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1 Natural products and cancer  

Data regarding death rates by diseases over the last fifty years indicate that only 

cancer death rates remain unaltered while the deaths caused by other major chronic 

diseases such as heart disease and influenza decreased significantly during that period 

(Figure 1).1 Furthermore, if no urgent and effective actions are taken, cancer rates could 

further increase to 15 million new cases and 10 million new deaths in 2020.2 

Carcinogenesis is a multistage process consisting of initiation, promotion, malignant 

conversion, and progression.3-5 Thus, the multistage sequence of events offers chances for 

intervention to prevent, inhibit, delay, or reverse the progress of carcinogenesis. One third 

of cancers are preventable and another third are treatable with early detection.6 Nature 

provides us with a fertile pool of resources that have yielded effective agents to fight 

against human cancers in both preventive and therapeutic strategies. 

Cancer prevention is gaining more attention with the increasing knowledge of 

cancer at epigenetic, genetic, molecular and cellular levels. There are at least two ways to 

reduce cancer risk: avoiding exposure to cancer-causing biological, chemical and 

physical agents, and consuming chemopreventive agents. Numerous dietary components 

from grains, nuts, cereals, spices, fruits vegetables, beverages and botanical agents from 

medicinal plants and herbs have been show to possess strong chemopreventive properties 

for a variety of cancers. Among them, myo-inositol, tea polyphenols, curcumin, 

resveratrol, genistein, and lycopene are in clinical trials with respect to their preventive 

activity against a variety of human cancers including lung, colon, prostate, cervical, skin, 

and breast cancer.7-12 Dietary chemopreventive agents are divided into two broad classes 

on the basis of their window of effectiveness: blocking agents and suppressing agents. 

Blocking agents act concurrent with carcinogen exposure by preventing metabolic 

activation of carcinogens to reduce the likelihood of cellular DNA and protein damage. 

Suppressing agents suppress cell replication or induce apoptosis by inhibiting the 

inappropriate activation of cellular transcription factors such as NF-κB and AP-1.13 

Blocking agents have also been found to function by inhibiting carcinogen-activating 

phase 1 enzymes and/or inducing carcinogen-detoxifying phase 2 enzymes through Nrf2 

activation, which facilitate the elimination of endogenous and environmental 
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carcinogens. As in the case of isothiocyanates that are abundant in cruciferous vegetables, 

the phase 2 detoxifying enzymes such as quinone reductase and glutathione transferase 

are induced.14-16 

Extensive research on molecular targets and mechanism of action has blurred the 

boundary between cancer prevention and therapy. Many natural products possess not 

only cancer preventing properties, but also are active for cancer treatment, such as 

curcumin,17-20 and myo-inositol hexaphosphate.21-23 Humans have relied on nature for 

disease remedies for thousands of years. Even now, around 80% of the world’s 

inhabitants take traditional plant-sourced medicines for their primary health care.24 Over 

60% of the currently used anticancer drugs originate from natural sources. Particularly in 

the area of cancer, from 1981 to 2006, 63 of 81 (77.8%) of approved anticancer drugs 

were either natural products or were derived or mimicked natural products.25 

Progress in modern screening, extraction, and analysis techniques facilitates the 

detection, isolation, and characterization of bioactive ingredients from the natural 

matrix.26-36 Conventional anticancer drugs mainly are capable of inhibiting cancer growth 

regardless of their chemical nature and underlying mechanism of action. In cancer cells, 

multiple signal transduction and gene expression pathways are dysfunctional.37, 38 

Extensive studies regarding molecular mechanisms of traditional chemotherapeutic 

compounds, such as curcumin and isoflavones, suggest that multiple cellular targets are 

involved in modulating different signaling pathways with an overall result of toxicity.39, 40 

Likewise, modern combination therapies also aim for modulating multiple targets.41, 42 In 

contrast, targeted therapeutics are proposed to be promising for their potential as the basis 

of individualized therapies with fewer side effects. A potential drawback of the single 

target approach is whether the potency of the drug is adequate enough to reverse cancers 

and overcome drug resistance.43 On either side of the controversy, it remains critical to 

understand mechanisms of action for chemopreventive and anticancer natural products 

with respect to cellular targets, and chemical and biochemical transformations. 
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2 Myo-inositol (Ins) and myo-inositol phosphates (InsP) in nutrition, biochemistry, 

and cancer 

Ins is a hydroxylated cyclohexane scaffold for varying degrees of stereospecific 

phosphorylation, which results in 63 possible InsP isomers with different numbers of 

substituted phosphate groups and at different sites on the inositol ring.44 Ins is also the 

structural basis for another group of cellular signaling molecules phosphatidylinositol 

phosphate (PtdInsP) which are the most abundant inositol lipid in mammalian 

membranes.45 InsPs are intracellular second messengers in eukaryotic cells. Among them, 

Ins(1,4,5)P3 has been extensively studied in the regulation of calcium signaling.46 In 

response to extracellular stimuli, Ins(1,4,5)P3 is released from the membrane-bound 

PtdIns(1,4,5)P3. The binding of InsP3 to its receptors located on the endoplasmic 

reticulum (ER) causes calcium release from the ER, which triggers various cellular 

responses.47 InsP3 is rapidly converted to other InsPs through reversible phosphorylation 

and dephosphorylation by corresponding phosphatases and kinases in a complex 

biochemical metabolism network participating in cell signaling regulation (Figure 2).48 

Knowledge regarding the functions of InsPs other than Ins(1,4,5)P3 in cell signaling has 

accumulated significantly in the past twenty years,46 and data suggest a critical role for 

Ins compounds in biochemical processes of living organisms. 

Phytic acid (InsP6), the principle phosphorus carrier for many plants, is the 

predominant InsP contained in substantial amounts in grains, nuts, and legumes. 

Compared to InsP6, lower InsPs exist in relatively small amounts, and they can be formed 

from the degradation of InsP6 by phytase or other phosphatases, gastrointestinal 

digestion, food processing, or storage.49 Although studies regarding higher InsPs indicate 

that they impair the absorption of minerals including calcium, iron, and zinc by chelating 

and precipitating these cationic minerals.50-55 InsPs in foods are regarded as a significant 

source of myo-inositol, which plays a critical role in the health of central nervous system 

as a natural precursor for InsPs and PtdInsPs.56, 57 

Ins and InsPs have been shown to possess cancer chemopreventive and 

chemotherapeutic properties in cancer cells and animal cancer models.58-62 Ins suppresses 

liver and lung carcinogenesis in mice,63-65 and InsP6 inhibits colon and breast 



 

 5 

carcinogenesis.66-69 Ins and InsPs were also found to be involved in Aβ aggregation in 

Alzheimer’s disease.70 InsP6 have been shown to inhibit the proliferation of a variety of 

human cancer cells including colon, pancreatic, breast, large intestine, and prostate 

cancer when treated alone or in combination with other anticancer drugs.22, 23, 71-78 In 

cancer and pre-cancerous cells, degradation of InsP6 to Ins or InsP1-InsP5 could enhance 

its activity,79 however the underlying mechanisms are poorly understood and lower InsPs 

are hypothesized to play a role.73, 80 

Although Ins and InsPs are significant in so many different areas including 

nutrition, physiology, and pharmacy, their rapid enzyme-mediated interconversion in 

biological systems combined with a lack of selective and sensitive analysis methods 

suitable for complex biological sources limits advances in understanding relevant 

biological mechanisms and relative distributions. Thus enzyme-stable analogs as well as 

advanced analysis methods are, the topics addressed by the research described in 

Chapters 2 and 3 of this thesis, are expected to be helpful scientific tools for addressing 

these and other fundamental questions regarding Ins compounds in health and disease. 

3. Cellular Redox Regulation and Cancer Chemotherapy 

In response to stress, cellular enzymatic redox systems not only contribute to 

antioxidant defense but also influence the functional activity of various other enzymes 

that further regulate many vital cellular events including gene expression, cell 

proliferation, differentiation, and apoptosis.81-83 Under physiological conditions, 

endogenous oxidants such as nitric oxide and hydrogen peroxide act as second 

messengers, reversibly modulating signaling pathways via redox enzymes to achieve 

their physiological functions.84, 85 

Cysteine residues play important roles in the biochemistry of many proteins 

because of the unique chemical properties of this amino acid. The primary thiol possesses 

high reactivity, redox properties, and an ability to coordinate metal ions.86 These features 

are even further potentiated when the sulfur is displaced by selenium to generate the 

selenocysteine.87 Sec is incorporated into selenoproteins either during protein synthesis 

with UGA, a codon for translation termination, or through post-translational process.88 
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Cellular redox regulation in large part is maintained by a diverse group of thiol 

oxidoreductases through thiol/disulfide exchange or cysteine modification.89 Thiol groups 

of redox-sensitive cysteines in proteins have lower pKa values (4-6) than physiological 

pH, which therefore present as deprotonated, highly reactive thiolate anions.90-92 The 

reversible thiol/disulfide exchange reaction is a sensitive switch for cells to transduce 

signals within the signaling cascades comprised of redox proteins, by which the proteins’ 

conformation and activity are modulated in analogy to tyrosine phosphorylation in kinase 

signaling cascades.93 Signaling by endogenous reactive oxygen species is mainly through 

reversible or irreversible modification of cysteine residues in proteins, such as S-

nitrosylation by nitric oxide and conversion to sulfonic acid by hydrogen peroxide.94, 95 In 

addition to redox signaling, thiol/disulfide homeostasis also is critical for proper protein 

function. Thus a disruption can impact downstream events involving the functions of 

various proteins including enzymes, chaperones, and transcription factors.96-105 

The glutaredoxin (Grx) system, together with the thioredoxin (Trx) system forms 

the major regulator of cellular redox homeostasis and keeps a reducing thiol-rich 

intracellular redox state.106 Both systems draw their reducing potential ultimately from 

NADPH.107 The Grx system includes glutathione (GSH), the most abundant small 

molecule thiol in the cell (1-12 mM), glutaredoxin, and glutathione reductase (GR) which 

reduces oxidized GSH to regenerate GSH. The Trx system contains thioredoxin reductase 

(TrxR) and its protein substrate thioredoxin (Figure 3). Grx and Trx are both small 

thiol/disulfide oxidoreductases (9-16 kDa). Grx’s usually have CPYC as the active site 

sequence and are able to catalyze reactions by a thiol/disulfide exchange mechanism in 

proteins and also catalyze the reduction of protein-GSH mixed disulfides.106 Trx also has 

a similar active site motif WCGPCK and it has been established as having a critical role 

in DNA synthesis, DNA transcription, cell growth,108 and cell apoptosis by reductively 

regulating key enzymes. GR and TrxR are both flavin enzymes and share great 

similarities with respect to structure and activity. However, the presence of 

selenocysteine at the C-terminus active site of TrxR makes it more reactive towards 

cellular electrophiles, and the flexibility of C-terminus active site broadens the range of 

TrxR substrates significantly.109, 110 Although glutathione is the most abundant small 
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molecule thiol in the cell, the active redox pool comprised of protein thiol overwhelms 

glutathione (70% vs. 30%).111 Consequently, protein thiol can be more directly involved 

in cellular redox signaling.112 Especially, the alterations of redox signaling proteins play a 

significant role in the pathology of human diseases including cancer and cardiovascular 

disease, the two major death-causing chronic diseases in the U.S.1, 113-116   

Increased Trx and TrxR levels have been detected in many human primary cancers 

compared to normal tissue including breast, prostate, cervical, ovarian, and pancreatic 

cancers.114, 117-119 Knock-down of TrxR led to a remarkable reduction of tumor 

progression and metastasis and a significant decrease of cancer-related proteins in lung 

cancer.120 The underlying mechanism for the participation of Trx systems in cancer 

initiation and progression is hypothesized to involve their role in redox signaling by 

inactivating tumor suppressors such as p53, increasing the supply of reducing equivalents 

for DNA synthesis from ribonucleotide reductase, and activating transcription factors 

such as NF-κB to over-stimulate cell growth and sensitize cells to growth factors.121, 122 

As a consequence of the altered redox state in cancer cells, the regulation of thiol-

dependent signaling cascades are dysfunctional. This situation offers an intervention 

opportunity for the development of anticancer therapeutics. Targeting redox-active 

cysteines of Trx or Grx system enzymes by anticancer compounds have been reported 

and linked to their anticancer mechanism. Due to the extraordinary reactivity of 

selenocysteine at the active site of TrxR, anticancer compounds such as cisplatin,110 

auranofin (a gold complex),123 arsenic compounds,124 curcumin (a polyphenol), and 

flavonoids125, 126 are all potent TrxR inhibitors via reversible or irreversible interactions 

with active site cysteines. Similarly, there are various examples of GR inhibition as a 

therapeutic strategy: antimalarial agents,127 agents to decrease drug resistance,128 and 

agents with anticancer activity.129 According to the quantitative analysis of global cellular 

thiol/disulfide status, intracellular Cys-containing proteins are not constitutively reduced, 

and instead may remain oxidized during redox signaling in response to oxidant 

diamide.111 In accord with this, some potent inhibitors of redox-regulating enzymes are 

allosteric. For example the Trx inhibitor PX-12 inhibits Trx activity by covalent 
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modification on Cys73 which is important for the Trx dimerization by forming a disulfide 

bridge between two monomers.86, 130 

4. Natural cytotoxin illudin S and its acylfulvene analogs 

Acylfulvenes (AFs) are semisynthetic analogs derived from the mushroom toxin 

illudin S, but AFs possess better antitumor selectivity than illudin S. The AF and illudin 

S, based on preliminary data regarding bimolecular binding and impact on DNA 

synthesis are suggested to act as alkylating agents through electrophilic α,β-unsaturated 

ketone and/or cyclopropane ring. The structurally related sesquiterpene compound, 

natural product ptaquiloside which also has the key allylic cyclopropane, was found to 

produce DNA lesions by reacting at cyclopropane ring.131-133 However, compared to other 

conventional alkyalting agents such as cisplatin and mitomycin, acylfulvenes display 

some unique features, which was hypothesized to be attributed to the specific 

bioactivation by cellular NADPH-dependent reductase.134-138 Considering that AFs 

maintain the same scaffold as illudin S and they can also be catalyzed by the same 

enzyme, it is still unclear the underlying mechanism for their improved selectivity.139 The 

studies on modulation of cell sensitivity towards illudin S by cellular GSH level and 

different reactivity of small thiols with illudin S and AFs suggest that reaction with 

cellular thiols may play a role for illudin S extreme toxicity.140-142 A central hypothesis 

addressed in chapters 4, 5, and 6 of this thesis is that disruption of cellular redox 

homeostasis by inhibition of redox-regulating enzymes in part dictates selectivity patterns 

for AFs cytotoxicities. 

5. Overview of the thesis  

This findings described in this dissertation contribute to building our understanding 

of cancer prevention and therapy mediated by natural products and their derivatives, 

which is important for their clinical application and for design of more targeted synthetic 

compounds. The work described in Chapter 2 illustrates a novel bioanalytical approach 

for simultaneous analysis of naturally occurring inositol and inositol phosphates, which 

was applied to analyzing the distribution of these compounds in dietary samples and 

cancer cells. Furthermore, the method facilitates the biological evaluation of an enzyme-

resistant inositol triphosphate analogue described in Chapter 3. The studies described in 
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Chapter 3 involve testing the biological and chemical reactivity of synthetic analogues 

that were designed and synthesized for the purpose of probing the role of second 

messenger Ins(1,4,5)P3 in chemoprevention and other biochemical processes that cannot 

be realized due to its metabolic instability. The work described in chapters 4, 5 and 6 

demonstrates the differential influences of small molecules on critical cellular redox-

regulating enzymes including glutathione reductase, thioredoxin, and thioredoxin 

reductase. The focus of these studies was the antitumor natural product illudin S and its 

acylfulvene derivatives. The inhibition of enzyme reductase activity, influence on the 

protein conformation, interaction with the active site cysteines, and impact on 

corresponding cellular proteins by these compounds were evaluated and compared. Our 

results reveal reactivities of these compounds towards thiol-containing redox-regulating 

enzymes that are unexpected on the basis of reactivity patterns toward thiol-containing 

small molecules such as cysteine and glutathione. These data contribute to understanding 

mechanisms underlying acylfulvenes’ improved anticancer selectivity, and, more 

broadly, for exploring the possibility of modulating redox-control systems in a selective 

manner for anticancer therapy. Finally, Chapter 7 provides a discussion of some related 

observations concerning the reactivity of acylfulvenes.  
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Figure 1. U.S. death rates by causes in 1900, 1950, and 2000. Rates are per 100,000 and 

are age-adjusted to the 2000 U.S. standard population1. 

                                                 
1 Source: 1900-1970, U.S. Public Health Service, Vital Statistics of the United States, annual, Vol. I and 
Vol II; 1971-2001, U.S. National Center for Health Statistics, Vital Statistics of the United States, annual  
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Figure 2. Complex network of myo-inositol and different myo-inositol phosphates in 

biological systems. Adapted by permission from Macmillan Publishers Ltd: Nature 

Reviews Molecular Cell Biology46, copyright (2001) 
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Figure 3. Redox cycles and mechanisms for Trx system. 
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Part I. Analysis of inositol, inositol phosphates, and an enzyme-resistant 

analog 
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Myo-inositol (Ins) and myo-inositol phosphates (InsPs) are widely distributed in 

plants and animals. The evaluation of Ins and InsPs distribution in cells and plant sources 

can impact the understanding of their role in nutrition, cellular processes and diseases, 

and how they may be modulated by diet. We developed an anion-exchange 

chromatography-tandem mass spectrometry (HPLC-ESI-MS/MS) method for the 

separation and simultaneous quantitation of Ins and different naturally occurring 

phosphorylated inositol compounds. Chromatographic separation was achieved in 30 min 

on a commercial anion exchange column (150 × 0.5 mm) using a gradient of 200 mM 

ammonium carbonate buffer (pH 9.0) and 5% methanol in H2O. Analytes were identified 

by selective reaction monitoring using a triple quadrupole mass spectrometer in negative 

ion electrospray mode. Adenosine 5’-monophosphate was used as a general internal 

standard for quantitation. Using this approach, Ins and InsPs were measured in three 

different plant samples and in cultured cell, illustrating significant differences in the 

distribution of inositol compounds in food sample compared to cells and between cell 

types. 

Ins and InsPs are cellular second messenger with potential roles in cancer 

prevention and therapy. It typically is difficult to attribute specific pharmacological 

activity to a single inositol phosphate because they are rapidly metabolized by 

phosphatases and kinases. We designed stable analogs of Ins(4,5)P2 and Ins(1,4,5)P3 that 

maintain the biological activity, but are phosphatase and kinase-resistant LC/MS/MS 

analysis of the enzyme-catalyzed reaction products indicates the phosphorothioate analog 

of Ins(1,4,5)P3 is stable towards alkaline phosphatase, and under the same condition, the 

natural ligand was extensively hydrolyzed. Analogs developed in this study are potential 

chemical probes for understanding mechanisms of inositol phosphate actions that may be 

elucidated by eliciting specific and prolonged activation of the Ins(1,4,5)P3 receptor. 
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Chapter Two: Simultaneous determination of inositol and inositol 

phosphates in complex biological matrices: quantitative 

ion-exchange chromatography-tandem mass 

spectrometry* 

                                                 
* Portions reproduced with permission from Xiaodan Liu, Peter W. Villalta, Shana J. Sturla. (2008) Rapid 
Commu. Mass Spetrom. (23): 705-712. 
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1. Introduction  

Myo-inositol (Ins) is a scaffold for varying degrees of stereospecific 

phosphorylation, which results in 63 possible inositol phosphate isomers (Figure 1).44 

Phytic acid (inositol hexakisphosphate, InsP6), contained in substantial amounts (~ 1-20 

μmol/g) in oilseeds, cereals, nuts and other crops, is the principle carrier of phosphorus 

and a precursor of inositol phosphates.49, 143 In plants, the lower inositol phosphates 

(InsP1-InsP5) are widely distributed in relatively small and varying amounts and also can 

be formed from the InsP6 degradation during gastrointestinal digestion and food 

processing and storage. Ins, lower inositol phosphates, and InsP6 are involved in signal 

transduction in eukaryotic cells, and the main second messenger, Ins(1,4,5)P3, has been 

extensively studied.46 Stimulation of InsP3 receptors located on the endoplasmic 

reticulum (ER) causes calcium release from the ER, which stimulates an array of cellular 

responses.47 InsP3 is rapidly converted to other InsPs by phosphorylation and 

dephosphorylation in a complex biochemical network participating in cell signaling 

regulation. Thus, a putative approach to address the roles of specific inositol phosphates 

has involved stabilized synthetic analogs.144 

Ins and InsPs are demonstrate cancer chemopreventive and chemotherapeutic 

properties in cancer cells and animal cancer models.58-62 Ins suppresses liver and lung 

carcinogenesis in mice.63 Ins and InsPs were also found to be involved in Aβ aggregation 

in Alzheimer’s disease.70 More recently, other stereoisomers of Ins were reported to be of 

therapeutic importance for human neuropsychiatric disorders.145 In cancer and pre-

cancerous cells, degradation of InsP6 to inositol and InsP1-InsP5 could enhance its 

activity,79 however the underlying mechanisms are poorly understood and lower InsPs are 

hypothesized to play a role.73, 80 

Although Ins and InsPs are significant in so many different areas including 

nutrition, physiology, and pharmacy, their rapid enzyme-mediated interconversion 

combined with a lack of selective and sensitive analysis methods suitable for complex 

biological sources limits advances in understanding relevant biological mechanisms. 

Analytical difficulties in separating and detecting InsPs relate to their low abundances, 

lack of spectrophotometric absorbances, and high charge states. High-performance 
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chromatographic techniques including anion-exchange chromatography,146 gas 

chromatography after derivatization,147 ion-pair chromatography,148 and thin-layer 

chromatography149 have been used to separate Ins and InsPs. Inositol phosphates are 

negatively charged, therefore flow injection-capillary zone electrophoresis can attain high 

separation efficiencies, but has limited sensitivity (~ 10 μM) and robustness for analyzing 

large sample sets.150 A common strategy for detecting InsPs is colorimetric analysis of 

derivatives. Phosphates can be detected by molybdate staining followed by heating and 

UV detection. Although this method is simple and inexpensive, it is subject to 

interferences, and unsuitable for on-line detection.149, 151 Tetravalent transition-metal ions 

can bind tightly to both cation-specific dye and polyanions, which can be used for InsP 

detection with very high sensitivity (picomolar range).152-155 Radiolabelling is a sensitive 

approach for detecting Ins and InsP, but can be expensive and it involves radioactivity.156, 

157 Chemically suppressed conductivity and thermospray mass spectrometry are direct 

detection methods that avoid pre- or post-column derivization.158-160 Ion-pair 

chromatography associated with inductively coupled plasma-sector field-mass 

spectrometry can individually measure InsP2-InsP6 with excellent selectivity and 

sensitivity by monitoring 31P+ signals.161 InsP5 and InsP6 have been measured in situ by 
31P nuclear magnetic resonance spectroscopy.162 Recently there has been a greater focus 

on applying liquid chromatography-mass spectrometry (LC/MS) and LC-MS/MS for 

analyzing myo-inositol with limit of detections (LOD) down to 600 pg and 60 pg, 

respectively.163, 164 Despite the range of analytical methods investigated, none are capable 

of measuring Ins and InsPs simultaneously. Because of the potential broad impacts of 

understanding Ins and InsPs abundances and distributions and their wide range of 

sources, general high-throughput methods to analyze inositol compounds are needed. 

In this study, we report the development and validation of a quantitative high-

performance anion exchange liquid chromatography tandem mass spectrometry (LC-

MS/MS) method with electrospray ionization (ESI) for the simultaneous determination of 

myo-inositol and myo-inositol phosphates in biological samples. ESI has poor tolerance 

for the typically high salt levels in the eluant from ion-exchange chromatography, which 

has limited the interface of ion-exchange chromatography with mass spectrometry. To 
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address this problem, we use a volatile ammonium carbonate eluant buffer rather than 

extensive desalting steps prior to introducing samples into the ion source. This method 

does not require derivatization and is convenient, selective, and accurate. Using this 

assay, we measured inositol and inositol phosphates in nut/grain samples and in human 

cancer cells.  
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2. Experimental procedures 

2.1 Chemicals and materials 

Myo-inositol, ammonium carbonate, and adenosine 5′-monophosphate (AMP) were 

purchased from Sigma (St. Louis, MO), and D-myo-Inositol-1-monophosphate 

ammonium salt, D-myo-Inositol 4,5-biphosphate potassium salt, myo-inositol 1,4,5-

triphosphate ammonium salt, D-myo-inositol 1,4,5,6-tetrakisphosphate potassium salt, 

myo-inositol 1,3,4,5,6-pentakisphosphate potassium salt, and myo-inositol 

hexakisphosphate sodium salt were purchased from AG scientific with purity 99% (San 

Diego, CA), and used for making analytical standards. The phytic acid sodium salt 

hydrate was purchased from Sigma (St. Louis, MO) and used for in-house reference 

sample preparation. The purity of commercial chemicals was greater than 99% and used 

as supplied. Glacial acetic acid, sodium hydroxide (pellet), and methanol (HPLC grade) 

was obtained from Fischer (Pittsburgh, PA). Deionized water was obtained from a Milli-

Q system (Millipore, Milford, MA) and filtered through a 0.22 μM pore polystyrene 

membrane (Corning, Pittsburgh, PA). Raw almonds, hazelnuts and oats were purchased 

from Cub Foods supermarket (Minneapolis, MN). Hela and MCF-7 cancer cells lines 

were obtained from ATCC (Manassas, VA). 

2.2 Instrumentation 

2.2.1 Anion exchange chromatography 

HPLC was carried out on an Agilent 1100 series capillary HPLC system equipped 

with an autosampler. The HPLC system was interfaced with either a TSQ Quantum Ultra 

AM or Discovery Max (Thermo Scientific, San Jose, CA) triple quadrupole mass 

spectrometer with an electrospray ionization (ESI) source. Data acquisition and analysis 

were performed with Xcalibur software (Version 2.0). All samples were transferred into a 

silanized autosampler vial with a fused 100 µL inset (ChromTech, Apple Valley, MN). 

Injection volume was 4 μL. The column and autosampler tray temperatures were set at 25 

°C. A Biobasic AX 0.5 x 150 mm 5 μm anion-exchange column (Thermo) was used. The 

chromatography mobile phases were Solvent A: 200 mM aqueous (NH4)2CO3 (pH 9.0), 

and Solvent B: methanol and water (5:95 v/v). A gradient solvent system was used 

starting with 100% Solvent B, and analytes were eluted by increasing the salt 
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concentration to 150 mM as indicated in Table 1. Total run time was 33 min, plus 10 min 

wash to clear the high salt levels from the column. Total pressure of the LC/MS/MS 

system was typically 70 bar. 

2.2.2 Mass Spectrometry 

The ESI source was operated in negative ion mode. To maximize instrument 

cleanliness, the elutant was diverted from the mass spectrometer to waste by an 

electronically controlled divert valve for the initial two minutes of each run. The ion 

source was set as follows:  spray voltage, 5 kV; ion transfer capillary temperature, 330 

°C; sheath gas (nitrogen), 31 (arbitrary units). Precursor and most abundant fragment ions 

were obtained by scanning each analyte separately in MS full-scan mode and MS/MS 

scan mode. Collision energy (CE) was optimized for each analyte by direct infusion of 1 

μM standard solution. Analytes were monitored by selected reaction monitoring (SRM), 

for relevant ions at optimized collision energies (Table 2). A summary of parent, most 

prominent product ion, and optimal collision energy of each analyte is shown in Table 2. 

2.3 Preparation of analytical standards  

Separate individual solutions of each analyte were prepared in methanol/water 

(5:95 v/v), and from these a mixed standard solution (200 μM Ins and InsP1-InsP6) was 

prepared. The mixed standard solution and an internal standard solution (AMP in 

methanol/water 5:95 v/v) were combined and further diluted with methanol/water (5:95 

v/v) to produce a series of standard solutions with the following concentration of 

analytes: 0.5 µM, 1.0 µM, 1.5 µM, 2.0 µM, 2.5 µM, 5.0 µM, 10 µM, 15 µM, 20 µM, 25 

µM, 50 µM, 75 µM and 100 µM. The final concentration of the internal standard (AMP) 

was 125 µM in all samples. 

An in-house reference standard solution of Ins and InsP1-InsP6 was prepared by a 

modification of a published procedure.146, 165 Thus, phytic acid sodium salt (0.30 g, 0.45 

mmol) was dissolved in acetic acid (100 mL, 3.2 M) in a glass tube under a positive 

pressure of nitrogen and sealed with a rubber septum. The solution was heated (140 °C, 3 

hours then 60 °C for 12 hours), allowed to cool to 25 °C, and the resulting solution was 

dried under a stream of nitrogen. The resulting residue was reconstituted in 5 mL 
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methanol/water (5:95 v/v) and the pH of the solution was adjusted to 7.0 by adding 

NaOH (6 M). Aliquots were stored at -20 °C in 1.5 mL centrifuge tubes.  

2.4 Sample preparation 

Three plant samples were studied: almond, hazelnut and whole grain oat. Raw nut 

samples were peeled to remove the skins and then ground with a mortar and pestle. The 

powered sample (0.5 g) was suspended in acetic acid (3 mL of 3.2 M) and homogenized 

(IKEA Ultra-Turrax T25 homogenizer, Cincinnati, OH) at 24000 rpm 10 times × 10 s. 

The resulting suspension was shaken for 3 h at 25 °C, vortex-mixed, and centrifuged 

(5000 g, 20 min, 4 °C). Supernatant (1 mL) was removed and diluted with water to a final 

aqueous volume of 20 mL. Aqueous NaOH (0.5 mL, 1 M) was added to adjust the pH to 

7.0. The solution was filtered through a 0.45 µM nylon syringe filter. To remove oils, a 

portion of the filtrate (5 mL) was extracted by adding hexane (5 mL) and vortex-mixing 

for 5 minutes to remove oils. After centrifugation (5000 g, 10 min), the hexane layer was 

removed using a glass pipet. The final solution was evaporated to dryness on a Savant 

Speed Vac System (Holbrook, NY). The residues were reconstituted in 100 µL 5% 

aqueous methanol, and filtered using a 0.22 μM nylon syringe filter. A portion of the 

reconstituted solution (70 μL) was combined with internal standard solution (10 μL) in a 

silanized autosampler vial with insert (100 μL) such that the final concentration of AMP 

was 125 μM, which is the same as used in analytical standards. The peeled skin was cut 

into small pieces and processed separately in the same manner. 

Hela cells and MCF-7 cells were cultivated in Dulbecco’s modified Eagle’s 

medium and minimum essential medium (Invitrogen) supplemented with 10% 

heatinactivated fetal bovine serum (PAA Laboratories, Pasching, Austria), 2 mM 

glutamine (PAA Laboratories), and 100 units/ml penicillin/streptomycin (PAA 

Laboratories). The cells were cultured at 37 °C in an incubator with 90% humidified 

atmosphere containing 5% CO2. Before harvesting, cells were washed with phosphate-

buffered saline and then cells were lysed with cell lysis buffer (0.01% Triton X-100 and 1 

mM EDTA in 20 mM Tris-HCl buffer) in the presence of protease inhibitor cocktail. 

After centrifugation (10000 g, 30 min), supernatant was collected and protein 

concentration was quantified using the Bradford assay.166 A volume corresponding to 0.5-
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2 mg of protein from each cell extract was processed following the same procedure as 

described for nut meats, beginning with acetic acid extraction. 

2.5 Extraction efficiency  

To evaluate the efficiency associated with acetic acid-extraction of Ins and InsPs, 

10 µL and 30 µL of the in-house reference standard solution (concentration of the 

standard InsP6 in-house reference, Cs) was extracted with acetic acid (3 mL, 3.2 M) and 

processed as described above. The concentration was determined with reference to the 

standard curves. Extraction efficiency (%) was determined by comparing the differential 

analyte-AMP peak area ratios in processed samples (concentration after processing, Cp) 

versus non-processed samples (Cs) using eq.1. 

Extraction efficiency (%) = (Cp/Cs) × 100%                                                                  eq. 1 

2.6 Matrix effects 

In-house reference standard solutions (10 µL and 40 µL) were combined with plant 

samples immediately after they were suspended in acetic acid (3 mL, 3.2 M). The 

resulting suspensions were extracted in the usual manner and analyzed with reference to 

the standard curves. Recovery was determined by comparing the differential analyte-

AMP peak area ratios in the samples with added in-house reference standard (Cp) and the 

samples without adding the in-house reference standard (Cb) versus the analyte 

concentration in the in-house reference standard (Cs).(eq.2) 

Recovery (%) = [(Cp – Cb)/Cs] × 100%.                                                                        eq. 2 

2.7 Characteristics of the analytical method 

The analytical method was evaluated for linearity, accuracy, and precision. The 

calibration curves were linear over a range of 0.5-100 μM, which was determined using 

16 solutions of varying concentrations measured in triplicate. A linear regression 

equation was derived from standard calibration curves in which peak area ratios for target 

analyte versus the internal standard were plotted versus the nominal standard 

concentration. Each calibration curve was acquired in triplicate. The intra-day variability 

of the method was evaluated by analyzing five different solutions on the same day (3 

replicates). The inter-day variability was evaluated at five concentrations on three 

consecutive days. Precision was evaluated by calculating relative standard deviation 
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(RSD) as a percentage from the ratio of the standard deviation of observed concentration 

versus the observed concentration. Accuracy, i.e. agreement of the calculated 

concentration with the nominal concentration, was examined at three concentration 

levels. 
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3. Results and discussion 

3.1 Method development 

InsPs are polyanionic compounds that are well-suited for separation by high 

performance anion-exchange chromatography.143, 167 Ins and InsP are ionized efficiently 

by negative ion electrospray when aqueous solutions are directly infused, but ESI is not 

generally tolerant of the high salt levels in the mobile solvent used for anion exchange 

chromatography, therefore the eluant typically needs to be desalted before ESI 

injection.168, 169 Alternatively, volatile mobile phase additives may be used in place of 

common non-volatile additives170 such as Na2SO4 in Tris buffer, HCl, NaOH, and 

ammonium phosphate, which have been used to separate Ins and InsPs.157, 161, 171, 172 We 

have found that ammonium carbonate is an optimal mobile phase additive for anion-

exchange chromatography and direct coupling to the ESI. A variety of commercial weak 

and strong capillary anion-exchange columns were investigated, with the weak anion-

exchange column (Biobasic AX 0.5 x 150 mm, Thermo Scientific) chosen for effectively 

separating analytes within the shortest runtime and with analytes eluting in the expected 

sequences, first with Ins at 7 min and finally InsP6 at 23 min (Figure 2). The mobile 

phase pH was optimized to 9.0 for InsPs ionization and separation; repeated pH 9.0 runs 

with high buffer concentration did not alter column performance. The optimized 

concentration of ammonium carbonate solution was 200 mM, by which Ins and InsPs 

could be separated within 25 minutes (Figure 2). The flow rate was 10 μL/min, which 

kept the amount of salt injected into the ESI source low. Finally, increasing the methanol 

concentration from 5 % to 25 % did not alter the retention time of analytes.  

Stable-isotope-labeled internal standards are ideal for quantitative analysis by LC-

MS/MS, however, stable isotope-labeled inositol phosphates are not commercially 

available and would require unreasonably time and resource-consuming syntheses.144 

Therefore, we chose to use a common internal standard with similar chemical properties. 

Several candidate compounds were screened as possible internal standards (Chart 1), 

including glucose-6-phosphate, 3-chlorobenzoic acid, 3,5-dinitrobenzoic acid, 5,5’-

dithiobis(2-nitrobenzoic acid), adenosine 5’-monophosphate (AMP), shikimic acid, 2-

phospho-L-ascorbic acid, 4-methylumbelliferyl phosphate, and O-phospho-L-tyrosine. 
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Among these, 2-phospho-L-ascorbic acid, 3-chlorobenzoic acid, O-phospho-L-tyrosine 

and 4-methylumbelliferyl phosphate were difficult to fragment in negative ion mode. No 

eluting peaks were observed for 3,5-dinitrobenzoic acid and 5,5’-dithiobis(2-nitrobenzoic 

acid). Shikimic acid has a tendency to form mixed populations of monomers and dimers, 

leading to difficulties in accurate concentration determination. Glucose-1-monophosphate 

has the same retention time and fragmentation patterns as InsP1. AMP was selected as the 

optimal standard and the level of endogenous AMP is undetectable after extraction. Its 

retention time is 10 min and it fragments by loss of the base to produce the major product 

ion ribose-5 phosphate (m/z 211). For analysis of standard solutions at several levels (5 

pmol, 25 pmol, 250 pmol) with or without AMP, retention times and detection 

sensitivities were unchanged. However without using AMP as internal standard to 

normalize the acquired data, linear fits could not be achieved (data not shown).  

The electrospray ionization source was operated in negative ion mode, which yields 

higher S/N ratios than positive-ion-detection mode for Ins.163 The optimal MS/MS 

transition for each analyte was determined by examining product ion spectra (data not 

shown). Ins fragmentation produces a product ion m/z 161, corresponding to [H2O]- loss 

(m/z 18). InsP1 fragments by inositol ring loss (m/z 180), and the other inositol 

phosphates fragment by phosphate group [H3PO4]- loss (m/z 98). A mixture of the 

standards in the HPLC mobile phase was infused at the HPLC flow rate into the ion 

source during which the source conditions and collision energies were optimized by 

monitoring ion currents of these product ions to maximize sensitivity. 

Using AMP as an internal standard, and inositol phosphate standards, calibration 

curves were constructed in which peak-area ratios were related to their concentration over 

the concentration range. Slopes, intercepts, r2, and linear concentration ranges from these 

calibration curves are summarized in Table 3. The LOD for each analyte was 0.25pmol 

(S/N >10). However, in the 0.25-400 pmol range, the curves for InsP2, InsP3, and InsP6 

deviate slightly from linearity giving an r2 < 0.98 (Figure 3). Thus we only analyzed 

within the ranges resulting in an r2>0.994. 

To determine intra-day precision, standard samples were analyzed in four replicates 

at three concentrations (Table 4), and RSD% values for all analytes are below 15%. Inter-
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day precisions were measured at three concentrations on three consecutive days (Table 

5). The inter-day RSD% values for Ins at 40 pmol and 300 pmol, and for InsP3 and InsP6 

at 100 pmol were higher than 15%, and the others are within 15%. 

3.2 Sample preparation 

For LC-MS/MS analysis of components in complex matrices, sample clean up is 

important to minimize ion suppression and matrix effects and maintain cleanliness of the 

column, ion source and mass spectrometer. A further concern for Ins/InsPs is the stability 

of the analytes to sample preparation, as inositol phosphates can be interconverted 

rapidly. We compared a variety of solutions for acidic extraction, including HCl,150 

formic acid, TFA,154 and acetic acid. With HCl, only lower InsPs were obtained and most 

higher InsPs were hydrolyzed, and using TFA, all the target compounds were lost. For 

acetic acid and formic acid, all Ins and InsPs were recovered, however, formic acid 

extraction was less efficient than acetic acid since the corresponding intensity for each 

analyte, especially higher InsPs, was lower than that obtained from acetic acid extraction. 

Extractions using basic buffer (200 mM NH4HCO3) or base (2 M NaOH) resulted in low 

recoveries of all target compounds. Thus, acetic acid (3.2 M) was adopted as the optimal 

extraction solution for Ins and InsPs. 

The sample preparation process was evaluated by measuring extraction efficiency 

and determining the effect of sample matrices on analyte recoveries. The InsP6 in-house 

reference, a mixture of the analytes obtained by partially hydrolyzing InsP6,146, 165 was 

dissolved in acetic acid (3.2 M) prior to homogenizing followed by the same procedure as 

sample preparation. After processing, Ins and InsPs levels were compared to those in the 

parent solution. This analysis was carried out at two reference-standard concentrations 

and these results are shown in Table 6. Extraction efficiencies at both concentrations 

were similar, with Ins having the lowest recovery of 64-79%. In previous reports 

involving the recovery analysis of Ins from rat brain tissue or urine and saliva samples, 

recoveries ranged from 72-88%,163, 164 but the sample preparation procedures had fewer 

and simpler steps since the target was only Ins, i.e. maximizing the extraction efficiencies 

of InsPs may come at the expense of lower Ins recovery. The effect of matrices on 

recovery was evaluated by combining the InsP6 in-house reference with three different 
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plant matrices at two concentration levels (~4 μmol/g and ~16 μmol/g, corresponding to 

Recovery 1 and Recovery 2, respectively, Table 7). A comparison of the peak responses 

of post-extraction spiked samples with those of the InsP6 in-house reference suggested 

that matrix effects are small by this analysis method. The recoveries for most analytes 

were within the range of 80-120%. In the complex matrices, the recoveries are higher 

than from the extraction solvent, suggesting that the matrix components may prevent 

analyte hydrolysis and interconversion.  

3.3 Relative Ins and InsPs levels in food and mammalian cells  

Dietary administration of inositol and InsP6 has chemopreventive and 

chemotherapeutic effects in experimental animals.59, 61 The mechanisms accounting for 

these observations remain unclear, and studies suggest they may be mediated by other 

InsPs.173 Human diet is an important source of cellular InsPs, and the major dietary forms 

of InsPs are InsP6, which is widely distributed in nuts and legumes.49 In this study, we 

evaluated the levels of Ins and InsPs in three food samples: almonds, hazelnuts, and oats 

(Table 7). Figure 4 shows a representative chromatogram obtained by analyzing an 

extracted almond sample by the procedure described in this study. Compared with the 

chromatograms of standard Ins and InsPs solutions, analyte retention times shift slightly, 

but their identities were all confirmed by co-injection with standards. In the InsP4 

channel, an unknown peak (10 min) is observed for both food and mammalian cell 

samples (Figure 2, Figure 4 to Figure 8). We hypothesize that this is an alternative isomer 

of InsP4, consistent with the presence of a small amount of this material in the InsP6 in-

house reference. Commercially available InsP4 isomers (Ins(1,4,5,6)P4 and Ins(1,3,4,5)P4) 

did not co-elute with the unknown peak and it was not included in the quantitative 

calculations. 

Total Ins and InsP levels ranged from 3 μmol/g to 53 μmol/g. InsP4, InsP5, and 

InsP6 were detected at higher abundance than Ins and the other InsPs for each sample. In 

almonds and hazelnuts, InsP6 is the dominant form (Table 7). These values are of the 

same order of magnitude as reported in a capillary electrophoresis study of InsPs in nuts 

and legumes, in which InsP6 levels in nuts were measured to be higher than that in 

legumes.150 The InsP5 content of the oat sample is high (5.17 μmol/g) relative to other 
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foods analyzed, which may result from autohydrolysis of InsP6 in commercial 

processing.165, 172 The levels of InsP1, InsP2, and InsP3 in almond are 1.5, 3.8, and 1.8 

μmol/g respectively, which are slightly higher (2-5 fold) than the published results, while 

their levels in hazelnuts and oats are comparable with literature results.150, 161, 165 

Differences in results may result from differences in sample processing, for example, for 

almond and hazelnut, the skin was peeled and analyzed separately, and the levels of Ins 

and InsPs in the skin are higher than in the pulp (date not shown).  

Ins and InsPs are broadly distributed in mammalian tissues and cells, performing 

critical roles in signal transduction.174 Ins homeostasis and InsP signaling may be 

changed in certain pathophysiological conditions. It has been reported that breast tumors 

and colon tumors contain significantly lower inositol levels, as measured by 1H NMR, 

compared to the normal tissue.175, 176 Increased levels of InsP6 protect cells from tumor 

necrosis factor α- and fas-induced apoptosis.60 Augmented inositol 1,4,5-trisphosphate-

mediated Ca2+ signaling was observed in Alzheimer disease.177 However, in these studies 

the levels of Ins and InsPs changed relative to control cells, but information regarding 

absolute amounts of these compounds was not obtained. Therefore, it is difficult to 

compare results across separate studies. To explore the utility of the analytical method for 

studying Ins/InsPs levels in cells, we assayed the Ins and InsPs concentrations in breast 

cancer MCF-7 and cervical cancer Hela cells. Figure 5 shows a representative 

chromatogram of a MCF-7 cell extract analysis. Results are tabulated as a function of 

protein concentration (Table 8). The percent distributions of InsP4, InsP5, and InsP6 of 

Hela cells are comparable with the published results for mice embryonic stem cells in 

which the level of InsP4 is about four fold higher than the lower InsPs and two fold higher 

than InsP6.178 In contrast, InsP4 was not observed in MCF-7 cells analyzed in this study. 

The relative ratios of InsP1 to Ins (0.43 for MCF-7 cell, 0.18 for Hela cell) are higher than 

that in quail fibroblasts (~0.016).179 The level of InsP3 measured in these cells is about 

two orders of magnitudes higher than the levels of Ins(1,4,5)P3 in rat salivary gland and 

cerebral cortex.180, 181 Higher InsP levels determined in this study compared to values 

obtained using other methods is likely related to the presence of isomer mixtures, which 

are not separated in this study. 
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4. Conclusion 

Ins and InsPs were individually and simultaneously analyzed using a novel 

sensitive and selective LC/MS/MS-based approach. This analytical approach fills a need 

for an on-line HPLC method and should be amenable to high throughput analysis. 

Absolute and relative levels of these biomolecules were quantified in raw dietary samples 

and in human cells. A limitation of the current approach is that different isomers of 

inositol phosphates are not chromatographically resolved. Future development and 

optimization of anion exchange chromatography systems may have the potential to yield 

an advanced system in which isomeric distributions may be evaluated. The current 

findings are a significant advance because anion-exchange HPLC is successfully coupled 

with tandem mass spectrometry for separation and detection. The availability of this 

analytical approach has potential to expand our knowledge of exogenous and endogenous 

levels of inositol and inositol phosphates, which is important for understanding their 

respective roles in signal transduction and other physiological processes, and for 

understanding relative benefits of dietary sources of inositol phosphates. 
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Table 1. Mobile phase gradient program. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

       a: 200 mM (NH4)2CO3, pH 9.0; 

   b: methanol/water (5:95 v/v) 

Time (min) a (%) b (%) 

0 0 100 

3 0 100 

8 50 50 

28 75 25 

33 0 100 
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Table 2. Parent and product ion masses and collision energies used to evaluate Ins, InsP1, 

InsP2, InsP3, InsP4, InsP5, InsP6 and the internal standard (AMP) by HPLC-MS/MS. 

Retention times are also displayed for each analyte. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Analyte 
Parent Mass 

(m/z) 

Product Mass 

(m/z) 

Collision Energy 

(eV) 

Retention Time 

(min) 

Ins 179 161 16 7.7±0.1 

InsP1 259 79 24 10.3±0.3 

InsP2 339 241 24 16.9±0.1 

InsP3 419 321 19 18.2±0.1 

InsP4 499 401 16 19.3±0.1 

InsP5 579 481 24 20.4±0.2 

InsP6 659 561 24 23.9±0.6 

AMP 346 211 24 10.9±0.3 
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Table 3. Linearity, correlation coefficients, slopes, and intercepts obtained from three 

replicates analysis. 

 

 

 

 

 

 

 

 

Analyte 
Slope  

(×102) 

Intercept   

(×102) 
R2 

Number of 

 data points 

Linear Range  

(pmol) 

Ins 0.74 0.94 0.9988 16 0.25-400 

InsP1 1.20 3.86 0.9987 16 0.25-400 

InsP2 0.78 35.08 0.9967 7 40-400 

InsP3 1.79 67.88 0.9943 7 40-400 

InsP4 1.08 0.87 0.9969 16 0.25-400 

InsP5 1.95 -10.74 0.9971 16 0.25-400 

InsP6 3.18 -153.30 0.9968 6 60-400 
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Table 4. Intra-day precision for analysis of a standardized mixed inositol and inositol 

phosphates solution (InsP6 in-house hydrolysis reference, n=3) 

 

 

 

 

 

 

 

 

 

Analyte 
20 pmol  

RSD% 

120 pmol  

RSD% 

400 pmol  

RSD% 
Ins 12.4 12.3 13.7 

InsP1 9.2 6.6 0.8 

InsP2 14.6 13.7 1.2 

InsP3 1.7 11.6 12.0 

InsP4 14.5 14.0 12.7 

InsP5 13.9 2.7 10.0 

InsP6 6.6 11.1 7.2 
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Table 5. Inter-day precision for analysis of a standardized mixed inositol and inositol 

phosphates solution (InsP6 in-house hydrolysis reference, n=3) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Analyte 40 pmol  

RSD (%)

100 pmol  

RSD (%)

300 pmol 

RSD (%)

Ins 15.7 2.0 15.5 

InsP1 4.3 7.1 7.1 

InsP2 7.8 9.9 4.2 

InsP3 14.2 17.1 2.1 

InsP4 13.9 8.5 7.1 

InsP5 13.7 12.8 2.5 

InsP6 14.0 24.1 7.5 
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Table 6. Recovery (%) of analytes from a standardized mixed inositol and inositol 

phosphates solution (InsP6 in-house hydrolysis reference, n=6) carried through the 

standard extraction and analysis procedure at two different concentration levels. 

 

 

 

Analyte Amount added 

(pmol) 

Amount detected 

(pmol) 

Recovery 

(%) 

Ins 9.93 

33.41 

6.32 

26.26 

63.6 

78.6 

InsP1 3.52 

12.98 

2.85 

13.61 

81.0 

104.9 

InsP2 11.45 

117.15 

9.80 

87.28 

85.6 

74.5 

InsP3 9.50 

96.25 

8.07 

87.25 

84.9 

90.9 

InsP4 15.30 

91.74 

14.50 

111.46 

94.8 

121 

InsP5 3.21 

31.53 

2.98 

35.58 

92.8 

113 

InsP6 14.60 

160.52 

12.01 

168.55 

82.3 

105 
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Table 7. Inositol and inositol phosphate levels in almond, hazelnut, and oat samples. 

Recoveries from the dietary samples at two concentration levels of a standardized mixed 

inositol and inositol phosphates solution: Recovery 1, ~4 μmol/g, Recovery 2, ~16 

μmol/g (InsP6 in-house hydrolysis reference, n=6). 

Almond Amount 
(µmol/g) 

Distribution 
(%) 

Recovery 1 
(%) 

Recovery 2 
(%) 

Ins 7.44±3.88 14.1 77.8 94.5 

InsP1 1.53±0.39 2.9 84.7 83.9 

InsP2 3.76±1.33 7.1 98.3 95.2 

InsP3 1.80±0.20 3.4 82.4 95.6 

InsP4 8.46±0.27 16.1 91.8 97.9 

InsP5 9.95±0.71 18.9 68.5 84.6 

InsP6 19.75±2.93 37.5 111.1 105.6 

Total 52.7    
Oat     
Ins 0.21±0.05 7.2 131.9 108.0 

InsP1 0.05±0.02 1.7 69.8 92.4 

InsP2 0.15±0.04 5.1 64.1 91.0 

InsP3 0.12±0.06 4.1 101.8 100.4 

InsP4 0.64±0.36 21.8 119.6 104.9 

InsP5 1.13±0.28 38.6 97.1 99.3 

InsP6 0.63±0.21 21.5 77.0 94.2 

Total 2.93    
Hazelnut     

Ins 1.08±0.10 22.6 72.7 93.2 

InsP1 0.003±0.002 0.1 87.6 96.9 

InsP2 0.05±0.01 1.0 114.5 103.6 

InsP3 0.012±0.01 0.3 101.5 100.4 

InsP4 1.06±0.73 22.3 96.1 99.1 

InsP5 0.36±0.05 7.5 96.1 99.0 

InsP6 2.21±0.53 46.3 82.8 95.7 

Total 4.78    
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Table 8. Inositol and Inositol phosphate levels in human cells. (n=3) 

 

 

 

 

 

 
 MCF-7 

(µmol/mg protein) 
% distribution 

Hela 

(µmol/mg protein) 
% distribution 

Ins 0.69±0.32 57.5 0.009±0.001 4.1 

InsP1 0.29±0.05 24.1 0.003±0.000 1.4 

InsP2 0.07±0.02 5.8 0.011±0.008 5.0 

InsP3 0.008±0.006 0.7 0.007±0.007 3.2 

InsP4 n.d. 0 0.083±0.010 38.1 

InsP5 0.11±0.03 9.2 0.070±0.038 32.1 

InsP6 0.033±0.014 2.7 0.035±0.027 16.1 

Total 1.20  0.22  
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Chart 1. The structure of compounds investigated as an internal standard. 
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Figure 1. Structure of myo-inositol and myo-inositol phosphates.182 

 

 

 

 

 

Number of  

phosphate groups 
Full name Abbreviation 

0 myo-inositol Ins 

1 myo-inositol monophospatea InsP1 

2 myo-inositol bisphosphateb InsP2 

3 myo-inositol triphosphatec InsP3 

4 myo-inositol tetrakisphosphated InsP4 

5 myo-inositol pentakisphosphatee InsP5 

6 myo-inositol hexakisphosphate InsP6 

 

Isomers of known biological relevance: a, Ins(1)P1, Ins(3)P1, Ins(4)P1; b, Ins(4,5)P2, 

Ins(1,4)P2; c, Ins(1,4,5)P3, Ins(1,3,4)P3; d, Ins(1,4,5,6)P4, Ins(1,3,4,5)P4; Ins(1,3,4,5,6)P5. 

R5

R1

R2

R3

R6 R4

R= OH or OPO(OH)2
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Figure 2. Representative SRM chromatogram of a 120 pmol inositol phosphate mixture, 

the transition of each analyte is indicated in Table 2. 
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Figure 3. a, Multi-point standard calibration curve corresponding to the range resulting in 

r2 > 0.994. b, Multi-point standard calibration curve for InsP2, InsP3 and InsP6 in the 

range of 0.25-400 pmol 

a.                                                                                   b. 
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Figure 4. Representative chromatogram of extracted raw almonds. 
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Figure 5. Representative chromatogram of extracted MCF-7 cells. 
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Figure 6. Representative chromatogram of extracted oats. 
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Figure 7. Representative chromatogram of extracted hazelnut. 
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Figure 8. Representative chromatogram of extracted Hela cells. 
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Chapter Three: Deoxygenated phosphorothioate inositol phosphate 

analogues: preparation and phosphatase stability* 
 

 

                                                 
* Portions reproduced with permission from Xiaodan Liu, Emily C. Moody, Stephen, S. Hecht, and Shana 
J. Sturla. (2008) Bioorg. Med. Chem. (16): 3419-3427.  
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1. Introduction  

Myo-Inositol and its corresponding hexaphosphate (InsP6, Chart 1) are widely 

distributed in plants and animals. Both have been shown to possess cancer preventive and 

therapeutic activity in vitro and in animal studies.7, 62, 65, 183-187 In chemoprevention 

studies, these compounds were effective in reducing tumor number and size when given 

simultaneously with or after carcinogen exposure.62, 65, 185-187 The biochemical 

mechanisms underlying the chemopreventive activity of inositol compounds are not 

known, but exogenously administered InsP6 is rapidly dephosphorylated to lower inositol 

phosphates that participate in signal transduction pathways and affect the cell cycle.173 

Preclinical studies indicate that the combination of inositol with InsP6 further enhances 

chemopreventive and anticancer effects and it has been suggested that this combination 

disproportionates to Ins(1,4,5)P3, which normalizes the rate of cell division thus 

preventing tumor formation. The resulting hypothesis is that inositol phosphates with 

fewer than six phosphate groups, such as the biochemical second messenger Ins(1,4,5)P3, 

may be responsible for the biological activity observed for inositol and InsP6.188-191 

There have been extensive studies of the roles of inositol and inositol phosphates in 

signal transduction and of the enzymes that catalyze the conversions between different 

inositol phosphates.192-199 Among the various inositol phosphates, Ins(1,4,5)P3 is the most 

understood; it is established as an important second messenger involved in many 

signaling pathways. After cleavage from the membrane-bound phosphatidyl inositol 

trisphosphate, Ins(1,4,5)P3 binds to its corresponding receptor and stimulates the release 

of stored Ca2+ into the cytoplasm. This event triggers an array of cellular responses 

including glycogen breakdown, muscle contraction, and the release of 

neurotransmitters.200-202 Ins(1,4,5)P3 is rapidly deactivated by stepwise dephosphorylation 

to Ins(1,4)P2, then to Ins-4-P1 and finally myo-inositol.203, 204 Alternatively, 

phosphorylation by Ins(1,4,5)P3 3-kinase produces Ins(1,3,4,5)P4.205, 206 The metabolic 

instability and rapid clearance of Ins(1,4,5)P3 make it difficult to probe directly the role 

of Ins(1,4,5)P3 in biological events, such as those that may underlie mechanisms of 

inositol and InsP6-mediated cancer chemoprevention. Thus the overall benefits of 

Ins(1,4,5)P3 in cancer prevention and therapy remain controversial.  
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Inositol phosphate chemical analogs resistant to enzymatic degradation have 

potential for enhanced chemopreventive activity and mechanistic information obtained 

could serve as a starting point for medicinally focused approaches to develop improved 

agents for chemoprevention.207-209 Furthermore, these compounds could serve as 

synthetic probes useful for investigating the role of inositol phosphates in biochemical 

signaling pathways that cannot be tested using current methods. As a step toward these 

goals, the primary aim of this study was to develop an enzyme-stable Ins(1,4,5)P3 analog. 

The structural basis for its design involved structure-activity relationships previously 

established for Ins(1,4,5)P3 receptor binding and Ca2+ release activity (Figure 1).201, 210-215 

Much of the information known regarding receptor binding specificity has been garnered 

from studies involving synthetic deoxy-analogs. Strategies for the syntheses of these 

compounds generally involve lengthy (i.e. on the order of 7-15 steps) modification of 

oxygenated carbohydrate precursors, including quebrachitol and D-galactopyranose.216-

218The influence of deoxygenation at the 2- and 3- positions of the inositol framework 

was examined with 1D-3-deoxy and 1D-2,3-dideoxy-Ins(1,4,5)P3,217-219 which retain 

biological activity including receptor binding and Ca2+ mobilization. By contrast, analogs 

deoxygenated at the 6-position, such as 1D-2,3,6-trideoxy-Ins(1,4,5)P3 and 1D-6-deoxy-

Ins(1,4,5)P3, displayed significantly lower binding affinity to the Ins(1,4,5)P3 receptor.217, 

220 

Deoxygenation at specific positions of the inositol framework eliminates kinase 

phosphorylation sites,217, 221 and replacement of phosphate groups with phosphorothioates 

retains key interactions between the molecules and Ins(1,4,5)P3 receptors, but imparts 

phosphatase resistance.222-224 We report here the synthesis of two novel inositol 

phosphate analogs, 5 and 6, that on the basis of these design principles are expected to be 

enzyme-stable receptor-binding analogs. An evaluation of their chemical and biochemical 

properties, including binding affinities for the Ins(1,4,5)P3 receptor and resistance to 

enzymatic hydrolysis is described.  
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2. Experimental procedures 

2.1 General details 

Tetrazole was obtained from Glen Research (Sterling, VI) as a saturated solution in 

anhydrous acetonitrile and used as provides. Ammonia was used from a lecture bottle, 

99.9% pure, obtained from Aldrich. DEAE Sephadex A-25 anion exchange resin was 

obtained from Sigma Chemical Co. (St. Louis., MO), and was packed in a glass column 

with water.  Alkaline Phosphatase was supplied from Sigma in a 50% glycerol solution 

with 5 mM MgCl2 and 0.1 mM ZnCl2; activity was assessed at 4900 units/mg protein 

with 11.2 mg protein/mL.  Amicon Centricon YM-3 centrifuge filters were obtained from 

Millipore and were rinsed with 2 mL H2O for 3 hours at 7000g prior to use. Ellman’s 

reagent was prepared and used to detect phosphorothioate compounds in fractions after 

anion exchange chromatography as described previously.166 

Direct injection mass spectrometry analysis was performed for compound 

characterization on an Agilent 1100 LC/MSD ion trap instrument (Agilent Technologies, 

Inc., Wilmington, DE) operating in negative-ion mode. 

2.2  Synthesis of 1D-2,3-dideoxy-myo-inositol 1,4,5-trisphosphorothioate (6). 

A 250 mL three-necked round bottom flask fitted with a condenser was flushed 

with N2 and cooled to -78 oC.  Ammonia (50 mL) was condensed into the flask at -78 oC.  

A solution of 1-D-6-O-benzyl-2,3-dideoxy-myo-inositol 1,4,5-tris[di-(2-cyanoethyl)-

phosphorothioate] 11 (21 g, 25 mmol) in anhydrous dioxane (3 mL) was added dropwise 

while the solution was stirred.  Na, stored in mineral oil, was slowly cut into small pieces, 

rinsed with Et2O and immediately added to the reaction mixture.  After one to two 

minutes, a color change to dark blue was observed and this solution was stirred at -78 oC 

for 10 min.  The reaction was quenched by dropwise addition of MeOH (approx. 3 mL) 

and solvent was evaporated by warming to 23 oC under a N2 purge.  Crude residue was 

purified by aion exchange chromatography on DEAE Sephadex A-25 resin with a 

stepwise gradient starting with 0.3 mM triethylammonium bicarbonate (TEAB) to 0.7 

mM TEAB. The presence of phosphorothioate in column fractions was detected by 

Ellman’s reagent in column fractions, yielding  5.45 mg 6 was isolated (32%) as a 

yellowish white solid. 1H NMR (D2O) δ 4.21 (m, 2H), 3.63 (m, 1H), 2.21 (m, 2H), 1.47 
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(dd, J = 9.0, 2H); 31P NMR (D2O) δ 46.6, 48.8, 49.4; HRMS calculated for [C6 H14 O10 P3 

S3]: 434.8962, Found: 434.8963. 

2.3 Reaction of 6 with alkaline phosphatase and HPLC/MS/MS analysis  

In a volume of 300 μL, 6 (200 μmol) or Ins(1,4,5)P3 (80 μmol) was incubated with 

alkaline phosphatase (6 μL, activity 62 units/μL) for 30 min at 37 oC. The resulting 

mixtures were first filtered by micro YW3000 (Micron Technology, Inc. CA.) at 4 °C, 

then centrifuged at 7000 rpm for 30 minutes to remove the enzyme. 4 microliters of the 

filtered solution per injection was introduced with an autosampler into the ESI source 

using a Biobasic AX 150 x 0.5 mm weak anion exchange capillary column. The flow rate 

was 10 μL/min, solvent A 95:5 mixture of water : methanol, solvent B 200 mM solution 

of (NH4)2CO3. Initial solvent conditions (100% A) were changed with a linear gradient 

over the first 3 min to 50:50 B:A, then to 72:28 B:A over a course of  25 minutes, then 

returning to 100% A in 2 minutes. The retention times and molecular weights observed 

for compounds of interest are as follows: Ins(1,4,5)P3, 17.9 min, [M-1]- 419, Inositol, 4.4 

min, [M-1]- 179; InsP1, 5.8 min, [M-1]- 259; InsP2, 16.4 min, [M-1]- 339; 6, 20.4 min, 

[M-1]- 435; hydrolyzed 6, 16.8 min, [M-1]- 339; 12, 15.9 min, [M-1] – 433; 13, 6.3 min, 

[M-1]- 337. Negative ESI-MS/MS was performed using the following parameters: spray 

voltage 5.0 kV; sheath gas pressure, 31; capillary temperature, 330 °C; collision energy, 

19 V; scan width, 0.3 amu; scan time, 0.25 s; Q1 peak width, 0.7 amu; Q3 peak width, 

0.7 amu; Q2 gas pressure, 1.5 mTorr; source CID, -16 V; and tube lens offset, 59 V-69 V; 

MS/MS data were acquired and processed by Xcaliber software version 1.4 (Thermo 

Electron). 
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3. Results  

3.1 Chemistry 

1D-myo-inositol 4,5-bisphosphate analog 5 is a deoxygenated analog bearing two 

phosphorothioate groups in the 4- and 5-positions and retaining the 6-hydroxyl group, 

which is critical for the binding of Ins(1,4,5)P3 to its receptor (Figure1, Chart1).214, 215 

While 5 is a putative Ins(4,5)P2 analog, its synthesis was pursued primarily as a synthetic 

model and biochemical control substrate for investigating the Ins(1,4,5)P3 analog 6. 

Initially, we were interested in establishing chemistry needed to prepare and purify trans-

vicinal phosphorothioates with a neighboring free alcohol.  

Triol 10 was converted to the corresponding phosphates by treatment with bis(2-

cyanoethyl)-N,N-diisopropyl phosphoramidite, followed by reaction with sulfur, and 

deprotection (Scheme 1). The final product was isolated as the triethylammonium salt 

after a short DEAE-Sephadex anion exchange column, eluting with an increasing 

gradient of triethylammonium bicarbonate (TEAB), and visualized by Ellman’s reagent, 

which is used routinely as a sulfhydryl indicator (i.e. a visible yellow color is 

produced).166 Analysis by HRMS displayed a molecular ion of 434.8963, consistent with 

the presence of three phosphorothioate moieties.  Analysis by 31P NMR displayed three 

resonances (46.6, 48.8, and 49.5), also consistent with the trisphosphorothioate structure. 

No 31P resonances were observed in the 7.7-6.2 region,217, 219 which would be expected 

for phosphate groups, and no mass corresponding to phosphate (rather than 

phosphorothioate) groups were observed. The synthesis involved 13 steps and the 

separation of a 1:1 mixture of isomers; 6 was obtained in 4% overall yield. 

Storage of aqueous 6 solutions at low temperature (-20 ºC) for extended time 

(months) resulted in its partial decomposition, as indicated by MS analysis of aged 

samples in which a new peak with a negative ion m/z 433 was observed (Figure 2A). This 

decomposition product could be removed by repurification on a DEAE-Sephadex anion 

exchange column. Furthermore, it was found that when incubated with DL-dithiothreitol 

(DTT), a reagent useful for reducing disulfide bonds, the impurity with m/z 433 was 

completely re-converted to 6 (Figure 2B). This relationship was confirmed by MS 

analysis as indicated in Figure 2. These data suggest that the impurity resulted from the 
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formation of a disulfide bond between vicinal phosphorothioates. The corresponding 

equilibrium relationships and proposed structure 12 are illustrated in Scheme 2, and this 

material appeared to be stable to alkaline phosphatase-mediated hydrolysis (Figure 3C).  

3.2 Biochemistry 

The resistance of 6 to enzymatic degradation was addressed by reacting with 

alkaline phosphatase and analyzing the resulting mixture by LC/MS/MS using an 

electrospray ionization source (Figure 3B). As a positive control, Ins(1,4,5)P3 (m/z 419) 

was extensively hydrolyzed by alkaline phosphatase (30 minutes, 37 °C), producing myo-

inositol bisphosphate (InsP2), myo-inositol monophosphate (InsP1), and inositol (Figure 

3A) with negatively charged [M-H]- ions m/z 339, 259, and 179, respectively. The 

identities of the inositol phosphates and inositol were verified by co-injection with 

authentic standards. To evaluate the stability of 6, fragmentation data obtained for the 

products of Ins(1,4,5)P3 incubation mixture were used to guide the anticipated product 

ions that would result from hydrolysis of 6, for which authentic hydrolysis co-injection 

standards were not available. Thus, the products of the Ins(1,4,5)P3 incubation mixture 

were selected for collision-induced dissociation (CID), and fragment ions for Ins(1,4,5)P3 

and InsP2 of m/z 321 and 241, respectively, were observed (Figure 3A). These fragment 

ions correspond to loss of orthophosphoric acid (H3PO4). The fragment ion generated 

from InsP1 (m/z 179) corresponds to phosphate loss, and water loss for inositol (m/z 161). 

Data from the LC/MS/MS analysis of incubates of 6 with alkaline phosphatase under 

identical conditions as the positive control, are shown in Figure 3B. The m/z values for 

the parent and fragment [M-H]- ions for 6 are 435 and 401, respectively. This 

fragmentation pattern is consistent with loss of SH2. A product resulting from hydrolysis 

of 6 is expected to display m/z 339 and a fragment ion m/z 305, corresponding to loss of 

one phosphorothioate group. As indicated in Figure 3B, there is no evidence for the 

formation of this product under the phosphatase reaction conditions. As a further 

confirmation of the validity of the selected fragment, evidence for the putative 

hydrolyzed product (i.e. observation of a new MS peak with m/z 339 that fragments to 

m/z 305) was observed by carrying out the same MS analysis of 6 after prolonged storage 

(several months). Furthermore, the same behavior (i.e. the formation of hydrolysis 
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products) was observed for stored Ins(1,4,5)P3. Finally, to determine whether 6 inhibits 

alkaline phosphatase, enzyme activity was monitored using a colorimetric assay with p-

nitrophenyl phosphate (pNPP) as a substrate.225 Phosphatase activity was determined at 

37 °C by measuring the increase in absorbance at 405 nm that accompanies the 

hydrolysis of pNPP, and these data indicated that 6 does not inhibit alkaline phosphatase 

activity at high micromolar range(data not shown).  

In studies carried out by Emily Moody, the binding affinity of 5 and 6 with respect 

to the Ins(1,4,5)P3 receptor from bovine adrenal cortex was determined (Figure 4).226 The 

strongest binding was demonstrated by Ins(1,4,5)P3 (Kd 54 nM),. The binding constant 

for 6 was in the high nanomolar range (Kd 810 nM), while the binding of 5 was over 

three orders of magnitude higher.  
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4. Discussion 

The design of the inositol phosphate analogs described in this study relied on 

known structure-activity relationships for Ins(1,4,5)P3 (Figure 1), indicating that vicinal 

4,5-phosphate groups are required for Ins(1,4,5)P3 Ca2+-releasing activity, and that the 1-

phosphate acts as an enhancer.47, 211 Replacing Ins(1,4,5)P3´s phosphate groups by 

phosphorothioate groups has been found to provide resistance to phosphatase-catalyzed 

hydrolysis without greatly affecting binding properties,224, 227 but the analog used in  the 

study may still be phosphorylated at the 2- and 3-positions. Therefore, deoxygenation at 

these positions was a strategy utilized to block phosphorylation. 1D-2,3-dideoxy-

Ins(1,4,5)P3 maintains a relatively high affinity for the Ins(1,4,5)P3 receptor and is a full 

agonist, releasing Ca2+ from permeabilized SH-SY5Y cells.219 In human cells, 

phosphorylation of Ins(1,4,5)P3 has been observed at the 3-position,228 and the substrate 

of the known 6-kinase is not Ins (1,4,5)P3, but Ins (1,3,4)P3, which is formed by the 

hydrolysis of Ins(1,3,4,5)P4.229  In addition, 1D-6-deoxy-myo-Ins(1,4,5)P3 was a full 

agonist, but is 70-fold less potent than Ins(1,4,5)P3, indicating that the 6-hydroxyl group 

is important for receptor binding and Ca2+ release,215, 220 and it is therefore present in 6.  

Inositol phosphate multikinases catalyze phosphorylation of the 3- and 6-hydroxyl 

groups of Ins(1,4,5)P3, but in cells 3-phosphorylation is the dominant product.230 

Although known enzyme profiles indicate that 6 is expected to be kinase-stable, further 

studies are required to explicitly address the susceptibility toward phosphorylation by 

specific kinases. As a preliminary test of enzyme stability carried out in this study, we 

used alkaline phosphatase, which efficiently hydrolyzes Ins(1,4,5)P3. In cells, 

Ins(1,4,5)P3 5-phosphatase is the specific enzyme that hydrolyzes Ins(1,4,5)P3, but it has 

low substrate-specificity compared with Ins(1,4,5)P3 3-kinase.231 Many synthetic inositol 

phosphates are high-Ki Ins(1,4,5)P3 5-phosphatase inhibitors, such as myo-inositol 1,4,5-

trisphosphorothioate 217, 219, 227, 231, suggesting that 6 is a potential Ins(1,4,5)P3 5-

phosphatase inhibitor. The current studies indicate that 6 is stable to general enzyme-

mediated hydrolysis, but further studies with specific kinases and phosphatases and in the 

complex environment of the cell are required to determine the biological stability of 6. 



 

 56 

Thiophosphate 6 has a significant binding affinity (810 nM) for the Ins(1,4,5)P3-

receptor despite its structural modification. However, the presence of only the 4,5-

phosphorothioates in 5 results in a dramatic decrease in binding affinity, consistent with 

the specificity of the ligand-receptor interaction. The X-ray structure of the Ins(1,4,5)P3-

binding domain of mouse type-I Ins(1,4,5)P3 receptor with bound Ins(1,4,5)P3 indicates 

interactions of specific Arg and Lys residues with the three phosphate groups,232 and 

replacement by phosphorothioates therefore is expected to influence the interaction. 

Compared to other phosphatase-stable Ins(1,4,5)P3 analogs, including 1L-(+)-myo-

Ins(1,4,5)P3,227 1D-6-deoxy-Ins(1,4,5)P3S3, and L-ch-Ins(2,3,5)P3S3,233 6 retains a 

notably high affinity for the Ins(1,4,5)P3 receptor. Three closely related Ins(1,4,5)P3-

receptor subtypes have been characterized and they are differentially expressed and 

involved in physiological functions such as regenerating Ca2+ signals.194 The previously 

reported analog 2-deoxy-1,4,5-Ins(1,4,5)P3 had a slightly greater affinity for type 2 and 

type 3 receptors, whereas 3-deoxy-1,4,5-Ins(1,4,5)P3 showed greater selectivity for type 3 

receptor.234 To define specific ligand-receptor binding interactions for 6, further studies 

are needed to determine the selectivity of 6 for different Ins(1,4,5)P3 receptors. 

Techniques to assess the stabilities of inositol phosphates and analogs have 

included NMR, i.e. monitoring 31P signals for enzymatic reactions performed in an NMR 

tube,235 radioflow HPLC after incubation with [3H]Ins(1,4,5)P3,215 or using a functional 

assay (i.e. measuring Ca2+ mobilization).200 The requirement for large amounts of 

material and low sensitivity and accuracy are drawbacks for NMR analysis, and 

preparations of isotope-labeled analogs and tedious sample preparation are generally 

required for the radioflow methods. Finally, functional assays do not necessarily transfer 

for the analysis of structural analogs. To overcome limitations in these methods, we 

developed a new LC/MS/MS analytical method for inositol phosphate analog-enzyme 

incubations. This method is sensitive and fast, and sample preparation is easy. This 

method was used here to investigate analog stability toward phosphatase activity, but it 

has potential applications for further studies of inositol kinase activity and analysis of 

complex inositol mixtures.236 
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5. Conclusion 

In conclusion, we have synthesized 5 and 6, two novel deoxygenated 

phosphorothioate analogs of the inositol phosphates Ins(1,4,5)P3 and Ins(4,5)P2. 

Phosphorothioate 6 is stable to enzymatic hydrolysis, but a tendency of the vicinal 

phosphorothioates to form disulfide bonds was observed indicating limitations in its 

chemical stability. This analog specifically binds to Ins(1,4,5)P3 receptor with a Kd of 810 

nM, which compares favorably with previously reported Ins(1,4,5)P3 phosphorothioate 

analogs.227, 233 Future studies will be aimed at characterizing cellular responses to 6 and 

using it to probe the role of Ins(1,4,5)P3 and its receptor in physiological processes. 
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Chart 1. Structures of D-myo-inositol (1), D-myo-inositol hexaphosphate (2), D-myo-

inositol 4,5-bisphosphate (3), and D-myo-inositol 1,4,5-trisphosphate (4), 1D-1,2,3-

trideoxy-myo-inositol 4,5-bisphosphorothioate (5), 1D-2,3-dideoxy-myo-inositol 1,4,5-

trisphosphorothioate (6). 
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Figure 1. Previously established structure-activity relationships for Ins(1,4,5)P3-receptor 
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Figure 2. Full-scan MS of 12 after storage of 6 at -20 °C for one month, (A, m/z 432.9); 

and full-scan MS of the same material after treatment with excess of DTT, (B, m/z 

434.9). 
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Figure 3. Effects of 5, 6 and Ins(1,4,5)P3 on equilibrium competition binding of [3H]-

Ins(1,4,5)P3 to bovine adrenal cortical protein extracts. 
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Figure 4 SRM chromatograms of reactions of Ins(1,4,5)P3, 6, or 12 with alkaline 

phosphatase. A, Ins(1,4,5)P3 control (left, unreacted Ins(1,4,5)P3; right, Ins(1,4,5)P3 

hydrolyzed to InsP2, InsP1, and inositol), a small amount of InsP1 is detected with RT 

5.77 min. B, 6 incubated with alkaline phosphatase. (left, unreacted 6; right, sample after 

incubation indicates that starting compound remains intact, and there’s no evidence for a 

hydrolysis product). C, 12 incubated with alkaline phosphatase. (left, unreacted 12; right, 

sample after incubation indicates that starting compound remains intact, and there’s no 

evidence for 13. Monitored SRM transitions are indicated on the right for each channel. 
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Scheme 1. Synthesis of the analog 6. (i). Tetrazole, bis(2-cyanoethyl)-N, N-diisopropyl 

phosphoramidite; (ii). Sulfur, pyridine; (iii). Na, NH3. 
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Scheme 2. Proposed decomposition pathway observed for 6 and proposed hydrolysis 

pathway. DTT, DL-dithiothreitol.  
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Part II. Disruption of redox-regulating systems by illudin S and 

acylfulvenes 
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Acylfulvenes (AFs) are a class of antitumor agents with favorable cytotoxic 

selectivity profiles compared to their natural product precursor, illudin S. Illudin S readily 

reacts with thiol-containing small molecules such as cysteine, glutathione, and cysteine-

containing peptides in slightly acidic pH (pH 6) in aqueous solution; reduced cellular 

glutathione levels can affect illudin S toxicity. However, AFs are less reactive towards 

these small thiols under the same conditions. By analogy, these compounds were 

proposed to have similar reactivity towards thiol-containing proteins, which may be 

responsible for AFs improved anticancer selectivity. The glutathione system (GSH and 

glutathione reductase (GR)) and thioredoxin system (thioredoxin reductase (TrxR) and 

thioredoxin (Trx)) are the major cellular redox-regulating systems that maintain cellular 

redox homeostasis, offering protection against oxidative stress. Disrupting this system 

will affect cell viability and lead to apoptosis. Furthermore, overexpression of 

thioredoxin and thioredoxin reductase in certain tumors is associated with higher 

proliferation capacities and lower apoptosis rates. The enzymes involved in these systems 

all have critical cysteine residues at the active site. The reactivities of illudin S and AFs 

toward these thiol-containing proteins were evaluated.  

The inhibition potency of illudin S and AFs is in the same order for GR, TrxR, and 

Trx, which is opposite what was expected based on their reactivity with small thiols, i.e., 

HMAF > AF > illudin S, however, both AFs irreversibly inhibit TrxR and Trx by 

targeting the active site cysteines. For GR, HMAF is an irreversible inhibitor, while AF is 

a reversible inhibitor. GR and TrxR share great structural and activity similarity, but 

TrxR has a selenocysteine (Sec) at the active site, which makes TrxR more reactive 

toward electrophiles. The IC50s for TrxR were in low micromolar range, while that for 

GR were hundred-fold higher. However, the presence of Sec is not the only reason in 

dictating the difference reactivity towards these two enzymes, since no covalent 

interaction occurs between AFs and glutathione peroxidase (Gpx), another redox-

regulating enzyme containing Sec at active site. Furthermore, the inhibition of cellular 

GR and TrxR activity and reduction of Trx cellular protein level upon AFs treament 

suggest that they are AFs’ cellular targets. Quenching of intrinsic fluorescence of GR and 



 

 67 

Trx suggests extensive conformational changes of by illudin S and AFs, which may 

facilitate the interaction between AFs and enzymes, but not the same case for illudin S.  

The differential reactivity of illudin S anda AFs towards these thiol-containing 

enzymes suggests that compared to small thiol-containing molecules, accessibility and 

reactivity of the enzyme active sites account for the inhibitory effects of AFs. The 

disruption of cellular redox systems by AFs may contribute to their improved anticancer 

selectivity compared to illudin S. The data obtained in this study are valuable in further 

understanding the role of modulating cellular redox enzymes in the anticancer effects of 

alkylating agents. 
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Chapter Four: Profiling patterns of glutathione reductase inhibition by 

the natural product illudin S and its acylfulvene 

analogues* 
 

 

 

 

 

 

 

 

 

 

 

                                                 
* Portions reproduced with permission from Xiaodan Liu and Shana J. Sturla. 2009 Mol. BioSyst. (5): 
1013-1024. 
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1. Introduction  

Fungal metabolism is a rich source of unique pharmacophore platforms, often 

exhibiting varying degrees of toxicity that may be detrimental to health or valuable for 

anti-infective or anticancer activity.237, 238 Unlike modern target-directed drug 

development strategies, the structural complexity and bottom-up characteristics 

associated with natural product bioactivity, often translates to compounds with the 

capacity to interact with multiple cellular targets.239 Understanding the range of 

contributing biochemical and chemical interactions and how they are interrelated may be 

a key for developing improved therapeutics or avoiding unwanted toxicities, and can also 

suggest new potential drug targets. 

Acylfulvenes (AFs) are a class of antitumor agents derived from the naturally 

occurring sesquiterpenoid toxin illudin S, isolated from the Jack o'lantern mushroom 

(Chart 1).240-243 Although illudin S is extremely cytotoxic to cancer cells, it exhibits low 

selectivity towards malignant cells versus normal cells and thus a narrow therapeutic 

window.244 Semisynthetic analogues acylfulvene (AF) and hydroxymethylacylfulvene 

(HMAF) display improved therapeutic indices.245, 246 Cellular assays suggest that illudin 

S and AFs covalently bind to DNA, as well as RNA and protein (Scheme 1).247, 248 There 

is evidence that cytotoxicity is associated with bioactivation to a potent alkylating agent 

that reacts with DNA and interrupts DNA synthesis/repair (Scheme 1).137, 247, 249-252 

However, compared to conventional DNA alkylating agents, AFs display some unique 

activity profiles suggesting contributing interactions with other cellular targets and a 

distinct mechanism of action underlying cytotoxicity profiles.134, 136 AFs also alkylate 

cellular proteins and react with thiols such as cysteine, glutathione or cysteine-containing 

peptides under slightly acidic conditions.141, 142, 253, 254 Protein modification and protein 

binding are general modes of drug toxicity.255 Furthermore, for many cellular proteins 

such as the glutathione reductase and thioredoxin reductase systems, cysteine thiol groups 

are particularly important to defend against oxidative stress and regulate the activity of 

cellular signaling proteins. However, the influence of AFs on critical cellular redox-

regulating enzymes and their potential contributions to the cytotoxicities of AFs are not 

understood. 
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Glutathione reductase (GR, EC 1.6.4.2) is a dimeric FAD-containing enzyme with 

a redox-active disulfide at its active site. These two cysteine residues are different as the 

distal cysteine, which can interact with FAD domain, and proximal cysteine which does 

not. GR catalyzes the reduction of oxidized glutathione (GSSG) to reduced glutathione 

(GSH) at the expense of NADPH.256, 257 The enzyme is responsible for maintaining a high 

intracellular ratio of GSH/GSSG which is critical in defending against oxidative stress. 

Known GR inhibitors such as isothiazol-3-one, can disrupt the GSH/GSSG balance and 

cellular reduction potentials.258 While glutathione-drug conjugate formation may serve as 

a cellular detoxification route, the process of glutathione depletion may also disrupt redox 

homeostasis.140, 259 Glutathione conjugation has been suggested to have a role in illudin S 

and AFs toxicology as a detoxification pathway. Pre-treating cells with N-ethylmaleimide 

or D,L-buthionine (S, R)-sulfoxime, which readily reacts with GSH or inhibits GSH 

synthesis, respectively, enhances cell sensitivity toward illudin S, while 2-

oxothiazolidine-4-carboxylic acid pretreatment, which elevates GSH, is protective.140 

These studies were carried out for illudin S, which readily reacts with GSH, but AFs do 

not.141, 142 Furthermore, there are various examples of GR inhibition for drug 

development strategy for antimalarials,127 agents to decrease drug resistance,128 and 

anticancer agents.129 As a step toward mapping the overall biomolecular reactivity of 

AFs, and especially for understanding the potential role of interacting with redox-

regulating enzymes on cytotoxic selectivities, we evaluated the influence of illudin S and 

AF on GR structure, activity and cellular properties.  

In this study, we characterize for the first time the reactivities of illudin S and AFs 

toward purified yeast GR, revealing chemical structure-based differences in inhibition 

potencies and physical modes of the enzyme-drug interactions. The results of this study 

provide new information regarding how the cytotoxicities of illudin S and AF analogues 

may be mediated by influencing the cellular redox environment, and define chemical 

structure characteristics that differentiate reactivity profiles amongst this class of agents. 
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2. Experimental procedures  

2.1 Chemicals and reagents 

Illudin S was provided by MGI Pharma (Minneapolis, MN). Acylfulvene and 

HMAF were synthesized according to the published procedure with illudin S as starting 

material.242, 243 Reduced nicotinamide adenine dinucleotide phosphate (NADPH) and 

oxidized glutathione (GSSG) were purchase from EMD chemicals (Gibbstown, NJ). Tris 

base, EDTA, BSA, and Carmustine (BCNU, 1,3-bis(2-chloroethyl)-1-nitroso-urea) were 

obtained from Sigma Chemical (Milwaukee, WI). Baker’s yeast GR used for 

fluorescence evaluation was obtained from Sigma Chemical and GR for other 

experiments was obtained from MP Biomedicals (Cleveland, OH). Recombinant rAOR 

was expressed and purified as published previously.260 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 (Carlsbad, CA). Tris-buffered saline was purchased from Biorad (Hercules, 

CA). 

2.2 General considerations 

GR, NADPH, GSSG, and bovine serum albumin (BSA) stock solutions were 

prepared in Tris-Cl buffer (50 mM, pH 7.2) containing EDTA (1 mM), i.e. TE buffer. All 

assays were carried out in TE buffer containing 0.3% (w/v) bovine serum albumin. Stock 

solutions of test compounds were prepared in DMSO, and aliquots of these solutions 

were added to the reaction mixture to yield a final DMSO concentration of 2% (v/v). GR 

activity was determined by measuring NADPH oxidation by monitoring change in UV 

absorbance at 340 nm with a Varian Cary 100 double-beam spectrophotometer.256 All the 

measurements were performed in triplicates, and the data were presented as mean ± 

standard deviation. Fluorescence measurements were carried out on a Varian Cary 

spectrofluorometer at 90° in relation to the excitation source. Fluorescence was measured 

with excitation at 270 nm (bandpasses of 5 and 10 nm for excitation and emission 

respectively) and emission from 295 to 450 nm.  HPLC analysis was carried out on an 

Agilent 1100 series instrument with diode array detector and autosampler. Analytes were 
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eluted with a solvent gradient involving, initially, 10% acetonitrile in water, linearly 

increasing to 50% acetonitrile in water over a course of 30 min, at a flow rate of 1 

mL/min. A Phenomenex Luna 5 μm C18(2) 100 Å 250 mm × 4.60 mm was used 

(Phenomenex, Torrance, CA).  

Liquid chromatography-mass spectrometry (LC/MS) analyses were carried out on 

an Agilent 1100 capillary HPLC- iontrap mass spectrometer operated in positive ion 

mode; the HPLC was equipped with an autosampler. A Zorbax 300 SB-C3 column (150 

mm×0.5 mm, 5 μm) was used. Analytes were eluted with a solvent 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. 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.  

LC/MS/MS analysis of peptide mixtures was performed on an Agilent 1100 

capillary HPLC in line with an Agilent 1100 iontrap mass spectrometer operated in 

positive ion mode. 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) and solvent B (0.5% formic acid/0.01% TFA in acetonitrile) 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. 

2.3 Substrate screening 

To determine whether test compounds were GR substrates, each compound (AF 

and HMAF, 400 μM; Illudin S, 1 mM; reference blank, 2% DMSO) was combined 

individually with NADPH (200 μM) and GR (2.5 μM) in TE buffer with a final volume 

of 200 μL and allowed to react at 37 °C for 2 h. The resulting solution was extracted with 

ethyl acetate (EtOAc, 200 μL) and centrifuged for 5 min (6000 g). The supernatant was 

collected and EtOAc was evaporated under a stream of N2. The dried material was 

reconstituted in 100 μL DMSO and 50 μL was injected and analyzed with the HPLC 
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method. As a positive control, the same procedure was carried out with AOR (2 μM) in 

place of GR. 

2.4 Measurement of GR activity  

GR inhibition assays were performed by combining NADPH (150 μM) and GR (5 

nM) in TE buffer, total volume 200 μL in disposable acrylic cuvettes at 25 °C. GR was 

first treated with NADPH for 10 min before the addition of the test compound at the 

indicated concentration (AF, 62.5, 125, 250, 625, 750, 1000, 1250 μM; HMAF, 62.5, 

125, 250, 625, 1250 μM; illudin S, 62.5, 125, 250, 625, 1250, 2000 μM) and further 

allowed to react for 30 min. GSSG (360 μL, 350 μM) and further allowed to react for 30 

min. GSSG (360 μL, 350 μM) was then added and the decrease in absorbance at A340 was 

monitored over 3 min. Measurements were performed in triplicate. IC50 values were 

determined from a plot of relative activity v.s. compound concentration (Kaleidagraph). 

To evaluate the time-dependence of GR inhibition, GR was allowed to react with the test 

compounds (AF, 0, 500, 750, 1000 μM and 1250 μM; HMAF, 0, 125, 250, 500 and 1250 

μM) in the same manner as described above and aliquots (200 μL) were taken at different 

time intervals (0, 2, 7, 13, 24, 30 min) and assayed as described above. To evaluate the 

effect of added substrate, i.e. GSSG on drug-mediated enzyme inhibition, GR was treated 

with test compounds in a total volume of 200 μL containing GSSG (250 μM or 1250 

μM) for 30 min. Activity was determined by following A340 upon addition of 360 μL TE 

buffer containing GSSG (350 μM) and NADPH (100 μM) in the manner described 

above. To evaluate the effect of NADPH on GR inhibition, GR was allowed to react with 

compounds in the absence of NADPH for 30 min, and activity was measured in the same 

way as described for evaluating the effect of GSSG. 

To determine the reversibility of inhibition, GR was allowed to react with AFs (AF, 

250, 625, 750, 1000, 1250 μM; HMAF, 62.5, 125, 250, 625, 1250 μM) as described. 

After the 30 min reaction period, unbound compound was removed by gel-filtration with 

a size-exclusion micro bio-spin P6 pre-packed column according to the manufacturer’s 

protocols. Briefly, the column was placed in 2 mL centrifuge tube to drain the excess 

packing buffer by gravity and the drained buffer was drained. The column was placed 
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back into the tube and centrifuged to remove the packing buffer (2 min, 1000 g). The 

column was placed in a clean centrifuge tube, and the reaction solution was loaded into 

two columns (100 μL/each) and the column was centrifuges for 4 min at 1000 g. The 

resulting solution was combined, and the activity was determined following the 

procedure described above.  

2.5 Protein adduct analysis 

GR (250 μg, 5 nmol) was allowed to react with AFs (1.25 mM) in a total volume of 

1 mL TE buffer containing NADPH (1 mM) for 3 h at 25 °C. An aliquot (1 μL) of 

reaction solution was withdrawn and diluted to 200 μL; enzyme activity was determined 

as described above for measurement of GR activity. At 3 h, 50% GR activity was 

inhibited by HMAF, and 30% by AF. An Amicon ultra-4 centrifugal filter device (30,000 

NMWL, Millipore, MA) was used to concentrate GR and remove unbound compound. 

GR was reconstituted in 1 mL TE buffer and re-treated in the same manner. After another 

3 h incubation, GR activity was diminished 100% by HMAF, and 50% by AF. Modified 

GR was again concentrated with an Amicon filter, and unbound compound was further 

removed with a size exclusion micro Bio-spin P6 pre-packed column (6,000 NWML, 

Biorad, Hercules, CA). GR (250 μg, 5 nmol) was allowed to react with carmustine (0.25 

mM) in a total volume of 1 mL TE buffer containing NADPH (1 mM) for 3 h at 25 °C. 

An Amicon ultra-4 centrifugal filter and micro bio-spin P6 pre-packed column were used 

to concentrate GR and remove unbound compound. The resulting solution was dried on a 

Speedvac concentrator (Savant, Waltham, MA). GR (20 μg in 8 μL TE buffer) was 

analyzed by LC/MS using method described in the general consideration. Both native and 

modified GR proteins eluted as a single peak with retention time 12.5 min.  

2.6 Protein digestion and modified peptide analysis 

Adducted protein samples obtained as described above (~200 μg, 4 nmol) were 

reconstituted in 20 μL guanidine-HCl (8 M, pH 7.2) containing 50 mM dithiothreitol 

(DTT) and heated at 95 °C for 15 min.  Iodoacetamide (IAA, 5 μL, 0.5 M in TE buffer) 

was added and allowed to react for 30 min at 25 °C. Ammonium bicarbonate buffer (600 

μL, pH 8), followed by trypsin (10 μg, ~0.43 nmol) was added. Proteolytic digestion was 
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allowed to occur at 37 °C for 24 h. Equal amount of the resulting mixtures were placed 

into two centrifuge tubes, and dried on a Speedvac concentrator and reconstituted in 200 

μL of solvent A (0.5% formic acid/0.01% TFA in water). Modified peptides were 

analyzed by the general LC/MS/MS method. 

2.7 Fluorescence analysis of GR 

To evaluate conformational changes of GR in the presence of test compounds, GR 

(2 μM) was treated with test compounds in a total volume of 0.5 mL TE buffer at 

indicated conditions for 30 min at 25 °C. Changes in intrinsic fluorescence were 

evaluated by using the general method. To evaluate the effect of test compounds on GR, 

GR was treated with either AF or HMAF (0.01, 0.04, 0.2, 1 mM) or illudin S (0.02, 0.1, 

0.4, 2 mM). To evaluate the effect of test compound on GR in the presence of GSSG, GR 

was treated with test compounds in the presence of GSSG (400 μM). To evaluate the 

effect of test compounds on NADPH-reduced GR, GR was pre-reduced by NADPH (100 

μM) for 10 min followed by the compound treatment. GR was also pre-treated with both 

NADPH (100 μM) and GSSG (400 μM) for 10 min prior to addition of the test 

compounds. 

2.8 Cell culture and cellular GR determination 

Hela cells were maintained as monolayers in DMEM medium supplemented with 

10% 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). Cells were treated with test compounds 

diluted with medium (0.1% final concentration of DMSO) for two or ten hours. After the 

treatment period cells were washed with PBS twice. Cells were collected as follows: 2 

mL of 0.25% trypsin-EDTA was added and the cells were incubated for 5 min at 25 °C, 

and then cells were scratched off and divided evenly into three centrifuge tube (1.5 mL),  

and centrifuged (5 min, 1000g) followed by removal of the supernatant.  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 
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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 325 μL of 1 mM 

GSSG in TE buffer at 25 °C for 10 min. NADPH (150 μL, 1 mM) was added, and the 

rate of NADPH consumption was monitoring changes in absorbance at 340 nm for 5 min 

at 25 °C.  

Cell cytosol containing 25 μg protein was analyzed by 4-12% SDS-PAGE 

according to the manufacturer’s protocol (Invitrogen, Carlsbad, CA) and transferred onto 

a membrane (PVDF, Invitrogen, Carlsbad, CA) 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-GR (ABR, 

Rockford, IL) and anti-actin (Invitrogen, Carlsbad, CA) antibodies diluted 2000 times in 

TBS/Tween 20 (5 mL) for 1 h. The membrane was washed three times with TBS/Tween 

20 (5mL, 5 min) and subject to incubation with 5 mL of secondary conjugated antibody 

(goat anti-rabbit IgG horseradish peroxidase, Biorad, Hercules, CA, 1:2000 dilution in 

TBS/Tween 20,) for 1 h. After four 5 min washes with TBS/Tween 20 (5 mL/each), 

enhanced chemiluminescence was measured with a western blotting analysis system 

(Pierce, Rockford, IL).   
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3. Results 

3.1 Concentration and time-dependent inhibition of GR  

To test the hypothesis that illudin S and AFs may inhibit GR and to compare their 

potencies as GR inhibitors, various concentrations of the test compounds were incubated 

with GR in the presence of NADPH for 30 min. Loss of enzyme activity was observed in 

a concentration-dependent manner for AFs (Figure 1A). Calculated IC50 values are 216 

μM for HMAF and 871 μM for AF; 2 mM illudin S did not inhibit GR. As a positive 

control, under the same conditions, we measured a 71 μM IC50 for carmustine, which is 

consistent with published data (Figure 2).110 On the basis of these data, four 

concentrations of AFs were selected to study the time-dependence of the observed 

inhibition. GR was incubated with varying HMAF concentrations for 30 min (Figure 1B 

and 1C). The enzyme activity decreased with time, characteristic of irreversible 

inhibition, and inhibitory parameters (Ki and kinact) were determined.261 Thus, the linear 

correlation derived from a plot of reciprocal of apparent inhibition rate constants (Kapp) 

versus the reciprocal of HMAF concentration (Figure 1C inset), yields the inactivation 

rate constant kinact (0.2 min-1) and inhibitory constant Ki (180 μM) were derived on the 

basis of the following equations*: 

 

 
These data further confirm that GR inhibition by HMAF is irreversible.261 The 

same experiment was carried out for AF, however, these data suggest a rapid initial loss 

of activity, then establishment of equilibrium. Such behaviour does not fit the same 

model,261 indicating that the GR inhibition mechanisms for AF and HMAF are different 

from each other.  

 

 

                                                 
* [HMAF] is high relative to GR concentration at time 0, [GR0]. HMAF:GR* is the 
HMAF:GR complex, and HMAF-GR is the inactivated enzyme 



 

 78 

3.2 GR Substrate screening  

To verify that there was no GR-mediated conversion of illudin S and AFs to their 

major cytosolic metabolites, we compared the released products of the reactions of test 

compounds and GR with those from AOR, a cytosolic enzyme that has been 

characterized with regard to its AF-bioactivating capacity (Scheme 1).137, 138, 262, 263 In the 

AOR-catalyzed reduction of AF and HMAF with NADPH as a cofactor, one major 

metabolite was observed by HPLC analysis of the extracted reaction mixture, and this 

product had the same retention time and UV spectra as the synthetic standard MA and MH 

(Chart 1).262, 263 Under the experimental conditions, no metabolites were observed to be 

formed from the reaction of AOR/NADPH with illudin S.138, 264 Finally, no MA, MH or MI 

was observed when illudin S and AFs were tested as possible substrates for GR-mediated 

conversion at a constant NADPH concentration and in the absence of GSSG (Figure 3). 

3.3 Gel-filtration of inhibited GR  

To determine whether GR inhibition by AFs is reversible, gel-filtration studies 

were conducted in which GR was allowed to react with AFs in the same way as described 

for studies carried out to determine the concentration-dependence of inhibition. 

Inactivated GR was passed through a size exclusion micro Bio-spin P6 gel-filtration 

column (NWML 6000) to remove non-covalently bound compounds. The results of this 

process were that the GR activity inhibited by AF was recovered, but not that inhibited by 

HMAF (Figure 4). These results indicate that AF is a reversible inhibitor and HMAF is 

an irreversible inhibitor. 

3.4 Effect of GSSG on GR inhibition  

To probe the nature of the AF-GR interaction with respect to the proximity of 

binding at or near the active site where the natural substrate GSSG interacts, a 

competitive inhibition assay was carried out in the presence of GSSG. A moderate 

protective effect against inhibition by HMAF was observed, which did not depend on 

GSSG concentration (Figure 5B). Thus, when GSSG concentration was equal to or less 

than the highest drug concentration (1250 μM), no protection towards GR inhibition was 

observed, suggesting that HMAF may be more competitive for the active site. However, 

the presence of GSSG did not protect GR from inhibition by AF (Figure 5A). These 
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results suggest that AF may bind to the GR at an allosteric site, but HMAF binds to the 

active site as well as other binding sites. In contrast, 250 μM GSSG protected GR from 

inhibition by carmustine (Figure 6), suggesting that carmustine only binds to GR active 

site. 

3.5 Effect of NADPH on the inhibition of GR by AFs  

NADPH reduces the disulfide bridge at the GR active site to generate two free 

cysteine thiols that in turn reduce GSSG to GSH through disulfide/dithiol exchange. To 

determine whether the reduced form of GR is required for GR inhibition by AFs, 

NADPH was omitted from the incubation solution and added only at the point of 

measuring GR activity (a requirement of the spectroscopic assay). In this study, GR 

inhibition by AFs was observed to be mildly attenuated. Thus, GR inhibition by 1000 μM 

and 1250 μM AF was reduced by 30%; GR inhibition by 625 μM and 1250 μM HMAF 

was reduced by 45% (Figure 7). In contrast, GR pre-reduction by NADPH is absolutely 

required for GR inhibition by carmustine (Figure 6), further illustrating differences in 

modes of enzyme interaction for AFs vs. carmustine, and suggesting that AFs may 

interact with portions of GR other than the active site, in a process that may contribute in 

part to enzyme inactivation. 

3.6 Drug-induced intrinsic GR fluorescence quenching  

Data obtained from the experiments described indicate that GR inhibition depends 

only mildly on active site protection by GSSG and pre-reduction by NADPH. We were 

therefore interested in determining whether drug binding induced any conformational 

changes in the enzyme and such changes therefore were probed by analyzing intrinsic GR 

fluorescence. Illudin S and AFs are inherently non-fluorescent molecules, and the buffer 

system does not have an appreciable effect on the intrinsic fluorescence of GR unless 

NADPH, which has fluorescence emission peak a 460 nm and causes reduction on GR 

intrinsic fluorescence, is present. As shown in Figure 8, all of the compounds tested 

caused significant decreases in GR fluorescence. Peak splitting in the 300-360 nm 

spectral region was observed regardless of whether GSSG or NADPH were present 

which may associated with GR unfolding.265, 266 Thus, at micromolar concentrations, 

illudin S and AFs can completely eliminate the intrinsic GR fluorescence, suggesting 
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extensive binding interactions of these small molecules with GR, and that GR inhibition 

by AFs is at least partially due to a drug-induced GR conformational change. Carmustine 

can also induce a 50% decrease of GR fluorescence intensity, which is observed at 1 mM 

drug concentration, and does not cause peak shift and splitting as observed in illudin and 

AF-mediated fluorescence changes (Figure 9).  

3.7 MS analysis of a whole protein adduct  

On the basis of gel-filtration data, we established that GR inhibition by HMAF is 

irreversible, while for AF it is reversible. Therefore, LC/MS was used to obtain 

information regarding the chemical nature of HMAF-GR. In the control sample, i.e. 

enzyme treated with an equal amount of DMSO, a peak with m/z 51499 corresponding to 

the GR monomer was observed (Figure 10), which is consistent with published data in 

which the GR monomer m/z 51488, as well as the truncated monomer m/z 51719, was 

observed, with no GR homodimer detected.267 A higher GR concentration (5 μM) was 

used for LC/MS sample preparation, such that GR incubated with 1 mM AFs in the 

presence of NADPH at a total volume of 1 mL for three hours at 25 °C, was not 

completely inactivated. GR was concentrated and unbound drug was removed with an 

Amicon Ultra-4 centrifuge filter (NWML 30,000). The concentrated enzyme was 

reconstituted and treated by the same procedure for three more hours, which resulted in 

total loss of GR activity by HMAF and 50% loss by AF. Filtered samples were analyzed 

by LC/MS, and the results are presented in Figure 10. The AF-treated GR was unchanged 

compared to the control, consistent with the expected lack of covalent adduction. After 

reaction with HMAF, however, the parent GR was completely absent, and a new peak 

with an m/z 51992, corresponding to the bis-adduct (GR monomer + 2×246 Da), was 

observed. In contrast, mono-adduct was observed for carmustine-treated GR (Figure 11), 

which is consistent with X-ray data previously obtained for carmustine-GR crystals.268  

3.8 LC/MS/MS analysis of GR active site peptide modified by HMAF  

The whole protein analysis data presented above indicates the formation of a bis-

adduct between GR and HMAF. Further insight regarding identities of HMAF-modified 

amino acids was obtained by LC/MS/MS analysis of proteolytically digested GR. 

Modified and control samples were treated with trypsin after DTT reduction and IAA 
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alkylation to block cysteine disulfide formation.269 For control GR, the observed full scan 

ion m/z 716.6 corresponds to the doubly charged active site peptide 

ALGGTC42VNVGC47VPK (calculated MW: 1430.2 Da, Figure 12A). When subjected to 

collision-induced dissociation (CID) in the ion trap mass spectrometer, the masses of y 

and b series ions270 were in agreement with theoretical values for this peptide with 

cysteines modified by IAA (Figure 12A). The full scan ion m/z 716.6 was not observed in 

the LC/MS/MS spectrum of HMAF-treated GR. Instead a doubly charged peptide peak 

ion m/z 905.4 [M + 2H]2+ was observed, and this mass corresponds to modification of the 

active-site peptide sequence with two equivalents of HMAF (calculated MW: 1808.8 Da, 

Figure 12B). This fragmentation signal is weak, and not all diagnostic y and b ions were 

detected. Furthermore, inherent in the peptide sequence, the calculated b6-b9 ion masses 

are the same as y5-y8 (Table 1.) Therefore, although these fragmentations were detected, it 

remains ambiguous which portion of the modified peptide these peaks represent. 

Significantly, b11 and y9 with a mass increase by 2×246 were observed, suggesting 

adducts reside on both cysteines.  

3.9 Cellular GR inhibition  

Human cervical cancer cells (Hela) were used to determine whether the test 

compounds influence the cellular GR activity and GR protein levels. Due to the 

cytotoxicity of these compounds, concentrations causing less than 20% cell death were 

selected to treat cells. After exposure to equitoxic dose of illudin S and AFs for 2 h and 

12 h respectively, cells were collected and cellular GR activities were measured. As 

shown in Figure 13A, 2 h treatment did not cause any significant inhibitory effect on 

cellular GR activity by illudin S or AFs, but 20-40% inhibition of GR activity was 

observed by carmustine treatment. Cellular GR activity was inhibited about 40% after 12 

h exposure to 4 μM HMAF and 70% from 5 μM carmustine (Figure 13B). Thus, the 

relative magnitudes of cellular GR inhibition by HMAF and carmustine are comparable 

with their inhibition potencies in the cell-free system. AF did not inhibit cellular GR 

activity. Interestingly, after 12 h treatment illudin S inhibited GR activity by 50%, and in 

a concentration-independent manner. Western blotting analysis does not suggest any 

reduction in cellular GR protein levels (Figure 14), however, carmustine slightly reduces 
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the GR level and a new band was observed with a molecular weight close to the GR 

dimer which may be the crosslink adduct formed between carmustine and two GR 

monomers, or between carmustine, GR and some other cellular protein with similar 

molecular weight.  
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4. Discussion 
DNA alkylation is thought to play a major role in illudin S and AF toxicity, 

however at equitoxic concentrations, the incorporation of AFs into genomic DNA in 

tumor cells is similar with that of illudin S, suggesting other cellular reactivity factors 

may play a role in distinguishing the improved therapeutic index of AFs versus illudin 

S.247, 248 For example, reductase-mediated bioactivation has been shown to contribute in 

part to dictating differences in cytotoxicity profiles for AFs.139 Further, the extreme 

toxicity of illudin S has been attributed to its reactivity towards thiols like GSH.140 By 

analogy, it has been hypothesized that illudin S can react with thiol-containing enzymes, 

which may be expected to contribute to cytotoxicity.140 Compared with illudin S, AFs are 

much less reactive towards small-molecule thiols.142, 242 However, no studies have been 

carried out to test whether illudin S reacts with thiol-containing enzymes differently than 

AFs, in order to address the potential role of this process in their toxicity.271 On the basis 

of data obtained in the present study, a proposed model accounting for differences in 

reactivity profiles of illudin S and AFs toward the critical thiol-containing GR, compared 

with the known GR inhibitor carmustine, is illustrated in Scheme 3. 

In the current study, yeast GR, a key enzyme involved in cellular redox regulation, 

was selected as a model to profile relative reactivities of illudin S and its AF analogues 

toward enzymes containing critical thiols. Yeast GR is a homodimeric flavoenzyme that 

shares considerable sequence homology with human and E. coli GR. Human and yeast 

GR exhibit ~68% similarity with almost identical FAD-binding domain sequences that 

contain the critical redox-active dithiol.272, 273 The dimeric forms of human and E. coli 

GR are important for catalysis, and the monomers are not enzymatically active.274, 275 

Mechanistic studies of dimer dissociation and unfolding of yeast GR, induced by acid and 

pressure,266 or by a denaturing agent (i.e. guanidine hydrochloride),265 were associated 

with changes in GR intrinsic fluorescence. In addition, unfolding can release more 

accessible cysteines compared to native GR.  

Monitoring changes in intrinsic protein fluorescence is an approach to evaluate GR 

conformational changes with respect to the unfolding and possible dissociation of the GR 

homodimer.265, 276 Not all reported GR inhibitors can induce fluorescence changes, but 
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for examples such as endogenous aldehydes, isocyanates, and trehalose, capacity to 

change GR intrinsic fluorescence correlates with GR binding and conformational 

changes.277-279 In this study, we found that each test compound quenches GR intrinsic 

fluorescence to different extents. Micromolar illudin S and AFs significantly quench GR 

intrinsic fluorescence regardless of the presence or absence of GSSG and NADPH 

(Figure 8). Carmustine, however, does not affect GR fluorescence at micromolar 

concentration and quenches 50% GR fluorescence at 1 mM drug concentration (Figure 

9). Together, these data suggest that the interactions between GR and illudin S or AFs are 

more extensive, i.e. involve physical interactions that may manifest in fluorescence 

change, than for carmustine, which has been reported to react with one cysteine residue at 

the GR active site.268 There are 12 tyrosine, 4 tryptophan, and 13 phenylalanine residues 

on the solvent-accessible surface of GR. The observed fluorescence quenching for the 

interactions of AFs or illudin S with GR may reflect direct interaction of drug with these 

residues that quenches GR intrinsic fluorescence with or without an associated 

conformational changes.280, 281 In addition, the peak splitting that causes the red and blue-

shifts in the protein intrinsic fluorescence spectra may also reflect possible GR 

conformational change induced by the drugs. This hypothesis is also supported by the 

present observation that the GSSG-bound form of GR can still be inhibited by AFs 

(Figure 5). Without NADPH present, GR can also be inhibited by AFs, and this profile is 

similar to the reported inhibitor O-phthalaldehyde, which reacts with non-essential 

residues (Figure 7).282 In contrast, NADPH is required for carmustine-mediated 

inhibition, and GSSG can completely block it (Figure 6). Although illudin S induces 

similar fluorescence changes, it does not inhibit enzyme activity (up to 2 mM illudin S 

was tested). The lack of planarity and additional substituents in the cyclopentane ring of 

illudin S compared to AFs may be contributing factors, i.e. steric hinderances, leading to 

the diminished reactivity of illudin S toward the enzyme active site vs. small-molecule 

thiols. 

Results of this study indicate that AF is a reversible GR inhibitor and HMAF is an 

irreversible inhibitor. Mass spectrometry analysis of whole GR protein modified by 

HMAF, or carmustine as a positive control, reveals that HMAF forms a bis-adduct 
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(Figure 10) and carmustine forms a mono-adduct with GR (Figure 11). The presence of 

four-fold higher level of BSA in addition to GR, which contains 35 cysteine residues, 

does not interfere with the formation of the observed GR-HMAF adduct, suggesting that 

the alkylation process is selective towards GR active site and not a result of 

indiscriminant reactions with cysteine residues in the protein. When BSA was allowed to 

react with HMAF for two days at room temperature, mono-adduct can be observed with a 

mass increase by 229 which may be resulted from the direct replacement of the hydroxyl 

group by the thiol on the cysteine residue.  

On the basis of published data and the protein fingerprint analysis, the purified GR 

used in this study contains four cysteine residues (refer to yeast GR sequence accession 

number BAA07109), and therefore studies were carried out to address whether there is 

any molecular specificity in the covalent interaction of HMAF with GR. Information 

regarding the drug-GR covalent adducts was obtained by LC-ESI-MS analysis of 

modified whole protein. We utilized LC-ESI-MS/MS and matrix-assisted laser 

desorption/ionization mass spectrometry (MALDI) to identify the modification sites. In 

such analyses, chemical modifications may significantly modulate peptide ionization 

efficiencies.283 By MALDI, none of the intact or modified active site peptides (IAA- or 

HMAF) was detected, possibly due to the overall high hydrophobicity, since ESI tends to 

favor the ionization of hydrophobic peptides compared to MALDI.284 However, the 

peptides containing the other two cysteines other than the active site cysteines were 

detected by MALDI and neither of them were modified after HMAF treatment, 

suggesting that the GR alkylation by HAMF does not occur at these two cysteines. By 

LC-ESI-MS/MS, fragments of control IAA-alkylated peptides exhibited a strong spectral 

signature in which most y and b fragment ions were detected (Figure 12); however, for 

the free active site sequence, the corresponding peptide peak (m/z 659.4) was not 

observed. The lack of a peak corresponding to the free peptide may be due to disulfide 

formation, or that IAA-alkylation may enhance ionization efficiencies of the active site 

peptides. By contrast, no IAA alkylated active site peptide (m/z 716.6) was observed in 

HMAF-modified GR digestion mixtures, indicating that the active site sequence has been 

modified by HMAF.  The peptide observed after reaction with HMAF yields a MS 
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fragmentation pattern that is consistent with HMAF-induced alkylation of both active-site 

cysteines (Scheme 2). Key y and b ions were detected to locate the modified residues. 

Still, certain complexities in the mass spectra make some fragments hard to address.    

On the basis of these results, we propose a model describing differences in patterns 

of GR interactions by small molecules comprised of the following steps: 1. Drug-enzyme 

binding (E:Drug); 2. Induction of a conformational change in GR (E*), reflected by a 

change in intrinsic fluorescence; 3. Enzyme inactivation, i.e. measured by loss of GSSG-

reducing capacity; 4. Chemical reaction between the activated GR-drug complex and 

conversion to covalent adducts. In this process, illudin S only proceeds to the first stage 

and induces conformational changes that are not associated with activity loss. AF reacts 

with GR reversibly, and the binding of AF to GR is probably locating at sites other than 

the active site since the presence of GSSG does not protect GR activity. The interaction 

of GR with HMAF is more complicated. Initially as a reversible inhibitor, HMAF 

competes with GSSG for the active site, but also has other binding sites, consistent with 

our observation that GSSG can only partially block inhibition. Further, the absence of 

NADPH does not diminish GR inhibition, and this process may induce unfolding to 

expose the proximal cysteine. As an irreversible inhibitor, HMAF can proceed through all 

steps shown in scheme 3 and react with NADPH-reduced GR, leading to reactions with 

both cysteines at the active site and forming a bis-adduct. Finally, in comparison, 

carmustine may not induce conformational changes that facilitate the exposure of the 

proximal cysteine, and thus forms a mono-adduct at the distal cysteine.  

To evaluate the influence of the test compounds on cellular GR at equitoxic 

concentrations, human cervical cancer cells (Hela), which are generally responsive 

towards AFs, were treated with test compounds at equitoxic concentrations that maintain 

80% cell survival.134 The data obtained indicates that AF does not inhibit cellular GR, 

which is consistent with the cell-free observations since the weak and reversible GR 

inhibition may be attenuated by other species in the context of the cellular environment. 

HMAF and carmustine both inhibit cellular GR with relative potencies that mirror their 

relative in vitro IC50, suggesting that covalent modification contributes in a similar 

manner for these agents to the observed cellular enzyme inhibition. Interestingly, illudin 
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S was observed to inhibit cellular GR activity in a concentration-independent manner 

(Figure 13). This observation is difficult to explain, and may be related to illudin 

activation to a chemically reactive and GR-interactive species by cellular reductase or by 

GSH conjugation.140, 264 Further studies are needed to reconcile the observed differences 

and elucidate the potential role of drug metabolism in modulating GR inhibition potency; 

however, preliminary studies have not been informative because of potential confounding 

protein-protein interactions between isolated reductase enzymes. 

Cellular thiol-based redox regulation is tightly controled by antioxidant enzymes 

such as GR, as well as thioredoxin reductase, thioredoxin and glutathione S-

peroxidase.113, 115 The current study is the first step towards mapping illudin S and AFs 

reactivities towards these enzymes and potential cellular consequences, which will 

provide useful information regarding the mechanisms of small molecule cytotoxicity, and 

facilitate the design and synthesis of more potent antitumor derivatives. Furthermore, this 

study links the antitumor profiles of these cytotoxins with their interaction profiles for a 

representative enzyme containing key cysteine residues. 
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5. Conclusion 
We have evaluated mechanisms of GR inhibition by the natural product illudin S 

and its AF analogues, and compared their activities with the known GR inhibitor 

carmustine. On the basis of results of experiments devised to evaluate enzyme inhibition, 

protein intrinsic fluorescence changes, reversibility of drug-enzyme interactions, covalent 

modification of whole proteins, and proteomic mapping of peptide covalent modification, 

a descriptive model accounting for structure-based differences in the reactivities of these 

molecules is proposed. Each of the test molecules exhibits some degree of interaction 

with the enzyme; however, illudin S does not inhibit GR, AF is a reversible inhibitor, and 

HMAF is an irreversible inhibitor that covalently modifies the protein at active site 

cysteine residues. In the complex environment of the cell, HMAF and illudin S inhibit 

GR, but do not reduce GR protein levels. Overall, the reactivities of illudin S and AF 

analogues toward GR are opposite what might be expected on the basis of reactivity 

towards thiol-containing molecules, emphasizing the importance of balancing chemical 

reactivity and molecular recognition in dictating biochemical responses. Furthermore, the 

minor impacts on cellular GR activity and expression suggest further studies needed to 

map reactivity profiles for illudin S and AFs toward additional cellular targets to better 

understand relative mechanisms of cytotoxicity. The data obtained in this study may be 

important in further development of alkylating agents as anticancer drugs, as we gain 

more information regarding the role of covalent protein modification in cytotoxicity. 
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Table 1. Mass of y and b ions from the IAA- and HMAF- modified GR active site 

sequence by trypsin digestion. 

 

 

 

 

HMAF IAA b  Active site 
sequence  y IAA HMAF 

   1 A 14    
 185.1 185.1 2 L 13 1246.6 1360.7 1738.6 
 242.1 242.1 3 G 12 1133.5 1247.6 1625.5 
 299.2 299.2 4 G 11 1076.5 1190.6 1568.5 
 400.2 400.2 5 T 10 1019.5 1133.5 1511.5 

749.2 560.2 503.2 6 C 9 918.5 1032.5 1410.5 
848.3 659.3 602.3 7 V 8 815.4 872.5 1061.4 
962.3 773.4 716.3 8 N 7 716.4 773.4 962.4 
1061.4 872.4 815.4 9 V 6 602.3 659.4 848.3 
1118.4 929.5 872.4 10 G 5 503.3 560.3 749.3 
1467.4 1089.5 975.4 11 C 4 446.2 503.3 692.2 
1566.5 1188.6 1074.5 12 V 3 343.2 343.2  
1663.6 1285.6 1171.6 13 P 2 244.2 244.2  

   14 K 1 147.1 147.1  
 

 

 

*Numbers in red represent corresponding y or b ion mass plus one molecular mass of IAA or HMAF.  

  Number in blue represent corresponding y or b ion mass plus two molecular masses of IAA or HMAF.  
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Chart 1. Structure of illudin S, acylfulvene analogues AF and HMAF, and their major 

metabolite, and carmustine (BCNU).  
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Figure 1. Inhibition of GR by AF, HMAF and illudin S. A, concentration-dependent 

inhibition of GR. GR (5 nM) was incubated with test compounds  in the presence of 

NADPH (150 μM) for 30 min at 25 °C (AF (♦), 62.5, 125, 250, 625, 750, 1000, 1250 

μM; HMAF (●) and Illudin S (▲),  62.5, 125, 250, 625, 1250 μM. B, time-dependent 

inhibition of GR by AF at 0 (●), 500 μM (♦), 750 μM (▲), 1000 μM (■), and 1250 μM 

(▼). C, time-dependent inhibition of GR by HMAF at 0 (●), 125 μM (■), 250 μM (▲), 

500 μM (♦), and 1250 μM (▼).  GR (5 nM) was incubated AFs, aliquots were withdrawn 

and assay for residual GR activity at different time intervals. The slopes of the lines 

representing apparent rate constants of inhibition (Kapp) were determined by linear 

regression analysis. The data were derived from a representative of two independent 

experiments. The inset is the Kitz and Wilson replotting of GR inhibition by HMAF: 

double reciprocal plot of Kapp vs HMAF concentration [I]. The Ki and kinact values were 

determined to be 180 μM and 0.2 min-1 based on the following formula: 1/Kapp = 1/kinact 

+ (Ki/kinact) × 1/[I] 
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Figure 2. Inhibition of GR by carmustine. GR (5 nM) was incubated with carmustine  in 

the presence of NADPH (150 μM) for 30 min at 25 °C, carmustine, 62.5, 125, 250, 625, 

1250 μM. 
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Figure 3. Substrate screening analysis for the potential conversion of illudin S and AFs 

to reduced metabolites by GR. Test compounds (AF, 400 μM; HMAF, 400 μM; illudin S, 

1mM) were allowed to react with AOR (2 μM) or GR (2.5 μM) in TE buffer containing 

NADPH (200 μM) for 2 h at 37 °C, followed by EtOAc extraction and HPLC analysis. 

Control samples were incubated in buffer containing NADPH (200 μM) and extracted in 

the same manner. The peak at 5 min observed in each sample is DMSO. A. AF (26 min), 

MA (21 min); A1. AF control; A2. AF-AOR; A3. AF-GR; B. HMAF (17 min), MH (15 

min); B1. HMAF control; B2. HMAF-AOR; B3. HMAF-GR; C. illudin S (13 min); C1. 

illudin S control; C2. illudin S-AOR; C3. illudin S-GR. 
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Figure 4. Gel-filtration analysis of AF and HMAF-inactivated GR. GR (5 nM) was 

incubated with test compounds (AF(●), 250, 625, 750, 1000, 1250 μM; HMAF(♦), 62.5, 

125, 250, 625, 1250 μM)  in the presence of NADPH (150 μM) in TE buffer for 30 min 

at 25 °C. Unbound compound was removed by micro bio-spin P6 pre-packed size 

exclusion columns (Biorad, Hercules, CA) with NWML 6000.  



 

 95 

Figure 5. Effect of GSSG on the inhibition of GR by AFs. GR (5 nM) was incubated 

with AFs (A. AF, 250, 500, 750, 1000, 1250 μM; B. HMAF, 62.5, 125, 250, 625, 1250 

μM) for 30 min in the presence of different concentration of GSSG [(●) 0, (♦) 250, (▲) 

1250 μM] for 30 min, and then activity was measured.  
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Figure 6. Effect of NADPH and GSSG on the GR Inhibition by carmustine. GR (5 nM) 

was incubated with carmustine (2.5,  12.5, 62.5, 250, 1000 μM)  in the presence (●) and  

absence (♦) of  NADPH (150 μM), or in the presence (▲) of GSSG (0.25 mM) for 30 

min at 25 °C, and then the activity was measured.  



 

 97 

Figure 7. Effect of NADPH on GR Inhibition by AFs. GR (5 nM) was incubated with 

AFs (A. AF, 250, 500, 750, 1000, 1250 μM; B. HMAF, 62.5, 125, 250, 625, 1250 μM) in 

the presence (●) or absence (♦) of  NADPH for 30 min at 25 °C, and then activity was 

measured.  
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Figure 8. GR fluorescence spectrum changes in the presence of varying concentration of 

illudin S and AFs.  Illudin S (20, 100, 400, 2000 μM) and AFs (10, 40, 200, 1000 μM) 

were incubated with GR (2 μM) in a total volume of 500 μL TE buffer for 30 min at 25 

°C under different conditions: A. in the absence of NADPH; B. in the presence of 

NADPH (100 μM); C. in the absence of NADPH and in the presence of GSSG (400 μM); 

D. in the presence of NADPH (100 μM) and GSSG (400 μM).  
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Figure 9. GR fluorescence spectrum changes in the presence of varying concentration of 

carmustine. Carmustine (0.01, 0.05, 0.20, 1.00 mM) was allowed to react with GR (2 

μM) in a total volume of 500 μL TE buffer for 30 min at 25 °C under different 

conditions: a. the absence of NADPH; b. in the presence of NADPH (100 μM); c. in the 

absence of NADPH and in the presence of GSSG (400 μM); d. in the presence of 

NADPH (100 μM) and GSSG (400 μM).  
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Figure 10. LC/MS spectra derived from GR samples. GR (5 nmol) was allowed to react 

with AFs (1.25 mM) in TE buffer containing NADPH (1 mM). Modified GR was then 

concentrated and unbound compound removed before LC/MS analysis. 
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Figure 11. LC/MS spectra derived from GR-carmustine adduct. GR (5 nmol) was 

allowed to react with carmustine (0.25 mM) in 1 mL TE buffer containing NADPH (1 

mM) for 3 h at 25 °C. Unbound compound was removed before LC/MS analysis.  
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Figure 12. LC/MS/MS analysis of the GR active-site peptide. A. peptide from control 

GR with cysteine residues modified by iodoacetamide (m/z 716.6 [M+2H]2+), B. peptide 

from GR-HMAF adduct (m/z 905.4 [M+2H]2+). Other minor ions that appear, but are not 

labeled in the figure include: m/z 299.2 (b4), 326.2 (y3-NH3), 944.1(b8
*,y7

*-H2O), 

1015.3(a8
*-H2O),  and 1301.5(MH+*-NH3). 
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Figure 13. Inhibition of GR in Hela cells treated with illudin S, AFs and carmustine at 

equitoxic concentrations. Hela cells were exposed to test compounds (AF 0.2, 1.0, 4.0 

μM; HMAF: 0.2, 1.0, 4.0 μM; illudin S: 0.02, 0.10, 0.40 μM; carmustine: 5, 20 μM) for 2 

h (A) and 12 h (B), then cellular GR activity was measured. Each bar represents the mean 

and standard deviation of the results from four experiments. Asterisks represent 

significant difference relative to controls: * p < 0.05, ** p < 0.01. 
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Figure 14. Influence on cellular GR protein levels after treatment by illudin S, AFs and 

carmustine. HeLa cells were exposed to test compounds (AF 0.2, 1.0, 4.0 μM; HMAF: 

0.2, 1.0, 4.0 μM; illudin S: 0.02, 0.10, 0.40 μM; carmustine: 20 μM) for 2 h (A) and 12 h 

(B) respectively. Cellular GR was measured by western blotting, and 25 μg cell lysate 

protein corresponding to each treatment was analyzed by western blotting. 
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Scheme 1. Proposed mechanisms of biomolecular alkylation by AFs 
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Scheme 2. Kinetic model for HMAF-induced GR inactivation. HMAF:GR is the 

noncovalent  compelx of HMAF with enzyme and HMAF-GR represents the inactivated 

alkylated enzyme. 
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Scheme 3. Proposed chemical mechanism of GR inhibition by HMAF. 
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Chapter Five: Thioredoxin as an anticancer target: mechanism of 

inhibition by acylfulvenes  
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1. Introduction 

Acquiring knowledge regarding pathological features of cancer and the mechanism 

of actions of anticancer drugs is a basis for developing more targeted cancer therapies.285 

While conventional chemotherapeutic drugs generally exhibit unwanted toxicities, they 

have established effectivities and are being increasingly combined with newer generation 

therapeutic agents as a means of maintaining potency while reducing general toxicities 

and providing individualized therapies.43 In some cases, a single drug may be exquisitely 

selective for a given cellular target, but it is common that small molecules target multiple 

pathways. This is particularly true for natural product-derived chemotherapeutic drugs, 

which are generally selected for antitumor activity rather than target selection.39 While 

there is debate regarding the merits of target selectivity and promiscuity balanced with 

number of agents in a combination therapy, it is undeniable that a clear understanding 

about the molecular targets of a single agent remains critical. 

Natural products and their derivatives comprise over 60% of approved anticancer 

drugs since the 1980s.25 However, relatively few of the isolated natural compounds 

proceed to become clinically useful drugs, whereas these unique molecules are valuable 

leads for the development of more efficacious analogs. Illudins, which are sesquiterpene 

compounds from the mushroom Omphalotus illudens, possess a cyclopropane ring and 

reactive α,β-unsaturated ketone group.241 The main mode of action of acylfulvenes (AFs) 

is thought to be the alkylation of DNA, and while various multidrug resistant cancer cells 

are sensitive to illudins, they exhibit unfavorable toxicity profiles that prevent clinical 

application.244, 286 McMorris and coworkers have prepared many semisynthetic illudin 

analogs, resulting in the invention of the AFs, which differ from illudin S in the 

functional groups on the five –membered ring (Chart 1) to improve therapeutic 

indices.242, 243, 287-290 AFs provide a potential step toward new clinical candidates, but also 

unique small molecule probes for understanding chemical and biochemical reactivity 

profiles that determine cytotoxic selectivity for alkylating agents.   

Both illudin S and acylfulvene derivatives, including AF and HMAF, react with 

glutathione through direct Michael-type addition, or undergo bioreductive activation with 

NADPH as cofactor to generate a highly reactive intermediate that can alkylate 
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macromolecules such as DNA, RNA and proteins.138, 262-264 DNA damage associated with 

illudin S and HMAF is ignored by global genome repair systems but recognized by 

transcription-coupled nucleotide excision repair; the reasons for this unusual repair 

selectivity are not understood.135, 250, 291 Acylfulvene is a primarily monofunctional DNA 

alkylator that forms elevated levels of 3-adenosine adducts in sensitive cells,139, 292 

inhibits DNA synthesis,252 and induces apoptosis.293, 294 The basis for the improved 

selectivities of acylfulvene analogs compared to illudin S is not yet clear; it is 

hypothesized to be connected with (1) tuning of susceptibility to reductase-mediated 

bioactivation to their corresponding reactive DNA-alkylating intermediates, and (2) 

relative potencies for reacting with key thiol-containing enzymes elevated in tumor 

cells.247, 248, 295, 296 Illudin S readily reacts with Cys, glutathione, or Cys-containing 

peptide under mild conditions, but acylfulvenes are far less reactive towards these small 

thiols under similar conditions.141, 142, 242, 254 By analogy, it has been hypothesized that 

proteins of the thiol–disulfide oxidoreductase family (CysXXCys active site sequences) 

react with illudins to a greater extent than acylfulvenes.295  

Redox control plays an important role in regulating cellular function and viability. 

Cysteine residues are critical in redox regulation through the reversible thiol/disulfide 

exchange reaction that can be a switch for a protein conformation or activity. In another 

sense, they also may provide a chemical target for drug intervention.255, 297 Disruptions of 

the redox state are characteristic of many diseases including cancer.298 The redox-

regulating glutathione reductase (GR) was selected to test the reactivity of illudin S and 

AFs with macromolecules, however, we observed that reactivity profiles are reverse of 

what might be expected, and only HMAF forms covalent adducts with GR.299 

Radiolabeled HMAF was found to form covalent adducts with thioredoxin (Trx) and 

thioredoxin reductase (TrxR), a cellular homolog of the GR system, and the extent of 

binding was roughly proportional to the number of Cys residues in each enzyme.253 

However, it is not known whether illudin S interacts with Trx system enzymes, nor 

whether the observed interaction of HMAF with the Trx system influences function. 

Trx is a small protein (12 kDa) with a highly conserved active site (WCGPCK) 

among species from archaea to humans.300-302 Two main isoforms of Trx have been 



 

 111 

identified in mammalian cells depending on their cellular location: cytosolic (Trx1) and 

mitochondrial (Trx2). The Trx active site disulfide is reduced by the selenoenzyme 

thioredoxin reductase (TrxR) with NADPH as electron donor.303 Reduced Trx then 

recognizes protein disulfides and undergoes two consecutive thiol-disulfide exchange 

reactions and releases reduced protein and oxidized Trx. Trx is involved in the redox 

regulation of a broad spectrum of processes in cells through dithiol-disulfide exchange 

reactions including DNA synthesis, apoptosis, signal transduction and antioxidative 

defense.304-306 Trx inhibits apoptosis by negatively regulating of apoptosis signal-

regulating kinase 1 (ASK-1), and activating transcription factors that mediate cell growth 

and survival.304 In the nucleus, Trx regulates the DNA binding of redox-sensitive 

transcription factors such as NF-κB, p53, and HIF-1.307-309 Trx overexpression has been 

associated with aggressive human cancers including lung, cervix, pancreatic, gastric and 

colon cancer.119, 294, 310, 311 Moreover, elevated Trx limits sensitivity of cancer cells to 

conventional anticancer drugs such as cisplatinum, mitomycin C, and doxorubicin.312, 313 

The toxicity profile of HMAF suggests its mechanism of action and resistance is different 

from illudin S and AFs, and other alkylating drugs,134 and there appears to be a positive 

correlation that can be drawn between cancer types with typically increased Trx levels 

and cancer types with high sensitivities towards HMAF.117, 134 However, it has not been 

previously determined whether illudin S, AF or HMAF inhibit Trx or how their 

reactivities compare. This information is needed to evaluate whether this is a potential 

cellular target for these compounds, and if controlling interactions with the Trx system 

can contribute to improved therapeutic indices in chemotherapy. 

In this study, we characterized the reactivity of illudin S and AFs toward E coli. 

Trx, which shares high similarity with human thioredoxin with respect to the overall 

structure and active site, as a model system.314, 315 Experiments were carried out to 

evaluate the proximity of drug binding sites to the Trx active site, the influence of the 

drugs on Trx insulin-reducing activity, covalent protein modification, and cellular levels 

and localization of Trx. The results of this study provide new knowledge regarding 

cytotoxin-induced disruption of a redox-regulating enzyme and its potential contribution 

to anticancer selectivity. 
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2. Experimental procedures 

2.1 Chemicals and reagents 

Illudin S was provided by MGI Pharma (Minneapolis, MN). Acylfulvene and 

HMAF were synthesized according to a published procedure with illudin S as starting 

material.242, 243 Purified E.coli Trx1 was purchased from Promega Corporation (Madison, 

WI). Insulin from bovine pancreas, Tris base, and EDTA were obtained from Sigma 

Chemical (Milwaukee, WI). Dithiothreitol (DTT) was obtained from Fisher Scientific Inc 

(Hanover Park, IL). Recombinant rAOR was expressed and purified as published 

previously.260 N-biotinoyl-N-(iodoacetyl)ethylene diamine (BIAM) was purchased from 

Molecular Probes, Inc.(Eugene, OR). 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 (Carlsbad, CA). 

Tris-buffered saline was purchased from Biorad (Hercules, CA) 

2.2 General considerations 

Trx and DTT stock solutions were prepared in Tris-Cl buffer (50 mM, pH 7.2) 

containing EDTA (1 mM), i.e. TE buffer. All assays were carried out in TE buffer 

containing. Stock solutions of test compounds were prepared in DMSO, and aliquots of 

these solutions were added to the reaction mixture to yield a final DMSO concentration 

of 2% (v/v). Trx activity was determined by measuring turbidity formed from reduction 

of insulin by monitoring UV absorbance at 650 nm with a 96-well plate reader (Biotek, 

Winooski, VT).  

Fluorescence measurements were carried out on Varian Cary spectrofluorometer at 

90° in relation to the excitation source. Fluorescence was measured with excitation at 280 

nm (bandpasses of 5 and 10 nm for excitation and emission respectively) and emission 

from 295 to 450 nm.  

HPLC analysis was carried out on an Agilent 1100 series instrument with diode 

array detector and autosampler. Analytes were eluted with a solvent gradient involving 

water (A) and acetonitrile (B), at a flow rate of 1 mL/min: initial conditions, 10:90 B:A, 

were held for 5 min followed by linear increase to 50:50 B:A over a course of 20 min and 
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held 5 min. For AF analysis, analytes were eluted with a solvent gradient involving water 

(A) and acetonitrile (B), at a flow rate of 1 mL/min: initial conditions, 10:90 B:A, were 

held for 5 min followed by linear increase to 50:50 B:A over a course of 20 min, and then 

further increase to 80:20 B:A in 20 min and held 5 min. Phenomenex Luna 5 μm C18(2) 

100 Å 250 mm × 4.60 mm was used (Phenomenex, Torrance, CA).  

Liquid chromatography-mass spectrometry (LC/MS) analyses were carried out on 

an Agilent 1100 capillary HPLC-iontrap mass spectrometer operated in positive ion mode 

and the HPLC is equipped with an autosampler. A Zorbax 300 SB-C3 column (150 mm × 

0.5 mm, 5 μm) was used. Analytes were eluted with the following solvent gradient 

involving 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. Spectra were obtained by full scan data acquisition 

performed within m/z 100-1500. Mass deconvolution analysis was performed using the 

Agilent ion trap analysis software.  

2.3 Fluorescence analysis 

To evaluate conformational changes of Trx in the presence of test compounds, Trx 

(4 μM) was treated with test compounds in a total volume of 0.5 mL TE buffer at 

indicated conditions for 2 h at 25 °C. Changes in intrinsic fluorescence of Trx were 

evaluated with the general method. To evaluate the effect of test compounds on Trx, Trx 

was treated with AF (1.6, 8, 40, 200, 800 μM), or HMAF (2, 10, 40, 200, 100 μM), or 

illudin S (12.5, 50, 200, 500, 2000 μM) for different period of time in the presence of 

DTT (2 mM). 

2.4 Reaction of compounds with Trx in the presence or absence of DTT 

To determine whether test compounds were Trx substrates, each compound (AF 

and HMAF, 400 μM; Illudin S, 1 mM; reference blank, 2% DMSO) was combined 

individually with non-reduced Trx (4 μM) in the presence of DTT (2 mM), or pre-

reduced Trx (4 μM) in TE buffer with a final volume of 200 μL and allowed to react at 

25 °C for 2 h. The resulting solution was extracted with ethyl acetate (EtOAc, 200 μL) 

and centrifuged for 5 min (6000 g). The supernatant was collected and EtOAc was 
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evaporated on a Speedvac concentrator (Savant, Waltham, MA). The dried material was 

reconstituted in 100 μL DMSO, and 50 μL was injected and analyzed with the HPLC 

method. As a negative control, the same procedure was carried out with compound only 

or compound with DTT. 

2.5 Trx activity assay 

Reduced Trx was prepared from oxidized Trx by incubation of 60 μL Trx (450 

μM) with 20 μL DTT (100 mM) at 25 °C for 20 min. DTT was subsequently removed 

with micro bio-spin P6 column (NMWL 6000, Bio-rad, Hercules, CA) pre-equilibrated 

with N2-purged TE buffer. The absence of DTT in the collection was verified by the 

Ellman’s reagent at 412 nm.166 The reduced Trx was then diluted to final concentration at 

4 μM with N2-purged TE buffer. 5 μL of compound at various concentrations was then 

added to 195 μL of pre-reduced Trx diluted solution and allowed to react in 96-well plate 

at 25 °C for 2 h. The Trx activities were measured by its ability to reduce insulin with 

DTT as the electron donor by a published method.316 Briefly, after incubation, 50 μL 

DTT (10 mM) and 60 μL insulin (10 mg/ml) was added, and the enzyme activity was 

measured at 25 °C by monitoring the increase of A650 due to the precipitation of reduced 

insulin. The blank contains all the reagents except Trx. 

2.6 Protein adduct analysis  

Trx (450 μM) was pre-reduced by DTT (100 mM) and DTT was subsequently 

removed with a micro bio-spin P6 column. 500 μL pre-reduced Trx (15 μM) was allowed 

to react with 5 μL compounds (100 mM) respectively at 25 °C for 2 h. A Microcon Y-10 

filter device (10,000 NMWL, Millipore, MA) was used to concentrate drug-treated Trx to 

a final volume of 80 μL according to the manufacturer’s protocol. Then a micro bio-spin 

P6 column was used to remove unbound compound. The resulting solution was dried on 

the Speedvac concentrator. Trx (3 μg in 8 μL TE buffer) was analyzed by LC/MS using 

the method described in the general considerations. Both native and modified Trx 

proteins eluted as a single peak with retention time 12.5 min.  

2.7 Detection of the AFs modified residues in Trx  
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The potential modification of Trx by AFs at Cys was determined with the use of the 

thiol-reactive biotinylation reagent BIAM, which reacts selectively with reduced Cys in 

proteins and does not react with oxidized Cys.317 Varying concentrations of acyfulvene 

were added to prereduced Trx (0.9 μM), which was then incubated at 25 °C for 2 h. The 

same amounts of DMSO were added to control experiments. After incubation, 1 μL of 

the reaction mixture was removed and added to new tubes containing 19 μL of 100 μM 

BIAM, followed by incubation at 25 °C for another 30 min to alkylate the remaining free 

-SH groups in the enzyme. A sample containing ten microliters of BIAM-modified 

enzyme was mixed with loading buffer (2.5 μL, Invitrogen, CA) and antioxidant reagents 

(1 μL, Invitrogen, CA), and the samples were subjected to SDS-PAGE on a 7.5% gel, 

and the separated proteins were transferred to a nitrocellulose membrane. Proteins labeled 

with BIAM were detected by horseradish peroxidase (HRP)-conjugated streptavidin and 

enhanced chemiluminescence (ECL) detection (Pierce, IL). 

2.8 Western blotting 

A total of 104 Hela or MCF-7 cells were plated out on six-well tissue culture plates. 

Cells were allowed to grow for three days, and then exposed to drugs for 12 h for Hela 

cells and 24 h for MCF-7 cells. After treatment, cells were washed twice with PBS. Cells 

were harvested and kept frozen at -80 °C until use. Lysed cells were assayed for protein 

content with a BCA-kit protocol according to manufacturer’s instructions (Pierce, 

Rockford, IL), gel electrophoresed, and transferred via standard blotting techniques. 

Membrane was cut into two pieces according to the molecular weight marker. Blots were 

probed simultaneously with rabbit anti-human Trx1 antibody diluted 1:2000 followed by 

horseradish peroxidase (HRP)-conjugated goat anti-rabbit secondary antibody diluted 

1:2000. Bands were analysed with an enhanced chemiluminescence protocol and 

visualized on radiographic film. Blots were probed with HRP-conjugated rabbit anti-

human α-actin diluted 1:2000.  

2.9 Fluorescence microscopy 

Hela cells were seeded at 105 cells per well in 6-well plates that contained 22 cm 

glass coverslips coated with collagen (10 μg/mL) and incubated for 48 h at 37 ºC. Cells 
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were incubated either with test compounds, cisplatin, or DMSO (0.2%) for 8 h. 

Afterward, the cells were washed twice with PBS (pH 7.4), and then fixed with 3.7% 

formaldehyde in PBS for 20 min. After two washes with PBS, the cells were 

permeabilized with 0.1% saponin in PBS and blocked with 3% (w/v) BSA in PBS for 1 h 

at 25 ºC. The cells were then incubated for 2 h at 25 ºC with the anti-thioredoxin-1 

monoclonal antibody (BD Transduction Laboratories) in a solution containing 0.1% 

saponin and 3% BSA in PBS (1:500). The cells were washed three times with PBS and 

incubated for 1 h at 25ºC in blocking buffer containing anti-mouse IgG FITC-conjugate 

(1:1000), and 4,6-diamidino-2-phenylindole (2.5 ng/mL in PBS) to stain the cellular 

nuclei (1:2000). The signals were observed under a Zeiss Axioscop 2 microscope 

equipped with a Zeiss Axiocam R2 digital camera and 100X objective. Images were 

captured using Zeiss Axiovision software release 3.1 (Carl Zeiss, Inc., Thornwood, NY). 
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3. Results 

3.1 Trx does not catalyze the reduction of illudin S and AFs 

To verify that there was no Trx-mediated conversion of illudin S and AFs to their 

major cytosolic metabolites (Chart 1), we compared the HPLC spectra of released 

products of reactions involving test compounds with non-reduced Trx in the presence of 

DTT, or with pre-reduced Trx (Figure 1). For AF treatments, only a single peak 

corresponding to AF was observed to elulte (26 min). No metabolites (Chart 1) were 

observed to be formed from the reaction of illudin S or HMAF under a variety of 

conditions as illustrated in Figure 1.138, 264 However, we observed the formation of a 

single significant product peak (22 min) in reactions of HMAF and DTT regardless of the 

presence or absence of Trx (Figure 1, HMAF, B and C). Similarly, illudin S reacts with 

DTT, but the formation of only a small product peak was observed and it eluted after the 

peak corresponding to illudin S (11 min). The major HMAF-DTT product was purified 

by HPLC. Mass spectrometry analysis indicated it to be a dimer of a HMAF-DTT 

conjugate (m/z 764.2, Figure 2). The fragmentation pattern of the monomer (m/z 383.2) 

suggests the primary hydroxyl group of HMAF is being displaced by the hydroxyl 

(fragment m/z 244.9), and sulfuhydryl group of DTT (fragment m/z 261.0, ), giving a rise 

to apparent mixture of isomers. Further work is required to determine whether they can 

be separated and individually characterized.  

3.2 Illudin S and AFs quench Trx intrinsic fluorescence 

Intrinsic tryptophan fluorescence is an optical indicator that reflects the redox status 

of the Trx active site.318, 319 Active site disulfide reduction results in a large increase in 

fluorescence, indicating a conformational change in the environment of both Trx 

tryptophan residues (Trp 28 and Trp 31), which are close to the active site disulfide (Cys 

32 and Cys 35).319 Thus, we acquired differential fluorescence spectra at 350 nm to 

evaluate drug binding and proximity to the Trx active site. Trx fluorescence was 

significantly quenched in a concentration-dependent manner after incubation with illudin 

S, AF, or HMAF in the presence of DTT (Figure 3). Trx fluorescence was completely 

quenched by 1600 μM illudin S, or 400 μM AFs respectively. Furthermore, it was 
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associated with a redshift, which has been proposed to result from an increase in 

exposure of the tryptophan residue to the solvent.320 

The observed intrinsic fluorescence quenching effect is independent of the DTT 

concentration as well as incubation time, but was also observed for HMAF-DTT (Figure 

3). The same study was carried out for the metabolites of AFs (i.e. MA and MH). 

However, MH does not quench Trx fluorescence significantly, and MA itself is a strongly 

fluorescent molecule, so the data are inconclusive. The known Trx irreversible inhibitor 

4-HNE was examined in the same way, and no quenching effect was observed under the 

same conditions. 

3.3 AFs inhibit Trx insulin-reducing activity 

A Trx/TrxR coupled insulin reduction assay has been reported previously as a 

means to evaluate whether a compound interacts with the redox-active Cys of Trx. In this 

assay, Trx is reduced by TrxR with NADPH as electron donor, and solution turbidity, 

associated with insulin oxidation, is monitored.321 Our preliminary studies indicated that 

illudin S and AFs had inhibitory activity in this assay, however, on the basis of the 

potential reactivity of the compounds toward TrxR,253 we used an assay in which Trx 

catalyzes the reduction of insulin disulfides by DTT.316 The presence of DTT protects Trx 

from being inhibited by these compounds, thus no Trx inhibition was observed when test 

compounds were added to the reaction mixture without removing DTT. Therefore, excess 

DTT was removed from the reduced Trx prior to incubation with drugs. AFs were found 

to inactivate Trx in a dose-dependent manner (Figure 4). The Trx insulin-reducing 

activity was inhibited completely by 1250 μM AF or 250 μM HMAF. In contrast, illudin 

S at 2500 μM and MA at 1mM) did not inactivate Trx activity; MH slightly inhibits Trx 

activity about 50% at 2500 μM (data not shown).  

3.4 Mass spectrometry analysis of Trx modification by AFs 

LC/MS was used to probe the chemical nature of the AFs-Trx interaction. Analysis 

of a control sample, i.e. pre-reduced Trx treated with DMSO, gave rise to a major peak in 

the mass spectrum with m/z 11675 Da and a minor peak with m/z 11677 Da.The 

calculated MW for reduced Trx is 11675.3, thus the measured value of the major peak 

corresponds to oxidized Trx (Figure 6.). After 2 h treatment of reduced Trx with AF, two 
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new peaks were identified with MW 11887 and 12100 Da. The mass differences between 

these species and reduced Trx are 213 and 213×2, which correspond to one and two 

molecules of AF adducted to Trx. For HMAF-treated Trx, one additional peak appeared 

with m/z 12134 Da, consistent with the formation of a bis-adduct between HMAF and 

Trx. No adduct was observed without pre-reducing Trx with DTT, or without removing 

excess DTT. The same adducts were observed from AFs-Trx incubation in the presence 

or absence of AOR and NADPH in the incubation mixture. Similar experiments were 

carried out for illudin S and no adducts were observed between illudin S and Trx. 

3.5 Trx is modified by AFs on active site Cysteines  

Data presented above indicate that AF and HMAF directly covalently modify Trx, 

and that both inhibit the activity of Trx. Together these results suggest that the active site 

may be the target of modification. Further, E coli Trx only has two Cys residues (Cys32 

and Cys35), both located in the active site. Biotin-conjugated iodoacetamide (BIAM) is an 

alkylating agent that selectively labels the free thiols of Cys residues in proteins, and 

therefore can be used as an indicator of free thiols.317 Pre-reduced Trx was treated with 

varying concentrations of AFs followed by BIAM, and was then analyzed by blotting. 

The biotin tag was recognized by streptavidin-horseradish peroxidase and detected with 

enhanced chemiluminescence (Pierce, Rockford, IL). With increasing drug concentration, 

the intensity of the band corresponding to BIAM-labeled protein diminished (Figure 7). 

With high AF concentration (250 and 1250 μM), the band intensity was reduced up to 

about half that of control, suggesting mono-alkylation of the protein by AF. The band 

almost disappeared completely at high HMAF concentration (250 μM), indicating 

alkylation on both Cys.  

3.6 Influence of illudin S and AFs on cellular Trx levels 

To further evaluate whether AFs also influence cellular Trx, the Trx levels in cells 

were measured after drug treatment. HeLa cells were treated with AFs, illudin S, or 

DMSO for 12 h, and cell lysates were prepared and analyzed for Trx by western blotting. 

A dose-dependent down-regulation of Trx was observed following treatment with either 

AF or HMAF. Cellular Trx levels were reduced by 30% upon treatment by 1 μM AFs, 
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and 70% by 4 μM AFs (Figure 8). Illudin S treatment also led to a reduction in cellular 

Trx level in a dose-independent manner. At a concentration of 1 μM, illudin S almost 

abolished the cellular Trx. Similar results were observed for MCF-7 cells in the case of 

24h AF or HMAF exposure, however, there was no significant reduction in Trx levels of 

MCF-7 cells treated with illudin S. 

3.7 Influence of illudin S or AFs on cellular localization of Trx  

As a multifunctional protein, Trx exists in the extracellular milieu, cytoplasm, and 

nucleus, and has a different role in each location.105, 322 Since cellular Trx levels 

decreased with AFs treatment, and Trx was covalently modified by AF in cell-free 

systems, we tested whether the interaction between Trx and AFs alters the cellular 

localization of Trx. Cisplatin has been observed to promote Trx nuclear translocation, 

which has been thought to play a role in cellular resistance to cisplatin.323 As a positive 

control, HeLa cells were treated with cisplatin, and the reported nuclear accumulation 

was observed (Figure 9). Cells were treated with illudin S, AF, or HMAF, as well as 

DMSO, or the AF metabolites MH and MA. Trx intracellular localization in was visualized 

by indirect immune-fluorescence staining with an anti-Trx monoclonal antibody. In 

DMSO-treated cells, Trx was visualized in both cytoplasm and nucleus. In cells exposed 

to illudin S (0.5 μM), AF (2 μM), or HMAF (2 μM) for 10 h, Trx was visualized to exist 

mainly in the nucleus. As further confirmation of the specificity of AFs and illudin S in 

mediating Trx translocation, the cellular localization was not observed to be influenced 

by the metabolites of AFs (10 μM), which share some general chemical properties of the 

AFs, but do not appear to bind to the protein. 

3.8 AOR has no effect on the inhibition of Trx by AFs 

The NADPH-dependent alkenal/one reductase (AOR) catalyzes the reduction of the 

α,β-unsaturated double bond of illudin S and acylfulvene to generate an extremely 

unstable cyclohexadiene intermediate.137, 138, 262, 263 To investigate if bioactivation 

potentiates the inhibitory potency of illudin S and AF, NADPH-reduced AOR was 

introduced into the reaction mixture of pre-reduced Trx and test compounds and the 

reaction was allowed to occur the same as for the inhibition experiment. Results indicate 
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the presence of AOR does not increase the potency of AFs toward Trx (data not shown). 

Furthermore, the same modification pattern of Trx by AFs was characterized by BIAM 

labeling and whole protein mass spectrometry analysis in the presence or absence of 

AOR (data not shown).  
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4. Discussion 

DNA alkylation is thought to be the major mechanism of illudin S and AF toxicity. 

Reductase-mediated bioactivation has been shown to contribute in part to dictating 

differences in cytotoxicity profiles for AFs.139 The evidences that the less cytotoxic 

illudin analogs are less reactive towards small thiols, together with the observation that 

cell sensitivity towards illudin S was modulated by cellular glutathione level, suggests 

that the differential toxicity may also result from the reaction with cellular thiol-

containing enzymes.140-142, 242, 254 Redox control plays an important role in regulating 

cellular function and viability. Cellular redox status is controlled by two major thiol-

based antioxidant systems, the glutathione system and the thioredoxin system. Our study 

of their differential reactivity towards glutathione reductase, a redox-regulating enzyme 

with two Cys at the active site, reveals the reverse reactivity as expected.299 HMAF was 

observed to form covalent adduct with Trx and TrxR.253 Upregulation of Trx expression 

has been correlated with aggressive cancers and drug resistance.324, 325 In this study, we 

compared the reaction potency of these compounds toward Trx and establish a link of the 

Trx-AFs interaction between the cell and cell-free system.  

Trx is a small protein (12 kDa) with highly conserved structure and active site 

(WCGPCK) among species from E. coli to humans.300, 314, 315 Human Trx contains three 

additional Cyss which are implicated in dimer formation and other potential regulation 

processes.314 In this paper, we select E. coli Trx as a model to investigate the differential 

reactivity of illudin S and AFs towards thiols in macromolecules, since its active site is 

perfectly described with respect to the reductase activity and active site tryptophan-

originated fluorescence.316, 318, 319  

The active site of E. coli Trx is composed of Cys residues at positions 32 and 35, 

and it also has two tryptophan residues with one at position 28 and the other at position 

31. Trp31 lies on the protein surface, whereas Trp28 is partially buried.315 Reduction of 

the Trx catalytic disulfide has been shown to cause a significant increase in Trp 

fluorescence due to the introduction of a localized conformational change that releases 

Trp28.319 Fluorescence changes have been associated with the binding of metal ions to 

Trx, such as Cd2+.326 In another study, GSSG was observed to extensively quench the Trp 
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fluorescence of human Trx (100 mM GSSG resulted in 85% reduction of Trx 

fluorescence), which was proposed to result from exposure of Trp to the solvent.320 As a 

convenient preliminary indicator of whether illudin S or AFs react with Trx, in the 

present study, we tested the ability of illudin S and AFs to completely quench the 

fluorescence of reduced Trx. The fluorescence quenching of Trx by illudin S or AFs was 

associated with the red shift the emission peak, indicating extensive conformational 

changes. The quenching effect is initiated rapidly: the extent of quenching within 3 min is 

the same as that for 90 min. The quenching effect is independent of the DTT 

concentration in the mixture. The HMAF-DTT conjugate also quenched Trx intrinsic 

fluorescence, and at 200 μM, Trx intrinsic fluorescence was completely quenched. Mass 

analysis indicates the HMAF-DTT is a dimer. Since 200 μM conjugate contains 400 μM 

of the HMAF core, accounting for the concentration of monomeric unit, the quenching 

efficiency of HMAF and HMAF-DTT are comparable to each other. This observation 

may explain why DTT protect Trx inhibition by HMAF, i.e. the presence of DTT does 

not block the accessibility of Trx active site from HMAF, but DTT replaces Trx to react 

with HMAF. In contrast, the reported Trx covalent inhibitor 4-HNE didn’t quench Trx 

fluorescence under the same experimental conditions, suggesting a different interaction 

mechanism with Trx which was also observed from GdnHCl treated Trx.320  

The inactivation of Trx by illudin S and AFs was evaluated in a cell-free system. 

Trx activity was measured by an adaptation of a standard insulin reduction activity 

assay,316 with DTT as electron donor. AFs do not inhibit Trx insulin-reduction when DTT 

is in the incubation mixture. Thus, it is necessary to remove excess DTT before adding 

test compounds to reduced Trx. An alternative experimental approach is to use 

thioredoxin reductase to reduce Trx with NADPH as electron donor.321 However, data 

suggest that illudin S and AFs have the capacity to interact with TrxR, which is 

anticipated to confound inhibition data. It was reported that 25-fold molar excess DTT 

and GSSG reduce Trx-HMAF adduct formation,327 it has not been experimentally 

addressed why this could happen. We analyzed reaction mixtures of illudin S, AF, or 

HMAF with Trx in the presence or absence of DTT and found that DTT efficiently and 

independently forms a conjugate with HMAF. In order to identify the conjugate, we 
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allowed 100 equivalents of DTT to react with 1 equivalent of HMAF under the same 

conditions. HMAF-DTT was isolated in 70% yield and was characterized as a mixture of 

hydroxyl- and sulfhydryl- HMAF adducts. Under similar conditions, we observed that a 

small amount of an illudin S-DTT adduct was observed, but the product was not isolated 

and characterized because of its low levels. The illudin S-DTT adduct may follow the 

same reaction scheme as illudin S with glutathione, i.e. the sulfurhydryl attack the α,β-

unsaturated ketone followed by the opening of cyclopropane ring by water or chloride.138 

This reactivity pattern is opposite what was expected on the basis of previous studies 

regarding the reactivity of illudin S toward small thiols, affirming that the extent of 

reactivity depends not only on the identity of the electrophile, but also on the thiol 

structure. 

The concentration of AFs at which Trx activity was completely inhibited correlated 

with the concentration at which Trx intrinsic fluorescence was completely quenched 

(Figure 5). For AF and illudin S, nonspecific binding that doesn’t result in inactivation of 

Trx was observed, i.e. AF induces fluorescence quenching but does not inhibit insulin 

reduction capacity. On the other hand, for HMAF, protein binding effectively reflects 

activity inhibition. The core structure of the illudin S and AF analogs comprised of a 

tricyclic cyclopropane, cyclohexanone, and cyclophenone dictates their biological 

activity. They can covalently react with nucleophiles like free sulfhydryl by means of the 

conjugate addition reaction involving the bicyclic enone. The hydroxymethyl group in 

HMAF is important in improving efficacy and the displacement of the primary hydroxyl 

on HMAF with other groups significantly decreases its cytotoxicity.142, 243, 254, 290 

Considering the accessibility of the Trx active site,315 together with the ability to form 

covalent adducts with AF, we propose that one possible mechanism underlying this 

correlation is one in which the induced conformational change may just facilitate the 

interaction of Trx with AFs, especially HMAF, but not illudin S. 

Data from mass spectrometric analysis of whole Trx protein after incubation with 

AFs or illudin S suggest that HMAF forms a bis-adduct and AF mainly forms a mono-

adduct with Trx. Illudin S does not form an adduct. However, no adducts were observed 

when the incubation was carried out in the presence of DTT. On the basis of the mass 
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change of HMAF-Trx adduct (m/z 2×229), and in analogy with previously observed 

reactions, we propose that adduct was formed via the displacement of the hydroxyl group 

on HMAF by the Cys thiol of Trx (Scheme 1). Metabolites of AFs or HMAF-DTT 

conjugate do not form adducts with Trx. Interestingly, when we follow the published 

procedure in which radiolabeled HMAF was allowed to react with Trx followd by 

washing with cold perchloric acid,253 we also observed a Trx-HMAF adduct with similar 

mass change, but mainly mono-adduct. Briefly, we allowed Trx to react with HMAF in 

the presence of DTT followed by trichloroacetic acid (15%) precipitation and cold 

acetone wash. However, in the same manner without TCA precipitation and acetone 

washing, no adduct was observed. These results suggest that the adduct formed under 

these experimental conditions may be resulted from the acidic condition at which HMAF 

can readily lose the primary hydroxyl group to generate the stabilized intermediate which 

can be directly attacked by the thiol of Trx (Scheme 2).142  

In the present study, adducts formed between AFs and Trx Cys were probed with 

the thiol-reactive compound BIAM, which reacts with free protein thiols. AFs were 

observed to block the two Cys residues, which are located in the active site, of E. coli 

Trx. Consistent with results from whole protein MS analysis indicating that the major 

adduct formed between AF and Trx is a mono-adduct, the intensity of the band 

corresponding to BIAM-labeled protein is about half of its original intensity when protein 

is reacted with high concentrations of AF (250 and 1250 μM). For HMAF, however, at a 

drug concentration of 250 μM, the BIAM-labeled protein band almost disappeared, 

suggesting that both Cys are modified in this case, consistent with the MS analysis 

indicating bis-adduct formation. For each of these experiments, we tested whether the 

bioactivating enzyme AOR could potentiate the inhibition of Trx by AFs or change the 

pattern of adduct formed between AFs and Trx. However, AOR was observed to have no 

influence on adduct formation, both on the basis of insulin-reductase activity, BIAM-

labeled band intensities and MS analysis of treated whole protein samples. 

Cyclopentenone prostaglandins involved in pro-oxidant effect owing to the 

electrophilic center were reported to covalently modify Trx both in cell and cell-free 

system.328 Trx levels in SH-SY5Y were reduced upon treatment with biotinylated 15d-
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prostaglandin J2. In contrast, treatment of breast and colon cancer with quinones that also 

form covalent adducts with isolated hTrx did not result in reduction of cellular Trx.329 In 

the present study, we found that cellular Trx levels were significantly reduced in a dose-

dependent manner upon treatment of HeLa or MCF-7 cells with AF or HMAF. However, 

illudin S only caused Trx levels to decrease in HeLa cells, not MCF-7, and this effect was 

independent of the illudin S dose, which is consistent with our previous observations that 

cellular GR inhibition by illudin S is dose-independent. These data suggest a clear 

difference in the role, if any, of Trx or GR interactions of AFs vs. illudins in dictating 

cytotoxicity.  Higher cellular Trx levels have been correlated with diminished cell 

sensitivity toward alkyalting drugs such as cisplatin and mitomycin C.312 Interestingly, 

synergistic effects have been observed in the combinational therapy of HMAF with 

cisplatin or mitomycin C in cancer cell and a cancer xenograft model.330, 331 Thus, the 

observed interactions of Trx with HMAF may contribute to enhancing the activity of the 

combined drug in these combination therapies. 

In mammalian cells, Trx plays a distinct role in different locations. Outside the cell, 

Trx acts as a co-cytokine with chemokine-like activity.332 Inside the cell, Trx functions as 

the major redox-regulating system and translocates into the nucleus to regulate other 

signaling proteins and gene expression in response to a variety of stresses such as 

oxidative stress, ionizing radiation,333 and small molecules such as nitric oxide.322 In the 

present study, AFs and illudin S were all found to stimulate nuclear accumulation of Trx, 

similar to what has been observed with cisplatin as previously reported.323 It has been 

reported that more Trx in its reduced form in nucleus than that in the cystosol.334Since 

our results indicate that AFs can only react with reduced Trx, nuclear Trx more likely 

reacts with these compounds.  
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5. Conclusion 

We have evaluated mechanisms of Trx inhibition by the natural product illudin S 

and its AF analogues. Experiments were carried out to evaluate enzyme inhibition, 

protein intrinsic fluorescence changes, covalent modification of whole proteins, and 

influence on the cellular Trx level and location. All three compounds quenched Trx 

intrinsic fluorescence significantly, suggesting that conformational changes are induced 

by illudin S and AFs. Illudin S does not inhibit insulin-reductase activity of pre-reduced 

Trx, and AFs are irreversible inhibitors that covalently modify the protein at active site 

cysteine residues. In the complex environment of the cell, AFs inhibit Trx protein level in 

a dose-dependent manner. The interaction between Trx and these test compounds 

promotes Trx nuclear accumulation. Overall, the reactivities of illudin S and AF 

analogues toward Trx are opposite to what might be expected on the basis of reactivity 

towards thiol-containing molecules and consistent with their reactivity towards 

glutathione reductase, further emphasizing the importance of balancing chemical 

reactivity and molecular recognition in dictating biochemical responses. Another 

observation made in this study is that HMAF reacts with DTT. However, AF does not 

react with DTT, and illudin S only does so to a minor extent. The HMAF-DTT adduct 

quenches Trx fluorescence with the same potency as HMAF, suggesting the adduct may 

play a role in protecting Trx from reaction with HMAF. Altogether, the data obtained in 

this study provide more insight into the role of protein alkylation in the cytotoxicity and 

anticancer selectivity of illudin S and acylfulvene derivatives.   
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Chart 1. Structures of illudin S, acylfulvene, hydroxymethylacylfulvene, and their 

corresponding metabolites.  
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Figure 1. HPLC-UV analysis of the product from the reaction of of Trx with illudin S or 

AFs. Test compounds (AF, 400 μM; HMAF, 400 μM; illudin S, 1mM) were allowed to 

react with Trx (2 μM) in the presence of DTT (2 mM, row C) or in the absence of DTT, 

but with pre-reduced Trx (2 μM, row D) in TE buffer (500 μL) for 2 h at 25 °C, followed 

by EtOAC extraction and HPLC analysis. Control samples were incubated in buffer in 

the absence (row A) or presence of DTT (20 mM, row B) and extracted in the same 

manner. The peak at 5 min observed in each sample is DMSO. The retention times of AF, 

HMAF and illudin S are 26 min, 17 min, and 12 min respectively. 
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Figure 2. The MS/MS spectra of HMAF-DTT conjugate, MS2 spectra of HMAF-DTT 

monomer (top) and MS3 spectra of fragment 229 from MS2 (bottom).  
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Figure 3. Inhibition of Trx Intrinsic fluorescence by compounds. Trx (9 μM) was 

combined with DTT (2 mM) in 500 μL of TE buffer for 10 min prior to the addition of 

varying concentration of compounds followed by incubation at 25 ºC for 90 min. 

Fluorescence was recorded with excitation at 280 nm. The inset is the plot of relative 

fluorescence intensity to the control versus the drug concentration. 
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Figure 4. Inactivation of Trx by illudin S and AFs. Trx activity was measured by its 

ability to reduce insulin in the presence of DTT. Pre-reduced Trx was incubated with 

various concentrations of drugs for 2 h at 25ºC before addition of insulin and DTT. The 

precipitation of reduced insulin free chain was monitored at 650 nm. 
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Figure 5. Relationship between concentration required to achieve complete fluorescence 

quenching and concentration required to achieve complete Trx inactivation by AF, 

HMAF, and illudin S 
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Figure 6. HPLC-ESI+-MS analysis of adducts formed between Trx and AFs. Total  ion 

chromatogram of control Trx (Top panel). (A), ESI+ mass spectrum of the 14.6 min 

protein peak of control Trx; deconvoluted mass spectrum of the 14.5 min peak (inset, 

observed m/z = 11675 Da) (B), ESI+ mass spectrum of the protein peak of Trx following 

incubation with AF; deconvoluted mass spectrum(inset, observed adducts m/z = 11887 

and 12100 respectively) (C), ESI+ mass spectrum of Trx following incubation with 

HMAF; deconvoluted mass spectrum (inset, observed adduct m/z = 12134). 
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Figure 7. Trx Modification by AFs at Cys residue. Different concentrations of AFs were 

added to DTT pre-reduced Trx (0.9 μM) and incubated at 25 ºC for 2 h. BIAM was added 

to alkylate active site free Cys residues. Results are representative of two independent 

experiments. 
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Figure 8. Inhibition of Cellular Trx level by AFs. HeLa cells and MCF-7 cells exposed to 

various concentrations of drugs for 12 h and 24 h respectively were lysed and proteins 

(20 μg) were separated on SDS-PAGE under reducing conditions.  
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Figure 9. Indirect immunofluorescence analysis to determine Trx sub-cellular location in 

HeLa cells. Cells were treated with different compounds (AF, 2 μM, HMAF, 2 μM, 

illudin S 0.2 μM, cisplatin, 10 μM, MA, 10 μM, and MH, 10 μM) for 10 h and cellular 

Trx wasvisualized as described in the experimental section. Images shown represent data 

from three independent experiments.  
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Scheme 1. Proposed Mechanism of Trx Inhibition by AFs 
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Scheme 2. Proposed decomposition pathway of HMAF under acidic condition 
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Chapter Six: On the role of selenium-dependent antioxidant enzymes in 

cancer cells: alkylation and inhibition of thioredoxin 

reductase vs. glutathione peroxidase by anticancer 

acylfulvenes 
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1. Introduction 
Selenium (Se), as a nutritional supplement, has been shown to inhibit tumor cell 

invasion and decrease the risk of some human cancers, such as prostate, lung, and colon 

cancer.335, 336 The chemopreventive and chemotherapeutic effects of Se may result from 

modulation of cell differentiation and proliferation, which protects cells from 

carcinogenesis in both the early and late stages of cancer progression.336 Se acts as an 

antioxidant when incorporated  into proteins,116 so the modulation of selenoenzyme levels 

may be an underlying mechanism for chemopreventive and chemotherapeutic effects 

observed for Se.336, 337  

In human blood, Se levels vary between 0.8-1.4 μM.338-341 Thioredoxin reductase 

(TrxR) and glutathione peroxidase (Gpx) contain selenium in the form of selenocystein 

(Sec), the naturally occurring selenium analog of cysteine regarded as the 21st amino 

acid.342, 343 In TrxR, the Sec residue is located at the C-terminus active site as part of the 

tetrapeptide Gly-Cys-Sec-Gly motif.342 TrxR has a broad range of substrates, including 

disulfide-containing proteins, such as thioredoxin, many small molecule thiols, such as 

5,5’-dithiobis(2-nitrobenzoic) acid (DTNB), and even non-disulfide compounds such as 

vitamin K. The flexible C-terminus 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. These features make TrxR highly 

susceptible to reactions with electrophilic compounds, and previous studies show that 

some alkylating agents strongly inhibit TrxR and its cellular homolog glutathione 

reductase.110, 299 The Gpxs are a family of peroxidases that contain one essential active 

site Sec and, with glutathione as a co-substrate, catalyze the reduction of inorganic or 

organic peroxides. Gpx 1 is the most predominant Gpx isoform; it catalyzes the reduction 

of hydrogen peroxide and lipid peroxides to water and corresponding hydroxides. Nitric 

oxide-mediated modifications of the Gpx selenocysteine has been shown to inactivate the 

enzyme.344 Upregulated TrxR and downregulated Gpx have been found in many types of 

cancers.117, 345 TrxR over-expression is of particular interest as an anticancer drug 

target.124, 125, 346 
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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).240-243 Although illudin S kills various drug-resistant cancer cells, it exhibits low 

selectivity towards malignant cells versus normal cells and thus has limited practical 

application in cancer therapy.244 Semisynthetic acylfulvene (AF) analogues, including 

hydroxymethylacylfulvene (HMAF), have improved cancer cell selectivity.245, 246 Studies 

regarding their cellular accumulation suggest that illudin S and AFs covalently bind to 

cellular DNA, RNA, and protein (Scheme 1).247, 248 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.137, 247, 249-252 However, 

compared to conventional DNA alkylating agents, AFs display some unique activity 

profiles suggesting contributing interactions with other cellular targets, i.e. certain 

proteins, and a distinct mechanism of action underlying cytotoxicity profiles.134, 136 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, an overall mechanism accounting for differences 

between these structurally related small molecules has not been established and is an 

important goal in building an understanding of chemical and biochemical factors that 

dictate drug toxicity. As part of a program aimed at elucidating the potential contributions 

of protein-drug interactions in dictating the toxicities of alkylating agents in a selective 

manner, we were interested in testing whether the high nucleophilicity and accessability 

of the Sec-containing enzymes TrxR and Gpx rendered them susceptible to illudin S 

and/or AF and whether there is any basis for chemical selection in this process.  

Illudin S reacts with cysteine under mild conditions more readily in aqueous buffer 

at pH 6 than acylfulvenes.141, 142, 242, 254 It has been hypothesized that the same reactivity 

might be observed for Cys-containing enzymes and could contribute to general toxicity. 

However, we found that for glutathione reductase (GR), an enzyme with a redox-active 

disulfide at its active site, acylfulvenes are more reactive as inhibitors that disrupt enzyme 

structure and inhibit GSSG reductase activity, and HMAF was found to covalently bind 

active site Cys residues.In contrast, illudin S did not inhibit glutathione reductase activity 
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although it also induced enzyme conformational changes.299 To understand analogous 

reactivity patterns in the case of Sec-containing enzymes, and to address the standing 

question of cellular protein targets of acylfulvenes, we characterize the reactivities of 

illudin S and AFs toward TrxR and Gpx in this study. The results of this study reveal 

chemical- and structure-based differences in inhibition potencies, differential enzyme-

drug interactions, as well as a correlation between selenium and drug sensitivity. These 

data suggest that cytotoxicities of illudin S and AF derivatives may be mediated in part 

by influencing the cellular redox environment by interacting with reactive selenoenzymes 

and that Se modulates the responses of cancer cells towards AFs. This information 

contributes to a broader understanding regarding chemical and biochemical factors 

involved in regulating cell sensitivity towards alkylating drugs. 
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2. Experimental procedures 

2.1 Chemicals and reagents 

Illudin S was provided by MGI Pharma (Bloomington, MN). Acylfulvene and 

HMAF were synthesized according to the published procedure with illudin S as the 

starting material.242, 243 Purified rat thioredoxin reductase, glutathione peroxidase from 

bovine erythrocytes, Tris base, DTNB and EDTA were obtained from Sigma Chemical 

(Milwaukee, WI). Biotin-conjugated iodoacetamide was purchased from Invitrogen 

(BIAM, Carlsbad, CA). Reduced nicotinamide adenine dinucleotide phosphate (NADPH) 

was purchase from EMD chemicals (Gibbstown, NJ). 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 (Carlsbad, CA). Tris-buffered saline was purchased from Biorad (Hercules, 

CA)  

2.2 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. The activity of 

enzyme was determined at room temperature using a UV/visible spectrophotometer 

(Varian Cary-100). TrxR (80 nM) was first reduced by incubation with excess NADPH 

(100 μM) in a total volume of 0.1 mL at room temperature for 10 min. Then appropriate 

amounts of compounds (prepared in DMSO) were added to the pre-reduced TrxR 

followed by incubating at room temperature for the appropriate time. The same amounts 

of DMSO were added to the control experiments. 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.  

To determine the reversibility of inhibition, TrxR was allowed to react with AFs as 

described. After the 2 h reaction period, unbound compound was removed by gel-

filtration with a size-exclusion micro bio-spin P6 pre-packed column according to the 

manufacturer’s protocols. Briefly, the column was placed in 2 mL centrifuge tube to 
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drain the excess packing buffer by gravity. The column was placed back into the tube and 

centrifuged to remove the packing buffer (2 min, 1000 g). Afterwards, the column was 

placed in a clean 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 solution was 

combined, and the activity was determined following the procedure described above.  

2.3 Cell culture and cellular TrxR determination 

HeLa cells were maintained as monolayers in DMEM medium supplemented with 

10% 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). Cells were treated with test compounds 

diluted with medium (0.1% final concentration of DMSO) for two or ten hours. After the 

treatment period, cells were washed with PBS twice. Cells were collected as follows: 2 

mL of 0.25% trypsin-EDTA was added and the cells were incubated for 5 min at 25 °C, 

and then cells were scratched off and divided evenly into three centrifuge tube (1.5 mL),  

and centrifuged (5 min, 1000g) followed by removal of the supernatant.  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 80 μL of reaction 

mixture containing 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 

monitoring changes in absorbance at 340 nm for 5 min at 25 °C.  

Cell cytosol containing 50 μg protein was analyzed by 4-12% SDS-PAGE 

according to the manufacturer’s protocol (Invitrogen, Carlsbad, CA) and transferred onto 

a membrane (PVDF, Invitrogen, Carlsbad, CA) 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, 
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Rockford, IL) and anti-actin (Invitrogen, Carlsbad, CA) antibodies diluted 2000 times in 

TBS/Tween 20 (5 mL) for 1 h. The membrane was washed three times with TBS/Tween 

20 (5mL, 5 min) and subject to incubation with 5 mL of secondary conjugated antibody 

(goat anti-rabbit IgG horseradish peroxidase, Biorad, Hercules, CA, 1:2000 dilution in 

TBS/Tween 20,) for 1 h. After four 5 min washes with TBS/Tween 20 (5 mL/each), 

enhanced chemiluminescence was measured with a western blotting analysis system 

(Pierce, Rockford, IL).   

2.4 Cell viability assay  

The cytotoxicity was determined by Promega CellTiter 96 Aqueous One Solution 

Cell Proliferation Assay. Briefly, cells were seeded on 96-well plate with a beginning 

density at 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 varying drug 

concentration for a period of time. The drug-containing medium was exchanged with 

fresh regular medium. Cellular viability was determined by exposing cells to MTS 

solution for 2 h at 37 °C, and the formation of formazan was measured at 490 nm by 

using microplate reader. All experiments were carried out in triplicate. 

2.5 Detection of the AFs-modified sites  

NADPH-reduced TrxR (0.9 μM) and different concentrations of AFs were 

incubated at 37 °C for 2 h. The same amounts of DMSO were added to the control 

experiments. After incubation, 1 μl of the reaction mixture was taken out and added to 

new tubes containing 19 μL of BIAM (100 μM, 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. 

2.6 Trypsin-mediated digestion and LC/MS analysis of AF-modified TrxR 
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TrxR (50 μg, 1 nmol) was allowed to react with AFs (1.25 mM) in a total volume 

of 0.2 mL TE buffer containing NADPH (1 mM) for 2 h at 25 °C. 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. Incubation solutions were diluted to a volume 

of 1 mL by adding 0.8 mL TE buffer followed by trypsin in 0.1 M HCl (0.2 μg/μL). 

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 

Speedvac concentrator, and reconstituted by adding 20 μL of solvent A (0.5% formic 

acid/0.01% TFA in water) to each tube. The resulting samples were analyzed by LC/MS. 

LC/MS analysis of peptide mixtures was performed on an Agilent 1100 capillary 

HPLC in line with an Agilent 1100 iontrap mass spectrometer operated in positive ion 

mode. 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) and 

solvent B (0.5% formic acid/0.01% TFA in acetonitrile) 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. 

2.7 LC/MS analysis of Gpx modification by AFs 

Gpx (20 μg, 0.9 nmol) was allowed to react with AFs (1.25 mM) in a total volume 

of 0.1 mL TE buffer for 2 h at 25 °C. A micro bio-spin P6 column (10,000 NMWL, 

Biorad, CA) was used to remove unbound compound. Collected solution was then dried 

on speedvac and reconstituted in water (30 μL). 8 μL samples were analyzed by LC/MS. 

LC/MS analyses were carried out on an Agilent 1100 capillary HPLC- iontrap mass 

spectrometer operated in positive ion mode; the HPLC was equipped with an 

autosampler. A Zorbax 300 SB-C3 column (150 mm×0.5 mm, 5 μm) was used. Analytes 

were eluted with a solvent 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. Spectra were 
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obtained by full scan data acquisition performed within m/z 100-1500. Mass 

deconvolution was performed with the Agilent ion trap analysis software. 
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3. Results 
3.1 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 DNTB 

reduction activity was inhibited in a dose-dependent manner (Figure 1). The IC50 values 

were determined to be 257 μM for illudin S, 7.3 μM for AF, and 0.4 μM for HMAF 

respectively. Without pre-reducing TrxR, no inhibition was observed for illudin S, and 

the IC50 values for AFs increase to millimolar ranges (Figure 2). 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. Further, the relative inhibition potencies of AF and HMAF 

towards TrxR in the absence of pre-reduction are similar, suggesting the inhibition of 

TrxR by AFs mainly results from interactions of AF with the TrxR active site. Some 

other interactions may also partially account for the inhibition. 

3.2 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 passed through a size exclusion micro Bio-spin P6 gel-

filtration column (NWML 6000) to remove non-covalently bound compounds and the re-

isolated enzyme was assayed for DNTB reduction capacity. The native TrxR activity was 

not recovered after removing the AFs from the incubation solution (Figure 4), suggesting 

AFs are irreversible inhibitors of TrxR. 

3.3 Alkylation of cysteines at TrxR active site  

An affinity assay involving selective BIAM-alkylation of free Cys residues was 

carried out for the AF-Trx interaction to determine whether active site Cys in TrxR were 

chemically modified by AFs. The enzyme was allowed to react with varying 

concentrations of AFs before labeling with BIAM which only selectively reacts with the 

cysteine residues at the active site. Due to the difference in pKas of the TrxR active site 

residues Cys 497 (pKa 8.3) and Sec 498 (pKa 5.2),347 only Sec is modified at pH 6.5 and 

both residues will be modified at pH 8.5. At pH 6.5, the labeling intensity was weaker 
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with increasing concentrations of AFs, suggesting modification of Sec by AFs (Figure 5). 

At pH 8.5, the labeling intensity of TrxR at the highest treatment concentration of AFs 

(125 μM AF and 25 μM HMAF) was almost abolished, suggesting both Cys and Sec at 

the active site were modified by AFs.  

3.4 Identification of the covalent adduct between AF and TrxR 

Since AF irreversibly inhibited the DNTB 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. Singly charged ions corresponding to AF-mediated mono-alkylation 

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 to the α,β-unsaturated carbonyl. Due to poor ionization efficiency, the HMAF-

modified peptide could not be identified. 

3.5 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 for HMAF in a three day continuous treatment strategy.134 To test 

whether TrxR might be involved in the observed HeLa cell sensitivity toward AFs, the 

cells were treated with equitoxic concentrations of illudin S, AF, or HMAF for 12 h. 

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), with about a 

50% reduction observed with 1 μM illudin S, 4 μM AF, and 1 μM HMAF. These data, 

i.e. relative potencies for reducing cellular TrxR activity, mirror inhibition potencies in a 

cell-free system, however, illudin S is relatively more potent in cells. This observation 

may result from the more efficient cellular uptake of illudin S vs. AFs.247, 248, 296 

3.6 Selenite-enhanced sensitivity of cells towards AFs    

It has been reported that culture medium supplemented with selenite will induce the 

cellular TrxR level in breast cancer MCF-7 cells and liver cancer HepG2 cells.348, 349 In 
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the present study, HeLa cells were cultured in media containing 1 μM sodium selenite for 

three consecutive days. By western blotting analysis and measurement of cellular TrxR 

activity after selenite induction, cellular TrxR protein levels were found to have increased 

3.6-fold (Figure 8A) and TrxR activity increased 4.2-fold (Figure 8B). The changes in 

cell sensitivity toward illudin S and AFs under different levels of TrxR were investigated. 

Results indicated that increasing the cellular level of TrxR sensitizes cells toward AFs, 

but not toward illudin S (Figure 8C), suggesting that TrxR is a cellular target of AFs. 

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.    

3.7 AFs do not covalently modify Gpx 

Gpx was incubated with AFs for 3 h and then unbound compound was removed 

with a microcon Y-10 centrifuge filter (NMWL 10,000). Whole protein mass 

spectrometry analysis indicates that no covalent adduct was formed between the 

compound and Gpx (Figure 9). 
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4. Discussion: 

Illudin S is isolated from Lampteromyces japonicas and is the major toxic 

ingredient responsible for the poisoning effect of this basidiomycete.350 Although illudin 

S is highly effective against many types of drug resistant cancers, it does not discriminate 

between cancerous cells and normal cells, which has restricted its clinical application.244, 

286 Structural modifications of illudin S have resulted in some analogs with greatly 

improved selectivity such as AF and HMAF.242, 243 AFs maintains the same key structural 

features as illudin S, which is unrelated to commonly used therapeutic agents. With the 

novel structure, including a cyclopropane ring and an α,β-unsaturated ketone, illudin S 

and AFs can undergo direct Michael-type addition by nucleophiles as well as metabolic 

bioactivation by NADPH-dependent reductase followed by nucleophilic attack at the 

cyclopropane ring (Scheme 1).137, 247, 249-252 DNA alkylation is thought to be a major 

mechanism of action, however, at equitoxic concentrations, no significant difference was 

observed with respect to the incorporation of illudin S or AFs into genomic DNA, 

suggesting other cellular reactivity factors may play a role in improving the therapeutic 

index of AFs.247, 248 For example, reductase-mediated bioactivation has been shown to 

contribute in part to dictating differences in cytotoxicity profiles for AFs.139 Further, the 

better reactivity of illudin S than AFs towards thiols like GSH, cysteine and thiol-

containing peptides was hypothesized to be responsible for its extreme toxicity.140-142, 253, 

254 Although lowering cellular GSH level makes cells more sensitive towards illudin S, 

considering the large pool of small thiols in cells and nanomolar IC50s associated with 

illudin S, it may not be that reasonable to conclude the changed sensitivity is exclusively 

caused by the cellular GSH levels. By analogy, it has been hypothesized that illudin S can 

react with thiol-containing enzymes, which may be expected to contribute to 

cytotoxicity.140 Protein modification and protein binding are general modes of drug 

toxicity.255 In correlation with their reactivity with small thiols, illudin S and AFs were 

expected to have the same reactivity potency towards thiol-containing enzymes. 

However, the study of the interaction between these compounds with glutathione 

reductase, a critical cellular redox-regulating enzyme, reveals that AFs are much more 

reactive with GR than illudin S. Selenocysteine is more reactive towards electrophiles 
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than cysteine due to its lower pKa value,347 thus it will be helpful to understand the 

mechanism of AFs’ action by probing their interaction with critical cellular 

selenoenzymes. 

Although the biochemical mechanism of Se chemopreventive and chemo-

therapeutic effects against cancer is still unclear, the function of Se has been mainly 

attributed to its presence in seleno proteins and the correlation of selenium administration 

and level of selenoenzymes has been extensively studied.335, 345, 351-356 Se is incorporated 

into selenoproteins in the form of selenocysteine either during protein synthesis or 

through post-translational process.88 Selenoproteins such as thioredoxin reductase and 

glutathione peroxidase are involved in cellular antioxidant defense and redox signaling. 

The thioredoxin system, comprised of TrxR, its protein substrate thioredoxin, and 

NADPH, together with the homologous glutathione system, comprised of 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. TrxR is very similar in both 

structure and mechanism to GR.357 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.358, 359 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 selenocysteine. The 

selenocysteine was reported to be targeted by many anti-cancer compounds, such as 

curcumin, motexafin gadolinium, flavonoids, and quinines.125, 346 TrxR regulates cell 

proliferation by controlling DNA systhesis and antioxidant defense with reduced 

thioredoxin. 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. 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.117, 134 Our previous study indicate that GR can be inhibited by AFs 

with varying potencies and mechanisms, but not by illudin S.299 In this paper, we further 

investigate the influence of TrxR by illudin S and AFs. 
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NADPH-reduced TrxR was inhibited by AFs with low micromolar IC50s, but the 

IC50 of illudin S is 100-fold higher (Figure 1), which is consistent with their relative 

potencies for inhibiting GR. Reduced TrxR is more susceptive to AFs inhibition than 

non-reduced TrxR (Figure 2, ~1000-fold higher). Thus, we hypothesize that there may be 

some interactions other than the direct interaction with the TrxR active site, ansd similar 

observation was made on GR inhibition by AFs.299 The reversibility study reveals that 

both AFs are irreversible TrxR inhibitors (Figure 4), however, only HMAF is an 

irreversible GR inhibitor, which may be explained by the higher reactivity of Sec. The 

results of a BIAM labeling experiment further supports that the Sec was selectively 

targeted by both AFs at low concentrations. Peptide mass spectrometry analysis suggests 

the adduct was formed following a direct alkylation pathway (mass change m/z 216), 

which is also consistent with the proposed formation of a HMAF-GR adduct by direct 1, 

4 – addition to the α,β-unsaturated ketone followed by opening of the cyclopropane ring 

by water. Although blotting results suggest that the neighbouring cysteine was also 

modified by higher concentrations of AFs, no ions corresponding to a bis-adducts were 

observed. This may be due to the poor ionization efficiency of HMAF-modified peptides 

as previously discussed.299 We only observed singly charged ions corresponding to the 

unmodified active peptide (SGGDILQSCysSecG, m/z 1142.4) and a mono-adduct of AF 

by ion trap mass spectrometry. Because the unique isotopic distribution of Se, it is easy to 

confirm the identity of correponding peptides. Similar observations were made during the 

analysis of a 4-hydroxynonenal modified TrxR active site, in which also only a singly 

charged modified peptide mass peak was identified with the Se-specific isotopic mass 

distribution.121 

TrxR expression is upregulated by up to 10-fold in cancer cells compared with 

normal cells.342, 360 Se has been reported to induce TrxR 10-30 fold alone or in 

combination with sulforaphane.348, 349 3.6-fold induction of TrxR protein level in HeLa 

cells by 1 μM selenite is associated with a 4.2-fold increase in activity. We also 

compared induction efficiency for the combination of Se and sulforaphane (Figure 10). 

Results suggest that in HeLa cells, TrxR basal levels are already high and there is no 

significant increase when co-induced by Se and sulforaphane. In the case of MCF-7 cells, 
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however, basal levels of TrxR are much lower, and co-induction resulted in a 10 fold 

TrxR expression increase. Interestingly, although sulforaphane induces TrxR expression, 

it also inhibits celluar TrxR activity significantly.361 Therefore, we used Se to induce 

TrxR, and cells are more sensitive to AFs, but not to illudin S. These results suggest that 

cancer cells with elevated TrxR are more sensitive, indicating that TrxR is targeted by 

AFs, but not by illudin S. This profile also is consistent with their relative TrxR 

inhibitory potencies in a cell-free system. Enhance antitumor activity was observed for 

combination therapy of selenium compounds and anticancer drugs taxol, doxorubincin, 

irinotecan, platinum agents, 5-FU and campthotecin.362-364 Some, including cisplatin and 

doxorubincin,110  have been characterized as TrxR inhibitors, suggesting increasing TrxR 

levels with Se may enhance cell sensitivity towards current danticancer drugs. 

Conversely, normal cells with lower TrxR level are less sensitive toward anticancer drugs 

that are potent TrxR inhibitors. 

Gpx is a homotetrametic enzyme with two asymmetric unites containing two 

dimers. Each dimer has two selenocysteines at the active sites which are in the form of 

Se- in the resting state and directly participate in the process of hydroperoxide reduction 

of Gpx. Unlike the flexible C-terminus active site of TrxR, the active site of Gpx located 

at the N-terminal ends of long α-helices, surrounded by aromatic side-chains, may 

protect selenocysteine from AFs.365 Additional knowledge about the influence of 

hydroperoxide reduction activity of Gpx by AFs is needed to better understand the 

interaction of Gpx with AFs. 
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5. Conclusion 
We evaluated inhibition potencies of TrxR by the natural product illudin S and its 

AF analogues. The inhibitory results obtained in this study are in one way consistent with 

the results obtained for GR, but in another quite different from that. The inhibition 

potency of illudin S and AFs is in the same order for GR and TrxR, i.e., HMAF > AF > 

illudin S, however, both AFs irreversibly inhibit TrxR by targeting the active site Sec and 

Cys with a much lower IC50s than that for GR. That combined with the observation that 

no covalent interaction occurs between Gpx and AFs, suggests that the accessibility and 

reactivity of the enzyme active sites account for the inhibitory effects of AFs. In both 

cases, illudin S was the weakest inhibitor, which is opposite to their reactivity toward 

small molecule thiols, suggesting that polarity (illudin S > HMAF > AF) and 

stereochemistry may play a role in the binding of these compounds to the enzymes. 

Furthermore, the inhibition of cellular TrxR activity and increased sensitivity to AFs 

suggest that cellular TrxR is targeted. The data obtained in this study are valuable in 

further understanding the role of modulating cellular redox enzymes in the anticancer 

effects of alkylating agents. 



 

 157 

Chart 1. Structure of illudin S and acylfulvene derivatives. 
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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 25ºC 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 25ºC for 10 min followed by the addition of test compounds 

(A. AF 50 μM and 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 points 

represent 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 25ºC 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; C, HMAF, 0.13, 0.27, 0.53, 1.33, 2.67 μM). Unbound compound was removed by 

micro bio-spin P6 pre-packed size exclusion columns (Biorad, Hercules, CA) with 

NWML 6000. The residual activity was measured with DTNB assay described in the 

experimental details. 
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Figure 5. The C-terminus redox-active site cysteines of TrxR were targets of AFs 

alkylation. Different concentrations of AFs were added to NADPH (200 μM) pre-reduced 

TrxR (0.9 μM) and incubated at 25ºC for 2 h. BIAM was added to alkylate active site 

free Sec at pH 6.5 and free Cys and Sec at pH 6.5. Results are representative of three 

independent experiments. 
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Figure 6. LC/MS analysis of AF- modified active peptide (SGGDILQSGCysSecG). The 

mono-isotopic mass for the unmodified peptide is 1138.3, and that for the AF-modified 

peptide is 1354.4. The mass change (m/z 216) equals the addition of one molecule of AF. 
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Figure 7. Inhibition of TrxR in HeLa cells by illudin S and AFs. HeLa cells were 

exposed to individual compound (illudin S: 0.04, 0.20, 1.00 μM; AF 0.2, 1.0, 4.0 μM; 

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. Induction of cellular TrxR by selenite (Na2SeO4) and differential sensitivity of 

HeLa cells towards illudin S and AFs. HeLa cells were cultured in medium with or 

without addition of sodium selenite (1 μM) for three continuous days. The cellular TrxR 

protein level (A) and activity (B) were determined. HeLa cells were seeded on 96-well 

plates (1000 cells/well) and cultured in medium with or without 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, WI). 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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Figure 9. LC/MS spectra derived from AFs treated Gpx. Gpx (1.6 nmol) was allowed to 

react with AFs (1.25 mM) in TE buffer. Gpx samples were then concentrated and 

unbound compound removed before LC/MS analysis. 
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Figure 10. Induction of cell TrxR by selenite (1 μM) and combination of selenite (1 μM) 

and different concentration of sulforaphane. 
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1. Ins and InsPs 
Ins and InsPs have critical functions in biological systems and are of interest in a 

variety of areas including pharmaceutical and nutritional science, either as a single 

compound or as part of complex networks. Although Ins is a relatively simple molecule, 

its stereochemical complexity and distribution of phosphates results in a total of 63 

isomers. The structural diversity, together with the lack of a chromophore makes the 

analysis of these compounds difficult. The rapid turnover of InsPs in biological events 

makes it difficult to address the role of individual InsP. Therefore, this complex situation 

has been of particular interest to analytical chemists in the past two decades, and many 

analytical methods have been developed for these compounds, including separation with 

various chromatographic techniques and electrophoresis, and photospectrometry 

detection following colorimetric derivation, radioactivity counting, P NMR, and mass 

spectrometry. We developed a sensitive and selective anion exchange HPLC/MS/MS 

method for the simultaneous or individual analysis of the absolute and relative levels of 

Ins and InsPs (InsP1 to InsP6). The limit of detection is in the picomolar range for all 

analytes and this method has been applied to analyze Ins and InsPs in food samples and 

cancer cells. This analytical approach fills a need for an on-line HPLC method and 

should be amenable to high throughput analysis. One limitation of this approach is that 

different isomers of inositol phosphates are not chromatographically resolved. Future 

development and optimization of anion exchange chromatography systems may have the 

potential to yield an advanced system in which isomeric distributions may be evaluated. 

The availability of this analytical approach has potential to expand our knowledge of 

exogenous and endogenous levels of inositol and inositol phosphates, which is important 

for understanding their respective roles in signal transduction and other physiological 

processes, and for understanding relative benefits of dietary sources of inositol 

phosphates. 
The metabolism of InsPs is rapid and catalyzed by a network of reactions catalyzed 

by kinases and phosphates. The rapid turnover of InsPs makes it difficult to address the 

role of individual chemical species in biological events. Therefore, enzyme-stable 

analogues with similar biological activities are of importance as probes to investigate 
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Ins/InsP functions. We synthesized phosphorothioate analogs of the inositol phosphates 

Ins(1,4,5)P3 and Ins(4,5)P2. The InsP3 analog is stable to phosphatase-mediated 

hydrolysis and lacks hydroxyl group kinase-mediated phosphorylation sites, but a 

tendency of the vicinal phosphorothioates to form disulfide bonds was observed, 

indicating limitations in its chemical stability. An additional limitation of the developed 

analogues is that they involve a lengthy synthesis. The InsP3 analog 1D-2,3-dideoxy-

myo-inositol 1,4,5-trisphosphorothioate specifically binds the Ins(1,4,5)P3 receptor with a 

Kd of 810 nM, which compares favorably with previously reported Ins(1,4,5)P3 

phosphorothioate analogs.233 Future studies can be aimed at characterizing cellular 

responses to this analog and using it to probe the role of Ins(1,4,5)P3 in cancer 

chemoprevention and biochemical processes. 

2. Illudin S and AFs 

Compared to the natural product illudin S, acylfulvene derivatives have improved 

anticancer selectivity. The α,β-unsaturated ketone and a cyclopropane ring, together with 

the observations that they bind DNA and cause DNA synthesis inhibition, make these 

compounds regarded as alkylating agents. The formation of acylfulvene-DNA adducts 

and their susceptibility to repair and ability to inhibit DNA synthesis have been studied. 

However, a unifying mechanism for the improved cytotoxic selectivities of AFs over 

illudins is still unclear. It has been proposed that reactions of illudins with thiol-

containing macromolecules contribute to the high general cytotoxicity of illudins S. To 

test the role of this pathway, we evaluated the reactivity of these compounds towards 

several critical redox-regulating enzymes that all have cysteine residues at the catalytic 

active site.  

The study with glutathione reductase as an enzyme target indicates that each 

compound exhibits some degree of interaction with the enzyme reflected by the changes 

in GR intrinsic fluorescence, however, illudin S does not inhibit GR, AF is a reversible 

inhibitor, and HMAF is an irreversible inhibitor that covalently modifies the protein at 

active site cysteine residues. Further mechanistic studies with respect to the proximity of 

binding to the active site occupied by its natural substrate GSSG and reducing status of 

GR by AFs suggest AFs undergo a different mechanism of inhibition, in which HMAF 
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mainly reacts with the active site and AF interacts with GR on sites other than the active 

site.  

We evaluated inhibition potencies of illudins S, AF, and HMAF toward the Trx 

system. The inhibitory results for TrxR and Trx are consistent with results obtained for 

GR in that inhibition potencies of illudin S and AFs rank similarly for GR or TrxR, i.e., 

HMAF>AF>illudin S, suggesting that polarity (illudin S>HMAF>AF) may play a role in 

the binding of these compounds to the enzymes. All three compounds non-covalently 

bind Trx, detectable by significant quenching of Trx intrinsic fluorescence upon 

treatment with the test compounds. However, both AFs irreversibly inhibit TrxR and Trx 

by alkylating the active site cysteine residues. In comparison, we investigated the 

reactivity of these compounds with another Sec-containing enzyme glutathione 

peroxidase, but no evidence for covalent interactions between Gpx and AFs was 

observed. Cellular TrxR activity was diminished in AFs-treated cells, and cells had 

increased sensitivity towards AFs when TrxR was induced by selenium. Trx levels and its 

nuclear translocation were influenced after treatment with AFs such that the nuclear Trx 

accumulated upon AFs treatment. Taken together these observations suggest that the Trx 

system is the cellular target of AFs.  

In this body of work, we selected several redox-regulating thiol-containing 

enzymes to investigate the differential activity of illudin S and acylfulvenes. Although 

these enzymes are critical in cellular function and become abnormal in cancer cells, they 

still cannot represent the global interactions of these compounds with thiol-containing 

cellular proteins. Therefore, further investigation of the influence on the thiol-containing 

proteins by illudin S and AFs on a more global scale may be helpful in determining the 

role of reacting with thiols of cellular macroproteins in AFs improved anticancer 

selectivity.255, 271Although the result is indicative of modifications on active site cysteine 

residues by AFs based on the mass spectrometry analysis of GR and Trx adducts, it does 

not provide enough information to confirm the chemical structure of the adducts. Further 

investigation with other techniques such as crystallographic analysis of GR-HMAF, Trx-

AF and Trx-HMAF adducts, may provide more useful information for future 
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optimization on these analogs to yield more specific inhibitors towards individual 

enzymes. 

The data described here are valuable in further understanding the role of 

modulating cellular redox enzymes in the anticancer effects by alkylating agents. Overall, 

the reactivities of illudin S and AF analogues toward GR are opposite to what might be 

expected on the basis of reactivity towards thiol-containing molecules, suggesting this 

differential reactivity may be involved in AFs’ increased selectivities, i.e. as a target for 

AFs in sensitive cells, rather than an indiscriminant target of illudins S in all cells. These 

differential activities emphasize the importance of balancing chemical reactivity and 

molecular recognition in dictating biochemical responses.  

3. Other preliminary observations 

3.1 Weak inhibition of hamster-NAT2 by AFs 

Arylamine N-acetyltransferases (NAT, EC 2.3.1.5) catalyze the AcCoA-dependent 

acetylation of various aromatic amines, hydrazines, and hydrazides, and also catalyze the 

formation of highly electrophilic agents by acetylating the hydroxyl group of 

arylhydroxylamines and arylhydroxamic acids.366 The DNA damage caused by the NAT-

generated electrophiles upon exposure to arylamines is thought to be the major 

mechanism for their mutagenic and carcinogenic effects.367 During NAT catalysis, a 

conserved cysteine residue (Cys 68) plays a critical role by accepting an acetyl group 

from AcCoA, which is then transferred to the substrate.368  We studied the inhibitory 

effects of illudin S and AFs on hamster NAT2; the results indicate that AFs, but not 

illudins S, inhibit NAT2 (Figure 1A.). Mass spectrometry analysis of AFs-treated NAT2 

suggests that AF and HMAF covalently modify NAT2 and that the product peak results 

from the same mass change (m/z 205) (Figure 1B.). The corresponding inhibition 

potencies are in the high micromolar range and much weaker compared to other NAT 

inhibitors such as 4-nitrosobiphenyl with IC50s in the nanomolar range.369 The conserved 

cysteine residue is very susceptible to attack by electrophilic agents, which is usually 

associated with the inactivation of the transferase activity.370 However, AFs are not 

potent NAT inhibitors even though they can covalently modify the enzyme. Further 

studies are required to determine if the modification is on the active site cysteine or not, 
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which will be helpful to explain the low inhibition potency. If the modification does 

occur at the active site, the accessibility of this conserved cysteine may be responsible for 

the weak inhibition by AFs. In addition, the mass change (m/z 205) does not correspond 

to any previously characterized adducts formed between thiols with AFs,142 so further 

studies are required to identify the chemical transformation that gives rise to this adduct.  

3.2 AOR-mediated enhancement of TrxR and GR activity  

NADPH-dependent alkenal/one oxidoreductase (AOR) is a reductive enzyme that 

appears to contribute at least in part to bioactivating illudin S and AFs to a more potent 

alkylating agent, which have been shown to alkylate cellular DNA. AOR catalyzes the 

reduction of the double bond of the α,β-unsaturated ketone to generate an extremely 

unstable electrophilic cytohexadiene intermediate, which is then attacked by DNA 

nucleophiles at the cyclopropyl group, leading to adduct formation. Overexpressed 

cellular AOR was observed to increase cell sensitivity towards AFs. We hypothesized 

that the presence of AOR might therefore potentiate the potency of AFs as inhibitors of 

TrxR and GR. To our surprise, the presence of AOR not only abolishes the inhibition of 

GR by AFs, but also activates GR activity regardless of the presence of AFs (Figure 2). 

The same observation was made in the case of the TrxR-HMAF interaction (data not 

shown), and TrxR activity can be activated about three fold by AOR in a dose-dependent 

manner (Figure 3). These observations suggest there may be protein-protein interactions 

between AOR and TrxR or GR. Due to the observed activating effects on GR and TrxR 

by AOR, we could not obtain results regarding the influences of bioactivation of AFs on 

the their inhibition potency. To further probe the hypothesis that the activated 

intermediates of AFs may be more potent inhibitors, a chemically activated version of 

AFs would be a necessary model to obviate the copresence of AOR and GR or TrxR. 
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Figure 1. Inhibition of NAT2 by illudin S and AFs. A, dose-dependent inhibition on 

AcCoA transferase activity of Hamster NAT2 by illudin S and AFs. B, the mass spectra 

of hamster NAT2 treated with AFs. The NAT2 assay was carried out with PNPA as the 

acetyl donor and PABA as the acetyl acceptor. NAT2 (0.5 μg/mL, 14.6 nM) was 

incubated with various concentration of compounds in MOPS buffer (100 mM, pH 7.0, 

150 mM NaCl, 0.1 mM DTT) in a final volume of 200 μL at 25 °C for 2 h. Then MOPS 

buffer (300 mL) and PABA (10 mL, 100 mM) were added at the end of incubation. The 

reaction was initiated by addition of PNPA (5 mL, 50 mM, prepared in DMSO) The rate 

of the reaction was determined by monitoring the linear increase in absorbance at 400 nm 

due to the formation of p-nitrophenol.371 NAT2 (5 nmol) was allowed to react with AFs 

(1 mM) in 0.5 mL MOPS buffer at 25 °C for 2 h. Then micro bio-spin P6 column 

(NMWL 6000) was used to remove unbound compound. The resulting solution was dried 

on the Speedvac concentrator. NAT2 (10 μg in 8 μL TE buffer) was analyzed by LC/MS 

using method described in the general consideration of Chapter 4. Both native and 

modified NAT2 proteins eluted as a single peak with retention time 14 min.  
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Figure 2. Activation of GR activity by AOR in the presence of AFs. GR assays were 

performed by combining NADPH (150 μM) and GR (5 nM) in TE buffer, total volume 

100 μL in disposable acrylic cuvettes at 25 °C. Compounds (prepared in DMSO) were 

combined with AOR (10 μg/ml) and NADPH (100 μM), total volume 100 μL, and 

incubated at 25 °C for 10 min. These two solutions were combined and further allowed to 

react for 2 h at 37. °C. GSSG (360 μL, 350 μM) was then added and the decrease in 

absorbance at A340 was monitored over 3 min. 
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Figure 3. Activation of TrxR DTNB-reductase activity by AOR. A, dose-dpendent 

activation of TrxR by AOR. B, activated TrxR activity by 15 μg/mL AOR. Each point is 

the average of two runs and error bars represent the range in measurements. TrxR was 

first reduced by incubation with excess NADPH (100 μM) in a total volume of 0.1 mL at 

25 °C for 10 min. Compounds (prepared in DMSO) were combined with AOR and 

NADPH (100 μM), total volume 100 μL, and incubated at 25 °C for 10 min. These two 

solutions were combined and further allowed to react for 2 h at 37. °C. The same 

amounts of DMSO were added to the control experiments. 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. 
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