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Abstract
Thiosemicarbazones such as triapine (Tp) and Dp44mT are tridentate iron (Fe) chelators that have
well-documented anti-neoplastic activity. While Fe-thiosemicarbazones can undergo redox-
cycling to generate reactive species that may have important roles in their cytotoxicity, there is
only limited insight into specific cellular agents that can rapidly reduce Fe(III)-thiosemicarbazones
and thereby promote their redox activity. Here we report that thioredoxin reductase-1 (TrxR1) and
glutathione reductase (GR) have this activity, and that there is considerable specificity to the
interactions between specific redox centers in these enzymes and different Fe(III) complexes. Site-
directed variants of TrxR1 demonstrate that the selenocysteine (Sec) of the enzyme is not required,
whereas the C59 residue and the flavin have important roles. While TrxR1 and GR have
analogous C59/flavin motifs, TrxR is considerably faster than GR. For both enzymes, Fe(III)(Tp)2
is reduced faster than Fe(III)(Dp44mT)2. This reduction promotes redox cycling and the
generation of hydroxyl radical (HO•) in a peroxide-dependent manner, even with low μM levels of
Fe(Tp)2. TrxR also reduces Fe(III)-bleomycin and this activity is Sec-dependent. TrxR cannot
reduce Fe(III)-EDTA at significant rates. Our findings are the first to demonstrate pro-oxidant
reductive activation of Fe(III)-based antitumor thiosemicarbazones by interactions with specific
enzyme species. The marked elevation of TrxR in many tumors could contribute to the selective
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tumor toxicity of these drugs by enhancing the redox activation of Fe(III)-thiosemicarbazones and
the generation of reactive oxygen species such as HO•

Keywords
Triapine; Thiosemicarbazones; ESR; Hydroxyl radical; Thioredoxin reductase; Glutathione
reductase; Bleomycin

1. Introduction
Thiosemicarbazones such as triapine (Tp) (3-aminopyridine-2-carboxaldehyde
thiosemicarbazone) and Dp44mT (2,2′-Dipyridyl-N,N-dimethylsemicarbazone) are
tridentate iron (Fe) chelators with pronounced antineoplastic activity [1]. Because Fe
markedly prefers octahedral coordination geometries for both Fe(III) and Fe(II), two
thiosemicarbazone molecules bind one Fe atom to complete the 6-coordination complex,
e.g. Fe(Tp)2 or Fe(Dp44mT)2 [1–3]. The Fe in Fe-thiosemicarbazone complexes is redox
active and can be redox-cycled [1, 4, 5]. Such cycling could generate reactive oxygen
species (ROS) that are important for cytotoxicity. For example, thiosemicarbazones can lead
to inhibition of ribonucleotide reductase (RR) in cells [1], but Tp or Fe(III)(Tp)2 may not
directly inhibit RR [5]. Recent studies with the purified R2 subunit of mouse RR show that
the reduced form, Fe(II)(Tp)2, damages RR in an O2-dependent manner [6], suggesting that
ROS generation from Fe(II)(Tp)2 was responsible. This is consistent with the observation
that the potent Fe chelator deferoxamine, which stabilizes Fe(III) and thereby prevents Fe
redox cycling and ROS generation [4], protects cells from Tp [7]. Electron spin resonance
(ESR) studies with the spin trap 5,5,-dimethyl-1-pyrroline N-oxide (DMPO) and the
hydroxyl radical (HO•) scavenger dimethylsulfoxide (DMSO) are consistent with the
generation of HO• from Fe(II) plus Tp [5] or Dp44mT [8], likely by Fenton-like chemistry.
Together, these results imply that the pro-oxidant effects of Fe-thiosemicarbazone
complexes such as Fe(Tp)2 are very important to the cytotoxic action. Consistent with this
hypothesis, recent studies demonstrate that Tp causes significant cellular oxidative stress as
reflected in the pronounced oxidation of endogenous redox-sensitive proteins such as
mitochondrial thioredoxin-2 (Trx2) and peroxiredoxin-3 (Prx3) [9]. Since peroxiredoxins
are very sensitive to oxidation by peroxide substrates [10], and since Prx3 oxidation in Tp-
treated cells is not necessarily dependent on Trx2 oxidation [9], these findings suggest
significant peroxide generation in Tp-treated cells. Fe(Tp)2 redox cycling could also lead to
the generation of other reactive oxygen species (ROS).

In order to maximize the cytotoxicity of antitumor Fe(III) complexes such as the Fe(III)-
thiosemicarbazones, it is important to understand in detail the mechanisms that support their
efficient redox cycling. However, specific cellular mechanisms that support their redox
activation are not well defined. In vitro studies have shown that cysteine (Cys) or reduced
glutathione (GSH) can reduce Fe(III)(Tp)2 to Fe(II)(Tp)2, but Cys is ~4-fold faster and
significantly more efficient than GSH [9]. This is consistent with the pKa values of their
thiols (8.3 for Cys, 8.9 for GSH). However, the concentration of free Cys in cells is rather
low (<0.1 mM) [11, 12]. While GSH is the most abundant low molecular weight thiol in
cells (1–11 mM), the concentration of total protein thiols is much greater than that of GSH
[13]. However, there is little known about the ability of protein thiols or of other protein
redox-active centers to reduce Fe(III)-thiosemicarbazones. We therefore sought to identify
cellular proteins that can reduce Fe(III)-thiosemicarbazones at high rates. A diverse array of
cancer cells are sensitive to the thiosemicarbazones [14–19], and cancer cells are typically
more sensitive to thiosemicarbazones than normal cells [20]. Therefore, redox enzymes that
can reductively activate Fe(III)-thiosemicarbazones and that are overexpressed in cancer
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cells could contribute to this drug sensitivity. Proteins with a variety of redox centers, such
as thioredoxin reductase (TrxR), could have a higher probability of reducing Fe(III)
complexes. Mammalian cytosolic TrxR1 is expressed in all cells, is markedly overexpressed
in many cancers [21–23], and it can reduce a variety of substrates including thioredoxins,
selenite, dehydroascorbate, lipid hydroperoxides, α-lipoic acid, and disulfides in some other
proteins [24–26]. TrxR1 has three different types of redox centers, with each homodimer
subunit containing one flavin (FAD) that accepts electrons from NADPH, an N-terminal
domain dithiol (-CVNVGC- whose Cys residues occupy positions C59/C64 in TrxR1
studied here) that is reduced by the flavin, and a C-terminal domain that contains Cys and
selenocysteine (Sec) within the sequence -Gly-Cys-Sec-Gly [27–30]. The Cys-Sec (C497/
U498) active site, which is believed to accept electrons from the N-terminal dithiol, is
essential for the reduction of oxidized thioredoxins, and plays a major role in the reduction
of artificial disulfide substrates such as 5,5′-dithiobis(2-nitrobenzoic) acid (DTNB) [31].
When TrxR is reduced by NADPH, the nucleophilic and highly reactive reduced Sec residue
becomes surface-exposed and is prone to react with substrates or inhibitors [25, 27, 28, 32–
35]. However, some substrates (e.g. selenocystine, selenite, lipoic acid) and inhibitors (e.g.
aurothioglucose) are not solely dependent on the Sec and may alternatively interact with the
C59/C64 dithiol, at least for the mitochondrial isoenzyme TrxR2 [36]. The N-terminal flavin
and C59/C64 dithiol domains of TrxR resemble those in glutathione reductase (GR), but
only TrxR has the C-terminal Cys-Sec motif.

We herein present an in-depth investigation of the reductive activation of Fe(III)(Tp)2 and
Fe(III)(Dp44mT)2 by TrxR1 and GR, and the resulting generation of multiple reactive
species. TrxR1, in particular, has high activity with the Fe(III)-thiosemicarbazones. A series
of site-directed variants of TrxR were used to characterize the role of its various redox
centers, and revealed that there is considerable specificity to the redox interactions between
the TrxR redox centers and different Fe(III) complexes. TrxR could have an important role
in enhancing the pro-oxidant effects of Fe(III)-based antitumor agents for which Fe(III)
reduction is critical to their cytotoxic effects. To our knowledge, this is also the first
demonstration of the ability of mammalian TrxR1 to reduce Fe(III) complexes.

2. Materials and methods
2.1. Reagents

Tp was kindly provided by Vion Pharmaceuticals, and stock solutions were prepared in 95%
acetonitrile. Fe(III)(Tp)2 was generated by mixing 2 volumes of 5 mM Tp with 1 volume of
freshly prepared 5 mM aqueous FeCl3, followed by 1 h incubation at 37°C. Dp44mT (2,2′-
Dipyridyl-N,N-dimethylsemicarbazone) was obtained from Calbiochem, and was protected
from light. Stock solutions of Dp44mT were prepared in 95% acetonitrile. Fe(III)
(Dp44mT)2 was generated by mixing 2 volumes of 5 mM Dp44mT with 1 volume of freshly
prepared aqueous 5 mM FeCl3, followed by 1 h incubation at 37°C. Fe(III)-EDTA was
prepared with excess EDTA by mixing 2 volumes of 5 mM EDTA (pH 8) with one volume
of freshly prepared 5 mM FeCl3, followed by 1 h incubation at 37°C. These Fe(III)
complexes were held at 4°C until use.

Bleomycin (Blm) was purchased from Santa Cruz Biotechnology (Santa Cruz, CA), and was
protected from light. Stock solutions were prepared in 10 mM Tris-HCl pH 7.5. Fe(III)-Blm
was prepared by mixing a 5% molar excess of Blm with ferrous ammonium sulfate
(prepared immediately before use in anaerobic water). After 15 min incubation at room
temperature under room air, the Fe(III)-Blm was held at 4°C until use.
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The visible absorbance spectra (335–700 nm) of these Fe(III) complexes and their reduced
Fe(II) forms (generated by reduction with dithiotheitol or sodium dithionite) were consistent
with published spectra.

The spin trap 5-diethoxyphosphoryl-5-methyl-1-pyrroline-N-oxide (DEPMPO) was obtained
from Radical Vision (Marseille, France). The spin trap α-phenyl-N-tert-butylnitrone (PBN)
was from Alexis Biochemicals (Lausen, Switzerland). Ferrous ammonium sulfate and H2O2
were from Mallinckrodt Chemicals (Phillipsburg, NJ). Superoxide dismutase (SOD) was
from Sigma (cat. no. S5395, from bovine erythrocytes), and catalase was from Calbiochem
(cat. no. 219001, from bovine liver). Tris was obtained from Research Organics (Cleveland,
OH), and EDTA was from Fisher Scientific (Hampton, NH). Dimethylsulfoxide (DMSO)
and all other chemicals and reagents were purchased from Sigma-Aldrich (St. Louis, MO).

2.2 Recombinant TrxR1 and site-directed variants, and other enzymes
Wild-type rat TrxR1 (wtTrxR1) and the site-directed TrxR1 variants were generated and
purified from recombinant systems as previously described [27, 37–41]. Variants lacking the
active site Sec (U498) include U498C and a truncated variant that is missing U498 and
G499. Variants affecting the N-terminal domain dithiol include C59S, C64S, and C59S/
C64S. Additional details regarding the recombinant TrxR preparations are included in the
Supplement. The concentration of each TrxR variant was determined spectrophotometrically
using the molar extinction coefficient of FAD (13600 M−1cm−1 at 463 nm) assuming one
FAD per subunit. Concentrations of TrxR in the experiments refer to concentration of the
dimer, which is the active form of TrxR. The kinetic parameters of wtTrxR and its variants
with the disulfide substrate DTNB were reported previously [41].

Human Trx2 (amino acids 59–166) was generated and purified from a recombinant system
as described by Rackham et al. [42]. Purified yeast GR (from Sigma) was supplied as a
suspension in ammonium sulfate, and was dialyzed overnight at 4°C against Chelex-treated
50 mM phosphate buffer, pH 7.35. The activity of the dialyzed GR was verified by the
stimulation of NADPH consumption upon the addition of glutathione disulfide (GSSG) [43].

2.3 General procedures
To remove polyvalent trace metal ion contaminants, aqueous solutions were pretreated with
Chelex-100 (4% w/v) for >12 h before use. Experiments under aerobic conditions were
conducted under room air. Anaerobic conditions were established in an anaerobic chamber
(Coy Laboratory Products, Grass Lake, MI) (4 to 5% H2, balance N2) as previously
described [44]. Buffers and deionized water were pre-incubated in the anaerobic chamber
for ≥24 h before use.

2.4 Electron Spin Resonance (ESR)
Species with an unpaired electron, including reactive oxygen species and carbon-centered
radicals, were assessed at fixed time points using ESR spin trapping as described previously
[41, 45]. Aqueous solutions were pre-treated with Chelex-100 resin for >12 h prior to use.
The buffer (final concentration in assay of 0.15 M KCl/12.5 mM potassium phosphate pH
7.4) and water were pre-warmed to 37°C. NADPH (0.4 mM), TrxR (0.3 μM), DEPMPO (14
mM), and Fe(III) complexes (final concentrations as indicated in the Results) were added
and incubation was continued for 15 min. In some experiments, Tp or Dp44mT were
substituted as controls for Fe(Tp)2 or Fe(Dp44mT)2.Where indicated, 250 mM ammonium
formate was included as a HO• scavenger. In some experiments, the spin trap PBN (50 mM)
plus 5% DMSO (v/v) were substituted for DEPMPO. The reactions were stopped by
immersion in liquid nitrogen (77 K), and were stored in liquid nitrogen until analysis by
ESR. Freezing and thawing does not change the ESR spectra of DEPMPO adducts [46, 47].
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For ESR spin trapping analysis, samples were quickly thawed, placed in a quartz flat cell
and ESR spectra were obtained without delay at room temperature using a Bruker EMX
spectrometer. Instrument settings are indicated in the results. ESR spectra were confirmed in
replicate experiments. The hyperfine couplings were measured from the ESR data, and were
confirmed using the simulation software WinSim (version 0.95) (National Institutes of
Environmental Health Sciences) [48]. The concentration of each species was obtained by
double integration of the simulated spectra using WinSim software. 4-hydroxy-2,2,6,6-
tetramethylpiperidine 1-oxyl was used as the standard.

In some experiments, ESR was used to follow the loss of the Fe(III) signal. In these
experiments, the reactions were transferred to 4-mm quartz ESR tubes, immersed in liquid
nitrogen (77 K) and stored, typically for less than one week. ESR spectra were obtained at
37 K using a Bruker E500 ELEXSYS spectrometer (Silberstreifen, Germany) with an
Oxford Instruments ESR-9 helium flow cryostat (Oxfordshire, UK) and a Bruker DM0101
cavity.

2.5 Rates of reduction of Fe(III) complexes
The buffers and reagents were the same as those described for ESR spin trapping (above),
except that DEPMPO was not included. For experiments with Fe(Tp)2 and Fe(Dp44mT)2,
the final enzyme concentration (TrxR variants or GR) was reduced to 0.03 μM to facilitate
accurate assessment of the initial rates. The buffer and water were pre-warmed to 37°C in
semi-micro cuvettes, and then NADPH (0.4 mM), TrxR (0.03 μM), and Fe(III)(Tp)2 or
Fe(III)(Dp44mT)2 were added (final concentrations as indicated in the Results). The
reduction to the corresponding Fe(II) forms was followed over time at 610 nm for Fe(II)
(Tp)2, and at 623 nm for Fe(II)(Dp44mT)2, which are absorbance peaks specific to the Fe(II)
forms. The initial rates of reduction were used for the calculations. Controls included the
substitution of Tp or Dp44mT for Fe(III)(Tp)2 or Fe(III)(Dp44mT)2, and testing NADPH
without enzyme.

Since there are not absorbance differences between Fe(III)-Blm and Fe(II)-Blm of sufficient
intensity for these rate experiments, the bathophenanthroline disulfonate (BPS) method was
used to measure the rate of Fe(III)-Blm reduction [49]. BPS reacts very quickly with Fe(II)-
Blm to form the Fe(II)(BPS)3 complex which has intense absorbance at 534 nm (extinction
coefficient of 22.14 mM−1 cm−1) [49]. The conditions were the same as for the Fe-
thiosemicarbazone rate experiments, except that the final concentration of wtTrxR was 0.3
μM, and 1 mM BPS was included. The rates were compared to Fe(III)-Blm with NADPH or
without a reductant. Positive controls included 0.2 mM ascorbic acid or cysteine, which are
known chemical reductants of Fe(III)-Blm [49, 50].

2.6 Statistical analysis
Statistical analysis of three or more groups of data were done using one-way ANOVA and
the Tukey-Kramer post test (Prism software, Graphpad). Significance was assumed at P <
0.05.

3. Results
3.1 Spin trapping of radicals formed by the reductive activation of Fe(Tp)2

The spin trap DEPMPO was used to follow the generation of various radicals during the
aerobic incubation of Fe(III)(Tp)2 with Cys, GSH, or TrxR plus NADPH (Fig. 1). DEPMPO
is well-suited for these studies. It allows for simultaneous analysis of O2

•−, HO•, and thiyl
and carbon radical adducts, and DEPMPO/HOO• does not spontaneously decay to
DEPMPO/HO• [46, 51]. Furthermore, the high oxidation potential of DEPMPO (2240 mV
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vs. NHE) [52] makes it unreactive with other strong oxidants such as singlet oxygen [53].
Also, even in the presence of 1 mM Fe(II), there is no spontaneous formation of DEPMPO/
HO• in phosphate buffered systems [46].

While the ESR signals generated with Cys and GSH as reductants of Fe(III)(Tp)2 appear
small relative to the other signals shown, the species present were clearly defined by the
simulation software. With 5 mM Cys, the predominant signal was that of a thiyl radical
adduct (aP = 45.8 G, aH = 14.9 G, aN = 14.1 G) with smaller contributions for the HO•

(17%) (aP = 47.1 G, aH = 13.2 G, aN = 14.1 G) and O2
• − adducts (14%) (aP = 49.97 G, aH =

10.98 G, aN = 13.2 G) of DEPMPO (Fig. 1a). With 1 mM Cys, the signal was smaller and
the predominant component was DEPMPO/HO• (63%) with the remainder due to the O2

• −

(24%) and thiyl radical adducts (13%) (Fig. 1b). DEPMPO adducts were minimal with 5
mM GSH as the reductant (Fig. 1c), whereas the signal with 1 mM GSH was predominantly
DEPMPO/HO• (63%) with the rest attributed to the O2

• − (23%) and thiyl radical adducts
(14%) (Fig. 1d). The signal for Fe(III)(Tp)2 without reductant (Fig. 1e) was minimal and did
not have a distinct pattern.

Compared to Cys and GSH, wild-type TrxR1 generated very robust spin adduct signals
when incubated with 50 μM Fe(III)(Tp)2 (Fig. 1f). The predominant signals were those of
DEPMPO/HO• (61%), and a 12-line signal for a carbon radical adduct (38%). When
exogenous H2O2 (50 μM) was included, the HO• and carbon radical adducts were 60% and
50% larger, respectively, with a very similar relative abundance of the two adducts (63 and
36%, respectively) (Fig. 1g). As reported previously [41], in the absence of Fe(III)(Tp)2,
wtTrxR generates a signal which is a mix of the HO• and O2

• − adducts (Fig. 1h). This
results from its NADPH oxidase activity which generates O2

• −, and the Sec of wtTrxR then
reduces the resulting DEPMPO/HOO• adduct to DEPMPO/HO• [41]. Additional
experiments presented below include Sec-deficient variants. Overall, the addition of 50 μM
Fe(III)(Tp)2 to wtTrxR increases the HO• adduct signal by 7-fold and the carbon radical
adduct signal by 26-fold (Fig. 1f vs. 1h), suggesting pronounced radical generation from
Fe(Tp)2 redox cycling.

Experiments with wtTrxR and varied concentrations of Fe(III)(Tp)2 indicate that both HO•

and carbon radical adducts of DEPMPO are prominent with 50 and 100 μM Fe(III)(Tp)2, but
that the HO• adduct predominates at 2.5–25 μM Fe(III)(Tp)2 (Fig. 2). Only small signals for
the carbon radical and O2

• − adducts are seen at these lower Fe(III)(Tp)2 concentrations.
Thus, the carbon radical adduct increases markedly (3.2-fold) when Fe(III)(Tp)2 is increased
from 25 to 50 μM, whereas the HO• adduct signal is a major component with all Fe(III)(Tp)2
concentrations and increases only 30% when Fe(Tp)2 is increased from 25 to 50 μM. The
relationship between the concentration of Fe(Tp)2 and the amount of each DEPMPO adduct
is shown in Supplemental Fig. S1.

The hyperfine coupling constants for the carbon radical adduct (Fig. 1 legend) closely
resemble those for other low molecular weight carbon radicals such as the ethanol radical,
but this signal was not due to radical reactions with the solvent. The triapine stock was
prepared in acetonitrile (to avoid ethanol or DMSO, which have well-recognized reactions
with HO•). Acetonitrile is very unreactive with oxygen-centered radicals including HO• [54].
We confirmed that the Fenton reaction (0.15 mM ferrous iron plus 1.7 mM H2O2) in buffer
containing DEPMPO plus 2% acetonitrile yields the DEPMPO/HO• adduct, whereas the
same reaction in 2% ethanol generates a 12-line signal consistent with the ethanol radical
adduct (not shown).

Formate is oxidized by HO• to yield a carbon dioxide radical anion which can be trapped as
DEPMPO/CO2

• − [55]. When formate was included with wtTrxR and 50 μM Fe(III)(Tp)2,
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both the HO• and carbon radical adduct signals were essentially absent, and there was an
intense signal matching that of DEPMPO/CO2

• − (aP = 51.6 G, aH = 17.3 G, aN = 14.5 G)
(Fig. 2i). These formate data support the generation of HO• from the redox cycling of
Fe(Tp)2, and imply that the carbon radical adduct formation is dependent on HO•.

The secondary radical trapping technique with α-phenyl-N-tert-butylnitrone (PBN) as the
spin trap and dimethylsulfoxide (DMSO) as a HO• scavenger further confirmed the
generation of free HO• by the TrxR-mediated redox cycling of Fe(III)(Tp)2 (Supplemental
Fig. S2).

Since the Fig. 2 data imply that higher Fe(Tp)2 concentrations facilitate generation of the
carbon radical, we tested whether elevated concentrations of Tp could similarly enhance
carbon radical formation (Fig. 3). Both carbon radical and HO• adducts are predominant
with wtTrxR and 50 μM Fe(Tp)2 (Fig. 3a), whereas the HO• adduct is the predominant
signal with 25 μM Fe(Tp)2 (Fig. 3d) even when 50 or 100 μM excess Tp is included (Fig.
3b, c). Thus, while the carbon radical adduct is facilitated by higher levels of Fe(Tp)2, the
addition of excess free Tp does not similarly enhance carbon radical formation, nor does it
alter the intensity of the DEPMPO/HO• signal (Fig. 3b–d). To further confirm this, Fe(III)
(Tp)2 was also made with a 50% molar excess of Tp (referred to as Fe(Tp)2+1), and allowed
to incubate for 2.5 h before use to provide more than ample opportunity for all Fe to be
bound to Tp. The ESR signals were the same for wtTrxR with Fe(III)(Tp)2 vs. Fe(III)
(Tp)2+1 (not shown). These experiments demonstrate that the HO• and carbon radicals are
not generated from reactions involving free Fe.

While the identity of the carbon-based radical is not known, it is very unlikely that it is a
TrxR radical because: (1) its symmetrical 12-line signal is consistent with that of a low
molecular mass species, and not with TrxR (~112,000 Daltons for the homodimer), and (2)
the carbon radical adduct was in ~6-fold molar excess relative to TrxR. The dependence of
this carbon radical on HO• (Fig. 2i) raises the possibility that it could result from HO• attack
on NADP(H) or Fe(Tp)2. However, we were unable to see a similar 12-line signal when
NADPH or NADP+ (0.4–1.6 mM) or Fe(Tp)2 (50 or 100 μM) were included with the Fenton
reaction (0.60 mM ferrous iron plus 1.7 mM H2O2) (Supplemental Fig. S3), even though
levels of DEPMPO/HO• were 2.5- to 3.5-fold greater than those generated with TrxR in the
presence of 50 or 100 μM Fe(Tp)2. Thus, there should have been more than enough HO• to
theoretically generate a carbon radical from NADP(H) or Fe(Tp)2. Together, the data
suggest that there could be something unique about the redox interactions between TrxR and
Fe(Tp)2 that facilitates the generation of the carbon-based radical. This particular radical
may not be generated at high levels in cells, however, as the large number of cell
components available for reaction with HO• could lead to a diverse array of secondary
radicals. This carbon radical was not reported by other groups who did ESR experiments
with the spin trap DMPO and dithiothreitol-reduced Fe(Tp)2 [5] or with Fe(II) plus Dp44mT
[8]. However, these studies used DMSO as a HO• scavenger, thereby generating •CH3 which
was trapped by DMPO. This approach precluded the ability to determine if other DMPO/
carbon radical adducts with similar hyperfine constants may have been formed.

Most of the remaining experiments were conducted with 50 μM Fe(Tp)2 because it is the
lowest concentration that generates significant levels of both HO• and carbon radical
adducts.

3.2 Reduction of Fe(III)(Tp)2 by TrxR1 and the role of redox active centers within TrxR1
The chemical structures for Tp and Fe(Tp)2 are shown in Fig. 4A, B. The pronounced
stimulation of radical generation that occurs when Fe(III)(Tp)2 is added to wtTrxR implies
that TrxR efficiently reduces Fe(III)(Tp)2 to Fe(II)(Tp)2, a necessary step to support the

Myers et al. Page 7

Free Radic Biol Med. Author manuscript; available in PMC 2014 July 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



subsequent generation of radicals by redox cycling of the Fe(Tp)2. To determine which
redox centers of TrxR1 are necessary for Fe(III)(Tp)2 reduction, we determined the rates at
which wtTrxR and its various site-directed variants could reduce Fe(III)(Tp)2. Since the
reduced form, Fe(II)(Tp)2, has greater absorbance at 340 nm than the oxidized form,
NADPH oxidation cannot be followed at this wavelength as an indicator of Fe(III)
reduction. Therefore, we followed the increase in absorbance at 610 nm, which is specific
for the reduced Fe(II) form of Fe(Tp)2 [9]. The initial rates were used to quantify Fe(III)
(Tp)2 reduction. Wild-type TrxR is very efficient at reducing Fe(III)(Tp)2 (Fig. 4C). The
truncated and U498C variants lack the Sec, but retain a functional flavin and C59/C64
dithiol, as shown earlier [31, 56]. These variants devoid of Sec were 1.5–2 times faster than
wtTrxR (Fig. 4C) which suggests that the Sec is not required for Fe(III)(Tp)2 reduction.
While the C64S variant was marginally faster than wtTrxR, the rate of the C59S variant was
57% of that of wtTrxR1, and the C59S/C64S variant was even slower (only 31% of
wtTrxR). While C59S and C64S variants retain the active site C-terminal C497/U498
residues, this C497/U498 site cannot be reduced and is therefore not functional. The flavin is
the only recognized redox active domain in the C59S/C64S variant, so its rate of Fe(III)
(Tp)2 reduction likely represents direct reduction by the flavin. Together, the data indicate
that the C59 and flavin are significant contributors to Fe(III)(Tp)2 reduction, but that
additional sites within TrxR may also contribute to the activity.

ESR was used to compare the radicals generated by wtTrxR1 and the truncated and C59S
variants incubated with Fe(III)(Tp)2 plus NADPH. There was no significant difference
between the amounts of HO•, O2

• − and carbon radical adducts generated by wtTrxR1
compared to the truncated (Sec-minus) variant (Fig. 5A, B). While the Sec is not required
for Fe(III)(Tp)2 reduction (Fig. 4C), the Sec was previously shown to be necessary to reduce
DEPMPO/HOO• to DEPMPO/HO• [41]. The fact that wtTrxR and the truncated variant
generate similar levels of DEPMPO/HO• indicates that this signal primarily results from
trapping of HO•, and not from the reduction of DEPMPO/HOO•. Compared with wtTrxR,
C59S generates similar amounts of O2

• − and carbon radical adducts, but lesser amounts of
DEPMPO/HO• (Fig. 5A, B). This lower HO• generation may reflect the slower rate of
Fe(III)(Tp)2 reduction (Fig. 4C) catalyzed by C59S. As is the case for the truncated variant,
C59S cannot reduce DEPMPO/HOO• to DEPMPO/HO•, further supporting that its
DEPMPO/HO• signal results from trapping HO•. Unlike wtTrxR, C59S lacks significant
NADPH oxidase activity, implying that the O2

• − results from redox cycling of Fe(Tp)2.

For all three of these TrxR variants, catalase markedly diminished the levels of HO• and
carbon radical adducts (Fig. 5A, C, D, E). This implies that both signals are largely H2O2-
dependent. It further supports the hypothesis that the HO• generated by TrxR largely results
from Fenton-like reactions between Fe(II)(Tp)2 and H2O2. The redox cycling of Fe(Tp)2
likely generates O2

• − which then dismutates to H2O2 to support HO• generation. Although
spin trapping with DEPMPO is a sensitive method for detecting O2

• − [47], the DEPMPO/
HOO• signal never accounted for more than a small percentage of the total DEPMPO
adducts seen in these experiments (Figs. 2, 5). It is possible that peroxide is also generated
by alternative mechanisms. One possibility for peroxide generation from Fe(II)-
thiosemicarbazones could be:

(1)

However, in trial experiments we did not detect an EPR signal for Fe(IV). This does not
exclude this possible mechanism, as Fe(IV) species have very high reactivity and thus very
short half-lives. Nonetheless, cells have a number of additional mechanisms to promote
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peroxide generation from the redox cycling of Fe-thiosemicarbazones, e.g. SOD rapidly
converts O2

• − to H2O2 (rate constant 1.4 × 109 M−1 s−1).

The relatively small amount of DEPMPO/HO• generated by wtTrxR in the presence of
catalase (Fig. 5A, 5C) likely reflects its endogenous NADPH oxidase activity and the
subsequent Sec-dependent reduction of DEPMPO/HOO• to DEPMPO/HO•, as this
mechanism was previously shown to be catalase-insensitive [41].

SOD diminished the small DEPMPO/HOO• adduct signal as expected, but it did not change
the levels of carbon radical adduct by any of the TrxR variants (Fig. 5C, D, E). While SOD
caused some decrease in the intensity of the HO• adducts generated by wtTrxR and
truncated TrxR (Fig. 5C, D), these decreases were much less than those caused by catalase.
The ability of SOD to partially decrease the DEPMPO/HO• adducts generated by wtTrxR is
consistent with the ability of wtTrxR to reduce DEPMPO/HOO• to DEPMPO/HO• [41], and
implies that some of the HO• signal generated by wtTrxR may be generated by this
mechanism.

3.3 The redox activation of Fe(Dp44mT)2 and Fe(III)-bleomycin by TrxR1
Dp44mT (see structure in Fig. 6A) is a thiosemicarbazone tridentate Fe chelator whose NNS
ligands for Fe are analogous to Tp [20]. The ability of TrxR to reduce Fe(III)(Dp44mT)2
was determined by following the increase in absorbance at 623 nm, which is specific for the
reduced form, Fe(II)(Dp44mT)2. TrxR1 reduced Fe(III)(Dp44mT)2 (Fig. 6B), although the
rates for most TrxR variants were 2- to 3.3-fold slower for Fe(III)(Dp44mT)2 than for
Fe(III)(Tp)2 (Figs. 4C, 6B). The main exception was U498C, which was 5.9-fold slower at
reducing Fe(III)(Dp44mT)2 than Fe(III)(Tp)2. While U498C had the fastest rate of reduction
of Fe(III)(Tp)2 (Fig. 4C), its reduction of Fe(III)(Dp44mT)2 was similar to that of wtTrxR
(Fig. 6B). Despite the slower rates of Fe(III)(Dp44mT)2 reduction, similar redox centers
within TrxR were important for both Fe(III)-thiosemicarbazones. Neither the Sec or C64
were required, whereas the C59 and flavin were important for the reduction of Fe(III)(Tp)2
and Fe(III)(Dp44mT)2 (Figs. 4C, 6B).

Consistent with the slower rates of Fe(Dp44mT)2 reduction, the ESR spin adduct signals
were significantly smaller with Fe(Dp44mT)2 than with Fe(Tp)2 for both wtTrxR and the
truncated TrxR variant (Supplemental Fig. S5). The predominant signal with Fe(Dp44mT)2
was DEPMPO/HO•, with lesser amounts of DEPMPO/HOO•, and only trace amounts of the
12-line carbon radical adduct signal. Fe(III)(Dp44mT)2 also caused markedly slower O2
consumption rates relative to Fe(III)(Tp)2 (Supplemental Fig. S6).

Since this is the first report of the reduction of Fe(III) complexes by TrxR, we determined if
wtTrxR could reduce other Fe(III) species, specifically Fe(III)-Blm and Fe(III)-EDTA.
Since their reduced Fe(II) forms have increased absorbance at 340 nm, other methods were
used to assess Fe(III) reduction. For Fe(III)-EDTA, we used (a) ESR at 37 K to follow the
loss of the Fe(III) signals, and (b) O2 consumption as an indicator of Fe-EDTA redox
cycling. TrxR showed no ability to reduce Fe(III)-EDTA at significant rates: (a) there was
no decline in the intensity of the Fe(III)-EDTA ESR signal (measured at 37 K) over 20 min
(Supplemental Fig. S7A), and (b) Fe(III)-EDTA did not enhance O2 consumption by
wtTrxR (not shown). In contrast, wtTrxR decreased the ESR signal intensity of Fe(III)(Tp)2
(Supplemental Fig. S7B) consistent with its ability to reduce Fe(III)(Tp)2 to Fe(II)(Tp)2, and
thereby promote cycling between these two redox states. In contrast to Fe(III)-EDTA,
wtTrxR does reduce Fe(III)-Blm (Fig. 7A, B). While the absolute rate of reduction of
Fe(III)-Blm by wtTrxR was considerably slower than reduction by 0.2 mM ascorbate or Cys
(Fig. 7A), wtTrxR was actually much faster than ascorbate or cysteine when normalized to
each reductant on a molar basis (5.06 μM Fe(II) min−1 per μM TrxR; 0.26 μM Fe(II) min−1
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per μM ascorbate; 0.057 μM min−1 per μM cysteine). However, the rate of Fe(III)-Blm
reduction by wtTrxR was 68-fold and 228-fold slower than the rates of Fe(III)(Dp44mT)2
and Fe(III)(Tp)2 reduction (based on μM Fe(II) generated per min per μM TrxR with 50 μM
of each Fe(III) complex). The redox centers within TrxR that mediate Fe(III)-Blm reduction
are, however, distinctly different from those involved in Fe(III)-thiosemicarbazone
reduction. The Sec-deficient truncated variant had ~30% activity compared to wtTrxR in
reducing Fe(III)-Blm (Fig. 7C) indicating that the Sec has an important role. In contrast, this
truncated variant was faster than wtTrxR in reducing the Fe(III)-thiosemicarbazones (Figs.
4, 6). Surprisingly, the U498C variant was very similar to wtTrxR in its reduction of Fe(III)-
Blm (Fig. 7C), which suggests that the C498 can substitute for U498 in this reaction. This is
not the case for some other TrxR substrates for which the Sec is essential (e.g. Trx, 9,10-
phenanthrenequinone) [28]. Relative to truncated TrxR, further declines in Fe(III)-Blm
reduction with the C59S and C64S variants (Fig. 7C) imply some ability of these residues to
directly reduce Fe(III)-Blm. The residual rate with the C59S/C64S variant was very slow,
indicating very little ability of the flavin to directly reduce Fe(III)-Blm. This was in contrast
to the Fe(III)-thiosemicarbazones (Figs. 4, 6) for which the flavin could account for a more
substantial fraction of the total reduction rate. While C64 was not needed for Fe(III)-
thiosemicarbazone reduction, its contribution to Fe(III)-Blm reduction was on par with that
of C59 (Fig. 7C).

Fe(III)-Blm did not significantly elevate O2 consumption when added to wtTrxR plus
NADPH (not shown). The relatively slow rates of Fe(III)-Blm reduction may not have
provided for significant elevations in O2 consumption. In spin trapping experiments, while a
small DEPMPO/HO• signal was observed when 0.1 mM Fe(III)-Blm was incubated with
NADPH, this signal was not further enhanced by the inclusion of wtTrxR (not shown).
Together, the results indicate that TrxR does not significantly reduce Fe(III)-EDTA, but that
it reduces Fe(III)-Blm in a largely Sec-dependent manner, which is distinct from the Sec-
independent reduction of the Fe(III)-thiosemicarbazones.

3.4 Fe(Tp)2 redox cycling does not inhibit the native enzyme activities of TrxR
While some redox cycling agents, such as Cr(VI) and paraquat, can cause irreversible
inactivation of TrxR in cells [57–59], we previously noted that 25 and 50 μM Tp did not
inhibit total TrxR activity in A549 cells, even though these treatments caused pronounced
oxidation of Trx2 and Prx3 [9]. There was the possibility that Tp could lead to selective
inhibition of just one TrxR isoform, but we have now determined that 25 or 50 μM Tp for 24
h does not significantly change the activity of cytosolic TrxR1 or mitochondrial TrxR2 in
these cells (Supplemental Fig. S8A). 50 μM Tp similarly does not inhibit GR activity in
these cells [9]. We also determined that in vitro incubation of wtTrxR with 25 or 50 μM
Fe(Tp)2 in the presence of NADPH for 15 min (in the absence of DEPMPO) does not
significantly inhibit TrxR activity (Supplemental Fig. S8B), despite the generation of
significant amounts of HO• and carbon radical as shown in the spin trapping experiments.
Therefore, the generation of reactive species by Fe(Tp)2 redox cycling does not inhibit the
ability of TrxR to continue to reduce Fe(III) complexes, nor does it inhibit other native
enzyme activities of TrxR.

3.5 Comparison of the redox activities of GR and TrxR1 with Fe(III)-thiosemicarbazones
While GR lacks the C497/U498 domain of TrxR, GR shares strong homology with the rest
of TrxR1, including the flavin and -CVNVGC- dithiol domain (C59/C64 in TrxR) [28, 60]
which are important for Fe(III)-thiosemicarbazone reduction by TrxR (Figs. 4, 6).
Surprisingly, however, GR reduced Fe(III)(Tp)2 and Fe(Dp44mT)2 at rates that were 46%
and 49%, respectively, of wtTrxR1 (Supplemental Fig. S9). Consistent with these slower
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rates, GR generated much smaller ESR spin trap signals than wtTrxR or TrxR variants
(Supplemental Fig. S9).

4. Discussion
4.1 The enzyme-catalyzed redox cycling of Fe(III)-thiosemicarbazones may contribute to
their cytotoxic effects

The results show that TrxR and, to a lesser extent, GR reductively activate Fe(III)-
thiosemicarbazones. To our knowledge, this is the first identification of specific enzymes
that actively promote redox cycling of these anticancer agents. With TrxR as the reductant,
HO• was the predominant trapped species generated in the presence of 2.5–25 μM Fe(III)
(Tp)2, and HO• adduct signals were of similar size over this range of Fe(Tp)2 concentrations
(Fig. 2). These concentrations are consistent with Tp concentrations that cause Prx3
oxidation in A549 cells [9], with IC50 values of Tp for various cancer cell lines [17, 18], and
with plasma concentrations of Tp reported in patients [61, 62]. Pharmacokinetic data
indicate that Tp or Fe(Tp)2 may accummulate in some cells or tissues over time [61, 63]
such that concentrations in some tissues may exceed those measured in the plasma. Along
these lines, tridentate ligands such as Tp can form polymeric complexes which are likely to
be trapped in cells [64]. Peripheral blood mononuclear cells from Tp-treated patients show
an ESR signal that is suggestive of aggregates of Fe(Tp)2 and/or copper-Tp [65], although
these signals very likely underestimate total Fe(Tp)2 because only the Fe(III) form yields an
ESR signal.

Our data show that wtTrxR reduces Fe(III)(Tp)2 3.3-fold faster than Fe(III)(Dp44mT)2,
which could account for the much greater reactive species generation with Fe(Tp)2. This is
consistent with prior implications that Fe(Tp)2 is critical to the cytotoxicity of Tp [7, 16, 19],
and with the ability of catalase to protect cancer cells from Tp [5]. This latter observation
implies an important role for peroxide or peroxide-derived species in Tp cytotoxicity. The
slower rate of reduction of Fe(III)(Dp44mT)2 by TrxR is consistent with the suggestion that
non-redox-cycling mechanisms might contribute to the overall cytotoxicity of Dp44mT [16].
It is also possible that other potential cellular reductants are more proficient at reducing
Fe(III)(Dp44mT)2 than Fe(Tp)2. For example, although GSH is a relatively slow reductant
of these Fe(III)-thiosemicarbazones, GSH (0.1 mM) reduces Fe(Tp)2 more slowly than
Fe(III)(Dp44mT)2 (17 and 28 μM min−1, respectively). In contrast, cysteine (0.1 mM)
reduces Fe(III)(Tp)2 twice as fast as Fe(III)(Dp44mT)2 (initial rates of 217 and 107 μM
min−1, respectively).

Our observation of greater reactive species generation with Fe(Tp)2 is in contrast to
experiments by Richardson et al. [16] which showed that the incubation of Fe(II) with either
Tp or Dp44mT generated similar levels of HO• (using benzoate hydroxylation as the
indicator), indicating a similar ability of the Fe(II) forms of these thiosemicarbazones to
mediate Fenton-like reactions. However, these experiments started with Fe(II) and therefore
only looked at the Fenton-like reactions, whereas our results were also dependent on the
differential rates of reduction of the two Fe(III)-thiosemicarbazones by TrxR.

The reduction of the Fe(III)-thiosemicarbazones by wtTrxR may not, however, be the sole
factor limiting redox cycling in these in vitro experiments. When normalized per μmol of
wtTrxR, the initial rates of reduction of 25 μM Fe(III)(Tp)2 or Fe(III)(Dp44mT)2 were 20-
and 15-fold faster than the O2 consumption rates. This suggests that re-oxidation of the
Fe(II)-thiosemicarbazones could limit the redox cycling rate in our studies. The oxidation of
Fe(II)-thiosemicarbazones to their Fe(III) forms is relatively slow under room air [1], so this
could contribute to slower O2 consumption. While peroxide was not added to most of our
experiments, the spin trapping studies in which we added additional peroxide (Fig. 1g)
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suggest that H2O2 generation may be another component that limited redox cycling. Factors
which enhance peroxide generation in cells could therefore further enhance Fe(III)-
thiosemicarbazone redox cycling and cytotoxicity. Along these lines, it is interesting to note
that Tp treatment of cells leads to the oxidation of mitochondrial peroxiredoxin (Prx3) [9],
which is the major peroxidase in mitochondria [66]. This implies that Tp treatment can
disrupt or overwhelm mitochondrial peroxide defense, and the redox cycling of Fe(Tp)2
could promote these effects.

While TrxR-mediated reactive species signals were considerably smaller with Fe(Dp44mT)2
than with Fe(Tp)2, we also observed HO• generation with Fe(Dp44mT)2. This is in contrast
to studies with ascorbate as a reductant in which HO• was not detected with Fe(III)
(Dp44mT)2, but HO• was generated with Fe(III)-Dp44mT in which the Fe was not fully
liganded [8]. Pre-formed Fe(II) plus two equivalents of Dp44mT were also shown to
generate DMPO/•CH3 [8], an indirect indicator of HO• in the presence of the scavenger
DMSO.

4.2 Implications for the enhanced susceptibility of cancer cells to thiosemicarbazones
While TrxR/Trx is normally considered to have broad antioxidant functions [24–26], the
robust rates of Fe(III)-thiosemicarbazone reduction by TrxR would be expected to promote
oxidative stress. Cancer cells tend to be much more susceptible to thiosemicarbazones than
normal cells [18, 20], which may be due to a number of factors. Cancer cells typically have
markedly elevated levels of transferrin receptor [67–69] which will facilitate enhanced iron
uptake and therefore a greater potential to form Fe-thiosemicarbazones [1]. The marked
overexpression of TrxR in many cancers [21–23] could further enhance the redox cycling of
Fe-thiosemicarbazones relative to normal cells. Cancer cells (e.g. A549 and HeLa) tend to
have a large excess of TrxR relative to what is needed to support growth and to support
thioredoxin reduction under normal conditions [23, 70]. However, under conditions that
enhance oxidant generation, the ability of TrxR to maintain normal thiol redox control can
be quickly lost [70]. Thus, the redox cycling of Fe(Tp)2 in cancer cells could be enhanced by
their elevated levels of TrxR, and the resulting generation of ROS could promote the
oxidation of Trx and Prx as previously reported [9]. While we showed that GR may also
contribute to Fe(III)-thiosemicarbazone redox cycling, GR levels in tumors are not
consistently elevated compared to normal tissues [71].

4.3 Specificity of the redox centers of TrxR for different Fe(III) complexes
The reduction of several other substrates by TrxR is largely Sec-dependent, including Trx,
DTNB, 9,10-phenanthrenequinone, and pyrroloquinoline quinone [28, 72, 73]. We showed
that the reduction of Fe(III)-Blm is also largely Sec-dependent (Fig. 7C), whereas the Sec is
not required for Fe(III)-thiosemicarbazone reduction. In fact, the Sec-deficient variants are
actually faster than wtTrxR at reducing Fe(Tp)2 (Fig. 4C). The absence of the Sec might
result in greater electron density on the FAD and C59/C64 motifs which could enhance their
ability to reduce Fe(III)(Tp)2. The absence of the Sec also prevents peroxide degradation by
TrxR, and the resulting elevated peroxide could enhance the redox cycling of Fe(Tp)2. It is
interesting that the U498C variant reduces Fe(III)(Tp)2 even faster than the truncated variant
(Fig. 4C). One possibility is that C498 can contribute to Fe(III)(Tp)2 reduction, whereas
U498 in wtTrxR is unable (or less able) to reduce Fe(III)(Tp)2. C498 can substitute for U498
in Fe(III)-Blm reduction (Fig. 7C). The results with Fe(Dp44mT)2 were different than the
other Fe(III) complexes in that Fe(Dp44mT)2 was reduced at similar rates by wtTrxR and
U498C, whereas the truncated variant rate was >-2-fold faster than wtTrxR (Fig. 6).

Because the Sec is not required for Fe(III)-thiosemicarbazone reduction, agents which form
adducts with the Sec (e.g. cisplatin, nitrosoureas, dinitrohalobenzenes, and others [25, 28,
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32–35, 74]) should not compromise, and may even enhance, the reduction of Fe(III)(Tp)2 by
the FAD/C59 of TrxR in cells, such that the pro-oxidant effects of Fe(Tp)2 redox cycling
would occur in conjunction with the other cytotoxic effects of these other agents (e.g.
cisplatin) [28, 56]. Along these lines, cisplatin can be synergistically cytotoxic with Tp [63,
75]. However, since Fe(III)-Blm reduction is Sec-dependent, we would predict that Sec-
targeting inhibitors would decrease the ability of TrxR to reduce Fe(III)-Blm.

The results further indicate that the C59 and FAD of TrxR can largely account for its
reduction of Fe(III)-thiosemicarbazones, whereas C64 is not required (Figs. 4, 6). During
normal catalysis, the EH4 state of wtTrxR has two electrons on the C497/U498 domain, one
on C59, and the fourth on a charge-transfer complex between the FAD and C64 [28, 30].
This reduced C59 thiol might facilitate the direct reduction of substrates such as Fe(III)-
thiosemicarbazones. In the C59S/C64S variant, the flavin is likely directly reducing the
Fe(III)-thiosemicarbazones, although at a considerably slower rate relative to wtTrxR. The
C59/C64 dithiol is not required for FAD reduction by NADPH, so the flavin in NADPH-
reduced C59S/C64S is likely FADH2. Unlike some other reduced flavoproteins, however,
the reduced flavin of TrxR does not directly generate O2

• − at an appreciable rate [41]. Since
the C59 and C64 residues are important for the inherent NADPH oxidase activity of TrxR,
the C59S and C64S variants cannot directly generate O2

• − [41]. This eliminates direct O2
• −

generation by the C59S and C59S/C64S variants as a possible explanation for their
reduction of Fe(III)-thiosemicarbazones. Consistent with this, SOD did not alter the levels of
HO• or C• adducts generated by C59S plus Fe(III)(Tp)2 (Fig. 5E).

Despite the similarity in the flavin and -CVNVGC- (C59/C64 in TrxR) domains of TrxR
and GR, TrxR was considerably faster than GR at reducing both Fe(III)(Tp)2 and Fe(III)
(Dp44mT)2. This might be due to the different predicted electrostatic potentials of their N-
terminal-CVNVGC- domains (positively charged in GR but negatively charged in TrxR
[76]). Along these lines, GR favors the binding of negatively charged substrates such as
GSSG, whereas TrxR cannot reduce GSSG [76]. Conversely, this charge differential could
favor the binding of Fe(III)(Tp)2 (which has a net +1 charge [1, 64]) to TrxR compared to
GR. This charge differential may not be the sole explanation, however. For example, juglone
is also more efficiently reduced by the N-terminal dithiol of TrxR than by GR [72], but it is
not clear if the N-terminal electrostatic charge differences influence juglone reduction. Other
factors that could conceivably contribute to different reduction rates of Fe(III) complexes by
these enzymes include accessibility of the enzyme redox centers, accessibility of the Fe(III)
centers in the different complexes, and non-equilibrium conditions. It is unlikely, however,
that differences in redox potentials of TrxR and GR account for the different rates. TrxR
mainly cycles between the four-electron reduced (EH4) and two-electron reduced (EH2)
states, and the redox potential of this couple is −294 mV at pH 7.0 (calculated according to
the Haldane relationship with NADPH/NADP+) [73]. The redox potential of catalytically
active GR is −206 mV (at pH 6.9 for the Eox/EH2 redox couple) [77]. Thus, while TrxR is
suggested to have a lower redox potential than GR, both enzymes should have sufficient
redox potential to reduce the Fe(III) complexes used here. Similarly, redox potentials of the
Fe(III) complexes do not likely account for different rates by TrxR or GR, or for different
rates of reduction of the different Fe(III) species. Fe(III)(Tp)2 has the least positive
reduction potential (+40 mV) [78] of those tested here, but yet it is reduced considerably
faster than Fe(III)(Dp44mT)2 (+113 to +166 mV) [16, 78]. TrxR reduces Fe(III)-Blm (+129
mV) [79] at a much slower rate, and does not significantly reduce Fe(III)-EDTA (+120 mV)
[80] even though their redox potentials are in the same range. EDTA is not large enough to
completely protect the liganded Fe(III) [64], and Fe(III)-EDTA can be reduced and redox-
cycled by other chemical and enzymatic reductants [81], including NADPH:P450 reductase
(a flavoprotein with FAD and FMN centers) and cytochrome b5 [82, 83].
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Together, our results demonstrate that there is a high degree of specificity of the individual
redox centers in TrxR1 for different Fe(III) complexes, and there are considerable
differences in the rates at which different Fe(III) species are reduced by TrxR. While our
studies used TrxR1 (the cytosolic isoform), the mitochondrial isoform (TrxR2) shares the
same redox centers, so it is plausible that TrxR2 can similarly reduce Fe(III)-
thiosemicarbazones and Fe(III)-Blm. TrxR1 and TrxR2 share similar kinetics with some
substrates (e.g. Trx2), but kinetic differences have been observed with others (e.g. Trx1 or
DTNB) [42].

4.4 Conclusions
In summary, this is the first identification of specific enzymes promoting the redox cycling
of Fe(III) thiosemicarbazones. TrxR has pronounced ability to reduce Fe(III)-
thiosemicarbazones, especially Fe(Tp)2. This reduction promotes redox cycling and the
generation of HO• at even low μM levels of Fe(Tp)2, and HO• generation by this system is
largely peroxide-dependent. The reduction of Fe(III)-thiosemicarbazones by TrxR1 does not
require its Sec, but the C59 and flavin are important for this activity. GR has these two latter
motifs and it can reduce Fe(III)-thiosemicarbazones, although at slower rates than TrxR. In
contrast, the reduction of Fe(III)-Blm by TrxR is largely Sec-dependent, and the rates are
considerably slower than for the Fe(III)-thiosemicarbazones. TrxR cannot reduce or redox
cycle Fe(III)-EDTA at significant rates. These results suggest that the reduction of different
Fe(III) complexes by TrxR is highly specific with regard to individual redox centers and that
TrxR may play a role in enhancing the efficacy of Fe(III)-based antitumor agents for which
Fe(III) reduction is critical to their cytotoxic activity. Enzymes with analogous redox
centers, such as GR, may also have a role in promoting their cytotoxic effects, but GR was
less efficient than TrxR1. Because TrxR1 is often overexpressed in tumor cells, we believe
that it should hereby be considered to have a potentially key role in Fe(III)-based anticancer
chemotherapy.
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Abbreviations

Blm bleomycin

BPS bathophenanthroline disulfonate

Cys cysteine

DEPMPO 5-diethoxyphos-phoryl-5-methyl-1-pyrroline-N-oxide

DMPO 5,5,-dimethyl-1-pyrroline N-oxide

DMSO dimethylsulfoxide

Dp44mT 2,2′-Dipyridyl-N,N-dimethylsemicarbazone
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DTNB 5,5′-dithiobis(2-nitrobenzoic) acid

ESR electron spin resonance

GR glutathione reductase

GSH reduced glutathione

HO• hydroxyl radical
•CH3 methyl radical

O2
•− superoxide

PBN -phenyl-N-tert-butylnitrone

ROS reactive oxygen species

RR ribonucleotide reductase

Sec selenocysteine

SOD superoxide dismutase

Tp triapine

Trx2 thioredoxin-2

TrxR thioredoxin reductase

wtTrxR wild-type thioredoxin reductase
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Highlights

• Redox cycling of iron-thiosemicarbazones can contribute to their anti-cancer
activity.

• Thioredoxin reductase (TrxR) efficiently catalyzes this redox cycling.

• C59 and the flavin of TrxR are involved, whereas the selenocysteine is not
required.

• In contrast, iron-bleomycin reduction by TrxR is largely selenocysteine-
dependent.

• TrxR overexpression in many tumors could promote thiosemibarbazone
efficacy.
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Fig. 1.
Representative ESR spin trapping spectra of radicals formed during the reduction of Fe(III)
(Tp)2 by Cys, GSH, or wild-type TrxR. Samples were incubated at 37°C under room air for
15 min. All samples included DEPMPO (14 mM) and Fe(III)(Tp)2 (50 μM) (except for h),
as well as: (a) 5 mM Cys; (b) 1 mM Cys; (c) 5 mM GSH; (d) 1 mM GSH; (e) no reductant;
(f) 0.3 μM wtTrxR and 0.4 mM NADPH; (g) wtTrxR, NADPH, and 50 μM H2O2; (h)
wtTrxR and NADPH but without Fe(III)(Tp)2. In f and g, the components of the signal
corresponding to DEPMPO/HO• (aP = 47.2 G, aH = 13.8 G, aN = 13.8 G) [55] are indicated
by black dots, whereas those corresponding to a carbon radical adduct of DEPMPO (aP =
47.7 G, aH = 21.8 G, aN = 14.7 G) are indicated with open circles. ESR instrument settings
were as follows: 1 G modulation amplitude, 19.92 mW microwave power, 6.32 x 104

receiver gain, 40.96 ms time constant, 9.76 GHz microwave frequency, sweep width = 200
G, field set = 3480 G, modulation frequency = 100 kHz, scan time = 42 s; number of scans,
9.
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Fig. 2.
Representative ESR spectra of different concentrations of Fe(III)(Tp)2 incubated with
wtTrxR. Samples were incubated for 15 min at 37°C under room air, and contained 14 mM
DEPMPO, 0.3 μM wtTrxR, 0.4 mM NADPH (a–i), and varied concentrations of Fe(III)
(Tp)2 as indicated. Controls included: (g) TrxR and NADPH without Fe(III)(Tp)2, (h)
NADPH and Fe(Tp)2 without TrxR, and (j) TrxR and Fe(III)(Tp)2 without NADPH. Sample
(i) is the same as b except that 250 mM ammonium formate was included. In (i), the signal
intensity was 10-fold greater than shown. This enhanced signal intensity is consistent with
increased stability of the DEPMPO/CO2

•− adduct relative to that of other DEPMPO adducts
such as DEPMPO/HO•. The components of the signal corresponding to DEPMPO/HO• are
indicated by black dots (a, e), those corresponding to the carbon radical adduct of DEPMPO
are indicated with open circles (a), those for O2

• − adducts are marked with open diamonds
(e), and those for the CO2

• − adduct are marked with ø (i). See Fig. 1 for the ESR instrument
settings.

Myers et al. Page 23

Free Radic Biol Med. Author manuscript; available in PMC 2014 July 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 3.
Representative ESR spectra comparing the potential effects of excess free Tp when
incubated with wtTrxR and Fe(III)(Tp)2. Samples were incubated for 15 min at 37°C under
room air, and contained 14 mM DEPMPO, 0.3 μM wtTrxR, 0.4 mM NADPH, and varied
concentrations of Fe(III)(Tp)2 and Tp as indicated. For spectrum a, components of the signal
corresponding to DEPMPO/HO• are indicated by black dots, whereas those corresponding to
the carbon radical adduct of DEPMPO are indicated with open circles. See Fig. 1 for the
ESR instrument settings.
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Fig. 4.
Chemical structures of Tp (A) and Fe(Tp)2 (B), and (C) rates of reduction of Fe(III)(Tp)2 by
wtTrxR and its site-directed variants. In B, the Fe(Tp)2 structure is not planar as drawn, but
rather the six donor atoms from the two Tp molecules ligate the Fe center in an octahedral
fashion. C: Experiments were conducted in the same KCl-K Phos buffer system used for
ESR, and contained 0.4 mM NADPH and 30 nM of the TrxR variants. The reactions were
started by the addition of Fe(III)(Tp)2 to a final concentration of 50 μM, and the initial rates
at 37°C (determined by the increase in absorbance at 610 nm) were taken from the linear
portion during the first 20 s of the assay. The molar extinction coefficient of Fe(II)(Tp)2 at
610 nm (3.73 mM−1 cm−1) was used to calculate the rate per min per μM TrxR. The values
shown are the mean ± S.D. for three independent experiments. In comparison to wtTrxR,
*p<0.05, **p<0.01, ***p<0.001. The results for C59S are different from those for C59S/
C64S (p<0.05). A representative experiment on which these rates are based is shown in
Supplemental Fig. S4A.
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Fig. 5.
Radical generation with Fe(III)(Tp)2 and wtTrxR, truncated TrxR, or the C59S variant. (A)
Examples of ESR spectra for each DEPMPO adducts generated by the 3 TrxR variants.
Samples were incubated for 15 min at 37°C under room air, and contained 14 mM
DEPMPO, 0.4 mM NADPH, 50 μM Fe(III)(Tp)2, and 0.3 μM of the indicated TrxR variant,
and the effects of SOD (333 U ml−1) or catalase (1666 U ml−1) are also shown. (B)
Quantification of the signal intensities for the DEPMPO adducts for wtTrxR and the
truncated and C59S variants. In panels (C), (D), and (E), the effects of catalase and SOD on
the DEPMPO adducts are quantified for wtTrxR (C), truncated TrxR (D), and the C59S
variant (E). Panels B–E show the mean ± S.D. (n = 3) for each adduct. In (B), ***p<0.001
relative to the wtTrxR values. In panels (C) through (E), significant effects of catalase or
SOD are indicated (*p<0.05; **p<0.01; ***p<0.001). See Fig. 1 for the ESR instrument
settings.
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Fig. 6.
(A) Structure of Dp44mT, and (B) rates of reduction of Fe(III)(Dp44mT)2 by wtTrxR and its
site-directed variants. Experiments were conducted in the same KCl-K Phos buffer system
used for ESR, and contained 0.4 mM NADPH and 30 nM of the TrxR variants. The
reactions were started by the addition of Fe(III)(Dp44mT)2 to a final concentration of 50
μM, and the initial rates at 37°C (determined by the increase in absorbance at 623 nm) were
taken from the linear portion during the first 50 sec of the assay. The molar extinction
coefficient of Fe(II)(Dp44mT)2 at 623 nm (4.19 mM−1 cm−1) was used to calculate the rate
per min per μM TrxR. The values shown are the mean ± S.D. for three independent
experiments. In comparison to wtTrxR, *p<0.05, ***p<0.001. The results for C59S are
different from those for C59S/C64S (p<0.05). A representative experiment on which these
rates are based is shown in Supplemental Fig. S4B.
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Fig. 7.
Representative experiments showing the rates of Fe(III)-Blm reduction by various
reductants. All experiments included 50 μM Fe(III)-Blm and 1 mM BPS. BPS rapidly
extracts the Fe(II) from Fe(II)-Blm, forming Fe(II)(BPS)3 which was followed by increased
absorbance at 534 nm. (A) The reactions were initiated by the addition of the reductants as
indicated (0.2 mM ascorbate, 0.2 mM Cys, or 0.3 μM wtTrxR and 0.4 mM NADPH). (B)
An expanded view showing the rate of Fe(III)-Blm reduction catalyzed by wtTrxR
compared to NADPH alone or no reductant. (C) Rates of reduction of Fe(III)-Blm by
wtTrxR and its site-directed variants. For C, the trace amounts of reduction catalyzed by
NADPH alone were subtracted to determine the net rates for each TrxR variant.
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