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Abstract
Ribonucleotide reductase (RR) is an important therapeutic target for anticancer drugs. The structure of human RR features a 1:1

complex of two homodimeric subunits, hRRM1 and hRRM2. p53R2 is a newly identified homologue of hRRM2. We have devised a

holoenzyme-based in vitro assay for the determination of the potency and subunit-selectivity of small-molecule inhibitors of RR. The

assay was implemented using two forms of recombinant RR (hRRM2/hRRM1 and p53R2/hRRM1) and based on their [3H]CDP reduction

activity. Hydroxyurea was used to standardize the assay. We found that the activities of hRRM2/hRRM1 and p53R2/hRRM1 were

decreased by hydroxyurea in a dose-dependent manner. The –NH–OH segment of hydroxyurea was shown to be essential for inhibition. In

the presence of Fe(III) and reductants, less inhibition of enzymatic activity by hydroxyurea was observed, especially for p53R2/hRRM1.

The potency of four hydroxyurea analogues (Schiff bases of hydroxysemicarbazide, SB-HSC) decreased in the order SB-HSC 21 > SB-

HSC 24 > SB-HSC 2 > hydroxyurea (HU) > SB-HSC 29. SB-HSC 2 and SB-HSC 24 inhibited p53R2/hRRM1 significantly more than

hRRM2/hRRM1, whereas SB-HSC 21 and SB-HSC 29 showed low subunit-selectivity. Electron paramagnetic resonance (EPR)

measurements showed that inhibition of RR was accompanied by reduction of its tyrosyl radical. The method was validated by

comparison with data obtained using cell-based assays. We suggest that this novel recombinant-holoenzyme-based in vitro assay is a

useful tool for the discovery of more potent and subunit-selective inhibitors of RR.

# 2004 Elsevier Inc. All rights reserved.
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1. Introduction

Ribonucleotide reductase (RR) catalyzes the conversion

of the four ribonucleotides to deoxyribonucleotides, which

are required for DNA synthesis. The human enzyme is a
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class I RR whose quaternary structure features a 1:1

complex of two homodimeric subunits, hRRM1 and

hRRM2 [1,2]. p53R2 is a newly identified hRRM2 homo-

logue (81.2% amino acid sequence identity) that is regu-

lated by the tumor suppressor p53 protein [3,4]. hRRM1

harbors the catalytic site, allosteric effector sites, and redox

active disulfides. hRRM2 contains an oxygen-linked bi-

nuclear iron cluster and a stable tyrosyl radical. A long-

range proton-coupled electron-transfer pathway between

the small and large subunits is central for function [5,6].

The 9 GHz EPR (electron paramagnetic resonance) spectra

of Escherichia coli, mouse, and human RRs are similar,

thereby indicating that in all three enzymes, the dihedral
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Fig. 1. Structures of hydroxyurea, semicarbazide, and Schiff bases of

hydroxysemicarbazide.
angle between the Cb–H bond and the axis perpendicular to

the aromatic ring of the tyrosyl radical are close [7–9]. The

in vitro activities of hRRM2/hRRM1 and p53R2/hRRM1

depend on the integrity of both the dinuclear iron center

and tyrosyl radical [9–11]. It has been suggested that

hRRM2/hRRM1 supplies dNTPs for DNA replication in

a cell cycle-dependent manner, whereas p53R2/hRRM1

supplies dNTPs for DNA repair in a p53-dependent manner

[12–18].

Ribonucleotide reductase is an important target for

anticancer drugs because of its key role in the early events

of tumor development; the enzyme is directly involved in

tumor growth, metastasis, and drug resistance [19–23].

Therefore, small-molecule inhibitors of RR have been

widely investigated as potential anti-tumoral chemother-

apeutic agents. Strategies for inhibition of the enzyme

include quenching of the tyrosyl radical, disruption of

the dinuclear iron center, use of nucleoside analogues to

inhibit the large subunit, and perturbation of critical inter-

actions between subunits. The RR inhibitor hydroxyurea

(HU) has been marketed for cancer therapy for the past 30

years [19]. HU blocks DNA synthesis by reducing the

tyrosyl radical and perturbing the iron center of the enzyme

[24–26]. The deoxycytidine analogue Gemcitabine (its

diphosphate metabolite directly inhibits RR) has recently

been approved for treatment of pancreatic cancer and non-

small cell lung cancer [27]. Triapine (a new small-mole-

cule RR inhibitor) is in phase II clinical trials [28]. The

discovery of p53R2 raises important questions, as this

protein could be a target in cancer therapy. Because

hRRM2 and p53R2 play different roles in cells, inhibitors

specific for each subunit may exhibit different clinical

values [12]. Specific inhibition of hRRM2 is a potential

therapeutic strategy to kill cancer cells. 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 genotoxic

chemotherapeutic agents in combination with hRRM2

inhibitors is an attractive treatment plan [18,29]. On the

other hand, inhibitors specific for p53R2 may be useful for

targeting tumors that overexpress p53R2, because its inhi-

bition increases the sensitivity of cells to DNA damaging

agents [3,13,24,30]. In cells that retain the p53 wild-type

gene, it is expected that inactivation of p53R2-dependent

DNA synthesis would activate p53-dependent apoptosis

[3,12,13].

We reported the syntheses and anti-proliferation proper-

ties of 30 Schiff bases of hydroxysemicarbazide (SB-HSC)

that bear the pharmacophore –NH–OH identified in HU

[31,32]. The anti-tumoral activity and structure of these

compounds was correlated by quantitative structure–activ-

ity relationship (QSAR) analysis [32,33]. In this work, we

report a new holoenzyme-based in vitro assay using two

forms of human RR (hRRM2/hRRM1 and p53R2/hRRM1)

reconstituted from recombinant subunits. HU, semicarba-

zide (SC), and four HU derivatives (SB-HSCs 2, 21, 24,
and 29) were chosen as test compounds (Fig. 1). These four

structurally diverse SB-HSCs showed the strongest inhibi-

tion of tumor cell growth among 30 tested Schiff bases of

hydroxysemicarbazide. The well-characterized RR inhibi-

tor HU was used as standard and positive control. SC,

which is inactive in cell-based assay, was used as negative

control. The method is validated by electron paramagnetic

resonance (EPR) measurements and by comparison with

data obtained in cell proliferation assays. Our findings may

contribute to the discovery of novel anticancer agents that

are potent and subunit-selective inhibitors of RR.
2. Materials and methods

2.1. Chemicals

Hydroxyurea (Sigma), DMSO (Sigma), and semicarba-

zide (Aldrich) were used as purchased. SB-HSC 2, SB-HSC

21, SB-HSC 24, and SB-HSC 29 were kindly provided by

Dr. Lien (Department of Pharmaceutical Sciences, School

of Pharmacy, University of Southern California).

2.2. Preparation of recombinant proteins

The coding sequences of hRRM2, p53R2, and hRRM1

were obtained from human oropharyngeal carcinoma KB

wild-type cells (KB-WT) (ATCC) and cloned in-frame with

a N-terminal 6� His-tag into the prokaryotic expression

vector pET28 (Novagen). The proteins were expressed in

BL21 (DE3) bacteria (Stratagene) and purified using Ni(II)

affinity chromatography (Qiagen) [9]. The purified pro-

teins (in 50 mM Tris–HCl, pH 7.4, 100 mM KCl) were

stored at �70 8C. Protein concentration was measured with

a protein assay kit (Bio-Rad). Protein purity was deter-

mined by densitometric scanning of the coomassie-stained

SDS–PAGE gel.
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Fig. 2. Ten percent SDS–PAGE analyses of recombinant hRRM1, hRRM2,

and p53R2. (a) Molecular mass marker; (b) p53R2 (42 kDa, 3 mg); (c)

hRRM2 (45 kDa, 3 mg); and (d) hRRM1 (90 kDa, 5 mg).
2.3. In vitro RR assay

HU and SC were dissolved in water. The SB-HSCs were

dissolved in neat DMSO and diluted with deionized water.

The final concentration of DMSO in the reaction mixtures

was 1% (v/v) for SB-HSC 21, and 2.5% (v/v) for SB-HSC

2, SB-HSC 24, and SB-HSC 29. The enzymatic activity of

RR in the crude extracts of mammalian cells was measured

using the Steeper and Stuart CDP reductase activity

method [21,34]. The method was modified and standar-

dized for assaying the potency and subunit-selectivity of

the inhibitors using purified recombinant RR subunits as

follows. Step 1: a mixture of purified hRRM1 and either

hRRM2 or p53R2 was incubated at room temperature for

30 min with various concentrations of each compound.

Step 2: to initiate enzymatic reduction, a reaction buffer

(0.125 mM [3H] CDP, 50 mM HEPES (pH 7.2), 6 mM

DTT, 4 mM MgOAc, 2 mM ATP, 0.05 mM CDP, 100 mM

KCl, and 0.24 mM NADPH) was added to the protein and

inhibitor mixture from step 1 up to a final volume of

100 ml. Where indicated, up to 60 mM FeCl3 was added

to the reaction buffer. The reaction mixture was incubated

at 37 8C for 30 min. The enzyme substrate CDP and dCDP

formed in the reaction mixture were dephosphorylated

using phosphodiesterase. Step 3: the cytidine and deox-

ycytidine in the reaction mixture were separated by HPLC

using a C18 reversed-phase column connected to a Model 2

b-RAM Radio Flow-Through detector (IN/US Systems).

Negative control samples, which were run with each

experiment, only contained 1 or 2.5% (v/v) DMSO. The

extent of enzyme inhibition was expressed as a percentage

of the negative control (relative activity). The relative

enzyme activity dependence on inhibitor concentration

was fitted using a non-linear regression equation

(f(x) = (a � d)/[1 + (x/c)b] + d, where a = asymptotic max-

imum, b = slope parameter, c = value at the inflection

point, and d = asymptotic minimum). The IC50 values,

namely the compound’s concentration that produces

50% inhibition, were calculated by setting f(x) = 50. The

inhibitory potency is reported as the mean (�S.D.) of three

separate tests, each performed in duplicate. The signifi-

cance of the data was determined using the Student’s t-test

(two-tail). p < 0.05 was deemed significant.

2.4. Cell lines and cell proliferation assay

KB-WT cells were cultured in RPMI 1640 supplemented

with 10% (v/v) fetal bovine serum in a 5% CO2 humi-

dified atmosphere at 37 8C. KB HU-resistant cells

(KB-HUR) were selected in a stepwise manner in the

presence of HU, cloned, and maintained under a selection

pressure of 1 mM HU [21]. The resistant cells were grown

in drug-free medium for 48 h prior to use. KB-WT and

KB-HUR cells in logarithmic growth were seeded at a

density of 50,000 cells/ml in 24-well plates. After 24 h,

solutions of HU, SC, and SB-HSCs (prepared as described
above) were added to cells for cytotoxicity determination.

Cultures were incubated for 72 h and subsequently methy-

lene blue assays were performed [21]. The IC50 values

(50% cell death) were determined using eight different

concentrations 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.

2.5. Electron paramagnetic resonance (EPR)

spectroscopy

EPR measurements were conducted on purified hRRM2

and p53R2. The protein samples were incubated with

each compound at room temperature for 30 min and then

flash-frozen using liquid nitrogen. Control samples did not

contain inhibitor. EPR spectra were recorded with a

Bruker EMX spectrometer equipped with an Oxford

helium cryostat. Instrumental parameters: microwave fre-

quency = 9.376 GHz, microwave power = 0.5 mW, modu-

lation amplitude 4 G (100 kHz), and sample temperature =

10 K.
3. Results

3.1. Assay development using recombinant RR subunits

Recombinant hRRM2, p53R2, and hRRM1 were pro-

karyotically expressed and isolated in a single chromato-

graphic step to about 90% purity (Fig. 2). hRRM2 and

p53R2 were separately mixed with hRRM1 to give active

holoenzymes. To optimize the quantity of protein

employed in the assay, hRRM2 and p53R2 were titrated

against various concentrations of hRRM1. For a standard

assay, RR was reconstituted by mixing 0.5 mM hRRM1

(�4.5 mg) with 1 mM hRRM2 or p53R2 (�4.5 mg). Using

a smaller amount of hRRM1 relative to hRRM2 and p53R2
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increased the activity comparability between the two small

subunits. The specific enzymatic activities determined

under standard assay conditions were 72.5 � 2.62 nmol

of dCDP/min/mg for hRRM2 and 50.6 � 2.25 nmol of

dCDP/min/mg for p53R2. The sample volume is 100 ml

and the assay can be run in multiple-well plates. The assay

includes three steps: (1) incubation of the test compound

with holoenzyme, (2) initiation of the enzymatic reaction,

and (3) detection of activity. The first and second steps take

about 2 h; at least 100 samples can be analyzed every 24 h

by an HPLC-isotope detector set (third step).

3.2. Assay standardization using hydroxyurea

HU inhibited hRRM2/hRRM1 and p53R2/hRRM1 in

a concentration-dependent manner. Importantly, up to

5 mM SC did not significantly inhibit RR (Fig. 3A). To

assess the effect of iron on activity, the reaction buffer was

supplemented with FeCl3. The Fe(III) salt had little effect

on the activities of hRRM2/hRRM1 and p53R2/hRRM1.

However, FeCl3 affected the potency of HU (Fig. 3B). In

the absence of FeCl3, the HU IC50 values (Table 1) are

165 � 7.95 mM for hRRM2/hRRM1 and 190 � 6.43 mM

for p53R2/hRRM1, indicating a slight preference toward

hRRM2/hRRM1 (p < 0.05). Notably, in the presence of
Fig. 3. Effects of hydroxyurea, semicarbazide, and DMSO on the activities of hRR

on HU and SC. (B) Activities of enzyme samples supplemented with FeCl3, DTT

samples as a function of DMSO percentage (the DMSO percentage was varied by s

of enzyme samples as a function of HU concentration with 1 and 2.5% DMSO (v/v)

fold dilutions of 5000 mM inhibitor down to 20.4 mM). Each data point is the m
FeCl3, the HU IC50 value increased by nearly an order of

magnitude for p53R2/hRRM1 (1990 � 71.2 mM), whereas

a more modest increase was measured for hRRM2/hRRM1

(556 � 24.1 mM). For simplicity, all the in vitro RR

assays described below were conducted in the absence

of FeCl3.

3.3. Effect of DMSO

DMSO is the most commonly used solvent for hydro-

phobic compounds in biological assays. High concentra-

tions of DMSO caused significantly greater inhibition of

p53R2/hRRM1 over hRRM2/hRRM1 (Fig. 3C). To inves-

tigate the effect of DMSO on the potency of HU, hRRM2/

hRRM1 and p53R2/hRRM1 were exposed to increasing

concentrations of HU dissolved in 1% (v/v) of DMSO. By

itself, this low concentration of DMSO had no significant

effect on inhibition of hRRM2/hRRM1. However, DMSO

increased the sensitivity of p53R2/hRRM1 to HU, low-

ering the HU IC50 to a value similar to that for hRRM2/

hRRM1 (p > 0.05, Fig. 3D). A second set of experiments

were conducted using 2.5% (v/v) DMSO. Increasing the

concentration of DMSO from 1 to 2.5% had no significant

effect on the IC50 values of HU for either hRRM2/hRRM1

or p53R2/hRRM1 (p > 0.05) (Table 1).
M2/hRRM1 and p53R2/hRRM1. (A) Dependence of the enzyme activities

, and NADPH as a function of HU concentration. (C) Activities of enzyme

erial two-fold dilutions of 10% DMSO down to 0.156% (v/v)). (D) Activities

. The concentration of inhibitor in (A), (B), and (D) was varied by serial 2.5-

ean � S.D. of three separate experiments (each in duplicate).
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Table 1

Potency and subunit-selectivity of HU and SB-HSCs

Compound IC50 � S.D. (mM)a Average potencyb Subunit-selectivityc

hRRM2/hRRM1 p53R2/hRRM1

SC (in dH2O) >5000 >5000 >5000 NA

HU (in dH2O) 165 � 7.95 190 � 6.43 178 0.868

HU (in dH2O + FeCl3) 556 � 24.1 1990 � 71.2 1270 0.279

HU (in l% DMSO) 148 � 7.34 159 � 6.82 153 0.931

HU (in 2.5% DMSO) 155 � 6.59 146 � 6.06 150 1.06

SB-HSC2 (in 2.5% DMSO) 111 � 6.64 30.6 � 1.62 70.7 3.62

SB-HSC21 (in 1% DMSO) 11.5 � 0.630 13.6 � 0.700 12.5 0.847

SB-HSC24 (in 2.5% DMSO) 52.0 � 2.03 11.5 � 0.600 31.7 4.53

SB-HSC29 (in 2.5% DMSO)d >250 >250 >250 NA

a IC50 is the concentration of the compounds producing 50% inhibition of the reconstituted RR activity. Values are the mean � S.D. of three separate

experiments, each performed in duplicate.
b [IC50 (hRRM2) + IC50 (p53R2)]/2.
c IC50 (hRRM2)/IC50 (p53R2).
d The maximum solubility of SB-HSC 29 in 2.5% DMSO was 250 mM. At this concentration of SB-HSC 29, RR was inhibited <50%, which corresponds to

an IC50 > 250 mM.
3.4. Determination of potency and subunit

specificity of SB-HSCs

The IC50 values for HU and the SB-HSCs determined

using the in vitro RR assay are set out in Table 1. For both

small subunits, the inhibitory potency decreased in the

order SB-HSC 21 > SB-HSC 24 > SB-HSC 2 > HU >
Fig. 4. Comparison of potency and subunit-selectivity of HU and SB-HSCs. Sam

HSCs and assayed. The concentration of the inhibitors was varied; the inhibitor con

inhibitor was 625 mM except for SB-HSC 29 for which it was 250 mM). SB-HSC 21

2.5% (v/v) DMSO. Solutions of HU in 1 and 2.5% (v/v) DMSO was used as contro

duplicates).
SB-HSC 29. SB-HSC 2 and SB-HSC 24 were signifi-

cantly more efficient at inactivating p53R2, with subu-

nit-selectivity indices of 3.62 and 4.53, respectively

(Fig. 4). SB-HSC 21 showed almost no preference for

either subunit (subunit-selectivity index 0.847). The IC50

values of SB-HSC 29 with both hRRM2 and p53R2 were

>250 mM.
ples of hRRM2/hRRM1 and p53R2/hRRM1 were incubated with the SB-

centration was varied by serial 2.5-fold dilutions (the initial concentration of

was dissolved in 1% (v/v) DMSO; SB-HSCs 2, 24, and 29 were dissolved in

l. Each data point is the mean � S.D. of three separate experiments (each in
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Table 2

Cytotoxicity of HU and SB-HSCs

Compound IC50 � S.D. (mM)a

KB-WT KB-HUR L1210b

SC >10000 >10000 >2192

HU 455 � 16.2 6750 � 37.5 82.0 � 6.0

SB-HSC2 22.2 � 2.10 21.2 � 1.52 6.5 � 0.6

SB-HSC21 37.5 � 5.20 15.3 � 1.71 2.7 � 0.6

SB-HSC24 27.2 � 0.290 28.0 � 1.56 10.6 � 0.3

SB-HSC29 9.25 � 0.590 8.88 � 0.653 4.4 � 0.0

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.
b IC50 values observed in the murine leukemia cell line L1210 (from

[32]).

Fig. 5. Quenching and regeneration of the stable tyrosyl radical of hRRM2

and p53R2. (A) EPR spectra of frozen solutions containing 120 mg/150 ml

of hRRM2 (A1, A3) and p53R2 (A2, A4). The protein samples were

incubated with HU at 25 8C for 30 min and then flash-frozen in liquid

nitrogen (A1, A2); or incubated with HU at 25 8C for 30 min, and then

supplemented with FeCl3, DTT, and NADPH and incubated at 37 8C for

another 30 min (A3, A4). a, dH2O (control); b, 0.625; c, 1.25; and d, 2.5 mM

HU. (B) EPR spectra of frozen solutions containing 80 mg/120 ml of

hRRM2 (B1) and p53R2 (B2). The protein samples were incubated with

SB-HSCs at 25 8C for 30 min and then flash-frozen in liquid nitrogen. a,

2.5% (v/v) DMSO (negative control); b, 2.5 mM HU (positive control); c,

SB-HSC 2; d, SB-HSC 21; e, SB-HSC 24; and f, SB-HSC 29 (the

concentration of the SB-HSCs was 250 mM).
3.5. Cytotoxicity assay

The inhibitory activities of HU and the SB-HSCs against

human oropharyngeal carcinoma KB-WT and KB-HUR cells

were determined using cell proliferation assays (Table 2).

The SB-HSCs showed higher inhibitory activities than HU

but no cross-resistance with HU. The cytotoxicity results

are comparable with the average potency of the test

compounds for both small subunits obtained using the in

vitro RR assay, with the exception of SB-HSC 29.

3.6. Reduction and regeneration of the tyrosyl radical

EPR measurements were conducted on samples of

hRRM2 and p53R2 that were treated with HU and the

SB-HSCs. Reduction of the tyrosyl radical (which was

indicated by a lower intensity of the EPR signal relative to

that for untreated protein) in both small subunits by

incubation with HU occurred in a dose-dependent manner

(Fig. 5A). Quenching of the tyrosyl radical by HU, how-

ever, was partially reversed upon further incubation with

FeCl3, DTT, and NADPH. The yield of tyrosyl radical

regeneration was higher for p53R2. Without HU treatment,

FeCl3 and the reductants had little effect on the intensity of

the EPR signals. The EPR measurements also show that the

SB-HSCs quenched the tyrosyl radical of both small

subunits (Fig. 5B). The intensities of the EPR signals

are consistent with the effect of the inhibitors on enzymatic

activity. SB-HSC 29 was the least effective radical sca-

venger.
4. Discussion

Among current strategies for drug discovery, recombi-

nant protein and cell-based screening assays use functional

and mechanism-related approaches [35–37]. We have pre-

sented a simple in vitro assay suitable for the determination

of the potency and subunit-selectivity of RR inhibitors. The

method was implemented using highly purified recombi-

nant proteins and optimized by tightly controlling the ratio
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Fig. 6. Schematic diagram of the reduction and regeneration of hRRM2 and

p53R2.
of the subunits in the reaction mixture, the composition of

the reaction buffer, and the concentration of DMSO sol-

vent. The procedure was adapted for the examination of a

large number of compounds in a short time. The potency

and subunit specificity of small molecules is measured

directly and quantitatively by using two RRs, hRRM2/

hRRM1 and p53R2/hRRM1.

Binding affinity and specificity, which are largely depen-

dent on the molecular structure and physicochemical proper-

ties of a drug, are important determinants of drug activity.

HU, SC, and four SB-HSCs were chosen to test the in vitro

assay because they have different structures and anti-

tumoral activities (Fig. 1). The potencies of these com-

pounds decrease in the order SB-HSC 21 > SB-HSC

24 > SB-HSC 2 > HU > SB-HSC 29, in accordance with

data measured in this and a previous report using cell

proliferation assays [31,32]. Because of its small size and

hydrophilic nature, HU may easily diffuse within a protein

matrix. However, HU has low binding specificity, which

limits its efficacy [32,38,39]. Specific structural features of

the SB-HSCs significantly enhance their anti-tumor activity.

QSAR analyses suggest that the hydrophobic ring and

electron-rich substituents at the ortho- and meta-positions

may explain the higher pharmacological activities of SB-

HSC 2, SB-HSC 21, and SB-HSC 24 [32,33]. The haloge-

nated phenyl group of SB-HSC 2 may favor steric interac-

tions that could enhance binding affinity to protein. The

phenolic groups of SB-HSC 21 could function as free radical

scavengers and increase its potency. The higher potency of

SB-HSC 24 is probably related to the strong electron-with-

drawing effect of the nitrothienyl group. The –NH–OH

segment of HU and the SB-HSCs is absent in the substan-

tially inactive SC. We infer that the –NH–OH group is the

minimal structural requirement that triggers inhibition of

RR enzymatic activity. SB-HSC 2 and SB-HSC 24 showed

selectivity for p53R2/hRRM1 over hRRM2/hRRM1. This

was confirmed by EPR measurements on samples of p53R2

and hRRM2 that were treated with these two compounds. It

is likely that the physicochemical properties of the SB-HSCs

and structural differences between the small subunits inter-

play to promote subunit-selectivity. SB-HSC 29 behaved

poorly, both as a tyrosyl radical quencher and activity

inhibitor, which was unexpected because SB-HSC 29 exerts

potent growth-inhibition of cell lines (Table 2) [31,32].

Because of its larger size and highly hydrophobic anthracene

ring, SB-HSC 29 might act via a different mechanism of

action in vivo. In cells, SB-HSC 29 could target other

proteins or be metabolized to cytotoxic products. The basic

condition for the generation of a model by any QSAR

method is that the tested compounds have the same mole-

cular target. Thus, protein-based assays are superior to

cell-based assays for QSAR analysis.

Samples of hRRM2 and p53R2 yielded strong EPR

signals, which mean that protein integrity is maintained

in our preparations. This is attributable to the use of a mild

one-step chromatographic procedure for protein isolation.
A correlation between inhibition of RR and reduction of its

tyrosyl radical has been demonstrated [5]. Our EPR data

clearly shows that HU and the SB-HSCs quench the tyrosyl

radical. Radical reduction and disruption of the dinuclear

iron cluster results in formation of apo-RR (protein lacking

the dinuclear iron cluster and stable tyrosyl radical). In

vitro regeneration of mouse apo-R2 (mouse R2 is the

counterpart of hRRM2) is carried out by incubating protein

under aerobic conditions with an Fe(II) salt in the presence

of reducing agents [5,40]. We have shown that after

exposure to HU, the tyrosyl radicals of hRRM2 and

p53R2 are partially reformed by addition of FeCl3,

DTT, and NADPH (Fig. 5). The reductants, which are

present in the assay reaction buffer, prevent oxidation of

the –SH group of hRRM1. In addition, they reduce Fe(III),

making Fe(II) available for the regeneration reaction

(Fig. 6). Less inhibition of enzymatic activity and less

reduction of the tyrosyl radical by HU occurs for p53R2 in

the presence of Fe(III) and reductants, indicating that the

tyrosyl radical of p53R2 is more easily regenerated than

that of hRRM2. The selectively of HU for hRRM2/hRRM1

over p53R2/hRRM1 is remarkable. Since cells have both,

an iron pool and reductants, it is likely that HU will inhibit

hRRM2 in vivo more than p53R2.

We have devised a useful in vitro assay for screening

novel inhibitors of RR using two forms of the enzyme

reconstituted with recombinant subunits. Moreover, the

assay is a powerful tool for investigation of the mechanism

of action of RR inhibitors. Better understanding of the

factors that promote subunit specificity in small-molecule

inhibitors and the importance of structural differences

between p53R2 and hRRM2 could offer new perspectives

for the rational design of cancer chemotherapeutic agents

that target ribonucleotide reductase.
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