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Received 3 October 2003; accepted 13 January 2004

Abstract

Intracellular activation of ricin and of the ricin A-chain (RTA) immunotoxins requires reduction of their intersubunit disulfide(s). This

crucial event is likely to be catalyzed by disulfide oxidoreductases and precedes dislocation of the toxic subunit to the cytosol. We

investigated the role of protein disulfide isomerase (EC 5.3.4.1, PDI), thioredoxin (Trx), and thioredoxin reductase (EC 1.8.1.9, TrxR) in the

reduction of ricin and of a ricin A-chain immunotoxin by combining enzymatic assays, SDS–PAGE separation and immunoblotting. We

found that, whereas PDI, Trx, and TrxR used separately were unable to directly reduce ricin and the immunotoxin, PDI and Trx in the

presence of TrxR and NADPH could reduce both ricin and immunotoxin invitro. PDI functioned only after pre-incubation with TrxR and the

reductive activation of ricin was more efficient in the presence of glutathione. Similar results were obtained with microsomal membranes or

crude cell extracts. Pre-incubation with the gold(I) compound auranofin, which irreversibly inactivates TrxR, resulted in a dose-dependent

inhibition of ricin and immunotoxin reduction. Reductive activation of ricin and immunotoxin decreased or was abolished in microsomes

depleted of TrxR and in cell extracts depleted of both PDI and Trx. Pre-incubation of U-937, Molt-3, Jurkat, and DU145 cells with auranofin

significantly decreased ricin cytotoxicity with respect to mock-treated controls (P < 0:05). Conversely, auranofin failed to protect cells from

the toxicity of pre-reduced ricin which does not require intracellular reduction of disulfide between the two ricin subunits. We conclude that

TrxR, by activating disulfide reductase activity of PDI, can ultimately lead to reduction/activation of ricin and immunotoxin in the cell.

# 2004 Elsevier Inc. All rights reserved.
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1. Introduction

Many bacterial and plant toxins are composed of a toxic

enzymatic subunit A covalently linked by a disulfide bond

to the binding subunit B. This group of A–B toxins

includes bacterial toxins such as shigella toxin [1],

diphtheria toxin (DT) [2], pseudomonas exotoxin A

(PEA) [3], cholera toxin (CT) [4], as well as the plant

toxin ricin [5]. Ricin A-chain (RTA), the catalytic subunit

of ricin, can be chemically cross-linked with a disulfide

bridge to vehicle molecules (i.e. antibody or antibody

fragments, growth factors, cytokines) to obtain immuno-

toxins (ITs) [6]. There is increasing interest in the medical

applications of ITs, which have been successfully applied

in several human diseases [7].
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Abbreviations: Auranofin, S-triethylphosphine gold(I)-2,3,4,6-tetra-O-

acetyl-1-thio-b-D-glucopyranoside; b-MET, b-mercaptoethanol; CT, cho-

lera toxin; DT, diphteria toxin; DTT, dithiothreitol; ECL, enhanced

chemiluminescence; ER, endoplasmic reticulum; GSH, reduced glu-

tathione; GSSG, oxidized glutathione; HRP, horse-radish peroxidase;

IT(s), immunotoxin(s); PBS, phosphate-buffered saline; PDI, EC 5.3.4.1,

protein disulfide isomerase; blPDI, bovine liver PDI; RIPs, ribosome

inactivating proteins; r.t., room temperature; RTA, ricin A-chain; RTA-ITs,

ricin A-chain conjugated with a carrier antibody; RTB, ricin B-chain;

ST.1-RTA, mouse anti-CD5 ST.1F(ab’)2 fragment conjugated with RTA;

Trx, thioredoxin; hrTrx, human recombinant Trx (mutant C61S/C72S);

TrxR, EC 1.8.1.9, mammalian thioredoxin reductase
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A key event in the intracellular activation of ricin and

RTA-conjugates is the reduction of the disulfide bond

between RTB and RTA subunits of ricin or between

RTA and its carrier molecule [8]. After endocytosis ricin

travels backward along the secretory pathway to the Golgi

apparatus and endoplasmic reticulum (ER) where RTA is

dislocated across the ER membrane to the cytosol [9].

During its journey within the cell ricin becomes reduc-

tively activated, possibly in the ER or in earlier compart-

ments. Although partly influenced by the carrier molecule,

ligand-bound RTA is likely to follow a similar routing

pathway within the cell and ultimately localize in the ER.

Following cytosol entry RTA removes a specific adenine

base from 28S rRNA and interferes with EF-2 binding

resulting in protein synthesis inhibition and cell death [10].

Reduction and unfolding of CT by protein disulfide iso-

merase (PDI) [11] is a prerequisite for the dislocation of

CTA1 subunit from the ER to the cytosol [12,13]. A similar

mechanism has been hypothesized for ricin [14] and is

likely to occur also in the case of RTA-ITs.

In eukaryotic cells, the ubiquitous thioredoxin system

(thioredoxin þ thioredoxin reductase) [15] and the glutar-

edoxin system (glutaredoxin þ glutathione reductase) [16]

catalyze fast and reversible thiol–disulfide exchanges

between cysteines in their active site and cysteines of their

disulfide substrates using NADPH and GSH as a source of

reducing equivalents, respectively. Thioredoxin (Trx)

mainly localizes in the plasma membrane [17], cytoplasm,

and mitochondria [18], whereas glutaredoxin is found in

the cytoplasm and the nucleus [19,20]. Several proteins

sharing little sequence similarity but possessing a common

active site have been characterized in the superfamily of

thioredoxins [21]. Among them PDI is found in the plasma

membrane, in secretory vesicles, in the Golgi apparatus

and most abundantly in the ER lumen [22], where PDI is

recycled via a retrograde mechanism from the cis-Golgi

network by a mechanism common to several different

proteins with a KDEL signal localization sequence [23].

Thioredoxin reductase (TrxR) is a FAD containing

pyridine nucleotide-disulfide oxidoreductase composed

of two identical 57-kDa subunits in which a C-terminal

selenocysteine residue is essential for enzyme activity

[24,25]. The best characterized function of TrxR is to

catalyze the transfer of reducing equivalents from NADPH

to its natural substrate oxidized Trx, thus maintaining its

disulfide reductase activity in the cell. It has been demon-

strated in vitro that also PDI can be a substrate of TrxR

[26]. Although the mechanism required to maintain the

redox status of PDI in the cell has not been identified yet,

interest has been recently focused on Ero1p, an ER resident

oxidoreductase [27,28], whereas TrxR has so far received

little attention. TrxR is highly expressed in microsomes

and in the Golgi apparatus [29] where it might play a role in

reducing PDI as well as other proteins of the thioredoxin

family [21]; moreover TrxR is also found in the plasma

membrane [30]. TrxR has broad substrate specificity and is

able to reduce a number of substrates besides Trx [31].

Several stimuli regulate TrxR synthesis in normal and

pathological instances, including oxidative stress and cyto-

kines [32] and various alkylating agents, quinones, and

gold-containing organic compounds can inactivate TrxR

by irreversible modification of selenium in the selenocys-

teine residue [33].

In the present work, we have investigated the possible

role of TrxR in the reductive activation of ricin and of a

RTA-based IT by Trx and PDI. The role of TrxR might be

crucial in the cell intoxication phenomena mediated by

ricin and by RTA-containing heteroconjugates, inasmuch

as TrxR could enable disulfide reductase activity of PDI

also in the cell, possibly in the Golgi and in the ER, where

ricin and probably also RTA-ITs may become reductively

activated. We herein present evidence that indeed TrxR

exerts a fundamental role in the reduction of disulfides of

ricin and of RTA-ITs by acting as a reductase not only of

Trx but also of PDI.

2. Materials and methods

2.1. Materials

All chemicals described were of reagent grade. NADPH

(tetrasodium salt) and complete protease inhibitor complex

tablets were from Roche; S-triethylphosphine gold(I)-

2,3,4,6-tetra-O-acetyl-1-thio-b-D-glucopyranoside (aura-

nofin) was from ICN Biomedicals; DTT, glutathione (both

reduced, GSH and oxidized form, GSSG) and bovine liver

PDI (EC 5.3.4.1, blPDI) were from Sigma-Aldrich; recom-

binant human Trx, (mutant C61S/C72S, hrTrx), mamma-

lian TrxR (E.C. 1.8.1.9, specific activity �20 U/mg) and

antibody to human Trx (goat) were from IMCO; polyclonal

antibody to PDI (rabbit) was from StressGen Biotechnol-

ogies; antibody to human placenta TrxR (mouse IgG1

clone 2, recognizing the cytosolic TrxR1) was obtained

by A.R. as previously described [34]. Polyclonal anti-RTA

antiserum was purified from the serum of a hyperimmu-

nized rabbit by immunoaffinity chromatography. Canine

pancreatic microsomal membranes were supplied from

Promega in a buffer containing 2 mM DTT.

2.2. Ricin toxin, pre-reduced ricin, and anti-CD5

S.T1F(ab’)2-RTA immunotoxin

Ricin (a 63-kDa protein toxin from castor bean of

Ricinus communis) was purified according to Nicolson

and Blaustein [35]. Pre-reduced ricin was obtained by

incubating native ricin (10�5 M) in phosphate-buffered

saline (PBS), pH 7.2, with 5% b-mercaptoethanol (b-

MET) for 4 h and was then dialized overnight against

degassed and nitrogen-purged PBS containing 5 mM

DTT to facilitate the reassociation of RTA and RTB

subunits by non-covalent forces [36]. Excess DTT was
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removed by gel filtration using BioGel P-6 columns

(BioRad) equilibrated in PBS. All procedures were carried

out at 4 8C. Pre-reduced ricin (4 � 10�7 M) was then

immediately utilized in cytotoxicity assays. Anti-CD5

ST.1F(ab’)2-RTA immunotoxin (henceforth designated

ST.1-RTA for brevity) was kindly supplied by Dr. P. Case-

llas (Sanofi Recherches) and was obtained by conjugation

of a F(ab’)2 fragment of a murine anti-CD5 IgG2a mono-

clonal antibody with an average of two RTA molecules

using the heterobifunctional cross-linker N-succinimidyl-

3-(2-pyridyldithio)propionate (SPDP, Pierce). The IT has

an average molecular weight of 160 kDa [37]. The reduc-

tion of the disulfide bond in pre-reduced ricin, the stability

of the inter-chain disulfide bond of ricin and of ST.1-RTA

and its complete reduction by 2% b-mercaptoethanol (b-

MET) were checked by SDS–PAGE and immunoblotting

analyses.

2.3. Cell cultures

The following human cell lines were utilized: U-937

(histiocytic lymphoma), Molt-3 (lymphoblastic leukemia),

Jurkat (acute T cell leukemia), and DU145 (prostate

carcinoma). All cell lines were purchased from the Amer-

ican Type Culture Collection and were maintained at 37 8C
in a humidified atmosphere of 5% CO2 by serial passages

in RPMI 1640 additioned with 2 mM glutammine, 10%

fetal bovine serum (FBS) and 50 U/ml of both penicillin

and streptomycin. Cell lines were checked for mycoplasma

contamination before use.

2.4. Spectrophotometric assay

To explore the ability of the Trx system (i.e.

Trx þ TrxR) and of the PDI system (PDI þ TrxR) to

reduce disulfide bonds of ricin and of ST.1-RTA, the

procedure described by Magnusson et al. [38] was applied.

The final reaction volume in the quartz cuvette was 300 ml.

In brief, 400 mM NADPH, mammalian TrxR (45–90 nM,

corresponding to 100–200 mU in the cuvette) and hrTrx

(0.6–3.0 mM) or blPDI (1–8 mM) were added to the assay

buffer (100 mM potassium phosphate buffer, 2 mM EDTA,

pH 7.4, KPE). After 5–10 min incubation at room tem-

perature (r.t.), the reaction was initiated by adding ricin (1–

2 mM) and NADPH consumption was monitored at 340 nm

and at 25 8C. With an extinction coefficient E ¼ 6200

M�1 cm�1 for NADPH the reduction of 1 mM disulfide

corresponds to a DA340 nm of 0.0062.

2.5. Gel electrophoresis and immunoblotting

The disulfide reductase activity of Trx and PDI on ricin

and ST.1-RTA was studied by examining RTA separation

from RTB (ricin) or from the antibody moiety (ST.1-RTA)

on slab gels, followed by identification of fragments by

immunoblotting with specific anti-RTA rabbit antibody.

Reactions were carried out in 1.5 ml Eppendorf polypro-

pylene tubes containing the considered system

(Trx þ TrxR or PDI þ TrxR) in a final volume of 50–

100 ml reaction buffer (i.e. KPE buffer, NADPH to

200 mM, hrTrx to 1–3 mM or blPDI to 1–8 mM and

90 nM mammalian TrxR corresponding to 35–70 mU).

Tubes protected from light were incubated at r.t. for

20 min. After the reaction was initiated by addition of

ricin or ST.1-RTA, samples were maintained at 37 8C and

aliquots were collected at different times. In control tubes

the same quantity of ricin or ST.1-RTA was added to the

assay mixture in the absence of enzymes. A further control

consisted of ricin or ST.1-RTA incubated with 2% b-MET

in KPE and NADPH to completely reduce disulfide bonds

of toxin and IT. The reaction was terminated by adding 10–

20 ml of SDS/PAGE sample buffer with no reducing agents.

Proteins were separated on a 10% slab gel (1 mm thick-

ness) and transferred to a nitrocellulose membrane for

immunoblotting. RTA was detected with polyclonal rabbit

anti-RTA (1:500 v/v in TBST–0.2%BSA, overnight incu-

bation at 4 8C) followed by HRP-conjugated anti-rabbit

secondary antibody (1:1000 v/v in TBST–0.2%BSA solu-

tion for 2 h at 25 8C). Enhanced chemiluminescence (ECL,

Pharmacia) detection procedure was applied. In experi-

ments with ST.1-RTA, the membranes were re-blotted with

HRP-conjugated polyclonal rabbit anti-mouse IgG (1:1000

v/v in TBST–0.2%BSA solution). Parallel experiments

were carried out with canine microsomal membranes

and with cell extracts (see below). After the first blotting

with anti-RTA the membrane was re-blotted with anti-Trx

or anti-PDI and developed in ECL with commercial HRP-

conjugated mouse anti-goat Ig or HRP-conjugated mouse

anti-rabbit Ig as secondary antibodies, respectively. To

inhibit TrxR activity, dilutions of auranofin (50 nM to

10 mM) were prepared from a 100 mM stock solution in

dimethyl sulfoxide (Sigma) immediately prior to use. After

the first 20 min incubation, auranofin was added to the

reaction mixture and tubes were further incubated for

20 min at r.t. and in the dark before initiating the reaction

with ricin or ST.1-RTA. Samples and controls were ana-

lyzed by immunoblotting as described above.

2.6. Dithiol versus TrxR activation of PDI

We compared the ability of PDI, DTT-activated PDI, and

TrxR-activated PDI to catalyze the reductive cleavage of

RTA from RTB. DTT-activated PDI was prepared by

incubating PDI with 10 mM DTT overnight at 4 8C and

excess DTT was then removed by gel filtration using

BioGel P-6 columns equilibrated in PBS, pH 7.4. To

activate PDI by TrxR both enzymes were pre-incubated

for 20 min at r.t. in KPE buffer containing 200 mM

NADPH. The role of glutathione redox buffer was inves-

tigated by adding 750 mM GSH:250 mM GSSG or 750 mM

GSSG:250 mM GSH, respectively, to KPE buffer contain-

ing 200 mM NADPH. Ricin was added to each system
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containing GSH/GSSG at a 3:1 or 1:3 ratio. After incuba-

tion at 37 8C, the reaction was terminated by adding SDS/

PAGE sample buffer and samples were analyzed by gel

electrophoresis on a 10% slab gel.

2.7. Preparation of cell extracts

Cells (approximately 6 � 107 to 8 � 107 cells) washed

three times with cold PBS were pelleted, resuspended in

1% NP-40 lysis buffer (50 mM Tris–HCl, pH 7.4 contain-

ing 150 mM NaCl and additioned with 0.1% complete

protease inhibitors) and incubated 30 min in ice. The pellet

was discarded and protein concentration in the supernatant

was measured by the BCA method (Pierce) and adjusted to

4 mg/ml with lysis buffer. All procedures were carried out

at 4 8C. Trx, TrxR, and PDI proteins in different cell

extracts were separated on 10% slab gels and analyzed

by immunoblotting using goat anti-human Trx, mouse anti-

human TrxR, and rabbit anti-PDI antiserum, respectively.

2.8. Preparation of canine microsomal membranes

Pancreatic canine microsomal membranes were diluted

in an equal volume of NP-40 lysis buffer (150 mM NaCl,

10% NP-40, 50 mM Tris–HCl pH 7.6) containing 0.1%

complete protease inhibitors and incubated for 30 min in

ice. After centrifugation at 2000 � g for 5 min, the super-

natant was harvested, total protein content was measured

by the BCA method and adjusted to 4 mg/ml.

2.9. Immunosubtraction experiments

Cell extracts and canine solubilized microsomal mem-

branes were deprived of each system component (Trx, PDI,

and TrxR, respectively) by immunoprecipitation with spe-

cific monoclonal or polyclonal antibodies and Protein-A-

Sepharose. The efficiency of immunoprecipitation proce-

dures was checked by immunoblotting of the subtracted

component. Reductive cleavage of ricin in untreated and in

depleted cell extract samples was performed in separate

tubes in the presence of 400 mM NADPH, 750 mM GSH

and 250 mM GSSG. Control samples consisted of deprived

cell extracts additioned with the immunosubtracted com-

ponent.

2.10. Inhibition of ricin, pre-reduced ricin, and

S.T1-RTA cytotoxicity by auranofin

14C-Leucine incorporation was measured to compare

inhibition of protein synthesis by ricin in cells pre-incu-

bated without or with the gold(I) compound auranofin. U-

937, Molt-3, Jurkat, and DU 145 cells were resuspended in

RPMI 1640 without leucine, with 2 mM glutammine and

5% FBS and plated in 96 microtiter flat-bottomed well

plates (5 � 104 cells in a final volume of 80 ml per well).

Auranofin was diluted in RPMI 1640 w/o leucine and 10 ml

of auranofin dilutions (3, 15, 30, 150, and 300 nM) were

added in triplicate to sample wells. An equal volume of

culture medium was added to control wells. Cells were

then incubated at 37 8C in a humidified atmosphere of 5%

CO2 for different times. Ricin dilutions were prepared in

RPMI 1640 w/o leucine from a stock of 1 mM ricin solution

in PBS. A 10 ml volume of each ricin dilution (10 fM to

1 nM ricin) was added to samples 6 h before the end of the

assay. Controls received an equal volume of culture med-

ium. Four hours before the end of the assay a 10 ml volume

of 14C-leucine (3:7 � 104 Bq) was added to samples and

controls. Cells were harvested and 14C-leucine radioactiv-

ity was measured in a beta spectrometer. Percent of 14C-

leucine incorporation was plotted versus ricin and aura-

nofin concentrations. We verified if auranofin could block

other steps in ricin entry pathway by comparing the

toxicity of ricin and pre-reduced ricin in four cell lines.

Untreated cells or cells pre-incubated for 6 h with 30 nM

gold(I) compound auranofin were exposed for 90 min to

high concentrations (4 � 10�7 M) of ricin or of pre-

reduced ricin in the presence of 14C-leucine.

2.11. Statistics

Mean and error values of at least three separate experi-

ments were calculated. Treatment differences were com-

pared in each cell line and for each ricin concentration by

Wilcoxon signed rank test or by paired t-test; P < 0:05

indicates the probability level for null hypothesis (ineffec-

tive protection by auranofin).

3. Results

3.1. Trx and PDI reduce ricin and ST.1-RTA in the

presence of TrxR and NADPH in vitro

Five disulfide bonds are present in the heterodimeric

ricin molecule at equilibrium: four of them stabilize the

folding of RTB subunit whereas the fifth disulfide bridge

links the C-terminus of RTA to the N-terminus of RTB [5].

We estimated that more than 12 disulfide bonds are present

in the ST.1-RTA molecule and at least two of them hold

together the mouse anti CD5 F(ab’)2 and the RTA mole-

cule. As illustrated in Fig. 1, rapid NADPH consumption is

observed when ricin or ST.1-RTA are added to Trx or PDI

in the presence of fixed amounts of TrxR. In contrast, no

change of absorbance at 340 nm is observed after the

addition of toxin or IT to TrxR in the absence of Trx or

PDI, thus suggesting that TrxR itself cannot reduce dis-

ulfides of ricin or of ST.1-RTA molecules. Taking into

account the amount of NADPH consumed to reduce oxi-

dized Trx or oxidized PDI it can be concluded that almost

complete disulfide reduction of ricin and of ST.1-RTA has

taken place. However, PDI was less efficient than Trx in

reducing ricin or IT disulfides. In fact, five- to six-fold
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greater amounts of PDI are necessary to obtain reaction

rates similar to those obtained in the presence of Trx.

Immunotoxin- or ricin-derived RTA stains as a double

band of 30–33 kDa with anti-RTA antibody due to different

glycosylation. Therefore, the appearance of a double band

in this region indicates that reduction has occurred. Results

of immunoblotting confirm that Trx and PDI exert disulfide

reductase activity on both ricin and ST.1-RTA (Fig. 2)

which in turn is dependent on the presence of TrxR. In fact,

the reductive separation of ricin to RTA þ RTB catalyzed

by Trx (Fig. 2A, left panel) or by PDI (Fig. 2B, left panel)

are both inhibited by pre-incubation with auranofin

(Fig. 2A and B, right panels). Maximal inhibition of

90 nM TrxR was observed at 100–500 nM auranofin,

which is in agreement with a Ki value of 4.0 nM gold(I)

compound auranofin, a selective TrxR inhibitor [39]. It

should be noticed that incubation with the Trx or the PDI

systems does not completely reduce ricin to RTA þ RTB,

as observed instead in control ricin samples which are

completely reduced by 2% b-MET. However, it must be

considered that both PDI and to a lesser extent Trx also

catalyze reverse reactions in the presence of reductant(s),

allowing disulfide bond formation in proteins [40]. The

results of ST.1-RTA reductive cleavage by Trx and PDI

systems are also shown in Fig. 2A and B (middle panels).

We found that, as observed in the case of ricin (Fig. 2B, left

panel), PDI at a concentration close to that of Trx is less

efficient in catalyzing the reductive cleavage of RTA from

ST.1-RTA (compare results of time-course shown in

Fig. 2A and B, middle panels), which is in agreement

with the slightly slower kinetics of PDI observed in the

case of ST.1-RTA in the NADPH consumption assay

(Fig. 1). In fact, no bands stain with anti-RTA antibody

at the position expected for intact ITs in samples treated

with TrX þ TrxR (Fig. 2A, middle panel), thus suggesting

that RTA has been efficiently cleaved from its carrier

molecule. Instead, bands corresponding to intact ITs,

although showing progressively lower intensity with time,

never disappear in samples treated with PDI þ TrxR

(Fig. 2B, middle panel). A band of approximately

62 kDa stains with anti-RTA antibody in samples treated

with Trx þ TrxR (Fig. 2A, middle panel) but not in sam-

Fig. 1. Reduction of ricin (filled symbols) and ST.1F(ab’)2-RTA (empty

symbols) by 3 mM hrTrx þ 90 nM TrxR system (circles) or by 8 mM

blPDI þ 90 nM TrxR system (triangles) or by 90 nM TrxR (squares). The

reaction (200 mU TrxR in a final volume of 300 ml) was carried out at

25 8C and initiated by the addition of 1.38 mM ricin or 1.0 mM ST.1F(ab’)2-

RTA. NADPH oxidation was followed for 20 min by monitoring the

decrease of absorbance at 340 nm. Each point represents the average

NADPH consumed (�S.E.M.) calculated in three separate experiments. In

blank samples, an equal volume of buffer was added instead of toxin or IT

and NADPH background consumption was subtracted. Solid lines

represent non-linear regression through mean data values.

Fig. 2. Time-course of the NADPH-dependent reductive cleavage by 600 nM hTrx þ 90 nM TrxR (A) or by 1.2 mM blPDI þ 90 nM TrxR (B), of 800 nM

ricin (left panels) or ST.1-RTA (middle panels). Dose–response inhibition of ricin reduction by 20 min pre-incubation with the selective TrxR inhibitor gold(I)

compound auranofin (right panels). The reaction mixture (50 ml) contained 35 mU TrxR. Nitrocellulose membranes were immunoblotted with rabbit

polyclonal anti-RTA (no cross-reactivity with RTB) followed by HRP conjugated anti-rabbit secondary antibody and detected by ECL.
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ples treated with PDI þ TrxR (Fig. 2B, middle panel). This

band may represent a heterodimer composed of an RTA

molecule and a Fab fragment, as confirmed also by the

appearance of a band migrating at the same position in

samples stained with anti-mouse IgG antibody (not

shown). Also in the case of ST.1-RTA auranofin comple-

tely inhibited reduction. Parallel results were obtained with

other carrier molecule-toxin conjugates (not shown).

3.2. PDI activation and effects of redox buffer on the

disulfide reductase activity of PDI

PDI appears to be a better thiol oxidant than disulfide

reductant of proteins, particularly in the ER where the

redox buffer equilibrium (dependent also on the GSH/

GSSG ratio) is shifted towards a more oxidizing environ-

ment than in the cytosol [41]. Only in its reduced state PDI

may intervene in the reduction of ricin. We, therefore,

examined the role of reductants in the mechanism of action

of PDI. As shown in Fig. 3, only PDI pre-activated with the

reducing agent DTT (Fig. 3, lane 3) or PDI pre-incubated

with TrxR (Fig. 3, lane 4) allow the NADPH dependent

reductive separation of ricin subunits (approximately 2 and

10% yield of RTA, respectively, as opposed to 100% RTA

yield in control ricin reduced with 2% b-MET; Fig. 3, lane

1), whereas untreated PDI does not lead to ricin subunits

separation (Fig. 3, lane 2).

Disulfide reductase activity of PDI is more evident in the

presence of 3:1 GSH:GSSG ratio (750 mM GSH:250 mM

GSSG) redox buffer (approximately 25% RTA yield in

DTT-PDI samples and approximately 50% RTA yield in

TrxR-PDI treated samples; Fig. 3, lanes 5 and 6, respec-

tively). Conversely, in the presence of a 1:3 GSH:GSSG

ratio (250 mM GSH:750 mM GSSG), the disulfide reduc-

tase activity of both DTT-PDI and TrxR-PDI is decreased,

resulting in a RTA yield similar to that obtained in the

presence of buffer without glutathione (Fig. 3, lanes 7 and

8, respectively). Therefore, although not strictly necessary,

the presence of GSH in the reaction results in a more

efficient ricin reduction by PDI pre-reduced with TrxR.

3.3. Reductive cleavage of ricin and of ST.1-RTA by

microsomal membranes and cell extracts

Ricin has been localized in the ER lumen [9] where its

reductive activation might take place due to the interven-

tion of as yet unidentified disulfide reductase(s). Both TrxR

and PDI are associated with the ER and could cooperate in

the reductive activation of ricin and RTA-ITs. Therefore,

we first investigated the expression of PDI and TrxR and

the reductive cleavage of ricin in microsomal membranes

(Fig. 4). Results of immunoblotting are summarized in

Fig. 4A. PDI and TrxR were identified in microsomal

membranes with a rabbit anti-PDI antiserum and with a

mouse anti human TrxR monoclonal, respectively. Bands

of lower molecular weight identified in samples immuno-

blotted with mouse anti human TrxR most likely represent

breakdown products of TrxR [34]. Fig. 4B illustrates the

time-course of ricin reduction obtained by incubating the

toxin with canine microsomal membranes in KPE buffer

containing NADPH and GSH:GSSG in a 3:1 ratio. Pre-

incubation of microsomes with auranofin considerably

suppressed the disulfide reductase activity at concentra-

tions above 5–10 nM. Residual reduction of ricin observed

in inhibition assays carried out in the presence of auranofin

could be attributed to trace amounts of DTT present in

canine microsomes and triggering disulfide reductase

activity of PDI, as observed in other instances (see also

Fig. 3. Reduction of ricin by pre-reduced PDI. blPDI was pre-activated

overnight by treatment with 200 mM DTT (DTT-PDI), or by 20 min pre-

incubation with 90 nM TrxR (TrxR-PDI) and NADPH. DTT was then

removed by gel filtration. Some samples were additioned with 750 mM

GSH and 250 mM GSSG (lanes 2, 5, and 6) or with 250 mM GSH and

750 mM GSSG (lanes 7 and 8). NADPH (200 mM) was present in all

samples. The reaction mixture (100 ml) contained 70 mU TrxR. After

30 min incubation at r.t. to completely activate the system 800 nM ricin

was added to all samples that were further incubated at 37 8C. Reaction

was stopped after 60 min by addition of non-reducing sample buffer. Lane

1: ricin reduced with 2% b-MET; lane 2: blPDI; lanes 3, 5, and 7: DTT

pre-activated PDI; lanes 4, 6, and 8: PDI pre-activated with TrxR.

Fig. 4. (A) Identification of TrxR and PDI in pancreatic canine

microsomal membranes by immunoblotting using anti human TrxR

monoclonal antibody (upper panel) and rabbit anti PDI (lower panel).

(B) Time-course of ricin (1.0 mM) reduction by microsomal membranes

and inhibition of TrxR by 20 min pre-incubation with 30 nM gold(I)

compound auranofin. (C) Reduction of ricin by microsomal membranes

immunosubtracted of TrxR (lane 5), PDI (lane 6), Trx (lane 7), or PDI and

Trx (lane 8). Control samples included ricin reduced with 2% b-MET (lane

1), non-reduced ricin (lane 3); untreated intact microsomes (lane 4).
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Fig. 3), or directly reducing disulfide bonds of ricin.

Decreased or absent ricin chains separation was observed

in microsomes immunodepleted of TrxR (Fig. 4C, lane 5).

However, trace amounts of DTT which could not be

eliminated from microsomes resulted in the appearance

of minute amounts of RTA. Taken together, these results

further support the hypothesis that TrxR associated with

microsomes is necessary to sustain disulfide reductase

activity of PDI.

Activation of both ricin and abrin toxins by cytosolic

extracts was described by Barbieri et al. and attributed to a

GSH-dependent 40 kDa protein disulfide reductase(s) [42].

In the attempt to positively identify cellular agents that

could be crucially involved in the reductive activation of

ricin, we first examined the expression levels of Trx, TrxR

and PDI in different cell lines by immunoblotting of crude

cell extracts. Crude untreated cell extracts were used to

reduce ricin and results were compared with those obtained

using cell extracts pre-incubated with auranofin or immu-

nodepleted of Trx, TrxR, or PDI or combinations thereof to

asses the role of the various enzymes. Fig. 5A shows the

expression of Trx, TrxR, and PDI in crude U-937, Molt-3,

Jurkat, and DU145 cell extracts. TrxR was found in similar

amounts in extracts of all cell lines, whereas Trx and PDI

showed higher levels of expression in the U-937 cell line.

The addition of 1 mM ricin to cell extracts (each 30 mg total

protein) incubated in KPE and NADPH resulted in the

reduction of ricin and the separation of RTA on a 10% slab

gel irrespective of the presence or absence of 1.0 mM GSH

in the reaction buffer (Fig. 5B). Moreover, pre-incubation

of each cell extract with 30 nM gold(I) compound aur-

anofin totally suppressed the reductive cleavage of ricin by

cell extracts (Fig. 5B, lanes 12–20). As expected, immu-

nosubtraction of Trx (Fig. 5C, lane 2) did not abolish the

reductive cleavage of ricin in U-937 crude cell extract

which is observed also when the U-937 cell extract is

depleted of PDI instead of Trx (Fig. 5C, lane 4), thus

suggesting that Trx and PDI may substitute each other as

protein disulfide reductases in the cell. Moreover, TrxR

subtraction (Fig. 5C, lane 6) did not completely abolish

ricin reduction which was almost totally suppressed

(>95%) in U-937 cell extract depleted of Trx and PDI

(Fig. 5C, lane 8). In addition to RTA, immunoblotting

revealed a further band in the 45 kDa region in TrxR

immunodepleted sample (Fig. 5C, lane 6). This band (also

observed in microsomal extracts and shown in Fig. 4C,

lanes 6 and 8, respectively) is likely to represent complexes

of RTA and unknown protein(s). This aspect warrants

further investigation. Unlike what observed in microsomes

absence of contaminating DTT in cell extracts failed to

produce residual uncatalyzed ricin reduction.

3.4. Inhibition of ricin and of pre-reduced ricin

cytotoxicity by auranofin

Cleavage of disulfide bonds is a critical event in the

activation of endocytosed toxins and ITs in the cell intox-

ication phenomena brought about by these molecules. In

the case of ricin this step appears to be rate limiting [8] and

may be linked to the process of translocon-assisted trans-

membrane passage [9]. Once in the cytosol RTA will

inhibit protein synthesis thereby killing the cell. Because

results of our in vitro experiments suggested that reductive

activation of ricin cytotoxicity was crucially dependent on

TrxR, we decided to evaluate the role of TrxR in intact cells

by inhibiting its activity with auranofin. Thus, U-937,

Molt-3, Jurkat, and DU145 cells were pre-incubated with

auranofin to inhibit TrxR and ricin toxicity was evaluated

in treated and untreated cells. As summarized in Fig. 6, the

percentage of 14C-leucine incorporation was significantly

higher, and therefore ricin cytotoxicity lower, in cells

incubated with 30 nM auranofin than in mock-treated

control cells (Wilcoxon signed rank test: P < 0:05). To

rule out that auranofin could interfere with other steps of

ricin-mediated intoxication, cells were also exposed in

short-time assays to high doses of pre-reduced ricin

(Fig. 7). Under these conditions, the reduction of the

intersubunit disulfide is not rate limiting for ricin cyto-

toxicity [36]. As illustrated in Fig. 7, cytotoxicity of intact

ricin was significantly decreased in cells pre-incubated

with auranofin with respect to mock-treated controls

Fig. 5. (A) Immunoblot identification of TrxR, Trx, and PDI in cell

extracts. Lane 1: U-937; lane 2: Molt-3; lane 3: Jurkat; lane 4: DU145. (B)

Reduction of 1.0 mM ricin by cell extracts (30 mg total protein). Lane 1:

control untreated RTA; lane 3: control untreated ricin; lanes 4 and 5: U-937

cell extracts; lanes 6 and 7: Molt-3 cell extracts; lanes 8 and 9: Jurkat cell

extracts; lanes 10 and 11: DU145 cell extracts. Reduction of 1.0 mM ricin

by cell extracts pre-incubated for 20 min with 30 nM gold(I) compound

auranofin; lane 12: control untreated ricin; lanes 13 and 14: U-937 cell

extraxcts; lanes 15 and 16: Molt-3 cell extracts; lanes 17 and 18: Jurkat cell

extracts; lanes 19 and 20: DU145 cell exctracts. (C) Reduction of 1 mM

ricin by U-937 cell extracts (30 mg total protein) immunosubtracted of Trx

(lane 2), PDI (lane 4), and TrxR (lane 6) or Trx and PDI (lane 8). Lane 1:

control untreated U-937 cell extract; lane 2: cell extract w/o Trx; lane 3:

cell extract w/o Trx þ 1:0 mM hrTrx; lane 4: cell extract w/o PDI; lane 5:

cell extract w/o PDI þ 1:0 mM blPDI; lane 6: cell extract w/o TrxR; lane 7:

cell extract w/o TrxR þ 90 nM TrxR; lane 8: cell extract w/o Trx and PDI;

lane 9: cell extract w/o Trx and PDI þ 1:0 mM hrTrx and 1.0 mM blPDI.
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(t-paired test, P < 0:05), whereas toxicity of pre-reduced

ricin was not significantly different in cells pre-incubated

with auranofin with respect to controls. Therefore, aura-

nofin preferentially blocks toxicity of intact ricin but not

that of pre-reduced ricin. Noteworthy, 30 nM gold(I) can

totally inhibit reductive activation of ricin by microsomes

(see above; Fig. 4), but ricin cytotoxicity can only be

reduced and not abolished in cell lines under these con-

ditions. This may suggest that additional mechanism(s)

leads to ricin activation in intact cells.

4. Discussion

The reductive cleavage of disulfide bonds is an event of

crucial importance to activate many bacterial and plant

toxins in the cell. In particular, the reduction of the dis-

ulfide between RTA and RTB or a carrier molecule and the

RTA subunit is necessary to activate RTA cytotoxicity of

ricin and of RTA-ITs [9]. Indeed, the replacement of the

intermolecular disulfide by a non-cleavable thioether link-

age renders almost ineffective the toxicity of RTA-based

ITs [43]. Reducing substrates such as GSH can facilitate

thiol–disulfide exchange in the absence of enzymes but the

presence of oxidoreductases increases the reaction rate by

several thousand-fold [44]. The involvement of oxidore-

ductases is, therefore, likely to facilitate the intracellular

activation of ricin and RTA-ITs and the subsequent cell

intoxication phenomena.

Considering its intracellular localization, PDI appeared

as the most likely candidate oxidoreductase to be involved

in ricin and RTA-ITs reductive activation. The direction of

the reaction catalyzed by protein disulfide oxidoreductases

is determined by substrate and product concentrations,

redox potential and the redox conditions of the cellular

milieu. However, when PDI or Trx catalyze the reduction

of disulfide bridges they become oxidized and therefore

must be enzymatically regenerated by a reductase in order

to maintain their catalytic activity as disulfide reductases.

This is particularly true for PDI, which acts in the unfavor-

able redox oxidizing environment of the ER [41,45]. The

selenoenzyme TrxR regenerates the redox status of Trx in

intact cells and can also regenerate directly the cysteines in

the active site of PDI in vitro or indirectly by means of Trx

and NADPH [26]. Results of experiments reported herein

indicated that neither ricin nor ST.1-RTA were directly

reduced by TrxR. Therefore, in the most likely scenario

PDI and TrxR would cooperate in ricin and RTA-ITs

reduction intracellularly.

With our in vitro experiments, we first aimed at demon-

strating that ricin and a RTA-IT (ST.1-RTA) could be

reduced not only by the Trx system (i.e. Trx þ TrxR),

but also by the PDI system (i.e. PDI þ TrxR). Our results

clearly indicate that Trx and PDI can catalyze the reductive

activation of both the toxin and the IT in a time-scale of

seconds to minutes whereas the presence of TrxR appears

to be essential to promote and sustain the disulfide reduc-

tase activity of the two oxidoreductases. Indeed, the

reductive activation of ricin and of ST.1-RTA was dose-

dependently inhibited by the gold(I) compound auranofin,

an irreversible alkylating agent of selenium, which is

necessary for the reductase activity of TrxR. To the best

of our knowledge the demonstration that ricin and RTA-ITs

could be reduced by PDI and TrxR has never been reported

before.

The mechanism by which TrxR activates PDI and

promotes its disulfide reductase activity in an oxidizing

environment is suggested by results shown in Fig. 3. Unlike

Fig. 6. Inhibition of ricin cytotoxicity by gold(I) compound auranofin. U-

937 (circle), Molt-3 (triangle), Jurkat (square), and DU145 (diamonds)

cells were pre-incubated in the absence (empty symbols) or in the presence

of 30 nM auranofin for 6 h (filled symbols) and were then exposed to ricin

for 4 h. Protein synthesis was then measured by evaluating 14C-leucine

incorporation. Results are expressed as percent 14C-leucine incorporation

with respect to mock-treated control cultures. Each symbol represents

mean values (�error) of three separate experiments. Arrows indicate ricin

concentrations where significant differences between cells treated with or

without auranofin were observed.

Fig. 7. Comparison of cytotoxic effect of intact ricin (empty symbols) and

pre-reduced ricin (filled symbols) in U-937 (circle), Molt-3 (triangle),

Jurkat (square), and DU145 (diamonds) cells in the absence or in the

presence of 30 nM gold(I) compound auranofin. Cells were pre-incubated

in the absence or in the presence of auranofin for 6 h and were then

exposed to 4 � 10�7 M intact ricin or pre-reduced ricin for 90 min. Protein

synthesis was then measured by evaluating 14C-leucine incorporation.

Results are expressed as percent 14C-leucine incorporation with respect to

mock-treated control cultures. Each symbol represents mean values

(�error) of three separate experiments.
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PDI pre-incubated with the non-physiological reducing

agent DTT, PDI pre-incubated with TrxR and NADPH

allowed the reductive activation of ricin also in the absence

of GSH, although a greater efficiency in ricin cleavage is

shown by PDI when both TrxR and GSH/GSSG in a ratio

of 3:1 are present together in the reaction buffer. Therefore,

we hypothesized that reductive activation of ricin in micro-

somes could be ascribed to the reductase activity of TrxR

on PDI. In fact, we found that both TrxR and PDI are

expressed in microsomal membranes. Moreover, micro-

somal membranes incubated with NADPH and GSH/

GSSG (3:1 ratio) allowed the time-dependent reduction

of ricin and ST.1-RTA, which was in turn dose-dependently

inhibited by pre-incubating microsomes with auranofin. In

addition, results of immunosubtraction experiments con-

firmed that PDI and TrxR are indeed involved in the

reduction of ricin in microsomes.

Immunosubtraction experiments carried out with cell

extracts indicated that PDI can supply disulfide reductase

activity on ricin also when Trx is absent. Consistent with

the central role of TrxR in promoting the disulfide reduc-

tase activity of both Trx and PDI, incubation of cell extracts

with auranofin inhibited the reductive cleavage of ricin

(Fig. 5B) and of ST.1-RTA (not shown).

Similar ricin reduction patterns were observed in micro-

somes deprived of PDI (Fig. 4C, lane 6) or of PDI and Trx

(Fig. 4C, lane 8) and in U-937 cell extracts deprived of

TrxR (Fig. 5C, lane 6). In both cases, an effective reduction

of ricin to RTA and RTB has occurred and a major band at

approximately 45 kDa stained with anti-RTA antibody. To

explain these apparently conflicting results it could be

hypothesized that in microsomes other disulfide reductases

(e.g. thioredoxin-related transmembrane protein, TMX,

[21,46]) in addition to PDI or Trx (if present) may operate

the reductive activation of ricin under the control of TrxR.

Unlike microsomes, in cell extracts different cell compart-

ments may merge. It can thus be speculated that in TrxR-

depleted U-937 cell extract oxidized Trx and PDI could be

directly reduced by high cytosolic GSH which may func-

tionally replace TrxR [47]; alternatively reduction could be

catalyzed or by other selenium-dependent TrxRs (e.g.

mitochondrial TrxR) which were not recognized and

immunosubtracted by the anti-TrxR antibody used by

us. Inhibition of ricin reduction by non-immunodepleted

U-937 cell extracts pre-incubated with auranofin (Fig. 5B,

lanes 13 and 14) is in support of this second hypothesis.

Therefore, the apparent discrepancy observed between

data obtained with microsomes and with cell extracts

can be attributed to different GSH content and/or may

reflect the contribution of selenodependent reductase activ-

ity from different organelles present in the cell extract as a

result of cell lysis. However reductive activation of ricin in

intact cells is a strictly compartmentalized event and it

might, therefore, take place in the ER or in ER-related

organelles. It could be worthwhile also to identify which

protein(s) or protein fragment(s) associates with RTA

resulting in a complex migrating at 45 kDa. Chaperones

involved in RTA transport/unfolding process could be

discovered.

Results of experiments conducted with intact cells con-

firmed our hypothesis that TrxR is central in the process of

ricin/RTA-ITs reduction/activation. Similar TrxR expres-

sion was observed in U-937, Molt-3, Jurkat, and DU145

cell extracts whereas different expression levels of the PDI

and Trx systems were observed. Nevertheless, comparable

reductive cleavage of ricin was obtained in cell extracts

from the four different cell lines. However, it must be

considered that levels of protein expression and enzyme

activity may not always correspond. Moreover, to explain

the comparable reductive cleavage of ricin obtained in cell

extracts from the four different cell lines we must also take

into account that PDI can supply disulfide reductase activ-

ity on ricin also when Trx is absent.

The possibility that auranofin could block other crucial

steps in the cell intoxication mechanism by ricin was ruled

out by results obtained in control experiments with pre-

reduced ricin. In fact, as already described by Lewis and

Youle [36] we also observed comparable cytotoxicity in

cells treated with high concentrations of intact or pre-

reduced ricin. However, incubation with the selective TrxR

inhibitor auranofin resulted in decreased cytotoxicity only

in cells intoxicated by intact ricin, suggesting that the

reduction of the disulfide holding together RTA and

RTB subunits is needed within the cell. Clearly, the vari-

able toxicity of ricin and/or RTA-ITs observed in different

target cells could be only partly ascribed to the relative

efficiency of the processes involving intracellular reduc-

tion/activation. Of course, differences in sensitivity to ricin

in different cell lines could be due also to other processes

(e.g. internalization, intracellular trafficking). With pre-

reduced ricin, which bypasses the enzymatic reductive

activation within the cell, the pattern of 14C-leucine incor-

poration was U-937 > DU145 > Molt-3 > Jurkat without

any significant difference between cells pre-incubated with

auranofin and control without auranofin. However, ricin

cytotoxicity is not completely prevented by incubating

cells with auranofin and this may imply that additional

mechanisms to those described here might function to

reductively activate ricin/ITs and help deliver RTA in

the cytosol of living cells. In fact auranofin can also induce

the synthesis of some other protein such as heme oxyge-

nase (a 34-kDa protein) and a 23-kDa protein with anti-

oxidant activity in the cell exposed to oxidative stress [48].

Further, an example of cooperation between Hsp90 and

TrxR in the cytosol entry of the catalytic subunit of DT was

elegantly described recently by Ratts et al. [49].

Because reductive activation of ricin and of RTA-ITs

takes place in compartmentalized environments it is likely

that the cytosolic Trx and glutaredoxin systems participate

only negligibly to this cell intoxication step. Instead, due to

their intracellular distribution TrxR and PDI could be

cooperatively involved in the process of intracellular
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reductive activation of ricin and RTA-ITs. Indeed results of

confocal microscopy confirmed that TrxR and PDI colo-

calize in a juxtanuclear region of the cell, possibly ER or

related intracellular compartments (not shown).

In conclusion, our finding that TrxR exerts a fundamen-

tal role in ricin and RTA-ITs reduction/activation may open

the way to strategies of modulation of the cytotoxic effects

of these reagents, both in terms of negative (e.g. in case of

ricin intoxication due to accidental or criminal occur-

rences) and positive (e.g. to enhance the cell-selective

eradication of target cells by RTA-ITs) regulation.
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