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In this study we further characterized the 3'-5’ exonuclease activity intrinsic to wild-type p53. We showed
that this activity, like sequence-specific DNA binding, is mediated by the p53 core domain. Truncation of the
C-terminal 30 amino acids of the p53 molecule enhanced the p53 exonuclease activity by at least 10-fold,
indicating that this activity, like sequence-specific DNA binding, is negatively regulated by the C-terminal basic
regulatory domain of p53. However, treatments which activated sequence-specific DNA binding of p53, like
binding of the monoclonal antibody PAb421, which recognizes a C-terminal epitope on p53, or a higher
phosphorylation status, strongly inhibited the p53 exonuclease activity. This suggests that at least on full-
length p53, sequence-specific DNA binding and exonuclease activities are subject to different and seemingly
opposing regulatory mechanisms. Following up the recent discovery in our laboratory that p53 recognizes and
binds with high affinity to three-stranded DNA substrates mimicking early recombination intermediates (C.
Dudenhoeffer, G. Rohaly, K. Will, W. Deppert, and L. Wiesmueller, Mol. Cell. Biol. 18:5332-5342), we asked
whether such substrates might be degraded by the p53 exonuclease. Addition of Mg>™* ions to the binding assay
indeed started the p53 exonuclease and promoted rapid degradation of the bound, but not of the unbound,
substrate, indicating that specifically recognized targets can be subjected to exonucleolytic degradation by p53

under defined conditions.

The best-studied molecular activity of the tumor suppressor
p53 probably is that of a sequence-specific transactivator (3, 9,
19, 28, 44, 69). pS3 becomes activated as a transcription factor
under various cellular stress situations, including genotoxic
stress. This leads to transcriptional upregulation of p53 target
genes, which in turn mediate growth arrest or apoptosis (13,
32, 41). In addition to its transactivator function, p53 exerts a
variety of other biochemical activities involved in DNA dam-
age recognition and repair, which characterize p53 as a supe-
rior control element in maintaining the integrity of the cell
genome (2, 26, 37, 49). We recently reported that wild-type
(wt) but not mutant p53 exerts a novel intrinsic 3'-5’ exonu-
clease activity (48). Exonucleases are required in a variety of
processes contributing to genomic stability, such as proofread-
ing, mismatch and nucleotide excision repair, and recombina-
tion (31, 39). Therefore, we hypothesize that p53, through its
exonuclease activity, could be actively involved in such pro-
cesses, thereby significantly expanding the role of p53 as a
“guardian of the genome” (35).

In this study we further characterized the p53 exonuclease
activity and specifically addressed the question of how this
activity is related to the sequence-specific DNA binding activ-
ity of p53. Our previous experiments had suggested that the
p53 intrinsic exonuclease activity is exerted by the p53 core
domain (48), which also mediates sequence-specific DNA
binding by p53 (1, 4, 16, 51, 67). The localization of two such
different activities to the same domain of the p53 molecule
poses the problem of how these activities are regulated, since
one would expect that p53, which regulates transcription in a
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sequence-specific manner, would not exert an exonuclease ac-
tivity. The p53 core domain has a complex structure, as it is
composed of two alpha-helical loop domains and a beta-sheet
domain, compacted via metal (zinc) binding (6). This is an
unusual arrangement for a DNA binding domain, which so far
has been found only in a few sequence-specific DNA binding
proteins, including NFkB (47). Interestingly, a similar struc-
tural arrangement has been found for the catalytic domain of
Escherichia coli exonuclease III, a multifunctional enzyme ex-
hibiting 3’ phosphatase, endonuclease, and 3'-5" and 5'-3’ exo-
nuclease activities (45). As a working hypothesis, we therefore
assumed that the composite structure of the p53 core domain
might allow the execution of different activities through con-
formational alterations leading to slightly different arrange-
ments of its various structural components.

The data presented in this report confirm that the central
domain of wild-type, but not that of mutant, p53 exerts the p53
intrinsic exonuclease activity. Like sequence-specific DNA
binding (22, 24), this exonuclease activity is negatively regu-
lated by the C-terminal basic regulatory domain of p53. How-
ever, treatments activating sequence-specific DNA binding of
full-length p53 strongly inhibited its exonuclease activity, indi-
cating that p53 exonuclease and sequence-specific DNA bind-
ing are separate activities of the p53 core domain, regulated in
opposing manners. As C-terminally truncated p53 had at least
a 10-fold higher specific exonuclease activity than full-length
pS3, we conclude that under appropriate conditions, wt p53
acts as a bona fide exonuclease. Activation of the p53 exonu-
clease activity by addition of Mg®" ions when p53 had bound
to a potential in vivo substrate, a three-stranded DNA mim-
icking a recombination intermediate with a single mismatch
(8), resulted in rapid degradation of the bound, but not the
unbound, substrate, which is indicative of the activation of the
pS3 exonuclease within a defined enzyme-substrate complex.

Our data are compatible with a model according to which
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p53 exerts two complementary functions in maintaining the
integrity of the genome. As its basal function in maintaining
genetic stability, pS3 participates actively in repair processes
through activities not related to sequence-specific DNA bind-
ing, specifically through its exonuclease activity (48). At an-
other level of control, cellular stress activates the functions of
p53 generally associated with its role as a guardian of the
genome, namely, growth arrest and apoptosis (34, 35).

(This work was conducted by F. Janus and N. Albrechsten in
partial fulfillment of the requirements for a Ph.D. degree at the
University of Hamburg, Hamburg, Germany.)

MATERIALS AND METHODS

Bacteria and cells. Recombinant baculovirus expressing full-length and frag-
ments of murine wt p53 protein with coding information for a His6 tag at the N
terminus were kindly provided by P. Tegtmeyer (SUNY, Stony Brook) (67).
Murine wt and MethA (7) p53 DNAs coding for amino acids 80 to 280 were
inserted into the pHO6EX3 vector and expressed in DHS« bacteria. Simian virus
40 (SV40) large-T-antigen (T-Ag) recombinant baculovirus was kindly provided
by Ellen Fanning (Department of Molecular Biology, Vanderbilt University,
Nashville, Tenn.). Human wt p53 and human oligomerization mutant 1262 re-
combinant baculoviruses were kindly provided by John Jenkins (Cell Prolifera-
tion Laboratory, Marie Curie Research Institute, Oxted, Surrey, United King-
dom).

Protein purification. (i) Inmunoaffinity chromatography. Protein was purified
by PAb421 immunoaffinity chromatography as described previously (48).

(ii) Co>* metal affinity chromatography. About 10° High Five insect cells were
infected with the corresponding recombinant baculovirus and harvested at 44 h
postinfection (hpi). Okadaic acid (200 nM) was added as indicated in Results at
41 hpi. To purify histidine-tagged proteins by Co?* metal affinity column chro-
matography (TALON; Clontech), cells were lysed by addition of ice-cold lysis
buffer (20 mM Tris-HCI [pH 8.0], 100 mM NaCl, 0.5% [wt/vol] Lubrol, 5 mM
B-mercaptoethanol, 2 mM phenylmethylsulfonyl fluoride, 2 mM Na,S,0s, 50 pg
of leupeptin, per ml, 1% [vol/vol] Trasylol) and rocked for 1 h. Crude lysate was
centrifuged at 200,000 X g for 35 min and incubated with column material for 45
min. The column material was washed with buffer A (20 mM Tris-HCI [pH 8.0],
100 mM KCI, 2 mM B-mercaptoethanol) and with 10 mM imidazole in buffer A.
Proteins were eluted with 300 mM imidazole in buffer A, and 1-ml fractions were
collected. The majority of the bound p53 proteins were recovered in fraction 2 at
high purity.

(iii) Ion-exchange and heparin sulfate affinity chromatographies. After metal
affinity chromatography, the p53;.3,, fragment was further purified by anion-
exchange chromatography with UNO Q anion-exchange column or by heparin
sulfate-Sepharose affinity chromatography with an AKTApurifier fast protein
liquid chromatography system (Pharmacia). The p53, 35, fragment was purified
via Talon metal affinity chromatography as described above, and a >90% pure,
exonuclease-active peak fraction was subjected to ion-exchange chromatography.
For anion-exchange chromatography, a 1.3-ml UnoQ column (Bio-Rad) was
equilibrated with 5 column volumes of buffer A (20 mM Tris, 40 mM KClI, 0.1%
mercaptoethanol, pH 8.0) and loaded with 100 pg of protein. For cation-ex-
change chromatography 140 wg of the TALON-purified p53,_3,, fragment was
loaded onto a 1-ml HiTrap heparin-Sepharose column (Pharmacia) equilibrated
with buffer A. The columns were washed with 3 column volumes of buffer A, and
the protein was eluted with a linear salt gradient (40 to 800 mM KCl) at a flow
rate of 2 ml/min. Fractions of 0.5 ml were collected. All fractions were tested for
exonuclease activity, and peak fractions were analyzed by sodium dodecyl sul-
fate-polyacrylamide gel electrophoresis (SDS-PAGE) and Coomassie blue stain-
ing.

SDS-PAGE and Western immunoblotting. Protein fractions were denatured in
SDS sample buffer, separated by SDS-PAGE, and transferred to a polyvinylidine
difluoride membrane. Proteins were detected with monoclonal antibodies as
indicated in Results.

Exonuclease assays. The 3'-5' exonuclease activity was measured by filter
binding assays as described previously (48). For inhibition experiments with
PAb421 and PAD108, 5 ng to 10 pg of antibody and 150 ng of metal affinity-
purified p53 protein were mixed, preincubated for 15 min at 4°C, and tested for
exonuclease activity. Proteolytic digestion was done by addition of a dilution
series of thermolysin from 4 ng (1:50) to 20 pg (1:10,000) to 150 ng of metal
affinity-purified p53 in exonuclease reaction buffer (25 mM Tris [pH 8.5], 10 mM
MgCl,, 1 mM dithiothreitol) and incubation for 15 min at 37°C. *H-labeled DNA
was added, and the filter binding assay was performed as described above.
Exonuclease IIT (Boehringer, Mannheim, Germany) with the same exonucleo-
Iytic activity as 150 ng of p53 was used as a control.

Gel mobility shift assay. Synthetic p21 promoter oligonucleotides (10) were
end labeled by using T4 polynucleotide kinase and [y->*P]ATP, gel purified, and
used as probes in binding reactions after annealing with unlabeled complemen-
tary strand. p53 was purified by metal affinity chromatography or nuclear extrac-
tion (29). 3*P-labeled three-stranded substrates containing an A-G mismatch
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FIG. 1. Exonuclease activities of p53 and p53 deletion mutants. wt p53 and
p53 deletion mutants were expressed in High Five insect cells infected with
recombinant baculovirus and purified by metal affinity chromatography as de-
scribed in Materials and Methods. Peak fractions of all proteins were analyzed by
SDS-PAGE (A), and 150 ng of each protein was tested for exonuclease activity
by the *H filter retention assay (B). Exonuclease III was used as a control. aa,
amino acids. Lane M, markers. Numbers on the left in panel A are molecular
masses in kilodaltons.

were prepared as described previously (8). Binding reactions were carried out as
described previously (8, 22).

RESULTS

The p53 exonuclease activity is mediated by the p53 core
domain. In our previous experiments, a bacterial fragment
comprising the p53 core domain (amino acids 80 to 280) was
renatured after SDS-PAGE and was shown to exhibit 3'-5’
exonuclease activity (48). To analyze the structural prerequi-
sites of the p53 exonuclease activity on native p53, we analyzed
various deletion fragments of mouse p53 (see Fig. 3). With the
exception of the bacterial p53g .5, fragments, all of the p53
fragments were expressed in insect cells infected with the re-
spective recombinant baculoviruses. Full-length p53 and all
p53 fragments were His tagged at their N termini, which al-
lowed their easy purification via metal affinity chromatography
(see Materials and Methods). Figure 1 shows the purified bac-
ulovirus-expressed p53 proteins and their corresponding exo-
nuclease profiles. It is evident that all fragments containing the
p53 core domain, as well as the isolated p53 core domain itself,
exhibited exonuclease activity, whereas those fragments not
containing the core domain were exonuclease negative. We
conclude that the p53 core domain mediates exonuclease ac-
tivity. This conclusion was further substantiated by comparing
the exonuclease activities of the isolated core domains (amino
acids 80 to 280) of wt p53 and MethA mutant p53 (7) (con-
taining the mutations C132F, E168G, and M234I [11]), which
were expressed in bacteria and purified by metal affinity chro-
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FIG. 2. wt but not mutant p53 core domain is necessary and sufficient for p53 exonuclease activity. wt (A and C) and MethA (B and D) p53 core fragments (amino
acids 80 to 280) were expressed in bacteria and purified by metal affinity chromatography. Column fractions of both proteins were analyzed by SDS-PAGE (A and B)
and tested for exonuclease activity by the *H filter retention assay (C and D). Exonuclease III (lane C) was used as a control. Numbers on the left in panels A and B

are molecular masses in kilodaltons.

matography. Figure 2A and B show that these fragments were
obtained in high yields and reasonable purity. Whereas the wt
p53 core fragment displayed exonuclease activity (Fig. 2C), the
MethA mutant p53 core domain was devoid of any exonucle-
ase activity (Fig. 2D). This provides further evidence that struc-
tural alterations induced by mutations in the p53 core domain
abolish not only sequence-specific DNA binding of p53 but
also its exonuclease activity, supporting our previous finding
(48) that mutant pS3 proteins have lost the pS3 exonuclease
activity. The results of the exonuclease-mapping experiment
are summarized in Fig. 3.

Binding of SV40 T-Ag to p53 eliminates its exonuclease
activity. SV40 T-Ag targets p53 in SV40 lytic infection and
cellular transformation by binding to the p53 core domain (54).
This largely eliminates sequence-specific DNA binding of p53
and its ability to transactivate p53 target genes (5, 27, 42). It
was therefore of interest to analyze whether binding of T-Ag to
pS3 would also affect the p53 exonuclease activity. If so, this
would provide further and independent evidence that exonu-
clease activity and sequence-specific DNA binding of p53 are
mediated by the same catalytic domain. Furthermore, targeting
of p53 exonuclease activity by SV40 T-Ag might provide hints
as to a possible in vivo relevance of this activity (see Discus-
sion).

Insect cells were infected in parallel either with a recombi-
nant baculovirus encoding SV40 T-Ag or with a virus encoding
the p53,_5,, fragment. The p53, 5,, fragment was chosen for
complex formation with T-Ag, because this fragment, in con-
trast to full-length p53, very effectively and quantitatively forms
a complex with T-Ag in vitro (unpublished observation). After

lysis of the infected cells, the lysate containing the p53;_5,,
fragment was split, and half of it was mixed with the lysate of
cells expressing T-Ag to allow formation of the T-Ag/p53,_ 550
complex. The p53,_3,, fragment and the T-Ag/p53,_5,, com-
plex were purified from the respective lysates by metal affinity
chromatography via the His tag of the p53,_5,, fragment (for
details, see Materials and Methods). Figure 4A shows the
analysis of the purified p53,_5,, fragment and of the T-Ag/
PS3,.320 complex by Western blotting with a polyclonal anti-
serum for p53 (panel a) or the T-Ag-specific monoclonal an-
tibody PAb108 (panel b). This analysis demonstrates that sim-
ilar amounts of free p53,_5,, fragment and of p53,_5,, fragment
complexed to T-Ag were recovered during purification and
that the complexed p53,_5,, fragment had bound a significant
amount of T-Ag. Figure 4B shows the Coomassie blue-stained
pattern of fractions of the free p53, 5, fragment (panel a) and
of this fragment in complex with T-Ag after metal affinity
chromatography and SDS-PAGE (panel b) and the corre-
sponding exonuclease activities of the p53,_;,, fragment in the
respective fractions (panels ¢ and d). As is evident from Fig.
4B, the free p53;_5,, fragment had exonuclease activity (panel
c), whereas this fragment in complex with T-Ag was devoid of
exonuclease activity (panel d).

C-terminally truncated p53 exhibits a significantly higher
exonuclease activity than full-length p53. During our analyses
of p53 fragments for exonuclease activity, we noticed that the
C-terminally truncated p53 fragments seemed to have a higher
specific activity than full-length p53. This was verified by com-
paring the kinetics of substrate degradation for full-length p53
and for the p53,.,,, fragment. Figure SA shows that the
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FIG. 3. Summary of p53 exonuclease activity mapping data. p53 fragments and their corresponding exonuclease activities are shown schematically. aa, amino

acids.

P53, fragment degraded the input substrate DNA at a
much higher catalytic rate than did full-length p53. Quantita-
tive evaluation and determination of the specific exonuclease
activities of various full-length p53 preparations and of the
C-terminally truncated p53;_5,, and p53, 54, fragments (Fig.
5B) revealed that full-length p53, regardless of its mode of
purification, had about a 10-times-lower specific exonuclease
activity than the C-terminally truncated p53, 3,y and p53, 349
fragments. We conclude that the exonuclease activity of full-
length p53 is negatively regulated by the C-terminal basic do-
main, as the shortest truncation which strongly enhanced the
p53 exonuclease was a deletion of the C-terminal 30 amino
acids (p53,_s4o fragment). Interestingly, and in contrast to the
case for sequence-specific DNA binding (16, 63), the oligomer-
ization status of p53 did not influence the p53 intrinsic exonu-
clease activity. This conclusion is based on the findings that the
oligomerization-defective p53,.;,, fragment exhibited the
same, activated specific exonuclease activity as the oligomer-
ization-competent p53,_ 54, fragment and, conversely, that the
full-length oligomerization-defective p53, 1262 (60, 61), had an
exonuclease activity similar to that of oligomerization-compe-
tent wt p53.

Protease treatment of the full-length p53 protein activates
exonuclease activity. It has been reported that the full-length
p53 molecule is rather unstable but that C-terminal truncation
enhances the stability of p53 (17). To test the possibility that
such an effect might be responsible for the observed higher

specific activity of the C-terminally truncated p53 fragments,
we designed a control experiment which was based on the
previously reported finding that limited proteolytic digestion of
p53 with thermolysin preferentially degrades the N- and C-
terminal portions of the p53 molecule, whereas the p53 core
fragment is more resistant to degradation (4). Constant
amounts of purified wt p53 were incubated in parallel with
consecutively higher dilutions of thermolysin and subjected to
exonuclease assays. If activation of the pS3 exonuclease results
from C-terminal truncation, then protease treatment at certain
thermolysin-to-p53 ratios should lead to higher exonuclease
activities. Figure 6A shows that incubation of p53 with ther-
molysin at certain enzyme dilutions resulted in a significant
activation of the p53 exonuclease activity. Analysis of the p53
fragments generated by thermolysin in a time course experi-
ment (Fig. 6C) shows that thermolysin treatment rapidly gen-
erated lower-migrating forms of p53; these were detected by
PADb240, which reacts with an epitope in the p53 core domain
(15, 59, 70), but not by PAb421, which reacts with a C-terminal
epitope of p53 (18, 58, 65), or by PAb242, which reacts with an
N-terminal epitope of p53 (36, 70). This strongly supports the
interpretation that the lower exonuclease activity of full-length
p53 compared to C-terminally truncated p53 fragments results
from negative regulation by the C-terminal basic regulatory
domain of p53. Note that incubation of full-length p53 with
reaction buffer alone did not affect the p53 exonuclease activity
(Fig. 6A), further demonstrating that this activity was stable
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FIG. 4. SV40 T-Ag inhibits p53 exonuclease activity. High Five insect cells were infected with recombinant baculovirus coding for the p53,_3,, fragment or SV40
T-Ag. Cells were lysed at 44 h pi, and the p53,_3,,-containing lysate was split. One half was purified by metal affinity chromatography, and the other half was mixed
with SV40 T-Ag-containing lysate and also purified for His-tagged p53,_3,, by metal affinity chromatography. Column fractions of both preparations were analyzed by
SDS-PAGE (B, panels a and b) and Western blotting (A) and tested for exonuclease activity (B, panels ¢ and d). Numbers on the left in panel B (panels a and b) are

molecular masses in kilodaltons. Lanes M, markers.

under our assay conditions and that its activation by protease
treatment resulted from C-terminal truncation. Figure 6B
shows a control experiment demonstrating that a comparable
protease treatment of the bacterial exonuclease III reduced
rather than activated its exonuclease activity.

Copurification of the exonuclease activity with the p53, ;,,
fragment. We previously provided strong evidence that the
exonuclease activity of p53 is intrinsic to the p5S3 molecule and
is not mediated by an exonuclease associating with p53 (48).
The finding that C-terminal truncation of p53 activated the p53
exonuclease by a factor of at least 10 allowed us to address the

question of an associated exonuclease by a different approach:
in a preparation of highly purified exonuclease-active C-termi-
nally truncated p53, an associated exonuclease should be a
major contaminant, which thus should be clearly detectable.
Therefore, we monitored the exonuclease activity of already
highly pure p53,_3,, protein, purified by metal chelate chroma-
tography, during subsequent purification steps. The p53,_ 55
fragment was chosen over the p53, 54, fragment because first,
it lacks the oligomerization domain, thereby greatly facilitating
further purification steps due to the absence of p53 protein in
different oligomeric forms, and second, its apparent molecular
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mass (45 kDa) is significantly lower than that of full-length p53,
which should allow the easy identification of a copurifying
exonuclease. One hundred micrograms of p53, 5,, fragment,
purified to greater than 90% homogeneity by metal affinity
chromatography (Fig. 7A, panel a, input) was loaded onto a
UNO Q anion-exchange column and eluted by increasing
the salt (KCI) concentration (for details, see Materials and
Methods). Analysis of the protein eluted from the UNO Q
column by SDS-PAGE and Coomassie blue staining (Fig.
7A, panel a) shows that the p53,_5,, protein was recovered
as a single peak at about 250 mM KClI (fractions 14 to 18).
Most of the protein ran as a single band corresponding to
the p53,.5,, fragment. However, fraction 18 revealed the
presence of another protein with a molecular mass of ap-
proximately 60 kDa; a minor portion of the p53, 55, frag-
ment eluted at higher salt concentration (300 mM) and was
recovered in fraction 22. Fractions 14 to 18 contained about
85% of the input p53,_5,, protein. These fractions also con-
tained the majority of the input exonuclease activity (Fig.
7A, panel b, fractions 14 to 18). No detectable exonuclease
activity was recovered in fractions not containing the p53,.
320 protein. The exonuclease activity was closely propor-
tional to the amount of p53,_3,, fragment, as the exonucle-
ase activity of the p53,_5,, fragment in lane 10, which was
contaminated by a protein with a molecular mass of approx-
imately 60 kDa, was proportional to the amount of p53,_5,,,
and was independent of the contaminating protein. Alter-
natively, 140 pg of metal affinity-purified p53,_5,, (Fig. 7B,
panel a, input) was loaded onto a heparin sulfate affinity
column. The p53,_5,, fragment was again eluted by increas-
ing the salt (KCI) concentration and was recovered at 200 to
300 mM KCI. Figure 7B, panel a, shows the analysis of the
heparin sulfate-purified p53,.;,, fragment by SDS-PAGE
and Coomassie blue staining. The p53,_5,, fragment eluted

as a broad peak (fractions 7 to 14), with no detectable
contaminating proteins and recovering 120 ug of the input
protein. Again, the exonuclease activity coeluted with the
p53,.550 fragment (Fig. 7B, fractions 7 to 14), rendering it
extremely unlikely that this exonuclease activity was due to
an associated exonuclease. Interestingly, the exonuclease
activity profile (Fig. 7B, panel b), in contrast to the protein
elution profile (panel a), of the p53,_5,, protein showed a
broad shoulder, suggesting the possibility that the p53,_ 55,
protein eluted at a higher salt concentration has a higher
specific exonuclease activity than that eluted at lower salt
concentrations.

Table 1 summarizes the purification steps and the specific
activities of the recovered p53,_3,, fragment. As expected, the
already highly pure p53,_;,, protein obtained after metal af-
finity chromatography had the highest specific exonuclease ac-
tivity. However, the losses in specific exonuclease activity en-
countered during further chromatography were in the
expected range for the inactivation of such an enzymatic ac-
tivity.

Opposing regulation of p53 sequence-specific DNA binding
and exonuclease activities. (i) Effects of PAb421. PAb421 binds
to an epitope within the basic regulatory domain of p53 and
was shown to activate sequence-specific DNA binding of p53 to
certain DNA substrates (22, 23, 29). As both sequence-specific
DNA binding and exonuclease activities are negatively regu-
lated by the basic regulatory domain of p53, we asked whether
and how PAb421 would affect the p53 exonuclease activity
compared to sequence-specific DNA binding. Full-length p53
was incubated with PAb421 or p53-unrelated PAb108 and sub-
jected to the exonuclease assay. Figure 8A shows that the
exonuclease activity of full-length p53 was strongly inhibited by
PAb421 in a concentration-dependent manner. This inhibition
was due to binding of PAb421 to the p53 molecule, as even the



VoL. 19, 1999

DIFFERENT REGULATION OF p53 CORE DOMAIN ACTIVITIES 2161

B

°\070

ed

degra
8

80

70

60

50

40

30

20
10

PADb 240 PAD 421 PAb 242
56 T ol em—— - -— - - T G— - -
-
38 —
33 — —
I 0 [ [ I I [ [ ! I I
t (min) 0 10 20 30 0 10 20 30 Y 10 20 30

FIG. 6. Protease treatment of p53 activates its exonucleolytic activity. (A and B) Wild-type p53 (A) or exonuclease IIT (Ex. III) (B) (150 ng) was digested with
various amounts of thermolysin (40 U/mg), ranging from 4 ng to 20 pg. Exonuclease activity was measured after 15 min of digestion. The amount of exonuclease III
was chosen to match the exonuclease activity of 150 ng of wt p53. Incubation of p53 with buffer alone for 15 min (p53 buffer control) did not affect the p53 exonuclease
activity. (C) Western blot analysis of p53 fragments resulting from thermolysin digestion after 0, 10, 20, and 30 min of incubation. Digestions were performed with 1
ng of thermolysin, corresponding to bar 6 in panel A. After 10 min of thermolysin digestion, lower-migrating forms of p53 were detected with PAb240, directed against
an epitope in the p53 core domain. Those forms could not be detected with monoclonal antibodies directed against the p53 N terminus (PAb242) or the p53 C terminus

(PADb 421). Numbers on the left in panel C are molecular masses in kilodaltons.

highest concentration of the unrelated antibody PAb108 had
no effect on its exonuclease activity. In contrast, binding of
PAb421 to p53 strongly activated DNA binding of p53 to the
p21 promoter substrate (Fig. 8B). We conclude that the exo-
nuclease and sequence-specific DNA binding activities of p53
are regulated in opposing manners, although both activities are
negatively regulated by the basic regulatory domain of p53.
(ii) Influence of phosphorylation status. p53 is a phospho-
protein, and there is accumulating evidence that phosphoryla-
tion is an important determinant in regulating p53 functions
(12, 14, 20, 40, 57). We therefore asked whether and how the
phosphorylation status of p53 would influence the p53 exonu-
clease activity compared to sequence-specific DNA binding.
The phosphorylation status of a phosphoprotein is determined
by the net result of kinase and phosphatase reactions. There-
fore, the phosphorylation status of p53 can be enhanced by

inhibiting the activity of phosphatase 2A (PP2A) in infected
insect cells with the PP2A inhibitor okadaic acid. A similar
approach recently was applied to analyze the influence of an
enhanced phosphorylation status of rat p53 on its sequence-
specific DNA binding activity (14).

Insect cells were infected with baculovirus encoding full-
length p53. Half of the cells were kept in normal growth me-
dium, and the other half were treated with 200 nM okadaic
acid at 41 hpi. Cells were harvested at 44 hpi, and p53 from
both infections was purified by metal affinity chromatography
(for details, see Materials and Methods). Purified p53 proteins
obtained from the untreated and the okadaic acid-treated in-
fections (Fig. 9A) were analyzed in parallel for exonuclease
activity and for sequence-specific DNA binding in electro-
phoretic mobility shift assays (EMSA), using the p21 promoter
substrate. Figure 9B shows that p53 from the untreated infec-
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FIG. 7. Copurification of the p53 exonuclease activity with the p53,_3,, fragment. The p53, _3,, fragment was first purified by metal affinity chromatography and then
further purified either by anion-exchange chromatography (UNO Q) (A) or by heparin-Sepharose affinity chromatography (B). p53,_3,, was eluted from the columns
with a KCI gradient (see Materials and Methods for details). All fractions were analyzed for exonuclease activity (panels b), and peak fractions were analyzed by
SDS-PAGE and Coomassie blue staining (panels a). The purity of the input metal affinity-purified p53,_3,, protein is shown in panels a, lanes input. Note that the
exonuclease activity copurifies with the p53,_3, protein in all purification schemes. For quantitative evaluation of these data, see Table 1. Lanes M, markers. Numbers
on the left in panels a are molecular masses in kilodaltons.
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TABLE 1. Fast protein liquid chromatography purification of metal
affinity-purified p53,_s,, fragment

Value after:

Stage and parameter (unit)

UNO Q AIEX step Heparin Sulfate step

Input”
Total protein (ug) 100 140
Sp act (U/mg) 8,400 9,572
Total activity (U) 840 1,340
Recovery
Total protein (u.g) 85 (85%) 120 (85%)
Sp act (U/mg) 4,000 (47%) 4,700 (49%)
Total activity (U) 340 (40%) 564 (42%)

“@ Peak fraction of Co>* metal affinity-purified murine p353;_35.

tion displayed exonuclease activity. In contrast, p53 obtained
from the okadaic acid-treated infection was exonuclease neg-
ative. Conversely, p53 from untreated cells showed only a low
affinity for the p21 promoter substrate in EMSA, whereas p53
from okadaic acid-treated cells was highly active in this assay,
even in the absence of activating antibody PAb421 (Fig. 9C
[compare Fig. 8]). The same results were obtained with a PG
oligonucleotide (24) (data not shown). We conclude that phos-
phorylation can modulate the function of the p53 core domain,
endowing it with either an exonuclease or a sequence-specific
DNA binding activity.

The 30 C-terminal amino acids of p53 are a prime target for
regulatory posttranslational events. In mouse p53, this region
contains the documented CK II phosphorylation site Ser386,
which also is a putative site for the cdk7-cyclin H-p36 complex
of TFIIH (30), and two putative protein kinase C type II
phosphorylation sites, Ser370 and Ser372 (43), which possibly
are also a target for the cdk7-cyclin H-p36 complex. The C-
terminal region also is a target for acetylation of p53 by p300

A

120
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(38, 55) and for glycosylation (56), with both events activating
sequence-specific DNA binding of p53. As the C terminus
negatively regulates both sequence-specific DNA binding of
p53 and its exonuclease activity, we asked how an enhanced
phosphorylation status of the C-terminally truncated p53,_ 54,
fragment would affect these activities. In an experiment per-
formed in parallel to the one shown in Fig. 9, we compared the
3'-5" exonuclease and the sequence-specific DNA binding ac-
tivities of the p53,_.5¢, fragment purified from okadaic acid-
treated and untreated baculovirus-infected insect cells (Fig.
10). Figure 10A shows that this fragment was obtained in
similar yields and similar purities from both preparations. In
contrast to the case for full-length p53, okadaic acid treatment
did not inhibit the exonuclease activity of the p53, 34, fragment
(Fig. 10B). We conclude that C-terminal modification nega-
tively regulates the exonuclease activity of p53, either directly
by phosphorylation events within the C-terminal region or in-
directly by phosphorylation of other sites which affect C-ter-
minal modification. Analysis of the DNA binding activity of the
P53,.360 fragment (Fig. 10C) showed that truncation as such
already significantly enhanced the DNA binding activity com-
pared to that of full-length p53 (compare Fig. 9C and 10C).
Enhancing the phosphorylation status of the p53,_5, fragment
by treating the culture with okadaic acid further enhanced its
DNA binding activity towards the waf1/p21 promoter substrate
in EMSA, in line with the observation that the phosphorylation
status of the cyclin-dependent kinase site at Ser309 modulates
sequence-specific DNA binding of p53 (66).

Binding of p53 to DNA substrates mimicking recombination
intermediates is required for their effective degradation. We
recently provided evidence that p53 might control fidelity of
homologous recombination by specific mismatch recognition
in heteroduplex recombination intermediates (8). In this study
we showed that wt p53, but not mutant p53, binds specifically
and with high affinity to three-stranded DNA substrates mim-

B

< super shift

4 p53

1 2 3 4 5

e

PAb108 PAb421

FIG. 8. PADb421 influences p53 exonuclease and sequence-specific DNA binding activities in opposite manners. Metal affinity-purified full-length p53 was incubated
with increasing amounts of PAb421 and tested for exonuclease activity (A, lanes 2 to 7) or sequence-specific DNA binding (B). p53 was also incubated with a
non-p53-specific antibody (PAb108, specific for SV40 T-Ag) and tested for exonuclease activity (A, lanes 8 to 13).
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FIG. 9. Okadaic acid treatment influences p53 exonuclease and sequence-specific DNA binding activities in opposite manners. High Five insect cells were infected
with recombinant baculovirus coding for p53. The cells were split, and one half was treated with okadaic acid (OA). p53 from both samples was purified by metal affinity
chromatography. Column fractions were analyzed by SDS-PAGE (A) and tested for exonuclease activity (B) and sequence-specific DNA binding (C). Numbers on the

left in panel A are molecular masses in thousands.

icking early recombination intermediates. This interaction also
requires an intact p53 core domain (8). As such substrates
probably are biologically more relevant than the poly(dT) -
poly(dA) substrates normally used in our exonuclease assays,
we asked whether they might serve as effective substrates for
the p53 exonucleolytic activity. Furthermore, as the interaction
of p53 with such substrates can be analyzed by EMSA, it
seemed possible to analyze the connection between substrate
binding and exonucleolytic degradation of the substrate by p53
by switching on the p53 exonuclease after substrate binding.
A three-stranded DNA substrate comprising an A-G mis-
match and a radioactively labeled top strand was prepared as
described previously (8); its structure is schematically outlined
on the left in Fig. 11. The substrate then was incubated with 0,
15, 30, or 60 ng of purified full-length wt p53 in the absence of
Mg?" ions, which are required for activation of the p53 exo-
nuclease activity, and the mixture was subjected to PAGE (Fig.
11, lanes 1 to 4). Two discretely shifted bands were seen in all
fractions containing p53 (lanes 2 to 4), corresponding to the
interaction of p53 tetramers (lower band) or higher oligomeric
forms of p53 (upper band) with the substrate. Both shifted
bands increased in intensity with increasing amounts of p53
added, leading to a complete shift of the labeled substrate at
the highest p53 concentration (60 ng) (Fig. 11, lane 4). In
parallel, 5 mM Mg>", which is required for activation of the
p53 exonuclease (48), was added to the corresponding mix-
tures and incubated for 20, 40, 60, and 120 min, and p53-
substrate complexes were analyzed by EMSA (Fig. 11). It is
evident that the Mg?"-induced exonuclease activity of p53 led

to a rapid, time- and p53 concentration-dependent degrada-
tion of the p53-bound substrate, as indicated by the loss of the
shifted bands and the appearance of a radioactive smear at the
bottom of the gel in those mixtures containing p53, but not in
the one devoid of p53 (lane 5), even after prolonged incubation
(120 min). Most importantly, the p53 exonuclease activity par-
alleled the degree of substrate binding and did not affect the
unbound substrate. The slight time-dependent decrease in the
amount of free substrate seen in lanes 12 to 15 reflects the
recruitment of new substrate by p53 after complete digestion
of the bound substrate, consistent with the high on-and-off
rates reported by us for this dynamic interaction (8). We con-
clude that by binding to the three-stranded DNA substrate,
p53 forms an enzyme-substrate complex; the Mg**-induced
p53 exonuclease activity then leads to rapid degradation of the
p53-bound substrate.

DISCUSSION

Our analyses of the exonuclease activities of native p53 frag-
ments, expressed in insect cells infected with the respective
recombinant baculoviruses and purified by metal affinity chro-
matography, demonstrated that the p53 core domain harbors
two different activities, i.e., sequence-specific DNA binding
activity and exonuclease activity. All p53 fragments containing
the core domain were exonuclease positive, whereas all frag-
ments devoid of this domain were exonuclease negative. In
support of this, comparison of the exonuclease activities of the
bacterially expressed core domains from wt p53 and from
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FIG. 10. The exonuclease activity of C-terminally truncated p53 is not influenced by okadaic acid treatment. High Five insect cells were infected with recombinant
baculovirus coding for the C-terminally truncated p53, 34, fragment. The cells were split, and one half was treated with okadaic acid (OA). The p53, 34, fragment from
both samples was purified by metal affinity chromatography, analyzed by SDS-PAGE (A), and tested for exonuclease activity (B) and sequence-specific DNA binding

(C). Numbers on the left in panel A are molecular masses in kilodaltons.

MethA mutant p53 showed that only the wt and not the mutant
MethA p53 core domain exhibited exonuclease activity. Fi-
nally, SV40 T-Ag, bound to the p53,_3,, fragment via the p53
core domain, completely inhibited its exonuclease activity,
which is even more impressive because the p53,_5,, fragment
exhibited about a 10-fold-higher specific exonuclease activity
than full-length p53.

The finding that C-terminal truncation of p53 activated the
exonuclease activity by at least a factor of 10 suggests that the
p53 exonuclease activity is also subject to regulation in vivo.
The observed activation was not due to different protein sta-
bilities of the full-length p53 and the C-terminally truncated
p53 fragments, as purified full-length p53 could be activated in
vitro by specific limited proteolytic digestion with thermolysin,
which created p53 fragments lacking the N and C termini of
full-length p53. The strongly enhanced exonuclease activity of
C-terminally truncated p53 fragments also is not due to a more
efficient association of an exogenous exonuclease. When metal
affinity-purified p53,_5,, protein of already high purity (>90%)
was further purified by two different chromatography steps, the
exonuclease activity always copurified with this p53 fragment.
The purity of the p53,_5,, protein and the fact that the exonu-
clease activity remained associated with this protein during
purification according to quite different separation criteria in
all likelihood exclude an associated exonuclease. We therefore
conclude that the intrinsic exonuclease activity of full-length
p53 is negatively regulated by the basic regulatory domain of
p53 comprising the C-terminal 30 amino acids of the p53 mol-
ecule.

Despite a negative regulation of both exonuclease and se-
quence-specific DNA binding activities by the p53 C-terminal
regulatory domain, these activities were found to be regulated
in different and seemingly opposing manners on full-length
p53. Whereas addition of PAb421 activated p53 binding to the
wafl/p21 promoter substrate, the same treatment strongly re-
duced the p53 exonuclease activity. Similarly, hyperphosphor-
ylation of p53 enhanced its sequence-specific DNA binding
activity but abolished its exonuclease activity. In this respect,
p53 prepared according to protocols optimized for analyzing
sequence-specific DNA binding might be negative in exonu-
clease assays and vice versa. Interestingly, the exonuclease
activity of the C-terminally truncated p53, 54, fragment was no
longer affected by alterations of its phosphorylation status, in
contrast to sequence-specific DNA binding of the p53, 54, frag-
ment, which could still be further activated by enhancing its
phosphorylation status. The most straightforward explanation
for the insensitivity of the exonuclease activity of the p53;_ 54
fragment to hyperphosphorylation is that the exonuclease ac-
tivity of full-length p53 is regulated mainly by the phosphory-
lation status of the C-terminal phosphorylation site Ser386,
Ser370, or Ser372. However, other possibilities cannot be ex-
cluded, since phosphorylation sites in other regions of the p53
molecule might control posttranslational modification events
within the p53 C terminus and vice versa. Further experiments
in our laboratory are aimed at identifying the posttranslational
modification(s) inhibiting the p53 exonuclease activity.

So far, an experimental differentiation between mechanisms
regulating the exonuclease and the sequence-specific DNA



MoL. CELL. BIOL.

30 60

2166 JANUS ET AL.
p53 (ng) - 15 30 60 - 15
t (min) 120
+Mg?/-EDTA +

R?

—
=4

1 2 3 4 5 6 7 8

20 40 60 120

20 40 60 120 20 40 60 120

10 11

12 13 14 15 16 17 18 19 20

FIG. 11. DNA recombination intermediates are degraded effectively only in complex with p53. Purified wt p53 (0, 15, 30, and 60 ng) was incubated with a
three-stranded DNA substrate mimicking an early recombination intermediate and containing an A-G mismatch (schematically outlined on the left) in the presence
(lanes 5, 7 to 10, 12 to 15, and 17 to 20) or absence (lanes 1 to 4, 6, 11, and 16) of 5 mM Mg>*, which is required for switching on the p53 exonuclease (lanes 6, 11,
and 16 are identical to lanes 2, 3, and 4, respectively). Incubation reactions were performed for 20, 40, 60, and 120 min at room temperature. Lanes 1 to 4 show a protein
concentration-dependent shift of the p53-substrate complexes. Addition of Mg?* to the binding reaction mixture (lanes 7 to 10, 12 to 15, and 17 to 20) led to complete
degradation of the bound (lanes 17 to 20) but not the unbound (lanes 7 to 10 and 12 to 15) substrate in a time- and p53-dependent fashion. A slight decrease in the
amount of unbound substrate (lanes 12 to 15) reflects the recruitment of new substrate by p53 after complete digestion of the bound substrate.

binding activities of full-length p53 could be achieved only by
means that activate sequence-specific DNA binding but inac-
tivate the exonuclease. However, it is noteworthy that bacteri-
ally expressed, i.e., nonphosphorylated, p53 is virtually devoid
of sequence-specific DNA binding activity (22, 24) but exerts
exonuclease activity (48), pointing to the possibility that the
p53 exonuclease activity might be exerted by hypo- or even
nonphosphorylated p53. The specific targeting of distinct phos-
phorylation sites of p53 by PP2A has been described (53).
Furthermore, one could imagine specific dephosphorylation of
pS3 by other phosphatases. Considering that C-terminal trun-
cation of p53 strongly activated its exonuclease activity, specific
in vivo proteolytic cleavage of p53 (46, 50) could also lead to
activation. In this regard it is noteworthy that at least in mouse
cells p53 exists in two forms, as a regularly spliced full-length
protein and as an alternatively spliced p53 missing the C-
terminal regulatory domain (33). This alternatively spliced
form of p53 is preferentially expressed in the G, phase of the
cell cycle (33), i.e., at a time when the replicated genome is
scanned for replication errors prior to mitosis (62). Finally, p53
can interact with a large number of cellular proteins (52),
which might induce conformational alterations activating the
pS3 exonuclease.

We are especially intrigued by the finding that sequence-
specific DNA binding and exonuclease activities seem to be
mutually exclusive p53 activities. So far, activation of p53 has
been considered a prerequisite for p53 function, and there
even has been the notion that p53, in the absence of cellular
stress, is functionally inactive (64). Stress-mediated activation
of p53 function correlates with activation of sequence-specific
DNA binding, which in turn correlates with inhibition of the
p53 exonuclease activity. Therefore, we hypothesize that p53 in
the absence of cellular stress is not an inactive protein but
exerts non-stress-induced functions required for maintaining
genomic integrity, (e.g., repair of spontaneous DNA damage
or the control of homologous recombination) via intrinsic ac-
tivities not related to sequence-specific DNA binding (e.g., its
exonuclease activity) (25). In this regard, it recently has been
reported that p53 specifically interacts with DNA polymerase o
(32a) and may control fidelity of DNA replication mediated by
this enzyme by acting as an external proofreader (21).

To get further clues about a possible in vivo function of the
pS3 exonuclease, we here followed up our previous observa-
tions that p53 negatively regulates homologous recombination,
possibly by controlling fidelity of homologous recombination
via specific mismatch recognition (8, 68). wt p53 specifically
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binds to three-stranded DNA substrates mimicking early re-
combination intermediates and rapidly and efficiently degrades
the bound substrate when the exonuclease activity of p53 is
switched on by addition of Mg®" as a cofactor. In addition to
suggesting that binding of such a substrate represents the for-
mation of a relevant enzyme-substrate complex, this finding
provides further independent evidence for the intrinsic nature
of the p53 exonuclease: as the exonuclease activity as well as
binding of the three-stranded DNA substrate requires an intact
p53 core domain (8), it is extremely unlikely that an exogenous
exonuclease will associate with the p53 core domain and still
allow binding of the substrate but, on the other hand, will be in
a spatial orientation that allows degradation of the substrate
attached to the same p53 molecule. This conclusion is drawn
from our finding that specifically the bound, and not the un-
bound, substrate was degraded upon addition of Mg?" ions as
a cofactor, starting the p53 exonuclease activity. Regarding the
biological relevance of this interaction, it may be more than a
coincidence that binding of SV40 T-Ag to p53 abolished the
p53 exonuclease activity in vitro (this study) and enhanced the
frequency of recombination in SV40-infected cells by at least 1
order of magnitude (68). However, more direct proof for an in
vivo involvement of the p53 exonuclease activity in recombi-
nation or other repair events has to be obtained in order to
substantiate our model of a dual role for p53 in maintaining
genomic integrity (25).
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