln * Ser ValWo.
To investigate whether different serines were

phosphorylated in the two variants of phospho-
peptide 5 (5 and 5'), they were isolated and
digested with pronase. Both peptides yielded
two major peptides (designated 5b and 5c) and
several minor, probably overlapping, peptides
(Fig. lid and h). Phosphopeptide 5 yielded addi-
tional peptides, one of which comigrated with
phosphopeptide la (a digestion product of phos-
phopeptide 1 [Fig. 10al). This result further
supports the conclusion that phosphopeptides 5
and 5' are differentially phosphorylated.

Determination of the phosphorylated threonine
in phosphopeptide 6. The carboxy-terminal tryp-
tic peptide containing the major phosphothreon-
ine site of large T contains two threonine resi-
dues (see sequence in Fig. 9). Previous
experiments suggested that the internal Thr701
was phosphorylated, but phosphorylation at the
terminal Thr708 could not be excluded (37). To
investigate this question, phosphopeptide 6, la-
beled with 32p or [3H]proline, was isolated and
analyzed by subtractive Edman degradation
(20). After each degradative cycle, the release of
phenylthiohydantoin-proline was assayed by
counting the radioactivity extracted with ben-
zene, and the release of phosphate was followed
by peptide mapping of the residual peptide. The
amount of phenylthiohydantoin-[3H]proline
which was released after steps 2 and 3 indicated
that the reaction proceeded with 80 to 90%
efficiency. Essentially all of the phosphate
bound to peptide 6 was released during degrada-
tion steps 4, 5, and 6 (data not shown). There-
fore, only the internal Thr701 was phosphorylat-
ed. This work was part of the Ph.D. thesis of
Alexa Kaiser, University of Freiburg.

Analysis for ADP-ribosylation. Recently, it
has been reported that large T is modified by
poly(ADP)-ribosylation (14). We have analyzed
the phosphopeptides of large T to determine
whether they contained ADP-ribose. SV40-in-
fected TC7 cells were labeled with [3H]adenine
(1 mCi per plate). Large T was purified by
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immunoprecipitation and SDS-PAGE as de-
scribed above. After elution from the gel and
precipitation with trichloroacetic acid, about
8,000 cpm was associated with large T. Howev-
er, no adenine label was found in specific associ-
ation with any of the phosphopeptides described
in the present paper. Maybe ADP ribosylation
occurs in one of the minor phosphorylation sites
which have not yet been analyzed.

DISCUSSION
We have investigated the number of phos-

phorylation sites and their location within the
polypeptide chain of large T. With a new chro-
matography system for peptide mapping it was
possible to separate six distinct phosphopep-
tides (including the previously identified car-
boxy-terminal phosphothreonine peptide [37]).
Specific fragments of large T which were gener-
ated by partial proteolysis (39) served to deter-
mine the origin of the phosphopeptides. To align
the fragments within large T, we took advantage
of the known arrangement of methionine pep-
tides (25, 30) and the known location of the
phosphothreonine peptide (37) of large T.

Fingerprint analysis of individual fragments
labeled with [35S]methionine or 32P revealed that
a 17K fragment was derived from the amino
terminus and that fragments of 71K, 67K, and
58K sharing their amino termini but differing at
their carboxy termini were all derived from the
unique portion of large T. These results are in
agreement with those published by Schwyzer et
al. (39). The origin of additional fragments of
26K, 24K, and 22K from the carboxy terminus
of large T was deduced from methionine peptide
maps and from the presence of the carboxy-
terminal phosphothreonine peptide in the 26K
fragment. The identification of several peptides
by differential labeling allowed us to determine
more precisely the termini of the fragments. The
71K fragment extends to the very carboxy termi-
nus of large T, the 67K fragment terminates at
Arg691 or Lys697, and the 58K fragment termi-
nates at Lys652. The 26K and 22K fragments
have the same carboxy termini as the 71K and
67K fragments, respectively, and extend up-
stream probably to Thr518. It is remarkable that
the lack of the carboxy-terminal 56 amino acids
in the 58K fragment caused a reduction in appar-
ent molecular weight of 13K compared with the
71K fragment. Obviously, sequences within the
39-residue peptide have a great influence on the
migration of large T or fragments thereof in
SDS-polyacrylamide gels. Similarly, large T ofthe
deletion mutant 1263 lacks only 15 amino acids
within this peptide, but it migrates as if it were
smaller by 6K (7, 50).
Mapping of the phosphopeptides revealed that

the 17K fragment contained only phosphopep-
tide 3, whereas all of the other phosphopeptides
were derived from a carboxy-terminal fragment
of 26K. As reported by others, both the amino-
terminal and the carboxy-terminal fragments
contained phosphoserine and phosphothreonine
(51; M. Kress, personal communication).

Characteristics of the amino-terminal phos-
phorylation sites. The 17K fragment contained
more than half of the phosphate label of large T.
But this high phosphate content was not reflect-
ed on peptide maps where phosphopeptide 3
appeared in quantities similar to those of the
other phosphopeptides. The underrepresenta-
tion results from its low recovery of 2 to 3% as
calculated from radiolabeling with amino acids.
The low yields of this peptide made the precise
localization of all phosphorylated residues diffi-
cult. Analysis of phosphopeptide 3 by SDS-
PAGE, sequential digestion with proteases, and
two-dimensional peptide mapping revealed that
this peptide contained multiple phosphorylation
sites, all of which were clustered between Ser,06
and Thr124.

Labeling experiments with various radiola-
beled amino acids allowed us to identify Ser,06,
Ser123, and Thr124 as phosphorylated residues.
In addition, at least one of Serlll or Ser,12 must
be phosphorylated as deduced from the amino
acid composition of phosphopeptides 3b and 3d,
generated by pronase, and their migration to the
anode during electrophoresis at pH 1.9. As men-
tioned above, migration to the anode at this pH
indicates either that a peptide has a net negative
charge or that it is very small. In the case of
phosphopeptides 3b and 3d, a net negative charge
can result only from two phosphate residues,
because neither peptide contains cysteine (cysteic
acid). On the other hand, both peptides must be at
least tripeptides, since they contained methionine,
proline, and phosphoserine. From their migration
during electrophoresis and chromatography it can
be deduced that peptide 3b is more negatively
charged and more polar than peptide 3d. Further-
more, comparison of the relative migration of
phosphoserine, of phosphopeptide la [which is a
dipeptide composed of Ser (phosphorylated) and
Gln; see below], and of phosphopeptide 3d sug-
gests that the last is indeed a tripeptide, composed
of Met * Pro - Ser1ll (phosphorylated), whereas
peptide 3b must contain a second phosphate group
which may be attached to Seri12 or Serj06.
The pronase peptides 3c, 3e, and 3g contained

both phosphoserine and phosphothreonine, but
at different ratios. Since all three peptides con-
tained only Ser123 and Thr124 as phosphate ac-
ceptors, we concluded that these residues might
be differentially phosphorylated. The phospho-
serine/phosphothreonine ratio of 1:1 in peptide
3c indicated that both residues were fully phos-
phorylated. The ratio of 6:1 determined for
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peptides 3e and 3g can be explained by assuming
that each of these peptides represents actually a
6:1 mixture of peptides identical in their overall
composition but phosphorylated either at Ser123
or Thr124. Such peptides would not be separable
from each other.
Phosphopeptide 3f contained only threonine-

bound phosphate, but from the labeling experi-
ments we could not determine whether this
peptide contained Thr117 or Thr124 as a phos-
phorylated residue. Considering that Thr124 can
be phosphorylated without concomitant phos-
phorylation of Ser123, one would assume that
peptide 3f contains Thr124.

Properties of the carboxy-terminal phosphor-
ylation sites. Five tryptic phosphopeptides were
derived from the carboxy-terminal 26K frag-
ment. Among these, the phosphothreonine pep-
tide (phosphopeptide 6) has recently been identi-
fied as the ultimate tryptic peptide of large T (37,
51). Phosphorylation in this peptide takes place
with more than 90% efficiency (37, 38) and is
restricted to the internal Thr701 as determined by
Edman degradation (A. Kaiser, Ph.D. thesis).
Phosphopeptides 1, 2, 4, and 5 contained exclu-
sively serine-bound phosphate. Among these,
phosphopeptides 1, 2, and 4 represented over-
lapping peptides containing sequences from
Asn631 to Lys645 (peptide 1) with extensions on
the carboxy-terminal side to Lys652 (peptide 2)
and on the amino-terminal side up to Phe617
(peptide 4). Analysis of the isolated peptides by
partial acid hydrolysis and by pronase digestion
indicated that all of these peptides are phosphor-
ylated at the same serine residue, namely,
Ser639, located at the end of a cluster of six
acidic residues. The assignment of the phos-
phate to Ser639 was based on the generation by
pronase digestion of a glutamine-containing pep-
tide (peptide la). From the electrophoretic mi-
gration at pH 8.9, we deduced that peptide la
does not contain more than one acidic amino
acid. A tripeptide containing Ser639 Gln could
have the sequence Asp * Ser * Gln or
Ser * Gln * Glu. A peptide comigrating with pep-
tide la was also generated by pronase digestion
of phosphopeptide 5, which is phosphorylated
in the sequence * Pro674 * Gln * Ser Ser Gln

* Ser * Val. Since the pronase peptides generat-
ed from phosphopeptides 1 and S can corre-
spond only in Ser Gln (or Gln* Ser),
phosphopeptide la must be a dipeptide. Diges-
tion of the isolated phosphopeptide 2 with pro-
nase revealed usually three peptides in various
ratios; two of these peptides are probably diges-
tion intermediates, because this limited diges-
tion was much less pronounced when a mixture
of tryptic peptides was directly digested with
pronase (before peptide mapping). The third
peptide was identical with phosphopeptide la.

It was unexpected that phosphopeptides 1, 2,
and 4 contained the same phosphorylation site.
On fingerprints, each of these peptides con-
tained amounts of phosphate label similar to
those of the phosphothreonine peptide (peptide
6), which also represents one phosphorylation
site. Thus, the sum of 32p label recovered in
peptides 1, 2, and 4 was 2 to 3 times higher than
that in peptide 6. Such differences could result
from different recoveries of the individual pep-
tides. Since the recovery of the phosphothreo-
nine peptide is relatively high (about 75% [37]),
the relative amounts of 32p label obtained in
Ser639 and in Thr701 might rather reflect differ-
ences in the phosphate metabolism of the re-
spective sites. We have observed that the turn-
over rates of serine phosphate and threonine
phosphate of large T differ by a factor of 3 (38).
Moreover, phosphorylation of Thr701 in newly
synthesized large T requires about 5 h (manu-
script in preparation). The slow rates of both
threonine phosphorylation and dephosphoryla-
tion could result in underrepresentation of the
phosphothreonine site, i.e., overrepresentation
of phosphoserine sites. Indeed, when 32p label-
ing was performed for 16 h (i.e., 2 half-lives of
threonine phosphate) and large T was analyzed
by peptide mapping, the most prominent peptide
was found to be the phosphothreonine peptide
(unpublished data). This observation indicates
that phosphate label is incorporated much faster
in Ser639 than in Thr70l.
Phosphopeptides 5 and 5' were identified as

two variants of the 39-residue peptide extending
from Asn653 to Arg691, as revealed by size deter-
mination, by differential labeling, and by peptide
analysis of proteolytic fragments of large T.
Phosphopeptides 5 and 5' appeared on finger-
prints only as minor species, partly because of
the low recovery of the 39-residue peptide per se
and partly because they were phosphorylated to
a low extent. From the amino acid label recov-
ered in phosphopeptide 5, in phosphopeptide 5',
and in the unphosphorylated variants we esti-
mate that phosphopeptide S may comprise only
5%, and phosphopeptide 5' may comprise 30 to
50%, of the total amount of the 39-residue pep-
tide. Peptide analysis of chymotryptic digests of
large T, of large T fragments, or of the tryptic
phosphopeptide 5 suggested that the phosphory-
lated residue(s) in peptide 5 are located in its
carboxy-terminal half. Peptide 5 always con-
tained more phosphate label, but less amino acid
label, than peptide 5'. Moreover, pronase diges-
tion of the isolated peptides 5 and 5' revealed
products common to both peptides (peptides Sb
and 5c), but additional ones from peptide 5. Both
of these findings indicate that peptide 5 is phos-
phorylated to a higher degree than peptide 5'.

Differential phosphorylation of large T. Our
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data indicate that at least two segments of large
T may exist in different phosphorylation states,
one in the amino terminal region involving Ser123
and Thr,24 and the other in the carboxy-terminal
region involving at least two of the three serines
in the sequence Ser676 * Ser677 * Gin * Ser679.
Peptides containing identical phosphate accep-
tors but differing in their phosphorylation extent
must derive from different molecular classes of
large T. Several investigators described subspe-
cies of large T differing in their aggregation state
(4, 10, 16) or their DNA-binding capacity (16, 32)
on one side, or their degree of phosphorylation
on the other (15, 31). It will be interesting to
investigate how different aggregation forms or
DNA-binding species of large T correlate with
the phosphorylation state of specific sites.

Phosphorylatlon and DNA binding of large T.
The region containing the amino-terminal phos-
phorylation sites may be involved in the interac-
tion of large T with DNA (42). The phosphoryla-
tion sites are located next to a cluster of five
basic amino acids which might participate in
binding to the DNA backbone. It is conceivable
that the introduction of negative charges by
phosphorylation modulates the binding affinity
of large T. Mann and Hunter described a phos-
phopeptide which is specifically enriched in
chromatin-associated large T (29). (We have not
yet analyzed this peptide, because it represented
a minor species.) Other investigators reported a
positive correlation between the degree of phos-
phorylation of large T and its affinity for DNA
(16, 31); in addition, the DNA-binding capacity
of large T was found to be restricted to its
oligomeric forms (4), which are phosphorylated
to a higher degree than monomers (10, 16). On
the other hand, Shaw and Tegtmeyer found no
difference in the specific DNA-binding potential
between phosphorylated and dephosphorylated
large T (41). DNA-binding experiments per-
formed in our laboratory indicate preferential
binding of newly synthesized large T which is
phosphorylated only to a low extent (manuscript
in preparation). However, it is conceivable that
DNA binding per se and the regulatory activity
of large T in DNA replication and transcription
have different requirements with respect to
phosphorylation. In vitro transcription systems
such as that described by Rio et al. (35) might be
useful to clarify this question.

Phosphorylation and tsA mutations. Walter
and Flory (52) reported that phosphorylation is
impaired in large T of tsA mutants at the restric-
tive temperature. The basis for this correlation
between functional defects and a reduced level
of phosphorylation is not yet known. The tsA
mutants used in those studies map between 0.38
and 0.32 map units on the viral genome (23),
whereas the phosphorylation sites are located

between 0.520 and 0.508 map units and down-
stream from 0.218 map units, i.e., outside the
mutated region in the tsA mutants. This implies
that the reduced level of serine phosphorylation
does not simply result from a loss of phosphate
acceptor sites. An indirect effect of the mutation
on phosphorylation could be exerted in several
ways. (i) The thermolability of the tertiary struc-
ture might favor dephosphorylation. (ii) Some of
the serines might be phosphorylated by the
protein kinase activity that is associated with
large T (1, 4, 17, 48) and that is temperature
sensitive in tsA mutants (17). (iii) The existence
of differentially phosphorylated sites in large T
suggests that phosphorylation takes place in a
stepwise manner in which each phosphorylation
event triggers the subsequent reaction, either by
introducing a new microenvironment (the nega-
tive charge) or by inducing conformational
changes. Either one of these reactions might
lead to physically and functionally distinct forms
of large T. In the case of ts mutants the initial
phosphorylation reactions might take place
properly, but the thermolability of large T would
prevent the subsequent structural changes and
the associated phosphorylations.
A recently isolated deletion mutant (d11499)

exhibits unusual properties; it is heat sensitive
for lytic growth but cold sensitive for transfor-
mation (33). Large T of d11499 lacks sequences
including Ser657 and the phosphorylated Ser639.
This mutant would provide a useful tool to study
the role of this phosphorylation site.
A possible role of phosphorylation in trans-

port and accumulation of large T in the nucleus
has been suggested from the properties of a
transport-defective large T mutant having a re-
duced level of phosphorylation (24). It is possi-
ble now to investigate which sites are phosphor-
ylated in this mutant.
General features of the phosphorylation sites of

large T. Phosphorylation sites in proteins are
often found in 13-turn structures (43). Four of the
identified sites in large T may fulfill this rule,
i.e., they have a high probability of assuming 1-
turn conformation (6): * Pro * Ser1 1 * Ser,12
,Asp,, *Ser23 *Thr124*Pro*Pro and *Pro
* Pro * Thr701 * Pro * . Several ofthe phosphorylat-
ed residues are located within acidic environ-
ments: * Ser,06 - Glu * Glu , * Ser,1l * Ser,12
* Asp * Asp - Glu *, and - Glu - Asp - Ser639
. Gin - Glu *. Similar phosphorylation site se-
quences have been found in casein (5) and in an
acidic nucleolar protein (28). Sequences of the
type Ser * X - Ac, where X may be any amino
acid and Ac is an acidic amino acid, are recog-
nized by so-called casein kinases (5) or acidic
nuclear kinases (2, 18). On the other hand, the
carboxy-terminal threonine site resembles se-
quences recognized by the cyclic nucleotide-
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dependent kinases (21). Interesting in this
respect is the occurrence of differential phos-
phorylation in the sequence * Gln * Ser676
* Ser677 - Gln * Ser679 * Val. It is tempting to
speculate that Ser679 is the first residue to be
phosphorylated to yield phosphopeptide 5'. In-
troduction of the acidic residue might then pro-
vide a new recognition site for an acidic kinase
leading to subsequent phosphorylation of Ser677
or Ser676 (or both) to yield phosphopeptide 5.
Remarkable is the frequency with which the
sequence - Ser Gln * or * Gln * Ser* occurs in
the carboxy-terminal region, but the significance
of this amino acid arrangement with respect to
phosphorylation is not known.
The amino-terminal phosphorylation sites lie

within, but the carboxy-terminal sites are out-
side the homologous region between SV40 and
polyoma virus large Ts. Polyoma virus large T is
also serine rich in a region corresponding to the
phosphorylation region in SV40 large T (12, 44).
It will be interesting to see whether polyoma
large T is phosphorylated in the same region or
at homologous sites.
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