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Structure and Functionality of a Designed p53 Dimer
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P53 is a homotetrameric tumor suppressor protein involved in transcrip-
tional control of genes that regulate cell proliferation and death. In order
to probe the role that oligomerization plays in this capacity, we have pre-
viously designed and characterized a series of p53 proteins with altered
oligomeric states through hydrophilc substitution of residues Met340 or
Leu344 in the normally tetrameric oligomerization domain. Although
such mutations have little effect on the overall secondary structural con-
tent of the oligomerization domain, both solubility and the resistance to
thermal denaturation are substantially reduced relative to that of the
wild-type domain. Here, we report the design and characterization of a
double-mutant p53 with alterations of residues at positions Met340 and
Leu344. The double-mutations Met340Glu/Leu344Lys and Met340Gln/
Leu344Arg resulted in distinct dimeric forms of the protein. Furthermore,
we have veri®ed by NMR structure determination that the double-
mutant Met340Gln/Leu344Arg is essentially a ``half-tetramer''. Analysis
of the in vivo activities of full-length p53 oligomeric mutants reveals that
while cell-cycle arrest requires tetrameric p53, transcriptional transactiva-
tion activity of monomers and dimers retain roughly background and
half of the wild-type activity, respectively.
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Introduction

Wild-type p53 (WTp53) is a homotetrameric
nuclear phosophoprotein that functions as a tumor
suppressor.1,2 p53 can induce growth arrest or
apoptosis in response to DNA damage through its
role as a transcriptional regulator of genes
involved in cell-cycle control3 ± 6 and apoptosis.7,8

Inactivation of p53 through deletion, mutation or
interaction with viral or cellular proteins is a
fundamental step in the development of over half
of all human cancers.9 ± 11 Like many transcription
factors, p53 is a modular protein composed of an
N-terminal activation domain, a central DNA-
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binding domain, a tetramerization domain and a
C-terminal regulatory region.10 ± 12

The vast majority of sporadic tumor-derived or
germline-related p53 mutations are found within
the core DNA-binding domain.13 ± 16 Relatively few
missense mutations are found within the tetrameri-
zation domain (p53tet),13 suggesting that either (i)
p53tet is less sensitive to mutations than the core
domain;17 ± 20 (ii) tetramerization is not essential for
tumor suppression;21 ± 23 or (iii) an intact tetrameri-
zation domain is selected for in tumorigenesis24 in
order to mediate the dominant negative activity of
DNA-binding mutants.25 In contrast to hypothesis
(i), both the stability and oligomerization of p53tet
appear to be quite sensitive to mutation.26 Further-
more, several recent studies have uncovered inher-
ited germline mutations in the tetramerization
domain (Arg337Cys and Leu344Pro) of individuals
with Li-Fraumeni (LFS) and Li-Fraumeni-like (LFL)
syndromes.27,28 These syndromes are characterized
by increased susceptibility of affected individuals
to a speci®c spectrum of cancers (including breast
and brain cancers, sarcomas, and leukemia) at an
early age, often associated with a germline
mutation in p53 or regulators of the p53 pathway
# 2001 Academic Press



606 Designed p53 Dimer
such as Chk2.29 We have previously shown that
these two mutations lead to partial (Arg337Cys)
and complete (Leu344Pro) abrogation of the ability
of p53 to oligomerize.30 Because individuals with
these mutations developed LFS and LFL, this
suggests that even partial disruption of p53 oligo-
merization can contribute to a loss of tumor sup-
pressor function that may in turn accelerate the
process of tumorigenesis.

In order to probe the role of oligomerization in
the function of p53, we designed a series of single31

and double p53tet mutants with altered oligomeric
states. In particular, we generated a dimeric form
of p53 (a half-tetramer) which was designed to
retain the relative orientations of the p53 domains
N and C-terminal to the tetramerization domain.
This may be important for maintaining regulatory
aspects of the full-length p53 protein.

Here, we report the 3D structure of this dimeric
p53 oligomerization domain, as well as the func-
tional characterization of a series of p53tet mutants
with altered oligomeric states. The results provide
insight into the role that oligomerization plays in
p53's capacity as a tumor suppressor protein.

Results

Structure-based design of p53 mutants with
altered oligomeric states

The p53 tetramerization domain is a symmetric
dimer of dimers.19,32 ± 34 Each dimer contains an
antiparallel b-sheet packed against a pair of anti-
parallel a-helices. The two dimers associate in a
roughly orthogonal manner to form a four-helix
bundle sandwiched between two pairs of b-sheets.
The hydrophobic core is comprised of two spatially
separated regions: a small core within each of the
two symmetric dimers and an extensive (2006 AÊ 2)
hydrophobic patch at the dimer-dimer interface
(Figure 1(a) and (b)). In order to generate dimeric
mutants, residues Met340 and Leu344 were tar-
geted for mutation due to their central role in the
formation of the dimer-dimer interface.26 A series
of hydrophilic residues with high a-helical propen-
sities (Lys, Arg, Glu, Asp, Gln, Ser and His) were
chosen as candidates for substitution at positions
340 and/or 344. Due to the quaternary organiz-
ation of the oligomerization domain, a single
amino acid mutation will introduce four hydro-
philic residues into the dimer-dimer interface
(Figure 1(c)). Similarly, a double mutation intro-
duces eight hydrophilic residues into the interface
(Figure 1(d)). The subsequent reduction of the
hydrophobic interface of each dimer should desta-
bilize or inhibit interaction between two dimers
while enhancing the solubility of an individual
dimer.

In order to identify the effects of non-conserva-
tive substitutions within the dimer-dimer interface,
each of the p53tet mutants was assayed for: (i)
solubility; (ii) secondary structural content; (iii)
resistance to thermal denaturation; and (iv) oligo-
meric state. Since our aim was to study the struc-
tural differences and in vivo functionality of a
stable, dimeric form of p53, these experiments
facilitated the identi®cation of suitable mutants for
further structural characterization by NMR spec-
troscopy, transcriptional transactivation and cell-
cycle arrest assays.

Oligomeric mutants display a range of
propensities to aggregate

Due to the nature of the non-conservative
mutations within the hydrophobic dimer-dimer
interface, it was plausible that the quaternary
organization of the domain would be altered. In a
®rst screening of the mutants, each protein sample
was concentrated to 250 mM and the near-UV spec-
trum was analyzed for characteristics of aggrega-
tion. Due to the presence of signi®cant Rayleigh
scattering, it was apparent that a number of single-
mutants at position 340 contained a signi®cant pro-
portion of large, soluble aggregates (data not
shown). To better quantify the extent of aggrega-
tion, each sample was ®ltered through low protein-
binding 0.22 mm membranes (Millipore), and the
UV absorbance at 275 nm was compared to the
pre-®ltered absorbance. Furthermore, pre and post-
®ltered samples were analyzed by SDS-PAGE to
verify the proportion of protein retained by the
membrane. These experiments indicate that
samples of mutants Met340His, Met340Ser,
Met340Asp and Met340Glu are predominantly
aggregated (545 %), while Met340Gln and
Leu344Ala display moderate aggregation with a
loss of 25 % to 50 % of UV absorbance signal. The
remaining mutants and WT samples show little or
no loss of UV signal post-®ltration (see Table 1). In
order to identify potential candidates for NMR
structural analysis, we attempted to concentrate
each mutant to a minimum concentration of 1 mM.
While the single-mutants Leu344Lys and
Leu344Arg could be concentrated to this lower
concentration limit, only the double mutants
Met340Gln/Leu344Arg (MQLR) and Met340Glu/
Leu344Lys (MELK) could be concentrated to levels
51.5 mM without the appearance of soluble
aggregates. The 2 mM samples of MQLR and
MELK were further subjected to sedimentation
equilibrium analytical ultracentrafugation, which
veri®ed its dimeric state and lack of aggregation at
NMR concentrations (data not shown).

Oligomeric mutants retain wild-type secondary
structure but are destabilized relative to WTp53

To assess the effect of mutation on the secondary
structural content, each mutant was analyzed by
far-UV circular dichroism spectroscopy (CD).
A comparison of the CD signals indicates that
there is no measurable change in the total second-
ary structure of each mutant within experimental
error (Figure 2(a)). While each of the mutants
retains the secondary structure of WT p53tet,



Figure 1. (a) A backbone worm diagram of the 3D structure of the WT p53 oligomerization domain.32 For clarity,
only one of the dimeric subunits is shown. (b) A surface potential representation of the non-polar (white) and polar
(red and blue) surfaces of half of the p53 tetramer structure is shown with the dimerization interface exposed in the
same orientation as shown in (a). The expected disruptions of the hydrophobic dimerization interface (white) via the
introduction of a polar side-chain (red) at position (c) 344, or (d) both 340 and 344 are depicted. Diagrams were
generated using the program GRASP69 with the surface potential ranging from ÿ25.1 kT to 25.1 kT.
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Table 1. Biophysical characterization of p53 oligomeric mutants at positions 340 and/or 344

Protein Aggregates (%) tm (�C)a Oligomeric state

WT <5 85d Tetramer
R337Cc 65-75 33c Tetramer/dimer/monomerc

M340H 45-55 58b Tetramerb

M340S 55-65 59b Tetramerb

M340 K 5-15 66b Tetramerb

M340Q 35-45 62b Dimer/tetramerb

M340E 45-55 34b Dimer/tetramerb

M340D 45-55 38b Dimer/tetramerb

L344Pc 15-25 - Monomerc

L344 K 5-15 48b Dimerb

L344R 5-15 43b Dimerb

L344Q 5-15 50b Dimerb

L344A 20-30 49b Dimerb

M340E/L344 K <5 46 Dimer
M340Q/L344R <5 35 Dimer

a tm values indicate the temperature at which the protein sample is half-folded and half-unfolded as measured by CD spectro-
scopy with 40-50 mM protein samples.

b Noolandi et al.31

c Davison et al.30

d Johnson et al.44
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following the characteristic a-helical CD signal at
222 nm they all display a reduction in their resist-
ance to thermal denaturation. Figure 2(b) shows
the thermal melting curves for a subset of the
mutants with their corresponding melting tempera-
tures (tm) summarized in Table 1. Analysis of post-
thermal denaturation CD spectra indicates that
each of the double and single-mutant proteins dis-
plays reversible denaturation with the exception of
mutants Met340Asp and Met340Glu, both of which
precipitate upon thermal denaturation (data not
shown). Comparison of the melting curves reveals
that mutation to a polar or charged residue at pos-
ition 344 produces proteins with comparable with
tm values in the range of 43 to 49 �C, while similar
substitutions at position 340 produce mutants with
a wide range of tm values. The double mutants
MQLR and MELK have tm values of 35 and 46 �C,
respectively. It is interesting to note that the tm of
MQLR (35 �C) is less than the tm values of each of
the respective single-mutants Met340Gln (62 �C)
and Leu344Arg (43 �C), while the tm of MELK
(46 �C) is between that of Met340Glu (34 �C) and
Leu344Lys (48 �C). This suggests that a stabilizing
interaction is occurring between Glu340 and
Lys344, which are a single helical-turn away from
one another.

NMR structure of MQLR dimeric mutant

It is apparent from the above experiments that
the double mutants MQLR and MELK were the
only proteins studied that are solely dimeric and
capable of attaining concentrations 51.5 mM with-
out aggregation, and were thus suitable for NMR
structural analysis. Due to its extremely high
expression rate with yields of �80 mg/l, MQLR
was chosen as the ®nal candidate for structure
determination.
NMR chemical shift values re¯ect the local
environment of each nucleus and are sensitive to
changes in the protein conformation. Conse-
quently, the formation of free dimers in solution
alters the chemical shifts of the residues along the
newly exposed dimer-dimer interface of MQLR
(Figure 3). It is also evident from these values that
the residues in the b-sheet and turn exist in much
the same conformation and environment as in the
WT p53tet structure.

The solution structure of MQLR is a symmetric
dimer that is essentially half of the WT p53tet
structure, and maintains the same secondary and
tertiary structures and side-chain packing in the
dimer core, as intended (Figure 4). Backbone and
all heavy atoms within the structured regions (resi-
dues 326-354) of the 20 lowest energy structures
align with an rms deviation from the mean of 0.48
and 1.78 AÊ , respectively. The hydrophobic side-
chains buried between the b-sheet and a-helices
retain the same packing as the WT side-chains,
with an rms deviation of 0.47 AÊ amongst the
heavy atoms of the core residues Phe328, Leu330,
Ile332, Phe341 and Leu348. The most signi®cant
differences between the dimer and half-tetramer
occur at the C-terminal ends of the a-helices. While
the helices of WT p53tet are quite stable and linear,
residues 352-356 of MQLR are more open and ¯ex-
ible (Figure 5), since they lack the stabilizing inter-
actions that are contributed by the opposing dimer
in the WT structure.

Functional activities of p53 mutants with
altered oligomeric states

Two well-characterized functions of p53 include
the ability to promote transcription of genes that
contain a p53-responsive element and the ability to
block progression of the cell cycle from G1 to S. In



Figure 2. (a) Far-UV circular
dichroism (CD) spectra at 25 �C,
and (b) thermal denaturation
(monitored [y] 222) of residues 310-
360 19b for WT (®lled circle),
and mutants Met340Ser (®lled
diamond), Met340His (triangle),
Met340Gln (square), Met340Lys
(®lled triangle), Met340Gln/
Leu344Arg (circle), and Leu344Lys
(®lled square) with monomer con-
centrations of 40-50 mM. The ellipti-
city values were normalized for
protein concentration in (a). The
corresponding spectra indicate that
the relative amount of secondary
structure for each mutant is
comparable to that of WT. The
temperature dependence of the
a-helical signal in (b) is plotted as a
fraction of unfolded protein assum-
ing each protein is fully folded at
4 �C and completely unfolded
when there was no further change
in the CD signal with increasing
temperature.
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order to assess the role that oligomerization plays
in these activities of p53, three full-length mutants
that span a range of oligomeric states were selected
for cell-cycle arrest and transcriptional transactiva-
tion assays. The oligomeric forms of the chosen
mutants include a destabilized tetramer
(Met340Lys1-393), a dimer (MQLR1-393) and a mono-
mer (Leu344Pro1-393).

SAOS2 cells, which harbor a homozygous del-
etion of the p53 gene locus and do not produce
p53 protein, were transfected with expression plas-
mids encoding WT or oligomeric mutant forms of
p53. Two days after transfection, cells were ®xed,
stained for p53 and subjected to cell-cycle analysis
as determined by ¯ow cytometry. Only the suc-
cessfully transfected, p53-positive cells were
included in the cell-cycle analysis. WT p53-induced
cell-cycle arrest is characterized by a distinct
obstruction of G1/S phase progression,35,36 result-
ing in a depletion of cells in S phase with a sub-
sequent accumulation of cells in G1 phase. The
p53tet mutant that is capable of forming tetramers
(Met340Lys1-393) is able to block G1/S progression
as well as WT p531-393 (Figure 6(a)). However,
dimeric and monomeric p53tet mutants exhibit
only a marginal ability to affect the cell-cycle popu-
lation distribution, an effect similar to the tumor-
derived DNA-binding mutant His175Arg.

To determine whether monomers and dimers
retained transactivation activity, transient
expression studies were performed with the luci-
ferase reporter plasmid (p21P-luc) in which the
human p21WAF1 promoter containing a resident
p53-responsive element was linked upstream of a
luciferase coding sequence. SAOS2 cells were co-
transfected with the luciferase reporter and
expression plasmids encoding WT or oligomeric
mutant forms of p53. In this assay the activity of
each p53tet1-393 mutant correlates with oligomeric
state where monomers (Leu344Pro1-393), dimers
(MQLR1-393) and tetramers (WT p53tet1-393 and
Met340Lys1-393) display roughly background, half,
and full activity, respectively (Figure 6(b)).

Discussion

Based on the known 3D structure of the WT
p53tet domain32 we have generated a set of oligo-



Figure 3. Comparison of the chemical shifts of backbone amide (N and HN) resonances of the p53-MQLR and WT
p53tet oligomerization domains. The chemical shift perturbation vector was calculated from the absolute value of the
chemical shift differences. A scaling factor was used for the 15N nuclei derived from the average standard deviation
for backbone chemical shifts over all non-proline residues from the BioMagResBank chemical shift database (http://
www.bmrb.wisc.edu/). The backbone chemical shift vector was calculated as follows:

�2D � ���HN�2 � ��NRN�2�1=2

where RN � 0.154, and �HN, and �N are the chemical shift differences for backbone resonances of each residue
between MQLR and WT p53tet. The secondary structure for the corresponding residues is indicated with an arrow
and rectangle representing the b-sheet and a-helical regions, respectively. The location of each mutation is marked
with a star for clarity. The magnitude of chemical shift changes is minimal within the b-sheet and turn regions, while
more signi®cant changes are apparent throughout the a-helical regions in the proximity of the point mutations.
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meric single31 and double mutants, through hydro-
philic substitution at the hydrophobic dimer-dimer
interface, in order to determine the role that oligo-
merization plays in the functions of p53. As shown
in the analysis of an alanine scanning mutagenesis
analysis performed by Mateu & Fersht,26 residues
Met340 and Leu344 are central to the assembly of
the tetramerization domain, with alterations at
position 344 affecting the oligomeric state more
signi®cantly. Here, mutations involve the incorpor-
ation of full and/or partial charges into the dimer-
dimer interface. The impact of mutations at
position 344 in terms of oligomeric state can be
rationalized by noting that the proximity of these
side-chains to one another is much closer in the tet-
ramer than those at position 340. The resulting
charge repulsion experienced at the dimer-dimer
interface due to substitutions at position 344 would
thus be greater than that at position 340.31 Accord-
ingly, a single polar substitution at position 344
results in a dimeric form of p53, while substitution
at position 340 is insuf®cient to completely inhibit
tetramerization, yielding destabilized tetramers or
dimer-tetramer equilibrium mixtures. Moreover,
with the exception of Met340Lys, polar substitution
at position 340 results in mutants that display a
strong tendency to aggregate non-speci®cally. This
is most likely because the resultant dimer-dimer
interface still contains a signi®cant hydrophobic
patch that would exhibit a high propensity to inter-
act with other non-polar protein surfaces.
The p53tet double mutants containing substi-
tutions at positions 340 and 344 produced dimers
that were suitable for structure analysis. Unlike the
dimeric p53 mutant Met340Lys/Phe341Ile/Leu344-
Tyr reported by McCoy et al.,37 which has parallel
a-helices, and the chimeric p53 protein containing
a parallel leucine-zipper dimerization domain sub-
stituted for the WT oligomerization domain,38 our
double mutant, MQLR, forms a dimer that
resembles a WTp53 ``half-tetramer''. Thus, MQLR
retains the WT p53tet N and C-terminal orien-
tations in addition to many of the surface proper-
ties of the WT oligomerization domain. These
properties may be important for orientation of the
other p53 domains in the context of full-length
MQLR as well as potential protein-protein inter-
actions occurring with the oligomerization
domain.39,40

When we compared the in vivo activities of full-
length p53 oligomeric mutants with WTp53 and
negative controls, we found a direct correlation
between the amount of transcriptional transactiva-
tion activity and oligomeric state, with monomers
and dimers capable of background and roughly
half activity, respectively. Functional cell-cycle
arrest, however, requires proteins capable of form-
ing a tetramer. It is interesting to note that
Met340Lys, which exists as destabilized tetramer
behaved better than WT in the two in vivo assays.
The literature indicates that mutant p53 proteins
with mixed oligomeric states exhibit variable func-
tionality in a number of in vivo assays. For



Figure 4. Superposition of the ensemble average of
the 20 lowest energy structures of p53 MQLR (black)
with the ensemble average of the WT half-tetramer
(grey). The two structures show signi®cant similarity
throughout the b-sheet, turn, and N-terminal portions of
the a-helices with a backbone rmsd of 0.79 AÊ across resi-
dues 327-348 inclusively. The C-terminal ends of the
p53-MQLR dimer stray from the WT form with a back-
bone rms deviation of 2.84 AÊ between the two struc-
tures throughout residues 349-356.
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example, in a study of tumor-derived mutants
found within the oligomerization domain,41 the
mutants Leu330His, Arg337Leu and Arg337Cys
displayed a dose-dependent transcriptional
activity. Furthermore, in another study, the oligo-
meric mutant Lys351stop, which exists as both
dimers and tetramers21 was found to be de®cient
in cell-cycle arrest assays, retained 40 % of WTp53
transactivation activity, yet performed better than
WTp53 at growth inhibition in SAOS2 cells.17 Inter-
estingly, the only other mutant that has been con-
®rmed to exist in multiple oligomeric states is
Arg337Cys30 and it also shows variable defects
relative to WT activities.28,42 These results suggest
that p53 oligomeric mutants that exist in concen-
tration-dependent, multiple oligomeric states may
display variable functional defects, compared to
WT, depending on the assay and protein concen-
tration.

In addition to a reduced ability to bind DNA tar-
gets, the functional defects of oligomeric mutants
may be in part due to an alteration in interactions
with other cellular proteins. For example, proteins
such as tms140 and p34cdc2 39 interact with the
p53tet domain. Furthermore, Lomax et al.42 have
shown that the oligomeric mutants Leu344Pro1-393

and Arg337Cys1-393 display a reduced ability to
bind to MDM2, a protein which regulates p53 stab-
ility and activity through a negative feedback loop.
The ability to separate the in vivo activities of p53
by altering the oligomeric state may prove to be a
useful tool for deciphering the multiple cellular
roles of p53.

Materials and Methods

Plasmid preparation and protein purification

The DNA sequence encoding residues 310-360 of
WT human p53 was subcloned into the pET15b and
pET19b vectors (Novagen Inc.) using standard tech-
niques.43 The resulting plasmid, pET-p53(310-
360)15b(19b), expresses six (ten) histidine residues fol-
lowed by a linker containing a thrombin (enteroki-
nase) cleavage site and a His-Met dipeptide
immediately N-terminal to the p53 sequence. The p53
mutations at either Met340 or Leu344 were created by
oligonucleotide-directed mutagenesis on pET-p53(310-
360)15b using the Quick-Change mutagenesis kit (Stra-
tagene), and subsequently veri®ed by DNA sequence
analysis. Mutant plasmids were further subcloned into
the pET19b vector. Recombinant His-tagged proteins
were expressed and puri®ed by nickel af®nity chroma-
tography, and cleaved from the poly-histidine tag by
thrombin or enterokinase digestion.32,44 The yield of
puri®ed protein was 5-80 mg/l of culture. Samples
were then dialyzed twice for 24 hours at 4 �C against
four liters of buffer (25 mM sodium phosphate, 100-
150 mM NaCl, pH 7.0) using Spectra/por 3500 mol-
ecular mass cut-off dialysis membrane. Proteins were
then concentrated by ultra®ltration using Centricon-3
membranes (Amicon). Final stock protein concen-
trations were determined using the extinction coef®-
cient e275 � 1475 Mÿ1 cmÿ1 per solvent-exposed
tyrosine residue in unfolding conditions of 6.5 M gua-
nidine-HCl.

Circular dichroism

Far-UV CD spectra were recorded on an Aviv 62A
DS circular dichroism spectrometer equiped with a
thermoelectric temperature controller. Measurements
were made at 25 �C using a 0.1 cm cuvette at a
sample concentration of 40-50 mM (monomer) in a buf-
fer of 25 mM sodium phosphate, 150 mM NaCl,
pH 7.0. Ellipticity at 222 nm was monitored as a func-
tion of temperature every 3 deg. C, allowing four
minutes for sample equilibration and a signal average
of 99 seconds for each data point following thermal
unfolding. Melting temperatures (tm) were assigned to
the midpoint of the fraction of unfolded protein (FU)
as determined by the relationship:

FU�y� � �yÿ yN�=�yU ÿ yN�
where y is the ellipticity at a given temperature, yN

and yU represent the ellipticity values at temperatures
where the protein is fully folded or unfolded, respect-
ively.

NMR spectroscopy and spectral assignments

All spectra were recorded at 25 �C on either a Varian
Unity Plus 500-MHz or Unity 600-MHz spectrometer
equipped with pulse-®eld gradient units and actively



Figure 5. A backbone trace of the family of 20 lowest energy structures superimposed in order to minimize the
root-mean-square deviation of the main-chain backbone atoms. Note the lack of convergence at the C-terminal ends
of the helices.

Table 2. Structural statistics for the 20 lowest energy
simulated annealing structures of p53 MQLR

rms deviation from distance restraints (AÊ )
All (495)a 0.008 � 0.0008
Intra-residue (i � j) (57) 0.004 � 0.001
Sequential (ji ÿ jj � 1) (163) 0.007 � 0.002
Medium (1 < ji ÿ jj4 4) (119) 0.007 � 0.002
Long (ji ÿ jj > 4) (124) 0.005 � 0.002

rms deviation from angle restraints (deg.)
Dihedral (24) 0.195 � 0.005

rms deviation from covalent geometry
Bond lengths (AÊ ) 0.0008 � 0.0004
Angles (deg.) 0.442 � 0.002
Impropers (deg.) 0.308 � 0.004

Residues in most favorable region
of Ramachanrdan plot b (%)

89.4 � 2.9

a The number of each type of restraint is given in parenth-
eses.

b Assessed using the program PROCHECK70 assuming a
2.0 AÊ resolution structure equivalent. Two residues in the
ensemble of 20 structures have f/c angles in the disallowed
region of the Ramachandran map.
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shielded z-gradient triple-resonance probes. NMR exper-
iments involving correlations of amide protons were con-
ducted with gradient enhanced versions45 of the original
pulse sequences. NMR data used in these studies were
processed with nmrPipe software.46 Spectral analysis
was achieved with the programs PIPP and CAPP,47 and
NMRView.48 Sequential assignment of 1H, 15N, 13Ca, and
13Cb resonances for the globular domain (residues 325-
355) was achieved based on the following 3D NMR
experiments: 15N-NOESY-HSQC,49 HNCA,50 HNCACB,51

(HB)CBCA(CO)NNH,52 and a 1H-15N heteronuclear
single quantum correlation (HSQC)53,54 spectra. Side-
chain 13C and 1H resonances of aliphatic residues of p53-
MQLR were assigned from the following 3D and 2D
spectra: HCCH-TOCSY55 recorded with a mixing time
(tm) of 7 ms, CCC-TOCSY,56 2D constant time 13C-
HSQC,57 15N TOCSY-HSQC58 with a tm of 62 ms, and an
HNHA.59 Side-chain 1H resonances of aromatic residues
were assigned from 100 ms tm homonuclear 2D
NOESY60 and TOCSY61 spectra performed in 2H2O.
1H-1H nuclear Overhauser effects (NOEs) were then
identi®ed from the following spectra: 13C-edited NOESY
in 2H2O,62 13C, 15N-edited NOESY in H2O

63 with NOE of
tm of 150 ms, and 2D homonuclear NOESY in 2H2O to
identify NOEs involving aromatic residues. Finally, 3JNH-

Ha coupling constants were determined using HNHA.59

Spectral assignments have been deposited in the BioMa-
gResBank (BMRB) under the accession number 4934.
Structural restraints and calculations

The NMR-derived structural information used to cal-
culate the structure of the p53-MQLR dimer included
three types of restraints. (i) Based on cross-peak intensi-
ties, NOE data was used to determine hydrogen-hydro-



Figure 6. Functional characterization of full-length p53 oligomeric mutants. (a) Distribution of cells in each phase of
the cell cycle after p53 expression. SAOS2 cells were transfected with p53 cDNAs encoding WTp53, p53His175Arg,
oligomeric mutants and an empty vector control, pcDNA3. Forty-eight hours after transfection, cells were stained for
p53 and p53-positive cells were selected for cell-cycle analysis using ¯ow cytometry. Representative data from a
single transfection experiment are shown. (b) Transcriptional activation of a p53-responsive promoter in transfected
SAOS2 cells. SAOS2 cells were transfected with the p21 promoter-luciferase reporter plasmid (p21P-luc) and one of
several p53pCDNA plasmids (WTp531-393 or oligomeric mutants) in which expression was controlled by the CMV
promoter. Luciferase activity was measured in duplicate on two separate samples, 48 h after transfection using a
luminometer and normalized for differences in the amount of expressed p53 protein determined by Western
immuno-blotting as described in Materials and Methods. Mean values of percentage activity relative to WTp53 are
shown for a single transfection experiment. The error is approximately 10 % in each case.
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gen distances which were classi®ed into the four classes
of strong, medium, weak and very weak with corre-
sponding distance restraints of 1.7-2.8, 1.8-3.5, 1.8-5.0,
and 1.8-6.0 AÊ , respectively. Pseudo-atom corrections
were made to distance upper bounds involving methyl,
methylene, and aromatic ring groups.64 (ii) The f angles
of residues with 3JNH-Ha coupling constants greater than
8.0 Hz were constrained to ÿ120(�40) � while residues
with 3JNH-Ha values less than 5.5 Hz were constrained to
f angles of ÿ60(�30) �. (iii) Main-chain hydrogen bond
restraints (H-O, 2.5 AÊ ; N-O, 3.5 AÊ ) within a-helices and
(H-O, 1.8-2.4 AÊ ; N-O, 2.7-3.3 AÊ ) for the b-sheet were
implemented for residue pairs that were clearly structu-
rally de®ned by characteristic NOE patterns of a-helices
and b-sheets and appropriate 3JNH-Ha values. A total of
495 restraints were found (Table 2). Of the 124 long-
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range distance restraints, 98 were intermolecular
restraints that de®ned the quaternary structure of the
dimer.

Three-dimensional structures were calculated by
using the dynamic simulated annealing protocol65

implemented within X-PLOR.66 Monomer structures,
generated with extended backbone dihedral angles,
were used as starting points for structure calculations.
Dimers were generated by duplication of the mono-
mer coordinates. The X-PLOR non-crystallographic
symmetry (NCS) parameter was employed to maintain
symmetry between the monomer chains within each
structure, while the symmetry pseudo-NOE term was
used to maintain symmetrical inter-monomer contacts
as described.67 Initial calculations employed approxi-
mately seven unambiguous restraints per residue.
Structures were calculated iteratively in order to
resolve ambiguities in the identity of further NOEs
through inspection of resultant structures. From a total
of 50 simulated annealing structures calculated, the 20
lowest energy structures were selected. Structural stat-
istics from this ensemble are listed in Table 2. There
were no violations greater than 0.2 AÊ for distance
restraints or 5 � for angles.

Protein Data Bank accession numbers

The structural restraints and 20 lowest energy struc-
tures were deposited in the Research Collaboratory for
Structural Bioinformatics (RCSB) Protein Data Bank
(PDB) under the accession numbers RCSB:012556 and
1HS5 respectively.

Cell culture and transfection

SAOS2 cells were cultured in a-MEM with 10 % (v/v)
fetal bovine serum at 37 �C in a humidi®ed atmosphere
of 5 % CO2 in air. Cells in 60 mm dishes were transfected
with plasmids using the lipofectin reagent (Gibco) in the
absence of serum and antibiotics. The DNA-lipofectin
mixture was left on the cells for ®ve hours at 37 �C. Cells
were then cultured in complete growth medium for 48
hours at 37 �C prior to analysis.

Cell cycle analysis

For the cell-cycle analysis, the cells were washed in
PBS, treated with trypsin and collected by centrifu-
gation. Cells were ®xed in cold acetone/methanol
(30:70, v/v) for ten minutes at ÿ20 �C, spun, rinsed
with cold PBS, resuspended in PBS containing 0.5 %
(w/v) BSA and primary antibodies against p53
(PAb122 and PAb1801), and incubated for 30 minutes
at room temperature. Cells were rinsed, resuspended
in PBS containing 0.5 % BSA and secondary antibody
(¯uorescin isothiocyanate-conjugated rabbit anti-mouse
immunoglobulin G), and incubated at room tempera-
ture in the dark for 30 minutes. Cells were rinsed,
resuspended in PBS containing 0.5 % BSA, RNase A
(1 mg/ml) and propidium iodide (10 mg/ml), and
incubated at room temperature for 30 minutes. The
stained cells were analysed on a FACScan ¯ow cyto-
meter (Becton Dickinson) using the Lysis II software
program and the distribution of cells in the cell cycle
was determined with ModFitLT. Cells exhibiting high
p53 ¯uorescence intensity (FITC), representing the suc-
cessfully transfected sub-population, were selected by
gating. Equal numbers of FITC-positive (p53�) and
FITC-negative (untransfected) cells were assessed for
cell cycle distribution as de®ned by DNA content on
the basis of propidium iodide staining intensity. Deb-
ris and cell doublets were excluded on the basis of
forward and side light-scattering properties. In all
cases the cell cycle pro®le of the transfected(p53�)
cells was compared to the cell cylce pro®le of the
untransfected cells (p53ÿ) within the same population.
The latter always resembled the cells transfected with
the pCDNA vector alone.

Luciferase assay

For the luciferase assay, cells were transfected with
p21P-luc,68 a luciferase reporter plasmid under the con-
trol of the p53-responsive p21WAF1 promoter, together
with plasmids expressing WT or mutant p53. Forty-eight
hours after transfection, the cells were collected and dis-
tributed equally into two Eppendorf tubes. One sample
was used for Western blotting to determine the amount
of p53 expressed in the cells and the second sample was
used to determine the amount of luciferase activity. For
Western blotting, the cells were lysed by boiling for ®ve
minutes in SDS lysis buffer (0.1 M Tris (pH 6.8), 4 %
(w/v) SDS, 20 % (w/v) glycerol) and the proteins were
resolved by SDS-polyacrylamide gel electrophoresis. The
protein concentration in the cell lysates was determined
using a modi®ed Lowry assay (Sigma). Proteins were
transferred to PVDF membranes and p53 protein was
detected with the p53-speci®c antibody PAb1801 fol-
lowed with a secondary sheep anti-mouse immunoglo-
bulin G that was conjugated to horseradish peroxidase.
The p53-antibody complex was detected by enhanced
chemiluminescence (Mandel).

Luciferase activity was measured in duplicate on
two separate samples using the luciferase assay
reagent (Promega) as described by the manufacturer.
Cells were lysed using the cell lysis reagent (Promega)
and total protein concentration in the cell extracts was
determined using the Bio-Rad protein assay with BSA
as the standard. Luciferase activity was measured on
a Berthold LB9507 luminometer using sample volumes
that contained the same amount of p53 protein. The
intensity of light emission was measured over a ®ve
second interval.
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