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ABSTRACT

The human DNA polymerase e catalytic subunit
consists of a 140-kDa N-terminal domain that con-
tains the catalytic activity and a 120-kDa C-terminal
domain that binds to the other subunits and to exo-
genous peptides, including PCNA and MDM2. We
report here that recombinant human MDM2 puri®ed
from insect cells or Escherichia coli stimulated the
activity of DNA polymerase e up to 10- and 40-fold,
respectively, but not those of DNA polymerase b
or Klenow fragment of E.coli DNA polymerase I.
Kinetic studies indicated that MDM2 increased
the maximum velocity of the reaction, but did
not change substrate af®nities. The stimulation
depended upon the interaction of the N-terminal 166
amino acid residues of MDM2 with the C-terminal
domain of the full-length catalytic subunit, since the
deletion of 166 amino acids from N-terminal of
MDM2 or the removal of the C-terminal domain of
DNA polymerase e by trypsin digestion or com-
petition for binding to it by the addition of excess
C-terminal fragment eliminated the stimulation.
Since DNA polymerase e appears to be involved in
DNA replication, recombination and repair synthe-
sis, we suggest that MDM2 binding to DNA polymer-
ase e might be part of a recon®guration process that
allows DNA polymerase e to associate with
repair/recombination proteins in response to DNA
damage.

INTRODUCTION

MDM2 was discovered in 1991 as the transforming gene of
the tumorigenic 3T3 DM derivative of NIH 3T3 cells (1).
Later studies demonstrated that MDM2 could transform cells
in culture and in combination with an activated RAS gene
could promote tumors in nude mice (2). Typical of several
oncogenes, the transforming activity of MDM2 can be

activated by overexpression of the gene in vitro and in vivo
and in human tumors MDM2 protein levels are frequently
abnormally high.

MDM2 can bind to and inhibit the transcriptional activation
activity of p53, and thus it appeared likely that MDM2
tumorigenicity might result from the ability of MDM2 to
compromise p53 function (3). Indeed, MDM2 is an E3
ubiquitin ligase with speci®city for both p53 and itself and, as
a result of this activity, MDM2 destabilizes p53 through the
activity of proteosomes (4±6). MDM2 is itself a transcriptional
target of p53, demonstrating an interplay between these genes
and suggesting the existence of a negative feedback loop
between MDM2 and p53 (7). Several lines of evidence suggest
that MDM2 has functions in addition to its interplay with p53.
For example, MDM2 binds a number of other proteins (8±11)
and in transgenic mouse models, MDM2 has been shown to
uncouple S-phase from mitosis in wild type, p53±/± and
in E2F1±/± animals (12,13). Finally, forms of MDM2 that
cannot bind to p53 retain both transforming potential and
tumorigenicity (14).

In a yeast two-hybrid screen for potential MDM2-binding
partners, the C-terminus of DNA polymerase e catalytic
subunit (nt 5833±6984, numbering based on the human cDNA
sequence) was suggested (15). DNA polymerase e is one of 14
known human DNA template-directed DNA polymerases. It
has been implicated in chromosomal DNA replication, DNA
repair and recombination, and is composed of a 261-kDa
catalytic subunit (p261) and three associated subunits of 59
(POLE2), 17 (POLE3) and 12 kDa (POLE4) (16±18). p261
can be proteolysed into a 140-kDa catalytically active
N-terminal domain containing six polymerase and ®ve
exonuclease motifs and a 120-kDa C-terminal domain (19)
(see Fig. 6A below). Interestingly, the non-catalytic, C-
terminal domain of p261, but not the catalytic N-terminal
domain is essential in Saccharomyces cerevisiae and
Schizosaccharomyces pombe (20,21). p59 is required for the
stability of the enzyme activity and it binds the C-terminal
domain of p261 and PCNA, and is required for p17 and p12
binding (17,18). p17 and p12 contain complementary histone-
fold motifs (18) that also are present in their homologs in
S.cerevisiae (22,23) and S.pombe (18). Histone-fold motifs are
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involved in creating a protein±protein interaction surface and
promoting protein±DNA interaction (24). p17 is also a
component of human chromatin accessibility complex
(huCHRAC), but its binding partner in that complex is
huCHRAC p15, not DNA polymerase e p12 (18,25). p12 and
p17 heterodimer interact with both p261 and p59 or p261/p59
heterodimer (17,18).

Our previous study of MDM2 interaction with DNA
polymerase e (15) showed that DNA polymerase e binds
amino acid residues 50±166 of MDM2, a region of MDM2
that also interacts with p53, Numb (8), E2F1 (9), TFIIE (10)
and Tag (11). Here we report that MDM2 stimulates the
polymerase activity of DNA polymerase e and that the
stimulation requires the N-terminal 166 amino acid residues of
MDM2 and the C-terminal domain of DNA polymerase e
catalytic subunit.

MATERIALS AND METHODS

Puri®cation of recombinant human MDM2 and D1±166
MDM2 from insect cells and Escherichia coli

For expression in insect cells, full-length human MDM2
cDNA or MDM2 cDNA lacking the coding region for the
N-terminal 166 amino acids were cloned into a pBacPAK8
transfer vector using conventional restriction digest/ligation
reactions. The construction and ampli®cation of the recombi-
nant baculoviruses were carried out according to the BacPAK
Expression System protocol of BD Biosciences (Clontech).
For expression of full-length MDM2, 1500 ml of Sf9 cells
were grown to 1 3 106 cells/ml in Ex-Cell 400 medium
supplemented with 2% fetal bovine serum, infected with the
recombinant virus and harvested 72 h post infection by
centrifugation. Cells were washed once with phosphate-
buffered saline (PBS) and then resuspended in 100 mM
Tris±HCl (pH 8.0), 20% glycerol, 4 mM DTT, 0.3 M
potassium glutamate and protease inhibitor cocktail tablet
completeÔ EDTA-free (Roche Molecular Biochemicals). All
puri®cation procedures were carried out at 4°C. The presence
of MDM2 was monitored by immunoblots with monoclonal
antibody SMP-14 (Santa Cruz Biotechnology, Inc.) through-
out the puri®cation.

Cells were lysed by sonication and then Brij35 was added to
a ®nal concentration of 0.01%. After stirring on ice for 1 h, the
lysate was centrifuged at 47 800 g for 30 min. The supernate
was brought to 60% saturated ammonium sulfate, and after at
least 3 h on ice it was centrifuged for 30 min at 27 000 g. The
pellet was dissolved in 50 ml of Buffer A [50 mM Tris±HCl
(pH 8.0), 10% glycerol, 4 mM DTT, 0.15 M NaCl, 0.01%
Brij35] and dialyzed against Buffer A. The dialyzed material,
containing 440 mg of protein, was applied to a 200-ml
DEAE±Sephacel column (Amersham Biosciences) pre-equi-
librated with Buffer A. The column was washed with 400 ml
of Buffer A and then the bound proteins were eluted with a
1200-ml linear gradient from 0.15 to 1 M NaCl in Buffer A.
MDM2 eluted near 350 mM NaCl in a pool containing 111 mg
of protein. A 20-mg aliquot in 30 ml was mixed with 300 mg of
monoclonal antibody SMP-14 covalently crosslinked to
protein A±Sepharose beads (Amersham Biosciences) and
incubated with gentle mixing overnight at 4°C. The beads
were washed with 20 ml of Buffer A and then bound proteins

were eluted with 100 mM glycine (pH 2.5), 0.15 M NaCl.
Fractions (0.5 ml) were collected into tubes containing 200 ml
of 1 M Tris±HCl (pH 8.0), 70 ml 80% glycerol, 2 ml 1 M DTT
and 1 ml 10% Brij35. Fractions containing MDM2 were
pooled and dialyzed against Buffer A. The immunopuri®ca-
tion procedure was repeated twice more to yield 8 mg of a
protein pool, which was loaded onto a 1-ml HiTrapQ column
(Amersham Biosciences) equilibrated with 50 mM
HEPES±KOH (pH 7.5), 10% glycerol, 4 mM DTT, 0.01%
Brij35 (Buffer B). A 15-ml linear gradient from 0 to 1 M NaCl
in Buffer B and then 5 ml of 1 M NaCl in Buffer B were
successively applied to the column. Fractions containing
MDM2 eluting around 0.6 M NaCl were pooled, dialyzed
against Buffer B, and concentrated with a Millipore
Centriprep YM-50 to yield roughly 0.1 mg of MDM2 protein.

Expression and puri®cation of D1±166 MDM2 in insect
cells were carried out with 1 l of infected cells. Extracts were
prepared as described for full-length MDM2 and then the
dialyzed cell free extract was directly puri®ed over mono-
clonal antibody 2A10 (Santa Cruz Biotechnology, Inc.)
crosslinked to protein A±Sepharose beads. The presence of
D1±166 MDM2 was monitored by immunoblots with mono-
clonal antibody 2A10 and rabbit polyclonal antibody H211
(Santa Cruz Biotechnology, Inc.).

Recombinant N-terminal His6-tagged MDM2 was ex-
pressed in E.coli and puri®ed using QIAexpress Protein
Puri®cation System (Qiagen) including a Ni-NTA column
according to the manufacturers' protocols. The puri®ed
protein was dialyzed against 50 mM HEPES±KOH (pH 7.5),
10% glycerol, 150 mM NaCl2 and 0.1% Triton X-100.

DNA polymerases

DNA polymerase e was puri®ed from 40 l of HeLa cells
essentially as described by Nishida et al. (26), except that a
HiLoad 20/60 Superdex 200 column (Amersham Biosciences)
was used in place of glycerol gradient sedimentation. Human
DNA polymerase b was expressed in E.coli and puri®ed using
DEAE±cellulose and phosphocellulose column chromatogra-
phy. Klenow fragment of E.coli DNA polymerase I was
purchased from Invitrogen.

DNA polymerase assays

DNA polymerase e activity was assayed as described (26) in
50-ml reactions containing 50 mM HEPES±KOH (pH 7.5),
15 mM MgCl2, 10 mM DTT, 20% glycerol, 0.2 mg/ml
acetylated BSA, 50 mM [3H]dTTP and 40 mM poly(dA)
hybridized to 4 mM oligo(dT)16 (nucleotides residues;
Midland Certi®ed Reagent Co.) according to Crute et al.
(27). DNA polymerase b and E.coli DNA polymerase I were
assayed as described previously (28) in 50-ml reaction
mixtures containing 12.5 mg of activated calf thymus DNA
(29), 50 mM Tris±HCl (pH 7.5), 7.5 mM MgCl2, 0.5 mM
DTT, 0.2 mg/ml acetylated BSA and 50 mM each of dATP,
dCTP, dGTP and [3H]dTTP. Ultrapure dNTPs were from
Amersham Biosciences and [methyl-3H]dTTP (70±90 Ci/mmol)
was from Perkin-Elmer Life Sciences. All polymerase assays
were incubated at 37°C for 30 min, except in the kinetic
studies for which the incubation time was 10 min. Kinetic
constants were estimated from Lineweaver±Burke and
Eadie±Hofstee plots. DNA polymerase assays containing
MDM2 were preceded by incubating the polymerase with
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MDM2 for 30 min or 1 h on ice prior to the addition of the
remaining reactants and incubation at 37°C.

Preparation of the isolated C-terminal domain of DNA
polymerase e p261

The cDNA corresponding to p261 C-terminal amino acids
1306±2285 was subcloned into the pFastBac HTa donor
plasmid (Bac-to-Bac, Invitrogen) by PCR. The resulting
construct (pFBHTapoleC) encoded a His6-tag on the 5¢-end
of the cDNA and was transformed by heat shock into
BH10Bac cells in order to transpose the cDNA into the viral
bacmid. After selection, bacmid DNA was prepared from four
white colonies according to the Bac-to-Bac manual protocol.
Two of the colonies contained bacmid DNA of the appropriate
size that also encoded C-terminal sequence of DNA polymer-
ase e as judged by PCR and sequencing. This DNA was
transfected into Sf9 insect cells using lipofectin (Invitrogen),
and the resulting virus was harvested and ampli®ed.

A total of 12 l of Sf9 insect cells were infected with the virus
for 48±72 h and harvested on ®ve different days over a 2-week
period. Cultures were centrifuged at 1000 g for 15 min and the
cell pellets were washed once with cold PBS, centrifuged as
above and then stored at ±80°C. The frozen pellets (128 g)
were thawed, resuspended in 500 ml of Resuspension
Buffer [50 mM Tris±HCl (pH 8.5), 100 mM KCl, 5 mM
2-mercaptoethanol, 1% NP-40, Complete Protease Inhibitor]
and centrifuged at 10 000 g for 20 min. The cell pellet was
resuspended in 100 ml of Resuspension Buffer by stirring for
several hours at 4°C, and the suspension was sonicated 3 3 10 s
with a Branson Soni®er at maximum power in a glass beaker
on ice and then centrifuged at 10 000 g for 20 min. The
pellet was discarded and the supernatant was centrifuged at
100 000 g for 1 h. One milliliter of Ni-NTA resin that had been
equilibrated in Resuspension Buffer was added to the super-
natant and the suspension was rotated for 2 days at 4°C. The
resin was packed into a FPLC column (Pharmacia) and washed
with 10 ml of Start Buffer [20 mM Tris±HCl (pH 8.5), 500 mM
KCl, 20 mM imidazole, 5 mM 2-mercaptoethanol, 10%
glycerol]. The DNA polymerase e fragment was eluted with a
10-ml gradient from 20 to 500 mM imidazole and 95 0.4-ml
fractions were collected. Fractions 34±41 were pooled and
dialyzed into Immunoprecipitation Buffer [20 mM Tris±HCl
(pH 7.5), 150 mM NaCl, 0.1% Triton X-100, 10% glycerol].

Glycerol gradient sedimentation

Two hundred microliter samples were layered on top of four
5-ml glycerol gradients [25±45% (v/v)] containing 130 mM
potassium phosphate (pH 7.5), 4 mM DTT, 0.05% Triton
X-100 and centrifuged for 30 h at 49 000 r.p.m. in a Beckman
SW 50.1 rotor at 4°C. Gradient 1 was layered with 0.5 U of
HeLa DNA polymerase e and 0.5 mg of hemoglobin, gradient
2 with MDM2 and 2.5 mg of catalase, gradient 3 with 0.5 U of
HeLa DNA polymerase e premixed with MDM2, and gradient
4 with 2.5 mg of catalase and 0.5 mg of hemoglobin. Twenty-
drop fractions were collected from the bottom of the tubes.
The positions of protein markers were detected by protein
assay and A410; that of DNA polymerase e by assay and by
immunoblots with HeLa DNA polymerase e antibodies 3C5.1
and 3A5.6. The positions of MDM2 were determined by
immunoblots with the SMP-14 antibody.

Protein estimations

Total protein was determined by the method of Bradford (30).
The amounts of individual MDM2, C-terminal p261 fragment,
and HeLa DNA polymerase e p261 protein were estimated
from SDS±acrylamide gels stained with Brilliant Blue G-
Colloidal (Sigma). BSA was used as a standard for compari-
son. Gels were scanned and images were quantitated using
ImageQuant v. 1.2 for Macintosh.

RESULTS

Properties of puri®ed recombinant human MDM2 from
insect cells

MDM2 was overexpressed and puri®ed from Sf9 insect cells
as described in Materials and Methods. The MDM2 was
monitored for puri®cation by SDS±PAGE and immunoblots
with antibody SMP-14 that recognizes an epitope between
amino acids 154 and 167 (Fig. 1). The recombinant MDM2
represented roughly 30% of the protein in the preparation. The
two smaller proteins corresponding to 59 and 34 kDa that are
visible in the gel stained with Brilliant Blue G Colloidal
(Fig. 1A) are unlikely to be degradation products of MDM2,
since they are not recognized by the SMP-14 or 2A10
antibodies, whose epitopes lie between amino acids 154±167
and 295±330, respectively (Fig. 1B). The MDM2 migrated to
a position corresponding to 90 kDa during SDS±PAGE
(Fig. 1). Although the human MDM2 gene codes for a protein
of 491 amino acids with a theoretical molecular weight of
~55 kDa, its acidic domain causes the protein to migrate to a
position corresponding to 90 kDa during SDS±PAGE (31).

When a sample of recombinant MDM2 puri®ed through
DEAE±Sephacel was chromatographed upon an analytical
Superdex 200 HR 10/30 column, it eluted as a broad band with
calculated molecular weights (assuming globular shapes for
the marker and sample proteins) of the major fractions ranging
from 192 000 to 106 with the peak fraction corresponding to
346 kDa, as judged by immunoblotting with the SMP-14
antibody (Fig. 2A). Clearly most of the puri®ed MDM2 was
aggregated (see also sedimentation velocity studies below).
When immunopuri®ed MDM2 was similarly chromato-
graphed, a similar elution pattern was obtained (data not
shown).

Human MDM2 expressed in insect cells stimulates HeLa
DNA polymerase e in vitro

When various amounts of immunopuri®ed human MDM2
were mixed with HeLa DNA polymerase e on ice for 1 h and
then assayed for polymerase activity, the DNA polymerase e
activity increased up to 10-fold in a dose-dependent manner
(Fig. 3A). MDM2 fractions, when assayed alone, did not have
signi®cant polymerase activity (data not shown). The molar
ratio of MDM2 to HeLa pol e p261 was approximately 60:1 at
a 10-fold stimulation. This apparently large molar excess of
MDM2 over p261 could have a number of explanations. For
example, the MDM2 eluted from the Superdex sizing column
in aggregated forms (Fig. 2), and very little monomer MDM2
is present which may be the most effective stimulatory form
(see also sedimentation velocity studies below). Alternatively,
since MDM2 is eluted from protein A antibodies at pH 2.5,
it may be partially unfolded. Finally, at these protein
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concentrations of DNA polymerase e, MDM2 binding might
require higher concentrations due to mass action constraints.
The recombinant MDM2 puri®ed from insect cells had very
small effects upon the activities of either human DNA
polymerase b expressed in E.coli or Klenow fragment of
E.coli DNA polymerase I (Fig. 3B).

To distinguish whether the pH 2.5 elution from the antibody
column affected the stimulation and/or caused aggregation,
and to study the effectiveness of aggregated forms upon
stimulation, the cell free extract was puri®ed by chromato-
graphy only over DEAE±Sephacel, then concentrated, and
chromatographed upon Superdex 200 HR 10/30 column
(Fig. 2). Those fractions which were most dilute and contained
smaller proteins clearly showed the greatest stimulation when
normalized for the amount of MDM2 protein, with the
monomer form more than 45-fold more effective than the peak
of the aggregated fractions. Hence we believe that aggregation

is somewhat reversible in dilute fractions, and that the
monomer and/or dimer forms are the most effective in
stimulating DNA polymerase e.

The stimulatory effect prior to puri®cation of the MDM2
was unstable and some variability was observed among
different preparations of MDM2. This variation of the
stimulating activity was also observed with MDM2 expressed
in E.coli (see below). However, for both sources, once MDM2
was puri®ed, its stimulating activity was relatively stable.

Human MDM2 expressed in E.coli also stimulates HeLa
DNA polymerase e
In order to control for stimulation being due to contaminants
from the insect cells used for the MDM2 overexpression and
puri®cation, recombinant MDM2 was also prepared as an
N-terminal His-tagged protein in E.coli and then puri®ed
under denaturing conditions (guanidine±HCl) over a Ni-NTA
column. MDM2 was 5±10% of the protein in this preparation.
Control E.coli protein was prepared from E.coli that did not
contain the MDM2 construct by passing a cell lysate through a

Figure 1. SDS±PAGE of human MDM2 and D1±166 MDM2 expressed in
insect cells. Puri®ed MDM2 (roughly 0.6 mg of total protein) was subjected
to SDS±PAGE on 7.5% polyacrylamide gels and then stained with Brilliant
Blue G Colloidal stain (A) or electroblotted onto a nitrocellulose ®lter and
probed with anti-MDM2 antibodies SMP-14 or 2A10 whose epitopes are
amino acid 154±167 and 295±330, respectively (B). Puri®ed D1±166
MDM2 was subjected SDS±PAGE on 4±20% linear gradient polyacryl-
amide gel and stained with Brilliant Blue G Colloidal stain (roughly 0.96 mg
of total protein) (C) or electroblotted onto a nitrocellulose ®lter and probed
with antibody 2A10 (roughly 0.48 mg of total protein) (D). Molecular
weight markers were the Invitrogen BenchMarkÔ Protein Ladder.

Figure 2. Chromatography of recombinant MDM2 upon Superdex. MDM2
expressed in insect cells was puri®ed through chromatography upon
DEAE±Sephacel as described in Materials and Methods, and fractions
containing MDM2 were concentrated using a Millipore Centriprep YM-50
and then chromatographed upon Superdex 200 HR 10/30 (Amersham
Biosciences). (A) Equal volumes of samples were analyzed by immunoblots
using antibody SMP-14. (B) The Superdex fractions were assayed for DNA
polymerase e simulating activity such that each fraction stimulated between
2- and 4-fold. The amounts of MDM2 in each fraction were quantitated
from the immunoblot (with a lesser exposure time than the one shown)
using the program ImageQuant for Macintosh v. 1.2. The fold-stimulations
were then normalized for the amount of MDM2 antigen in each fraction and
then those ratios were normalized to that of fraction 30 which had the
highest amount of MDM2 antigen. The values are averages of duplicate
assays and error bars were too small to show except for fraction 40. The
Bio-Rad gel ®ltration standard (Catalog number 151-1901) was used to
calibrate the column.
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Ni-NTA column and eluting the bound protein under the same
conditions. The recombinant MDM2 stimulated HeLa DNA
polymerase e up to 40-fold, whereas the control protein had
relatively little effect (Fig. 4). Moreover, when the recom-
binant MDM2 was heated at 100°C, no stimulation occurred.
MDM2 expressed in E.coli also did not have polymerase
activity when assayed alone (data not shown). This stimula-
tory effect has been obtained with two different preparations
of recombinant human MDM2 from E.coli.

Recombinant MDM2 protein from both E.coli (Fig. 4) and
insect cells (Fig. 3A) exhibited approximately 10-fold stimu-
lation when an estimated 10 ng of either MDM2 protein (not
total protein of the preparation) was added to 6 3 10±3 units of
DNA polymerase e. This similarity makes it unlikely that the
stimulation of DNA polymerase e was due to contaminating
protein(s) or other factors from the source cells.

The N-terminal 166 amino acids of MDM2 are essential
for stimulation of human DNA polymerase e
Our previous study showed that the ®rst 166 amino acid
residues of MDM2 were suf®cient to interact with the

C-terminal region of DNA polymerase e in a yeast two hybrid
assay. To con®rm that the stimulation of human DNA
polymerase e depended upon the same region of MDM2, we
constructed and expressed in insect cells MDM2 which lacked
the N-terminal 166 amino acids. The puri®cation of D1±166
MDM2 was monitored by SDS±PAGE and immunoblots with
antibodies 2A10 and H221 whose epitopes correspond to
amino acids 295±330 and 100±320 of human MDM2,
respectively. The puri®ed D1±166 MDM2 was ~30±40% of
the protein in the preparation as judged by a gel stained with
Brilliant Blue G Colloidal (Fig. 1C) and an immunoblot
probed with antibody 2A10 (Fig. 1D). The D1±166 MDM2
migrated on SDS±PAGE as a protein of 68 kDa. When this
D1±166 MDM2 was assayed for stimulation of polymerase
activity, it had little effect with DNA polymerase e, DNA
polymerase b or Klenow fragment (Fig. 5). The DNA
polymerase e preparation used in this experiment was
stimulated 14-fold by 20 ng of full-length MDM2.

MDM2 has little effect upon the apparent KM values of
human DNA polymerase e
In order to study how MDM2 stimulated the activity of HeLa
DNA polymerase e, the effects of MDM2 upon the apparent
KM values for dTTP and poly(dA)´oligo(dT) primer/template
were determined. The KM for dTTP remained unchanged at
3±4 mM and that for the primer/template was also little
changed between 7 and 14 mM (total residues of dAMP plus
dTMP). The latter value varied depending upon the particular
polymer pair, presumably because of their somewhat varied
chain lengths. Therefore, it appears that the effect of MDM2 is
directly upon the velocity of the reaction rather than upon the
substrate af®nities.

Interaction with the C-terminal domain of full-length
DNA polymerase e p261 is essential for the stimulation
by MDM2

The region between the N- and C-terminal domains of p261 is
susceptible to proteolysis by trypsin (19), caspase III during
apoptosis (32) and endogenous proteases (Fig. 6A). In fact,

Figure 4. Human MDM2 expressed in E.coli stimulates HeLa pol e. Pol e
(4.4±6 3 10±3 U was pre-incubated with the indicated amounts of MDM2,
control protein or boiled MDM2 for 30 min on ice and then assayed as de-
scribed in Materials and Methods. The MDM2 protein was about 5±10% of
the total protein in the preparation. Values represent the mean of duplicate
assays. In most cases, the error bars were smaller than the data symbols.

Figure 3. Human MDM2 expressed in insect cells stimulates human DNA
polymerase e. (A) DNA polymerase e (5.8 3 10±3 units) was pre-incubated
as indicated with the preparation of MDM2 shown in Figure 1A for 1 h on
ice and then the activity was assayed as described in Materials and
Methods. (B) The MDM2 was pre-incubated for 1 h on ice with either re-
combinant human DNA polymerase b expressed in E.coli (7.7 3 10±3 units)
or Klenow fragment of E.coli DNA polymerase I (8.8 3 10±3 units) and
then assayed. This preparation of MDM2 stimulated the activity of DNA
polymerase e up to 11-fold in the range of 4±20 ng. Values represent the
mean of duplicate assays and in most cases error bars would be smaller than
the data symbols.
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limited trypsin digestion forms a catalytic 122-kDa N-terminal
domain with roughly twice the activity of the full-length
protein (Fig. 6B) (19,32). Since the sequences of human DNA
polymerase e p261 that are necessary and suf®cient for
interaction with MDM2 were mapped to the 380 amino acids
closest to the C-terminus (residues 1906±2285) (Fig. 6A) (15),
the effect of MDM2 upon the N-terminal active domain
cleaved from the C-terminal domain was tested.

Puri®ed DNA polymerase e was treated with varying
amounts of trypsin, then part of each reaction mixture was
separated by SDS±PAGE and the proteins were transferred to
a nitrocellulose ®lter which was probed with an antibody
against the N-terminal domain of p261 (Fig. 6B). The
N-terminal domain remained intact and the catalytic activity
was greater or equal to that of the uncleaved p261 after
digestion by 1±4 ng of trypsin. However, when the polymerase
activity of these truncated proteins was assayed in the
presence of recombinant human MDM2 expressed in E.coli,
the trypsin-digested DNA polymerase e was only slightly
stimulated by MDM2, in contrast to the more than 15-fold
stimulation of the full-length protein (Fig. 6C). This observa-
tion clearly demonstrates that the stimulation of HeLa DNA
polymerase e by MDM2 is dependent upon the C-terminal
domain of DNA polymerase e catalytic subunit being joined to
the catalytic, N-terminal domain.

Free C-terminal domain of DNA polymerase e p261 is
able to overcome stimulation of intact p261 by MDM2

To verify that MDM2 binding to the C-terminal domain of
intact p261 was truly necessary for stimulation, the C-terminal
domain of DNA polymerase e p261 (amino acids 1306±2285)
was expressed as an N-terminal His-tagged protein in insect
cells and puri®ed over Ni-NTA resin. This puri®ed C-terminal
fragment was pre-incubated with MDM2 on ice for 30 min
prior to addition of DNA polymerase e. The mixture was

incubated on ice for an additional 30 min and then assayed for
polymerase activity (Table 1). Indeed, the C-terminal DNA
polymerase e p261 fragment was able to suppress the
stimulation by MDM2 in a dose-dependent manner. This
result, combined with the result of trypsin digestion of HeLa
DNA polymerase e (Fig. 6), further con®rms the ®nding
of Vlatkovic et al. (15) that the MDM2 interacts with the
C-terminal domain of DNA polymerase e p261.

It is interesting to note that the C-terminal domain
stimulated DNA polymerase e in the absence of MDM2
(Table 1). While we do not have a precise explanation for this
effect, DNA polymerase e generally exists as a dimer (16,33)
and should this dimerization be mediated through the
C-terminal domain of p261 (directly or indirectly), excess
C-terminal domain could monomerize DNA polymerase e
and/or possibly sequester away its other subunits so as to
stimulate the enzyme.

Sedimentation of HeLa DNA polymerase e with MDM2

In order to estimate the approximate size of the stimulated
MDM2±DNA polymerase e complex, recombinant human
MDM2 and DNA polymerase e were incubated on ice for 1 h
and then sedimented through a glycerol gradient. DNA
polymerase e alone, MDM2 alone and protein markers were
sedimented through parallel gradients. DNA polymerase e
activity sedimented at a rate of roughly 10.4 S when
sedimented alone as reported for its dimeric form (16),
while MDM2 alone sedimented at 10.8 S, con®rming the
considerable aggregation noted during Superdex chromato-
graphy. When DNA polymerase e and MDM2 were mixed
together then sedimented, the polymerase activity peaked at
10.5 S and immunoblot results con®rmed that the MDM2
center of mass sedimented to a slightly heavier position
(roughly 11.3 S). Approximately 0.5 U of HeLa DNA
polymerase e were loaded onto each gradient (as assayed
without MDM2) and approximately 0.28 and 0.85 U of
activity were recovered from the gradients without and with
MDM2, respectively. Together, these results imply that
MDM2 does not bind to DNA polymerase e as a large
aggregate, but in a form which adds little to the apparent mass
of the DNA polymerase e dimer.

DISCUSSION

The physical interaction between human DNA polymerase e
and human MDM2 had previously been established by a yeast
two hybrid screen, an in vitro binding assay and co-
immunoprecipitation (15). We have now shown that human
MDM2 expressed in and puri®ed from either E.coli or insect
cells stimulates the activity of DNA polymerase e in vitro.
Moreover, the C-terminal domain of DNA polymerase e p261,
to which MDM2 binds, and the N-terminal 166 amino acids of
MDM2 to which DNA polymerase e binds are both essential
for the stimulation.

What could be the biological signi®cance of an interaction
between MDM2 and mammalian DNA polymerase e? Human
DNA polymerase e was ®rst isolated as a factor required for
long-patch repair synthesis in UV-irradiated permeabilized
human diploid ®broblasts (26). DNA polymerase e has been
reported to participate in NER in mammalian cells (34,35) and
BER in S.cerevisiae (36) and it is a component of a

Figure 5. Effect of D1±166 MDM2 upon polymerase activities. DNA poly-
merase e (12 3 10±3 U), DNA polymerase b (32 3 10±3 U) or Klenow
fragment of E.coli DNA polymerase I (19 3 10±3 units) were pre-incubated
with the indicated amounts of puri®ed D1±166 MDM2 on ice for 1 h and
then assayed. The inset is a magni®cation of the data. Values represent the
mean of duplicate assays for DNA polymerase b and Klenow fragment and
the mean of triplicate assays for DNA polymerase e. Error bars were
generally smaller than the data symbols.
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recombination protein complex (RC-1) from calf thymus
nuclei that catalyzes the recombinational repair of in vitro
gaps and deletions in DNA (37,38). Additionally, the

involvement of DNA polymerase e in chromosomal DNA
replication in yeast and higher eukaryotes has been established
(39±44). Saccharomyces cerevisiae DNA polymerase e also
acts as a sensor of DNA damage and other replication blocks,
resulting in activation of the S phase checkpoint in a process
that requires the C-terminus of the catalytic subunit (45,46).
Strangely, however, in S.cerevisiae, mutants lacking the entire
N-terminal domain are viable (though point mutations in the
domain are lethal), whereas deletion of the C-terminal domain
is lethal (20,21,47). Mutations within the C-terminal zinc
®nger region block DNA replication, are sensitive to the DNA
replication inhibitor hydroxyurea and to the DNA cross-
linking agent MMS, and are defective in the dimerization and
the assembly of the DNA polymerase e holoenzyme (21,48).
This C-terminal region is also the site to which MDM2 binds
the human DNA polymerase e homolog, so that the MDM2
binding might be part of a process for the regulation of DNA
replication and checkpoint responses in mammalian cells that
is functionally similar to that found in yeast.

It is currently proposed that in budding yeast the signal
for the intra-S checkpoint is generated only when replication
forks encounter DNA damage, whereas in ®ssion yeast and

Figure 6. The C-terminal domain of intact DNA polymerase e p261 is essential for stimulation by MDM2. (A) HeLa p261 can be separated into two domains
which are linked by a protease-sensitive region. The N-terminal domain contains the catalytic motifs, whereas the C-terminal domain binds other subunits and
proteins. (B and C) Fifty nanogram aliquots of puri®ed HeLa DNA polymerase e were digested with various amounts of trypsin as indicated for 15 min at
37°C, after which 1 mg of soybean trypsin inhibitor was added to stop each reaction. Half of each product was separated by 7.5% SDS±PAGE and then trans-
ferred to a nitrocellulose ®lter which was probed with anti-p261 antibodies 3C5.1, which recognizes the N-terminal domain of p261, and 3A5.6, which recog-
nizes p59. The remainder of each sample was assayed for polymerase activity in the absence (B) or presence (C) of recombinant MDM2 expressed in E.coli.

Table 1. Free C-terminal domain can overcome the stimulation of intact
p261 by MDM2

DNA
polymerase e

10 ng
MDM2

ng C-terminal
domain

pmol dNTP
incorporated

± ± 85 <0.5
± + ± <0.5
+ ± ± 1.1 6 0.5
+ + ± 14.7 6 0.4
+ + 51 11.3 6 0.4
+ + 68 7.5 6 0.6
+ + 85 4.6 6 0.6
+ ± 85 6.0 6 0.5

Human MDM2 protein expressed in insect cells (10 ng) was mixed with
various amounts of C-terminal p261 fragment on ice for 30 min, then native
DNA polymerase e was added and the mixture was incubated further on ice
for 30 min, and the samples were assayed as described in Materials and
Methods. (Protein amounts are estimated MDM2 protein, not total protein.)
The values represent the mean of duplicates in each of two independent
experiments.
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mammals the same response requires two signaling pathways,
one that detects stalled replication forks and another that
detects damaged sites (49). It is currently believed that DNA
polymerase e is both a component of the replication machinery
and a sensor of stalled replication forks. Presumably, when
DNA polymerase e encounters damage or when a replication
fork is otherwise blocked, the replication complex would be
reorganized with the recruitment of recombination/repair
proteins. DNA polymerase e foci in human cells are adjacent
to PCNA and BrdU pulse foci early in S phase, but become
colocalized with PCNA and sites of DNA synthesis late in S
phase (44). In view of this observation, it was proposed that
DNA polymerase e is involved in replication-associated repair
that either precedes or follows replication forks early in S
phase and then takes part in the replication of heterochromatin
late in S phase (44). Since DNA polymerase e appears to be
involved in both DNA replication and in DNA repair
synthesis, it would be reasonable to propose that it is a stable
factor in this transition, being part of both processes. MDM2
binding might then be part of this transition process, perhaps
displacing other proteins from DNA polymerase e so as to
allow recon®guration from a replication to a repair complex.
Ultimately, alterations in post-translational modi®cations of
MDM2 might then alter its binding to DNA polymerase e or
lead to its diminution so as to allow the re-establishment of
DNA polymerase e-containing replication complexes.

Roles proposed for DNA polymerase e include DNA repair,
recombination, replication, damage sensing and chromatin
remodeling. Thus there may be as many as ®ve distinct
functional DNA polymerase e complexes, making dissection
of the compositions, interconversions and roles of the
complexes containing DNA polymerase e particularly dif®-
cult. Nevertheless, the results presented here suggest that in
response to stress, MDM2 may have an important role to play
in regulating or modifying DNA polymerase e function.
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