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ABSTRACT

Ribonucleotide reductase (RR) plays a key role in the synthesis of DNA
and is the only enzyme responsible for the reduction of ribonucleotides to
their corresponding deoxyribonucleotides, providing a balanced supply of
precursors for DNA synthesis and repair. There are three known human
RR subunits, hRRM1, hRRM2, and p53R2, which is encoded by a p53
target gene. It is not clear whether p53 and RR can directly interact at the
protein level to regulate DNA repair. It is also not known where deoxyri-
bonucleotides are synthesized in the cell. In coimmunoprecipitation ex-
periments, we found that hRRM2 and p53R2, but not hRRM1, bound to
p53 in KB cells, which express wild-type p53. Moreover, in response to UV
irradiation, both p53R2 and hRRM2 were released from p53 and shifted
to bind hRRM1. Confocal microscopy confirmed the colocalization of p53
with p53R2 and hRRM2 and the translocation of hRRM1, p53R2 and
hRRM2 from the cytoplasm to the nucleus after UV treatment. An in vivo
RR activity assay showed that the kinetic profile of increased RR activity
was consistent with the accumulation of RR subunits in the nucleus. The
ability of p53R2 and hRRM2 to shift from binding p53 to hRRM1 in
response to UV irradiation was deficient in the presence of mutant p53.
Moreover, in cells overexpressing hRRM2, binding of p53R2 to p53
decreased, whereas binding to hRRM1 increased. Our results suggest that
wild-type p53 directly interacts with both p53R2 and hRRM2. In response
to UV irradiation, p53R2 and hRRM2 dissociate from p53 and p53R2, and
hRRM2 and hRRM1 transfer to the nucleus and form an active RR
complex to provide dNDPs for DNA repair. Therefore, the direct inter-
action of p53 with p53R2 and hRRM2 and the nuclear accumulation of
RR subunits after UV exposure might play a pivotal role in DNA repair.

INTRODUCTION

RR3 plays a key role in the synthesis of DNA and is responsible for
the reduction of ribonucleotides to their corresponding deoxyribo-
nucleotides, providing a balanced supply of precursors for DNA
synthesis and repair (1, 2). Recent results have shown that there are
three human RR subunits: hRRM1; hRRM2; and p53R2. hRRM1 is a
large peptide chain (�), and hRRM2 and p53R2 are small protein
subunits of RR (�). The catalytically active form of eukaryotic RR is
proposed to be a �2�2 heterotetrameter made up of two large subunits
(R1) and two small subunits (R2; Ref. 3). Although the contribution
of p53R2 to human cellular RR activity remains unclear (4), in vitro
evidence in mice demonstrated that p53R2 forms an active ribonu-
cleotide reductase tetramer with R1 (5). It is not clear whether human
hRRM1 interacts with p53R2 in vivo in the same manner as it does
with hRRM2.

p53 is a well-known tumor suppressor gene to which to two major

biological processes have been attributed: cell cycle arrest and apo-
ptosis (6–8). p53 can function as a sequence-specific DNA binding
protein and transcription factor for its target genes (9, 10). p53R2 has
been identified as a transcriptional target of nuclear p53 (4). It also has
been shown that p53 can directly interact with other proteins in
response to cellular stress (11, 12). It has been shown that hRRM2
protein is stabilized after UV irradiation, but transcription is not
induced (13). It is possible that p53 plays a role in this stabilization.
Blocking of DNA synthesis by hydroxyurea, an RR inhibitor, was
shown to stabilize p53, but it was extensively modified and its ability
to induce transcription of many of its target genes was impaired (14).
A direct interaction between p53 and RR is hypothesized because RR
itself is a target for cell cycle regulation. In this study, we hypothesize
that p53 and RR directly interact to regulate RR activity required for
response to DNA damage.

In the field of RR research, there are two opposing opinions about
where deoxyribonucleotide synthesis occurs. The observations that
rNDPs could be incorporated into DNA more efficiently than dNTPs
and that enzymes associated with DNA metabolism were largely
localized in the nucleus during S phase but were recovered in the
cytoplasmic fraction and largely absent from the nucleus during G
phase led Reddy and Pardee (15–18) to suggest that RR and other
DNA metabolic enzymes translocate from the cytoplasm to the nu-
cleus and form a replitase to initiate DNA synthesis when cells pass
from G1 to S phase of growth. However, subsequent immunocyto-
chemical studies of both hRRM1 and hRRM2 showing localization in
the cytoplasm of mammalian cells led other groups to argue against
the replitase model (19, 20). Additional evidence has shown that the
recently discovered hRRM2 homologue, p53R2, was found in that
nucleus after DNA damage (21) but that hRRM1 remained in the
cytoplasm of resting cells (20). These findings led us to hypothesize
that the RR subunits might traffic into the nucleus in response to DNA
damage. However, nuclear accumulation of RR has never been di-
rectly demonstrated.

In this study, we have demonstrated that p53 directly interacts with
p53R2 and hRRM2 but not hRRM1 and that hRRM1 interacts weakly
with p53R2, hRRM2, or p53 in quiescent p53 wild-type KB cells.
After exposure to UV, p53R2 and hRRM2 dissociated from p53 and
bound hRRM1 in these cells. The PC3 cell line, which expresses a
mutant form of p53 (22), was also examined and did not show the shift
in binding in response to UV. The interaction between p53 and the RR
subunits was also altered in cells overexpressing hRRM2. We also
clearly show the translocation of hRRM1, p53R2, and hRRM2 from
the cytoplasm to the nucleus in response to UV irradiation, consistent
with the increase in RR activity.

MATERIALS AND METHODS

Cell Culture. Human oropharyngeal carcinoma KB cells (p53 wild-type),
PC3 cells (p53 mutant), and Hep3B cells (p53 null; American Type Culture
Collection) were cultured on plastic tissue culture plates in RPMI 1640
supplemented with 10% fetal bovine serum and 1% penicillin/streptomycin in
a 5% CO2 atmosphere at 37°C. For DNA damage studies, exponentially
growing cells were irradiated with UV (12 J/m2) followed by incubation for 1,
2, 3, or 24 h. The drug resistant cell lines, KBGem and KBHURs, were
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selected from KB cells by stepwise exposure to increasing concentrations of
gemcitabine and hydroxyurea, respectively, and were maintained in the pres-
ence of 8 �M gemcitabine and 1 �M hydroxyurea, respectively.

Antibodies. The rabbit polyclonal antibody against hRRM2 was a gift from
Dr. Tim Kinsella’s lab. All other antibodies were obtained from Santa Cruz
Biotechnology, Inc. (Santa Cruz, CA). Mouse monoclonal and polyclonal
antibody against p53, mouse polyclonal antibody against hRRM1, and goat
polyclonal antibodies against hRRM2, p53R2, and hRRM1 were used for
Western blotting. Agarose-conjugated normal goat IgG, agarose-conjugated
p53 mouse monoclonal IgG2a, and agarose-conjugated hRRM1, hRRM2, and
p53R2 goat polyclonal IgGs were used for IP. FITC-conjugated goat antirab-
bit, FITC-conjugated bovine antigoat, FITC-conjugated bovine antimouse,
rhodamine-conjugated bovine antigoat, Texas Red-conjugated goat antimouse,
and alkaline phosphatase-conjugated bovine antigoat IgG were used for the
confocal studies.

IP and Western Blot. Cells (107) were washed twice with PBS, lysed in
0.65 ml of ice-cold radioimmunoprecipitation assay buffer with freshly added
inhibitors (1� PBS, 1% NP40, 0.5% sodium deoxycholate, 0.1% SDS, 100
�g/ml phenylmethylsulfonyl fluoride, 1 mM sodium orthovanadate, and 30
�l/ml aprotinin). The lysate was passed through a 27-gauge needle, debris was
removed by centrifugation (10,000 rpm, 10 min., 4°C), and the total amount
each of lysate was quantified (Bio-Rad protein assay). Ten mg of each lysate
was precleared with agarose-conjugated normal goat IgG (30 min, 4°C) and
subsequently incubated with agarose-conjugated hRRM1, hRRM2, or p53R2
goat polyclonal IgG or agarose-conjugated p53 mouse monoclonal IgG2a (15
�l, overnight at 4°C). Beads were collected by centrifugation (6000 rpm, 10
min, 4°C), and the immunoprecipitates were washed four times with lysis
buffer (4°C) and solubilized in 60 �l of SDS-PAGE sample buffer. Seventy �g
of each cell lysate and 12 �l of each immunoprecipitate were separated by
SDS-PAGE and transferred to membrane. Fourteen percent SDS-PAGE was
used for p53, p53R2, and hRRM2, and 10% SDS-PAGE was used for hRRM1.
Immunoblotting was performed by incubation with the corresponding antibody
(1:200 dilution, 1 h at room temperature) followed by incubation with alkaline
phosphatase-conjugated goat antimouse (1:5000 dilution, 1 h at room temper-
ature) or bovine antigoat (1:2000 dilution, 1 h at room temperature) secondary
antibodies. Immunoreactive bands were visualized by enhanced chemilumi-
nescence.

Confocal Immunofluorescence Analysis. Cells were grown on sterile
glass coverslips at 37°C for 24 h and UV irradiated as above. At the designated
times, cells were washed briefly with PBS and fixed with 100% methanol for
5 min at �20°C. After air drying, fixed cells were washed with PBS three
times, blocked for 2 h in a blocking buffer (10% BSA in PBS), and then
additional incubated for another hour in PBS with 1.5% BSA containing
anti-p53 mouse IgG, anti-p53R2 goat IgG, anti-hRRM2 rabbit IgG, or anti-
hRRM1 mouse IgG. After washing three times in PBS, cells were incubated
with Texas Red-, FITC-, or rhodamine-conjugated secondary antibodies in
PBS with 1.5% BSA for 45 min. at 37°C in the dark. Coverslips were washed
three times with PBS and mounted on microscopy cover glass with 90%
glycerol in PBS. Images were acquired using a confocal microscope (Zeiss).

In Vivo RR Activity Assay. Cells (1 � 106) were plated in a 60-mm dish
and incubated for 24 h. Cells were irradiated by UV and harvested at the
designated times. To enhance cell permeability, cells were washed twice in
solution A [150 mM sucrose, 80 mM KCL, 35 mM HEPES (pH 7.4), 5 mM

potassium phosphate (pH 7.4), 5 mM MgCl2, 0.5 mM CaCl2] and then sus-
pended in 500 �l of cold solution A containing 0.25 mg/ml lysolecithin and
incubated for 1 min at 4°C. To measure RR activity (ribonucleoside diphos-
phate reduction) and DNA synthesis, 1 � 106 permeabilized cells were
incubated at 37°C for 10 min in a 300-�l reaction containing 50 mM HEPES
(pH 7.4), 0.75 mM CaCl2, 10 mM phosphoenolpyruvate, 0.2 mM [3H]rCDP,
0.2 mM rGDP, 0.2 mM rADP, and 0.2 mM dTDP. After incubation, reactions
were divided into two equal volumes, mixed with 30 �l of 60% perchloric
acid/0.1% Na PPi, and incubated on ice for 15 min. One ml of ddH2O was
added, and samples were centrifuged to precipitate any acid-insoluble material.
The pellet was extracted with 0.1 ml of 0.2 N NaOH and incubated at 37°C for
30 min. Seventy-five �l of each sample was suspended in 5 ml of Ecoscint A,
and radioactivity was counted using a Beckman LS 5000CE liquid scintillation
counter.

RESULTS

p53 Interacts with p53R2 and hRRM2 in Vivo. To determine
whether p53 directly interacts with subunits of RR (p53R2, hRRM2,
and hRRM1), a co-IP assay was used. Cell lysates from KB cells (p53
wild-type) or Hep3B cells (p53 null) were incubated with anti-p53
antibody to selectively immunoprecipitate intracellular p53. The pro-
teins that coimmunoprecipitated with p53 were probed with anti-
p53R2, hRRM2, and hRRM1 antibodies. Fig. 1A shows that p53R2
and hRRM2 coimmunoprecipitate with p53 in KB cells but not in
Hep3B cells, which do not express p53. The abundance of cellular
p53R2 and hRRM2 was greater than that of p53 in KB cells (Fig. 1A,
Lane 4). This is consistent with previous reports that the level of p53
is low in unstimulated resting cells (23). Although hRRM2 and a low
level of p53R2 were found in the Hep3B cell lysates (Fig. 1A, Lane 2),
they were not immunoprecipitated by p53 antibody (Fig. 1A, Lane 1).
Expression of hRRM1 was clearly detected in the cell lysates, but it
was not detected in the immunoprecipitate. These findings indicate
that p53 might interact directly with p53R2 and hRRM2 but not
hRRM1. To additionally elucidate the functional significance of p53
binding to p53R2 and hRRM2 in vivo, DNA damage was induced in
KB cells by exposure to UV. After UV irradiation, both p53R2 and
hRRM2 dissociated from the complex with p53 (Fig. 1A, Lane 5). The
interaction between p53 and the small subunits of RR was confirmed
by reciprocal IP experiments as shown in Fig. 1B.

p53R2 and hRRM2 Bind hRRM1 in Response to UV Irradia-
tion. One or both of the small RR subunits (p53R2 or hRRM2) must
bind to hRRM1 to generate a functional tetrameric RR holoenzyme to
catalyze the conversion rNDP to dNDP (3). Having shown that
binding of p53R2 and hRRM2 to p53 decreased after UV exposure
(Fig. 1A), we performed co-IP assays using anti-hRRM1 antibody to
examine the effect of UV exposure on RR complex formation
(Fig. 1C). In the absence of UV irradiation (Fig. 1C, Lane 1), a small
amount of p53R2 was detected bound to hRRM1, whereas binding of
hRRM2 was barely detectable. No co-IP of p53 was detected. After
UV treatment, binding of p53R2 increased and an interaction with
hRRM2 could now be detected (Fig. 1C, Lane 3). The relative
increase in protein binding to hRRM1 after UV treatment was much
greater for hRRM2 than for p53R2.

Colocalization of p53 and p53R2 with hRRM2 in Wild-Type
p53 KB Cells. Confocal microscopy was used to show colocalization
of p53 and the small RR subunits, providing additional evidence of
interaction. KB cells were stained with anti-p53 and anti-p53R2 or
anti-hRRM2 antibodies and are shown in Fig. 2. p53 (green) and
p53R2 and hRRM2 (red) appear distributed throughout the cytoplasm.
The merged images show that p53 colocalizes with p53R2 and
hRRM2 as indicated by the yellow color.

hRRM1, p53R2, and hRRM2 Translocate from the Cytoplasm
to the Nucleus after UV Irradiation. To additionally confirm the
interaction of p53R2 and hRRM2 with hRRM1, we use confocal
scanning microscopy to examine the effect of UV exposure on the
localization of RR subunits (Fig. 3A). The localization of RR subunits
was investigated in KB cells before UV treatment and at the indicated
times after treatment with UV (12 J/m2). hRRM1, p53R2, and hRRM2
were detected in the cytoplasm of untreated KB cells (0 h). In
UV-treated cells, accumulation of all three RR subunits in the nucleus
could be detected after 1 h and increased after 2 h. The translocation
of both hRRM2 and p53R2 from the cytoplasm to the nucleus in
response to UV treatment suggests that both subunits may be activated
to generate dNTPs required for DNA repair.

The kinetics of RR Activity after UV Treatment Are Consistent
with the Nuclear Accumulation of RR Subunits. The finding that
RR subunits translocate to the nucleus after UV irradiation in p53
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wild-type KB cells prompted us to look at RR activity in response to
this stress. In vivo incorporation of [3H]dCTP into DNA was meas-
ured in cells before UV treatment and after 1–3 h (Fig. 3B). A
significant increase in RR activity was detected 1 h after UV treat-

ment, it peaked at 2 h, and it began to decrease after 3 h but still
remained significantly elevated relative to untreated cells. The kinet-
ics of RR activity shown in Fig. 3B correspond closely to the time
course of nuclear accumulation of RR subunits shown in Fig. 3A.

Fig. 1. Interaction of p53 with RR subunits. A, p53 coimmunoprecipitates the RR subunits p53R2 and hRRM2. Hep3B (p53 null) and KB (p53 wild-type) cell lysates were
immunoprecipitated using an antibody directed against p53. Proteins coimmunoprecipitated by the anti-p53 antibody are shown in the odd lanes (1, 3, and 5), whereas total cell lysate
is shown in the even lanes (2, 4, and 6). Lanes 5 and 6 show results for KB cells 24 h after exposure to 20 J/m2 UV radiation. B, reciprocal IP shows that anti-p53R3 and anti-hRRM2
pull down p53 in KB cells. Agarose-conjugated monoclonal antibodies to p53R2 and hRRM2 were used to coimmunoprecipitate p53 from KB lysate. Lanes 1 and 3 show p53
coimmonoprecipitated by anti-p53R2 and anti-hRRM2, respectively; Lanes 2 and 4 show total cell lysate. C, p53R2 and hRRM2 bind hRRM1 after UV irradiation in KB cells. KB
cells were treated with 20 J/m2 UV radiation. Cells were harvested 24 h later, and lysates from both control and UV irradiated cells were immunoprecipitated with antibodies to hRRM1
(Lanes 1 and 3). Proteins coimmunoprecipitated by the hRRM1 antibody are shown in Lanes 2 and 4.

Fig. 2. Colocalization of p53 with p53R2 and
hRRM2 in KB cells. KB cells were stained and
examined by confocal microscopy. p53 was visual-
ized with FITC-conjugated antibody and hRRM2
and p53R2 were visualized using a rhodamine-
conjugated secondary antibody. The colocalization
of p53 (green) with p53R2 (red) or hRRM2 (red)
appears as a yellow color in the merged images (p53
and hRRM2; p53 and p53R2).
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These results suggest that the increase in RR activity is related to the
nuclear accumulation of RR subunits, which may be regulated by p53.
It has been reported that although p53R2 and hRRM2 accumulate in
the nucleus of p53-mutant PC3 cells, the increase in RR activity is
delayed (24). This implies that the translocation of RR subunits from
the cytoplasm into the nucleus and the associated increase in RR
activity may be cell type-specific and depend on the intrinsic p53
status.

Mutant p53 Regulates RR in the Different Manner. To addi-
tionally investigate how the status of p53 may influence the regulation
of RR activity through shifting binding from p53 to hRRM1, PC3
cells, which express mutant p53, were investigated by co-IP as shown
in Fig. 4. In the absence of UV irradiation, both p53R2 and hRRM2
bind to mutant p53 (Fig. 4, Lane 1) but with lower affinity than was
seen for wild-type p53 in KB cells (as previously shown in Fig. 1A,
Lane 3). Binding of p53R2 and hRRM2 to hRRM1 (Fig. 4, Lane 5) is
similar in PC3 cells to that observed in KB cells (Fig. 1C, Lane 1).
After UV treatment, binding of p53R2 and hRRM2 to p53 was barely
affected (Fig. 4, Lane 3). Interestingly, the amount of p53R2 bound to
hRRM1 did not increase in response to UV, whereas the amount of
hRRM2 bound to hRRM1 increased slightly (Fig. 4, Lane 7). These
results indicate that mutation of p53 might cause a deficiency in the
ability of hRRM2 and p53R2 to shift from binding p53 to hRRM1 in
response to UV irradiation in p53 mutant PC3 cells.

Binding of p53 to hRR Subunits Is Altered in the Presence of
Overexpressed hRRM2. To determine the effect of hRRM2 over-
expression on the interaction of p53 with hRR subunits, two drug-
resistant clones derived from KB cells, KBGem and KBHURs, were
used for additional studies. The biological characteristics of these two
drug resistant cell lines are summarized in Table 1 (25). The amount

Fig. 3. UV irradiation induced translocation of p53R2, hRRM2, and hRRM1 from the cytoplasm to the nucleus and increased RR activity in KB cells. A, effect of UV on cellular
localization of RR subunits. KB cells were irradiated with 12 J/m2 UV, incubated for the indicated times, and then fixed, stained, and examined by confocal microscopy. hRRM1 was
visualized using a Texas Red-conjugated antibody, whereas hRRM2 and p53R2 were labeled with FITC-conjugated antibodies. Colocalization of hRRM1 (red) with hRRM2 (green)
or p53R2 (green) appears as a yellow color in the merged images. B, RR activity assay. RR activity was measured for KB cells at the indicated times after UV treatment. DNA synthesis
in the presence of rNDPs is plotted as the amount of 3H incorporated into DNA. Asterisks indicate a significant increase in RR activity relative to untreated cells (�, P � 0.05).

Fig. 4. In PC3 cells, with mutant p53, p53R2, and hRRM2 bind to p53 but do not shift
to bind hRRM1 after UV irradiation. PC3 cells were irradiated with 5 J/m2 UV. Cells were
harvested 24 h later, and lysates from both control and UV irradiated cells were immu-
noprecipitated with antibodies to p53 (Lanes 1 and 3) or hRRM1 (Lanes 5 and 7). The p53
or hRRM1 coimmunoprecipitates and corresponding lysates (Lanes 2, 4, 6, and 8) were
separated and analyzed by Western blot for p53R2 and hRRM2.
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of hRRM2 protein in KBGem and KBHURs is increased 9.3- and
12-fold, respectively, compared with wild-type KB cells, whereas
p53R2 and hRRM1 protein levels are unchanged (Fig. 5A). Activity of
RR is increased 2.3- and 6.7-fold in KBGem and KBHURs, respec-
tively (Table 1). The co-IP experiment shown in Fig. 5B indicates that
in KBGem and KBHURs cells the binding of p53R2 to p53 (Fig. 5B,
Lanes 1, 3, and 5) was decreased and binding to hRRM1 (Fig. 5B,
Lanes 7, 9, and 11) was increased relative to wild-type KB cells. This
mimics the binding properties observed in wild-type KB cells after
UV irradiation. However, in KBGem and KBHURs cells, the binding
of hRRM2 to hRRM1 remains increased (Fig. 5B, Lanes 7, 9, and 11),
whereas the binding of hRRM2 to p53 is not significantly changed
(Fig. 5B, Lanes 1, 3, and 5). These results suggest that in cells
overexpressing hRRM2, the affinity of p53R2 is decreased for p53
and enhanced for hRRM1. It is not surprising that the amount of
hRRM2 bound to p53 was unchanged despite the increased binding to
hRRM1 as the overall amount of hRRM2 in these cell lines is
significantly increased. The aberrant binding of p53R2 to p53 and
hRRM1 suggests that p53 may be involved in RR regulation.

DISCUSSION

Our model for p53 regulation of RR activity in response to DNA
damage is shown in Fig. 6. Our results suggest that in quiescent cells,
p53R2 and hRRM2 reside in the cytoplasm bound to p53. After cells
are exposed to UV, p53R2 and hRRM2 dissociate from p53 and
translocate into the nucleus where these small RR subunits bind to

hRRM1 and form functional tetrameric RR holoenzyme, capable of
synthesizing dNDPs. This process depends on wild-type p53.

RR is a highly regulated enzyme in the deoxyribonucleotide syn-
thesis pathway in human, bacterial, yeast, and other cell systems (26).
Alterations in RR levels can have significant effects on the biological
properties of cells such as tumor promotion and tumor progression
and can potentiate metastasis (27, 28). p53 has been shown to partic-
ipate in several cellular responses that could contribute to the sup-
pression of tumor development, including cell cycle arrest and apo-
ptosis (29). Activation of p53 in response to stress signals such as
DNA damage is thought to prevent the replication of abnormal cells
by either allowing their repair or targeting them for elimination.
Cumulative evidence suggests that p53 may be involved in repair of
DNA damage caused by various types of genotoxic stress. For exam-
ple, wild-type p53 is required for global genomic NER of UV-induced
DNA damage (30), and it protects cells from death after irradiation
(31). However, it has not been clear whether p53 directly contributes
to damage repair. Cloning of p53R2, which is a p53 transcriptional
target gene, has helped to elucidate this issue (4). However, the
relationship between the three known RR subunits and p53 is still not
clear. Exposure of mammalian cells to UV irradiation leads to the
introduction of a number of photoproducts in cellular DNA that is
removed by the NER pathway. Damaged nucleotides are excised
together with a number of adjacent nucleotides (32). The resulting
gaps are filled in by DNA polymerase and sealed by ligase. To fill
these gaps, cells need precursors for DNA synthesis. RR is a unique
enzyme that can supply these precursors (1, 2). Because NER nor-
mally occurs within 3 h of DNA damage (33), cells need to have rapid
mechanisms to supply precursors for prompt DNA repair. UV radia-
tion is an effective inducer of p53 (34), suggesting that p53 might play
a role in regulating the rapid supply of dNTPs for DNA repair. Our
results demonstrate that p53 binds to p53R2 but not hRRM1 in
quiescent cells and that after UV exposure p53R2 is released from p53
and binds to hRRM1. It has been shown by us and elsewhere that
mammalian p53R2 interacts with hRRM1 to form active RR in vitro,
which additionally validates our current observations (5, 35).

Fig. 5. In KB clones that overexpress hRRM2,
binding of p53R2 but not hRRM2 to p53 is decreased
and binding of p53R2 and hRRM2 to hRRM1 is
increased. A, total cell lysates from KB, KBGem, and
KBHURs cells were analyzed by quantitative West-
ern blotting using the indicated antibodies. Anti-
tubulin was used as a loading control. B, total cell
lysates from KB, KBGem, and KBHURs cells were
immunoprecipitated with anti-p53 (Lanes 1, 3, and 5)
or anti-hRRM1 (Lanes 5, 7, and 9) antibodies. The
p53 or hRRM1 coimmunoprecipitates and corre-
sponding total cell lysates (Lanes 2, 4, 6, 8, 10, and
12) were separated and analyzed by Western blot.

Table 1 Biological characteristics of drug-resistant clones KBGem and KBHURs

Relative
RR activity

Relative amounts
of hRRM2 protein

Relative amounts
of p53R2 protein

IC50

Gem
(10�6

M)
Hu

(10�3
M)

KBwt 1� 1.0� 1.0� 0.3 0.43
KBGem 2.3� 9.3� 1.0� 32.3 2.36
KBHURs 6.7� 12.0� 1.0� 44.8 12.50
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Regulation of RR activity through release of p53R2, allowing it to
bind hRRM1 and form an active holoenzyme, is likely to induce
nucleotide synthesis more rapidly than would a transcriptional regu-
lation mechanism. The importance of p53 in DNA repair is supported
by previous studies in which cells lacking functional p53 exhibited
defective repair of UV damage and were more sensitive to UV
irradiation than their wild-type p53 counterparts (4, 35, 36). Inhibition
of endogenous p53R2 expression in cells that have an intact p53-
dependent DNA damage checkpoint reduced RR activity, DNA re-
pair, and cell survival after exposure to various genotoxins (4). In
addition, it has been reported that transcription of p53R2 is induced by
p53 in response to UV, and the increase in RR activity correlates with
the p53R2 expression level after 48 h (4). However, our results
showed that there was no change of p53R2 expression in p53 wild-
type cells 24 h after UV irradiation. This discrepancy in p53R2
regulation after UV irradiation might be because of differences in UV
dosages, treatment times, or cell types. Direct supply of p53R2 to
hRRM1 by release from a complex with p53 might facilitate rapid
coupling between the p53 pathway and the RR activity needed for
NER. This rapid mechanism might be followed later by a slower
induction of transcription.

The other small subunit, hRRM2, has not been thought to play a
role in DNA repair because studies in murine cells showed that levels
of R2 decrease in G1 and G2 phases and only increase during S phase
(37, 38). Others have suggested that R2 only supplies dNTPs for DNA
replication in S phase, whereas p53R2 replaces it to supply dNTPs
needed for DNA repair during G1 and G2 phases (4). p53 contributes
to the activation of G2 cell cycle arrest in response to DNA damage.
However, cells transfected with p53R2 show only a slightly elevated
number of cells in S-G2 phase after UV treatment (39). This suggests
that cell cycle arrest in response to DNA damage requires other
signals in addition to p53R2 (4, 37). The role of R2 in repairing
UV-induced DNA damage outside of S phase in yeast (40), and the

response of hRRM2 to ionizing radiation in human cervical carcinoma
cells have been reported (41). Although hRRM2 is known to be
expressed during the cell cycle in S-G2 (42–45), our results demon-
strate that p53 interacts with hRRM2 and releases it in response to
UV, allowing it to bind hRRM1. Taken together, our results suggest
that both p53R2 and hRRM2 are involved in DNA repair and that p53
regulates RR activity in response to DNA damage by direct interac-
tion with the small RR subunits.

To address the question of where deoxyribonucleotides are synthe-
sized in cells, we used confocal microscopy. Our results showed that
p53R2, hRRM2, and hRRM1 translocated into the nucleus within 3 h
of UV treatment, consistent with the timeframe for increase in RR
activity. These results strongly suggest that synthesis of deoxyribo-
nucleotides takes place in the nucleus. Nuclear synthesis of deoxyri-
bonucleotides is also supported by the observation that permeabilized
cells incorporated ribonucleoside diphosphates into DNA in prefer-
ence to deoxyribonucleoside diphosphates. Moreover, in S-phase
cells, dNTPs are concentrated in the nucleus (46). It has been shown
that p53R2 localizes in the nucleus in a cell cycle-dependent and DNA
damage-inducible manner (47). Our results are consistent with previ-
ous reports that hRRM1 and hRRM2 localize in the cytoplasm before
stimulation (19, 20). Of interest, our study shows that p53R2 is also
localized in the cytoplasm of quiescent cells. These findings suggest
that trafficking of these three subunits into the nucleus provides RR
enzyme activity for DNA repair. Arakawa et al. (21) reported that
p53R2, but not hRRM2, increased in nuclei 72 h after �-irradiation.
However, our results showed both p53R2 and hRRM2 translocated
into the nucleus in response to UV. We have preliminary results (data
not shown) demonstrating that hRRM2 returns to the cytoplasm
within 3 h after cells are released from serum starvation. It is possible
that after translocation in response to DNA damage hRRM2 returns to
the cytoplasm rapidly, whereas p53R2 levels in the nucleus remain
elevated for longer times. Alternatively the differences between our

Fig. 6. Model for p53 regulation of RR activity
for DNA repair in response to UV damage. DNA
damage occurs in cells exposed to UV irradiation.
Signal transduction pathways are activated repair
the damage, including the NER pathway. In addi-
tion, we have shown here that before UV exposure,
p53 binds hRRM2 and p53R2, and they are located
in the cytoplasm, as is hRRM1. In response to UV,
the binding affinity between p53 and the small RR
subunits decreases. All of the RR subunits translo-
cate to the nucleus and the active tetrameric RR
complex forms. RR holoenzyme catalyzes the con-
version of NDPs to dNDPs. The dNDPs are phos-
phorylated to generate dNTPs that can be used to
repair the damaged DNA.
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results and those of Arakawa et al. (21) might be attributable to the
induction of alternative DNA repair mechanisms after �-irradiation.

UV irradiation of p53 wild-type cells induces modulation of the p53
level, cell cycle progression, and the occurrence of apoptosis. Disrup-
tion of p53 function was found to reduce repair of UV-induced DNA
damage (36). Here we have shown that UV-irradiated p53-mutant
PC3 cells showed aberrant shifts in the binding of p53R2 and hRRM2
from p53 to hRRM1, indicating that mutant p53 could not regulate RR
complex formation normally, which could lead to reduced DNA
repair. Moreover, compared with KB cells, binding of p53R2 to
hRRM1 was increased and binding to p53 was decreased in KBGem
and KBHURs cells. It is possible that binding of p53R2 to p53 is
decreased in these cells because all p53 binding sites are saturated by
the high level of hRRM2 expression. The small RR subunits not
sequestered by binding to p53 would be free to interact with hRRM1,
leading to the observed increase in these cells. The mechanism of this
finding requires additional elucidation.

We have shown here that UV irradiation induces the release of
hRRM2 and p53R2 from wild-type p53 followed by binding to
hRRM1 and translocation from the cytoplasm to the nucleus to form
active RR holoenzyme. We have also shown that both hRRM2 and
p53R2 might play a pivotal role in DNA repair. Understanding the
molecular mechanism of RR regulation and the role of p53 in drug-
resistant clones will have a direct impact on cancer therapy.
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