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Abstract
p53-interacting

proteins from mouse epidermal cells and human my-

elogenous leukemia cells were isolated by affinity chromatography using
glutathione S-transferase (GST)-p53 fusion proteins. One of these proteins
was topoisomerase I, whose interaction with p53 was recently reported. A
carboxyl-terminal
fragment containing the last 92 amino acids of p53
(GST-299-390) was sufficient for binding to topoisomerase I. Nanomolar
concentrations of either GST-p53 or GST-299-390 enhanced the catalytic
activity of purified human topoisomerase I. Purified wild-type human p53
and point mutants Ser-239, Ser-245, and His-273 were equivalent in their
enhancement of human topoisomerase I activity. Because topoisomerase I
is thought to promote genetic recombination, competence to enhance
topoisomerase I catalytic activity coupled with a deficiency in transcriptional activity may be a mechanism for gain of function in mutant p53
proteins.

Introduction
Topoisomerase I belongs to a group of enzymes involved in the
release of topologica! stress along the DNA double helix. Topoisomerases are necessary for nuclear metabolism, participating in a
variety of processes involving the melting and reannealing of DNA
including replication, transcription, and DNA repair (1). During its
catalytic cycle, topoisomerase 1 sequentially breaks and religates one
strand of DNA, allowing relaxation of the supercoiled DNA substrate.
After the strand break, the enzyme remains covalently linked to the 3'
hydroxyl end through a phosphodiester bond via a tyrosine residue in
its reaction center and then releases itself by transesterification onto
the free 5' hydroxyl end during the subsequent ligation. If a free 5'
hydroxyl group from an exogenous DNA molecule is available, to
poisomerase I can catalyze the ligation of the two DNA strands (2-4),
a property that allows topoisomerase I to mediate nonhomologous
recombination in somatic cells. Strand exchange sites for nonhomolo
gous recombination in mammalian cells contain sequences that are
preferentially cleaved by topoisomerase 1 (5). Under certain condi
tions, topoisomerase I can be the cause of genomic instability; for
instance, treatments or mutations that increase the stability of the
covalent DNA-topoisomerase I reaction complexes increase the fre
quency of DNA recombination (6).
Recently, wild-type p53 has been described as a topoisomerase
I-binding protein capable of enhancing the cleavage reaction step of
the topoisomerase I catalytic cycle in vitro (7). The wild-type p53

DNA sequence. DNA damage induces p53 protein which can lead to
a G! arrest through transcriptional activation of WAF1, apoptosis
through a mechanism partly dependent on p53 transcriptional activity,
or a G2 arrest (9, 10).
Wild-type and mutant p53 proteins differ in their biochemical
properties. Typically, p53 mutants have a prolonged half-life, are
defective in DNA binding, have lost the ability to suppress transfor
mation, and can form heterotetramers with wild-type p53. resulting in
a dominant negative effect on wild-type function (11). Often both p53
gene copies are defective in human cancers, and the types of p53
mutation differ from those of tumor suppressor genes Rb and APC.
The most common alterations in these genes are deletions and non
sense mutations that eliminate protein expression. In contrast, most
p53 alterations involve missense mutations of one alÃ-elewith loss or
rearrangement of the other alÃ-ele.This suggests that the presence, i.e.,
a gain of function, of mutated p53 protein, rather than the loss of
wild-type p53 protein, confers a selective growth advantage and
promotes clonal expansion (8).
To examine further the interaction between wild-type p53 and
topoisomerase I, we used wild-type p53 protein in an affinity chro
matography assay, followed by in vitro studies with several recom
binant p53 protein forms expressed in bacterial or insect cells. These
studies confirm the interaction between topoisomerase I and p53 and
localize the interaction to the carboxyl terminus of p53. In addition,
several mutant p53 proteins deficient for transcription and growth
inhibition retained the ability to enhance topoisomerase I catalyticfunction. Because mutant p53 protein is commonly overexpressed in
cancer cells, this suggests a mechanism for gain of function by p53
mutant genes.
Materials and Methods
Cell Lines and Cell Culture. Clone 291 is a mouse keralinocyle strain
with a normal growth and differentiation phenotype ( 12). Clone 291.03RATCl 19 was derived by the transfection of 291.03RAT (a carcinoma derivalive
of 291 treated with 7,12-dimethylbenz(ii)anthracene;
Ref. 13) with a plasmid
driving the expression of the temperature-sensitive p53 mutant Val-135. ML-1
is a human myeloblastic leukemia cell line with a wild-type />5.?gene (14).
Preparation of Nuclear Extracts. Nuclear extracts were prepared follow
ing a modification of the NaCl extraction method of Dignam et al. (15). The
final preparation containing the salt-extracted soluble nuclear proteins was
dialyzed against STA1 buffer [ 10 mM Tris-HCl (pH 7.9), 100 mM NaCl, 10 mM
MgCl. I mM EDTA, and 10% glycerol.
Generation and Purification of p53 Recombinant Proteins. The fusion
proteins GST-p53 and GST-299-390 (containing either the full-length or the
last 92 amino acids of murine wild-type p53 protein fused to the carboxyl

gene is a tumor suppressor with a role in maintaining genetic stability
(8, 9). The p53 protein is a transcription factor that activates promot
ers of certain growth-regulatory genes through binding to a specific
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and Neel (16) for the purification of enzymatically active GST fusion proteins.
The final protein preparation was dialyzed against STA buffer.
To generate polyhistidine-tagged human p53 proteins, wild-type full-length
cDNA, single-point mutant cDNA (Ser-239, Ser-245, and His-273 generated
by in vitro mutagenesis). or cDNA for a 30-amino acid carboxyl-terminally
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truncated p53 was ligated into the baculovirus vector pFastBac HTb (Life
Technologies, Inc.) in frame with a 6X polyhistidine amino terminal tag. The
vector was introduced into DHlOBac competent bacteria carrying a baculovi
rus shuttle vector (bacmid). Recombinant bacmids containing the p53 cDNA
inserts were transfected into Sf-9 insect cells to produce and amplify a
recombinant viral stock, and the resulting proteins were purified from infected
Sf-9 cells using nickel-agarose affinity chromatography (Qiagen. Valencia.
CA). The final protein preparation was dialyzed against buffer D [(20 mM
HEPES (pH 7.9), 100 mM KC1,0.2 mM EDTA. 0.2 mM EGTA. 2 mM DTT. and
20% glycerol)], aliquoted, and stored at -80Â°C.
Binding Assay to GST Fusion Proteins and Amino Acid Sequencing.
Purified GST-p53 fusion proteins or GST protein control was bound to
glutathione-Sepharose
beads (Pharmacia Biotech) at a concentration of 0.5
/xg//il wet Sepharose matrix. The beads were incubated with two bed volumes
of nuclear extract (protein concentration. 1.7 jbtg/fil) in STA buffer for 30 min
at 4Â°C.After washing with 6 volumes of STA buffer, bound proteins were
sequentially eluted with 1 volume of STA buffer supplemented with 200. 500.
and KKK)mM NaCl. A 5-/il aliquot of the initial nuclear extract or the NaCl
eluates was separated in 7.5% SDS-PAGE. and proteins were detected either
by silver staining (Bio-Rad. Cambridge. MA) or by immunoblotting with
Scl70 (Immunovision, Springdale, AK). a polyclonal serum specific for topoisomerase I. followed by chemiluminescence (Pierce. Rockford. IL). Proteins
p 100 and p80 from the 500-mM NaCl fraction were subjected to internal amino
acid sequencing at the W. M. Keck Foundation (Yale University School of
Medicine. Department of Molecular Biophysics and Biochemistry. New Ha
ven, CT).
Assays for Topoisomerase
I Activity. Purified human topoisomerase I
enzyme and supercoiled plasmid pHOTl substrate (which contains a copy
of a preferred topoisomerase
I site cloned into pUC12) were purchased
from Topogen (Colombus, OH). pHOTl was maintained in DH5a cells and
isolated using standard plasmid preparation procedures. Reactions were
done in a total volume of 10 n\. The topoisomerase
I reaction buffer
contained 10 mM Tris-HCI (pH 7.9), 150 mM NaCl, 1 HIMEDTA, 100 nM
spermidine. 0.1% BSA, 5% glycerol, and the indicated amounts of p53
protein. All reactions contained an equal volume of the p53 protein solvent
buffer to control for effects on enzyme activity. Reactions were started by
the addition of 0.2 fig of supercoiled pHOTl plasmid and incubated for 20
min at 37Â°C.Reactions were stopped by the addition of 2 ju.1of stop buffer
(5% sarkosyl, 0.125% bromphenol blue, and 25% glycerol). Reaction
products were separated by electrophoresis
in 1% agarose at 2 V/cm for
18 h. After electrophoresis,
gels were stained in 0.5 Â¿ig/ml ethidium
bromide and photographed under UV light.

Results
Binding of Topoisomerase I to the Carboxyl Terminus of p53.
Nuclear extracts from the nontransformed epidermal keratinocyte
cell line 291 contained proteins that bound to GST-p53 fusion
proteins immobilized on a glutathione-Sepharose
matrix. A 100kDa doublet and an 80-kDa protein eluted preferentially at 500 mM
NaCl and were detected by silver staining after SDS-PAGE (Fig.
IA). These protein bands were identified as two different forms of
topoisomerase I by both direct amino acid sequencing and western
blotting with a topoisomerase I-specific serum Scl70 (Fig. IÃŸ).The
antiserum recognized three protein bands of 100, 82, and 80 kDa in
the unfractionated nuclear extract. However, only the 100- and
80-kDa forms were retained by GST-p53. Topoisomerase
I is
known to undergo proteolysis during experimental handling, gen
erating products of faster migration, whereas the 100-kDa form is
the expected size of the full-length non-degraded form (17). The
82- and 80-kDa forms likely represent proteolytic products, which,
in the case of the 82-kDa form, may be missing a domain necessary
for interaction with p53. In similar experiments, the 100-kDa form
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Fig. 1. Binding of topoisomerase 1 to the carboxyl terminus of p53. Nuclear extracts
were prepared from mouse (291, A and B: 291.03RAT-C119, C) or human cells (ML-l.
C). Nuclear extracts were incubated with full-length mouse p53 GST fusion protein
(GST-p53) or GST fusion protein to the mouse p53 carboxyl terminus (GST-299-390)
immobilized on glutathione-Sepharose beads. GST protein alone was used as a nonspe
cific binding control. Bound proteins were eluled with increasing NaCl concentrations as
indicated and separated by 7.5% SDS-PAGE. Proteins were detected by silver staining (A)
or by immunoblotting with topoisomerase 1 antiscrum SclVO (B and O. N.E., unfraction
ated nuclear extract.

was retained from nuclear extracts of both mouse (291.03RATC119, a derivative of 291 ) and human (ML-1 leukemia cells) origin
(Fig. 1C). Moreover, the GST-299-390
fusion protein retained
topoisomerase I as efficiently as full-length GST-p53, indicating
that the topoisomerase I interacting region was contained in the
p53 carboxyl terminus.
The Effect of p53 Carboxyl Terminus on Topoisomerase I
Catalytic Activity. Because the last 92 amino acids in the carboxyl
terminus of p53 were sufficient for binding to topoisomerase I, we
tested whether this region was also sufficient for effects on topoi
somerase I activity. As shown in Fig. 2, the carboxyl terminus of p53
was sufficient for the activation of purified topoisomerase I activity.
Fig. 2A shows the effect of 100 nM GST-299-390 on increasing
amounts of topoisomerase I enzyme in a supercoiled plasmid relax
ation assay. Topoisomerase I enzyme at a 1:1,000 dilution (Fig. 2A)
was only minimally active in DNA relaxation in the absence p53
protein (-); however, at this dilution, enzyme activity was maximally
stimulated in the presence of GST-299-390 ( + ). p53 protein en
hanced topoisomerase I catalytic activity by at least 5-fold (for ex
ample, in Fig. IA, the generation of relaxed forms at a 1:250 dilution
of topoisomerase I in the presence of GST-299-390 is equivalent to
a dilution of 1:50 in its absence; 1:16,000 + p53 is approximately
equivalent to 1:1,000 â€”¿
p53). The 1:1,000 concentration of enzyme
was used to compare GST-p53, GST-299-390, and GST control
recombinant proteins in the range of 4-400 nM for the capacity to
stimulate topoisomerase I catalytic activity. Both full-length and car
boxyl terminal p53 fusion proteins enhanced DNA relaxation by
topoisomerase I (Fig. 2B). The effect was dose dependent up to 80 nM
p53 proteins, with no further increase (GST-299-390) or an inhibitory
effect (GST-p53) at 200 or 400 nM. The GST protein alone was
inactive (4-20 nM) or minimally active (80-400 nM) in plasmid DNA
relaxation, being well below the activities observed with GST-p53 or
GST-299-300 at the same concentrations.
The Effect of Human p53 Mutant Proteins on Topoisomerase I
Catalytic Activity. The capacity of mutant forms of p53 to activate
topoisomerase I catalytic activity was tested using human wild-type
and mutant p53 proteins produced in insect cells (Fig. 3). The wildtype protein and single-point mutant p53 proteins Ser-239, Ser-245,
and His-273 were equivalent in capacity to increase topoisomerase I
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Fig. 2. Effect of GST, GST-p53. and GST-299-390 recombinant proteins on the DNA
relaxation activity of purified human topoisomerase I. The indicated concentrations of
recombinant proteins and topoisomerase I were included in reactions with a total volume
of 10 /A!,as described in "Materials and Methods." After the reaction, plasmid topologica!
isomers were separated on a 1% agarose gel and detected by cthidium bromide staining.
A. titration of topoisomerase I against a fixed concentration of GST-299-390. Topoi
somerase I stock was subjected to serial dilution as indicated and incubated with 100 nM
GST-299-390.
ÃŸ,dose dependence of recombinant p53 fusion protein activation of
human topoisomerase I. Concentrations of 4-400 nM GST-p53, GST-299-390, or GST
proteins were incubated with (+ topo [) or without (â€”tttpof}a I:1(KK)dilution (0.01 unit)
of topoisomerase

I.

catalytic activity. None of the p53 proteins relaxed plasmid DNA in
the absence of topoisomerase I, indicating that the observed effects
were not due to insect topoisomerases copurifying with the p53
proteins. The p53 protein concentrations needed for maximum topoi
somerase I activation were higher than those in the previous experi
ments; for example, 1 /XMhuman wild-type p53 protein compared to
80 nM GST fusion proteins. Because the GST fusion proteins were
produced in bacteria, whereas the human recombinant p53 proteins
were produced in insect cells, the differences between the two may be
due to alternative posttranslational modifications in bacterial and
insect cells.

l

p53 with topoisomerase I include roles in transcription and repair.
Topoisomerase I is a transcriptional coactivator in in vitro transcrip
tion assays with a stimulatory effect on activator-mediated transcrip
tion (20, 21). Topoisomerase I can increase basal as well as activatorinduced transcription in a defined reconstituted system, facilitating
TFIID-TFIIA complex formation (22). The observed binding of p53
and topoisomerase I could be necessary for enhancement of the
transcriptional activity of p53 in response to DNA damage and might
even be expected to occur with other transcriptional transactivators.
With regard to repair function, there is evidence that wild-type p53 is
necessary for efficient DNA repair (23), and both topoisomerase I and
II have been linked to DNA repair by the use of specific inhibitors
(24).
We have shown that human mutant p53 forms commonly found
in cancers retain the ability to stimulate catalytic activity of topoi
somerase I. Topoisomerase I was activated to a similar extent by
wild-type p53, His-273, and two other mutants. Ser-239 and Ser245. Most human cancers with p53 alterations carry a missense p53
point mutant, which is frequently overexpressed. The high levels of
mutant p53 can inactivate the wild-type form through the forma
tion of heterotetramers, displaying a negative dominant effect.
However, certain p53 missense mutants, like the His-273 used in
this study, exhibit gain of function phenotypes. These include the
promotion of tumorigenicity in nude and syngenic mice by cells
lacking endogenous p53, the enhancement of plating efficiency in
soft agar (25-27), and the enhancement of carcinogenesis in transgenie mice (28).
Mechanisms proposed to explain the positive dominant effect
include the following possibilities: (a) anomalous transcriptional
activity of mutant p53; or (b) genomic instability induced by
mutant p53. Relative to the first, anomalous activation of the
promoters of the multidrug resistance gene and the proliferating
cell nuclear antigen gene has been observed in transient transfection experiments (27, 29). The current results are consistent with
the proposal that the observed transcriptional activity of mutant
p53 is due to the stimulation of topoisomerase I as a transcriptional
coactivator (20-22). combined with a failure to inhibit the TFIIHassociated transcription/repair factors XPD and XPB (18, 19).
Relative to the second possibility, the presence of mutant p53 has
been reported to enhance genetic instability (30). Based on the
results of the current study, mutant p53 could contribute to genetic

+ topo I

Discussion

We have confirmed the observations of Gobert et al. (1) that
wild-type p53 interacts with topoisomerase I and enhances its
DNA relaxation activity and extended these observations to in
clude a wild-type p53 carboxyl-terminal polypeptide and human
p53 mutant proteins. Interactions are preserved between rodents
and humans, because mouse p53 bound to topoisomerase I from
both human and mouse nuclear extracts, and both mouse p53
produced as a GST fusion protein and human p53 produced in
insect cells were able to enhance purified human topoisomerase I
catalytic activity. We have demonstrated that the carboxyl termi
nus of p53 (residues 299-390) is sufficient for binding to topoi
somerase I and enhancing its catalytic activity. The carboxyl
terminus contains the p53 oligomerization domain and a terminal
DNA-binding negative regulatory sequence (9). In addition, it has
been reported to bind to the basal TFIIH components XPB
(ERCC3) and XPD (ERCC2). inhibiting their helicase activity (18)
and contributing to p53-mediated apoptosis (19).
Potential physiological functions for the interaction of wild-type

- topo I

Fig. 3. Effect of mutant p53 recomhinanl proteins on topoisomerase I activity. Histagged wild-type and mutant forms of human p53 were produced in insect cells, and their
effect on topoisomerase I was assayed under the same conditions as described in the Fig.
2 legend. The p53 proteins at the indicated concentrations were incubated with 0.01 unit
of purified human topoisomerase I (+ topo I) or without topoisomerase I (control: - to/to
I). Human p53 proteins: WT. wild type; S239. Asn-239 to Ser-239 mutant; S245. Gly 245
to Ser-245 mutant; H273, Arg-273 to His-273 mutant: A.JO, wild-type p53 sequence
lacking Ihe last 30 amino acid residues in the carboxyl terminus.
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instability by stimulating the activity of topoisomerase I in nonhomologous recombination (2-4). This is supported by the fact
that agents that increase the stability of the topoisomerase 1 cleav
age complex, such as camptothecin, can induce genetic alterations,
including sister chromatid exchange, deletions, and chromosomal
aberrations (6). Mutant p53 proteins overexpressed in transformed
and tumor cells could exhibit gain of function due to the retention
of topoisomerase I catalytic enhancing activity coupled with a loss
of tumor suppression activities (such as sequence-specific
DNA
binding, transcriptional
activation of growth-inhibitory
genes,
DNA repair, and apoptosis). leading to increases in nonhomologous recombination and genomic instability. Future experiments
will be required to directly assess these possibilities.
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