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Abstract: The human multidrug resistance P-glycoprotein (P-gp) uses ATP to transport a wide
variety of structurally unrelated cytotoxic compounds out of the cell. The relatively high expression
of P-gp in organs such as the intestine, kidney, blood-brain/testes barrier and in some tumor
cells can compromise chemotherapy treatments for patients with cancer or AIDS/HIV. It has
been difficult to inhibit P-gp during chemotherapy with noncovalent inhibitors because the
relatively high levels of inhibitors have severe side effects. An alternative approach to inhibit
P-gp would be to covalently modify cysteine residues within the NBDs. In this study, we tested
whether metabolites of disulfiram, a drug currently used to treat chronic alcoholism, could inhibit
P-gp. We show that the disulfiram metabolites, S-methyl N,N-diethylthiocarbamate sulfoxide
and S-methyl N,N-diethylthiocarbamate sulfone inhibited the verapamil-stimulated ATPase activity
of P-gp with IC50 values (concentrations that result in 50% inhibition of activity) of 9 and 4.8 µM,
respectively. Similarly, S-methyl N,N-diethylthiocarbamate sulfoxide and S-methyl N,N-dieth-
ylthiocarbamate sulfone inhibited the activity of aldehyde dehydrogenase with IC50 values of
3.2 and 1.7 µM, respectively. Inhibition of P-gp by the metabolites was not reversed by addition
of the reducing compound, dithiothreitol. We then determined which endogenous cysteine residue
was responsible for inhibiting P-gp activity after exposure to the disulfiram metabolites. Treatment
of P-gp mutants containing a single cysteine residue showed that inactivation was primarily
due to modification of Cys1074 in NBD2. These results indicate that metabolites of disulfiram
can covalently inactivate P-gp. Covalent modification of drug transporters could be a useful
approach for inhibiting their activities during chemotherapy.
Keywords: P-glycoprotein; aldehyde dehydrogenase; disulfiram; disulfiram metabolites; ATPase
activity; covalent inhibition

Introduction
Chemotherapy is the most effective treatment for meta-

static tumors and hematological malignancies. It is the

treatment of choice for patients who have cancers that do
not respond to surgery or radiation (about 50% of total cancer
cases). Unfortunately, cancer cells can develop resistance to
chemotherapeutic agents. A particular problem is the devel-
opment of multidrug resistance whereby cells selected for
resistance to a single drug also show cross-resistance to other
structurally diverse compounds with different intracellular
targets. Chemotherapy would be a more effective treatment
for cancer if the problem of drug resistance could be
overcome.

The first important protein implicated in the phenomenon
of multidrug resistance was P-gp,1 the product of the MDR1
(or ABCB1) gene.2,3 P-gp is an ATP-dependent drug efflux
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pump with a very broad drug specificity.4 It confers resistance
by pumping drugs out of the cell. P-gp is a member of the
ATP-binding cassette (ABC) family of transporters that
consists of 48 human members.5 While there are many causes
of multidrug resistance,6 there is ample evidence that
inhibition of P-gp would improve cancer chemotherapy.

Inhibitors of P-gp have been employed to try to improve
the effectiveness of chemotherapy. Inactivation of P-gp
should have no ill effects on patients, at least in the short
term, because studies on knockout mice show that the protein
is not essential.7 Very encouraging results were achieved in
retinoblastoma patients with the P-gp inhibitor cyclosporin
A. Use of short high-dose cyclosporin infusions at the same
time as vincristine achieved a high cure rate.8,9

There are limitations, however, in the P-gp inhibitors
developed to date. One problem is that many of the early
agents that reversed multidrug resistance were used at
concentrations that caused unacceptable toxicity.10,11Another
problem is that most inhibitors act by interfering with drug
binding. Potential problems are that (1) inhibition is revers-

ible; (2) inhibition may not be effective with a high-affinity
anticancer drug; (3) P-gp contains multiple binding sites12

so only a subset of transport sites may be blocked; (4)
substrate-induced conformational changes could reduce the
affinity of the inhibitor;13 and (5) P-gp modulators can induce
expression of the protein6,14 and enhance its maturation and
delivery to the cell surface.15

An alternative approach would be to irreversibly inhibit
P-gp by covalently modifying essential cysteines16 located
in the Walker A sites in the NBDs using disulfiram
metabolites. Disulfiram is an interesting compound because
it has been used for over 50 years to treat chronic alcohol-
ism.17 It inactivates aldehyde dehydrogenase (ADH) by
modification of an essential cysteine residue.18,19

We previously showed that disulfiram could inhibit P-gp
ATPase activity in vitro by reacting with cysteines in the
Walker A consensus sites for nucleotide binding.20 Disulfiram
reaction with P-gp in vivo, however, would be rapidly
reversed because of reduction of the disulfide bond by
glutathione in the cells. A similar situation exists for ADH.
The enzyme is inhibited by treatment with disulfiram, in vitro
but the inhibition is readily reversed or prevented by cellular
glutathione. The reason that disulfiram can inhibit ADH when
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administered to patients is that disulfiram is converted to
metabolites that can irreversibly react with thiol groups.
Disulfiram is rapidly metabolized in vivo toN,N-diethyl-
thiocarbamate and ultimately to the proposed active metabo-
lites of disulfiram: S-methylN,N-diethylthiocarbamate sul-
foxide (DETC-sulfoxide) andS-methyl N,N-diethylthiocar-
bamate sulfone (DETC-sulfone).21-23

In this study we tested whether P-gp could be permanently
inactivated by reaction with metabolites of disulfiram.

Experimental Section
Construction of Mutants. Wild-type P-gp cDNA was

modified to encode for a (His)10 tag to facilitate purification
of the protein by nickel-chelate chromatography.24 The
construction of an active Cys-less P-gp was done by replacing
the seven endogenous cysteines at positions 137, 431, 717,
956, 1074, 1125, and 1227 with alanines.25 P-gp mutants
containing only one endogenous cysteine were made as
described previously.16

Expression of P-gp Mutants and Measurement of
Verapamil-Stimulated ATPase Activities.To measure P-gp
ATPase activity in membranes, wild-type or mutant P-gp
cDNAs were introduced into a baculovirus vector and
recombinant virus was used to infect insect Sf9 cells as
described previously.16 Membranes from Sf9 cells infected
with recombinant or control baculovirus were prepared16 and
suspended in Tris-buffered saline (10 mM Tris-HCl, 150 mM
NaCl, pH 7.5 or 8.8) at a protein concentration of 1-2 mg/
mL. To test for inhibition by metabolites of disulfiram, the
membranes were incubated with various concentrations of
disulfiram, DETC-sulfoxide, or DETC-sulfone (synthesized
by Toronto Research Chemicals, Toronto, Ontario) for 30
min at 20 °C. Stocks of the disulfiram metabolites were
prepared in methanol. Verapamil-stimulated ATPase activity
was then determined by addition of an equal volume of buffer
containing 200 mM Tris-HCl, pH 7.5, 150 mM NaCl, 8 mM
EGTA, 4 mM ouabain, 20 mM sodium azide, 8 mM DTT,

20 mM MgCl2, 10 mM ATP and with or without 80µM
verapamil. Maximal drug-stimulated ATPase activity of P-gp
in Sf9 membranes is observed in the presence of 40µM
verapamil. The amount of inorganic phosphate liberated was
determined by the method of Chifflet et al.26

To determine whether metabolites of disulfiram were
substrates of P-gp, the mutant P-gps were isolated by nickel-
chelate chromatography, mixed with lipid, and assayed for
drug-stimulated ATPase activity. Fifty 10 cm diameter plates
of HEK 293 cells were transfected with histidine-tagged
wild-type or mutant P-gp cDNAs. After 24 h, the medium
was replaced with fresh medium containing 10µM cy-
closporin A. Cyclosporin A is a substrate of P-gp and acts
as a powerful specific chemical chaperone to enhance the
maturation and yield of the mutant P-gps.15,27The cells were
then harvested 24 h later and P-gp(His)10 was isolated by
nickel-chelate chromatography as described previously.24 The
isolated P-gps were mixed with an equal volume of 10 mg/
mL crude sheep brain phosphatidylethanolamine (type II-S,
Sigma) and sonicated. The samples were treated with
disulfiram or its metabolites and then assayed for verapamil-
stimulated ATPase activity by addition of an equal volume
of ATPase buffer containing 100 mM Tris-HCl, pH 7.5, 100
mM NaCl, 20 mM MgCl2, 10 mM ATP, and either no drug
or 2 mM verapamil. This concentration of verapamil caused
maximal stimulation of the ATPase activity of Cys-less P-gp
when reconstituted with lipid. The samples were incubated
for 30 min at 37°C, and the amount of inorganic phosphate
liberated was determined.26

Aldehyde Dehydrogenase Assay.Yeast ADH activity
was assayed by measuring the production of NADH during
oxidation of acetaldehyde.28 ADH from bakers’ yeast (Sigma-
Aldrich) was suspended in 0.1 M pyrophosphate buffer, pH
8.8 (20 units/mL) and desalted by being passed twice through
gel filtration columns (CENTRI.SPIN-20 columns, Princeton
Separations) that were equilibrated with 0.1 M pyrophosphate
buffer, pH 8.8. After treatment with or without various
concentrations of DETC-sulfoxide or DETC-sulfone, the
activity was measured by diluting the enzyme to 0.2 unit/
mL in a reaction mixture consisting of 65 mM pyrophos-
phate, pH 8.8, 25 mM KCl, 500µM NAD, and 125µM
acetaldehyde. The mixture was incubated at 25°C for 15
min and cooled on ice, and the amount of NADH produced
was determined by measurement of the absorbance at 340
nm.

(21) Hart, B. W.; Faiman, M. D. In vitro and in vivo inhibition of rat
liver aldehyde dehydrogenase by S-methyl N,N-diethylthiolcar-
bamate sulfoxide, a new metabolite of disulfiram.Biochem.
Pharmacol.1992, 43, 403-406.

(22) Madan, A.; Parkinson, A.; Faiman, M. D. Identification of the
human P-450 enzymes responsible for the sulfoxidation and
thiono-oxidation of diethyldithiocarbamate methyl ester: role of
P-450 enzymes in disulfiram bioactivation.Alcohol Clin. Exp. Res.
1998, 22, 1212-1219.

(23) Pike, M. G.; Mays, D. C.; Macomber, D. W.; Lipsky, J. J.
Metabolism of a disulfiram metabolite, S-methyl N,N-dieth-
yldithiocarbamate, by flavin monooxygenase in human renal
microsomes.Drug Metab. Dispos.2001, 29, 127-132.

(24) Loo, T. W.; Clarke, D. M. Rapid purification of human P-
glycoprotein mutants expressed transiently in HEK 293 cells by
nickel-chelate chromatography and characterization of their drug-
stimulated ATPase activities.J. Biol. Chem.1995, 270, 21449-
21452.

(25) Loo, T. W.; Clarke, D. M. Membrane topology of a cysteine-less
mutant of human P-glycoprotein.J. Biol. Chem.1995, 270, 843-
848.

(26) Chifflet, S.; Torriglia, A.; Chiesa, R.; Tolosa, S. A method for
the determination of inorganic phosphate in the presence of labile
organic phosphate and high concentrations of protein: application
to lens ATPases,Anal. Biochem.1988, 168, 1-4.

(27) Loo, T. W.; Clarke, D. M. Superfolding of the Partially Unfolded
Core-glycosylated Intermediate of Human P-glycoprotein into the
Mature Enzyme Is Promoted by Substrate-induced Transmem-
brane Domain Interactions.J. Biol. Chem.1998, 273, 14671-
14674.

(28) Bostian, K. A.; Betts, G. F. Kinetics and reaction mechanism of
potassium-activated aldehyde dehydrogenase from Saccharomyces
cerevisiae.Biochem. J.1978, 173, 787-798.

articles Loo et al.

428 MOLECULAR PHARMACEUTICS VOL. 1, NO. 6



Results

Disulfiram is used in aversion therapy for chronic alcohol-
ism because it causes inhibition of ADH activity.18 Inhibition
of ADH in vivo likely involves a metabolite of disulfiram
because maximal inhibition in rats occurs 8 h after admin-
istration.29 In addition, treatment of rats with cytochrome
P450 inhibitors prior to disulfiram administration blocks
inhibition of ADHs.30 Disulfiram is rapidly metabolized
following administration, and the important metabolites that
inhibit ADH have been identified (Figure 1).31

The clinically important metabolites of disulfiram are
S-methyl N,N-diethylthiocarbamate sulfoxide (DETC-sul-
foxide) and S-methyl N,N-diethylthiocarbamate sulfone
(DETC-sulfone) (Figure 1). The DETC-sulfoxide and DETC-
sulfone metabolites of disulfiram appear to be responsible
for in vivo inhibition of ADH.32-34 These metabolites inhibit
ADH by carbamoylating a critical cysteine (Cys302 in rat
mitochondrial ADH).19,35

Wild-type P-gp has seven endogenous cysteines at posi-
tions 137, 431, 717, 956, 1074, 1125, and 1227. Therefore,
we determined whether DETC-sulfoxide or DETC-sulfone
could inhibit the activity of P-gp through reaction with
endogenous cysteines. Relatively high levels of P-gp can be
obtained by expressing recombinant baculovirus containing
P-gp cDNA in insect Sf9 cells.36 The membranes prepared
from infected Sf9 cells contain enough P-gp that drug-
stimulated ATPase activity can be determined without
purification of P-gp. Accordingly, membranes were prepared
from Sf9 insect cells infected with recombinant wild-type
or Cys-less P-gp. We previously showed that Cys-less P-gp
in which all seven endogenous cysteines were mutated to
alanines was still active.25 The membranes were then treated
with various concentrations (0-200µM) of DETC-sulfoxide
or DETC-sulfone for 30 min at 20°C and then assayed for
verapamil-stimulated ATPase activity. Verapamil-stimulated
ATPase activity was measured because drug binding to P-gp
is coupled to ATPase activity,37 and there is a good
correlation between ATPase activity and turnover of drug

(29) Yourick, J. J.; Faiman, M. D. Comparative aspects of disulfiram
and its metabolites in the disulfiram-ethanol reaction in the rat.
Biochem. Pharmacol.1989, 38, 413-421.
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(31) Erve, J. C.; Jensen, O. N.; Valentine, H. S.; Amarnath, V.;
Valentine, W. M. Disulfiram generates a stable N,N-diethylcar-
bamoyl adduct on Cys-125 of rat hemoglobin beta-chains in vivo.
Chem. Res. Toxicol.2000, 13, 237-244.
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istry 1997, 36, 13748-13754.
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Biol. Interact.2001, 130-132, 81-91.
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Figure 1. Metabolism of disulfiram. The predicted metabolic
pathway of disulfiram is shown.31,51 Disulfiram is reduced in
the bloodstream to diethyldithiocarbamate. Diethyldithiocar-
bamate is then methylated by thiol methyltransferase or
thiopurine methyltransferase to yield methyl diethyldithiocar-
bamate, which is then oxidized by cytochrome P450s to give
methyl diethylthiocarbamate. Further oxidation by cytochrome
P450s would yield methyl diethylthiocarbamate sulfoxide
(DETC-sulfoxide) and methyl diethylthiocarbamate sulfone
(DETC-sulfone).
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substrates during P-gp transport.38 Yeast ADH (Sigma-
Aldrich) was also treated with DETC-sulfoxide or DETC-
sulfone for 30 min at 20°C and served as controls for
determining whether the conditions used were optimal for
inhibition of activity. The activity of yeast ADH was
determined by measuring the reduction of NAD+ during
oxidation of acetaldehyde to acetic acid.28 Figure 2A shows
the results obtained with DETC-sulfone. DETC-sulfone
inhibited the activity of ADH with an IC50 of 1.7 µM and
indicated that the conditions chosen were optimal. The
ATPase activity of wild-type P-gp was also inhibited by
DETC-sulfone (IC50 of 4.8µM). By contrast, the activity of
Cys-less P-gp was not inhibited by DETC-sulfone since the
enzyme retained more than 95% of its activity even after
exposure to 200µM DETC-sulfone. Similar results were
obtained with DETC-sulfoxide (Figure 2B). The activities
of wild-type P-gp and ADH were inhibited by DETC-

sulfoxide with IC50 values of 9.0 and 3.2µM, respectively.
DETC-sulfoxide did not affect the activity of Cys-less P-gp
because more than 95% of the ATPase activity was retained
after exposure to 200µM DETC-sulfoxide (Figure 2B).

Disulfiram can inhibit P-gp or ADH by reacting with
individual cysteine residues or by cross-linking endogenous
cysteines.20,35,39-41 Therefore, we tested whether DETC-
sulfoxide or DETC-sulfone could cross-link P-gp. Cross-
linking between cysteine residues in P-gp is readily detected
because the cross-linked protein migrates with lower mobility
than the 170 kDa mature P-gp in SDS-PAGE gels.42,43 To
obtain relatively high levels of mature 170 kDa P-gp,
expression was carried out in HEK 293 cells. Membranes
were prepared from HEK 293 cells expressing wild-type or
Cys-less P-gp and treated for 10 min at 37°C with (0.1 or
1 mM) disulfiram. The samples were solubilized with SDS
sample buffer and subjected to immunoblot analysis. Figure
3A shows that treatment of wild-type P-gp with disulfiram
resulted in a band that migrated with lower electrophoretic
mobility than the 170 kDa P-gp. This cross-linked product
was not detected when Cys-less P-gp was treated with
disulfiram (Figure 3B). These results are consistent with
those reported by Sauna et al.39 Membranes containing wild-
type P-gp were then treated with (0.1 or 1 mM) DETC-
sulfoxide or DETC-sulfone. Figure 3C,D shows that cross-
linked product was not detected when wild-type P-gp was
treated with DETC-sulfoxide or DETC-sulfone. These results
show that DETC-sulfoxide and DETC-sulfone likely inhibit
P-gp by covalently modifying one or more endogenous
cysteine residues and not by cross-linking of endogenous
cysteine residues.

We then determined whether inhibition of wild-type P-gp
by DETC-sulfoxide and DETC-sulfone was through modi-
fication of one or more endogenous cysteine residues.
Accordingly, histidine-tagged wild-type P-gp, Cys-less P-gp,
and Cys-less P-gp containing a single endogenous cysteine
(positions 137, 431, 717, 956, 1074, 1125, or 1227) were

(38) Ambudkar, S. V.; Cardarelli, C. O.; Pashinsky, I.; Stein, W. D.
Relation between the turnover number for vinblastine transport
and for vinblastine-stimulated ATP hydrolysis by human P-
glycoprotein.J. Biol. Chem.1997, 272, 21160-21166.
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cassette transporters MDR1 (ABCB1) and MRP1 (ABCC1).Mol.
Pharmacol.2004, 65, 675-684.

(40) Veverka, K. A.; Johnson, K. L.; Mays, D. C.; Lipsky, J. J.; Naylor,
S. Inhibition of aldehyde dehydrogenase by disulfiram and its
metabolite methyl diethylthiocarbamoyl-sulfoxide.Biochem. Phar-
macol.1997, 53, 511-518.

(41) Vallari, R. C.; Pietruszko, R. Human aldehyde dehydrogenase:
mechanism of inhibition of disulfiram.Science1982, 216, 637-
639.

(42) Loo, T. W.; Clarke, D. M. Drug-stimulated ATPase activity of
human P-glycoprotein is blocked by disulfide cross-linking
between the nucleotide-binding sites.J. Biol. Chem.2000, 275,
19435-19438.

(43) Urbatsch, I. L.; Gimi, K.; Wilke-Mounts, S.; Lerner-Marmarosh,
N.; Rousseau, M. E.; Gros, P.; Senior, A. E. Cysteines 431 and
1074 are responsible for inhibitory disulfide cross-linking between
the two nucleotide-binding sites in human P-glycoprotein.J. Biol.
Chem.2001, 276, 26980-26987.

Figure 2. Inhibition of wild-type and Cys-less P-gp and ADH
by DETC-sulfoxide or DETC-sulfone. ADH or membranes
prepared from Sf9 cells expressing wild-type or Cys-less P-gp
were incubated for 30 min at 20 °C in the presence or absence
of various concentrations of DETC-sulfone (A) or DETC-
sulfoxide (B). The activities of the ADH samples were
determined by measuring the production of NADH during
oxidation of acetaldehyde. The P-gp activities were deter-
mined by assaying for verapamil stimulation of ATPase
activity. The activities are expressed relative to the sample
that was not treated with DETC-sulfone or DETC-sulfoxide.
Each value is the average of triplicate measurements.
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expressed in HEK 293 cells, isolated by nickel chromatog-
raphy, and assayed for verapamil-stimulated ATPase activity
in the presence of lipid. In agreement with earlier studies,16,25

we found that Cys-less P-gp and the single cysteine mutants
retained about 70% of the verapamil-stimulated ATPase
activity of wild-type enzyme (Figure 4A). The isolated P-gps
were then treated with 200µM DETC-sulfoxide or DETC-
sulfone and then assayed for verapamil-stimulated ATPase
activity. Figure 4B shows the effect of DETC-sulfoxide or
DETC-sulfone on the verapamil-stimulated ATPase activity
of wild-type P-gp, Cys-less P-gp, and the single cysteine
mutants (Figure 4B) relative to a sample that was not treated
with the disulfiram metabolite. The ATPase activity of wild-
type P-gp was inhibited by more than 90% by DETC-
sulfoxide or DETC-sulfone, while that of Cys-less P-gp was
unaffected by these metabolites. The activity of Cys-less P-gp
mutant containing endogenous cysteine C1074 in NBD2 was
particularly sensitive to inhibition by both DETC-sulfoxide
and DETC-sulfone (Figure 4B). By contrast, the activity of
P-gp mutant C431 (in NBD1) was not inhibited by DETC-
sulfone and was inhibited only slightly (about 20%) by
DETC-sulfoxide. The activities of other Cys-less P-gp
mutants with endogenous cysteines at positions 137, 717,
956, 1125, or 1227 were not inhibited by DETC-sulfoxide
or DETC-sulfone (Figure 4B).

We then tested whether inhibition of wild-type P-gp
activity by disulfiram, DETC-sulfoxide, or DETC-sulfone
could be reversed with the reducing agent, dithiothreitol
(DTT). Histidine-tagged wild-type P-gp was treated with
disulfiram, DETC-sulfoxide, or DETC-sulfone followed by

exposure to 20 mM DTT at pH 7.5 or 8.8. The samples were
treated at these pHs because inhibition of ADH by DETC-
sulfone has been reported to be reversible by DTT at pH
8.8 but not at pH 7.5.40 The ADH and wild-type P-gp
activities were strongly inhibited by disulfiram, DETC-
sulfoxide, or DETC-sulfone (Figure 5A). The samples treated
with disulfiram, DETC-sulfoxide, or DETC-sulfone were
then treated with DTT at pH 7.5 or pH 8.8, and activity was
determined. Figure 5B shows that the activity of both ADH
and P-gp after treatment with disulfiram could be reversed
at pH 7.5 or 8.8. The inhibitory effects of DETC-sulfoxide
or DETC-sulfone on ADH activity could be reversed when
the samples were exposed to DTT at pH 8.8 but not at pH
7.5. By contrast, inhibition of P-gp activity by DETC-
sulfoxide or DETC-sulfone could not be reversed by DTT
at either pH.

Inhibition of P-gp by DETC-sulfoxide or DETC-sulfone
differs from that by disulfiram because modification of the

Figure 3. Disulfide cross-linking of P-gp. Membranes pre-
pared from HEK 293 cells expressing wild-type or Cys-less
P-gp were treated with 0, 0.1, or 1 mM disulfiram, DETC-
sulfoxide, or DETC-sulfone for 10 min at 37 °C. Samples were
solubilized with SDS sample buffer and then subjected to
immunoblot analysis with rabbit polyclonal antibodies against
P-gp52 followed by enhanced chemiluminescence (Pierce,
Rockford, IL.). The positions of mature (170 kDa) and cross-
linked (X-link) P-gp are indicated. Figure 4. Inhibition of P-gp cysteine mutants. Histidine-

tagged wild-type P-gp, Cys-less P-gp, or Cys-less P-gp
mutants containing an endogenous cysteine at positions 137,
431, 717, 956, 1074, 1125, or 1227 were expressed in HEK
293 cells and isolated by nickel-chelate chromatography. (A)
The isolated P-gps were mixed with lipid and assayed for
verapamil-stimulated ATPase activity. (B) Samples were then
treated with 200 µM DETC-sulfoxide, 200 µM DETC-sulfone,
or no metabolites for 30 min at 20 °C. The samples were then
assayed for verapamil-stimulated ATPase activity. Each value
is the average of triplicate assays. The ATPase activity (%)
is expressed relative to that of a sample not treated with
DETC-sulfoxide or DETC-sulfone.
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cysteine residues was not reversed by DTT. Another differ-
ence between inhibition by the metabolites DETC sulfoxide/
sulfone and by disulfiram is that both metabolites (0-1 mM)
did not stimulate the ATPase activity or inhibit the verapamil-
stimulated ATPase activity of Cys-less P-gp (data not
shown). By contrast, disulfiram stimulated (8-fold) the
ATPase activity of Cys-less P-gp.20 These results show that
DETC-sulfoxide and DETC-sulfone are not substrates of
P-gp.

Discussion
Disulfiram is a particularly interesting inhibitor of P-gp

because of the numerous ways it can inhibit the protein’s

ability to confer drug resistance. First, the presence of
disulfiram during synthesis of P-gp inhibits maturation of
the protein.20 Second, disulfiram is a substrate of P-gp so it
can act as a competitive inhibitor for drug binding and
transport.20,39Finally, disulfiram can inhibit P-gp by directly
reacting with either cysteine within the Walker A sites for
ATP-binding or promoting cross-linking between these two
cysteines.20,39 Unfortunately, these types of inhibition can
be readily reversed by dilution of the enzyme or incubation
in the presence of thiol reducing agents such as glutathione.
Indeed, permanent inactivation of wild-type P-gp was not
observed when it was isolated from NIH 3T3 or HEK 293
cells that had been treated with disulfiram for 24 h
(unpublished observations). Therefore, it is unlikely that
inhibition by disulfiram reported in earlier in vivo studies
with HEK 29320 or NIH 3T3 cells39 was due to reaction with
disulfiram metabolites because neither of these cell lines
expresses the required cytochrome P450s needed to convert
disulfiram to its metabolites.44,45 Inhibition of P-gp by the
disulfiram metabolites DETC-sulfoxide or DETC-sulfone
reported in this study, however, has the advantage of being
irreversible under normal cellular conditions.

Inactivation of ADH during aversion therapy in chronic
alcoholism likely involves carbamoylation of an essential
cysteine. Treatment of rat mitochondrial ADH in vitro with
DETC-sulfoxide followed by proteolysis and mass spec-
trometry showed that inhibition of activity was due to
carbamoylation of Cys302.35,46Similar findings were reported
when mitochondrial ADH was isolated from rats that had
been administered disulfiram.19,47Like ADH, we found that
inhibition of P-gp with either DETC-sulfoxide or DETC-
sulfone was mainly due to modification of one particular
cysteine, Cys1074 in NBD2 (Figure 6). It has been shown
that modification of only one of the Walker A cysteines with
N-ethylmaleimide16,48 or with disulfiram20 was sufficient to
inactivate P-gp. A difference between carbamoylation of
Cys302 in rat ADH and Cys1074 of P-gp was that the
reaction was not reversible when modified P-gp was
incubated with DTT at pH 8.8. It has been shown that
carbamoylation of rat ADH can be reversed when the

(44) De Groene, E. M.; Nijmeijer, S. M.; Horbach, G. J.; Witkamp,
R. F. Tiamulin inhibits human CYP3A4 activity in an NIH/3T3
cell line stably expressing CYP3A4 cDNA.Biochem. Pharmacol.
1995, 50, 771-773.

(45) Santos, A.; Zanetta, S.; Cresteil, T.; Deroussent, A.; Pein, F.;
Raymond, E.; Vernillet, L.; Risse, M. L.; Boige, V.; Gouyette,
A.; Vassal, G. Metabolism of irinotecan (CPT-11) by CYP3A4
and CYP3A5 in humans.Clin. Cancer Res.2000, 6, 2012-2020.

(46) Shen, M. L.; Johnson, K. L.; Mays, D. C.; Lipsky, J. J.; Naylor,
S. Identification of the protein-drug adduct formed between
aldehyde dehydrogenase and S-methyl-N,N-diethylthiocarbamoyl
sulfoxide by on-line proteolytic digestion high performance liquid
chromatography electrospray ionization mass spectrometry.Rapid
Commun. Mass Spectrom.2000, 14, 918-923.

(47) Lipsky, J. J.; Shen, M. L.; Naylor, S. In vivo inhibition of aldehyde
dehydrogenase by disulfiram.Chem. Biol. Interact.2001, 130-
132, 93-102.

Figure 5. Effect of DTT and pH on the activity of P-gp or
ADH treated with disulfiram or its metabolites. (A) Isolated
histidine-tagged wild-type P-gp was mixed with lipid and
sonicated. Both P-gp and ADH were then incubated with no
additions (Untreated) or with 200 µM disulfiram (Dis), DETC-
sulfoxide (Sulfoxide), or DETC-sulfone (Sulfone) for 30 min
at 20 °C in TBS pH 8.8. The ADH activity and verapamil-
stimulated P-gp ATPase activities of the treated samples were
determined. (B) The P-gp and ADH samples treated with no
additions (Untreated) or with 200 µM disulfiram (Dis), DETC-
sulfoxide (Sulfoxide), or DETC-sulfone (Sulfone) were then
diluted 10-fold into 100 mM Tris-HCl, pH 7.5 or 8.8 containing
20 mM DTT. After 10 min at 20 °C, the activities of the
enzymes were measured. Each value is the average of
duplicate assays and is expressed relative to that of an
untreated sample.
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modified enzyme was incubated in the presence of DTT at
pH 8.8.40 The product of carbamoylation of P-gp, however,
resembles the stable carbamoyl adduct formed with Cys125
of rat hemoglobinâ-chain after treatment with DETC-
sulfoxide.31 It was found that carbamoylation of rat hemo-
globin could not be reversed by DTT at pH 8.5 or 10.5 at
37 °C or 56°C.

An interesting observation was that Cys1074 (in NBD2)
was more reactive than C431 (in NBD1) to DETC-sulfoxide
or DETC-sulfone even though both cysteines are located at

equivalent positions within the Walker A sequences. Cysteine
1074 has also been reported to be more sensitive to
modification by other thiol-reactive compounds such as
N-ethylmaleimide16 and disulfiram.20 Cys1074 is more reac-
tive than Cys431 because it may be more accessible to the
thiol-reactive compounds or the pKa values of the thiol groups
are different. In addition, the Cys431 in the Walker A
sequences in NBD1 (GNSGCGKS) and Cys1074 in NBD2
(GSSGCGKS) have slightly different neighboring residues,
and this may be related to the fact that the two ATP-binding
sites are not symmetric.16,49,50

The results of this study show that both metabolites of
disulfiram (DETC-sulfoxide or DETC-sulfone) can perma-
nently inactivate P-gp. Therefore, development of covalent
inhibitors could represent a novel method for inactivating
drug transporters.
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P-gp, P-glycoprotein; ADH, aldehyde dehydrogenase;
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N,N-diethylthiocarbamate sulfone; DTT, dithiothreitol; HEK,
human embryonic kidney; NBD1, first nucleotide-binding
domain; NBD2, second nucleotide-binding domain; SDS-
PAGE, sodium dodecyl sulfate polyacrylamide gel electro-
phoresis.
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Figure 6. Model of inhibition of P-gp by DETC-sulfone. P-gp
functions as a drug pump to extract drug substrates out of
the membrane and then transports the drugs back out of the
cell. Transport requires ATP hydrolysis at both NBDs.16

Exposure of P-gp to the disulfiram metabolite DETC-sulfone
causes permanent inactivation through carbamoylation of
Cys1074 in NBD2. Cys1074 is depicted as being more
reactive with DETC-sulfone than Cys431. Drug substrates are
likely to still bind to P-gp because the NBDs are not required
for drug binding. A P-gp deletion mutant lacking both NBDs
can still bind drug substrate.53 Drug transport is blocked when
modification of only one cysteine in a Walker A site prevents
ATP hydrolysis at both sites.
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