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Abstract
Selenium, in the form of selenocysteine, is a critical component of some major redox-regulating
enzymes, including thioredoxin reductase (TrxR) and glutathione peroxidase (Gpx). TrxR has
emerged as an anticancer target for drug development due to its elevated expression level in many
aggressive human tumors. Acylfulvenes (AFs) are semisynthetic derivatives of the natural product
illudin S, and display improved cytotoxic selectivity profiles. AF and illudin S alkylate cellular
macromolecules. Compared to AFs, illudin S more readily reacts with thiol-containing small
molecules such as cysteine, glutathione and cysteine-containing peptides. However, a previous
study indicates the reactivity of AFs and illudin S with glutathione reductase, a thiol-containing
enzyme, are inversely correlated with reactivity toward small molecule thiols. In this study, we
investigate mechanistic aspects underlying the enzymatic and cellular effects of the AFs and
illudin S on thioredoxin reductase. Both AF and HMAF were found to inhibit mammalian TrxR in
the low- to sub-micromolar range, but illudin S was significantly less potent. TrxR inhibition by
AFs was shown to be irreversible, concentration- and time-dependent, and mediated by alkylation
of C-terminus active site Sec/Cys residues. In contrast, neither AFs nor illudin S inhibit Gpx,
demonstrating that enzyme structure-specific small molecule interactions have a significant
influence over the inherent reactivity of the Sec residue. In human cancer cells, TrxR activity can
be inhibited by low micromolar concentrations of all three drugs. Finally, it was demonstrated that
preconditioning cells by addition of selenite to the cell culture media results in an enhancement in
cell sensitivity towards AFs. These data suggest potential strategies for increasing drug activity by
combination treatments that promote selenium enzyme activity.
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Introduction
Selenium (Se)1 is a biologically important trace element; low levels are required for cell
growth and high concentrations are cytotoxic (1). Human blood Se levels are low to sub μM
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and vary with regional dietary Se content, as well as health status. Se homeostasis can
inhibit tumor cell invasion and decrease the risk of some human cancers, such as prostate,
lung, and colon cancer (2, 3). Se is incorporated into proteins in the form of selenocysteine
(Sec) (4), the naturally occurring selenium analog of cysteine (Cys), regarded as the 21st

amino acid (5, 6). As such, Se acts as an antioxidant (7), and changes in selenoenzyme
levels may be an underlying mechanism for Se’s chemopreventive and chemotherapeutic
effects (3, 8). Similarly, if the action of a drug is dictated even in part by selenoenzymes, its
supplementation may impact drug effectiveness or toxicity.

The cellular antioxidant enzymes thioredoxin reductase (TrxR) and glutathione peroxidase
(Gpx) rely on Sec residues, and have both been found to be deregulated in tumor cells, such
that TrxR levels have been found to be high and Gpx levels have been found to be low in
cancer cell lines and human tumor tissue (9-11). TrxR has a broad range of substrates,
including disulfide-containing proteins, such as thioredoxin (Trx), many small molecule
thiols, such as 5,5′-dithiobis(2-nitrobenzoic acid) (DTNB) (12), and even non-disulfide
compounds such as dehydroascorbic acid (13). The Gpxs are a family of peroxidases that
contain one essential active site Sec and require glutathione (GSH) as a co-substrate. Gpx 1
is the predominant Gpx isoform. It is found in the cytoplasm of all mammalian tissues and it
catalyzes the cellular reduction of inorganic hydrogen peroxide or organic lipid hydrogen
peroxides to water or corresponding alcohols (14). The active site Sec of Gpx is highly
sensitive to oxidative modification, and nitric oxide-mediated modifications of the Gpx Sec
has been shown to inactivate the enzyme (15). In TrxR, the Sec residue is located at the C-
terminus active site as part of the tetrapeptide Gly-Cys-Sec-Gly motif (6). The flexible C-
terminus of the TrxR active site is exposed to the protein surface and is accessible to
substrates and inhibitors. In addition, the Sec residue is more reactive than Cys towards
electrophiles due to its lower pKa (5.24 vs 8.25) (16). These features make TrxR highly
susceptible to reactions with electrophilic compounds, and previous studies show that some
alkylating agents such as the nitrogen mustard compounds chlorambucil and melphalan
inhibit TrxR with micromolar IC50s (17, 18). However, the potential role of selenoenzyme
inhibition by more selectively toxic non-traditional anticancer agents, such as acylfulvene, in
cytotoxicity has not been tested.

Acylfulvenes (AFs) are a class of semisynthetic antitumor agents derived from the natural
sesquiterpene cytotoxin illudin S, isolated from the Jack O’Lantern mushroom (Chart 1)
(19-22). Illudin S kills various drug-resistant cancer cells, but exhibits low malignant cell
versus normal cell selectivity and therefore has no practical potential in cancer therapy (23).
On the other hand, newer semisynthetic acylfulvene (AF) analogues, including
hydroxymethylacylfulvene (HMAF), have improved cancer cell selectivity (24, 25). Studies
regarding their cellular accumulation suggest that illudin S and AFs covalently bind to
cellular DNA, RNA, and protein (26, 27). There is evidence that cytotoxicity is associated
with bioactivation to an unstable cyclohexadiene intermediate that more potently reacts with
DNA and interrupts DNA synthesis/repair (28-33). The specificity and efficiency with
which tumor-associated reductase enzymes activate AFs versus illudins appear to contribute
in part to the selectivity of acylfulvene analogs compared to illudin S. However, this process
does not account for the full magnitude of cytotoxicity differences between these
structurally related small molecules.

1Abbreviations: Se, selenium; Sec, selenocysteine; TrxR, thioredoxin reductase; Gpx, glutathione peroxidase; DTNB, 5,5′-dithiobis(2-
nitrobenzoic acid); AF, acylfulvene, HMAF, hydroxymethylacylfulvene; GR, glutathione reductase; BIAM, biotin-conjugated
iodoacetamide; DMEM, Dulbecco’s modified Eagle’s medium; DMSO, dimethyl sulfoxide; Trx, thioredoxin; BCA, bicinchoninic
acid; TBS, Tris-buffered saline; CEES, 2-chloroethyl ethyl sulfide; DNCB; 1-chloro-2,4-dinitrobenzene; ROS, reactive oxygen
species; MTS, 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium; NMWL, nominal
molecular weight limit; PVDF, polyvinylidene fluoride; TFA, trifluoroacetic acid, H2O2, hydrogen peroxide; IAA, iodoacetamide.
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Differences in amino acid alkylation proficiencies between the illudin and acylfulvene
analogs, presumed to extend to the protein level, have been hypothesized to additionally
contribute to toxicity. Thus, illudin S reacts with cysteine under mild conditions (aqueous
buffer at pH 6) more readily than acylfulvenes; no data is available for Sec reactivity, but it
should be expected to be more reactive toward the electrophilic compounds (21, 34-36).
Despite the increased reactivity of illudin S toward Cys, however, we have previously found
that for glutathione reductase (GR), an enzyme with a redox-active disulfide at its active
site, acylfulvenes are more reactive as inhibitors. They disrupt enzyme structure and inhibit
GSSG reductase activity, and in particular, HMAF covalently binds active site Cys residues
(18).

In a continued effort to understand potential contributions of reactive redox enzyme-drug
interactions in dictating selective toxicities of alkylating agents, in this study, we aimed to
test the hypothesis that the high nucleophilicity and accessibility of the Sec-containing
enzymes TrxR and Gpx may render them susceptible to illudin S and/or AFs. If so, we
wished to determine whether there could be any basis for chemical selection in this process.
Thus, we have characterized the reactivities of illudin S and AFs toward isolated TrxR and
Gpx enzymes, and the results reveal differences in inhibition potencies and enzyme
alkylation profiles as a function of active site residue/accessibility and drug structure. A
further compelling finding is that in cancer cells there exists a positive correlation between
selenium availability and drug sensitivity. These data suggest that the more selectively
cytotoxic AF derivatives may act in part by interacting with reactive Sec or Cys protein
residues more abundant in sensitive cells, and inhibit these cellular redox enzymes.

Experimental procedures
Chemicals and reagents

Illudin S from the mature fungal Lampteromyces japonicas was provided by MGI Pharma
(Bloomington, MN) (37). Acylfulvene and HMAF were synthesized according to the
published procedure with illudin S as the starting material (21, 22). Purified rat TrxR, Gpx
from bovine erythrocytes, Tris base, 5,5′-Dithiobis(2-nitrobenzoic acid) (DTNB), hydrogen
peroxide (H2O2), reduced glutathione (GSH), iodoacetamide, and EDTA were obtained
from Sigma Chemical. Biotin-conjugated iodoacetamide (BIAM) was purchased from
Invitrogen. Reduced nicotinamide adenine dinucleotide phosphate (NADPH) was purchase
from EMD chemicals. Dulbecco’s modified Eagle’s medium (DMEM) was purchased from
Mediatech (Herndon, VA). Fetal bovine serum (FBS) was purchased from Atlanta
Biologicals (Lawrenceville, GA). Phosphate-buffered saline (PBS), 0.25% trypsin-EDTA,
penicillin-streptomycin were obtained from Invitrogen. Tris-buffered saline was purchased
from Bio-Rad. Glutathione reductase was purchased from MP Biomedicals (Solon, OH).
Drug stock solutions were prepared in DMSO.

Instrumentation
LC/MS analysis of drug-treated enzymes were performed on an Agilent 1100 capillary
HPLC in line with an Agilent 1100 ion trap mass spectrometer (Agilent Technologies, Santa
Clara, CA) operated in positive ion mode. For drug-treated TrxR peptide mixtures, an
Agilent Zorbax SB-C18 column (150 mm × 0.5 mm, 5 μm) was used. Analytes were eluted
with a gradient of solvent A (0.5% formic acid/0.01% TFA in water (v/v)) and solvent B
(0.5% formic acid/0.01% TFA in acetonitrile (v/v)) at a flow rate of 15 μL/min: initial
conditions, 3:97 B:A, were held constant for 3 min, and then increased to 5:95 B:A in 7 min
and held for 10 min followed by linear increase to 35:65 B:A over a course of 95 min, and
finally to 75:25 B:A in 10 min. For drug-treated Gpx, a Zorbax 300 SB-C3 column (150 mm
× 0.5 mm, 5 μm) was used for chromatography. Analytes were eluted with a solvent
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gradient of 0.05% TFA in water (A) and 0.05% TFA in acetonitrile (B), at a flow rate of 15
μL/min: initial conditions, 30:70 B:A, were held 3 min followed by a linear increase to
80:20 B:A over a course of 20 min. Absorbance measurements for enzyme assays were
determined using a Varian Cary UV 100 UV/visible spectrophotometer (Varian, Inc., Palo
Alto, CA).

TrxR enzyme activity assays
Drug stock solutions were prepared in DMSO. All other solutions used in the assay were
prepared in TE buffer (50 mM Tris-Cl, 1 mM EDTA) at pH 7.2. TrxR activity was
determined at 25 °C with a UV/visible spectrophotometer (Varian Cary-100). TrxR (80 nM)
was first reduced by addition of excess NADPH (100 μM) to result in a total volume of 0.1
mL. After 10 min at 25 °C, varying amounts of drug were added to the pre-reduced TrxR
followed by incubating at 25 °C for the time indicated. Negative control runs were
conducted by adding the same amounts of DMSO. The enzyme activities were measured by
DTNB reducing assay in which at the end of incubation, 0.4 mL of assay solution (2 mM
DTNB and 200 μM NADPH in TE buffer) was added and the absorbance at 420 nm was
monitored for 3 min. Initial data points were fit to a straight line to obtain relative inhibition
concentrations under the conditions of each experiment. To determine the reversibility of
inhibition, TrxR was allowed to react with AFs as described above. After the 2 h reaction
period, unbound drug was removed by gel-filtration with a size-exclusion Micro Bio-Spin™
P-6 pre-packed column (containing 10 mM Tris-HCl buffer, pH 7.4, with 0.02% sodium
azide (w/v)) according to the Bio-Rad’s protocols. Briefly, the column was placed in 2 mL
centrifuge tube to drain the excess packing buffer by gravity. After discarding the drained
buffer, the column was placed back into the tube and centrifuged to remove any remaining
packing buffer (2 min, 1000 g). Afterwards, the column was placed in a clean 1.5 mL
centrifuge tube, and the reaction solution was loaded into two columns (100 μL/each)
followed by centrifugation for 4 min at 1000 g. The resulting solutions were combined, and
the activity was determined following the procedure for the DTNB reducing assay described
above. Each data point represents an average of at least three measurements.

Cell culture
HeLa cells were maintained as monolayers in Dulbecco’s Modified Eagle Medium (DMEM)
medium supplemented with 10% Fetal Bovine Serum (FBS) and 1% penicillin-streptomycin
in a humidified, 5% CO2 atmosphere at 37 °C. HeLa cells were subcultured in the medium
described above for three days to reach 80% confluence (100 mm2 plate, 2×106 cells/plate)
evaluated with microscope. Cells were treated with test compounds diluted with medium
(0.1% final concentration of DMSO) for 4 h. After treatment cells were washed with 5 mL
phosphate buffered saline (PBS) twice. Cells were collected as follows: 2 mL of 0.25%
trypsin-ethylenediaminetetraacetic acid (EDTA) was added and the cells were incubated for
5 min at 25 °C. Cells were scratched off from the plates and divided evenly into three
centrifuge tubes (1.5 mL), and centrifuged (5 min, 1000g). The supernatant was removed by
pipette. Cells were resuspended in 0.2 mL of lysis buffer (50 mM Tris-HCl, pH 7.5; 1 mM
EDTA; 0.1% Triton X-100; 1 mM phenylmethanesulfonyl fluoride; 1 mM benzamidine; 1.4
μM pepstatin A; and 2.0 μM leupeptin) and sonicated at 4 °C (5 s bursts). The resulting cell
lysate was centrifuged for 10 min (8000 g, 4 °C), and the supernatant was withdrawn for
analysis. Cell cytosol containing 50 μg protein as determined by the bicinchoninic acid
(BCA) protein assay reagent (Pierce, Rockford, IL) was incubated with an 80 μL mixture of
insulin (1 mg/mL) and NADPH (200 μM) in TE buffer at 25 °C for 10 min. Trx (50 μL, 1
mg/mL) was added, and the rate of NADPH consumption was determined by monitoring
changes in absorbance at 340 nm for 5 min at 25 °C.
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Immunoassay of TrxR levels in HeLa cells
Cell cytosol containing 50 μg protein was separated by 4-12% SDS-PAGE (Invitrogen) and
transferred onto a PVDF membrane (Invitrogen) for 1 h at 33 V, 4 °C. Membranes were
blocked with 5% (w/v) nonfat milk powder in tris-buffered saline (TBS)/Tween 20 (0.05%)
overnight at 4 °C. The membrane was incubated with primary anti-TrxR (ABR, Rockford,
IL) and anti-actin (Invitrogen) antibodies diluted 2000 times in TBS/Tween 20 (5 mL) for 1
h. The membrane was washed three times with TBS/Tween 20 (5 mL, 5 min) and subject to
incubation with 5 mL of secondary conjugated antibody (goat anti-rabbit IgG horseradish
peroxidase, Bio-Rad, 1:2000 dilution in TBS/Tween 20,) for 1 h. After four 5 min washes
with TBS/Tween 20 (5 mL/each), the Peroxide Solution and the Luminol Enhancer Solution
from the ECL Western Blotting Substrate analysis system (Pierce, Rockford, IL) were
mixed in a 1:1 ratio in a tray and rinsed over the membrane. The membrane was exposed to
a film, developed, and the chemiluminescence was quantified.

Cell viability assay
Drug cytotoxicity toward HeLa cells was determined by Promega CellTiter 96 Aqueous One
Solution Cell Proliferation Assay, where viable cells yield a colored, quantifiable product
via bioreduction of 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-
sulfophenyl)-2H-tetrazolium, inner salt (MTS) (38). Briefly, cells were seeded on 96-well
plate with a starting density of 1000 cells/well in either regular medium or medium
containing 1 μM sodium selenite for 3 days. The exponentially growing cells were then
exposed to drugs in varying concentrations for 12 h. The drug-containing medium was
exchanged with fresh regular medium. Cell viability was determined by exposing cells to an
MTS-containing solution for 2 h at 37 °C, and measuring formazan formation, i.e.
absorbance at 490 nm, with a microplate reader. All experiments were carried out in
triplicate.

Chemical labeling and assay of AF-modified TrxR
NADPH-reduced TrxR (0.9 μM, prepared as described above) and AFs at varying
concentrations in DMSO were allowed to react at 37 °C for 2 h. The samples containing
equivalent amounts of DMSO only were used for control experiments. After incubation, 1 μl
of the reaction mixture was taken out and added to new tubes containing 19 μL of BIAM
(100 mM, pH 6.5 and 8.5 in TE buffer) further incubated at 37 °C for another 30 min to
allow the alkylation at the remaining free –SeH and –SH groups in the enzyme. Fifteen
microliters of BIAM-modified enzyme were mixed with 5 μL of loading buffer (Invitrogen),
20 μL of the samples were subjected to SDS-PAGE on a 4-12% gel, and the separated
proteins were transferred to nitrocellulose membrane. Proteins labeled with BIAM were
detected with horseradish peroxidase-conjugated streptavidin and enhanced
chemiluminescence detection.

Trypsin-mediated digestion and LC/MS analysis of AF-treated TrxR
TrxR (50 μg, 1 nmol) was allowed to react with AFs (2 μL, 125 mM) or 2 μL of DMSO as
control in a total volume of 0.2 mL TE buffer containing NADPH (1 mM) for 2 h at 25 °C
with reaction with 10 μL of DMSO as control. An aliquot (1 μL) of reaction solution was
withdrawn and diluted to a total volume of 300 μL; enzyme activity was determined as
described above for measurement of TrxR activity. After 2 h, TrxR activity was inhibited by
AFs completely. The resulting solutions were diluted to a volume of 1 mL by adding 0.8 mL
TE buffer followed by trypsin (0.2 μg/ μL, 10 μL) in 0.1 M HCl. Proteolytic digestion was
allowed to occur at 37 °C for 24 h. The resulting mixture was divided into two equal
portions, placed into centrifuge tubes, concentrated to dryness on a centrifugal vacuum
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concentrator, and reconstituted by adding 20 μL of solvent A (0.5% formic acid/0.01% TFA
in water (v/v)) to each tube. The resulting samples were analyzed by LC/MS.

Mass analysis of Gpx modification by AFs
Gpx (50 μg, 1.6 nmol) was allowed to react with AFs (10 μL, 125 mM) or 10 μL of DMSO
as control in a total volume of 1 mL TE buffer for 2 h at 25 °C. A Microcon® Y-10
centrifuge filter (NMWL 10,000) was used to remove unbound compound and concentrate
Gpx to a final volume of 30 μL. Samples (8 μL) were analyzed by LC/MS with the general
analytical protocol. Spectra were obtained by full scan data acquisition performed within m/z
100-1500. Mass deconvolution was performed with the Agilent ion trap analysis software
(Charge Deconvolution for Data Analysis for LC/MSD Trap, version 3.2).

Gpx enzyme activity assay
The influence of test compounds on Gpx was evaluated by adaptation of a published assay
(39). In a microcentrifuge tube (1.5 mL), 0.02 U Gpx (5 μL, 80 nM in phosphate buffer) was
allowed to react with varying concentrations of test compound in a total volume of 0.5 mL
phosphate buffer (0.1 M, 1 mM EDTA, pH 7.0) at 37 °C. After 40 min, GSH (0.1 mL, 10
mM aqueous) and glutathione reductase (0.1 mL, 0.33 μM in phosphate buffer) were added
and vortex mixed. The resulting mixture was allowed to react at 37 °C for an additional 10
min, and then transferred to a disposable cuvette. NADPH (0.1 mL, 1.5 mM in 0.1%
NaHCO3 (w/v)) was added to the cuvette. The H2O2-independent consumption of NADPH
was determined by monitoring the change in UV absorption of the sample at 340 nm, at 25
°C. After 2-3 minutes, H2O2 (0.1 mL, 1.5 mM aqueous) was added to the cuvette to initiate
the H2O2-dependent reaction. The change in UV absorbance was monitored for an
additional 7 min, and the slope of the plot of absorption vs. time was normalized to 100%
activity as determined by the blank (10 μL DMSO) control. As positive control, Gpx was
treated with 1.87 mM iodoacetamide. Data was fit to a linear model for the first 5 data
points.

Results
Illudin S and AFs inhibit TrxR in a dose- and time-dependent manner

When NADPH-reduced TrxR was treated with illudin S and AFs, its DTNB reduction
activity was inhibited in a dose-dependent manner (Figure 1). The IC50 values were
determined to be 260 μM for illudin S, 7.3 μM for AF, and 0.38 μM for HMAF respectively.
Without pre-reducing TrxR, no inhibition was observed by illudin S, and the IC50 values for
AFs increase to millimolar ranges (Figure 2). Further, the relative inhibition potencies of AF
and HMAF towards TrxR in the absence of pre-reduction are similar, suggesting the
observed inhibition of TrxR by AFs mainly resulted from the interaction of TrxR active site
with AFs, but some other interaction may also partially account for the inhibition. The
inhibition of TrxR by AFs is time-dependent; within five minutes, over 60% of TrxR
activity was inhibited by 50 μM AF and 7.5 μM HMAF respectively (Figure 3), suggesting a
rapid reaction between TrxR and AFs.

TrxR inhibition by AFs is irreversible
To determine whether TrxR inhibition by AFs is reversible, gel-filtration studies were
conducted. TrxR was allowed to react with AFs in the same manner as described for studies
carried out to determine the concentration-dependence of inhibition. The resulting
inactivated TrxR was filtered through a size exclusion column with molecular weight cut-off
6000 to remove non-covalently bound drug and the re-isolated enzyme was assayed for
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DTNB reduction capacity. The native TrxR activity was not recovered (Figure 4),
suggesting AFs are irreversible inhibitors of TrxR.

Alkylation of cysteines at TrxR active site
An affinity assay involving pH-selective BIAM-alkylation of free Cys vs Sec residues was
carried out for the inactivated protein resulting from treatment with AFs. The purpose of the
experiment was to determine whether active site Sec and Cys in TrxR were chemically
modified by AFs. Despite multiple potential TrxR alkylation sites, the pH- and time-
dependent selective alkylation of active site residues by BIAM has been optimized and
established previously, and applied to other TrxR-alkylating compounds (40-42). Per the
published procedures, the enzyme was allowed to react with varying concentrations of AFs,
then labeled with BIAM. Due to the pKa difference of active site residues Cys 497 (pKa 8.3)
and Sec 498 (pKa 5.2) (16), only the free selenol of Sec is modified at pH 6.5 and both
active site residues are modified at pH 8.5. The results of the experiment were that at pH 6.5,
the intensity of the BIAM label was diminished in intensity for low micromolar AF and
HMAF (25 μM and 5 μM, respectively). The same trend was observed with increasing
concentrations of AFs, suggesting selective modification of the free selenol of Sec by AFs
(Figure 5). Likewise, at pH 8.5 and for the highest levels of AFs (125 μM AF and 25 μM
HMAF), BIAM labeling was almost abolished as compared to that at pH 6.5. These data
suggest that both active site Cys and Sec residues were modified by both AF and HMAF.

Identification of the covalent adduct between AF and TrxR
Since AF irreversibly inhibited the DTNB reduction activity of TrxR, and the modification
appears to occur at the C-terminus active site, we analyzed the trypsin digest of the
covalently modified TrxR by LC/MS to evaluate the chemical pathway involved. A singly
charged ion corresponding to the active site peptide product of the tryptic digest was
observed by ion trap MS analysis (m/z 1142.4, Figure 6A). Due to the presence of selenium
in the peptide sequence (SGGDILQSGCysSecG), the isotope envelope is uniquely
diagnostic. A singly charged ion corresponding to AF-mediated monoalkylation of the
active site tryptic peptide was observed (m/z 1358.6, Figure 6B), and the associated mass
change (m/z 216) is consistent with formation of an adduct via direct conjugate addition at
the α,β-unsaturated carbonyl. Under similar experimental conditions, the HMAF-modified
peptide was not identified. However, unlike controls (i.e. DMSO-treated TrxR tryptic
digest), for the HMAF-treated sample, a 60% reduction of the extracted ion intensity of the
active site peptide product was observed (Figure S1). Extensive experimentation with
different digestion conditions, including other proteases such as V8 E and Asp-N, still did
not provide diagnostic information. Likewise, MALDI ionization (QSTAR XL and Biflex
III) and nanospray ionization (4000 QTRAP), and extensive optimization of ionization
parameters, did not result in a corresponding signal for a modified active-site peptide. These
results suggest that modification by HMAF drastically suppresses the ionization efficiency
of the peptide.

AFs do not impact Gpx activity or result in covalent modification
The test compounds were evaluated as potential Gpx inhibitors. Thus, Gpx was treated with
varying concentrations of AFs and illudin S and residual enzyme activity was measured by a
GR-coupled assay, however none of the tested drugs caused a decrease in enzyme activity
(Table S1). By contrast, and as a positive control, Gpx was treated with iodoacetamide
(IAA), and under the conditions of the general assay IAA inhibited Gpx activity with an
IC50 of 2.4 mM (Figure S2). While IAA has not been characterized explicitly as a Gpx
inhibitor previously, it is a common alkylating agent known to efficiently modify free
cysteine and selenocysteine residues, and it was found to be an effective positive control for
monitoring loss of Gpx activity. Furthermore, after Gpx was incubated with AFs for 3 h and
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unbound compound removed with a Microcon® Y-10 centrifuge filter (NMWL 10,000),
whole protein mass spectrometry analysis indicated only the intact Gpx peak (Figure S3).
These data suggest that neither AFs nor illudin S impact Gpx activity, and do not modify or
interact with the enzyme active site.

Evidence for TrxR inhibition by AFs in whole cells
Human cervical cancer cells (HeLa) are highly sensitive to AFs, with a reported IC50 of 20
ng/mL HMAF three day continuous treatment (43). Illudin S was reported to be around 30-
fold more toxic in vitro than AF (44). To test whether TrxR might be involved in the
observed HeLa cell sensitivity toward AFs, we first compared the cytotoxicity of the three
compounds to HeLa cells (Figure S4). At the concentration range tested for the three
compounds, illudin S is at least 100-fold more toxic than AF. Cells were treated with illudin
S, AF, or HMAF at concentrations that maintain 80% cell viability upon 12 h treatment.
After washing and cell lysis, residual TrxR activity was determined. A dose-dependent loss
of TrxR activity resulted from each of the compounds tested (Figure 7). At equitoxic
concentrations, AF (0.2 μM) and HMAF (0.2 μM) inhibited TrxR activity by 20% (Figure
7), and increasing concentrations of each drug inhibited cellular TrxR activity more. Thus,
TrxR activity was inhibited by 35% and 60% with 1 μM and 4 μM AF treatment,
respectively. A more drastic inhibition of activity was seen with HMAF treatments, as 1 μM
HMAF led to 60% TrxR reduction and 4 μM eliminated cellular TrxR activity. Cellular
TrxR was inhibited 20% and 50% by 0.2 and 1 μM illudin S, respectively. Higher
concentrations of illudin S inhibited cell viability more than 40%. Overall, the relative
potencies of the three compounds for reducing cellular TrxR activity (at a given toxicity
level) were in the same order as inhibition potencies in a cell-free system.

Although the ordering of potency for HMAF > AF > illudin is consistent between the
enzyme inhibition data and the cell-based activity data, there is a significant dampening
effect observed for cellular reductase activity inhibition vs. cell-free enzyme inhibition for
illudin. Namely, the IC50 for illudin-mediated inhibition of enzyme activity is 260 μM, or
almost two orders of magnitude less potent than HMAF, while at an equitoxic concentration,
illudin already elicits a 50% reduction in cell-based reductase activity. Thus, compared to
AF and HMAF, illudin S is disproportionately active in cells. These data underscore that
illudin S and AFs share core structural features, however there appear to be fundamental
differences in their toxicity profiles. Potential cross-talk between unknown pathways, which
may be efficiently modulated by illudin S and related to its overall high toxicity, and TrxR
may account for the significant impact on cellular reductase activity while the molecule has
a comparatively low impact on free enzyme activity.

Selenite-enhanced sensitivity of cells towards AFs
Studies carried out here to test the potential influence of TrxR induction on cytotoxicity
demonstrated that cells could be favorably sensitized by selenite preconditioning. It is
known that culture medium supplemented with sodium selenite (Na2SeO3) will induce TrxR
expression in breast cancer MCF-7 cells and liver cancer HepG2 cells (45, 46). In the
present study, HeLa cells were cultured in media containing 1 μM sodium selenite for three
consecutive days. 1 μM of selenite is also close to physiological Se concentration, and
higher concentrations of added selenite (2 and 3 μM) caused cytotoxicity (observed as cells
significantly detached from culture dish). A saturated level of TrxR was observed after three
day induction by selenite. By Western blotting analysis and measurement of cellular TrxR
activity after selenite supplementation, cellular TrxR protein levels and TrxR activity
increased four-fold (Figure S5). We then investigated whether changes in sensitivity toward
illudin S and AFs were associated with the increased protein levels and activities. Results
indicated that increasing the cellular level of TrxR makes cells more sensitive toward AFs,
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but not towards illudin S (Figure 8), which is consistent with the inhibition potency of these
compounds with purified TrxR. After induction by 1 μM selenite for three continuous days,
HeLa cell sensitivity towards 100 μM AFs was increased about 50% compared to the cell
sensitivity without selenite induction.

Discussion
The cellular function of Se has been attributed mainly to its presence in selenoproteins and
the correlation of selenium administration and level of selenoenzymes has been extensively
studied (2, 10, 47-52). Se is incorporated into selenoproteins in the form of selenocysteine
either during protein synthesis or through post-translational processes (52-54).
Selenoproteins such as TrxR and Gpx are involved in cellular antioxidant defense and redox
signaling. The active site Sec residue of these proteins has a higher propensity to react with
electrophiles compared to its Cys counterpart (16) and therefore, the potential to be more
easily inactivated by alkylating agents. Key electrophilic features of illudin S and AFs
include a cyclopropane ring and an α,β-unsaturated ketone, which may react by direct
addition or coupled with reductive bioactivation (28-32). Increased reductase-mediated
bioactivation by NADPH-dependent enzyme or enzymes, and subsequent nucleophilic
attack at the cyclopropane ring by DNA is thought to be an important process contributing to
AF toxicity, but does not fully account for differences in cytotoxicity profiles (27, 55-57),
and their potential for inactivating key cellular proteins as a contributing factor is a
hypothesis under investigation (18, 27). In correlation with their reactivity with small thiols,
illudin S and AFs were expected to have the same relative reactivities toward thiol-
containing enzymes (35, 58), but in a previous study a surprising finding was that AFs are
much more reactive than illudin S toward the cellular redox-regulating enzyme GR (18).

The thioredoxin system comprising TrxR, its protein substrate thioredoxin and NADPH,
together with its homologous glutathione system comprising GR, NADPH and GSH, is the
major regulator of intracellular redox balance, exerting a wide range of activities in oxidant
defense, cell viability, and proliferation. Patterns of GR inhibition by illudin S and AF have
been defined, but the potential influence of the more reactive Sec residue within TrxR, and
similarly Gpx, is unknown. Elevated levels of TrxR were found in many types of cancer cell
lines, especially ovarian and prostate cancer which are both very sensitive to HMAF (9).
TrxR is very similar in both structure and mechanism to GR (59). They both use NADPH as
a cofactor to reduce the conserved internal disulfide center. TrxR is distinct from GR by the
presence of a C-terminus redox center (Gly-Cys-Sec-Cys) which is functionally equal to
GR’s substrate GSSG (60, 61). The flexibility of the C-terminus redox center not only
allows TrxR to have a broad range of substrates, but also makes it extraordinarily reactive
towards electrophiles due to the reactive and solvent accessible Sec. The Sec was reported to
be targeted by many anti-cancer compounds, such as curcumin, motexafin gadolinium,
flavonoids, and quinines (40, 62). TrxR regulates cell proliferation by controlling DNA
systhesis and antioxidant defense with reduced Trx. In normal cells, TrxR is critical for
maintaining intracellular proteins in their reduced states and defending against oxidative
stress. In malignant cells, however, TrxR supports tumor growth and progression, and
inactivation may induce or promote cell death. Here we find that NADPH-reduced TrxR is
inhibited by AFs with low micromolar IC50s, which has similar potency as TrxR inhibitors
characterized to date. Examples include curcumin (63), carmustine (64), gold complexes
(65), platinum compounds (64, 66), and 2-chloroethyl ethyl sulfide (CEES) (42). The IC50
of illudin S toward TrxR determined in this study was 100-fold higher than that of the AFs.
This trend is reverse in order relative to cytotoxicity, but is consistent with its diminished
ability to inhibit GR (18).
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The related homotetrametic enzyme Gpx is comprised of two asymmetric units containing
two dimers, each with two selenocysteines at the active sites in the form of Se− in the resting
state and that directly participate in the process of hydroperoxide reduction of Gpx. There
was no data obtained in this study to suggest any chemical reactivity of the drugs toward the
active site of the protein resulting in inhibition of activity. Unlike the flexible C-terminus
active site of TrxR, the active site of Gpx locates at the N-terminal ends of long α-helices,
surrounded by aromatic side-chains. This structural context may therefore protect Sec from
AFs (67). For relatively high concentrations of drug (≥ 1000 μM illudin S, ≥ 20 μM AF, ≥ 2
μM HMAF) we observed an increase in Gpx activity (Table S1) that could not be explained
on the basis of our experiments. To our knowledge there is no precedent or good rationale
for this unusual observation, yet the data for lower concentrations show no change in
activity and offer no suggestion that these compounds are Gpx inhibitors.

AF and HMAF are both irreversible TrxR inhibitors, however, only HMAF is an irreversible
GR inhibitor. TrxR and GR are homodimeric flavoproteins of the same family and are
similar in primary sequence and structure, but GR lacks the Sec residue in the C-terminal
active site. A possible rationale for the difference in AFs reactivity is that Sec that may
undergo a hindered conjugate addition reaction (Scheme 6C) with the α,β-unsaturated
ketone that is common to AFs. Therefore, TrxR is capable of reacting with both AF and
HMAF. In the case of GR inhibition by HMAF (18), however, evidence suggests that a
substitution reaction occurs with the methylenehydroxy substituent that is specific to
HMAF. Thus, the differences in the chemical reaction mediating the modification may
account for the combined observations.

On the basis of the BIAM labeling experiment performed here (Figure 5), both active site
residues are alkylated at low micromolar concentrations of AF and HMAF. This affinity
assay provides mechanistic information regarding how AFs compare to other TrxR
inhibitors. AFs irreversibly inhibit TrxR to a similar degree as previously characterized
inhibitors, but the manner in which they modify important active site residues differs. Our
results demonstrate that like curcumin (polyphenol), carmustine (nitrosourea), and 1-
chloro-2,4-dinitrobenzene (DNCB, nitroaromatic), AFs modify Sec and Cys. In contrast,
CEES (half-mustard) (42) and 5-iodoacetamidofluorescein (iodoacetamide conjugate) (68)
inhibit TrxR by only modifying the Sec residue. Whether there is medicinal relevance in
selectively targeting Sec vs. both active site residues is not understood, however existing
data suggests possible differences in triggering molecular pathways. For example, alkylation
of Sec and Cys by curcumin (40) and DNCB (69) results in irreversible inhibition and high
induction of NADPH oxidase, which produces reactive oxygen species (ROS). Cisplatin-
derivatization of TrxR inhibits enzyme activity but does not induce NADPH oxidase activity
(70), and Sec-targeting CEES is capable of producing (ROS) (42), but it has not been
demonstrated whether the generation of ROS also occurs via induction of NADPH oxidase.
Interestingly, it has been shown that alkylated TrxR (with DNCB or cisplatin) promotes
apoptosis to a similar extent as truncated TrxR lacking its two C-terminal residues (71), but
ROS can be generated as long as a functional N-terminal redox active motif remains (72).

Mass spectrometry analysis suggests the adduct was formed following a direct alkylation
pathway with a mass change of m/z 216, which is also consistent with our proposed HMAF-
GR adduct formed by direct attack at the α,β-unsaturated ketone followed by opening the
cyclopropane ring by water molecule. Although blotting results suggest that the neighboring
cysteine was also modified by higher concentration of AFs, no ions corresponding to the bis-
adducts were observed, possibly due to the poor ionization efficiency of the alkylated
peptides as previously discussed for GR-HMAF (18). Because of the unique Se isotope
envelope, it is easy to confirm the identity of corresponding peptide modifications. We only
observed singly charged ions corresponding to the unmodified active peptide
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(SGGDILQSCysSecG, m/z 1142.4) and a mono-adduct of AF. Significant reduction (>
60%) on the extracted ion intensity corresponding to the active site tryptic peptide (m/z
1142.4) was observed for the AFs-treated TrxR compared to the control (Figure S1),
suggesting that the reaction between TrxR and AFs occurred at the active site, which is
consistent to the BIAM-labeling experiment. Similar results have been reported for 4-
hydroxynonenal modification of the TrxR active site, in which also only a singly charged
modified peptide mass peak was identified with the Se-specific isotopic mass distribution
(73).

In cancer cells, TrxR expression is up to 10-fold higher compared with normal cells (6, 74).
Addition of Se to cell media has been reported to induce TrxR expression 10–30 fold by
itself or in combination with sulforaphane (45, 46). An approximately 3.6-fold induction of
TrxR protein levels in HeLa cells supplemented with 1 μM selenite is associated with a 4.2-
fold increase in activity (Figure S5). Preliminary tests for potential synergies of Se plus
sulforaphane co-induction suggested that no significant additional increases resulted, and
that sulforaphane displayed potentially confounding direct inhibitory properties (Data not
shown). Therefore, we used Se alone to induce TrxR and test the impact on drug sensitivity
(75).

After selenite-mediated TrxR induction, HeLa cells become more sensitive to AFs, but not
to illudin S. By analogy, high TrxR has been observed in various cancers. AFs may be
selectively toxic in part because TrxR inhibition contributes to toxicity more significantly in
the case of high TrxR cancer cells than low TrxR normal cell. Enhanced antitumor activity
has been observed for the combination therapy of Se compounds and anticancer drugs such
as taxol, doxorubincin, irinotecan, platinum agents, 5-fluorouracil and campthotecin (76-78).
Further, cisplatin and doxorubincin (17) have been characterized as TrxR inhibitors,
suggesting increasing TrxR levels with Se may enhance cell sensitivity towards anticancer
drugs.

Conclusion
In this study we evaluated potential interactions between the natural product illudin S and its
AF analogues toward the Se-dependent cellular redox-regulating enzymes Gpx and TrxR as
isolated enzymes, and in cell-based models. The inhibition potencies of illudin S and AFs
are in the same order for TrxR as what has been previously observed for the thiol-based
redox-regulating enzyme GR, i.e., HMAF > AF > illudin S. However, AF and HMAF
irreversibly target the TrxR active site Sec and Cys residues more efficiently than the GR
active site Cys residues, which is consistent with the existence of the more reactive Sec in
the TrxR active site. In contrast, Gpx is not inhibited by AFs, suggesting that the TrxR
active site is more accessible and reactive (18). For both TrxR and GR, illudin S was a
weaker inhibitor than AFs, which is opposite to their reactivity toward small molecule thiols,
suggesting that the polar substituents that decorate the five membered ring may interfere
with enzyme binding, and that the flat fulvene structure binds efficiently. Furthermore, AFs
abrogate cellular TrxR activity and, for HeLa cells, are more potent cytotoxins after selenite-
induced TrxR overexpression. The data obtained in this study contributes to a broader
understanding of chemical and biochemical factors involved in regulating cancer cell
susceptibility toward alkylating agents, specifically the potential for selectively targeting Se-
dependent TrxR expression to enhance cytotoxicity.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Dose-dependent inhibition of pre-reduced TrxR by illudin S and AFs. TrxR (80 nM) was
first incubated with NADPH (100 μM) at 25 °C for 10 min followed by the addition of test
compounds and further incubated for 2 h at 25 °C (A, Illudin S, 62.5, 125, 250, 500, 1000,
2500 μM; B, AF, 2.5, 5, 12.5, 25, 50 μM; C, HMAF, 0.125, 0.25, 0.5, 1, 1.5, 2.5 μM). The
residual activity was measured with DTNB assay described in the experimental details.
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Figure 2.
Inhibition of non-reduced TrxR by AF and HMAF. TrxR (80 nM) was incubated with the
test compounds for 2 h at 25 °C (AF, 0.25, 0.5, 1.0, 2.5 mM; HMAF, 0.25, 0.5, 1.0, 2.5, 3.6,
5 mM). The residual activity was measured with DTNB assay described in the experimental
details.
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Figure 3.
Time-dependent inhibition of TrxR by AFs. TrxR (80 nM) was first incubated with NADPH
(100 μM) at 25 °C for 10 min followed bby the addition of test compounds at concentrations
that would completely inhibit TrxR upon 30 min treatment (A, AF 50 μM; B, HMAF 7.5
μM) at 25 °C. To assay the enzyme activity, 100 μL of the incubation solution was taken out
at different time intervals and the residual activity was measured with DTNB assay
described in the experimental details. Each data point represents an average of two
measurements.
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Figure 4.
Gel-filtration analysis of AF and HMAF-inactivated TrxR. TrxR (80 nM) was first
incubated with NADPH (100 μM) at 25 °C for 10 min followed by the addition of test
compounds and further incubation for 2 h at 25 °C (A, AF, 3.3, 6.7, 16.7, 33.3, 66.7 μM; B,
HMAF, 0.13, 0.27, 0.53, 1.33, 2.67 μM). Unbound compound was removed by Micro Bio-
Spin™ P-6 pre-packed size exclusion columns. The residual activity was measured with
DTNB assay described in the experimental details.
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Figure 5.
Free C-terminus redox-active site Sec and Cys of TrxR were detected by biotin-conjugated
iodoacetamide. Different concentrations of AFs were added to NADPH (200 μM) pre-
reduced TrxR (0.9 μM) and incubated at 25 °C for 2 h. BIAM was added to label active site
free Sec at pH 6.5 and free Cys and Sec at pH 8.5. Results are representative of three
independent experiments.
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Figure 6.
LC/MS analysis of AF-modified TrxR active-site peptide (SGGDILQSGCysSecG). A,
Average mass for the unmodified peptide (m/z 1142.4) from an untreated sample of enzyme
as a blank control; B, average mass for the AF-modified peptide (m/z 1358.6) from a treated
sample; C, proposed mechanism of reaction of AF with Sec at TrxR active site.
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Figure 7.
Inhibition of TrxR activity in HeLa cells by illudin S and AFs. HeLa cells were exposed to
individual compound. A, illudin S: 0.04, 0.20, 1.00 μM; B, AF 0.2, 1.0, 4.0 μM; C, HMAF:
0.2, 1.0, 4.0 μM) for 12 h and then cellular TrxR activity was measured. Asterisks represent
a significant difference relative to controls: * p < 0.05, ** p < 0.01.
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Figure 8.
Differential sensitivity of HeLa cells towards illudin S and AFs. HeLa cells were seeded on
96-well plates (1000 cells/well) and cultured in medium with (red/right) or without (blue/
left) addition of sodium selenite (1 μM) for three continuous days and then changed with
medium containing test compounds (illudin S, 0.2, 0.5, 1, 2 μM; AFs, 10, 20, 50, 100 μM)
for 12 h. Cytotoxicity was measured with MTS assay (Promega). Asterisks represent a
significant difference between cytotoxicities resulting from no selenite and 1 μM selenite
medium: * p < 0.05, ** p < 0.01.
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Chart 1.
Structure of illudin S and acylfulvene derivatives AF and HMAF.
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