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A B S T R A C T

Two forms of ribonucleotide reductase (RR), consisting of M1 with M2 subunits and M1 with p53R2

subunits, are involved in DNA replication and damage repair, respectively. 3-Aminopyridine-2-

carboxaldehyde thiosemicarbazone (3AP), one of the heterocyclic carboxaldehyde thiosemicabazones

(HCTs), is a potent RR inhibitor in clinical trial for cancer treatment. In this study, 3AP and its 7

derivatives showed 100–1000-fold higher inhibitory potency on KB nasopharyngeal carcinoma cells

than hydroxyurea and were fully active against hydroxyurea- and gemcitabine-resistant KB cells. In vitro

RR assays using two recombinant RRs showed that all 8 HCTs decreased the activity of both RRs in a dose-

dependent manner and the efficiency was compatible with that on cell proliferation inhibition. Iron has

different impact on the behavior of the compounds toward RRs. In the absence of iron, the HCTs showed

more selective inhibition for p53R2–M1 than M2–M1, while addition of iron increased their activity but

reduced their selectivity for two RRs. Radioligand binding assays showed that [3H]3AP directly bounded

to the small subunits. Electron paramagnetic resonance measurements demonstrated that these HCTs

generated reactive oxygen species with ferrous iron, which quenched the diiron-tyrosyl radical co-factor

of the small subunits and hence the enzyme activity. While the ROS may be a common mediator

responsible for the potent activity of the HCTs, the different characteristics of the small subunit proteins

are probably associated with the subunit-selectivity of inhibition. Better understanding of the

mechanism of action of RR inhibition may improve design of new potent and subunit-selective RR

inhibitors for cancer therapy.

� 2009 Elsevier Inc. All rights reserved.
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1. Introduction

Ribonucleotide reductase (RR) catalyzes the reduction of
ribonucleotides to their corresponding deoxyribonucleotides, which
are the building blocks for DNA synthesis [1]. Human RR consists of
two dimers: M1 (large subunit) and M2 or p53R2 (small subunit),
constituting two forms of RR in human cells (M2–M1 and p53R2–
M1) [2,3]. M1 contains the active site and binding sites for allosteric
effectors. M2 and p53R2 are homologue (�80%), both possess a
diiron-tyrosyl radical co-factor that is essential for enzyme activity.
The conserved functional domains between the two small subunits
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include the iron ligands, the radical site tyrosine, the radical transfer
pathway from the small subunit to the large subunit, and the C-
terminal sequence for binding to the large subunit. The major
sequence difference between the two small subunits is that p53R2
lacks 33 amino acid residues in its N-terminus [4,5]. The reaction
rate of p53R2 was lower than that of M2, which may be due to its
reduced binding affinity to M1 [6]. M2–M1 and p53R2–M1 function
in DNA replication and repair, respectively. M2 is cell cycle-
regulated via S-phase-specific transcription and proteasome-
mediated degradation in late mitosis. The expression of p53R2 is
induced by DNA damaging agents in a p53-dependent manner [2,3].
p53 also directly interacts with p53R2 to promote its translocation
to the nucleus to supply deoxynucleotides for DNA repair [7]. ATM-
dependent p53R2 Ser72 phosphorylation stabilizes p53R2 protein
by inhibiting p53R2 hyperubiquitination and degradation by MDM2
in response to DNA damage [8]. These findings lead to the hypothesis
that there are two pathways in human cells to supply deoxynucleo-
tides for DNA synthesis: one through the activity of M2, involved in
normal maintenance of deoxynucleotides for DNA replication
during the S/G2 phases in a cell cycle-dependent manner, and the
other through p53R2, supplying deoxynucleotides for DNA repair in
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G0/G1 cells in a p53-dependent manner [9–11]. Recent findings
suggest that p53R2 also plays an essential role in supplying
deoxynucleotides for basal repair of DNA and mtDNA synthesis in
G0/G1 cells [12–14].

Increased RR activity, especially over-expression of M2, has
been associated with malignant transformation and cancer
metastasis [15–17]. Tumor cells are more sensitive to the
cytotoxic effect of RR inhibition than normal cells because of
the increased need of deoxynucleotides for proliferation. Inacti-
vation of RR stops DNA synthesis, which inhibits cell proliferation,
making it an important target for anticancer agents. The discovery
of p53R2 raises high interests in the role of p53R2 in the
development of human cancers [2,4,9,10]. In oral and esophageal
squamous cell carcinoma and colon adenocarcinoma, p53R2
expression was related to tumor growth, invasion, and metastasis
[18–20]. Common inhibitors for both forms of RR may be
important for complete inactivation of RR in cells, while specific
inhibitors for each small subunit may exhibit different clinical
values because M2 and p53R2 play different roles in cells
[9,21,22].

The inhibitors of RR can be divided into different categories. The
large subuint inhibitors can inhibit the active site or induce
allosteric malfunction by nucleoside analogs, such as gemcitabine
(GEM) [23]. The small subunit inhibitors destroy the essential
diiron-tyrosyl radical center using radical scavengers or iron
chelators, such as hydroxyurea (HU) and triapine (3-aminopyr-
idine-2-carboxaldehyde thiosemicarbazone, 3-AP) [24,25]. Poly-
merization inhibitors interfere with RR holoenzyme assembly by
oligopeptides corresponding to the c-terminus of the small
subunits [26]. Heterocyclic carboxaldehyde thiosemicabazones
(HCTs) are a class of powerful iron chelators, which coordinate
with iron through the N*–N*–S* tridentate ligand system to form a
2:1 ligand to iron molar ratio octahedral complex [27]. 3-AP, one of
the HCTs, is a new RR inhibitor currently being tested in clinical
trials for cancer therapy [25,28]. This compound is more potent
inhibitor of RR and tumor cell growth than HU, and increases the
effectiveness of other DNA damaging and cytotoxic agents. It
targets the diiron-tyrosyl radical center of the small subunits and
the ferrous complex of 3AP is a much more potent inhibitor of RR
than 3AP alone and its ferric complex [29,30]. HU has been used in
human cancer treatment for decades and is known to specifically
inhibit the small subunits by reducing the tyrosyl radical and the
iron center [24]. Several schiff bases of hydroxysemicarbazide that
are derivatives of HU, has been investigated for their inhibitory
potency and selectivity for two forms of RR [31].
Fig. 1. Structures of heterocyclic carb
In this study, the molecular mechanisms of action of 8 HCTs
including 3AP were further examined. It is demonstrated that
these HCTs possess much higher potency in both enzyme and
tumor cell growth inhibition than HU, and fully active against HU-
and GEM-resistant tumor cells. Directly binding to the small
subunits and quenching the diiron-tyrosyl radical center via
generating reactive oxygen species with ferrous iron are the
common property of these HCTs for inactivation of the two forms
of RR. The characteristics of the iron chelators and the small
subunit proteins are associated with the potency and subunit-
selectivity of these compounds. These findings may provide a new
basis for the discovery of new potent and subunit-selective RR
inhibitors and for improvement of clinical application of the small
subunit inhibitors for cancer therapy.

2. Materials and methods

2.1. Chemicals

3AP was a gift from Vion Pharmaceuticals, Inc. (New Haven, CT).
5-Aminopyridine-2-carboxaldehyde thiosemicarbazone (5AP), 3-
amino-4-methylpyridine-2-carboxaldehyde thiosemicarbazone
(3AMP), 3-methyl aminopyridine-2-carboxaldehyde thiosemicar-
bazone (3MAP), 3,5-diaminopyridine-2-carboxaldehyde thiosemi-
carbazone (DAP), 5-amino-4-morpholinomethylpyridine-2-
carboxaldehyde thiosemicarbazone (5AMoP), 5-methyl-4-amino-
1-formylisoquinoline thiosemicarbazone (MAIQ), and 5-hydroxy-4-
methyl-1-formylisoquinoline thiosemicarbazone (HMIQ) (Fig. 1)
were kindly provided by Dr. Alan C. Sartorelli (Department of
Pharmacology, Yale University School of Medicine). All these HCTs
were dissolved in neat DMSO (Sigma, St. Louis, MO) and diluted with
50 mM Tris–HCl buffer (pH 7.2). Hydroxyurea (Sigma) and
Gemcitabine (Eli Lilly, Indianapolis, IN) were used as purchased.
5,5-Dimethyl-1-pyrroline-N-oxide (DMPO) was supplied by Sigma.

2.2. Cell proliferation inhibition assay and real-time cell

electronic sensing

Human oropharyngeal carcinoma KB cells (KB-WT) from the
American Type Culture Collection (Manassas, VA) were cultured in
RPMI 1640 supplemented with 10% (v/v) fetal bovine serum in a 5%
CO2 humidified atmosphere at 37 8C. KB hydroxyurea-resistant
cells (KB-HU) were selected in a stepwise manner in the presence
of HU, cloned, and maintained under a selection pressure of 1 mM
HU [32]. A Gemcitabine-resistant clone (KB-GEM) was selected
oxaldehyde thiosemicabazones.



Table 1
Cytotoxicity of the HCTs.

Compound IC50 � S.D. (mM)a

KB-WT KB-HU KB-GEM

3AP 0.693 � 0.054 0.760 � 0.069 1.02 � 0.115

5AP 0.904 � 0.082 0.897 � 0.051 3.46 � 0.221

3AMP 0.762 � 0.079 0.791 � 0.066 3.98 � 0.280

3MAP 0.556 � 0.055 0.589 � 0.052 0.758 � 0.051

DAP 0.370 � 0.029 0.394 � 0.029 2.04 � 0.175

5AMoP 7.24 � 0.723 0.910 � 0.085 3.69 � 0.325

MAIQ 1.50 � 0.121 2.42 � 0.197 2.68 � 0.201

HMIQ 1.20 � 0.151 0.635 � 0.042 2.12 � 0.199

HU 581 � 20.5 8210 � 51.0 2840 � 36.3

GEM 0.526 � 0.076 46.5 � 2.01 53.7 � 1.93

a IC50 is the concentration of the compounds producing 50% inhibition of cell

growth. Values are the mean � S.D. of three separate experiments, each performed in

duplicate.
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with a similar way and maintained in the presence of 8 mM GEM
[33]. The resistant cells were grown in drug-free medium for 48 h
prior to use. Cells in logarithmic growth were seeded at a density of
50,000 cells/ml in 24-well plates. After 24 h, solutions of HU, GEM,
and each of the HCTs were added to cells for cytotoxicity
determination. Cultures were incubated for 72 h and subsequently
methylene blue assays were performed. The IC50 values (50% cell
growth inhibition) were determined using seven different con-
centrations of each compound. The concentration of DMSO in the
cell cultures was 1% (v/v) for the initial (highest) compound
concentration and the corresponding control.

The dynamic inhibitory effect of each compound on cell growth
was investigated by a real-time cell electronic sensing assay [34].
KB-WT cells were plated at a density of 20,000 cells/ml into wells
of 96-well devices compatible with a real-time cell electronic
sensing system (RT-CES) (ACEA Biosciences, San Diego, CA). After
incubation for 48 h, different concentrations of each compound
were added to test wells and further incubated for 72 h. The
solvent DMSO was used as a negative control. Cell growth was
monitored every 0.5 h for 5-day duration via calculation of a ‘‘cell
index’’ (normalized impedance) for each well [35].

2.3. Preparation of recombinant proteins

The coding sequences of M2, p53R2, and M1 were cloned in-
frame with a N-terminal 6� His-tag into the prokaryotic
expression vector pET28 (Novagen, Madison, WI). The proteins
were expressed in BL21 (DE3) bacteria (Stratagene, La Jolla, CA)
and purified using Ni(II) affinity chromatography (Qiagen,
Valencia, CA) [6]. The purified proteins (in 50 mM Tris–HCl, pH
7.4, 100 mM KCl) were stored at�70 8C. Protein concentration was
measured with the Bio-Rad Protein Assay kit (Bio-Rad, Hercules,
CA). Protein purity was determined by SDS-PAGE.

2.4. In vitro RR activity assay

The enzymatic activity of recombinant RR was measured using
a previously reported [3H] CDP reduction method [31]. Briefly,
100 ml of reaction mixture contained 0.125 mM [3H] CDP (24 Ci/
mmol), 50 mM HEPES (pH 7.2), 6 mM DTT, 4 mM MgOAc, 2 mM
ATP, 0.05 mM CDP, 100 mM KCl, and 0.25 mM RR holoenzyme
(5 mg of M1 and 2.5 mg of M2 or p53R2). The molar amount of
holoenzyme was calculated using the MW of the tetramer. Where
indicated, up to 60 mM FeCl3 was added to the reaction mixture.
After incubation at 37 8C for 30 min and dephosphorylation,
samples were analyzed by HPLC and liquid scintillation counting.
The specific enzymatic activity was 80.3 � 2.92 nmol of dCDP/min/
mg for M2–M1 and 53.7 � 2.09 nmol of dCDP/min/mg for p53R2–M1.

For inhibition assays, various concentrations of each compound
were incubated with 0.25 mM RR holoenzyme (M2–M1 or p53R2–
M1) at room temperature for 30 min followed by the enzymatic
activity assay. Negative control samples, which were run with each
experiment, contained 1% (v/v) DMSO. The extent of enzyme
inhibition was expressed as a percentage of the negative control
(relative activity). The IC50 values are the compound’s concentra-
tion that produces 50% inhibition of RR activity.

2.5. Spin trapping experiments and electron paramagnetic resonance

(EPR) measurements

Ferrous complexes of the tested HCTs formed readily by mixing
each HCT with ferric chloride (2:1 ligand to metal ratio) and DTT at
room temperature [30,36]. Solutions for spin trapping experiments
contained 1 mM each of the tested HCTs or its ferrous complex, 5%
DMSO, and 100 mM DMPO in 50 mM HEPES buffer (pH 7.5). The
EPR spectrum of each test solution was measured soon after
mixing the reagents. X-band EPR spectra were measured with a
Bruker EMX spectrometer at room temperature (�22 8C). For
frozen solution EPR measurements, samples of M2 or p53R2
(35 mM) in 50 mM Tris–HCl (pH 7.4) buffer containing 100 mM KCl
were incubated at RT for 30 min with 5 mM each of the ferrous
complexes of the tested HCTs, separately. The samples were
transferred to standard EPR tubes and frozen using liquid nitrogen.
Frozen solution EPR spectra were measured using the Bruker EMX
spectrometer equipped with an Oxford helium cryostat.

2.6. Radioligand binding assay

Radioligand-protein binding assays were performed using a
centrifugal gel filtration method. Sephadex G-50 (fine, Sigma)
columns were prepared in tuberculin syringes with 1 ml bed
volume of the gel that had been swollen in dH2O overnight at 4 8C.
All centrifugations were for 4 min at 100 � g at 10 8C in a centrifuge
equipped with a horizontal rotor. The syringe columns were pre-
centrifuged and equilibrated with the binding buffer (50 mM Tris–
HCl, pH 7.5, 100 mM KCl). [3H]-labelled 3AP (Moravek Biochem-
icals, Inc., Brea, CA) was incubated with the recombinant RR
subunit or holoenzyme proteins in a final volume of 100 ml for
15 min at 37 8C, where indicated FeCl3 and/or DTT was added in the
incubation mixture. The incubation mixture was applied to the
syringe column and centrifuged. Four aliquots of column filtrates,
100 ml per aliquot, were collected for each sample. Radioactivity in
the column filtrates was measured by liquid scintillation counting,
and the protein content was determined using the Bio-Rad Protein
Assay kit.

3. Results

3.1. The HCTs are much potent than hydroxyurea and fully active

against hydroxyurea- and gemcitabine-resistant KB cells

The inhibitory activities of 8 HCTs (Fig. 1), hydroxyurea (HU),
and gemcitabine (GEM) against human oropharyngeal carcinoma
KB-WT, KB-HU, and KB-GEM cells were determined using cell
proliferation assays. The IC50s of 3AP and its 7 HCT analogs were
0.37–7.24 mM for KB-WT, 0.39–2.42 mM for KB-HU, and 0.76–
3.98 mM for KB-GEM, respectively (Table 1). The inhibitory
potency of these HCTs was about 100–1000-fold higher for KB-
WT than that of HU. KB-HU and KB-GEM showed similar sensitivity
to these HCTs as KB-WT, indicating no cross-resistance between
these HCTs and HU or GEM. Time course of cell growth inhibition
was monitored by a real-time cell electronic sensing instrument.
Compared to the vehicle, 3AP and HU showed a similar dynamic
inhibitory pattern but with about 1000-fold different potency



Table 2
RR inhibitory potency and subunit-selectivity of the HCTs.

Compound IC50 � S.D. (mM)a Average

potencyb

Subunit-selectivityc

M2–M1 p53R2–M1

3AP 0.385 � 0.021 0.116 � 0.007 0.251 3.33

3AP + irond 0.175 � 0.010 0.115 � 0.006 0.145 1.52

3MAP 0.202 � 0.007 0.120 � 0.005 0.161 1.68

3MAP + iron 0.091 � 0.005 0.082 � 0.006 0.087 1.11

DAP 3.54 � 0.202 0.672 � 0.047 2.11 5.27

DAP + iron 1.39 � 0.082 1.10 � 0.061 1.25 1.27

HMIQ 0.180 � 0.010 0.012 � 0.001 0.096 15.0

HMIQ + iron 0.140 � 0.011 0.171 � 0.009 0.156 0.819

MAIQ 0.360 � 0.025 0.075 � 0.003 0.218 4.80

MAIQ + iron 0.288 � 0.009 0.275 � 0.017 0.282 1.05

HU 182 � 8.52 206 � 7.50 194 0.883

HU + iron 601 � 26.3 2120 � 81.5 1360 0.283

a IC50 is the concentration of the compounds producing 50% inhibition of the

recombinant RR activity. Values are the mean � S.D. of three separate experiments,

each performed in duplicate.
b [IC50 (M2) + IC50 (p53R2)]/2.
c IC50 (M2)/IC50 (p53R2).
d FeCl3 was added to the reaction mixture.
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(data not shown), which was consistent with the results of the cell
proliferation assays.

3.2. Inhibitory properties of the HCTs for two forms of RR

Inhibitory properties of the HCTs for two forms of RR (M2–M1
and p53R2–M1) were tested with or without addition of iron in the
reaction mixture of the in vitro RR activity assay (Table 2). These
compounds were shown to decrease the activities of both
recombinant RRs in a dose-dependent manner (Fig. 2). In the
absence of iron, the average potency of the HCTs for two RRs was
about 100–1000-fold higher than that of HU, and the HCTs inhibited
p53R2–M1 more than M2–M1. The addition of iron increased the
average potency of the HCTs especially for M2–M1 but decreased
their selectivity, resulting in almost no preference for either RR.
Among these tested compounds, HMIQ mostly inhibited p53R2–M1
in the absence of iron, while 3MAP showed the highest inhibitory
activity and 3AP showed more selectivity for p53R2–M1 in the
presence of iron. In contrast, the average potency of HU was similar
for M2–M1 and p53R2–M1 in the absence of iron. In the presence of
Fig. 2. Inhibitory effects of the HCTs on the activity of two forms of RR. Each of the HCTs w

5000 to 19.5 mM. Various concentrations of each compound were incubated with 0.25 mM

Where indicated, FeCl3 was added to the reaction mixture. Values are the mean � S.D.
iron, however, the average potency of HU was about 7-fold reduced,
resulting in 1000-fold difference in inhibitory activity for the two
RRs compared with the HCTs. However, with iron, HU showed
significant inhibitory selectivity for M2–M1.

3.3. The HCTs generate reactive oxygen species which quench the

diiron-tyrosyl radical center of RR small subunits

We have confirmed that ferrous-3AP complex is the main
functional species of this drug and it mediates formation of
reactive oxygen species (ROS) that quench the tyrosyl radical of the
small subunits and hence inactivate RR [30]. The spin trapping and
room temperature EPR measurements showed that 3MAP and DAP
also generated the same ROS spectra as 3AP (Fig. 3). EPR
measurements on frozen samples of M2 and p53R2 showed that
the tyrosyl radical was quenched by ferrous complexes of 3MAP
and DAP (Fig. 4). Therefore, probably it is the common mechanism
of action for these HCTs that the compounds form ferrous
complexes and generate ROS, which inhibit the tyrosyl radical
of the small subunits of RRs.

3.4. The HCTs bind to the small subunits of RR

It would be of interest whether these HCTs can directly bind to
the RR proteins. Using 3AP as a model, radioligand binding assay
was performed to test the binding affinity between the compound
and the recombinant RR proteins (Table 3). It was showed that
[3H]3AP bound to M2 in a dose-dependent manner. The total
binding reaction was substantially inhibited by pre-incubating M2
with a 10-fold molar excess of radioinert 3AP. The nonspecific
binding amount of [3H]3AP with BSA was close to that of M2. The
radioligand binding reached balance at about 10–20 min. While
[3H]3AP bound to M2 and p53R2 similarly, the radioligand almost
bound to neither M1 nor the holoenzymes as compared with the
nonspecific binding to BSA. Addition of FeCl3 had little effect on the
binding. Further addition of the reductant DTT decreased the
binding affinity.

4. Discussion

RR catalyzes a key step in the synthesis of dNTPs for DNA
replication and damage repair. RR small subunits possess a diiron-
as 4-fold serially diluted from 2.50 to 0.010 mM. HU was 4-fold serially diluted from

RR holoenzyme (M2–M1 or p53R2–M1) followed by the enzymatic activity assay.

of three separate experiments, each performed at least in duplicate.



Fig. 3. Room temperature EPR spectra of samples containing DMPO (100 mM), DMSO (5%), and (1) 1 mM 3AP, (2) 1 mM Fe(II)-3AP, (3) 1 mM 3MAP, (4) 1 mM Fe(II)-3MAP, (5)

1 mM DAP, (6) 1 mM Fe(II)-DAP. The solvent was 50 mM HEPES (pH 7.5). Instrumental variables: microwave frequency = 9.798 GHz, microwave power = 0.638 mW,

modulation amplitude = 1 G, modulation frequency = 100 KHz.

L. Zhu et al. / Biochemical Pharmacology 78 (2009) 1178–11851182
tyrosyl radical co-factor that is essential for enzyme activity.
Destroying the diiron-tyrosyl radical inactivates RR, stops DNA
synthesis, and hence inhibits cell proliferation. It is known that
HCTs can chelate iron, inhibit RR activity, and thereby inhibit
tumor cell growth [25,27,29]. We have previously demonstrated
that 3AP, one of the HCTs, targets the diiron-tyrosyl radical [30].
Ferrous-3AP complex is the main functional species of this drug
and it mediates formation of ROS that quench the tyrosyl radical of
the small subunits and hence inactivate RR. Furthermore, the
tyrosyl radicals are not quenched and the enzyme activity is
maintained in RR protein samples supplemented with the standard
anti-ROS agent catalase, and catalase markedly decreases the
antiproliferative effect of 3AP in cytotoxicity assays, thus indicat-
ing that the cytotoxicity of 3AP is related with the intracellular
generation of ROS and RR inactivation. In the present study, all 8
tested HCTs displayed high potency and close activity against wild-
type KB cells and HU- and GEM-resistant KB cells. In vitro RR assays
demonstrated that these 3AP analogs inactivated two RRs in a
dose-dependent manner, which was parallel with their activity on
cell proliferation inhibition. Radioligand binding assays provided
direct evidence to confirm that 3AP specifically bound to M2 and
p53R2 similarly but not to M1 or the holoenzymes of RR. Spin
trapping and EPR measurements showed that like 3AP, the ferrous
complexes of 3MAP and DAP mediated ROS generation under
aerobic condition, which inhibited the tyrosyl radical of the small
subunits. Taken together, the above findings strongly suggest that
ROS may be a common mechanism for RR inhibition and at least
partially responsible for the antiproliferation activity of these
HCTs. Besides, as an intrinsic nature of chelators, they may also
chelate the protein-bound iron and affect the tyrosyl radical
stability in intact cells. Furthermore, some HCTs can directly cause
breakage of tumor cell DNA [15]. Thus, HCTs are not only a potent
inhibitor of DNA synthesis and repair through RR inactivation, but
also a DNA damaging agent. The dual functions account for their
high inhibitory activity and its efficacy against the HU- and GEM-
resistant cancer cells (Fig. 5).

In vitro RR assays demonstrated that without the added iron,
the HCTs, typically like HMIQ and DAP, showed a selective
inhibition for p53R2–M1, while the addition of iron increased the
average potency of these compounds especially for M2–M1 but
decreased their selectivity for two RRs, such as 3AP and 3MAP. The
higher efficiency of the HCTs at inhibiting p53R2–M1 in the
absence of added iron is possibly because p53R2 is more
susceptible to iron chelators due to a more accessible diiron-
tyrosyl radical center in the protein to the environment, as
compared with M2 [6]. The diiron-tyrosyl radical center of the
small subunits and hence the RR enzymatic activity can be
regenerated with iron and the reductant DTT after inhibition, and
the regeneration is more significant for p53R2–M1 probably
because of the difference in the redox status of M2 and p53P2
[15,37]. Addition of iron promotes the forming of ROS generated by
the ferrous complexes of the HCTs and increases the inhibitory
potency of the compounds for both RRs, however on the other
hand, the different regeneration property of the two small subunits
results in a similar sensitivity of two RRs to these compounds.

Both the HCTs and HU inhibit cell growth and RR activity by
targeting the diiron-tyrosyl radical co-factor of the small subunits.
However, the molecular mechanism and efficacy are different. The
HCTs destroy the tyrosyl radical via forming a redox-active
complex with iron and generating ROS, which results in radical
destruction and RR inactivation. The presence of iron is required for
effective enzyme inhibition by the HCTs. HU inactivates RR by
directly reducing the diiron-tyrosyl radical co-factor of the small
subunits via one-electron transfer from the drug [38,39]. The –NH–



Fig. 4. EPR spectra of frozen samples containing (1) 35 mM M2, (2) 35 mM p53R2, (3) M2 and 5 mM Fe(II)-3AP, (4) p53R2 and 5 mM Fe(II)-3AP, (5) M2 and 5 mM Fe(II)-3MAP,

(6) p53R2 and 5 mM Fe(II)-3MAP, (7) M2 and 5 mM Fe(II)-DAP, (8) p53R2 and 5 mM Fe(II)-DAP. Instrumental variables: microwave frequency = 9.376 GHz, microwave

power = 0.5 mW, modulation amplitude = 4 G, modulation frequency = 100 KHz, and temperature at sample = 20 K.

Table 3
Binding affinity of [3H]3AP for RR proteins.

[3H]3AP (mm) Radioligand binding ([3H]3AP (cpm)/M2 (100 pmol))a

Total binding (M2 + [3H]3AP) Nonspecific binding (M2 + 3AP + [3H]3AP) Specific binding (calculated) Control (BSA + [3H]3AP)

2 400 240 160 360

5 1400 840 560 760

20 4560 1960 2600 2240

50 11600 6800 4800 7600

Time (min)b 0 1 5 10 20 40

Total radioligand binding ([3H]3AP (cpm)/M2 (100 pmol)) 1920 2040 2480 3200 3360 2280

Proteins Total radioligand binding ([3H]3AP (cpm)/protein (100 pmol))c

[3H]3AP + FeCI3 + FeCI3, DTT + DTT

M2 3920 4800 1608 1860

p53R2 5040 4360 2400 1560

M1 1320 – – –

M2–M1 960 – – –

p53R2–M1 680 – – –

a Total ligand binding values were obtained by incubation of 10 mM M2 with 2, 5, 20, and 50 mM [3H]3AP, respectively. Nonspecific binding was measured by incubation

10 mM M2 with 100 mM radioinert 3AP for 15 min at 37 8C followed by incubation with [3H]3AP for another 15 min at 37 8C. Instead of M2, 10 mM BSA was used as a protein

control for evaluation of nonspecific binding. Specific binding = (total binding � nonspecific binding).
b Time course for total radioligand binding was determined by incubation of 5 mM M2 with 10 mM [3H]3AP for up to 40 min at 37 8C.
c Comparison of the binding affinity of RR subunits and holoenzymes to [3H]3AP was performed by incubation of 5 mM RR subunit or holoenzyme protein with 10 mM

[3H]3AP for 15 min at 37 8C, where indicated 50 mM FeCl3 and/or 500 mM DTT were added. RR holoenzymes were made by incubation of M1 with M2, or M1 with p53R2 for

10 min at 37 8C before adding [3H]3AP. Values are the mean of duplicates.
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Fig. 5. Scheme for the inhibitory mechanisms of HCTs for two forms of RR.
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OH segment of HU is the minimal structural requirement for its
inhibitory activity [31]. In the absence of iron, HU inhibited both
small subunits at a similar level. However, the inhibition was
reversed significantly in the presence of iron and DTT. The
regeneration was much more marked for p53R2 resulting in a
selective inhibition of M2 more than p53R2. Since cells have both,
an iron pool and reductants, possibly the HCTs almost equally
inhibit two forms of RR while HU possesses inhibitory selectivity
for M2/M1 in vivo [31].

The clinical use of RR inhibitors has several decades of history,
which has demonstrated that RR inhibitors have anti-tumor
activity both as a single agent and as enhancers of other anticancer
drugs. However, 3AP-related adverse events have been observed
including methemoglobinemia and hypoxia, which could cause
acute symptoms in patients with limited pulmonary or cardio-
vascular reserve [40]. The drug-induced ROS may oxidize ferrous
hemoglobin interfering with its oxygen binding and delivery [30].
The drug efficiency of HU is relatively low, which is associated with
its physicochemical properties, e.g., very high hydrophilicity and
small molecular size. Often induced resistance to HU in cancer cells
is another shortcoming of the drug [15]. The RR inhibition by the
HCTs and HU is partially reversible because of the regeneration in
the presence of iron and reductants. Therefore, development of
novel small subunit inhibitors that target the diiron-tyrosyl radical
co-factor, but with new inhibitory mechanisms is a challenge for
future generations of anticancer drugs.

M2 and p53R2 play different roles in DNA replication and
damage repair, respectively. Development of subunit-specific
inhibitors for different clinical applications is an attractive
direction. Upon DNA damage, cancer cells often cannot induce
p53R2 due to the lack of p53, whereas normal cells can repair their
DNA with help from induced p53R2. Thus, use of DNA-damaging
chemotherapeutic agents in combination with specific inhibitors
of M2 is a potential therapeutic strategy to selectively kill cancer
cells, especially those with overexpressed M2. On the other hand,
inhibitors specific for p53R2 may be useful for targeting tumors
that overexpress p53R2, because its inhibition increases the
sensitivity of cells to DNA damaging agents [9,21,22,41]. The high
potency of the HCTs makes them a reasonable starting point for
rational design of more potent and subunit-selective RR inhibitors
for cancer therapy.
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