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Abstract

Karenia brevis, the Florida red tide dinoflagellate produces a suite of neurotoxins known as the 

brevetoxins. The most abundant of the brevetoxins PbTx-2, was found to inhibit the thioredoxin-

thioredoxin reductase system, whereas the PbTx-3 has no effect on this system. On the other hand, 

PbTx-2 activates the reduction of small disulfides such as 5, 5’-dithio-bis-(2- nitrobenzoic acid) by 

thioredoxin reductase. PbTx-2 has an α, β-unsaturated aldehyde moiety which functions as an 

efficient electrophile and selenocysteine conjugates are readily formed. PbTx-2 blocks the 

inhibition of TrxR by the inhibitor curcumin. Whereas curcumin blocks PbTx- 2 activation of 

TrxR. It is proposed that the mechanism of inhibition of thioredoxin reduction is via the formation 

of a Michael adduct between selenocysteine and the α, β-unsaturated aldehyde moiety of PbTx-2. 

PbTx-2 had no effect on the rates of reactions catalyzed by related enzymes such as glutathione 

reductase, glutathione peroxidase or glutaredoxin.
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INTRODUCTION

The brevetoxins (Figure 1) are a suite of structurally related polyether ladder type 

neurotoxins produced by the Florida red tide organism Karenia brevis. This dinoflagellate 

blooms almost annually in the Gulf of Mexico, resulting in massive fish kills.1 Brevetoxins 

have been associated with numerous marine mammal deaths, including multiple manatee 

epizootic events2, 3 and dolphin strandings.4 Exposure to brevetoxins as aerosols during red 

tide events can result in respiratory distress5 and the consumption of tainted shellfish induces 

a syndrome known as neurotoxic shellfish poisoning (NSP), whose symptoms include severe 

gastrointestinal distress, reversal of temperature sensation and paresthesia.6 Detrimental 

economic effects of the Florida red tide result from the closure of fisheries, loss of tourism 

and public health costs. Economic losses due to illness brought on by Florida Red tide have 

been estimated between $60,000 and $700,000 per year, but could extend up to $1,000,000 

depending on the severity and length of the bloom.7 The detrimental effects of K. brevis 
blooms have been attributed to the interaction of the brevetoxins with site 5 of the voltage 

gated sodium channel. Brevetoxin binding shifts the activation potential for channel opening 

to more negative values (i.e. channel activation at normal resting potentials) resulting in the 

depolarization of excitable membranes.8

Recently, our efforts have focused on discovering the endogenous role of the brevetoxins. 

Using fluorescent and photoaffinity derivatives of brevetoxin, we demonstrated that 

exogenously applied brevetoxin localizes to the chloroplast of K. brevis where it interacts 

with two chloroplast proteins including thioredoxin (Trx).9 Trx is the parent of a family of 

enzymes which mediate the redox state within a cell via thiol disulfide exchange.10 Trx is 

converted from its inactive disulfide form to its active dithiol through reduction by 

thioredoxin reductase (TrxR). TrxR is a dimer whose two strands are organized in an 

antiparallel arrangement. In the enzymatic mechanism of Trx reduction by TrxR, NADPH 

provides the reducing equivalents and initiates a cascade of redox reactions across three 

redox active sites: FAD which is first reduced by NADPH, next FADH reduces an N-

terminal disulfide (in human TrxR:- Cys59-Val-Asn-Val-Gly-Cys64) which undergoes thiol 

disulfide exchange with a C-terminal disulfide or seleno-sulfide onthe opposite chain of the 
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dimer. The C-terminal redox center of TrxR undergoes thiol-disulfide exchange with 

oxidized Trx (Figure 2).

Mammalian TrxR is differentiated from those of lower organisms by replacement of the 

second of the two C-terminal redox-active site cysteine residues with a selenocysteine (Sec) 

(Cys497-Sec498-Gly- in human TrxR). Although this type of TrxR is often referred to as 

mammalian, the presence of a Sec residue in the C-terminal redox center has been 

demonstrated to be widespread in the animal kingdom.11 The rate-limiting step in the 

mechanism of reduction of Trx by TrxR is believed to be the transfer of electrons from the 

N-terminal redox center to the C-terminal redox center on the adjacent unit.7, 12 Several 

inhibitors of TrxR have been identified including quinones,13-16 curcumin17 and 4-

hydroxy-2-nonenal.18 All of these molecules can function as electrophiles or Michael 

acceptors, resulting in the irreversible inhibition of TrxR.19 Curcumin was found to alkylate 

both the C-terminal cysteine and selenocysteine of TrxR. Whereas 4-hydroxy-2-nonenal and 

quinols have also been demonstrated to label the C-terminal cysteine and selenocysteine of 

TrxR as well as the redox active cysteines of Trx. The α,β-unsaturated aldehyde K-ring side 

chain of PbTx-2 may serve as an efficient electrophile, reacting with nucleophiles as a 

Michael acceptor. Indeed, it has long been known that the principle detoxification 

mechanism for PbTx-2 is the formation of cysteine and glutathione conjugates at this 

site20, 21 by Michael addition of the cysteine thiol. Disruption of the normal function of the 

TrxR/Trx system has the potential to compromise the oxidative status of the cell and redox 

signaling. Because Trxs are present in almost all living organisms, this suggested an 

alternate mechanism of toxicity in animals and humans exposed to the brevetoxins. This 

reasoning prompted us to examine the interaction of brevetoxins (PbTx-2 and 3) with Trx, 

thioredoxin reductase (TrxR) and related enzymes.

MATERIALS AND METHODS

General Materials and Methods

Unless otherwise noted, reagents were purchased from Sigma-Aldrich or Acros chemical 

companies and used without further purification. 2-Thiobarbituric acid (TBA) was 

purchased from MP biomedicals and 1,1,3,3-tetraethoxypropane (TEP) was purchased from 

Chem-Impex Int’l Inc. Brevetoxins (PbTx-2 and -3) were isolated from K. brevis cultures 

according to published methods.22 Enzyme assay kits (fluorescent TrxR/Trx; fluorescent 

glutaredoxin; colorimetric glutathione peroxidase) and rat TrxR were purchased from 

Cayman Chemical. Assay kits were used according to the manufacturer’s instructions with 

noted exceptions. Truncated human TrxR (Novus Biologicals) was purchased from Fisher 

Scientific. UV/Visible and fluorescence measurements were performed in 96 or 384 well 

microplates using a Synergy® 2 (Biotek Instrument, Inc.) or an Infinite® M1000 PRO 

(Tecan Group Ltd.) microplate reader.

TrxR/Trx inhibition assay

Experiments were performed in 96-well plates with 270 μL of assay buffer (50 mM Tris-

HCl, 1 mM EDTA, 0.14 mg/mL BSA, pH 7.5) containing 0.13 μM rat TrxR, 0.35 mM 

NADPH and 0.026 μM Trx. After incubation for 30 min at 37 °C to reduce the TrxR, stock 
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solutions of PbTx-2 or PbTx-3 (11 μL each of 1.1, 0.96, 0.64, 0.35 and 0 mM in methanol) 

were added to give final toxin concentrations of 35 μM, 30 μM, 20 μM, 11 μM, 0 μM. This 

mixture was incubated at 37 °C for 1 h. Fluorescent substrate (70 μL, 0.4 mg/mL, eosin 

labeled bovine insulin) was added to each aliquot (final concentration of 0.016 mg/mL). 

Samples were analyzed in triplicate by recording fluorescence at 545 nm (λex = 520 nm) 

every 10 min for 3 h.

Glutathione peroxidase (GPx) inhibition assay

The assay was carried out according to the manufacturer’s instructions except that stock 

solutions of PbTx-2 (15 μL of 2.2 mM, 1.3 mM and 0 mM in methanol) were each 

combined with the manufacturer provided assay buffer, GPx and GSH solutions to give 

PbTx-2 concentrations of 78 μM, 47 μM and 0 μM. This mixture was incubated for 1 h at 

room temperature, after which the assay was completed according to the manufacturer’s 

instructions. The absorbance was read once every minute at 340 nm for 10 min. Samples 

were analyzed in triplicate. Controls without GPx were treated as background. The final 

concentrations of PbTx-2 were 50 μM, 30 μM and 0 μM.

Glutaredoxin (Grx) inhibition assay

Experiments were performed in 96-well plates with 160 μL of a reaction mixture containing 

0.17 M potassium phosphate, 1.7 mM EDTA, 1 mM GSH, 0.1 mg/mL BSA, 54 μM 

NADPH, 0.1 μM GR, pH 7.5 which was prepared according to the manufacturer’s 

instructions. To aliquots (160 μL) of the reaction mixture was added PbTx-2 (10μL of the 

following standards: 0.95, 0.63, 0.32 and 0.0 mM in methanol), 16 μL of human Grx 1 (30 

nM in 0.83 M potassium phosphate and 8.3 mM EDTA, pH 7.5, final concentration 1.5 nM), 

102 μL of PBS and 32 μL of eosin labeled GSH bound to BSA (0.2 mM in distilled water). 

Samples were analyzed in triplicate by recording fluorescence at 545 nm (λex = 520 nm) 

every 10 min for up to 2 h. The final concentrations of PbTx-2 were, 0 μM, 11 μM, 22 μM, 

33 μM.

Activity assay for TrxR or truncated TrxR

Method A (pre-incubation with PbTx-2): Experiments were performed in 96-well plates 

with 160 μL of PBS containing 0.1 mM NADPH, 22 μM PbTx-2 and 0.56 μM rat TrxR or 

0.68 μM truncated human TrxR. After incubation for 30 min at 37 °C to reduce the TrxR, 40 

μL of a DTNB solution (Ellman’s reagent: 5,5’-dithio-bis-(2-nitrobenzoic acid) (10 mM in 

0.1 M sodium phosphate and 1 mM EDTA, pH 8.0) was addedfor final concentrations of 18 

μM PbTx-2 and 2 mM DTNB. The absorbance at 410 nm wasmeasured every 5 min for up 

to 60 min. Method B (no pre-incubation with PbTx-2): The assaywas performed as 

described above except that PbTx-2 and DTNB solutions were mixed and added 

simultaneously after NADPH reduction of TrxR.

Preparation and analysis of selenocysteine-PbTx-2 adduct

seleno-L-cystine (75 μL, 1 mg /mL) was incubated with an aqueous suspension of 

immobilized TCEP ((tris(2-carboxyethyl)phosphine, 30 μL, >8 μmol/mL, immobilized onto 

4% crosslinked beadedagarose) for 1 h to reduce the diselenide. The reaction vial was 
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flushed with nitrogen and centrifuged for 10 min at 14,000 x g. The supernatant was 

transferred via syringe to a solution of PbTx-2 (200 μL, 1 μg/μL in methanol) and stirred 

under nitrogen for 24 h. Accurate mass spectra was acquired using a Bruker Solarix 7.0 T 

using ultrahigh resolution Fourier Transform Ion Cyclotron Resonance Mass Spectrometer 

(FT-ICR) confirmed the formation of an oxidized (+15.999 amu) selenocysteine-PbTx-2 

adduct of formula C53H77NO17Se. HRMS calc’d for [M+H+]: 1080.44355. Found: 

1080.44356 (Δ = -0.56 ppm). HRMS calc’d for [M+Na+]: 1102.42545. Found: 1102.42550 

(Δ = -0.12 ppm).

Preparation and analysis of TrxR-PbTx-2 adduct

Rat TrxR (6 μM) and NADPH (0.16 mM) were incubated for 30 min in 44 mM Tris base, 

0.9 mM EDTA. 0.4 M NaCl, 0.1 % glycerol, pH 7. PbTx-2 (5.6 mM in Me2SO) was added 

to give a final PbTx-2 concentration of 0.24 mM and the reaction was incubated for 12 h at 

room temperature. The sample was concentrated 5 fold and analyzed by SDS PAGE (12% 

acrylamide, 10% SDS). The band was excised and stored at -80 °C. In gel digestion and LC-

Electrospray Ionization MS/MS (LC-ESI MS/MS) analysis was performed by the 

Proteomics and Mass Spectrometry Facility at the UMass Medical School as previously 

described.9

Reaction of Sel-green probe with TrxR

The selenol selective probe, Sel-green, was synthesized according to published methods.23 

Rat TrxR (6 μM) and NADPH (0.1 mM) were incubated for 30 min in 45 mM Tris base, 0.9 

mM EDTA. 0.5 M NaCl, 0.1 % glycerol, pH 7. PbTx-2 (1.1 mM in methanol) was added for 

a final toxin concentration of 48 μM. Samples were prepared in triplicate. A control sample 

was prepared by the addition of an equal volume of methanol without PbTx-2. A blank 

sample was prepared without TrxR. The solutions were incubated for 1 h. Sel-green probe (9 

μL, 481 μM in 20% acetone in PBS) was added to each reaction mixture (82 μL). After 55 

min, fluorescence at 502 (λex = 370 nm) was measured. Calibration standards were prepared 

as follows: A stock solution of seleno-L-cystine (1.0 mL, 27 μM, in PBS) was reduced using 

immobilized TCEP (1.0 mL, > 8 μmol/mL) for 1 h. After centrifugation (14000 x g, 2 min), 

the supernatant was transferred to a clean tube to provide a stock solution of L-

selenocysteine (54 μM). Aliquots of the stock solution of L-selenocysteine was diluted with 

Sel-green probe in PBS for final concentrations of L-selenocysteine of 0 μM, 3 μM, 6 μM, 

12 μM, 25 μM and 43 μM Sel-green probe, incubated for 55 min, and fluorescence was 

measured at 502 nm (λex = 370 nm). Calibration standards were prepared in triplicate. For 

this experiment, the concentration of FAD (flavin adenine dinucleotide) was calculated to be 

5.3 μM by measuring the absorbance of at 450 nm and using an extinction coefficient ε450 = 

11,300 M–1cm–1 for FAD.24

Cell culture

The human lymphoblast cell line (GM02152) was purchased from Coriell Institute for 

medical research. Cells were cultured in Roswell Park Memorial Institute (RPMI) 1640 

medium supplemented with 15% fetal bovine serum (FBS) and 2 μM sodium selenite. The 

cells were maintained in a humidified incubator at 37°C and 5% CO2 until they reached log 

phase.
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Cytotoxicity assay

Cell viability was determined by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 

bromide (MTT) assay, which is based on cleavage of tetrazolium salt by metabolically active 

cells to form formazan dye.25 The MTT-formazan crystals are solubilized in DMSO after the 

specified incubation period. GM02152 cells were seeded in 96-well plates at 8×104 cells/

well with fresh medium containing different doses of PbTx-2 or trolox. After a 24 h 

incubation period, 200 μL fresh medium containing 0.5 mg/mL MTT (Amresco, Solon, OH) 

were added in each well and incubated for an additional 4 h. Culture medium containing 

MTT was subsequently removed and replaced with 200 μL DMSO to dissolve the resulting 

formazan crystals. The absorbance of each well at 570 nm (A570) was measured by a 

microplate reader (BioTek, Winooski, VT). Cells were treated with PbTx-2 from 0-4μg/mL 

or 0-500 μM trolox (6- hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid) for 24 h and 

then subject to MTT assay. Untreated cells served as the control. Cell viability was 

calculated by the equation: cell viability (%) = (A570 of treated group/A570 of control group)

×100%. The MTT assay was repeated three times. The dose response curve was analyzed 

using the Graphpad Prism 7 software (La Jolla, CA).

Preparation of cell lysates for biochemical assays

GM02152 cells (2.5 ×107) were seeded in 75 cm2 flasks containing growth medium. After 

the cells reached log phase, growth medium was removed by centrifugation and replaced 

with fresh medium containing: 1 μg/mL PbTx-2 or 1μg/mL PbTx-2 +100 μM trolox or 

DMSO alone. The cells were exposed for 24 hours after which they were resuspended in 

growth medium and centrifuged (720 × g, 4 minutes). The supernatant was discarded and the 

cells were lysed by the addition of 100 μL lysis buffer (10 mM Tris-HCl, 200 mM KCl, 2 

mM EDTA, 40% Glycerol, 0.2% TritonX-100, pH 7.5) by rotating at 4 °C for 2 h as 

previously described.26 Cellular debris was removed by centrifugation at 17000 × g at 4°C 

for 30 min. Protein concentration of the lysate was determined by the Bradford method 27 

using the Coomassie protein assay reagent in duplicate. Typical concentrations of the lysate 

ranged from 10 – 15 mg/mL.

DTNB assay on cell lysates

DTNB (100 μL, 5 mM in 0.1 M sodium phosphate, 1mM EDTA pH 8) solution was added 

to the cell lysate (90 μg of total protein/well) and absorbance was measured immediately at 

410 nm. The assay was performed in triplicate.

Thiobarbituric acid-reactive substances (TBARS) assay on cell lysates

Lipid peroxidation was determined by measuring the level of thiobarbituric acid-reactive 

substances (TBARS) in cells.28 Proteins were precipitated from the cell lysate (160 μg of 

total protein) by the addition of trichloroacetic acid (500 μL, 20%) followed by 

centrifugation at 14,000 × g for 15 min. To the supernatant thiobarbituric acid solution (500 

μL of 0.67% in 10% DMSO) was added. The mixture was then heated for 15 minute at 

90°C. Absorbance was measured in triplicate at 532 nm.
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Sel green assay on cell lysates

In a 96 well plate, Sel green probe (10 μL, 48 μM final concentration in 20 % acetone in 

PBS) was added to cell lysate (75 μg of total protein/well) to quantify the amount of 

selenocysteine. The mixture was incubated for 5 minutes and the fluorescence was measured 

at λex = 502 and λem = 370 nm). Each treatment was analyzed in triplicate.

Statistical analysis of cytotoxicity and cell lysate assays

All data values are given as mean ± standard error. ANOVA was performed by a Tukey 

Honestly Significant Difference test using the JMP 13.0.0 Software.

RESULTS

Inhibition of mammalian TrxR/Trx by brevetoxins

We first examined the effect of PbTx-2 and PbTx-3 on the mammalian TrxR/Trx system 

using a commercially available kit which is based on Trx reduction of eosin modified 

insulin.29 Trx is reduced by TrxR with reducing equivalents ultimately provided by the 

NADPH dependent reduction of TrxR. PbTx-2 and PbTx-3 at concentrations ranging from 

10 to 35 μM were incubated with a mixture of pre-reduced TrxR and Trx for one hour, after 

which eosin-modified insulin was added and the fluorescence was monitored. Interestingly, 

PbTx-2 exhibited a dose dependent inhibition of Trx/TrxR activity with an IC50 of 25 μM, 

whereas PbTx-3 had no effect on the rate of insulin reduction (Figures 3A and 3B).

The effect of PbTx-2 on glutaredoxin (Grx), glutathione peroxidase (GPx) and glutathione 
reductase (GR)

The activity of Grx and GPx in the presence and absence of PbTx-2 was examined using 

commercially available assay kits (Figures 3C and 3D). No inhibition was observed for 

either enzyme in the presence of PbTx-2 (up to 56 μM for Grx and 30 μM for GPx). Because 

these kits contain GR to provide a supply of reduced glutathione, we can conclude that 

PbTx-2 also does not inhibit GR.

The effect of brevetoxin (PbTx-2) on mammalian TrxR

Because we observed inhibition of the two enzyme TrxR/Trx system by PbTx-2, our next 

step was to examine one of these enzymes independently. Mammalian TrxR has a broad 

substrate specificity and reduces low molecular weight disulfides in addition to Trx. We 

therefore examined the activity of rat TrxR towards the reduction of the disulfide of 5,5’-

dithio-bis-(2-nitrobenzoic acid) (DTNB or Ellman’s reagent) in the presence and absence of 

PbTx-2. When pre-reduced TrxR was incubated with PbTx-2 (22 μM) prior to addition of 

substrate, we found that the initial rate of reduction of DTNB by TrxR was actually 

increased by 2.5-fold when compared to the control sample which lacked PbTx-2. The same 

result was obtained when PbTx-2 was added simultaneously with DTNB. In other words, 

without pre-incubation of TrxR and PbTx-2. (Figures 4A and 4B).

Mammalian TrxR is a selenocysteine containing enzyme having C-terminal redox residues 

(Cys497-Sec498 for human TrxR) which alternate between the selenosulfide and thiol + 

selenol. It is this redox center that is responsible for the reduction of the active site disulfide 
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of Trx (Figure 2). However, truncated TrxR, which lacks the C-terminal Sec residue retains 

its ability to reduce low molecular weight disulfides via its N-terminal dithiol redox center. 

In order to identify the redox center which is affected by brevetoxin, the activity of truncated 

human TrxR was examined in the presence of PbTx-2. At 22 μM, PbTx-2 had no effect on 

the activity of truncated hTrxR towards the reduction of DTNB when compared to the 

control sample which lacked PbTx-2 (Figure 4C). This suggests that PbTx-2 interacts with 

the C-terminal redox center of TrxR.

Curcumin is an inhibitor of TrxR, which acts by alkylation of the C-terminal Cys497 and 

Sec498.17 At pH 8.5 both the Cys497 and Sec498 are alkylated. However, at pH 6.5 only the 

Sec498 is alkylated by curcumin. The activity of TrxR towards DTNB reduction in the 

presence of curcumin and in the presence of both PbTx-2 and curcumin was examined at pH 

7.0. At this pH, one would expect alkylation by curcumin principally at the Sec residue. As 

anticipated, the reduction of DTNB by TrxR is completely inhibited after incubation of TrxR 

with 22 μM curcumin for 30 min (Figure 4D). Furthermore, DTNB reduction by TrxR is 

inhibited completely when TrxR is first incubated with curcumin for 30 min followed by 

incubation with PbTx-2 for 30 min (Figure 4D). This observation was also not unexpected as 

the alkylation by curcumin is irreversible at this pH. However, most noteworthy is the effect 

on DTNB reduction by TrxR when first incubated with 22 μM PbTx-2 for 30 min followed 

by 22 μM curcumin for 30 min. Under these conditions, activation of DTNB reduction by 

TrxR was observed. These results demonstrate that PbTx-2 exerts it effect on TrxR by 

alkylating the C-terminal redox center at the Sec residue. The alkylation by PbTx-2 blocks 

alkylation by curcumin and the end result is activation rather than inhibition. To the best of 

our knowledge, no other TrxR inhibitor behaves in this way.

Adduct formation between PbTx-2 and selenocysteine and TrxR

Overnight incubation of a 2:1 mixture of seleno-L-cysteine and PbTx-2 revealed two 

prominent peaks in the mass spectrum (m/z = 1080.44355) corresponding to [M + H] and 

(m/z = 1102.42563) corresponding to [M + Na] for C53H77NO17Se, an oxidized adduct of 

PbTx-2 and selenocysteine Methionine is readily oxidized to methionine sulfoxide during 

electrospray MS analysis.30 One would anticipate that oxidation of the PbTx-2/Sec 

conjugate to the selenoxide would be even more facile as the oxidation potential of selenium 

is significantly lower than sulfur.31 An m/z for PbTx-2 (894. 4766) was not observed, 

indicating the reaction was quantitative for PbTx-2. Following overnight incubation of 

reduced TrxR with either with a 20-fold excess of PbTx-2 in Me2SO or Me2SO alone, 

samples were analyzed by SDS PAGE. The bands of anticipated size were excised from the 

gel and subjected to in-gel trypsin digestion, treatment of the tryptic digest with 

iodoacetamide (IAC) followed by MS analysis. MS analysis of the peptides from the control 

sample (no PbTx-2) revealed the presence of numerous peptides of predicted size according 

to the amino acid sequence and the anticipated IAC modified fragments. These included an 

observed m/z of 629.7179 which corresponds to the predicted C-terminal peptide 

SGGDILQSGC497U498G, doubly charged and dialkylated with IAC at the cysteine and 

selenocysteine residues, for an actual mass of 1257.4212 (Δ = 0.9 ppm) for the most 

abundant isotopes. Selenium has five stable naturally occurring isotopes and the isotopic 

distribution for this peptide was consistent with that predicted based on the isotope ratios 
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confirming the presence of selenium. From the PbTx-2 incubated TrxR sample, we had 

anticipated observing a PbTx-2 modified C-terminal peptide 

SGGDILQSGC497U498(PbTx-2)G. However, this PbTx-2- peptide adduct was not observed. 

Nonetheless, in the PbTx-2 treated TrxR, the peptide sequence SGGDILQSGC497U498G 

either modified with IAC or unmodified was conspicuously absent.

Reaction of TrxR with Sel-green probe in the presence and absence of PbTx-2

The selenol selective probe, Sel-green was prepared as previously reported23 to monitor for 

Sec in the presence and absence of PbTx-2. The Sel-green probe undergoes a nucleophilic 

aromatic substitution (SNAr) reaction selectively with selenols to release a fluorescent 

coumarin reporter (Scheme 1). After incubation of reduced TrxR with an 8 fold excess of 

PbTx-2, Sel-green was added and the fluorescence increase was measured at 502 nm (λex = 

370 nm). In the absence of PbTx-2 an increase in fluorescence over the control sample 

(which contained no TrxR) was observed. We anticipated a 1:1 stoichiometry for the 

reaction between TrxR and the Sel-green probe and while the concentration of TrxR (5.3 μM 

based on FAD absorbance) is detectable, but below the limit for accurate quantitation for the 

reporter, the fluorescence in the absence of PbTx-2 is comparable to the 6 μM control. 

Fluorescence is clearly reduced in the presence of PbTx-2 to a level which is only slightly 

higher than the control sample (Figure 5).

The effect of brevetoxin (PbTx-2) on of human lymphoblast cells (GMO2125)

The dose response curve for 24-hour exposure of human lymphoblast (GMO2125) cells to 

PbTx-2 determined by the MTT assay25 yielded an EC50 of 2.3 μM (Figure 6A). Treatment 

with 1 μg/mL PbTx-2 for 24 hr reduces GMO2152 cell viability to 79 % of the control 

(Figure 6B). However, simultaneous treatment of GMO2152 cells with 1 μg/mL PbTx-2 and 

100 μM trolox (6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid) a water soluble 

vitamin E analog, increases cell viability to 96 % of the control. There is a statistically 

significant difference in cell viability of the PbTx-2 and PbTx-2/trolox treatments (p = 0.05) 

while the difference between the control and the PbTx-2/trolox treatment is not statistically 

significant. Cellular glutathione (GSH) content is reduced to 94 % of the control for both the 

PbTx-2 and PbTx-2/trolox treatments. Fluorescence from the Sel-green probe is reduced to 

89 and 87 % of the control for the PbTx-2 and PbTx-2/trolox treatments respectively. On the 

other hand, lipid peroxidation, as determined by the TBARS assay, is increased slightly, to 

105 % of the control for the PbTx-2 treatment whereas for the PbTx-2/trolox treatment lipid 

peroxidation is not statistically different from the control sample.

DISCUSSION

Our studies demonstrate that PbTx-2 but not PbTx-3 is an inhibitor of the mammalian 

TrxR/Trx system with an IC50 of 25 μM. The reactivity of PbTx-2 towards Michael donors, 

coupled with the observation that PbTx-3 failed to inhibit the TrxR/Trx system suggests that 

PbTx-2 alkylates one or more of the redox residues of TrxR or Trx resulting in the inhibition 

of insulin reduction. It has been previously demonstrated that small molecules such as 

DTNB can be reduced by the N-terminal reaction center of TrxR when the C-terminal center 

is either alkylated with electrophiles or absent as in the case of truncated TrxR (Figure 

Chen et al. Page 9

Toxicol Appl Pharmacol. Author manuscript; available in PMC 2018 August 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



7).32-34 The observation that DTNB reduction by TrxR is not only retained but actually 

enhanced in the presence of PbTx-2 was unexpected. However, a review of the relevant 

literature reveals that this behavior was previously predicted. Lothrop and co-workers 

hypothesized that modification of the Sec residue in TrxR could, under some circumstances, 

result in a conformational change that would allow access of small molecule substrates to 

the N-terminal redox center.32 This enhancement of activity can be blocked by pre-

incubation of TrxR with the TrxR inhibitor curcumin at pH 7.0. Under these conditions, 

curcumin alkylates the C-terminal redox center at the Sec residue. Pre-incubation of TrxR 

with PbTx-2 followed by curcumin also results in enhancement of activity or, in other 

words, prevents curcumin inhibition. These observations suggest that modification by 

PbTx-2 occurs at the C-terminal redox center. Indeed, a 2.3-fold increase in kcat and 1.3 fold 

increase in kcat/Km a for truncated TrxR (missing eight C terminal amino acids) when 

compared to the wild type has been observed.35 This conclusion is supported by the 

observation that PbTx-2 has no effect on the relative rates of reduction of DTNB by the 

truncated TrxR, which lacks the C-terminal redox center, when compared to the control 

reaction without PbTx-2. The observation that the simultaneous addition of PbTx-2 and 

DTNB to prereduced TrxR showed the same rate enhancement as pre-incubation of reduced 

TrxR with PbTx-2 indicates that the alkylation of the C-terminal redox residue(s) of TrxR by 

PbTx-2 occurs rapidly relative to the reduction of DTNB. Crystal structures of TrxR with 

and without Trx have shown that the C-terminal (Cys497/Sec498) residues of TrxR are 

located at the end of a mobile arm. Prior to docking with Trx, the mobile arm is in what is 

known as the “reduced waiting position” and the C-terminal residues are buried in the 

interior of the enzyme. Upon docking with Trx, the mobile arm swings out of this position to 

the surface of the enzyme.36 It is possible that alkylation with the large brevetoxin molecule 

also causes the mobile are to move away from the N-terminal disulfide making it more 

accessible by DTNB, bypassing the slow reduction of the C-terminal selenosulfide resulting 

in a rate enhancement. It seems most likely that modification of TrxR takes place at the Sec 

residue as selenols are better nucleophiles than thiols: selenols have a lower pKa than thiols 

and would be deprotonated to the selenide under the experimental conditions. We have 

demonstrated the formation of an adduct between PbTx-2 and selenocysteine. While our MS 

experiments using TrxR and PbTx-2 did not provide direct evidence for Sec alkylation, the 

conspicuous absence of the IAC modified C-terminal peptide, SGGDILQSGC497U498G, 

which was identified in the control sample, suggests modification at this site. Alkylation of 

this peptide by PbTx-2 would prevent IAC alkylation, and suggests that the PbTx-2 modified 

peptide may not ionize efficiently. Interestingly, the peptide fragment (Gln463-Lys486) which 

is immediately N-terminal to the Sec498 containing peptide fragment, as identified in this 

sample, indicating that the trypsin digestion was not inhibited by alkylation with PbTx-2. 

Because the MS analysis of PbTx-2 treated TrxR failed to provide direct evidence of 

alkylation of Sec, we prepared the selenol selective Sel-green probe to monitor for the 

presence of the free reduced selenol of TrxR in the presence and absence of PbTx-2. As 

anticipated, in the absence of PbTx-2 the release of an equivalent of fluorescent coumarin 

reporter was observed upon the addition of Sel-green to reduced TrxR. However, in the 

presence of PbTx-2 the observed fluorescence was comparable to the control sample 

indicating that Sec had been alkylated with PbTx-2.
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Trx is the parent of a family of oxidoreductases which function through thiol-disulfide 

exchange including Grx. While Trx and Grx show low sequence homology, they exhibit 

similar threedimensional topology including the so-called thioredoxin fold, consisting of an 

N-terminal βαβ motif and a C-terminal ββα motif with the central β-sheets surrounded by 

the α-helices and an active site CXXC motif which protrudes from the hydrophobic surface 

of the protein.37, 38 On the other hand, both GR and TrxR belong to the pyridine nucleotide-

disulfide oxidoreductase family of dimeric flavoenzymes.39 Each monomer contains an FAD 

prosthetic group, an NADPH binding domain, and an active site containing a redox-active 

disulfide bond. The N-terminal domains of TrxR resemble those of GR, including the N-

terminal redox-active CVNVGC motif. However, GR lacks the C-terminal redox center 

(GCUG) of TrxR.40 Finally, GPx catalyzes the reduction of hydroperoxides with 

glutathione. Most eukaryotic GPx have an active site Sec residue in which the catalytic cycle 

includes the formation of a mixed selenosulfide with glutathione. None of these 

oxidoreductases (Gx, GR or GPx) were inhibited by PbTx-2 demonstrating the selectivity of 

PbTx-2 for TrxR.

The principle substrate for TrxR is Trx. There are, however a few alternate substrates 

including other protein disulfides, and small molecules such as dehydroascorbate, lipoic acid 

and quinones. TrxR is generally considered to have antioxidant activity via Trx and 

inhibition of TrxR severely compromises redox homeostasis within a cell. The roles of Trx 

include regulating the redox status of numerous disulfide containing proteins via thiol 

disulfide exchange, facilitation of cell growth through the reduction of ribonucleotide 

reductase and redox regulation via reduction of peroxiredoxin (Prx) which scavenge reactive 

oxygen and nitrogen species.10 Furthermore, the N-terminal (Cys59/Cys64) redox center of 

TrxR may have multiple roles that are not yet well understood32 including pro-oxidant 

activity which occurs when the Cys497/Sec498 redox center is compromised.41 Indeed, 

SecTRAPS (selenium compromised thioredoxin reductase apoptotic proteins) which are 

derived both from the chemical modification of the selenocysteine residue or truncation of 

the C-terminal selenocysteine, are believed to promote both apoptosis and necrosis via 

oxidative stress and increased intracellular reactive oxygen species (ROS) production.42 This 

has been proposed to be the mechanism of action for anticancer drugs which target TrxR, 

such as auranofin,43 cisplatin44 and arsenic trioxide.45 Both curcumin and juglone modified 

TrxR have demonstrated strongly induced NADPH oxidase activity and produced ROS in 

the presence of oxygen via the N-terminal (Cys59/Cys64) redox center.13, 17, 41 Anestal 

determined that SecTRAP induced cell death could be reduced to background levels in 

human A549 cells (human lung carcinoma) by pre-treatment with 100 μM ascorbic acid 

(vitamin C) or α-tocopherol (vitamin E).46 Treatment of human lymphoblast (GMO2125) 

cells with PbTx-2 (1μg/mL) for 24 h reduced cell viability to 73% of the untreated cells 

(Figure 6B). We demonstrated that cell viability could be increased to control levels when 

cells were treated simultaneously with PbTx-2 and trolox, a water soluble analog of vitamin 

E. The inhibition of TrxR will lead to an oxidized intracellular environment. Cellular 

glutathione and free selenol content were reduced by PbTx-2 treatment whereas lipid 

peroxidation increased. These observations are consistent with PbTx-2 induced oxidative 

stress. While the simultaneous treatment with PbTx-2 and trolox had no effect on the 

reduced glutathione content or free selenol present in the cells when compared to the PbTx-2 
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treated cells, trolox did reduce lipid peroxidation to levels comparable to the control 

samples.

The occurrence of NSP among humans is rare due to effective monitoring for brevetoxins in 

shellfish, in regions where the Florida red tide is common. The last documented case 

involved a family of three who harvested and consumed whelks during an active red tide in 

1996.47 While plasma brevetoxin levels were not reported, the highest concentration of 

brevetoxin reported in urine was 117 ng/mL (0.13 μM) four hours post ingestion. In rescued 

manatees48 and turtles49, plasma brevetoxin levels have reached 20 nM and 60 nM 

respectively. Only a few studies have examined the relationship between brevetoxin 

exposure and oxidative stress, with the majority of those studies focused on marine 

organisms. A significant correlation was found between plasma brevetoxin levels and 

oxidative stress markers such as superoxide dismutase (SOD), reactive oxygen and reactive 

nitrogen species in rescued Florida manatees after exposure to a red tide bloom.48, 50 

Rescued loggerhead turtles exhibited an up to two-fold increase in SOD, when compared to 

healthy captive turtles, which correlated to plasma brevetoxin levels.49 Brevetoxin exposure 

in coral larvae induced an increase in lipid hydroperoxide content and catalase activity in 

coral larvae51 and induced lipid peroxidation in fish gills.52 PbTx-2 induced apoptosis in 

human Jurkat cells.53 Furthermore, the brevetoxins have been shown using the comet assay, 

to induce DNA damage in rat liver, 54 human lymphocytes55 and Jurkat cells.56 A 

mechanism for brevetoxin induced oxidative stress has not been identified. We propose that 

the mechanism is We propose that the mechanism is the alkylation of Sec 422 of TrxR.
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ABBREVIATIONS

BSA bovine serum albumin

DTNB Ellman’s reagent: 5,5’-dithio-bis-(2-nitrobenzoic acid)

ESI electrospray ionization

FAD flavin adenine dinucleotide

FT-ICR Fourier transform ion cyclotron resonance

GPx glutathione peroxidase

GR glutathione reductase

Grx glutaredoxin
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HRMS high resolution mass spectrometry

IAC iodoacetamide

PbTx brevetoxin

ROS reactive oxygen species

Sec or U selenocysteine

SNAr nucleophilic aromatic substitution

SOD superoxide dismutase

TCEP tris(2-carboxyethyl)phosphine

Trx thioredoxin

TrxR thioredoxin reductase
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Highlights

• Brevetoxin (PbTx-2) inhibits thioredoxin reduction by thioredoxin reductase.

• Brevetoxin (PbTx-2) activates DTNB reduction by thioredoxin reductase.

• Brevetoxin (PbTx-2) reacts with the active site selenocysteine of thioredoxin 

reductase.

• Brevetoxin (PbTx-2) competes with curcumin for the active site of 

thioredoxin reductase.
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Figure 1. 
Structures of the two most abundant brevetoxins having the B-type backbone

Chen et al. Page 18

Toxicol Appl Pharmacol. Author manuscript; available in PMC 2018 August 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
Electron flow of mammalian TrxR/Trx system. Reduced sites are shown in red.
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Figure 3. 
The effect of brevetoxin on TrxR/Trx system, TrxR, Grx and GPx. (A/B) The effect of 

PbTx-2 (A) or PbTx-3 (B) on the TrxR/Trx system in the fluorescent insulin reduction assay. 

Rat TrxR and human Trx pre-reduced with NADPH (0.35 mM) for 30 min followed by 

incubation with brevetoxins for 1 h prior to addition of insulin substrate. (C) The effect of 

PbTx-2 on Grx. (D) The effect of PbTx-2 on GPx.
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Figure 4. 
(A/B) Rat TrxR was pre-reduced with NADPH (0.10 mM) for 30 min either with (A) or 

without (B) PbTx-2 (18 μM), followed by addition of DTNB (2 mM). (C) Truncated human 

TrxR was pre-reduced with NADPH (0.10 mM) for 30 min in the presence of PbTx-2 (18 

μM), followed by DTNB (2 mM). D. Rat TrxR was pre-reduced with NADPH (0.10 mM) 

for 30 min followed by incubation with curcumin (22 μM, 30 min) or curcumin (22 μM, 30 

min) then PbTx-2 (22 μM, 30 min) or PbTx-2 (22 μM, 30 min) then curcumin (22 μM, 30 

min), prior to addition of DTNB (2 mM). Data are expressed as % of control at 60 min.
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Figure 5. 
Release of fluorescent reporter from Sel-green probe upon incubation with TrxR in the 

presence and absence of PbTx-2 compared to standards of L-selenocysteine (3 μM and 6 

μM).
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Figure 6. 
A. 24 hr dose response curve for human lymphoblast cells (GMO2125) in the presence of 

PbTx-2. EC50 for PbTx-2 is 2.4 μM and 2.4 μM in the presence of 100 μM trolox. B. Cell 

viability (MTT), cellular glutathione (DTNB), selenol content (Sel green) and lipid 

peroxidation (TBARS) for PbTx-2 (1 μg/mL) treated and PbTx-2 (1 μg/mL) treatment 

simultaneous with trolox (100 μg/mL). *Indicates a statistically significant difference from 

the control (p ≤ 0.05).
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Figure 7. 
Electron flow in alkylated TrxR.
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Scheme 1. 
Reaction of Sel-Green probe with selenocysteine.
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