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We observed six major tryptic phosphopeptides in p53 from simian virus 40-transformed and normal NIH
3T3 cells. Analyses of the phosphopeptides indicated that serines 37, 310 and/or 312, 389 and one or more of
serines 7, 9, 12, 18, and 23 were phosphorylated. Phosphorylation of serines 310 and/or 312 was twofold higher
in the simian virus 40-transformed cells as compared with that in normal NIH 3T3 cells.

p53 is a cellular protein of apparent molecular weight
53,000, which is present at low levels in normal cells and at
high levels in a wide range of primary tumors and trans-
formed cell lines (for reviews, see references 5, 26, and 31).
The molecular function of p53 is unknown. However, it is a
cell cycle-related nuélear protein which appears to be essen-
tial for the progression of cells from a quiescent to an
actively growing state and therefore may be an important
regulatory element in growth control (15, 20-23, 25, 30). p53
has also been classed as an oncogene based on its ability to
rescue primary cells from senescence (12, 13); to cooperate,
in place of myc, with an activated ras oncogene to transform
primary rat embryo fibroblasts (7, 13, 28); and to transform
previously immortalized cells to a tumorigenic phenotype
without a significant change in cell morphology (6, 16, 35).
The protein also forms stable complexes with the E1b tumor
antigen of adenovirus (33) and the large tumor antigen (large
T) of simian virus 40 (SV40; 17-19) and may have a direct
involvement in SV40-mediated transformation (24).

p53 is a phosphoprotein (5, 26, 31) which lacks intrinsic
protein kinase activity (34). Two phosphorylated amino
acids, serines 312 and 389, have been identified in mouse p53
by using Edman sequencing (32); additional phosphorylation
sites have been tentatively mapped to the amino terminus
between amino acid residues 28 and 98. The functional
significance of these phosphorylations is unclear. However,
serine 389 may be important for transformation by SV40,
since a reduction in phosphorylation of this residue at the
nonpermissive temperature in SV40-rsA58-transformed cells
correlates with a failure to form the large T/p53 complex (2,
8, 32).

To further characterize the phosphorylation sites of p53,
we labeled SV40-transformed NIH 3T3 (SV3T3) cells for 16
h in phosphate-free Dulbecco-Vogt modified Eagle medium
supplemented with 10% dialyzed calf serum and 2.5 mCi of
32p. per ml. Proteins were immunoprecipitated with anti-p53
monoclonal antibody PAb122 or PAb246 (36; kindly pro-
vided by E. Gurney, University of Utah, and J. Yewdell,
Wistar Institute, respectively), resolved by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis, and detected by
autoradiography. pS3 was eluted from the gel and oxidized
as described previously (1) by using 20 pg of RNase A as a
carrier. Digestion with tolylsulfonyl phenylalanyl chloro-
methyl ketone-treated trypsin was carried out by using a
trypsin/carrier ratio of 1:50 (wt/wt) to minimize traces of
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chymotryptic activity. Phosphopeptides were separated in
two dimensions by electrophoresis at pH 1.9 (1 kV for 40
min) or at pH 8.9 (1 kV for 15 min) and chromatography (11).
p53 contained six major phosphopeptides, designated T1(a),
T1(b), T2(a), T2(b), T3, and T4 (Fig. 1). Phosphoamino acid
analysis (4) showed that each contained exclusively phos-
phoserine (data not shown).

Of the 35 tryptic peptides of murine p53, 18 contain serine
residues (14, 29, 37). We compared these peptides with the
observed phosphopeptides by determining the presence of
particular amino acids within each phosphopeptide as fol-
lows. (i) The presence of cysteine or methionine was inferred
by the comigration of 32P-labeled peptides with peptides
labeled with [>’S]cysteine or [**SImethionine, respectively
(16 h in cysteine-free or methionine-free Dulbecco-Vogt
modified Eagle medium supplemented with 5% undialyzed
calf serum and either 0.5 mCi of [>*S]cysteine per ml or 0.1
mCi of [>**S]methionine per ml, respectively). Detection of
32p_labeled peptides in maps of mixed >*S- and 3?P-labeled
peptides was carried out by wrapping the thin-layer plates in
four layers of aluminum foil to block 35S counts. Autoradi-
ography, using presensitized film with intensifying screens,
was carried out at —70°C. To enhance 3°S detection, the
plates were set aside for several weeks to allow the 3P to
decay and then immersed in 0.4% PPO (2,5-diphenylox-
azole) in molten 2-methylnaphthalene and dried. Fluorogra-
phy, using presensitized film, was carried out at —70°C. (ii)
The presence of glutamic acid in a 3?P-labeled peptide was
determined by its sensitivity to digestion by Staphylococcus
aureus V8 protease under the appropriate conditions (9). (iii)
Chymotrypsin digestion (3) revealed the presence of trypto-
phan, tyrosine, or phenylalanine. Sensitivity to cleavage by
these enzymes was based on the disappearance of a phos-
phopeptide from its characteristic location, accompanied by
the appearance of a phosphopeptide(s) in a new location(s).
To illustrate this approach, Fig. 2 shows that when p53
tryptic phosphopeptides (Fig. 2A) were subjected to further
cleavage by chymotrypsin, two phosphopeptides, T3 and
T4, disappeared and were replaced by three new phospho-
peptides, designated C1, C2a, and C2b (Fig. 2B). A mixture
of the phosphopeptides generated by trypsin and chymotryp-
sin with those generated by. trypsin alone showed that
phosphopeptides C1, C2a, and C2b were different from
phosphopeptides T3 and T4. Tryptic phosphopeptides Tla,
T1b, T2a, and T2b were not further digested by chymotryp-
sin.

The results from these studies are summarized in Table 1;
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FIG. 1. Tryptic phosphopeptide map of metabolically labeled
p53 from SV3T3 cells. **P-labeled proteins were extracted from
SV3T3 cells, digested with trypsin, and resolved in the first dimen-
sion (horizontal direction) by electrophoresis at pH 1.9 and in the
second dimension (vertical direction) by chromatography as de-
scribed in the text. Approximately 5,000 Cerenkov cpm were loaded
onto each plate, and presensitized film was exposed at —70°C for 24
h with an intensifying screen. The arrow indicates the origin. The
major phosphopeptides are designated T1la, T1b, T2a, T2b, T3, and
T4. Three minor phosphopeptides are designated X, Y, and Z.

the amino acid numbers used are based on the predicted
amino acid sequence of murine p53 (14, 29, 37). The amino
acid sequences of the candidate phosphopeptides are given
in Table 2.

Tryptic phosphopeptides T1a and T1b had characteristics
consistent with peptides 179-193 and/or 304-316. We elimi-
nated peptide 179-193 as a candidate and showed that both
phosphopeptides were derived from peptide 304-316, based
on the following data. (i) The products of partial acid
hydrolysis of T1la and T1b (in 6 N HCI at 110°C for 30 min)
were identical (Fig. 3), indicating that the peptides contained
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the same phosphorylation site(s). Moreover, when Tla was
redigested with trypsin, the product migrated to the position
of T1b (data not shown). Of the two candidate peptides, only
304-316 can give rise to more than one tryptic product,
because it has tandem basic residues at its N and C termini.
(ii) We did not observe the release of phosphate during the
second round of manual Edman degradation, as would be
expected if peptide 179-193 were phosphorylated (data not
shown), since the only serine residue in this peptide is at
position 2. (iii) We calculated the two-dimensional mobilities
of the serine-containing phosphopeptides of p53 as previ-
ously described (10). The theoretical mobilities of the tryptic
products 303-316 and 304-317 are coinciderit and matched
the actual migration of spot T1a under two different condi-
tions of electrophoretic separation (i.e., at pH 1.9 and pH
8.9; data not shown), while the predicted migration of
peptide 304-316 closely matched the actual migration of T1b
(data not shown). The predicted migration of peptide
179-193 did not resemble the actual mobility of either Tla or
T1b.

Peptide T1 contains two serine residues at positions 310
and 312. Our data did not distinguish which of these is the
phosphorylated residue, but phosphorylation of this peptide
is compatible with the observation of Samad et al. (32) that
serine 312 is phosphorylated.

Tryptic phosphopeptides T2a and T2b had characteristics
consistent with peptides 371-376 and/or 385-390. However,
T2a and T2b gave identical fingerprints after partial acid
hydrolysis (as described above), indicating that they con-
tained the same phosphorylation site (Fig. 3). In confirma-
tion, T2a migrated to the position of T2b after one cycle of
manual Edman degradation (data not shown), indicating the
loss of an N-terminal basic residue. The predicted two-
dimensional mobilities of the peptides indicated that T2(a,b)
was the C-terminal peptide 385-390 (data not shown). The
single serine residue in this peptide, at position 389, has been
reported to be phosphorylated (32).

Analysis of T3 indicated that it comprised amino acids 1 to
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FIG. 2. Chymotryptic digestion of tryptic phosphopeptides of metabolically labeled p53 from SV3T3 cells. 3?P-labeled proteins were
extracted from SV3T3 cells and digested with trypsin. An aliquot of the trypsin-digested material was then further digested with
chymotrypsin. The peptides were separated in two dimensions on cellulose thin-layer plates by electrophoresis at pH 1.9 (horizontal direction)
and chromatography (vertical direction). (A) p53 digested with trypsin alone. (B) p53 digested with trypsin and then with chymotrypsin. (C)
A mixture of the peptides from panels A and B. P, position of free P,. The arrows indicate the origins. Approximately 1,400 Cerenkov cpm
were loaded onto each map. In each case, presensitized film was exposed at —70°C for 3 days with an intensifying screen.
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TABLE 1. Identification of serine phosphate-containing
peptides of p53

Cuts with:

Tryptic Methionine Cysteine  Possible
spot Vs Chymotrypsin present present  peptide(s)
T1(a) - - - + 179-193
304-316
T1(b) - - - + 179-193
304-316
T2(a) - - - - 371-376
385-390
T2(b) - - - - 371-376
385-390
T3 + + + - 1-27
T4 + + + + 28-62

27. No other serine-containing peptide in the predicted p53
sequence was compatible with these results. Similarly, the
data indicate that T4 was peptide 28-62. The theoretical
mobilities of peptides 1-27 and 28-62 are very similar to the
experimentally observed migrations of phosphopeptides T3
and T4, respectively, and confirmed our identification of
these peptides (data not shown). The T4 data are consistent
with previous observations that phosphorylation sites lie
between amino acids 28 and 98 (32).

Peptide T4 contains two serine residues, at positions 37
and 58. We favor serine 37 as the site of phosphorylation
because phosphopeptides C2a and C2b migrated to the
predicted locations of two related serine 37-containing pep-
tides generated by chymotryptic cleavage of T4 at tandem
sites (Fig. 2). We were unable to detect a corresponding
serine 58-containing phosphopeptide at its predicted loca-
tion. Analysis of the V8 products of T4 supported this
conclusion (data not shown).

Peptide T3 contains five serine residues, at positions 7, 9,
12, 18, and 23. Several of these serine residues may be
phosphorylated, because three other minor phosphopep-
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FIG. 3. Fingerprinting of p53 phosphopeptides Tla, T1b, T2a,
and T2b. The peptides were eluted from a map similar to the one
shown in FIG. 1 and then partially hydrolyzed in 6 N HCI for 30 min
at 110°C. The products were resolved in two dimensions by electro-
phoresis at pH 8.9 (horizontal direction) and chromatography (ver-
tical direction). Approximately 200 to 600 Cerenkov cpm were
loaded in each sample, and presensitized film was exposed at —70°C
for 7 days with an intensifying screen. The arrows indicate the
origins.

tides, designated X, Y, and Z (Fig. 1), lie on a diagonal with
T3, as would be expected if they were multiply phosphory-
lated species of T3. (We have been unable to recover enough
radioactivity in X, Y, or Z to test their relatedness to T3.)
We have not characterized the phosphorylation sites fur-
ther for the following reasons. (i) The distance between the
N-terminal amino acid in each phosphopeptide and the
closest serine residue is in every case too great to be able to
detect the release of phosphate (during B-elimination) by
manual Edman degradation. (ii) We have been unable to
recover enough radioactivity in each peptide for automated

TABLE 2. Tentatively identified phosphopeptides of p53“

Tryptic . .
spot Corresponding peptide
Tl(a,b) 179 193
| |
CSDGDGLAPPQHLIR
304 316
| |
K/R/ALPTCTSASPPQK/K/KP
T2(a,b) 371 376
| |
K/K/GQSTSR/H
385 390
| |
K/K/VGPDSD (C terminal)
T3 1 27
| |
(N termina)MTAMEESQSDISLELPLSQETFSGLWK/L
T4 28 62

I I
K/LLPPEDILPSPHCMDDLLLPQDVEEFFEGPSEALR/V

“ The N- and C-terminal amino acids in each peptide are numbered according to their
positions in the p53 sequence. The trypsin cleavage sites are indicated by slashes. The N-
and C-terminal amino acids of p53, which are present in peptides 1-27 (T3) and 385-390

(T2a,b), respectively, are indicated.
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FIG. 4. Comparison of phosphopeptides of metabolically labeled p53 from nontransformed and SV40-transformed NIH 3T3 cells.
Phosphopeptide maps of p53 from nontransformed and SV40-transformed NIH 3T3 cells were prepared as described in the text (with
electrophoresis at pH 1.9). In each case, presensitized film was exposed at —70°C with an intensifying screen. Cerenkov counts per minute
in each sample and the exposure times were: (A) p5S3 from NIH 3T3 cells, 400 cpm, 7 days; and (B) p53 from SV40-transformed NIH 3T3 cells,
5,000 cpm, 24 h. The arrows indicate the origins. The relative amounts of the phosphopeptides in each cell line are shown in panel C. The
intensities of the spots on the autoradiograms were estimated by scanning. The values for peptide T1 were calculated by summing the
intensities of spots Tla and T1b. Similarly, the T2 values were summed from T2a and T2b. For each autoradiograph, an arbitrary value of
1.0 was assigned to T3, and the values for the other phosphopeptides were normalized to this. The data presented in the bar chart were
averaged from four autoradiographs of p53 peptides from the nontransformed cells and from three autoradiographs of the SV40-transformed
cells (all from different experiments). The standard errors are shown (where appropriate) in the form of error bars.

sequencing. (iii) Even if we could identify the phosphoryla-
tion sites by sequencing, we would expect to have difficulty
in interpreting whether the release of phosphate occurs at
residue 9 or 12 in peptide T3 (amino acids 1 to 27), because
it is not known whether the initiation codon of mouse p53 is
at codon 1 or 4 of the predicted protein sequence (14, 29, 37).

Differences in the half-lives of pS53 from the nontrans-
formed cells (#,,, < 1.5 h) and from the SV40-transformed
cells (¢,, >24 h) (26) made it difficult to obtain steady-state
labeling of p53 from the transformed cells with [>*S]methio-
nine. Therefore, we were unable to accurately compare the
32p/358 ratios of pS3 from the two cell lines, and thus, we
were unable to determine the levels of phosphorylation.
However, a comparison of the phosphopeptide maps of p53
from nontransformed and SV40-transformed NIH 3T3 cells
shows that the same phosphopeptides were present in p53
from the two cell lines (Fig. 4A and B). We quantified the
peptides by scanning the autoradiographs to determine
whether there were any transformation-related differences in
the relative levels of phosphorylation at individual sites (Fig.
4C). We normalized the data such that for each map, the
value of each peptide was expressed relative to T3. Our
results consistently indicate that phosphorylation of peptide
304-316 (T1a and T1b, containing serines 310 and 312) was
1.5- to 2-fold higher in the SV40-transformed cells as com-
pared with that in the nontransformed cells (Fig. 4C). (We
reached the same conclusion when the values were ex-
pressed relative to T2 or T4.) There were no significant
transformation-related differences in any of the other phos-
phopeptides. Studies of p53 phosphorylation in a range of
other cell lines, which we are presently carrying out in
collaboration with others, support these conclusions and
suggest that the twofold increase we observed with the NIH
cells is dependent on association with T antigen rather than
on transformation per se (unpublished observations). Samad

et al. (32) also found a transformation-related difference of
similar magnitude in p53 phosphorylation, but at serine 389.
It is possible that differences in the labeling conditions,
extraction conditions, or cells used (i.e., we compared
normal and SV40-transformed NIH 3T3 cells, whereas Sa-
mad et al. [32] compared 3T3 cells transformed by an SV40
tsA mutant at permissive and nonpermissive temperatures)
would highlight one subtle change in phosphorylation state
in preference to another. The changes in p53 phosphoryla-
tion, although small, may be important for transformation,
particularly if they are characteristic of a subclass of pS3
molecules. Changes in pp60°*" phosphorylation caused by
the polyomavirus middle T antigen are confined to a small
fraction of the pp60°*"“ population but are important for
polyomavirus transformation (3).
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