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Triapine (3-aminopyridine-2-carboxaldehyde thiosemicarbazone, 3-AP) is currently the most promising
chemotherapeutic compound among the class of a-N-heterocyclic thiosemicarbazones. Here we report
further insights into the mechanism(s) of anticancer drug activity and inhibition of mouse ribonucleotide
reductase (RNR) by Triapine. In addition to the metal-free ligand, its iron(III), gallium(llI), zinc(1I) and copper
(II) complexes were studied, aiming to correlate their cytotoxic activities with their effects on the
diferric/tyrosyl radical center of the RNR enzyme in vitro. In this study we propose for the first time a potential

Keywords: . L .. . .
Ribonucleotide reductase (RNR) specific binding pocket for Triapine on the surface of the mouse R2 RNR protein. In our mechanistic model,
Triapine interaction with Triapine results in the labilization of the diferric center in the R2 protein. Subsequently the

Triapine molecules act as iron chelators. In the absence of external reductants, and in presence of the mouse
Metal complex R2 RNR protein, catalytic amounts of the iron(Ill)-Triapine are reduced to the iron(Il)-Triapine complex. In
Cytotoxicity the presence of an external reductant (dithiothreitol), stoichiometric amounts of the potently reactive iron
EPR (I1)-Triapine complex are formed. Formation of the iron(Il)-Triapine complex, as the essential part of the
reaction outcome, promotes further reactions with molecular oxygen, which give rise to reactive oxygen
species (ROS) and thereby damage the RNR enzyme. Triapine affects the diferric center of the mouse R2
protein and, unlike hydroxyurea, is not a potent reductant, not likely to act directly on the tyrosyl radical.
© 2011 Published by Elsevier Inc.

Tyrosyl radical

1. Introduction group composed of two iron ions and a free stable tyrosyl radical

essential for enzymatic activity.

The enzyme ribonucleotide reductase (RNR) catalyzes the reduc-
tion of all four ribonucleotides to their corresponding deoxyribonu-
cleotides, and thereby provides the precursors needed for both
synthesis and repair of DNA [1]. Eukaryotic RNRs belong to class la
RNR. They are oxygen-dependent tetrameric enzymes, composed of
two subunits, R1 (o; homodimer) and R2 (3, homodimer). The active
site is located in each a, polypeptide in the large R1 subunit. Each (3,
polypeptide in the smaller subunit R2 contains a dinuclear prosthetic
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a-(N)-heterocyclic thiosemicarbazones are a class of highly potent
inhibitors of RNR activity [2-5]. These compounds are excellent
chelators of metal ions (e.g. iron, copper, zinc) [6,7]. Currently, the
most promising therapeutic compound among the thiosemicarba-
zones is Triapine (3-aminopyridine-2-carboxaldehyde thiosemicar-
bazone, 3-AP). It is by a factor of 1000 more potent inhibitor of R2
RNR activity, as compared to hydroxyurea (HU), a clinically used
RNR inhibitor [8]. Triapine has entered several phase II clinical
trials as a chemotherapeutic agent [9-11]. The cytotoxic activity of
Triapine is suggested to involve the chelation of iron and subsequent
formation of the redox active iron(Il)-Triapine complex [4,12,13].
The latter is able to activate molecular oxygen, resulting in the
formation of reactive oxygen species (ROS) which cause damage to
the cells [12].

Recently, the antitumor potencies of iron(IIl), gallium(IIl) [14] and
zinc(II) [15] complexes of Triapine were studied in two human cancer
cell lines (41M and SK-BR-3). It was shown that the cytotoxic activity
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in the case of gallium(III) and zinc(II) is similar to that of the metal-
free Triapine, whereas the activity of the iron(Ill) complex is reduced.
In order to explain these observations, we have investigated the effect
of Triapine and its complexes with Zn(Il), Ga(Ill) and Fe(III), on the
destruction of the tyrosyl radical in mouse R2 RNR protein by EPR
spectroscopy, and on the metal chelation by UV/visible (UV/Vis)
absorption spectroscopy. In addition, we have also studied the effect
of the copper(Il)-Triapine mono-ligand complex on the tyrosyl radical
destruction in mouse R2 protein, since copper is (along with iron and
zinc) essential for growth and proliferation of vital cells. The chemical
structures of the complexes investigated in this study are shown in
Scheme 1.

Despite many studies on thiosemicarbazones, several questions
still remain open about the mechanisms responsible for their
antitumor and cytotoxic activities. The aim of the present work is to
give further insights into the mechanism(s) of inhibition of RNR by
Triapine and its metal complexes under different conditions.

2. Experimental section
2.1. Compounds

Triapine and its iron(IIl), gallium(Ill) and zinc(II) complexes were
prepared according to previously published procedures [14,15]. The
synthesis of 3-aminopyridine-2-carboxaldehyde thiosemicarbazonato-
N,N,S-dichloridocopper(Il) monohydrate, [Cu(HL)Cl,]-H,0 4(Cu) was
performed as follows: Triapine (HL) (50 mg, 0.26 mmol) dissolved in
hot methanol (12 ml) was slowly added to a mixture of copper(Il)
chloride dihydrate (44 mg, 0.26 mmol) and conc. HCl (43 ul) in
methanol (5ml) at room temperature. Subsequently, the mixture
was stirred for 2h at room temperature. The green precipitate
was filtered off, washed with methanol, diethyl ether and dried
in vacuo. Yield: 59 mg (66%). Anal. Calcd for C;HgCl,CuNsS-H,0
(M;=347.71 g/mol): C, 24.18; H, 3.19; N, 20.14; S, 9.22. Found: C,
24.40; H, 3.15; N, 19.89; S, 9.29.

2.2. Cyclic voltammetry

Cyclic voltammograms were measured in a three-electrode cell
using a 2.0 mm-diameter glassy carbon working electrode, a platinum
auxiliary electrode, and an Ag|Ag™ reference electrode containing
0.10 M AgNOs in CH3CN. Measurements were performed at room
temperature using an EG & G PARC 273A potentiostat/galvanostat.
Deaeration of solutions was accomplished by passing a stream of
argon through the solution for 5 min prior to the measurement and
then maintaining a blanket atmosphere of argon over the solution
during the measurement. The potentials were measured in 0.20 M
[n-BuyN][BF4]/DMF at ~0.002 M concentration of the metal complexes
at room temperature, using [Fe(1°-CsHs)2] (Ey, = +0.72 V vs. NHE)
[16] as internal standard, and are quoted relative to the normal
hydrogen electrode (NHE).

2.3. Cell lines and culture conditions

Human 41M (ovarian carcinoma) cells were kindly provided by
Lloyd R. Kelland (CRC Centre for Cancer Therapeutics, Institute of
Cancer Research, Sutton, UK) and Evelyn Dittrich (Department of
Medicine I, Medical University of Vienna, Austria), respectively. Cells
were grown in 75cm? culture flasks (Iwaki/Asahi Technoglass,
Gyouda, Japan) as adherent monolayer cultures in Minimal Essential
Medium supplemented with 10% heat-inactivated fetal bovine serum,
1 mM sodium pyruvate, 4 mM L-glutamine and 1% non-essential
amino acids (100x) (all purchased from Sigma-Aldrich). Cultures
were maintained at 310 K in a humidified atmosphere containing 5%
CO,.

2.4. Cytotoxicity tests in cancer cell lines

Antiproliferative effects of 4(Cu) were determined by means
of a colorimetric microculture 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) assay and evaluation is based
on means from three independent experiments, each comprising at
least three microcultures per concentration level. Experimental
details were previously reported [14].

2.5. EPR spectroscopy

The kinetics of tyrosyl radical destruction in mouse R2 RNR
protein by Triapine (HL) and its complexes with Fe(III), Ga(IIl), Zn(II)
and Cu(Il), was monitored by EPR spectroscopy. Mouse R2 RNR
protein was expressed in Rosetta 2(DE3)pLysS bacteria, essentially as
described previously [17]. The R2 protein was reconstituted with an
anaerobic solution of (NH4),Fe(SO4)- at a ratio of 10 iron(II) ions per
R2 monomer (polypeptide chain). Excess iron was removed by gel
filtration. The R2 protein contained 2 iron ions and 0.38 tyrosyl
radicals per polypeptide. EPR spectra were recorded on a Bruker
ESP300 X-band (9.5 GHz) spectrometer with an Oxford Instruments
ESR9 helium cryostat at 40 K, 3.2 mW microwave power and 5G
modulation amplitude. The concentration of the tyrosyl radical was
determined by double integration of EPR spectra recorded at non-
saturating microwave power levels, and compared with a standard
solution of 1T mM CuSO4 in 50 mM EDTA. The calculated radical
concentration was normalized and expressed in percent of the
untreated sample.

The samples used for kinetic monitoring of the relative concen-
tration of the tyrosyl radical in mouse R2 RNR protein were incubated
for indicated times and quickly frozen in cold isopentane. The same
sample was used for repeated incubations at room temperature and
was refrozen before each EPR measurement. The corresponding R2
sample without drug was treated as a control and its radical
concentration was subtracted at each time point (control radical
concentration decreased by not more than 10% in 30 min, Supple-
mentary Data). The experiments were repeated 3 (or 5) times starting
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Scheme 1. Chemical structures of Triapine and the metal complexes investigated in this study.
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with freshly prepared protein R2 solutions, which gave an estimate of
the uncertainty of each measurement of about 5-10%.

2.6. UV/Vis spectrophotometry

Optical absorption spectra were recorded at room temperature
using a V-560 UV/Vis spectrophotometer (Jasco Essex, UK). All spectra
were baseline corrected.

2.7. Sample preparation for EPR and UV/Vis measurements

Samples contained 30 uM mouse R2 RNR protein (concentration
given as polypeptide) dissolved in tris(hydroxymethyl)amino-
methane (Tris) buffer, pH 7.60 and 30 (or 6) uM compound HL,
1(Fe), 2(Ga), 3(Zn) or 4(Cu) in 1% (w/w) DMSO/H,0. Some samples
contained 2 mM dithiothreitol (DTT). Control samples contained 30 pM
mouse R2 RNR protein dissolved in Tris buffer, pH 7.60 (with and
without DTT). For EPR measurements, the samples were incubated at
295K for selected times and quickly frozen in cold isopentane. For
UV/Vis spectroscopy the samples were incubated for 15 (or 5) min at
295 K before spectra were recorded.

2.8. Molecular docking methodology

Computer docking was performed using Autodock 4.0 [18]. The
three-dimensional structure of mouse R2 RNR protein was available
from the Protein data bank (PDB ID: 1W68). Polar hydrogens were
added to the protein using DS ViewerPro 5.0 from Accelrys (www.
accelrys.com). The Mol2 structure of the ligand was constructed from
http://rcmd-server.frm.uniromal.it/rcmd-portal/. AutoDockTools
was implemented to check Gasteiger charges and set maximum
number of active torsions in the ligand. The two iron ions were
included in the radical site. The empirical free energy function and
Lamarckian genetic algorithm were applied for Autodock simulation
[19]. The grid box was created involving the whole protein structure
(x,y, z directions) with 0.375 A spacing. The running number was 100,
and 2,500,000 energy evaluations for each run were applied. Other
parameters were selected for docking as follows: an initial population
of 150 randomly placed individuals, a maximum number of 27,000
generations, a mutation rate of 0.02 and a crossover rate of 0.80. The
docked compounds were clustered into same group with less than
2.0 A in positional root mean-square deviation. Based on the cluster
distribution and binding energy, we selected the best docking
conformation for analysis [20].

2.9. Quantum chemical calculations

All calculations were performed using the B3LYP hybrid density
functional [21] as implemented in the Gaussian03 program package
[22]. Geometries were optimized employing the 6-31G(d,p) basis
set for all atoms except Fe, for which the Stuttgart-Dresden
pseudopotential (SDD) was used. In order to obtain more accurate
energies, the geometry optimizations were followed by single-point
calculations employing the larger 6-311 + G(2d,2p) basis set for all
atoms except for Fe, for which the SDD was used again. All reported
energies include the zero-point energy (ZPE) corrections obtained
from frequency calculations at the same level of theory as the
geometry optimization. Solvation effects were taken into account
using the conductor-like polarizable continuum model (CPCM) [22]
with molecular cavities derived with the United Atoms Kohn-Sham
(UAKS) procedure. The dielectric constant for water (¢ =78.4) was
used.

3. Results
3.1. Complex stability

The prepared complexes of Triapine [FeL;]NOs-H,0 and [GaL,]NOs
with metal-to-ligand ratio of 1:2 and the mono-ligand complexes
[Zn(HL)Cl;]-HCI and [Cu(HL)Cl,]-H,0, were used for the cytotoxicity
tests and tyrosyl radical destruction assays. Since all these studies were
performed in aqueous solutions with 1% (w/w) DMSO, the actual forms
of the dissolved complexes are crucial for understanding their
biological effects. The thermodynamic equilibrium state is determined
by the stability constants and the speciation is strongly dependent on
the concentration of the metal complexes, the solvent, as well as the pH.
Comparison of the stabilities of the Triapine complexes shows the
following general order: Zn(II)<Cu(Il)<Ga(IIl)<Fe(IIl), although
strong tendency for hydrolysis was observed, especially in the case of
Ga(III), which increases in diluted solutions and under basic condi-
tions [23,24]. In order to predict the most plausible forms of the metal
complexes at physiological pH, concentration distribution curves were
calculated (Fig. 1) at different metal complex concentrations. It can be
seen that all complexes tend to hydrolyze in the relevant concentra-
tion range (<50 pM), resulting in the release of the metal-free ligand
(HL). 1(Fe) remains almost intact due to its high stability, but 2(Ga) is
completely dissociated upon dissolution forming different gallium(III)
hydroxides. In the solution of 3(Zn), [ZnL]* is the major species with
small amounts of [ZnL,] and HL (and Zn>™). In the case of the mono-
ligand complex 4(Cu), formation of complexes with 1:1 stoichiometry
([CuL]™, [CuL(OH)]) is calculated, because the formation of Jahn-Teller
distorted octahedral bis-ligand complexes is less favored. It should be
noted, however, that calculations are based on the stability constants
determined in 30% (w/w) DMSO/H,0 [23,24].
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Fig. 1. Concentration distribution curves of (a) 1(Fe) and 2(Ga) (the gallium complex is
completely dissociated in the whole concentration range) and (b) 3(Zn) and 4(Cu) in
relation to the concentration of complex at pH 7.60. Calculations are based on data
reported in [23,24].
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3.2. Cytotoxicity

The cytotoxic potency of Triapine (HL) and its metal complexes
was measured in the human tumor cell line 41M (ovarian carcinoma)
by means of the colorimetric MTT assay (Table 1).

The metal-free Triapine ligand and its gallium(Ill) and zinc(II)
complexes show very similar cytotoxicity, mainly due to partial, or
complete, dissociation of the complexes upon dissolution in accor-
dance with the stability data [23,24]. In contrast, coordination of
Triapine to copper(ll) and iron(lll) results in decreased cytotoxic
potency by a factor of ~3 and ~6, respectively.

3.3. Cyclic voltammetry

Zinc(IT) and gallium(Ill) complexes of Triapine, are electrochem-
ically silent in the biologically relevant redox potential window
(—0.4V up to +0.8V vs. NHE [25]). In contrast, the corresponding
iron(Ill) and copper(IlI) complexes exhibit redox activity. The iron(III)
complex displays a reversible redox couple [Fe(IlI)L,] " /[Fe(Il)L,] at
E1/,=+0.01V vs. NHE in DMF solution (E,—~E.=68 mV at 200 mV/s
scan rate; i,/ic=1), while in contrast the copper(ll) complex of
Triapine shows an irreversible reduction at E,= +0.07 V vs. NHE at
200 mV scan rate.

3.4. Spectroscopic studies of complexes

UV/Vis spectra of Triapine (HL) and its metal complexes 1(Fe),
2(Ga), 3(Zn) and 4(Cu) at pH 7.60, are shown in Fig. 2a. HL and 2(Ga)
show very similar UV/Vis spectra with two absorption peaks at 286
and 359 nm (Table 2). These spectra remain unchanged upon
incubation with DTT (Fig. 2b). Unlike the spectrum of the other
redox-inert metal complex, 3(Zn) is changed (Fig. 2b), presumably
due to replacement of the Triapine ligand by DTT [26]. Compounds
1(Fe) and 4(Cu) undergo reduction after incubation with DTT, as
seen from the change of the absorption maxima in Fig. 2. Compound
1(Fe) is reduced completely to [Fe(II)L;], which is clearly shown by
the appearance of the characteristic charge transfer bands at 534 and
605 nm, as reported previously for the bis-Triapine complex of iron
(1) [12,23]. The spectrum of the reduced form of 4(Cu) is similar to
that of the metal-free ligand HL, indicating the dissociation of the
metal complex under these conditions.

Of the five compounds investigated here, only 1(Fe) and 4(Cu) are
EPR active, due to the presence of paramagnetic d° (Fe(Ill)) and d° (Cu
(II)) metal ions. EPR spectra obtained at 30K are shown in
Supplementary Data Fig. S3.

3.5. Mouse RNR inhibition in vitro

3.5.1. Non-reducing conditions

The time-dependent tyrosyl radical destruction in mouse R2 RNR
protein by compounds HL, 1(Fe), 2(Ga), 3(Zn) and 4(Cu) was
monitored by EPR spectroscopy in the absence or presence of the
reducing agent DTT. The results (Figs. 3 and 4) show that the studied

Table 1
Cytotoxicity of Triapine (HL) and its metal complexes in 41 M cells.
Compound ICso (UM)? Metal:Ligand ratio
HL (Triapine) 0.45+0.03° -
1(Fe) 1.50 £ 0.50° 1:2
2(Ga) 0.254+0.05" 1:2
3(Zn) 0.52 +0.02¢ 1:1
4(Cu) 1.5040.40 1:1

2 50% inhibitory concentrations after exposure for 96 h in the MTT assay. Values are
averages =+ standard deviations obtained from at least three independent experiments.

b Values from reference [14].

€ Values from reference [15].

a
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Fig. 2. UV/Vis absorption spectra of HL and its metal complexes 1(Fe), 2(Ga), 3(Zn) and
4(Cu), under a) non-reducing, and b) reducing conditions. Samples contained 25 uM HL
or 50 uM complex in 1% (w/w) DMSO/H,0, Tris buffer, pH 7.60, at 295 K and 2 mM DTT
(only b).

compounds are very efficient in tyrosyl radical destruction, particu-
larly in the presence of DTT.

Fig. 3a shows tyrosyl radical destruction in mouse R2 protein by
the five compounds under non-reducing conditions (in the absence of
DTT). The protein (30 M) was incubated with an equimolar amount
of Triapine or its metal complexes [1% (w/w) (DMSO/H,0) in Tris
buffer, pH 7.60]. Fig. 3b shows the UV/Vis spectra of the formed
product(s) after 15 min reaction. We observe that all compounds
show an increased absorption shoulder at ~430 nm (arrow in Fig. 3b).
This shoulder can be attributed to the formation of [Fe(Ill)L,]™
complex, indicating some degree of chelation of iron(IIl) from the R2
protein. Although mouse R2 protein, upon storage at room temper-
ature, spontaneously releases iron(Ill) to some extent [27], there
simultaneously may be a more substantial release of iron(Ill) in the
presence of HL or its complexes, which will be further addressed in
the Discussion section. As expected, the amount of compound 1(Fe) is
unchanged after reaction with the protein, since there are no free
Triapine molecules to chelate Fe from the protein. The concentrations
of [Fe(Il)L,]" formed in the reaction of the other metal complexes
with mouse R2 protein could not be determined for 3(Zn) and 4(Cu),
as their spectra are significantly overlapping (at 430 nm) with those
of the unaltered complexes (Fig. 2a). For HL and 2(Ga), the amount of
the formed [Fe(Ill)L,]" complex, estimated from Fig. 3b, was 1 and
2.5 UM, respectively.

3.5.2. Reducing conditions

In presence of an external reductant (here DTT), the tyrosyl
radical is destroyed very efficiently (100% after 5 min) by all five
compounds. Incubation of mouse R2 protein with DTT alone does not
lead to tyrosyl radical destruction, but rather results in a slight
increase in tyrosyl radical content (Fig. S2, Supplementary Data) [28].
Fig. 4a shows tyrosyl radical destruction in mouse R2 protein by the
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Table 2

Absorption maxima of Triapine (HL) and its metal complexes at pH 7.60 (in 1% (w/w) DMSO/H,0).

Compound HL

HL + DTT 1(Fe) 1+DTT 2(Ga) 2+ DTT 3(Zn) 3+ DIT 4(Cu) 44 DTT
Nmax (NM) 286 286 294 275 286 286 277 286 282 286
359 359 430 369 359 359 394 359 421 359
534, 605

compounds in the presence of DTT, when the R2 protein was
incubated with an equimolar amount of Triapine or its metal com-
plexes. Fig. 4b shows the UV/Vis spectra of the formed products after
5 min reaction of 30 UM mouse R2 protein and an equimolar amount
of the investigated compounds (1% (w/w) DMSO/H,0) in Tris buffer,
pH 7.60, and 2 mM DTT. It can be seen that these reactions result
in the formation of the [Fe(II)L,] complex. To quantify the amount
of the formed [Fe(II)L,] compound, UV/Vis absorbance of the charge
transfer band at 605 nm was measured. This absorption was
compared to that of [Fe(II)L,] at known concentrations. We found
that in the presence of DTT the reaction of 30 uM of 1(Fe) with 30 pM
mR2 resulted in quantitative reduction of [Fe(Ill)L,]* to [Fe(I)Ly],
whereas other compounds formed less than 30 uM [Fe(II)L;]
(Table 3).

3.5.3. Lower concentration of the metal complexes

The destruction of the tyrosyl radical in protein R2 was further
investigated using lower concentration of the compounds (6 uM drug

a

100+

Tyrosyl radical (%)

0.8+ 1

Absorbance

T ‘ ‘ T )
300 400 500 600 700
A (nm)

Fig. 3. a) Tyrosyl radical destruction in mouse R2 RNR protein by HL and its metal
complexes, 1(Fe), 2(Ga), 3(Zn) and 4(Cu), in absence of DTT. Samples containing 30 M
mouse R2 protein and 30 pM compound (1% (w/w) DMSO/H,0) in Tris buffer, pH 7.60,
were incubated for indicated times and quickly frozen in cold isopentane. The natural
decay of tyrosyl radical in the R2 protein was subtracted for each point (see Supplementary
Data). b) UV/Vis spectra of the same samples as in (a) taken after 15 min reaction time at
295 K. The spectrum of 30 uM HL without R2 RNR protein (— — —) is shown for
comparison.

and 30 pM R2 RNR protein) (Fig. 5). These results show that even
substoichiometric concentrations of the compounds HL, 2(Ga), 3(Zn)
and 4(Cu), are able to destroy about 50% of tyrosyl radical after 30 min
reaction, and that compound 1(Fe) is able to destroy 100% tyrosyl
radical after 10 min reaction in the absence of DTT (Fig. 5a). In the
presence of DTT, all compounds are able to destroy the radical within
a few minutes (Fig. 5b). Very low concentrations of the complexes
(0.125 uM, 250 times less than the concentration of the protein)
showed essentially no effect on the tyrosyl radical (data not shown),
except for compound 1(Fe) (Fig. 6b) which in the presence of DTT
could destroy the radical completely in 2 min.

The requirement for oxygen for complete destruction of tyrosyl
radical by 1(Fe) is shown in Fig. 6a (top curve). It is observed that
1(Fe) at concentration of 6 uM under aerobic conditions destroys
100% tyrosyl radical after 5 min, whereas the same concentration of
the compound, under anaerobic conditions, destroys only about 20%
radical after 30 min. This indicates that ROS formed in the reaction of
[Fe(I)L,] and O[12], are needed for complete RNR inactivation.
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Fig. 4. a) Tyrosyl radical destruction in mouse R2 RNR protein by HL and its metal
complexes, 1(Fe), 2(Ga), 3(Zn) and 4(Cu), in the presence of DTT. Samples containing
30 uM mouse R2 protein, 2 mM DTT, and 30 pM compound (1% (w/w) DMSO/H,0) in
Tris buffer, pH 7.60, were incubated for indicated times and quickly frozen in cold
isopentane. The decay of the tyrosyl radical in the R2 protein in the presence of 2 mM
DTT was subtracted for each point (see Supplementary Data). b) UV/Vis spectra of the
same samples as in (a) taken after 5 min reaction time at 295 K.
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Table 3

Concentration of [Fe(II)L,] formed in the reaction of 30 yM mR2
with 30uM of HL and 1(Fe), 2(Ga), 3(Zn), 4(Cu) in the
presence of 2 mM DTT.

Compound c[Fe(IlLy] (uM)
HL (Triapine) 79405
1(Fe) 300+£1.5
2(Ga) 17.6+0.8
3(Zn) 15240.7
4(Cu) 18.74+0.9

3.6. Molecular docking

To investigate a possible binding site of Triapine on the mouse R2
RNR protein, molecular docking was performed on the whole protein.
The most favorable binding conformations were extracted from the
cluster with the lowest calculated energies and the highest average
number of conformers. The calculated binding site for Triapine (Fig. 7)
is located on the interface of positive and negative charged surfaces,
and is composed of two binding pockets. A number of conformers
appear in the same position with the same orientation (Supplemen-
tary Data), which provides a reasonable docking model. Within this
model, the pyridine ring of Triapine is located in the pocket formed by
four amino acids, Phe237, Phe241, Ser238 and Tyr324. Furthermore,
the interaction of Triapine with mouse R2 RNR protein involves
hydrogen bonding with four amino acids, Glu233, Glu335, Asp272 and
Arg331. Glu233 in mouse R2 is a monodentate terminal ligand to one
of the ferric ions.

100%

Tyrosyl radical (%)

204

t (min)

Tyrosyl radical (%)

t (min)

Fig. 5. Tyrosyl radical destruction in mouse R2 RNR protein by HL and its metal
complexes, 1(Fe), 2(Ga), 3(Zn) and 4(Cu) in a) absence and b) presence of DTT. Samples
containing 30 uM mouse R2 protein and 6 uM compound (1% (w/w) DMSO/H,0) in Tris
buffer, pH 7.60, and 2 mM DTT (b only) were incubated for indicated times and quickly
frozen in cold isopentane. The natural decay of tyrosyl radical in mouse R2 protein
without DTT (a) or in the presence of DTT (b) was subtracted for each point.
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Tyrosyl radical (%)

o
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Tyrosyl radical (%)
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Fig. 6. Tyrosyl radical destruction in mouse R2 RNR protein by compound 1(Fe) in a)
absence and b) presence of DTT. Samples containing 30 pM mouse R2 protein and 30, 6
or 0.125 pM compound 1(Fe) (1% (w/w) DMSO/H,0) in Tris buffer, pH 7.60, and 2 mM
DTT (b only) were incubated for indicated times and quickly frozen in cold isopentane.
The top curve in a) was obtained in anaerobic conditions (oxygen was removed from
the protein by gentle evacuation and refilling with argon over a period of 20 min). The
natural decay of tyrosyl radical in mouse R2 protein in the absence (a) or in the
presence of DTT (b) was subtracted for each point.

3.7. Quantum chemical calculations

To shed more light on the energies involved in the process of
tyrosyl radical reduction, we have used density functional theory
(DFT) to calculate the bond dissociation energies X-H— X<+ He
(BDEs; X==N, 0) of hydroxyurea, Triapine and its 1:2 iron(IIl) and iron
(1) complexes and compared these to the O-H BDE of tyrosine (here
modeled as a p-methylphenol). The results are listed in Table 4.

The calculations show that all BDEs for Triapine and its metal
complexes are within a relatively small range and close to the BDE for
the model tyrosyl radical, suggesting that it could in principle be
possible to transfer electrons between the different partners. The BDE
in aqueous solution of Triapine alone, 85.9 kcal/mol, is changed
to 85.1 kcal/mol and 88.9 kcal/mol for complexes with iron(Il) and
iron(III), respectively (Table 4). Comparison with the calculation for
hydroxyurea (HU) shows that HU has a significantly lower BDE,
implying that it is a highly efficient direct reductant of the tyrosyl
radical. Indeed, HU is known to selectively reduce the tyrosyl radical,
leaving the iron center intact in E. coli R2 protein [29]. In contrast, HU
can reduce both the tyrosyl radical and the iron center in mammalian
R2 protein [30,31]. For Triapine and its metal complexes, although
direct reduction of the tyrosyl radical cannot be ruled out by the
present calculations, we suggest that their potent ability to inhibit
RNR should be linked to other mechanisms, involving chelation of
iron. The direct tyrosyl radical reduction, although possibly present to
some extent, will not be further discussed here. It should also be
mentioned that for each of the investigated compounds, all possible
radicals were considered, and for the metal complexes, all possible
spin states were calculated. In Table 4 only the lowest energy ones are
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Fig. 7. The calculated binding pocket for Triapine on the surface of the mouse R2 RNR protein. a) Structure of mouse R2 RNR protein with bound Triapine. The red and blue areas
represent positive and negative charge, respectively, in the surface potential map. Triapine is shown in stick representation (cyan). b) Binding site showing hydrogen bonding
between Triapine (cyan) and Glu233, Glu335, Asp272 and Arg331; and interactions with Phe237, Phe241, Ser238 and Tyr324. All residues are shown in black, only Glu233 in

magenta, for clarity. The diferric center is represented as two orange spheres.

reported. In the case of the Triapine complex with iron(Il), the
calculations indicate that it is equally feasible to remove the electron
from either the Triapine ligand or from iron(II), while for the Triapine
complex with iron(Ill) the electron is taken from the ligand. The
complete list of results, along with the optimized geometries can be
found in Supplementary Data.

4. Discussion

This study shows that Triapine (HL) and its metal complexes
1(Fe), 2(Ga), 3(Zn) and 4(Cu), inhibit mouse R2 RNR protein in vitro, in
both absence and presence of external reductants. Under non-reducing
conditions, HL and complexes 2(Ga) and 3(Zn), show similar kinetics of
the tyrosyl radical destruction. Their similar inhibition kinetics are due
to the fact that compounds 2(Ga) and 3(Zn) can easily dissociate in
aqueous solution at pH 7.60, to give free metal ions and Triapine (in the
case of 3(Zn) this occurs only at concentrations <150 UM, see Fig. 1).
Below we will summarize the likely steps involved in the RNR inhibition
mechanism by HL and its metal complexes (Scheme 2).

During the reaction of mouse R2 protein with equimolar amounts of
HL, 2(Ga) and 3(Zn), tyrosyl radical destruction and formation of [Fe(III)
L,]* are observed (Fig. 3). The formation of [Fe(Ill)L,] " indicates that iron
is released from the protein as iron(1Il). Since mouse R2 protein tends to
spontaneously release iron at room temperature [27], it is quite possible
that this iron is chelated by HL molecules. The extent of spontaneously
released iron from mouse R2 protein can be estimated from the amount of
destroyed tyrosyl radical caused by storage of the protein at room
temperature (and in the absence of HL and its metal complexes). The slow
(spontaneous) decay of the radical in the control sample is shown to be
not more than 10% in 30 min (Supplementary Data, Fig. S2). However,
tyrosyl radical destruction caused by HL, 2(Ga) and 3(Zn) is significantly
faster (approximately 90% in 30 min)(Fig. 3a).>

Since the quantum chemical calculations show that neither
Triapine nor its metal complexes should be very efficient to directly
reduce the tyrosyl radical, we suggest that HL promotes protein bound
iron to be released as iron(IIl). This suggestion may be supported by

3 Note that in Fig. 3a, tyrosyl radical destruction in the control sample was
subtracted for each time point, hence 90% reduction is caused only by the compounds
and not by spontaneous release of iron from the protein.

the fact that a specific binding site for HL on the surface of mouse R2
protein was indicated by molecular docking (Fig. 7). In this proposed
binding site, the pyridine ring of HL is located in the pocket formed by
Phe237, Phe241, Ser238 and Tyr324. Furthermore HL is involved in
hydrogen bonding with Glu233, Glu335, Asp272 and Arg331. Possibly
hydrogen bonding between HL and Glu233, which is a monodentate
terminal ligand to one of the ferric ions in mouse R2 protein, may
facilitate iron(IIl) release from the protein. Obviously, loss of iron(III)
directly leads to stoichiometric destruction of tyrosyl radical. At the
same time, labilized iron(lll) is chelated by HL and the [Fe(Ill)L,]™
complex is formed. Our results show that the [Fe(Ill)L,] * complex is an
efficient inhibitor of mouse R2 RNR protein (Figs. 3a and 5a). Since it
has been previously shown that this complex cannot activate O, and
produce ROS in a Fenton-like reaction [12], nor is it capable of reducing
the tyrosyl radical (Table 4), we suggest that its efficient enzyme
inhibition is caused by at least a minor presence of the reduced form of
the complex, [Fe(II)L,], since we show that only catalytic amounts are
needed for complete destruction of the tyrosyl radical (Fig. 6b). The
exact mechanism of reduction of [Fe(Ill)L,]" to [Fe(Il)L,] in the
presence of mouse R2 protein in vitro, remains unexplained here.
However, recent findings show that protein bound cysteines can
efficiently reduce [Fe(IlI)L,] ™ to [Fe(II)L,] [32]. We suggest that in our
experiments, the reducing equivalents needed for the reduction of [Fe
(IMLy] ™ to [Fe(I)L,] may be provided by the mouse R2 protein itself.

Under reducing conditions (in presence of DTT), RNR inhibition
by HL is much more efficient than in the absence of a reducing agent
(Figs. 4a and 5b). Under these conditions, 100% tyrosyl radical is

Table 4
Calculated bond dissociation energies (kcal/mol) in gas phase and aqueous solution
(e=78.4).

BDE (kcal/mol)

Compound Gas phase In solution
p-methylphenol 80.4 80.0
Hydroxyurea® 68.7 71.5
Triapine (HL)?* 82.0 85.9
[Fe(INLy] +2 88.8 88.9
[Fe(INLyJ? 83.4 85.1

¢ For these compounds, several radical sites are possible. Only the lowest energy ones
are reported here. For details on the other possibilities, see Supplementary Data.
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| Specific binding of HL on surface of mR2 protein |

J(_{ Facilitated release of Fe(lll) from mR2 protein |

Stoichiometric destruction
of Tyrosyl radical

| Ghelation of Feqll) by HL |

Formation of [Fe(lll)L,]*

Reduction of catalytic amounts of [Fe(llI)L,]*
to [Fe(ll)L,] in presence of mR2 protein

| Reduction of diferric center in mR2 protein by DTT |

| Facilitated release of Fe(ll) from mR2 protein }—\[

Stoichiometric destruction
of Tyrosy! radical

| Chelation of Fe(ll) by HL |

Formation of [Fe(ll)L,]

Reaction of [Fe(ll)L;] with O, te produce ROS

Tyrosyl radical destruction and ROS induced inactivation of mR2 protein

Scheme 2. Summary of possible mechanism steps of mouse RNR inhibition by Triapine under non-reducing and reducing conditions. Less efficient inhibition, observed in non-
reducing conditions, involves binding of Triapine to mouse R2 RNR protein which leads to facillitated release of iron(IIl) from the protein. Subsequently, Triapine chelates iron(III) to
form [Fe(IlI)L,] . In the presence of mouse R2 protein the iron complex is reduced to [Fe(II)L,], which then in presence of molecular oxygen leads to ROS induced inactivation of the
R2 protein. More efficient inhibition, observed under reducing conditions, involves the reduction of the diferric center in mouse R2 protein by the external reductant DTT, followed
by chelation of released iron(II) by HL. The formed [Fe(II)L,] complex activates molecular oxygen and results in ROS induced inactivation of the R2 protein. Reaction steps that take
place in the absence or presence of external reductant are shown in white and light gray, respectively; Reaction step that requires the presence of oxygen is shown in dark gray.

destroyed after 5 min by HL and all metal complexes investigated
in this study. In these reactions we observe the formation of
the reduced iron complex [Fe(Il)L,] (Fig. 4b). The mechanism of
inhibition by HL in the presence of an external reductant should be
slightly different. In this case, beside specific binding of HL on the
surface of mouse R2 protein, there is efficient reduction of the
diferric center by DTT [28], which causes release of protein bound
iron as iron(II). Iron(II) is much more labile than in its native diferric
oxo-bridged form [31], so it is easily chelated by HL, resulting in the
formation of the potently redox active [Fe(II)L,] complex. Finally, as
described previously, ROS formed in the reaction of [Fe(II)L,| and
0,, lead to complete enzyme inactivation.

At least two mechanisms, as shown in Scheme 2, which cause
destruction of the tyrosyl radical in mouse R2 protein in vitro, are
indicated here. The first mechanism involves stoichiometric loss of
tyrosyl radical, which is caused by the release of protein bound iron as
the result of specific binding of Triapine (and reduction of the diferric
center if external reductant is present). The second mechanism is
tyrosyl radical destruction due to enzyme inactivation caused by ROS.
The former is observed under both aerobic and anaerobic conditions,
whereas the latter requires the presence of molecular oxygen
(Fig. 6a).

Compound 4(Cu) shows the least efficient tyrosyl radical destruc-
tion in mouse R2 protein. Copper(ll) forms a highly stable mono-
ligand complex compared with the mono-ligand complexes of
Triapine formed with other metal ions (log{K([CuL]")/K([CuL;])}
value is quite high) [23]. This agrees with EPR spectroscopy and cyclic
voltammetry studies of bis-ligand copper(Il) complexes [CuL,] of e.g.
di-2-pyridylketon-4,4-dimethyl-3-thiosemicarbazone which show
dissociation of the 1:2 complex to give significant amounts of the
1:1 metal-to-ligand complex [33]. We propose that the reason for
slow tyrosyl radical destruction by 4(Cu) is its high conditional
stability constant at physiological pH. Once it is added in vitro to
mouse R2 RNR protein in non-reducing conditions, it dissociates more

slowly than the other investigated compounds to give free Triapine
ligands. This observation is supported by the fact that 4(Cu) shows
similar inhibition kinetics at two different concentrations of the
complex (6 and 30 uM, Figs. 3a and 5a, respectively). The results
from the experiments performed under reducing conditions with
external DTT present, show that even compound 4(Cu) is quite
efficient, probably because the reduced form of this compound (with
copper(I)) easily dissociates to give free Triapine (Fig. 2b).

RNR inhibition by HL in vivo, most probably involves all steps
presented in Scheme 2 to varying degrees. The reducing environment
inside a living cell [34] may be potent enough to make the pathway
observed in reducing conditions in vitro the major one for the
cytotoxic activity of the drugs. However, as cells have developed a
variety of defense mechanisms against the harmful effects of ROS (i.e.
catalase and superoxide dismutase activity), RNR inhibition is not as
effective as under in vitro reducing conditions. Here, we also point out
that iron chelation is a necessary step for efficient RNR inhibition
in vivo, as we have shown that compound 1(Fe) shows decreased
cytotoxicity compared to HL (Table 1). This complex is highly stable
and remains intact at pH 7.60 [24]. Due to its high stability,
dissociation is negligible, therefore, metal-free Triapine, which
could sequester iron from protein R2 is not present. In the cell, the
reduced 1(Fe) complex inactivates the enzyme, but obviously retains
the R2 diiron cofactor intact, which under appropriate conditions,
could be reactivated with molecular oxygen. This, together with
lower uptake kinetics of the positively charged iron(Ill) complex may
be a possible reason of reduced cytotoxicity compared to metal-free
Triapine.

4(Cu) also shows decreased cytotoxicity compared to metal-free
Triapine. In contrast, previously published studies on copper
thiosemicarbazonate complexes show higher cytotoxic activities
compared to the metal-free ligands, in several different cancer cell
lines [35]. Their increased cytotoxicity is possibly due to the reaction
with intracellular thiols, which reduce them to copper(I) complexes,
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which dissociate with liberation of the thiosemicarbazone ligands
[36,37]. In the case of 4(Cu), the decreased cytotoxicity may be
attributed to both high complex stability and its redox properties.

5. Conclusion

Triapine inhibits mouse RNR by affecting the diiron center of the
R2 protein and unlike hydroxyurea, its major effect here is not to
directly reduce the tyrosyl radical. In vitro inhibition of mammalian
RNR by Triapine may involve specific binding of the drug to the
surface of the R2 protein, resulting in facilitated labilization of the
iron center in the protein. In the absence of external reductant (DTT),
iron(IlI) is chelated by Triapine and the iron(Ill)-Triapine complex is
formed. In the presence of reductant, the protein bound iron(Ill) may
be reduced to iron(Il) already before chelation by Triapine. Loss of
iron from protein R2 leads immediately to destruction of the tyrosyl
radical in the protein. Depending on the presence or absence of
external reductants, variable amounts (stoichiometric or catalytic) of
the potently reactive iron(Il)-Triapine complex are formed. The iron
(II)-Triapine complex, may react further with molecular oxygen,
which gives rise to ROS and thereby damages the enzyme. These
observations, which are valid for all compounds studied here to
varying degrees, are in agreement with previous proposals
[5,12,13] about the inhibitory role of thiosemicarbazones for RNR.
However, the exact contributions and the molecular details of the
various mechanisms that may be involved in RNR inhibition (direct
tyrosyl radical reduction, iron chelation, attack by ROS) seem to
depend strongly on the environmental conditions.

The present study shows that the choice of the metal ion that is
part of a Triapine complex affects the extent of R2 RNR inhibition, as
well as the cytotoxicity for cancer cells. Our results suggest likely
explanations for the relatively low cytotoxicities exhibited by the
stable Triapine complexes formed by iron(Ill) and copper(Il). The iron
(1IT) complex does not chelate the protein bound iron, and allows for
the possible reactivation of the RNR enzyme. This protective role of
the iron(IlI) complex for RNR in vivo, confirms that the mechanism of
the most efficient inhibition by Triapine should involve iron chelation.
The decreased cytotoxicity of the copper(Il) complex, however, may
be attributed to its high conditional stability at physiological pH
and its redox properties. The Triapine complexes of zinc(Il) and
gallium(IIl) with lower conditional stability constants at physiological
pH result in more potent cytotoxicity, similar to that of free Triapine.
The new observations reveal that the choice of the metal ion can
strongly modulate the mechanism of action of a given cytotoxic
ligand, which suggests the future design of complexes which are
selectively activated in the tumor tissue with release of cytotoxic
ligands and/or metal ions.

Abbreviations
1(Fe) [FeL,]NO3-H,0, Bis(3-aminopyridine-2-carboxaldehyde
thiosemicarbazonato)-N,N,S-iron(Ill) nitrate monohydrate

2(Ga) [GaL;]NOs3, Bis(3-aminopyridine-2-carboxaldehyde
thiosemicarbazonato)-N,N,S-gallium(IIl) nitrate

3(Zn)  [Zn(HL)Cl,]-HCI, (3-aminopyridine-2-carboxaldehyde thio-
semicarbazonato)-N,N,S-dichloridozinc(Il) hydrochloride

4(Cu) [Cu(HL)Cl,]-H,0, 3-aminopyridine-2-carboxaldehyde
thiosemicarbazonato-N,N,S-dichloridocopper(Il) monohydrate

HL Triapine, 3-aminopyridine-2-carboxaldehyde
thiosemicarbazone

HU Hydroxyurea

BDE Bond dissociation energy

DFT Density functional theory

DMF Dimethylformamide

DTT Dithiothreitol

mR2 R2 subunit of mouse ribonucleotide reductase

RNR Ribonucleotide reductase

ROS Reactive oxygen species

SDD Stuttgart-Dresden pseudopotential
Tris Tris(hydroxymethyl)aminomethane
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