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ABSTRACT We have measured the stability and stoichi-
ometry of variants of the human p53 tetramerization domain
to assess the effects of mutation on homo- and hetero-
oligomerization. The residues chosen for mutation were those
in the hydrophobic core that we had previously found to be
critical for its stability but are not conserved in human p73 or
p51 or in p53-related proteins from invertebrates or verte-
brates. The mutations introduced were either single natural
mutations or combinations of mutations present in p53-like
proteins from different species. Most of the mutations were
substantially destabilizing when introduced singly. The intro-
duction of multiple mutations led to two opposite effects: some
combinations of mutations that have occurred during the
evolution of the hydrophobic core of the domain in p53-like
proteins had additive destabilizing effects, whereas other
naturally occurring combinations of mutations had little or no
net effect on the stability, there being mutually compensating
effects of up to 9.5 kcalymol of tetramer. The triple mutant
L332VyF341LyL344I, whose hydrophobic core represents that
of the chicken p53 domain, was nearly as stable as the human
domain but had impaired hetero-oligomerization with it.
Thus, engineering of a functional p53 variant with a reduced
capacity to hetero-oligomerize with wild-type human p53 can
be achieved without any impairment in the stability and
subunit affinity of the engineered homo-oligomer.

During molecular evolution, potentially deleterious mutations
may be fixed in the population if additional mutations occur
that compensate for the negative phenotypic effect of the
former (1). Multiple amino acid substitutions in a protein
generally act in an additive fashion in that their combined
effect equals the sum of the effects of each mutation separately
(2–5). However, close to neutral ‘‘suppressor’’ mutations may
revert the negative effect of other mutations in the same
protein. ‘‘Mutually compensatory’’ mutations involve two or
more potentially detrimental replacements able to compensate
for each other’s effect, with no or little net variation in protein
stability or function. Such nonadditive effects may arise if the
residues involved interact with each other, either directly or
indirectly (6). Partially compensatory effects on thermody-
namic stability have been observed in proteins designed or
selected in vitro for repacking of the hydrophobic core (4,
7–14). Such compensatory effects appeared to be infrequent,
and incomplete exploration of the sequence space may have
restricted even more their occurrence during natural evolu-
tion. Even so, a few examples of natural mutations with
nonadditive effects on stability have been documented (15,
16). Evaluation of the quantitative limits to such compensatory

effects, and of their frequency and general significance in
nature, is important to understand the molecular evolution of
proteins (1, 17).

The multifunctional transcription factor p53 is a protein of
biomedical importance because of its role as a natural tumor
suppressor in humans (18–20). p53 is fully functional only as
a tetramer, and its ability to oligomerize resides in a small
domain (p53tet, residues 326–355). Inactive p53 with a mu-
tated DNA-binding domain, but with an intact tet domain, is
frequently found in cancer cells (21). These mutants may exert
a negative dominant effect through hetero-oligomerization
with nonmutated p53 (22–24). Thus, the design of a fully
functional, tetrameric p53 containing an altered tet domain
unable to hetero-oligomerize with the inactive p53 found in
tumor cells may be relevant for the development of an
anticancer gene therapy based on p53 (25). p53tet can be
considered a dimer of dimers, with each primary dimer formed
by an antiparallel b-sheet and two antiparallel a-helices, and
the dimers associated through the helices in a quasi-orthogonal
way (refs. 26–28; Fig. 1). Folding and tetramerization of this
domain are coupled processes (29). The side chains found
critical for thermodynamic stability and oligomerization were
identified by alanine-scan mutagenesis as being most of those
involved in the hydrophobic core (30). These residues were
essentially conserved in mammalian p53, but not in human p53
homologues (p73 or p51; refs. 31–33) or in other p53-like
proteins from more than 20 species of vertebrates and inver-
tebrates (ref. 34 and references therein and ref. 35; see also
Table 1).

The dual aim of this work has been (i) to assess the
contribution of compensatory mutations to the natural evo-
lution of the hydrophobic core of a protein and (ii) to use the
information gathered to engineer a stable p53tet domain with
an impaired hetero-oligomerization ability. We have intro-
duced in the core of human p53tet several natural single
mutations and combinations of mutations occurring in p53-
related proteins and quantitated their effect on the thermo-
dynamic stability of p53tet. The results indicate that mutations
able to mutually compensate for drastic destabilization have
occurred during the evolution of this domain. A triple mutant
that was as stable as the human domain showed impaired
hetero-oligomerization with the latter.

MATERIALS AND METHODS

Site-Directed Mutagenesis and Protein Expression and
Purification. Subcloning of human p53tet, both a long version
with a histidine tag (tetL, p53 residues 303–366) and a shorter

The publication costs of this article were defrayed in part by page charge
payment. This article must therefore be hereby marked ‘‘advertisement’’ in
accordance with 18 U.S.C. §1734 solely to indicate this fact.

PNAS is available online at www.pnas.org.

*Permanent address: Centro de Biologı́a Molecular ‘‘Severo Ochoa’’
(CSIC-UAM). Universidad Autónoma de Madrid, Cantoblanco,
28049 Madrid, Spain.

†To whom reprint requests should be addressed. e-mail: arf10@cam.
ac.uk.

3595



version with no tag (tetS, residues 311–367), has been de-
scribed (30). The construction of single and multiple tetS
mutants was carried out by using the QuickChange site-
directed mutagenesis kit (Stratagene) and pairs of 26-mer to
35-mer oligonucleotides incorporating the desired mutations.
tetL, tetS, and all mutants were sequenced, expressed to high
levels, and purified to apparent homogeneity essentially as
described (30).

Analytical Size-Exclusion Chromatography. A calibrated
Superdex 75 HR 10y30 FPLC (fast protein liquid chromatog-
raphy) column (Pharmacia) was used. The protein was eluted
in 25 mM phosphate buffer (pH 7) and 200 mM NaCl (30).

Equilibrium Denaturation. Equilibrium unfolding of tet-
rameric tetS and tetP variants was analyzed in 25 mM phos-
phate buffer (pH 7) by far-UV CD spectroscopy in a Jasco-720
spectropolarimeter by using either guanidinium chloride (Gd-
mCl) at 25°C or temperature as denaturant, and the data were

fitted to a two-state transition from folded tetramers to
denatured monomers as described (method I in ref. 30).

Hetero-Oligomerization Assays. The first procedure was
essentially that of Davison et al. (36). Equimolar amounts of
histidine-tagged human p53tetL and of tetS (either wild-type
or mutants) were mixed (8 nmol of each tetramer in a volume
of 400 ml) and incubated at 37°C for 20 h to allow for complete
subunit exchange (26). A 10-ml aliquot was taken for analysis
and the remaining solution was loaded into a column contain-
ing 200 ml of Qiagen (Chatsworth, CA) Ni-NTA agarose beads.
The nontagged protein was eluted with 3 ml of 40 mM TriszHCl
(pH 7.4), 500 mM NaCl, and 100 mM imidazole (buffer A), and
the histidine-tagged protein was eluted with 2 ml of 40 mM
TriszHCl (pH 7.4), 500 mM NaCl, and 500 mM imidazole
(buffer B). Fractions (300 ml) were collected and analyzed by
SDSyPAGE and Coomassie Blue staining. In the second
method, 2 nmol of His-tagged tetL were mixed with different
amounts (up to 4 nmol) of nontagged tetS or mutants in a
volume of 100 ml and incubated at 42°C for 24 h. The mixtures
were added to 50 ml of washed Ni-NTA resin and briefly
incubated. The nontagged protein was removed by washing the
gel three times with 1 ml of buffer A, followed by centrifuga-
tion and removal of the supernatant. Finally, the tagged
protein was eluted with 100 ml of buffer B. The samples were
centrifuged and the supernatants analyzed by SDSyPAGE as
above.

Molecular Modeling. A personal computer, a Silicon Graph-
ics workstation, and the programs RASMOL (37), SWISS-
PDBVIEWER (38), and INSIGHTII (Biosym Technologies, San
Diego) were used.

RESULTS

Effect of Naturally Occurring Single Mutations on the
Thermodynamic Stability of p53tet. A previous thermody-
namic analysis of human p53tet (residues 326–353) showed
that the side chains critical for stability were those of residues
Leu-330, Ile-332, Phe-341, Leu-344, and Leu-348 and, to a

Table 1. Key residues within the hydrophobic core of the oligomerization domain of human p53 and
alignment with p53 and p53-like proteins from different species

Species

Hydrophobic coreycritical side chains*

328 330 332 338 340 341 344 348

Human p53ymammals† FyY* L I FyY‡ M F L L
Xenopus laevis I
Rainbow trout L F
Zebrafish V I L
Human p73 V I L
Squid V I L M
Chicken V L I
Clam V L I
Human p51 L V L I
Rat KET L V L I
Japanese fish F V F L I

*The side chains of these residues are those found to contribute most to the thermodynamic stability of
human p53tet (30). They correspond very closely with the side chains involved in the hydrophobic core
(Fig. 1). The side chain of Arg-337 was found also critical for p53tet stability. However, the effect
appeared to be due mainly to the contribution of its hydrophobic part; the few natural substitutions found
at this position (Lys in trout, Thr in humans p51, and Asn in human p73, clam and squid) may not affect
these hydrophobic interactions. Amino acid residue numbering is for human p53. For all other proteins,
only amino acids that differ from those of humanymammalian p53tet at the equivalent positions are
indicated.

†See ref. 34 and the Internet address http:yyperso.curie.fryThierry.Soussiyfor references. The ‘‘mam-
malian” sequence corresponds to that of the following species: human, african green monkey, rhesus
monkey, dog, cat, hamster, chinese hamster, rat, mouse, sheep, and bovine.

‡At position 328, Tyr was found in human p73 and trout, whereas Phe was found in all other sequences;
at position 338, Phe was found in all mammalian sequences except dog, bovine, and human p51, and Tyr
was found in all other sequences. Molecular modeling suggested that replacement of Phe by Tyr at either
position would not entail any alteration of the hydrophobic core of p53tet; the hydroxyl group of Tyr
could be accommodated on the protein surface without disrupting any interaction.

FIG. 1. Ribbon model of the human p53tet structure. Two different
orientations are shown on the left and right sides. The 1sak coordinates
(28) for the minimum tet domain (p53 residues 326–356), obtained
from the Protein Data Bank, and the program MOLSCRIPT (43) were
used. The residues whose side chains were found critical for stability
form most of the hydrophobic core and have been depicted as
ball-and-stick models.
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lesser extent, those of Phe-328, Arg-337, Phe-338, and Met-340
(30). All these residues comprise most of the hydrophobic core
(Fig. 1). Table 1 specifies the amino acid differences at these
key positions between human p53tet and the equivalent region
of p53-like proteins whose sequences have been published. We
have determined the individual effect of most of these natural
amino acid differences on the oligomerization status and the
thermodynamic stability of isolated p53tet. At the concentra-
tion tested (40 mM monomer), all single mutants tested gave
a far-UV CD spectrum very similar to that of wild-type tetS.
In addition, they behaved as tetramers in size-exclusion chro-
matography (data not shown). Thermodynamic stability was
quantitated by using that same protein concentration in Gd-
mCl denaturation experiments (Fig. 3A). The values deter-
mined for the relevant thermodynamic parameters were com-
pared with those of the parental tetS and refer to unfolding of
tetramer (Table 2). Ile substitutions of the partially buried
Met-340 or the buried Leu-344 caused only small effects in
stability. In contrast, all other natural replacements tested
individually led to substantial, although not dramatic, desta-
bilization (from 3.3 to 6.9 kcalymol of tetramer). These latter
substitutions involved hydrophobic replacements of the par-
tially buried Phe-328 or of the buried critical residues Leu-330,
Ile-332, Phe-341, or Leu-344 (Fig. 1).

Additive and Compensatory Effects of Combinations of
Naturally Occurring Mutations on the Stability of p53tet.
Relative to human p53, human p73 and p51 and nonmamma-
lian p53-like proteins involve different combinations of the
amino acid differences that were individually analyzed above
(Table 1). Multiple mutants of p53tetS were constructed to
mimic the key hydrophobic core sequences from most evolu-
tionarily related p53-like proteins sequenced to date (compare
Tables 1 and 2). These chimeric proteins contained, in essence,
the surface residues found in human p53 and the hydrophobic
core of different p53-like proteins. Again, the far-UV CD
spectra obtained were similar to that of the parental p53tetS,
and all multiple mutants behaved as tetramers in size-exclusion

chromatography analysis (Fig. 2 and data not shown). The
values of the thermodynamic parameters obtained for these
mutants in GdmCl denaturation experiments (Fig. 3A) are
given in Table 2. The multiple mutants analyzed showed, as a
group, a destabilization smaller than the single mutants. Some
multiple mutants were only moderately destabilized relative to
the wild type (3 kcalymol of tetramer or less). Remarkably, the
triple mutant L332VyF341LyL344I was as stable as the human
domain (compare Table 2). This was confirmed by thermal
denaturation experiments (Fig. 3B). The Tm values (transition
temperature) obtained at 10 mM (monomer) concentration
were 73.5°C and 74.3°C for human tetS and the mutant
332Vy341Ly344I, respectively. The DHu

Tm values (variation in
the enthalpy of unfolding at the transition temperature) were
165 and 166 kcalymol of tetramer, respectively.

For each combination of mutations analyzed, the destabi-
lization expected if the individual effects were additive is also
given in Table 2. Comparison with the experimental values
revealed a few near-additive effects. For example, the double
mutant F341LyL344F, which represents the hydrophobic core
of trout p53tet, was destabilized by 8.4 kcalymol of tetramer,
which is close to the expected additive value of 9.4 kcalymol.
However, in most cases nonadditivity was clearly occurring to
dramatic extents (Table 2). The double substitution L332Vy
F341L, found in human p73 and p51 and in most nonmam-
malian p53-like proteins, was destabilized only by 2.2 kcalymol
of tetramer, compared with an expected additive value of 8.4
kcalymol. The double mutation F341LyL344I, found in human
p51 and other p53-like proteins, also behaved nonadditively
(1.3 kcalymol of tetramer instead of 4.5 kcalymol). The most
extreme example is that of the triple mutant L332VyF341Ly
L344I, which combines the above substitutions and represents
the hydrophobic core of chicken p53 and clam p53-like protein.
As described above, this triple mutant was not destabilized
relative to the parental p53tet, whereas the expected additive
destabilizing effect of the three substitutions together
amounted to 9.5 kcalymol (Table 2 and Fig. 3).

Table 2. Equilibrium unfolding of p53tet with natural mutations in the hydrophobic core

Mutant
Hydrophobic core

represented*

m,
kcaly

(M.mol) [D]50%, M
DGu

H2O,
kcalymol)

DDGu
H2O,

kcalymol

Expected
additive

DDGu
H2O,

kcalymol

wt tetS Human p53, mammals 5.1 6 0.2 2.78 6 0.01 32.5 6 0.5
F328L 7.5 6 0.2 1.41 6 0.01 29.0 6 0.3 3.5 6 0.6
L330F 7.4 6 1.0 1.19 6 0.03 27.3 6 1.2 5.2 6 1.3
I332V 4.2 6 0.3 2.25 6 0.04 27.5 6 0.9 5.0 6 1.0
M340I 6.9 6 0.4 2.14 6 0.02 33.2 6 0.9 20.7 6 1.0
F341L 5.4 6 0.3 2.05 6 0.02 29.2 6 0.6 3.3 6 0.8
F341I Xenopus 6.0 6 0.2 1.21 6 0.01 25.6 6 0.2 6.9 6 0.6
L344F 5.0 6 0.2 1.60 6 0.01 26.4 6 0.3 6.1 6 0.6
L344I 5.3 6 0.1 2.42 6 0.01 31.3 6 0.3 1.2 6 0.6
F341LyL344F Trout 4.7 6 0.4 1.20 6 0.02 24.1 6 0.5 8.4 6 0.7 9.4 6 0.7
L332VyF341L 6.3 6 0.4 1.88 6 0.02 30.3 6 0.7 2.2 6 0.8 8.3 6 1.1
L332VyM340IyF341L Human p73, zebrafish 6.2 6 0.1 1.76 6 0.01 29.4 6 0.2 3.1 6 0.5 7.6 6 1.4
F341LyL344I 4.9 6 0.0 2.62 6 0.00 31.2 6 0.1 1.3 6 0.5 4.5 6 0.7
L332VyF341LyL344I Chicken, clam 5.5 6 0.1 2.55 6 0.01 32.4 6 0.3 0.1 6 0.6 9.5 6 1.1
F328LyL332VyF341LyL344I Human p51, rat KET 6.9 6 0.5 1.20 6 0.02 26.8 6 0.5 5.7 6 0.7 13.0 6 1.3

m, Variation in the free energy of unfolding, DGu, with the GdmCl concentration; [D]50%, concentration of GdmCl at which the transition is
half-completed by using 40 mM protein (monomer) concentration. DGu

H2O, DGu extrapolated to absence of denaturant and given for a standard
1 M protein concentration; DDGu

H2O difference in DGu between wild-type p53tetS and any mutant at zero denaturant concentration. Expected
additive DDGu

H2O values for the multiple mutants were obtained by addition of the experimental values found for the corresponding single mutants.
The standard errors of fitting and the propagated errors are indicated. The m values obtained for some mutants were somewhat different than that
obtained for wt tetS, possibly due to the nature of the mutation(s) introduced. For these mutants, DDGu values differed somewhat depending on
the denaturant concentration at which they were calculated. DDGu values are thus given at zero denaturant concentration, because this corresponds
to more physiological conditions and because the required extrapolation of the experimental data was relatively short, so that the fitting errors were
not large. The values obtained for a 2 M GdmCl concentration (data not shown) led to essentially the same conclusions discussed in the text.
*For the mutants indicated, all residues at the thermodynamically most critical positions of human p53tet (residues 330, 332, 340, 341, 344, and

348; ref. 30) correspond to those of p53 or p53-like protein specified. These six residues form the central hydrophobic minicores of each primary
dimer and the critical, central part of the interdimer interface. See also text, Fig. 1, and Table 1.
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Impaired Hetero-Oligomerization Between Human p53tet and
a Mutant with Compensatory Core Mutations and Wild-Type
Stability. Although the mutant homo-oligomer L332VyF341Ly
L344I was not destabilized relative to human p53tet, the 12 core
residues substituted in the tetramer could lead to impaired
hetero-oligomerization with nonmutated human p53tet (see Dis-
cussion). We have tested the hetero-oligomerization ability of
mutants L332VyF341LyL344I and L332VyM340IyF341L with
human p53tet (Fig. 4) in subunit-exchange assays (refs. 26 and 36;
see Materials and Methods). Human His-tetL and either human
tetS or the mutant L332VyM340IyF341L did quantitatively het-
ero-oligomerize. In contrast, the mutant L332VyF341LyL344I
showed clearly impaired hetero-oligomerization with human
p53tet (Fig. 4). A rough estimate suggested that about 5–10 times
more protein from this mutant was required to achieve hetero-
oligomerization to the same extent as that achieved with the wild
type. Although hetero-oligomerization was not completely abol-
ished, this result shows that careful engineering of p53tet can lead
to decreased hetero-oligomerization with wild-type p53 without
undesirable effects on the thermodynamic stability and oligomer-
ization affinity of the homo-oligomer.

DISCUSSION

Are p53-Like Proteins Tetrameric? It is still unclear whether
human p73 and p51 and other p53-like proteins are tetramers.

High sequence identity with human p53 (higher than 35%) is
consistent with an ability to oligomerize, and there is experimen-
tal evidence which suggests that Xenopus p53 and human p73 are
oligomers (31, 39). The chimeric tet domains analyzed here
included the residues found in p53-like proteins at positions
equivalent in human p53 to those critical for stability and located
at the interfaces. Thus, the tetrameric status and stability of these
chimeric domains favor the possibility of p51 and p73 and most
p53-like proteins sequenced to date being also tetrameric. How-
ever, definitive proof must await direct analysis of the unmodified
natural proteins.

Naturally Occurring ‘‘Size-Swap’’ Mutations Do Not Preserve
p53tet Stability. Comparison of the hydrophobic cores of human
and trout p53tet provides an extreme example derived from
nature which emphasizes the importance of structural context
and core packing complementarity in modulating the effect of
amino acid substitutions on protein stability. Despite preserving
core size and hydrophobicity, the eight central core residues
replaced in the tetrameric variant F341LyL344F were strongly
destabilizing. Although these side chains contacted each other
(Fig. 1), the replacements acted additively. Molecular modeling
suggested that good packing would be difficult to achieve. The
hydrophobic cores of trout and Xenopus p53tet were found
substantially destabilized, but those of zebrafish and clam ap-
peared to be little destabilized. Thus, core stability has not been
kept invariant during p53tet evolution, but no evolutionary trend
toward improved stability was apparent. It should be noted,
however, that the effect of the natural differences found in
surface-exposed residues was not analyzed, and their combined
effect might be important in modulating the overall stability.
Individual truncation to Ala of most surface-exposed side chains
in human p53tet had a relatively minor, but not negligible, effect
on stability (30).

Compensatory Effects During Evolution of the p53tet Hydro-
phobic Core. It has been proposed that the occurrence of
compensatory mutations plays a role in the molecular evolution
of proteins (1, 17). Statistical sequence analyses suggest that
covariation of mutations within proteins may be a relatively
common, if not widespread, occurrence (40, 41). The present

FIG. 3. (A) GdmCl denaturation (at 25°C and pH 7) of human
p53tetS and some variants with natural mutations. The fraction of
protein denatured is represented as a function of GdmCl concentra-
tion for wild-type tetS (h) and mutants L332V (‚), F341L (ƒ), L344I
(e), and L332VyF341LyL344I (E). The protein (monomer) concen-
tration was 40 mM. (B) Thermal denaturation (at pH 7) of human
p53tetS (h) and the triple mutant L332Vy341Ly344I (E). The fraction
of protein denatured is shown as a function of the temperature. The
protein (monomer) concentration was 10 mM. For clarity, only 1 in
every 10 experimental points is represented. The fitting of the exper-
imental values to two-state transition curves by using the program
Microsoft EXCEL (method II in ref. 30) is indicated by solid lines.

FIG. 2. Analytical size-exclusion chromatography of human
p53tetS and multiple mutants with the hydrophobic cores of human
p51 and p73. The column was calibrated by using a set of molecular
weight markers as shown in the lower part of the figure. The peaks
correspond to thyroglobulin (660 kDa, V0), BSA (67 kDa), ovalbumin
(43 kDa), chymotrypsin (25 kDa), ribonuclease A (13.7 kDa), apro-
tinin (6.5 kDa), and acetone (Vt). p53tet chromatograms are shown on
the upper part and have been offset for clarity. They correspond (from
top to bottom) to human p53tetS and mutants L332VyM340IyF341L
(core from p73), and F328LyL332VyF341Lyl344I (core from p51).
The initial (monomer) concentration was 40 mM.

FIG. 4. Analysis of hetero-oligomerization between p53tet mutants
and wild-type human p53tet. The second procedure described in Materials
and Methods was followed. A total of 2 nmol of His-tagged tetL were
incubated either alone (lane 1) or with nontagged wild-type tetS (lane 2),
mutant L332VyF341LyL344I (lane 3), or L332VyM340IyF341L (lane 4).
The His-tagged homo-oligomers and the hetero-oligomers formed were
separated from the remaining nontagged homo-oligomers by specific
binding to Ni-NTA beads followed by elution with imidazole. Lanes 5–14,
eluates containing His-tagged homo-oligomers and hetero-oligomers (if
applicable) from tetL alone (lane 5) or mixtures of tetL with wild-type tetS
(lanes 6–8), L332VyF341LyL344I (lanes 9–11), or L332VyM340IyF341L
(lanes 12–14). TetL:tetS (wild-type or mutants) molar ratios in the
corresponding incubation mixtures were 1:0.5 (lanes 6, 9, and 12), 1:1
(lanes 7, 10, and 13), or 1:2 (lanes 2–4, 8, 11, and 14). The conditions for
the experiment were set up by using the alternative procedure described
in Materials and Methods. In control samples with individual proteins, no
His-tagged tetL was found in the washing fractions, and no untagged
wild-type or mutant tet were found in the fractions eluted. Similar results
consistent with those shown here were obtained in repeated experiments.
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study provides a dramatic example of mutually compensatory
effects during the natural evolution of the hydrophobic core of a
protein domain. The side chains found most critical for human
p53tet stability were those of Leu-330, Ile-332, and Phe-341,
which formed the central minicores within each of the primary
dimers in the tetramer (Fig. 1). These residues were conserved in
all 12 mammalian p53 analyzed. In contrast, human p73 and p51,
rat KET, and eight nonmammalian p53-like proteins (all those
sequenced except Xenopus and trout p53) had Val and Leu at
positions 332 and 341, respectively. Sequence comparisons sug-
gested that human p73 and p51, and p53-like proteins from lower
eukaryotes, may be more closely related to a putative ancestral
protein, whereas p53 from upper vertebrates may have arisen by
gene duplication and divergent evolution (31, 35). Thus, it is
tempting to speculate that a compensatory double mutation
V332IyL341F occurred late in evolution and gave rise to mam-
malian p53 with the same or even improved stability but with a
different core packing when compared with ancestral proteins
more related to p73 and p51. Other natural differences like those
at residue 344 may have modulated the above effects. In sum-
mary, variation within the tet core of p53-related proteins appears
to be centered on the most critical positions regarding oligomer-
ization and stability, namely 332, 341, and 344. Evolution toward
mammalian p53tet with a different core packing may have
entailed compensatory substitutions at these positions which,
instead of being detrimental for stability, may have preserved or
even improved stability.

Design of a Mutant p53 with Impaired Hetero-Oligomeriza-
tion. An engineered human p53 incorporating the chimeric tet
domain L332VyF341LyL344I described here may show impaired
hetero-oligomerization with inactive p53 from tumor cells and
provide a step in the development of anticancer gene therapy
based on p53. Our rationale was to hypothesize, from the
modeling of natural amino acid differences found at key positions
within the tet core, that some multiple mutations during evolution
of p53tet might have preserved stability, but not hydrophobic core
packing specificity. The results indicate that both assumptions
were correct in particular instances, especially with L332Vy
F341LyL344I. Potential problems with this engineered domain
are that hetero-oligomerization, though clearly reduced, was not
drastically impaired. This could still allow sequestration of the
engineered p53 by high levels of inactive p53 within cancer cells.
Also, the tet core sequence is a step closer to that of human p51
and p73. Thus, the engineered p53 might display a somewhat
increased hetero-oligomerization with those proteins, whose
function is unclear. Evaluation of such possibilities must await
experiments with full-length p53 in biological assays. The advan-
tages of our design relative to approaches based on the use of an
engineered p53 with either an entirely different oligomerization
domain (42) or drastic substitutions at the tet interfaces are that
(i), the engineered tet sequence is very close to the human
sequence, and the surface residues identical; this may be most
important if the tet domain participates in p53 functions other
than oligomerization, like interdomain or intermolecular recog-
nition; and (ii) the stability and homo-oligomerization ability of
the triple mutant are not reduced at all relative to human p53.
Xenopus p53 also showed poor ability to hetero-oligomerize with
human p53 (39), but this may be just a consequence of reduced
stability and homo-oligomerization ability of Xenopus p53tet
compared with the human domain (see Results; ref. 39). Our
design may be also considered a first stage to try and further
decrease p53 hetero-oligomerization by either a rational ap-
proach or random mutation and selection.
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