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Wild-type p53 forms tetramers and multiples of tetramers. Friedman et al. (P. N. Friedman, X. B. Chen, J.
Bargonetti, and C. Prives, Proc. Natl. Acad. Sci. USA 90:3319-3323, 1993) have reported that human p53
behaves as a larger molecule during gel filtration than it does during sucrose gradient sedimentation. These
differences argue that wild-type p53 has a nonglobular shape. To identify structural and oligomerization
domains in p53, we have investigated the physical properties of purified segments of p53. The central, specific
DNA-binding domain within murine amino acids 80 to 320 and human amino acids 83 to 323 behaves
predominantly as monomers during analysis by sedimentation, gel filtration, and gel electrophoresis. This
consistent behavior argues that the central region of p53 is globular in shape. Under appropriate conditions,
however, this segment can form transient oligomers without apparent preference for a single oligomeric
structure. This region does not enhance transformation by other oncogenes. The biological implications of
transient oligomerization by this central segment, therefore, remain to be demonstrated. Like wild-type p53,
the C terminus, consisting of murine amino acids 280 to 390 and human amino acids 283 to 393, behaves
anomalously during gel filtration and apparently has a nonglobular shape. Within this region, murine amino
acids 315 to 350 and human amino acids 323 to 355 are sufficient for assembly of stable tetramers. The finding
that murine amino acids 315 to 360 enhance transformation by other oncogenes strongly supports the role of
p53 tetramerization in oncogenesis. Amino acids 330 to 390 of murine p53 and amino acids 340 to 393 of human
p53, which have been implicated by Sturzbecher et al. in tetramerization (H.-W. Sturzbecher, R. Brain, C.
Addison, K. Rudge, M. Remm, M. Grimaldi, E. Keenan, and J. R. Jenkins, Oncogene 7:1513-1523, 1992), do
not form stable tetramers under our conditions. Our findings indicate that p53 has at least two autonomous
oligomerization domains: a strong tetramerization domain in its C-terminal region and a weaker oligomer-
ization domain in the central DNA binding region of p53. Together, these domains account for the formation
of tetramers and multiples of tetramers by wild-type p53. The tetramerization domain is the major determinant
of the dominant negative phenotype leading to transformation by mutant p53s.

Many human cancers are associated with a loss of p53
function (14, 17). This correlation argues that wild-type (WT)
p53 suppresses cellular proliferation and tumor formation.
Indeed, in experimental systems, the expression of WT p53
suppresses transformation by other oncogenes (4, 7, 13). In
contrast, many mutant p53s enhance transformation under the
same conditions. These findings argue that mutant p53 inter-
feres with the suppression functions of endogenous WT p53.
Because p53 forms oligomeric structures, the dominant nega-
tive phenotype of the mutants has been attributed to the
formation of mixed WT and mutant oligomers (12). In support
of this hypothesis, the C-terminal region of p53 has both
oligomerization and transformation functions (18, 22, 23, 28).
The oligomerization domains of p53, however, have not been
mapped in detail.
Although the suppression functions of p53 are not com-

pletely understood, one mechanism by which p53 acts is the
direct activation of transcription via site-specific DNA binding
(5, 9, 15). Presumably, p53 activates genes that inhibit cellular
proliferation such as the WAF] (Cipl) gene (3, 6, 11). The role
of p53 oligomerization in DNA binding and transactivation is
not clear. Recently, we and others showed that p53 has two
autonomous DNA-binding regions (1,20,26,29). One domain,
from amino acids 280 to 390 (segment 280-390), forms stable
tetramers and binds DNA nonspecifically. The biological sig-
nificance, if any, of this DNA binding activity remains to be
determined. A second domain, from amino acids 80 to 290
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(segment 80-290), does not form stable tetramers but binds
DNA specifically. Furthermore, amino acids 1 to 290, which
include both the specific DNA-binding domain and the N-
terminal acidic region, activate a p53-specific promoter in vivo.
The specific DNA binding and transactivating functions of p53,
therefore, do not require stable tetramerization. Because the
DNA recognition site for p53 consists of four imperfect
repeats, however, it would be surprising if oligomerization did
not contribute to the DNA binding function of p53.
We have undertaken the present study to define further the

oligomerization properties of p53 and the role of oligomeriza-
tion in cellular transformation. There has been some disagree-
ment about the nature of the various quaternary structures
formed by p53. This confusion is the result of a number of
factors. First, purified p53 consists of many oligomeric forms
that require high-resolution techniques for analysis. Second,
p53 appears to have an unusual shape that leads to anomalous
behavior during gel filtration (8). Finally, murine and human
pS3s have been studied independently but have not been
directly compared. We have, therefore, used a variety of
techniques to define the quaternary structures of murine and
human p53s. The availability of purified segments of p53 has
allowed us to separate two autonomous oligomerization do-
mains of the protein. We find that murine amino acids 315 to
350 and human amino acids 323 to 355 encode a strong
tetramerization domain. Murine amino acids 80 to 320 and
human amino acids 83 to 323 form unstable oligomers without
a preferred species. We also present evidence that the C
terminus of p53 is a major determinant of its nonglobular
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shape. In contrast, the central conserved region behaves as a
globular protein during sedimentation and gel filtration.

MATERIALS AND METHODS

Expression plasmids. We have previously described plas-
mids used for expression of WT p53 or segments of p53. The
pIT plasmid was designed for recombination with baculovirus
vectors and overexpression of p53 in insect cells (22). The pBT
plasmid utilizes an inducible T7 promoter for transient over-
expression of p53 in bacteria (29). The pCMH6K plasmid
includes the immediate-early promoter of cytomegalovirus for
strong expression of p53 in animal cells (29). These plasmids
express WT p53 or segments of p53 with a 22-amino-acid
N-terminal tag that encodes six histidines for purification by
metal affinity chromatography and a hemagglutinin epitope for
identification with monoclonal antibodies. To exclude the
possibility of mutations within p53 segments, we isolated and
tested two independent clones expressing each p53 segment.
Plasmids were purified by CsCl centrifugation.

Overexpression and metal affinity purification of p53. Be-
cause WT p53 is mostly insoluble when produced in bacteria,
we overexpressed WT p53 by infecting insect cells with bacu-
lovirus expression vectors and purified p53 as previously
described (29). In brief, p53 was extracted from SF9 cells in
lysis buffer (50 mM Tris-HCl [pH 9.0], 150 mM NaCl, 0.1%
Nonidet P-40, 10% glycerol, 1 mM phenylmethylsulfonyl fluor-
ide, 50 ,ug of aprotinin per ml, 50 ,ug of leupeptin per ml, 10 ,ug
of pepstatin A per ml, 1 mM benzamidine, 5 mM ,-mercap-
toethanol), clarified by centrifugation, and bound to Ni-nitrilo-
triacetic acid (NTA)-agarose (Qiagen, Inc.) at 4°C. After being
washed extensively with lysis buffer (pH 7.0), Ni-NTA-agarose
was eluted with lysis buffer (pH 7.0) containing increasing
concentrations of imidazole (25, 50, 100, and 250 mM).
p53-containing fractions were dialyzed overnight at 4°C against
20 mM Tris-HCl (pH 8.0)-100 mM NaCl-50% glycerol (dial-
ysis buffer) and stored in aliquots at -70°C.

All p53 segments were overexpressed in bacteria (HMS174
or BL21) as previously described (29). In brief, bacteria
transformed by pBT plasmids were expanded from a single
colony to a 500-ml culture in two steps, and cells were induced
with IPTG (isopropyl-,-D-thiogalactopyranoside) at a final
concentration of 1 mM and incubated for 4 h at 30°C. Cells
were suspended in lysis buffer and broken with a French press
at 1,500 lb/in2. Lysates were cleared by centrifugation and
bound to Ni-NTA-agarose in a small column. The bound p53
was washed, eluted, dialyzed, and stored as described above.
SDS-PAGE. Purified proteins were separated by 15% poly-

acrylamide gel electrophoresis (PAGE) in the presence of
sodium dodecyl sulfate (SDS) as described by Laemmli and
stained with Coomassie blue (16). Aliquots of the same p53
preparations were used for analysis of quaternary structure by
sucrose gradient analysis, gel filtration, and protein cross-
linking in conjunction with SDS-PAGE (see below).

Sucrose gradient analysis of p53 oligomers. A mixture (in
0.14 ml) of purified WT p53 and fragments of p53 (10 jig each)
was layered on a 4-ml linear 5 to 20% (wt/wt) sucrose density
gradient in 50 mM Tris-HCl (pH 7.0)-150 mM NaCl-50 mM
imidazole-10% glycerol-1 mM dithiothreitol. The gradient
was centrifuged for 20 h at 50,000 rpm in a Beckman SW60
rotor at 5°C. Fractions of approximately 0.2 ml were collected
from the bottom of the gradient, precipitated with 10%
trichloroacetic acid in the presence of 20 jig of bovine serum
albumin as a carrier, and analyzed by SDS-15% PAGE.
Molecular weight markers were analyzed in a parallel gradient
under the same conditions.

Gel filtration of p53 oligomers. A mixture (in 0.5 ml) of
purified WT p53 samples and segments of p53 (10 to 40 jig
each) was fractionated by gel filtration through a Superose 12
HR column (10 by 300 mm; Pharmacia) equilibrated with 50
mM Tris-HCl (pH 7.0)-150 mM NaCl-50 mM imidazole-10%
glycerol-0.01% sodium azide. The column was run with a
Pharmacia fast protein liquid chromatography system at 30
ml/h at 5°C. Fractions (0.2 ml each) were collected, trichloro-
acetic acid precipitated, and analyzed by SDS-15% PAGE.
Molecular weight protein standards were analyzed under the
same conditions.

Gradient gel electrophoresis of cross-linked oligomers of
p53. The quaternary structures of p53 segments were analyzed
by protein cross-linking in conjunction with SDS gradient gel
electrophoresis as previously described (27). Purified p53
segments (2 jig each) were incubated for 30 min at 30°C in 30
jil of the same buffer used for sedimentation and gel filtration.
Increasing concentrations of freshly diluted glutaraldehyde
(Sigma) were added as indicated in the figures. Products of the
cross-linking reactions were analyzed by SDS-PAGE. All of
the gel components were those described by Laemmli (16)
except that we used an 80:1 ratio of acrylamide to bisacryl-
amide (pH 8.8) to prevent protein retardation in the stacking
gel (empirically determined). Samples were diluted twofold in
sample buffer containing 4% (wt/vol) SDS and 5% (vol/vol)
,-mercaptoethanol and heated for 5 min at 100°C immediately
prior to loading onto the gel. Samples were electrophoresed
through 4 to 20% or 8 to 20% polyacrylamide gels in 0.1% SDS
at 200 V for 4 h at room temperature. Following electrophore-
sis, gels were silver stained (19).

Suppression and transformation assays. We previously de-
scribed a combined assay for suppression and enhancement of
transformation (22). In brief, fourth-passage rat embryo fibro-
blasts (REF) were grown to subconfluency in 10-cm-diameter
Falcon plates in Dulbecco modified Eagle medium with 10%
fetal bovine serum and antibiotics. DOTAP (Boehringer
Mannheim) was used to triply transfect REF cells with 2.5 jig
of pSP72-RAS (expressing activated ras), 2.5 jig of pBS-ElA
(expressing adenovirus E1A), and 5.0 jig of pCMH6K DNA
with or without apS3 insert. Cells were incubated at 37°C in a
moist CO2 incubator and fed with Dulbecco modified Eagle
medium and 10% fetal bovine serum every 3 to 4 days. After 12
days, cells were washed twice with phosphate-buffered saline,
fixed with methanol for 5 min, and stained with 0.05% Coom-
assie blue in 50% methanol-10% acetic acid for 1 h. Plates
were washed with water and air dried, and transformed foci
were counted.

Immunoprecipitation and immunoblotting. REF cells in two
10-cm-diameter plates were transfected with 20 jig of
pCMH6K plasmid DNAs expressing WT p53 or segments of
p53 by calcium phosphate precipitation (2). After 40 h, cells
were washed with phosphate-buffered saline, and p53 was
extracted with 0.5 ml of lysis buffer for 30 min on ice. Extracts
were clarified by low-speed centrifugation, and tagged p53s
were bound to 100 jil of Ni-NTA-agarose overnight at 4°C.
After beads were washed twice with 1 ml of lysis buffer, tagged
p53s were released with 100 jil of SDS loading buffer for gel
electrophoresis. Concentrated and partially purified p53s were
analyzed by SDS-PAGE and immunoblotting with a kit for
enhanced chemiluminescence (Amersham). We used 600 jig
of monoclonal antibody against the hemagglutinin epitope
within the N-terminal tag of p53 (12CA5; Babco) in 100 ml of
Tris-buffered saline with 5% milk for immunoblotting.
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FIG. 1. SDS-PAGE of murine WT p53 and segments of p53. (A) SDS-PAGE and Coomassie blue staining of purified WT p53 without (-) or

with (+) 22-amino-acid tags and segments of p53 segments with tags. Molecular mass markers consisting of transferrin (74 kDa), bovine serum

albumin (45 kDa), carbonic anhydrase (29 kDa), soybean trypsin inhibitor (20 kDa), and cytochrome c (11 kDa) are shown on the right. (B)
Molecular mass plot of standard markers. The positions of p53 segments are related to their apparent molecular masses by horizontal and vertical
lines.

RESULTS

SDS gel electrophoresis of purified murine WT p53 and
segments of p53. We wanted to identify autonomous structural
and oligomerization domains in p53 to develop a better
understanding of p53 functions. For this purpose, we analyzed
the structures of murine p53 segments that were previously
used to investigate the DNA binding and transformation
functions of p53 (22, 29). p53 segments are identified by their
amino acid components, which are numbered by the system of
Pennica et al. (21). WT p53 and segments of p53 with
22-amino-acid N-terminal tags containing six histidines were

purified by metal affinity chromatography. Because WT p53
produced in bacteria is mostly insoluble, we used soluble WT
p53 produced in insect cells for studies of purified WT protein.
In contrast, segments of p53 produced in bacteria were soluble
and could be easily purified. Figure 1A relates purified p53
segments to standard molecular mass markers after SDS-
PAGE and Coomassie blue staining. Figure 1B shows the best
fit plot of the standards as a diagonal line relating the log of the
molecular mass to gel migration for each standard. The vertical
and horizontal lines relate the gel migrations of WT p53 and
segments of p53 to their apparent molecular masses. Table 1
summarizes these results and compares them with other
analyses. Tagged WT p53 and segment 1-320 had apparent
molecular masses 10 to 12 kDa larger than predicted by their
amino acid compositions. Because tagged WT p53 was only 3
to 4 kDa larger than untagged p53, the 10 to 12 kDa anomalies
were not a result of the histidine tag. In contrast, p53 segments
80-320, 280-390, 330-390, and 315-360 had apparent molec-
ular masses about 3 kDa larger than their calculated masses.
Anomalies of this size are frequently associated with histidine
tags. These findings argue that the major determinant of the
anomalous SDS-PAGE of WT p53, tagged or untagged, re-
sides in the first 80 amino acids of p53. The extra protein
fragment migrating ahead of segment 330-390 appears to be a

proteolytic fragment.
Sucrose gradient sedimentation of murine p53. We used

sedimentation through sucrose gradients to study the quater-
nary structures of purified p53 segments. Mixtures of molecu-

lar mass markers (Fig. 2A) and of p53 segments (Fig. 2B) were
layered onto two identical 5 to 20% sucrose gradients and
centrifuged in parallel as described in Materials and Methods.
Gradient fractions were acid precipitated after the addition of
carrier bovine serum albumin and were analyzed by SDS-
PAGE. Figure 2C shows a diagonal plot of apparent molecular
masses as determined by the sedimentation of the markers.
Aldolase is a tetramer (161 kDa) while transferrin (74 kDa),
ovalbumin (45 kDa), carbonic anhydrase (29 kDa), and cyto-
chrome c (11 kDa) are monomers in their native conforma-
tions. The vertical and horizontal lines relate the sedimenta-
tion of WT p53 and segments of p53 to their apparent
molecular masses. WT p53 sediments at the position of
aldolase (161 kDa). This result is in good agreement with the
sedimentation of human WT p53 reported by Friedman et al.
with similar markers (8). Segments 1-320, 80-320, and 330-390
sedimented at positions most consistent with the masses of
their monomeric forms (Table 1). Segments 280-390 and
315-360 sedimented ahead of the larger p53 segments 1-320
and 330-390, respectively. This sedimentation profile strongly
suggests that the C-terminal segments 280-390 and 315-360
form stable oligomeric forms (Table 1). Nevertheless, the
limited resolution of the standard markers and the possibility

TABLE 1. Comparison of apparent molecular masses of p53
determined by different methods

Apparent mass (kDa)
p53 segment

Sequence SDS-PAGE Sedimentation Gel filtration

WT 43.5, 174a 53 NDb ND
WT tagged 45.9, 184 57 160-180 500
1-320 37.9 50 30-40 55
80-320 29.3 33 30-40 30
280-390 15.0, 60 18 40-50 110
330-390 9.3 13 10-20 15
315-360 7.9, 32 11 20-30 40

a Monomeric and tetrameric masses by sequence composition.
b ND, not done.
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FIG. 2. Sucrose gradient analysis of murine WT p53 and segments
of p53. After proteins (10 ,ug) were centrifuged through 5 to 20%
gradients, fractions were concentrated by trichloroacetic acid precipi-
tation in the presence of added bovine serum albumin (carrier BSA)
and were analyzed by SDS-PAGE and Coomassie blue staining. (A)
Sucrose gradient of a mixture of molecular mass markers: aldolase (a
tetramer of 161 kDa), transferrin (74 kDa), ovalbumin (45 kDa),
carbonic anhydrase (C. anhydrase) (29 kDa), and cytochrome c (11
kDa). (B) Sucrose gradient of a mixture of WT p53 and p53 segments
1-320, 80-320, 280-390, 330-390, and 315-360. (C) Molecular mass

plot of standard markers. The positions of p53 segments are related to
their apparent molecular masses by horizontal and vertical lines.

of anomalies in p53 shape preclude identification of specific
oligomeric structures by sedimentation analysis alone.

Gel filtration of murine p53. Friedman et al. (8) reported
that human WT p53 behaves as a larger molecule during gel
filtration than it does during sucrose gradient sedimentation.
This difference argues that WT p53 has a nonglobular shape.
We used a Superose 12 column as described in Materials and
Methods to determine the behavior of murine WT p53 and
segments of p53 during gel filtration under the same conditions
used for the sucrose gradients described above. Analysis of a

mixture of molecular weight markers (Fig. 3A) established a

standard plot of molecular mass for the column run under
standard conditions (the diagonal plot in Fig. 3C). The mark-

ers eluted in tight peaks and were well resolved from one
another. Furthermore, the markers eluted at the same posi-
tions ± one column fraction when reanalyzed under the same
conditions (data not shown).

Figure 3B shows the elution profiles of murine WT p53 and
segments of p53. The void volume of the column run in Fig. 3B
was the same as that of the column shown in Fig. 3A. The
vertical and horizontal lines in Fig. 3C relate elution positions
to apparent molecular masses, and the results are summarized
in Table 1. With the exceptions of segments 1-320 and 80-320,
purified p53 segments eluted as symmetrical peaks. Murine
WT p53 eluted with an apparent mass of approximately 500
kDa (Table 1); this result is similar to the estimate of Friedman
et al. (8). Segment 1-320 behaved as a protein with a mass of
50 to 60 kDa and had an indistinct leading shoulder. This
apparent mass is larger than expected on the basis of amino
acid content but is similar to the mass established by SDS-
PAGE (Table 1). Most of segment 80-320 eluted as a distinct
peak of about 30 kDa corresponding closely to its monomeric
mass on the basis of either amino acid content or SDS-PAGE.
This finding argues that the central conserved region of p53
consists of monomers with globular shapes. This segment,
however, also had an indistinct leading shoulder, raising the
possibility that it forms weak oligomeric forms that dissociate
during gel filtration. Segment 280-390 had an apparent mass of
about 110 kDa. As is the case with WT p53, this mass is
significantly larger than that expected for a tetramer of seg-
ment 280-390. Segment 330-390 had an apparent mass some-
what larger than that established by SDS-PAGE. Finally, most
of segment 315-360 eluted at the expected position for a
tetramer of that segment. Protein, similar in size to segment
315-360, eluted just behind segment 330-390. Separate anal-
yses of segments 315-360 and 330-390 (data not shown)
showed that this peak does not consist of segment 315-360 but
rather represents the proteolytic fragment of segment 330-390
seen in the SDS-polyacrylamide gel shown in Fig. 1.
We have repeated these analyses with single p53 segments

with or without internal standard markers and have obtained
similar results. Behavior of the p53 segments, therefore, re-
flects neither imperfections in our techniques nor artifactual
protein-protein interactions during gel filtration. Our findings
relating to WT p53 are in good agreement with those of
Friedman et al. (8); molecular mass estimates based on gel
filtration data are significantly larger than those based on
sedimentation analyses (Table 1). Like WT p53, segment
280-390 demonstrates a larger discrepancy between mass
estimates obtained by sedimentation and gel filtration analyses.
These findings argue that WT p53 and segment 280-390 have
nonglobular shapes. These anomalies complicate analysis of
p53 quaternary structure by either sucrose gradients or gel
filtration alone. Segment 315-360 had the apparent mass of a
tetramer, and segments 1-320, 80-320, and 330-390 behaved
predominantly as monomers or somewhat larger in both
assays. These findings suggest that each of these segments has
an approximately globular shape.

Gradient gel electrophoresis of cross-linked oligomers of
murine p53. The quaternary structures of p53 segments were
analyzed by protein cross-linking in conjunction with gradient
SDS-PAGE. Purified p53 segments (2 ,ug) were cross-linked
with various concentrations of freshly diluted glutaraldehyde
and analyzed by gel electrophoresis as described in Materials
and Methods. We used the same p53 samples and conditions
that were used for sucrose gradient centrifugation and gel
filtration.
We previously used chemical cross-linking coupled with

gradient SDS-PAGE to show that purified WT murine p53
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FIG. 3. Gel filtration analysis of murine WT p53 and segments of pS3. After proteins (30 ,ug) were separated by chromatography through a
Superose 12 column, fractions were trichloroacetic acid precipitated and analyzed by SDS-PAGE and Coomassie blue staining. (A) Gel filtration
of a mixture of molecular mass markers consisting of ferritin (a multimer of 440 kDa), catalase (a tetramer of 232 kDa), aldolase (a tetramer of
161 kDa), transferrin (74 kDa), ovalbumin (43 kDa), carbonic anhydrase (C. anhydrase) (29 kDa), and cytochrome c (11 kDa). (B) Gel filtration
of a mixture of WT p53 and segments 1-320, 80-320, 280-390, 330-390, and 315-360. (C) Molecular mass plot of standard markers. The positions
of p53 segments are related to their apparent molecular masses by horizontal and vertical lines.

forms tetramers and multiples of tetramers (27). Figure 4
compares the oligomerization ofWT p53 with that of segments
of p53. In the absence of glutaraldehyde, WT p53 electropho-
resed as a monomer in the SDS-polyacrylamide gel. In the
presence of 0.001% glutaraldehyde, p53 tetramers were only
partially cross-linked and, therefore, were partially dissociated
during SDS-PAGE. Monomers, dimers, trimers, and tetramers
were evident under these conditions. At higher glutaraldehyde
concentrations, preformed oligomers were fully cross-linked
and were not dissociated by the SDS-polyacrylamide gel buffer
at all. Because intramolecular cross-linking results in a more
compact and less flexible molecular structure, increasing glu-
taraldehyde concentrations led to slightly more rapid electro-
phoretic mobilities for each oligomeric species. When fully
cross-linked, WT p53 formed tetramers and multiples of
tetramers. The complete absence of other oligomeric forms
confirms that glutaraldehyde did not cause artifactual intermo-
lecular cross-linking. Segments 280-390 and 315-360 formed
tetramers but not multiples of tetramers.

Cross-linking of segment 1-320 did not demonstrate any
oligomerization at low concentrations of glutaraldehyde. Re-
tardation of this segment to the top of the gel at higher
glutaraldehyde concentrations, however, suggests that segment
1-320 has a tendency to aggregate. Segments 80-320 and
330-390 formed mostly monomers under our experimental

conditions regardless of the concentration of glutaraldehyde
used to cross-link preparations. Migration of these segments
during SDS-PAGE increased with increasing glutaraldehyde
concentrations. This finding confirms that the cross-linking
reactions were successful and that they resulted in a more
compact intramolecular structure but not in intermolecular
cross-linking. We conclude that p53 segments 1-320, 80-320,
and 330-390 do not form stable tetramers under the conditions
that favor efficient tetramerization ofWT p53 and of segments
280-390 and 315-360.

Oligomerization of murine segment 80-320 at increased
protein concentrations. During gel filtration, a small portion of
segments 1-320 and 80-320 eluted as indistinct leading shoul-
ders ahead of the predominant monomer peaks. This finding
suggested to us that these segments may form transient
oligomeric forms. Figure 5 shows further analyses of segment
80-320 at a protein concentration four times that used in Fig.
3. Under these conditions, gel filtration (Fig. SA) revealed a
more prominent leading shoulder in the elution profile of
segment 80-320 but not those of other segments included as
internal markers. Ahead of the major monomer peak, there
was a less distinct peak at the expected position of dimers. In
addition, the segment eluted well ahead of the apparent dimer
peak, even though no distinct peaks were evident at these
positions. Furthermore, cross-linking of segment 80-320 and
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FIG. 4. Analysis of murine p53 quaternary structure by protein cross-linking and SDS-PAGE. Purified WT p53 and segments of p53 (2 ,ug) were
cross-linked with 0 to 0.1% glutaraldehyde (GA%) for 30 min and analyzed by electrophoresis on SDS-4 to 20% or 8 to 20% polyacrylamide gels
and silver staining. Molecular mass markers were analyzed in parallel but are not shown. Arrowheads indicate expected positions of oligomers.

analysis by SDS-PAGE at higher protein concentrations (Fig.
5B) demonstrated a continuous ladder of oligomeric forms
under conditions of complete cross-linking. Thus, both assays
show that segment 80-320 has the potential to form weak
oligomers without an obvious preference for any particular
form and that this oligomerization is related to protein con-
centration. Figure 5A also shows that murine segment 315-350
behaves like tetramers during gel filtration.

Gel filtration of human p53 segments. Having characterized
the oligomerization properties of segments of murine p53, we
cloned, expressed, and purified equivalent segments of human
p53 for comparative analyses. Figure 6 shows properties of
several human p53 segments during gel filtration. Standard
markers run under the same conditions are not shown but are
plotted in Fig. 6C. Most of human segment 83-323 eluted from
the column between ovalbumin (45 kDa) and carbonic anhy-
drase (29 kDa) at the expected position of a globular mono-
mer. As in the case of its murine counterpart, this segment
eluted with a small leading shoulder, suggesting that it also
forms unstable oligomers that dissociate during analysis. Hu-
man segment 283-393, like murine p53 segment 280-390
shown in Fig. 3, had an apparent mass greater than 100 kDa.
Human segments 318-363 and 323-355 eluted one to two
fractions ahead of the larger segment 83-323 at the position
expected for tetramers. Figure 6B compares the elution profile
of human segment 340-393 with those of carbonic anhydrase
(29 kDa) and soybean trypsin inhibitor (20 kDa) added as

internal markers in the same gel filtration column. Segment
340-393 eluted one to two fractions behind the 20-kDa inter-
nal marker. We conclude that segment 340-393, whose SDS-
polyacrylamide gel molecular mass is 13 kDa, does not form
stable tetramers. Cross-linking and SDS-PAGE confirmed that
segment 340-393 consists mostly of monomers (data not
shown). Comparison of Fig. 6 with Fig. 3 indicates that
equivalent human and murine segments behave remarkably
similarly during gel filtration.

Transformation by murine p53 segments. We have previ-
ously studied the ability of p53 segments to enhance transfor-
mation by the oncogenes ras and ElA (22). In those studies,
however, p53 segments were expressed under the control of
the relatively weak Moloney sarcoma virus promoter and we
could not quantitate the expression levels of p53 segments.
Here, we have used the strong cytomegalovirus immediate-
early promoter to enhance p53 expression. Figure 7A shows
representative results based on three independent experi-
ments. Primary REF cells were cotransfected with plasmids
expressing ras, ElA, and a control plasmid to establish a
baseline level of transformation by ras and ElA (Fig. 7A).
Cotransfection of WT p53 with ras and ElA significantly
suppressed transformation as previously reported (22). Seg-
ment 1-320 also suppressed transformation but to a more
limited extent than did WT p53. Our previous results with a
weak promoter for p53 expression showed that segment 1-320
had no significant suppression function (22). Segment 1-320,
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FIG. 5. Oligomerization of murine p53 segments at increased
protein concentrations. (A) Gel filtration. After proteins (40 p.g) were
separated by chromatography through a Superose 12 column, fractions
were trichloroacetic acid precipitated and analyzed by SDS-PAGE and
Coomassie blue staining. Arrowheads at the top of each panel indicate
expected positions of oligomers of segment 80-320. (B) Cross-linking
and SDS-PAGE. Segment 80-320 (8 ,ug) was cross-linked with 0 to
0.1% glutaraldehyde for 30 min and analyzed by electrophoresis on
SDS-8 to 20% polyacrylamide gels and silver staining.
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FIG. 6. Oligomerization of segments of human p53. (A) Gel filtra-
tion of a mixture of segments 83-323, 283-393, 318-363, and 323-355.
After proteins (10 ,ug) were separated by chromatography through a
Superose 12 column, fractions were trichloroacetic acid precipitated
and analyzed by SDS-PAGE and Coomassie blue staining. (B) Gel
filtration of a mixture of segment 340-390 with carbonic anhydrase (29
kDa) and soybean trypsin inhibitor (20 kDa). (C) Molecular mass plot
of standard markers. The positions of p53 segments are related to their
apparent molecular masses by horizontal and vertical lines.

therefore, has partial suppression activity but only when ex-
pressed at high levels. Segment 80-320 had no significant effect
on transformation by ras and ElA in either study. In contrast,
segments 280-390 and 315-360 enhanced transformation sig-
nificantly. Finally, segment 330-390 had no apparent effect on
transformation. We conclude that the ability of p53 segments
280-390 and 315-360 to tetramerize correlates very well with
their ability to enhance transformation by other oncogenes.
We cannot completely exclude the possibility that segments
280-390 and 315-360 have autonomous positive transforming
activities.
We compared the levels of protein expression in REF cells

transfected by plasmids expressing the same segments used in
the transformation studies described above. We used a com-
bination of metal affinity precipitation and immunoblotting
techniques to quantitate the levels of accumulated p53 (Fig.
7B). With the exception of segment 315-350 (data not shown)
and segment 330-390, p53 segments accumulated at significant
levels. Although segment 280-390 accumulated to very high
levels, it did not transform more efficiently than segment
315-360 did. We conclude that the levels of segment 315-360
are probably sufficient to saturate and inactivate the suppres-
sion activity of endogenous p53. With the exception of seg-
ments 315-350 and 330-390, therefore, the remaining seg-
ments were probably expressed at levels sufficient to
demonstrate their intrinsic functions. The lack of accumulation
of segments 315-350 and 330-390 in animal cells precludes
meaningful interpretation of the role of these segments in
transformation.

DISCUSSION
We have analyzed the structural properties of purified WT

p53 and segments of p53 by a variety of approaches. In
agreement with others (8), we find that WT p53 appears to
have a nonglobular shape. We have shown here that the C
terminus is the major determinant of that shape. Interestingly,
we find that murine p53 has two autonomous oligomerization
domains. Segments 280-390, 315-360, and 315-350 form stable
tetramers. Segments 1-320 and 80-320 form transient oli-
gomers without apparent preference for specific oligomeric
forms. We hereafter refer to oligomerization by the two
domains as tetramerization and nontetrameric oligomerization
to indicate the differences in the domains. Finally, our studies
show that corresponding segments of murine and human p53
have similar properties.

Contribution of p53 domains to the apparent nonglobular
shape of p53. Protein cross-linking in conjunction with SDS-
PAGE indicates that purified WT p53 consists predominantly
of tetramers and to a lesser extent of multiples of tetramers.
After gel filtration, however, WT p53 elutes at a position that
corresponds to a mass significantly larger than that of a
globular tetramer. These results are very similar to those of
Friedman et al. (8) and support the idea that p53 has a
nonglobular shape. After gel filtration, segment 1-320 eluted
somewhat ahead of the position one would expect if it were a
monomer. Perhaps this behavior is related to its aberrant
behavior during SDS-PAGE. Segment 80-320 behaves pre-
dominantly as a monomer during gel filtration and, therefore,
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FIG. 7. Suppression and transformation by murine WVT pS3 and
segments of p53. (A) Histogram of transformed colonies. REF cells
were cotransfected with plasmids expressing adenovirus ElA and ras
to establish a baseline of transformation. The effects of cotransfection
of a control plasmid or plasmids expressing pS3 on transformation are
shown in the histogram. (B) Accumulation of p53. REF cells were
transfected with plasmids expressing VvT pS3 or segments of p53. The
tagged pS3s were concentrated by metal affinity selection and analyzed
by immunoblotting with monoclonal antibodies against the hemagglu-
tinin tag as described in Materials and Methods.

does not contribute significantly to the anomalous behavior of
W-T p53. In contrast, the largest C-terminal segment, consist-
ing of amino acids 280 to 390, behaved quite anomalously
during gel filtration even when its quaternary structure was
taken into account. Segment 280-390 would have a molecular
mass of 60 kDa as a tetramer but eluted from gel filtration
columns at the position of a globular mass of well over 100
kDa. These findings could mean that WT pS3 and segment
280}390 form octomers, but tetramers were the predominant
forms evident by cross-linking analyses. Alternatively, WVT p53
and segment 280-390 could possibly assume larger masses by
binding to nucleic acids contaminating our preparations of
purified p53. DNase and RNase treatments had no effect on
the gel filtration of WVT p53 or segment 80-320, and no DNA
or RNA contamination was evident in our preparations by
electron microscopy (data not shown). Our findings, therefore,
argue that the intrinsic structure of WT pS3 and segment
2800390is nonglobular.

Because both WVT p53 and segment 280-390 form stable
tetramers, our findings suggest that byrmurineion may con-
tribute to the nonglobular shape of WTpt3. The minimal
tetramerization domain, however, is not sufficient to account
for the apparent nonglobular shape of pS3; tetramers of
segments 315-360 and 315-350 demonstrate no significant
anomalies during gel filtration. Tetramerization, therefore,

may be necessary but not sufficient to account for the contri-
bution of the C terminus to the unusual shape of p53.
The tetramerization domain. Murine p53 segments 280-390,

315-360, and 315-350 assemble stable tetramers. When fully
cross-linked, only tetramers are evident as judged by gel
electrophoresis. Because the same segments form tight sym-
metrical peaks during gel filtration in the absence of cross-
linking, differences in the amount of glutaraldehyde required
for complete cross-linking of these three segments probably
reflect the availability of free amino groups for cross-linking
rather than the stability of the tetramers. Wide ranges in pHs
and ionic concentrations do not dissociate the tetramers, nor
do chelating agents, reducing reagents, or nonionic detergents
have a significant effect on the tetramers (data not shown). Our
findings are in good agreement with those of Pavletich et al.
(20), who showed recently that a proteolytic fragment of
human p53 consisting of amino acids 311 to 365 forms stable
tetramers, and with those of Halazonetis and Kandil (10), who
presented evidence that murine segment 1-360 forms tetra-
mers. Because murine amino acids 320 to 350 (human amino
acids 323 to 355) are highly conserved in p53s from all species
identified to date (22), we propose that this region represents
the core tetramerization domain.
We were unable to detect significant oligomerization by

murine segment 330-390 or human p53 segment 340-393
under our conditions. These findings differ from those of
Sturzbecher et al. (28), who reported that human segment
340-393 forms tetramers. Their evidence for oligomerization
was based on analysis by gel filtration and SDS-PAGE of
cross-linked proteins, two of the assays that we used. They
reported that human segment 340-393 elutes ahead of soybean
trypsin inhibitor during gel filtration. In contrast, we found that
segment 340-393 elutes behind soybean trypsin inhibitor used
as an internal marker in our gel filtration column. Because of
these differences, we sequenced the DNA encoding our C-
terminal segments and found no errors in our constructions.
Furthermore, the apparent masses of segments 330-390 and
340-393 analyzed by SDS-PAGE argue that these segments
were not significantly digested by proteinase during prepara-
tion. We cannot account for the differences between our
findings and those of Sturzbecher et al. Perhaps segment
340-393, which overlaps the tetramerization domain in seg-
ment 323-355, has weak oligomerization properties under
other conditions. A side-by-side comparison, however, indi-
cates that segment 315-350 forms tetramers efficiently while
segment 340-393 consists mostly of monomers.
The function of the tetramerization domain is not clear. It is

not absolutely required for site-specific DNA binding in vitro
or for transactivation in vivo (1, 20, 29). It may, however,
contribute to the suppression of transformation by other
oncogenes. When expressed under the control of the relatively
weak Moloney sarcoma virus promoter, segment 1-320 fails to
suppress transformation by other oncogenes to any significant
extent (22). In contrast, when expressed under the control of a
strong cytomegalovirus promoter, segment 1-320 partially
suppresses transformation. These findings are consistent with
those of Shaulian et al. (24) and Slingerland et al. (25), who
have shown that mutations within the tetramerization domain
reduce suppression by p53 in a dose-dependent manner. In
contrast, the tetramerization domain is both necessary and
sufficient for the enhancement of transformation by other
oncogenes. This finding supports the idea that the dominant
negative phenotype of mutant p53s could be explained by the
formation of mixed tetramers consisting of WT and mutant
subunits. Nevertheless, the primary molecular function of
tetramerization remains unclear. The strong tetramerization
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A. Tetramerization of p53

wild-type 315-350 Mixed tetramer

B. Non-tetrameric oligomerization of p53

wild-type 80-320 Mixed oligomer

FIG. 8. Model for the oligomerization of p53. (A) Tetramerization
by p53 and segment 315-360. (B) Nontetrameric oligomerization by
WT p53 and segment 80-320.

domain, consisting of amino acids 315 to 350, is a part of p53
segment 315-390 that is capable of autonomous nonspecific
DNA binding (29). The biological function of nonspecific
DNA binding by p53, however, remains to be determined.

Nontetrameric oligomerization. Amino acids 80 to 320
represent a second autonomous oligomerization domain that is
weak relative to the tetramerization domain within segment
315-350. The existence of this oligomerization domain in
segment 80-320 has not been previously reported. We call this
domain the nontetrameric oligomerization domain. One po-
tential role for this oligomerization domain is apparent from
its location. It is associated with the same p53 segment that is
capable of specific binding to a p53 response element consist-
ing of repeated sequences (1, 20, 29). Indeed, we have direct
evidence by scanning transmission electron microscopy that
multiple subunits of segment 80-320 bind to the DNA consen-

sus sequence for specific binding by p53 (26a). This interaction
leads to transactivation in vivo when the consensus DNA site is
part of a model promoter (29).
Model for p53 oligomerization functions. Figure 8 summa-

rizes the role of p53 domains in oligomerization. WT p53
forms two kinds of oligomers: tetramers and multiples of
tetramers. In the figure, tetramers are shown as flat structures
to represent their apparently nonglobular shapes. Isolated
segments of p53 demonstrate two kinds of oligomerization.
Segment 315-360, shown in gray in the figure, forms stable
tetramers in a solution. Segment 1-320 forms mostly mono-
mers in a solution but forms unstable oligomers under appro-
priate conditions. Taken together, these interactions would
account for the formation of tetramers and multiples of
tetramers by WT p53. Both isolated segments could also form
mixed oligomers with WT p53 during intracellular synthesis.
Segment 315-360 could form mixed tetramers with WT p53.
Because these mixed oligomers would be stable and also
deficient in transactivating functions, they would reduce the
suppression function of endogenous WT p53 in cells and
enhance transformation by other oncogenes. Segment 80-320
could form a different kind of mixed oligomer consisting of

subunits of 80-320 and homotetramers of WT p53. This mixed
oligomer would be unstable but might, in theory, reduce the
function of WT tetramers within complexes. In addition,
segment 80-320, either as monomers or as nontetrameric
oligomers, might bind p53 response elements with sufficient
affinity to compete with the binding and function of tetramers
ofWT p53. Under the conditions of our experiments, however,
these potential interactions were insufficient to enhance trans-
formation by other oncogenes. We conclude, therefore, that
the tetramerization domain is the major determinant of the
dominant negative phenotype leading to transformation by
mutant p53s.
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