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Dithiolethiones upregulate the expression of cancer-preventive proteins via modification of thiol residues
in the Keap1–Nrf2 transcription factor complex. In addition to Keap1–Nrf2, dithiolethiones have the
potential to modify a variety of cysteine-containing proteins in the cell. Such ‘off target’ reactions could
contribute to either side effects or cancer-preventive efficacy. Evidence is presented here that cancer che-
mopreventive dithiolethiones inactivate protein tyrosine phosphatases via covalent, but thiol-labile,
modification of active site residues. This observation may explain a number of previously reported cellu-
lar responses to dithiolethiones.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction thiol residues by dithiolethiones may be especially important
Dithiolethiones are potent cancer-preventive agents.1,2 These
compounds trigger upregulation in the expression of genes that en-
code a host of cancer-preventive phase II metabolic enzymes.2,3 This
is driven primarily by activation of the transcription factor Nrf2 (nu-
clear factor-E2-related factor 2).3,4 Nrf2 exists in the cytosol com-
plexed with a repressor protein known as Keap1 (Kelch-like ECH-
associated protein 1). Keap1 acts as a sensor protein that responds
to a variety of stresses. Modification of key thiol residues on Keap1
by either alkylating agents or reactive oxygen species (ROS) leads to
increased levels of Nrf2 in the nucleus.3,4 The exact mechanism by
which dithiolethiones activate Keap1–Nrf2 remains under investi-
gation, but at least two possibilities have been considered. Dithiol-
ethiones are thiol-reactive compounds that may directly modify
cysteine thiol residues on Keap1.5 Alternatively, the reaction of thi-
ols with dithiolethiones leads to the generation of ROS,6 which have
the potential to modify cysteine residues on Keap1.

It is clear that the Keap1–Nrf2 complex is a central cellular tar-
get in the cancer-preventive activity of dithiolethiones. Nonethe-
less, dithiolethiones are thiol-reactive compounds that have the
potential to modify a variety of cysteine-containing proteins in
the cell. Such ‘off target’ reactions could contribute to either side
effects or cancer-preventive efficacy. The modification of protein
ll rights reserved.
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when it occurs in the context of enzymes that contain critical cat-
alytic cysteine residues. Along these lines, it may be important to
consider the reactions of dithiolethiones with protein tyrosine
phosphatases.

Protein tyrosine phosphatases (PTPs) operate alongside protein
tyrosine kinases (PTKs) to regulate a variety of critical mammalian
signal transduction pathways.7 PTKs catalyze the addition of phos-
phoryl groups to tyrosine residues on target proteins while PTPs
catalyze their hydrolytic removal.8 PTPs contain a crucial active site
cysteine residue with an abnormally low pKa value of about 5.7 (vs
about 8.5 for a typical cysteine thiol).9 Thus, the catalytic cysteine
residue (Cys215 in the numbering of the archetypal enzyme PTP1B)
exists predominantly in the nucleophilic thiolate form (RS�) at
physiological pH.9–13 Thiol-reactive chemicals can inactivate PTPs
through selective modification of the exceptionally reactive active
site cysteine.10,14–16 In addition, reactive oxygen species such as
superoxide radical ðO2

��Þ and hydrogen peroxide (H2O2) can inacti-
vate PTPs via oxidation of the catalytic cysteine residue.17–21 Inacti-
vation of PTPs can yield profound biological effects by modulating
the activity of various signal transduction pathways.7
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The possibility that dithiolethiones can inactivate PTPs is of par-
ticular interest because treatment of cells with these chemicals is
Figure 1. Inactivation of PTP1B by oltipraz. Above: progress curves for the
inactivation of PTP1B by oltipraz. Thiol-free PTP1B (12.5 nM final) was added to a
solution of oltipraz (0, 2, 5, 10, 20, 30, 40, and 50 lM from top to bottom curves) in
tris (50 mM), bis–tris (50 mM), sodium acetate (100 mM), DETPAC (10 mM), and 1%
DMF, containing the substrate p-nitrophenyl phosphate (pNPP, 20 mM) at 23 �C.
Below: a plot of observed rate of inactivation (kobs) versus oltipraz concentration.
The apparent second-order rate of enzyme inactivation was calculated as described
in Section 4.
known to alter the activity of a number of signal transduction
pathways.22,23 We reasoned that inactivation of PTPs could con-
tribute to modulation of these important signal transduction path-
ways by dithiolethiones. Indeed, here we report that oltipraz and
other 1,2-dithiole-3-thiones inactivate protein tyrosine phospha-
tases under physiologically relevant conditions.

2. Results and discussion

2.1. Inactivation of PTP1B by oltipraz

We utilized the catalytic subunit (amino acids 1–322) of recom-
binant human PTP1B to investigate whether oltipraz (1) can inac-
tivate a protein tyrosine phosphatase. This enzyme is an
archetypal member of the protein tyrosine phosphatase family.9

Various concentrations of oltipraz were incubated with the en-
zyme in the presence of the substrate p-nitrophenylphosphate
(pNPP). The progress curves obtained in this manner clearly reveal
time-dependent loss of enzyme activity (Fig. 1). Each curve was fit
to obtain the apparent rate of inactivation at each oltipraz concen-
tration as described in Section 4. A plot of these observed rate con-
stants versus oltipraz concentration yields a line (Fig. 1) indicative
of a second-order reaction between oltipraz and the enzyme. The
slope of the line yields a rate constant of 1970 ± 170 M�1 s�1 for
this inactivation process. By way of comparison, the reaction 2-
mercaptoethanol thiolate with oltipraz occurs with a rate constant
of 2 M�1 s�1.24 It is possible that general acid catalysis by residues
such as Asp181 or stabilization of a developing negative charge by
residues such as Arg211 in the phosphate binding pocket of the en-
zyme accelerate the reaction of the active site thiolate residue with
oltipraz.

Presence of the active site-directed competitive PTP1B inhibitor
phosphate slows inactivation of the enzyme by oltipraz (Fig. 2). For
example, treatment of PTP1B with oltipraz (50 lM) for 15 min
yields 70% inactivation while, in the presence of 50 mM sodium
phosphate, only 50% inactivation is observed (the Ki for phosphate
is 17 mM).25 Furthermore, the inactivation of PTP1B by oltipraz is
not reversed upon gel filtration of the inactivated enzyme through
G25 Sephadex to remove excess small molecules from the mixture.
Taken together, the data suggests that oltipraz inactivates PTP1B
via covalent modification of the active site.

2.2. Inactivation of PTP1B by oltipraz does not involve reactive
oxygen species

Two mechanisms can be envisioned for the covalent modifica-
tion of PTP1B by oltipraz. First, oltipraz may directly modify thiol
residues in the protein. Alternatively, literature precedents indi-
cate that reaction of thiols with oltipraz can lead to the production
of reactive oxygen species (ROS) via the (unbalanced) reactions
shown in Eq. 1.6,26 ROS have the potential to inactivate PTPs via
oxidation of the active site thiol residue.17,18 Thus, we set out to
examine whether reactions of oltipraz with solvent-exposed thiol
residues on PTP1B leads to the generation of ROS that inactivate
the enzyme. We found that the rate at which oltipraz-inactivated
PTP1B was not significantly altered by the presence of the HO�

scavenger mannitol (1 mM). Similarly, the presence of the metal
chelator diethylenetriaminepentaacetic acid (DETAPAC, 10 mM)
had no significant effect on the inactivation process. DETAPAC
sequesters traces of adventitious transition metal ions that
otherwise have the potential to catalyze the conversion of hydro-
gen peroxide to hydroxyl radicals. Finally, addition of the perox-
ide-destroying enzyme catalase had no effect on the inactivation
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of PTP1B by oltipraz. Overall, these results suggest that the inacti-
vation of PTP1B by oltipraz does not involve the generation of dif-
fusible ROS:
1þ RSH! O2
�� ! H2O2 þMnþ ! HO � þMðnþ1Þþ : ð1Þ
2.3. Inactivation of PTP1B by oltipraz is reversed by treatment
with dithiothreitol

The inactivation of PTP1B by oltipraz (50 lM oltipraz, 1 h, >97%
enzyme inactivation) can be reversed (75% recovery of activity) by
treatment with dithiothreitol (100 mM, 1 h, 24 �C). It is notewor-
thy that activity does not return upon incubation with biologically
relevant concentrations of glutathione (1 mM, 1 h, 24 �C). This re-
sult suggests that inactivation of PTP1B by oltipraz involves cova-
lent attachment of the compound to an active site residue via a
thiol-labile chemical bond such as a disulfide. This suggests that
the point of attachment might be the catalytic cysteine residue
at position 215 in the enzyme.



Figure 2. The reversible PTP inhibitor sodium phosphate protects PTP1B against
inactivation by oltipraz. Thiol-free PTP1B (0.5 lm) was incubated with oltipraz
(50 lM) in a buffer composed of tris (50 mM), bis–tris (50 mM), sodium acetate
(100 mM), and DETAPAC (10 mM at pH 7.2) for 15 min at 23 �C (100 lL final
volume). An aliquot (15 lL) was taken from the reaction mixture and assayed to
measure the remaining enzyme activity using the substrate p-nitrophenyl phos-
phate by monitoring the increase in absorbance at 410 nm due to the enzymatic
release of p-nitrophenol.

Figure 3. MADLI-MS of native (panel A) and oltipraz-inactivated PTP1B (panel B).
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2.4. Mass spectrometric analysis of oltipraz-inactivated PTP1B:
evidence supporting covalent modification of the active site
cysteine residue 215

Mass spectrometric analysis was used to characterize the site(s)
at which oltipraz-modified PTP1B during the inactivation process.
In these experiments, PTP1B was inactivated by oltipraz under
conditions that leaves <10% enzyme activity remaining. Recogniz-
ing that dithiolethione adducts may be prone to reactions with thi-
ols (as discussed above), we treated the inactivated enzyme with
iodoacetamide to cap unmodified thiol residues in the protein (in
its native form, the catalytic domain of PTP1B used in these studies
contains six free cysteine residues and no disulfides). Samples of
the proteins were then deposited on a polished stainless steel tar-
get with a-cyano-4-hydroxycinnamic acid (CHCA) and analyzed by
MALDI-TOF-MS. Analysis of the control enzyme treated in this
manner reveals reasonable coverage of the expected tryptic frag-
ments (Fig. 3A). A number of differences were observed in the mass
spectrum of the oltipraz-inactivated enzyme. Perhaps most strik-
ing, the active site peptide consisting of amino acids 200–221 is
completely missing from the spectrum of the inactivated enzyme.
This strongly suggests that the active peptide has been modified by
treatment of the enzyme with oltipraz. At the same time, signifi-
cant new signals were observed in the mass spectrum of the oltip-
raz-inactivated protein at m/z 3887 and 4273. The species at m/z
4273 is in the general range expected for an oltipraz-modified ac-
tive site peptide fragment composed of amino acids 200–237;
however, even after repeated analyzes we have been unable to as-
sign a discrete structure to this signal.

A peptide fragment in the range m/z 4000 could arise if modifi-
cation of the active site cysteine residue 215 inhibits the usual
tryptic cleavage at residue 221. The new peak observed at m/z
3887 in the oltipraz-treated sample corresponds to the [M+H]+

ion expected for the disulfide-crosslinked tryptic fragments 80–
103 and 121–128. While not seen previously in the context of
PTP1B, a disulfide ‘relay’ leading to analogous disulfide-linked
tryptic fragments has been observed following modification of
the active site cysteine residue in the protein tyrosine phosphatase
family members, SHP1 and SHP2.27 Scheme 1 shows a speculative
mechanism by which reaction of PTP1B with oltipraz could lead to
both modification of the active site cysteine and also disulfide for-
mation between tryptic fragments 80–103 and 121–128. The pro-
posed mechanism closely follows precedents for the reaction of
oltipraz with low molecular weight thiols.5 Clearly, generation of
the disulfide crosslink between tryptic fragments 80–103 and
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121–128 is not quantitative because a strong signal for the 80–103
tryptic fragment remains in the spectrum. While the nature of the
oltipraz–PTP adduct remains uncertain, the mass spectrometric
data nonetheless is consistent with an inactivation mechanism
involving modification of the active site cysteine residue in PTP1B
by oltipraz.

2.5. Various dithiolethiones inactivate PTP1B

A wide variety of dithiolethiones possess chemopreventive
activity.1 Thus, we felt it would be interesting to examine the abil-
ity of two additional, structurally varied dithiolethiones to inacti-
vate PTP1B. We compared the ability of equal concentrations of
oltipraz (1), dithiolethione (2), and anethole dithione (3) to inacti-
vate the enzyme. As shown in Figure 4, we find that dithiolethione
(2) is comparable to oltipraz in its ability to inactivate PTP1B. Ane-
thole dithione is less potent than oltipraz, but is nonetheless com-
parable to the endogenous regulator of PTP activity, hydrogen
peroxide,18 in its potency as an inactivator of PTP1B.
Figure 4. Inactivation of PTP1B by H2O2 and various dithiolethiones. Compounds
(25 lM) were incubated with thiol-free PTP1B (12.5 nM final concentration) in a
quartz cuvette containing the chromogenic substrate pNPP (20 mM) in tris
(50 mM), bis–tris (50 mM), sodium acetate (100 mM), DETAPAC (10 mM), and 1%
dimethylformamide at pH 7.2 and 23 �C. The apparent rate of inactivation was
obtained by non-linear fitting of the inactivation progress curves to a first-order
reaction as described in Section 4. The results shown are the averages of three
experiments.

Figure 5. Progress curves for the inactivation of SHP2 by oltipraz. Thiol-free SHP2
was added to a solution of oltipraz (10 or 50 lM) in tris (50 mM), bis–tris (50 mM),
sodium acetate (100 mM), DETAPAC (10 mM), and 1% dimethylformamide, con-
taining the substrate (pNPP, 20 mM) at 23 �C. The remaining enzyme activity was
determined as a function of time by monitoring the release of p-nitrophenol at
410 nm. Fitting of the data to the equation for a first-order reaction reveals an
observed rate of inactivation of the enzyme by 10 lM oltipraz to be 5.2 � 10�3 s�1

while 50 lM yields an observed inactivation rate constant of 2.1 � 10�2 s�1. For
comparison, the kobs values for the inactivation of PTP1B by oltipraz at 10 and
50 lM in the presence of pNPP (20 mM) are 3.1 � 10�3 s�1 and 1.1 � 10�2 s�1,
respectively.
2.6. Inactivation of SHP2 by oltipraz

The human genome encodes for �80 catalytically active PTPs.7

These enzymes possess structurally homologous active sites that
contain a nucleophilic cysteine residue. With this in mind, we felt
it would be interesting to examine whether oltipraz inactivates a
PTP enzyme other than PTP1B. Accordingly, we examined the
phosphatase SHP2 which is involved in mammalian T-cell antigen
and growth factor signaling.28 We find that the inactivation of
SHP2 by oltipraz occurs about twofold faster than the analogous
inactivation of PTP1B (Fig. 5). The inactivation of SHP2 by oltipraz
is inhibited in the presence of competitive inhibitors such as van-
adate and arsenate, suggesting that the inactivation involves reac-
tion of the chemical at the active site of the enzyme. Treatment of
the inactivated enzyme with dithiothreitol leads to recovery of en-
zyme activity similar to the results described above for PTP1B. The
results indicate that the dithiolethione oltipraz is a general inacti-
vator of PTP enzymes.

3. Conclusion

Our results clearly show that the chemopreventive agent oltipraz
inactivates protein tyrosine phosphatases. The inactivation of PTP1B
occurs with a rate constant of 1970 M�1 s�1. This rate constant sug-
gests that clinically relevant concentrations of oltipraz (1–20 lM)2

could cause efficient inactivation of PTP enzymes in vivo. We find
that other cancer-preventive dithiolethiones also inactivate PTP1B.
Mechanistic studies in the context of oltipraz suggest that the inac-
tivation reaction involves modification of the active site cysteine res-
idue via a thiol-labile linkage such as a disulfide. Such a mechanism
is consistent with chemical model reactions involving the reaction
of low molecular weight thiols with oltipraz.5

The inactivation of PTPs by dithiolethiones reported here may
be relevant to a number of the cellular responses observed for this
class of chemopreventive agents. First, recent studies have shown
that ‘PTP1B deficiency or inhibition delays ErbB2-induced mam-
mary tumorigenesis’.29 Our findings offer the possibility that inac-
tivation of cellular PTP1B could contribute to the cancer-
preventive properties of oltipraz and other dithiolethiones. Second,
dithiolethiones result in activation of Nrf2 via upregulation of the
ERK1/2 signaling pathways.23 In separate studies, it has been
shown that inactivation of PTPs by vanadate or hydrogen peroxide
leads to activation of ERK1/2 pathways.30 In light of these literature
precedents, the results presented here suggest that inactivation of
PTPs could contribute to the ability of dithiolethiones to activate
Nrf2 via the ERK1/2 signaling pathway. At the same time, it is
important to note that regulation of the Nrf2/Keap1 system is com-
plex and that phosphorylation of some tyrosine residues in these
proteins inhibit activation of the Nrf2 transcription factor.31 Third,
oltipraz displays antiangiogenic properties.32 Other studies have
shown that inhibition of the enzyme SHP2 blocks angiogenesis in
the same HUVEC cell line used in the earlier study.33 These litera-
ture reports, taken together with our findings, suggest the possibil-
ity that the antiangiogenic properties of oltipraz could stem from
its ability to inactivate SHP2. Finally, oltipraz activates the tran-
scription factor NF-jB.22 Phosphorylation of the inhibitor protein
IjB-a at tyrosine 42 leads to activation of NF-jB.34 Significantly,
inhibition of cellular PTPs was shown to elevate tyrosine phos-
phorylation levels on IjB-a and activate NF-jB via this mecha-
nism.34 Our results offer the possibility that inhibition of PTPs
contributes to the activation of NF-jB by oltipraz.

In conclusion, the data presented here suggests that the inacti-
vation of protein tyrosine phosphatases may contribute to the
biological activities of oltipraz and other cancer-preventive
1,2-dithiole-3-thiones. Oltipraz has been tested in humans and
shows a reasonable safety profile.2 It is possible that appropriately
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substituted 1,2-dithiole-3-thiones could provide a platform for the
development of non-toxic and therapeutically useful PTP inactiva-
tors. For example, the ability of oltipraz to inactivate PTP1B sug-
gests that 1,2-dithiole-3-thiones might find utility in the
treatment of type 2 diabetes.35

4. Experimental

4.1. General

All chemicals were of the highest grade available unless other-
wise noted. Dithiothreitol (DTT), 2-mercaptoethanol (bME), so-
dium vanadate, mannitol, G-25 sephadex, dimethyl formamide
(DMF), diethylenetriaminepentaacetic acid (DETAPAC), 2-(bis(2-
hydroxyethyl)amino)-2-(hydroxymethyl) propane-1,3-diol (bis–
tris), sodium acetate, tris(hydroxymethyl)aminomethane (tris),
4-nitrophenylphosphate (pNPP), and glutathione (GSH) were pur-
chased from Sigma–Aldrich Company and oltipraz, 1,2-dithiol-3-
thione, and anethole dithione were synthesized by Dr. Hong Zang
as described previously.6

4.2. Inactivation of protein tyrosine phosphatases by oltipraz

PTP1B was isolated as described previously20 and thiol-free
samples of the enzyme were prepared by gel filtration of the pro-
tein through G25 Sephadex immediately prior to use. Typical as-
says contained (in a final volume of 1.0 mL at 23 �C) tris (50 mM,
pH 7.2), bis–tris (50 mM), sodium acetate (100 mM), DETAPAC
(10 mM), DMF (1% v/v), 20 mM pNPP, dithiolethione (0–50 lM)
and thiol-free20 enzyme (0.01–0.05 lM). The dithiolethiones were
introduced to the assay mixture as stock solutions in DMF. Follow-
ing addition of the enzyme, remaining catalytic activity was deter-
mined as a function of time by monitoring the release of p-
nitrophenol at 410 nm. The apparent rates of inactivation at vari-
ous concentrations of dithiolethione were determined by fitting
the progress curves to the equation for a first-order reaction. The
apparent rates of inactivation were plotted versus inactivator con-
centration. The data afforded a good fit to a line and, according to
the equation kobs = kinact[I]0/(1 + [S]/Km) the slope of the line corre-
sponds to kinact/(1 + [S]/Km), where [I0] is the initial concentration
of inactivator.36 The effects of added radical scavenging agents on
the observed rate constants for inactivation were determined as
described above and compared to control reactions containing no
dithiolethione. In experiments that examined remaining enzyme
activity following treatment with DTT or gel filtration, an aliquot
of enzyme was added to a quartz cuvette containing pNPP
(20 mM). The remaining catalytic activity was determined by mon-
itoring the rate release of p-nitrophenol at 410 nm.

4.3. Mass spectrometric analysis of inactivated PTP1B

After incubation, both solutions were passed through a Zeba
mini centrifugal buffer exchange column. To the resulting mix-
tures, sequence grade modified trypsin (50 lL of a 1 lg/50 lL solu-
tion in 50 mM ammonium bicarbonate) was added. The digestion
was incubated at 37 �C for 18 h then quenched with TFA (5 lL of
a 10% aqueous solution). An aliquot (20 lL) of each solution was
transferred to a microcentrifuge tube, frozen in liquid nitrogen,
and lyophilized to dryness. The residue was resuspended in water
(10 lL) and again lyophilized. The final dried sample was reconsti-
tuted in acetonitrile/water/88% formic acid (5 lL of 700/290/10 v/
v/v). For MALDI TOF/TOF MS analysis, a 0.6 lL portion of diluted
sample was mixed with an equal volume of a-cyano-4-hydroxy-
cinnamic acid (CHCA) matrix solution (5 mg CHCA/mL in 500/
455/20/25 (v/v/v/v) acetronitrile/water/10% TFA/400 mM aqueous
ammonium dihydrogen phosphate). Aliquots (0.4 lL) of the mix-
ture were deposited on a polished stainless steel target. Crystalliza-
tion of the mixture proceeded under ambient conditions. Mass
spectra were acquired on an Applied Biosystems Inc. 4700 MALDI
TOF/TOF mass spectrometer with a 355 nm Nd:YAG laser
(200 Hz) in the positive ion delayed extraction reflector MS mode.
The MS spectra (2000 laser shots summed/averaged) were ac-
quired over the mass range 700–4000 Da. Each MS spectrum was
re-calibrated internally using the masses (monoisotopic [M+H]+)
for the PTP1B tryptic fragments observed at 1366.675 Da ([13–
24]) and 2508.288 Da ([293–314]).
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