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Abstract

Triapine (3-AP), is an iron-binding ligand and anticancer drug that is an inhibitor of human 

ribonucleotide reductase (RNR). Inhibition of RNR by 3-AP results in the depletion of dNTP 

precursors of DNA, thereby selectively starving fast-replicating cancer cells of nucleotides for 

survival. The redox-active form of 3-AP directly responsible for inhibition of RNR is the Fe(II)(3-

AP)2 complex. In this work, we synthesize 12 analogs of 3-AP, test their inhibition of RNR in 
vitro, and study the electronic properties of their iron complexes. The reduction and oxidation 

events of 3-AP iron complexes that are crucial for the inhibition of RNR are modeled with solution 

studies. We monitor the pH necessary to induce reduction in iron complexes of 3-AP analogs in a 

reducing environment, as well as the kinetics of oxidation in an oxidizing environment. The 

oxidation state of the complex is monitored using UV-Vis spectroscopy. Isoquinoline analogs of 3-

AP favor the maintenance of the biologically active reduced complex and possess oxidation 

kinetics that allow redox cycling, consistent with their effective inhibition of RNR seen in our in 
vitro experiments. In contrast, methylation on the thiosemicarbazone secondary amine moiety of 

3-AP produces analogs that form iron complexes with much higher redox potentials, that do not 

redox cycle, and are inactive against RNR in vitro.

INTRODUCTION

Metal coordination chemistry plays an important role in the activity of many anticancer 

drugs. Complexes of platinum, ruthenium, copper, iron, and other metals have been used as 

successful cancer therapies and have advanced to clinical trials [1, 2]. By tuning the ligand 

structure and coordination geometries, the redox activity of these complexes can be 
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controlled [1]. Cisplatin (cis-diamminedichloroplatinum(II)) is one example where reduction 

potentials and the activity of platinum complexes are dependent on the structure of their 

ligands. The potency of cisplatin analogs have been enhanced by favoring the more reactive 

reduced Pt(II) species over the prodrug Pt(IV) species by replacing axial ligands to change 

the reduction potential [2–4]. Activity of clinical indazole-based ruthenium(III) complexes 

were enhanced by the electron donor character of the indazole ligands and by tuning their 

reduction potentials [1, 2, 5, 6]. In the case of platinum and ruthenium complexes, the drug 

is administered as the coordination complex. In some cases, the free ligand is administered 

and its activity arises from binding to endogenous metal ions like copper and iron [1, 2]. We 

see this in the case of the iron-binding heterocyclic thiosemicarbazone Triapine, also known 

as 3-AP (3-aminopyridine-2-carboxaldehyde thiosemicarbazone), which has become an 

important drug used in the treatment of cancers [7–14]. This drug is currently undergoing a 

Phase II clinical trial in the US and has been used in combination therapies to treat acute 

lymphoblastic leukemia (ALL) in an in vivo model [15]. 3-AP works by binding to 

endogenous iron and forming the reduced iron complex, Fe(II)(3-AP)2, which is directly 

responsible for inhibition of the enzyme ribonucleotide reductase (RNR), an important target 

in cancer therapies [16].

Ribonucleotide reductases are a unique class of enzymes known for their unusual free 

radical mechanism of action. These enzymes reduce ribonucleotides to 

deoxyribonucleotides, a process essential for DNA replication and repair [17–19]. Inhibitors 

of RNR are potential drug targets through a mechanism by which they cause nearly 

complete depletion of dNTP pools, thereby selectively starving fast-replicating cancer cells 

of nucleotides required for DNA synthesis and replication [15, 20]. Human RNR is 

composed of two subunits, RRM1 (α2), the site of nucleotide reduction, and RRM2 (β2), 

where a diferric tyrosyl radical cofactor resides (Figure 1a) [16, 18]. Aye et. al. used EPR to 

show that the primary mode of RNR inhibition by 3-AP is donation of an electron by the 

reduced iron complex of 3-AP, directly quenching the diferric tyrosyl radical on the β2 

subunit (Figure 1b). After this oxidation event, the active Fe(II)(3-AP)2 complex is 

regenerated by reducing agents in the cell. This redox cycling has been found to be 

necessary for the continued inhibition of RNR [16, 21–23].

3-AP is an α-N-heteroyclic carboxaldehyde thiosemicarbazone (HCT), which are a broad 

class of metal-binding redox agents that have been studied as far back as the 1940’s. A 

variety of HCT analogs have been synthesized. Over the past 70 years, modifications to 3-

AP have yielded compounds that appear structurally similar but may display unique redox 

properties related to their metal binding properties and their interactions with their clinical 

target, ribonucleotide reductase [22, 24, 25]. French and Sartorelli groups developed many 

3-AP analogs with the pyridine scaffold [7, 26, 27]. Compounds that have substitutions on 

the H atom of the secondary amine have been shown to be biologically inactive, however it 

is unclear why this modification results in inactive complexes [28]. Additionally, French 

reported a distinct set of compounds that showed promising activity, in which the pyridine 

ring was replaced by an isoquinoline [29].

Molecular docking experiments on mouse R2 RNR have shown that the pyridine ring of 3-

AP is stabilized by hydrophobic residues phenylalanine, serine, and tyrosine in the active 
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pocket. Hydrogen bonding by amine groups on 3-AP with glutamate, aspartate, and arginine 

residues in the active site have also shown to stabilize the interaction. Particularly, the amino 

group on the pyridine ring is stabilized by a glutamic acid residue in the pocket [30]. 

Removal of this amine has shown to decrease activity of 3-AP 5-fold [24]. Particular 

isoquinoline analogs of 3-AP have been found to have improved activity, despite losing this 

interaction. This result is difficult to explain with known active site binding interactions. 

Additionally, studies done on heavily substituted isoquinoline analogs of 3-AP have shown 

that bulky groups may not be well tolerated in the active site, but the activity of minimally-

substituted isoquinoline analogs remains difficult to explain [31].

Although these isoquinoline compounds were shown to possess higher anticancer activity 

than 3-AP, the effects of the ligand on the electrochemical properties of the iron complex 

have not been explored. It has been shown that formation of the Fe(II)(3-AP)2 complex is 

essential for the inhibitory effect of the drug 3-AP, while the Fe(III) complex of 3-AP is 

inactive [16]. In this work, 3-AP drug analogs are made in-house, and using spectroscopic 

methods, we investigate the stability of Fe(II) complexes in a reducing environment, the 

oxidation rates of the analog complexes, as well as use electrochemical studies to determine 

their redox potentials. These findings help us understand how structural modifications to 3-

AP affect the electronic structure of their iron complexes, and subsequently their biological 

activity.

RESULTS AND DISCUSSION

Structure of ligands and biological activity.

3-AP is a potent and fast-acting RNR inhibitor in vitro [32–34]. Treatment of cells by 3-AP 

inhibits conversion of ribonucleotide diphosphates to deoxyribonucleotides diphosphates, 

thereby inhibiting DNA synthesis. S-phase arrest is a characteristic phenotype of cells 

treated with 3-AP [15]. The three classes of 3-AP analogs in Figure 2 are grouped by their 

structure and biological activity. IC50 values (Figure 3a) and S-phase arrest (Figure 3b) of 

the analogs in MIA PaCa-2 PDAC (pancreatic ductal adenocarcinoma) cells are determined 

after 72h and 24h treatment, respectively. Group I compounds are all methylated on the 

secondary amine and show no RNR-specific activity. All the analogs except for the Group I 

compounds induce S-phase arrest in the concentration range of 250 nM to 5 μM. Group II 

compounds are the most structurally similar to 3-AP, and their iron complexes, as will be 

shown later, are the most spectroscopically similar to 3-AP with non-aromatic modifications 

made either on the left or the right side of the scaffold. Group II-A compounds have non-

aromatic substituents on the pyridine ring (TS-1, TS-2, and TS-3), while Group II-B 

compounds have substituents to the primary amine part of the thiosemicarbazone moiety 

(DS-1, DS-2, and DS-3). Group II-B compounds have similar IC50 values to 3-AP (1 μM), 

with DS-3 (470 nM) being slightly more potent than 3-AP, while Group II-A compounds are 

all less potent (IC50 values 1.7–3 μM). In Group III compounds, the pyridine ring of 3-AP 

was replaced with isoquinolines (IQ-1, IQ-2, and IQ-3). Consistent with enzyme inhibition 

studies, which showed that isoquinoline analogs exhibit potent inhibition of RNR [31], we 

find that Group III compounds inhibit cell proliferation at similar or lower concentrations 

(250 nM-0.7 μM) than 3-AP, with IQ-2 being four-fold more potent than 3-AP (250 nM). As 
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will be discussed later, each class of compounds forms iron complexes with unique UV-Vis 

spectral and redox properties. In addition, their iron complexes share some spectral 

commonalities by UV-Vis that allow to develop spectroscopic assays to probe activity of the 

biologically active iron complex.

Absorption spectra.

3-AP and analogs that contain the pyridine ring display two absorption bands in the in the 

UV-Vis between 260 and 450 nm corresponding to n→pi* and pi→pi* transitions (Figure 4 

and Figure S1). Their iron(II) and iron(III) complexes have distinct absorbances. Figure S1 

shows UV-spectra for iron(II) titrations of all 12 compounds. Upon complexation with Fe(II) 

and Fe(III), the 3-AP complexes display peaks in the 400–500 nm region characteristic of 

charge transfers, while only the Fe(II) complexes display metal-to-ligand charge transfer 

transitions (MLCT) in the visible region between 590–630 nm (Figure 4b). These lowest 

energy bands are very intense with molar absorptivities on the order of 3000–9000 M−1cm−1 

(Figure 5b) and were thus assigned to be charge transfer transitions in the reduced complex. 

The wavelength of the lowest energy metal-to-ligand charge transfer transitions are 

characteristic to each class of compounds, where complexes of Group I compounds are blue-

shifted while that of the Group III compounds are red-shifted relative to 3-AP (Figure 5a).

DFT calculations support that the iron(II) complexes undergo MLCT. The HOMO of the 3-

AP iron(II) complex shows strong pi antibonding interactions with d-orbitals of the iron 

center (Figure 6b). The LUMO has strong ligand character, with electron density distributed 

throughout the pi system and strongly localized on the secondary amine on the 

thiosemicarbazone backbone (Figure 6c). The reduced form of the 3-AP iron complex was 

determined to be the active species involved in β2 inhibition [16], and the lowest energy 

transitions of the reduced complexes tell us important features about their oxidation 

mechanism. This charge transfer peak, which is only present in the Fe(II) complex, can be 

used to track the stability of the Fe(II) 3-AP analog complexes.

Stability of the Fe(II) species in a reducing environment.

To be an active inhibitor of RNR, the 3-AP iron complex has to (1) get reduced to the Fe(II) 

form in the reducing environment of the cell, and (2) undergo oxidation to quench the 

tyrosyl radical in the enzyme active site. To test these two properties, we designed two 

distinct solution studies to look closer at the reduction of the Fe(III) complex and the 

oxidation of the Fe(II) complex. For the first, UV-Vis spectroscopic pH titrations were used 

to monitor the effect of pH on the stability of the iron(II) complexes in a reducing 

environment. Cells are reducing environments which contain species such as glutathione and 

NADH that allow redox cycling of iron complexes [35]. Per its mechanism of action, the 3-

AP iron complex must get reduced in order for it to be in its active form. We used a model 

system to mimic the reduction of the iron(III) complex in the reducing environment of the 

cell. There is a pH dependence on the stability of the active Fe(II) species with different 

ligands (Figure 7). The pH dependence may likely be due to protonation and ligand 

dissociation or oxidation.
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Most of the Fe(II) complexes stay in their active form at pH values 6.1–6.8. However, the 

most drastic differences are seen in the Group III isoquinoline series (compounds IQ-1, 

IQ-2, and IQ-3), where their reduced complexes are stable at pH 2.9–4.0. There is an 

increased stability of the Fe(II) complexes over a broad pH range with the isoquinoline 

ligands, which is consistent with their increased activity against RNR. Surprisingly, despite 

their lack of activity, the Group I methylated series (compounds MS-1, MS-2, MS-3) also 

form stable reduced complexes at low pH values. Although MS compounds form stable 

reduced complexes, kinetics data about their oxidation may explain their inactivity against 

RNR.

Spectroscopic methods were then used to calculate the half-life of the reduced complexes 

t50, the time taken for 50% of the complex to get oxidized under the given experimental 

conditions (Figure 8). Compounds fall into three groups: non-oxidizers with no RNR-

specific activity, fast oxidizers with low activity, and slow oxidizers with the greatest 

activity. Iron(II) complexes of the Group I ligands, MS-1, MS-2, and MS-3, which are 

inactive in vitro, do not get oxidized over the time frame of the experiment and stay in their 

reduced form for days. Group II-A compounds, with non-aromatic modifications on the left 

side (compounds TS-1, TS-2, and TS-3), form complexes that get oxidized faster than the 3-

AP iron complex and are less potent RNR inhibitors (Figure 3). Addition of electron 

donating groups to the right side of the 3-AP scaffold (compounds DS-1, DS-2, and DS-3) 

results in similar maintenance of their reduced complex and are potent RNR inhibitors. The 

iron(II) complexes of the Group III ligands get oxidized slowly and are two to four times 

more potent than 3-AP in vitro.

Reduction potentials and trends.

Cyclic voltammetry was used to determine the reduction potential of 3-AP analog 

complexes. It is noted that complexes that get reduced over a broad pH range and are slow to 

oxidize have higher redox potentials. Group III IQ compounds form stable reduced 

complexes consistent with their higher redox potentials, whereas Group II compounds form 

less stable reduced complexes and have lower redox potentials.

The increased stability of the reduced complex by isoquinoline ligands can be explained by 

their increased ligand strength. In the spectrochemical series, stronger ligands cause more d-

orbital splitting. Isoquinolines act as strong Lewis bases and pi-acceptor ligands, which tend 

to interact strongly with orbitals of transition metals to cause large splitting of d-orbital 

energies. Assuming low spin d5 and d6 complexes, as have been described for complexes of 

Triapine [36–39], larger d-orbital splitting increases the CFSE of d6 complexes relative to d5 

ones, and would thus increase the redox potential of their complexes. Cyclic voltammetry 

was used to measure the reduction potential and found that the Group III isoquinoline 

complexes indeed had higher reduction potentials (Figure 9–10). Group III compounds are 

still able to get oxidized, but their potentials are still not out of the range of the cellular 

environment.

The higher reduction potentials of the Group III complexes are consistent with the 

isoquinoline ligand’s ability to stabilize the Fe(II) form. Adding conjugation on the pyridine 

ring of 3-AP, as in the case of the Group III series, increases sigma donation from the lone 
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pair of the sp2-hybridized pyridine nitrogen making isoquinoline ligands, IQ-1, IQ-2, and 

IQ-3, stronger Lewis bases than 3-AP. In turn, these modifications increase the pi-accepting 

character of the ligand and favor the biologically active Fe(II) form of the complex. 

Furthermore, the long half-life required for oxidation of the Group III complexes is 

consistent with their ability to favor the Fe(II) form, as well as is their stability over a wider 

pH range.

An interesting case is that of complexes having redox potentials that are “too high.” It is 

evidenced in the case of the Group I compounds, MS-1, MS-2, and MS-3, which have high 

redox potentials outside the range of the cellular environment (Figure 10), are unable to 

redox cycle, and do not induce S-phase arrest of cells after 24-hour treatment in vitro. The 

mechanism of RNR inhibition requires donation of an electron from the reduced Fe(II) 

complex to a tyrosyl radical [16]. Redox potentials of the active 3-AP complexes need to be 

in the range of the cellular environment to inhibit RNR, because electron donation, i.e. 

oxidation of the iron complex, is ultimately required for inhibition. Furthermore, redox 

cycling is required for maintaining the function of the drug. Besides Group I complexes, all 

the other complexes we tested have potentials in the range of the cellular environment.

CONCLUSIONS

There are other contributing factors that modulate activity of the 3-AP analogs against RNR 

such as cell uptake, solubility, and chemical stability of the ligand in a biological 

environment. However, the present studies give an understanding of the electronic 

components of what makes a potent 3-AP analog. To be an active inhibitor of RNR, the 3-

AP iron complex has to (1) get reduced to the Fe(II) form in the reducing environment of the 

cell, and (2) undergo oxidation to quench the tyrosyl radical in the enzyme active site. To 

test these two properties, we designed two distinct solution studies to look closer at the 

reduction of the Fe(III) complex and the oxidation of the Fe(II) complex. Oxidation rates of 

the 3-AP analog Fe(II) complexes have shown to be a useful indicator of potency of the 

analogs in vitro. Oxidation rate can be determined from the decrease in the lowest energy 

charge transfer peak using UV-Vis spectroscopy. Due to its simplicity, this method has the 

potential to be used in a microplate assay with UV absorption-detection to quickly screen 

potential drug candidates.

Reduction potentials are also a good indicator of biological activity, where the most potent 

compounds have iron complexes with reduction potentials below 0.2 V, within the range of 

the cellular environment, so that the complex can undergo oxidation per its mechanism of 

action. The unique mechanism of RNR inhibition requires that the 3-AP iron complex be 

able to cycle between the reduced and oxidized forms. Like the ruthenium complexes, we 

find that there is a narrow redox window [1, 2, 5, 6] to which the complexes are active. 

Methylation on the secondary amine of the thiosemicarbazone drastically alters the 

reduction potential (greater than 0.5 V), causing non-specific activity of the drug, in the case 

of the methylated Group I complexes. Group III-type isoquinoline modifications to the 3-AP 

scaffold have the potential to improve the potency of RNR inhibitors. They are an example 

of structural modifications to 3-AP that form iron complexes with adequate redox potentials, 

Plamthottam et al. Page 6

J Biol Inorg Chem. Author manuscript; available in PMC 2021 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



allow for redox cycling, favor the biologically active Fe(II) species, and thereby improve the 

potency of 3-AP in vitro.

EXPERIMENTAL SECTION

Materials.

Ammonium iron (II) sulfate hexahydrate (Sigma Aldrich), iron(III) nitrate nonahydrate (Alfa 

Aesar), Dimethyl sulfoxide (Sigma Aldrich), L-dithiothreitol (DTT) (Sigma Aldrich) were 

used as received. Potassium chloride (KCl) (Sigma) was recrystallized three times from 

water before use. Glassy Carbon and Ag/AgCl Reference Electrodes were obtained from 

CHI Instruments.

Synthesis of 3-AP analogs.

Please see Supplemental Information File for synthesis and characterization data (1H-NMR, 
13C-NMR, and HPLC).

Synthesis of Iron(II) and (III) complexes.

100 mM stock solutions of Fe(II) and Fe(III) salts are made in degassed 18 megohm water. 

10 mM 3-AP analog stocks are made in DMSO. Iron salt solution is added to the ligand 

solution at a molar ratio of 1:2 (Fe:3-AP). Upon addition of the iron salt, the bis-complex 

Fe(3-AP)2 forms readily in solution and a color change follows [16, 21]. The iron(III) 

complexes are quite stable, but the iron(II) compounds need to be degassed and stored under 

argon to prevent oxidation. 3-AP analogs have very low solubility in buffers and low 

solubility in water. For UV-Vis experiments, complexes are made and used at concentrations 

100 μM-300μM. All UV-Vis measurements are done on a Varian Cary 5000 UV-Vis-NIR 

Spectrophotometer.

Cell culture conditions.

Human cell line MIA PaCa-2 (pancreatic ductal adenocarcinoma) was obtained from 

American Type Culture Collection and maintained in 10% FBS in DMEM, and were 

cultured at 37°C, 20% O2 and 5% CO2. The cultures were regularly tested for mycoplasma 

contamination using MycoAlert kit (Lonza) following manufacturer’s instructions.

Cell proliferation assay.

Cells were plated in 384-well plates (500 cells/well in 30 μL volume). Drugs were serially 

diluted to desired concentrations and an equivalent volume of DMSO was added to vehicle 

control. 10 μL of the 4× diluted drugs were added to each well. Following 72 h incubation, 

ATP content was measured using CellTiter-Glo reagent according to manufacturer’s 

instructions (Promega, CellTiter-Glo Luminescent Cell Viability Assay), and analyzed by 

SpectraMax luminometer (Molecular Devices). IC50 values, concentrations required to 

inhibit proliferation by 50% compared to DMSO treated cells, were calculated using Prism 

6.0 h (Graphpad Software).
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FACS analysis of S-phase arrest.

250,000 MIA PaCa-2 cells were seeded per well in a 12-well plate. The cells were treated 

with indicated compounds for 24 hours. The cells were trypsinized and spun down at 450 × 

g for 5 min, washed with PBS twice, and resuspended in 300 μL Propidium iodide solution 

(containing Ribonuclease A and 0.3% Triton X-100). The samples were protected from light 

before acquisition by flow cytometry. All flow cytometry data were acquired on a five-laser 

LSR FORTESSA or LSRII (BD), and analyzed using the FlowJo software (Tree Star).

Energy transitions of 3-AP analog complexes.

Extinction coefficients of the reduced complexes’ lowest energy transition are calculated 

using the Beer-Lambert Law from the maximum absorbance of the 2:1 species.

Iron titrations 3-AP analogs: calculating relative Ka’s.

A spectroscopic Fe(II) binding assay, in which the drug is titrated with Fe(II) under argon 

such that the rate of oxidation is negligible. Iron and drug solutions are degassed for 10 min 

before the titration. The absorbance of the metal complex’s charge transfer peak at ~600 nm 

is plotted against the equivalents of iron added, and the Beer-Lambert law is applied to 

determine the extinction coefficient of the complex at that wavelength.

10 mM stock solutions of drug are made in DMSO. All titrations are done with 3 mL of 100 

μM drug in water (1% DMSO). To keep the volume change <10%, 7.5 μL of 2.5 mM 

ammonium iron (II) sulfate in water is added to get each spectrum (16 times). Then 15 μL is 

added (8 times). For iron(III) titrations, iron(III) nitrate nonahydrate is used as the iron 

source.

pH titrations.

Spectroscopic pH titrations are used to monitor the effect of pH on the reduction of the 

iron(III) complexes in the presence of the reducing agent DTT. 3-AP analog Fe(III) 

complexes are synthesized as described previously. Briefly, 1 equivalent of iron(III) nitrate 

nonahydrate (solution in water) is added to 2 equivalents of 3-AP (stock in DMSO) to make 

a 100 uM solution of metal complex in water. DTT is added to this solution for a final 

concentration of 500 nM – 1 mM DTT. Complex is titrated with a triethylamine/water 

solution and pH is measured every 0.2–0.5 pH units. Complexes are titrated between pH 3.2 

to 9. The starting point of the titration is the pH of the initial ligand solution, which ranges 

from pH 3.2–5.0, depending on the ligand. The appearance of the charge transfer peak at 

600 nm, which is only present in the iron (II) complexes, is used to monitor the stability of 

the reduced Fe(II)(3-AP)2 complexes after the addition of 500 nM-1 mM DTT. The end 

point of the titration is determined by a plateau of the absorbance at the 600 nm charge 

transfer peak. The pH at which 50% of the complex is in the bis-Fe(II) form is calculated 

using a sigmoidal dose-response fitting in Origin Pro 9.1. Changing the pH alone without 

the reducing agent does not affect the reduction of the complexes. Spectra are taken after 

solutions have reached equilibrium. Note that reduction of the Fe(III) complexes occur <1 

min, whereas oxidation is slower.
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Oxidation rate of Fe(II) complexes.

Iron(II) complexes of 3-AP analogs are made at 2:1 ratio of ligand:Fe(II) salt under argon. 

The charge transfer peak that is only present in the reduced form of the complex is used to 

monitor the rate of oxidation of the iron (II) complex over time. The oxidation rate of Fe(II)

(3-AP)2 is plotted as a function of the absorbance at the ~600 nm peak vs time. T50, the time 

it takes for 50% of the complex to get oxidized under the given experimental conditions, is 

calculated for all the 3-AP analog complexes.

Cyclic voltammetry (CV).

CV experiments are carried out under argon. 0.1 M KCl is used as the electrolyte solution. 

Due to solubility limitations, all compounds are dissolved in 30% DMSO/0.1 M KCl at 2 

mM. The bis-complexes are made in situ by addition of ammonium iron (II) sulfate 

hexahydrate, where final Fe concentration is 1 mM. The following parameters are used to 

acquire the voltammograms. Scan rate: 0.1 V/s, sensitivity 10−6, reference electrode: Ag/

AgCl, auxiliary and working electrode: glassy carbon.

Density Functional Theory calculations.

DFT calculations are done using Gaussian09. Crystal structure for Fe(III)(3-AP)2 from 

Kowol et al. is used as the starting point for geometry optimizations of the 3-AP complex 

[24]. DFT, B3LYP, 6–31+G* basis set is used for geometry optimization. The SDD basis set 

is used for Fe2+ and 6–31+G* is used for H, C, N, S, and O. Single point energy calculations 

are done using a larger basis set (6–31+G**), with zero-point corrections from the 

converged frequency file.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
(a) The catalytic subunit of human Ribonucleotide Reductase (RNR), contains a tyrosyl 

radical in the enzyme active site. (b) Fe(II) complexes of 3-AP and its analogs can quench 

the radical and, subsequently, inactivate RNR.
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Figure 2. 
Structures of synthesized 3-AP analogs.
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Figure 3. 
(a) IC50 of 3-AP analogs in MIA PaCa-2 PDAC (pancreatic ductal adenocarcinoma) cells. 

(b) Concentration at which S-phase arrest is induced (increase in population of S-phase cells 

by 20%) in MIA PaCa-2 cells by 3-AP analogs, determined by flow cytometry.
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Figure 4. 
(a) 3-AP free ligand in water, (b) 3-AP titrated with Fe(II), and (c) 3-AP titrated with Fe(III) 

to form the bis-complex.
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Figure 5. 
(a) Bis-iron(II) complexes exhibit charge transfer peaks between 550 nm and 750 nm. 

Methylated Group I complexes are blue-shifted and isoquinoline Group III complexes are 

red-shifted, with respect to the 3-AP complex. (b) Extinction coefficients of the Fe(II) 

complexes at the lowest energy charge transfer transition wavelength.
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Figure 6. 
(a) Optimized geometry from DFT calculations of the Fe(II)(3-AP)2 octahedral complex 

starting from a previously published crystal structure [24]. (b) Calculated HOMO and (c) 

LUMO orbitals of Fe(II)(3-AP)2 complex.
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Figure 7. 
(a) pH titrations of representative 3-AP iron (III) complexes in the presence of a reducing 

agent. The fraction of iron(II) complex formed is determined by UV-Vis from the 

absorbance of the lowest energy charge transfer peak. (b) Fraction of the active reduced 

species is plotted vs. pH and a sigmoidal curve fit is used to calculate the values in the table. 

(c) Summary of titration data for all the 3-AP analogs.
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Figure 8. 
(a) UV-Vis spectra for the oxidation of Fe(II)(3-AP)2 over time, where absorption spectra are 

taken every 60 seconds. (b) Oxidation rate plotted as a function of absorbance of each 3-AP 

analog complex at the lowest energy charge transfer peak vs. time (c) Summary of t50 values 

for the 3-AP iron(II) complexes. T50 is defined at the time it takes for 50% of the complex to 

get oxidized under the given experimental conditions.
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Figure 9. 
(a) Cyclic voltammograms of representative 3-AP analog complexes, (b) Reduction 

potentials of complexes vs. Ag/AgCl and vs. NHE.
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Figure 10. 
Summary of redox potentials for all the iron complexes. Complexes that have redox 

potentials less than 0.2 V are able to redox cycle and inhibit RNR (grey region), while those 

that have redox potentials above 0.5 V are unable to be reduced in the cell and are thus 

inactive against RNR (blue region). Reduction potential, E1/2, is expressed vs. NHE.
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