




tract was separated by SDS-PAGE and analyzed by Western blotting using
custom-made polyclonal antibodies raised in rabbits against purified M.
tuberculosis multicopper oxidase (MmcO) (35).

RESULTS
Copper complex formation by disulfiram and its major metab-
olite, DETC. In contrast to many other dithiocarbamates and the
prevailing opinion, disulfiram itself is a very poor metal chelator
(36). The metal-complexing ability of disulfiram lies in the reduc-
tion of its disulfide bond, producing two molecules of diethyldi-
thiocarbamate (DETC) (Fig. 1A), which is a very strong metal
binder and subsequently coordinates copper or other divalent
metal ions (37). In comparison to other bivalent transition metals,
the reduction of disulfiram to DETC in the presence of copper
ions is reasonably fast, producing the characteristic CuII(DETC)2

complex with its typical yellow/brownish color well within 1 h
when disulfiram and copper ions are mixed together (Fig. 1B) or
immediately if DETC is used instead (Fig. 1C). The Irving-Wil-
liams series describes the general stability of ligand complexes
with first-row transition metal ions, predicting that copper gener-
ally forms the most stable complexes (38). Although DETC is also
capable of coordinating a variety of other bivalent transition met-
als, including FeII, NiII, MnII, and CoII, as indicated by the distinc-
tive and instantaneous change in color upon mixing (Fig. 1C) [the
ZnII(DETC)2 complex is a colorless exception], copper complexes
are in fact the most stable (39). Furthermore, the physiological
transition metal ions neither interfered with the copper-mediated
reduction of disulfiram nor did their presence prevent the forma-
tion of the characteristic yellow CuII(DETC)2 complex with an
absorption peak at �435 nm, indicating that metal ions present in

the growth medium used would not interfere with the formation
and stability of the disulfiram-copper complex.

Antimycobacterial properties of disulfiram are copper de-
pendent and copper specific. We discovered the copper-depen-
dent antimycobacterial properties of disulfiram in a small-scale
pilot drug screen for compounds with copper-dependent antimy-
cobacterial properties that was conducted on M. smegmatis, a
well-established surrogate organism for M. tuberculosis. By con-
structing a dose-response curve, we confirmed that disulfiram was
completely inactive on M. smegmatis under copper-depleted
growth conditions but was an excellent growth inhibitor in the
presence of copper with a 90% inhibitory concentration (IC90) of
0.6 �M (Fig. 2A). Disulfiram had an IC90 of 0.3 �M against M.
tuberculosis mc26230 (�RD1 �panCD; avirulent, biosafety level 2
[BSL2] classified derivative of M. tuberculosis H37Rv) (Fig. 2B)
and M. tuberculosis H37Rv (virulent wild type) (Fig. 2C) and
reached its maximum potency in the presence of only 0.3 �M copper
(Fig. 2D). The equimolar stoichiometry between copper and disul-
firam is consistent with the formation of a CuII(DETC)2 complex.

As mentioned above, the reduction of disulfiram to DETC in
the presence of other transition metals, including ZnII, FeII, CoII,
MnII, and NiII, is unfavorable as evidenced by the lack of a color
change upon addition of these metals to disulfiram (Fig. 1B).
Hence, we used DETC, the natural in vivo metabolite of disul-
firam, to generate complexes with FeII, MnII, and NiII and pur-
chased the colorless ZnII(DETC)2 complex from a commercial
source (Sigma-Aldrich). None of these alternative metal com-
plexes elicited a noteworthy growth inhibitory activity against M.
tuberculosis (Fig. 3A).

FIG 2 Copper-dependent activity of disulfiram on mycobacteria. Disulfiram (DSF) exhibited strong, copper-dependent inhibitory effects on all mycobacterial
strains tested, including M. smegmatis SMR5 (A), M. tuberculosis mc26230 (B), and M. tuberculosis H37Rv (C), at submicromolar concentrations. (D) A copper
titration using 0.3 �M DSF exhibited complete inhibitory activity at a stoichiometrically equal concentration of 0.3 �M copper, indicating a synergistic
interaction between both disulfiram and copper ions.
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We also found that in the presence of copper, disulfiram is
bactericidal on M. tuberculosis at 0.3 �M, while disulfiram itself or
the Zn complex has no such activity (Fig. 3B). Interestingly, addi-
tion of copper ions to the Zn complex killed M. tuberculosis as
efficiently as the disulfiram-copper mix (Fig. 3B), suggesting that
the copper complex forms even in the presence of zinc, which is
the most abundant transition metal in the human body (40). Our
spectrophotometric analysis of the ZnII(DETC)2-copper mix con-
firmed the replacement of ZnII by copper ions and the subsequent
formation of a CuII(DETC)2 complex (Fig. 3C). These data are
consistent with the much greater affinity of DETC for copper than
for Zn (39). Additionally, bathocuproine (BCS), a very strong
membrane-impermeable copper chelator, completely inhibited
disulfiram’s antibacterial activity in the presence of copper (Fig.
3D), indicating that complexation is necessary for activity. Alter-
natively, this phenotype could result from disulfiram inhibiting
bacterial copper homeostasis systems, as BCS chelation of copper
would prevent toxicity being realized through generalized copper
overload mechanisms, although this seems unlikely. Multiple
groups have extensively analyzed copper homeostasis mutants of
M. tuberculosis, but such extreme susceptibility to only 0.3 �M Cu
as we see with disulfiram (Fig. 2D) had never been reported (35,
41–45). Thus, it appears that the physical interaction of disulfiram

or DETC with copper ions is a critical event for the antimycobac-
terial effects to take place.

The disulfiram-copper complex is bactericidal on replicating
and nonreplicating M. tuberculosis cells. While treatment of ac-
tive M. tuberculosis infection has been complicated by the devel-
opment of drug-resistant strains, the intrinsic drug resistance phe-
notype of persistent M. tuberculosis infections poses a huge
challenge to TB drug development. During latency, M. tuberculo-
sis persists in a nutrient-deprived but copper-rich environment
and consequently rarely undergoes cell division, which contrib-
utes to the increased tolerance of latent M. tuberculosis to current
anti-M. tuberculosis drugs (41, 46). For those reasons, drugs with
the ability to sterilize M. tuberculosis in copper-rich in vivo envi-
ronments and kill latent M. tuberculosis would be highly desirable
(47). Therefore, we investigated the bactericidal properties of dis-
ulfiram in the presence of copper on replicating and nongrowing
M. tuberculosis using a previously published and characterized
starvation model of M. tuberculosis, which mimics dormant cells
(28, 29). To induce starvation, M. tuberculosis mc26230 was cul-
tured for 6 weeks in PBS buffer containing 0.02% tyloxapol. These
cells were then treated with disulfiram in the presence and absence
of copper ions for up to 8 days. Every 2 days, a 5-�l sample aliquot
was transferred onto Middlebrook 7H10 solid medium to evaluate

FIG 3 Copper-dependent antimycobacterial effects of disulfiram. (A) Against M. tuberculosis mc26230, DETC displayed significant antimycobacterial effects
only in the presence of CuII, but not if other tested physiologically relevant transition metals (CoII, FeII, NiII, MnII, or ZnII) were provided instead. (B) A
commercially obtained zinc-DETC complex had no inhibitory activity against M. tuberculosis mc26230, but the addition of copper to the ZnII(DETC)2 complex
resulted in an inhibition profile identical to that for disulfiram in the presence of copper. (C) A CuII(DETC)2 complex has a spectrophotometric peak at �435
nm; complex formation was observed even when commercially purchased ZnII(DETC)2 was used as the DETC source, indicating that copper can outcompete
other complexed metals. Control spectra, consisting of DMSO, copper, and DETC alone, as well as the ZnII(DETC)2 complex in the absence of copper, are
displayed; none displayed absorbance over the given spectrum. (D) While M. tuberculosis mc26230 is susceptible to as little as 0.3 �M disulfiram in 0.3 �M Cu
(Fig. 2D), addition of 10 �M bathocuproine (BCS), a membrane-impermeable copper chelator, completely ablates activity.
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bacterial survival. Growth on plates was permitted for 16 days at
37°C. Rifampin was included as a control. In these experiments,
we found that disulfiram at concentrations of 2.5 �M was able to
kill nongrowing M. tuberculosis in the presence of copper (10 �M)
(Fig. 4), while replicating cells were, as expected, susceptible to 0.3
�M disulfiram in the presence of copper. No killing was observed
on either cell type in the absence of copper (Fig. 4).

Taken together, our data suggest that both replicating and
nonreplicating M. tuberculosis cells are highly susceptible to disul-
firam and its major metabolite, DETC, at concentrations that are
achievable in vivo (48).

Disulfiram-copper complex inhibits luciferase activity in the
cytoplasm and penetrates the mycobacterial cell envelope in a
porin-independent manner. As the specific intracellular targets
of the disulfiram-copper complex in mycobacteria are still un-
known, we developed a luciferase reporter assay to demonstrate
the potential of the copper complex to act upon intracellular tar-
gets. Although the precise mechanism of inhibition is still un-
known, Vibrio harveyi luciferase contains a critical cysteine in its
alpha chain, vulnerable to thiol-directed attacks (49). Given that
both disulfiram and copper have affinity for thiol groups (50–52),
we reasoned that the complex may target the critical cysteine,
thereby inactivating the enzyme. We expressed V. harveyi lucifer-
ase from pML775 in M. smegmatis. We found that luciferase ac-
tivity in lysates of M. smegmatis is highly susceptible to the disul-
firam-copper complex but stable when challenged with an
equivalent amount of copper ions or disulfiram alone (Fig. 5A).
We then conducted the same experiment on whole cells express-
ing luciferase from pML775. Incubation with copper or disulfiram
alone did not affect luciferase activity. However, combining dis-
ulfiram and copper resulted in a �85% decrease in luciferase ac-
tivity (Fig. 5A). Inhibition of the cytoplasmic luciferase activity in
whole cells is therefore indicative of the ability of the copper com-
plex to effectively penetrate the mycobacterial cell envelope.

There are two primary pathways by which most antibiotics
cross the mycobacterial outer membrane: hydrophobic antibiot-
ics directly diffuse through the lipid layers, while hydrophilic mol-

ecules utilize porins to enter the cell (53). The literature indicates
that disulfiram and CuII(DETC)2 are highly lipophilic (54), which
suggests that they cross the highly hydrophobic mycobacterial
outer membrane in a porin-independent manner. To experimen-
tally determine whether the uptake of the disulfiram-copper com-
plex is a porin-independent process, we treated the triple-porin
mutant of M. smegmatis, ML16, and the wild type with disulfiram
in the presence or absence of copper. The use of ML16 for this
purpose was previously validated by several studies (55–57). We

FIG 4 Disulfiram is active on nonreplicating M. tuberculosis when copper ions
are present. Disulfiram at 0.3 �M and copper at 10 �M kill actively replicating
M. tuberculosis mc26230 after 3 days of incubation, with 12 �M rifampin (RIF)
shown as the bactericidal control. Nonreplicating bacilli were generated by
incubating bacteria in PBS for 8 weeks; they were then exposed to the same
conditions as the replicating bacilli. While 0.3 �M disulfiram was unable to
inhibit growth after 3 days, 2.5 �M disulfiram, when acting in concert with 10
�M copper, was able to completely kill M. tuberculosis.

FIG 5 CuII(DETC)2 is able to pass through lipid membranes and inhibits
intracellular targets. (A) Luciferase activity is sensitive to DETC-copper com-
plex in lysed and whole cells of M. smegmatis SMR5. Luciferase was expressed
from the mycobacterial vector pML775. Cu and DETC were provided at 0.3
�M and 0.6 �M, respectively. (B) The CuII(DETC)2 complex enters cells in a
porin-independent manner, with no appreciable difference in inhibition be-
tween M. smegmatis SMR5 (wild type) and ML16 (�mspA �mspC �mspD).
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found that the susceptibility of the triple-porin mutant to disul-
firam in the presence of copper was similar to that of the wild type
(Fig. 5B) despite the 15-fold differential in the numbers of outer
membrane porin channels (31) and the much greater copper tol-
erance of ML16 (56). This result strongly suggests that CuII

-

(DETC)2 uptake occurs in a porin-independent fashion. A similar
conclusion can be reached from the comparison of the inhibitory
concentrations between M. smegmatis and M. tuberculosis (Fig. 2).
Both strains have comparable susceptibilities to CuII(DETC)2 de-
spite the up to 40-fold lower membrane permeability of M. tuber-
culosis for small and hydrophilic solutes (58).

Disulfiram potentiates intracellular copper stress without
increasing the total cellular copper content. As copper ions are
crucial for disulfiram’s antibacterial properties, we analyzed the
potential of the disulfiram-copper complex to induce a copper-
dependent stress response. Several known copper homeostasis
and resistance genes in M. tuberculosis are controlled by RicR
(rv0190), a transcriptional repressor that enables gene expression
in response to a rising intracellular copper content (59). Part of the
RicR regulon is mmcO, which encodes a recently characterized
periplasmic multicopper oxidase (35, 42). It was previously dem-
onstrated that MmcO expression is dependent on the copper con-
tent of the medium. If the disulfiram-copper complex CuII

-

(DETC)2 is capable of interfering with intracellular copper
homeostasis, expression of mmcO should be induced. Direct
Western blot analysis of M. tuberculosis mc26230-derived protein
extracts revealed a significant increase in the MmcO protein after
treatment with the disulfiram-copper complex within only 24 h of
administration of the compound (Fig. 6A), while treatment with
the individual components (copper or disulfiram) at appropriate
concentrations failed to do so.

A previously reported property of copper complexes is the
shuttling of copper ions into the cell by bypassing the normal
homeostatic machinery and overloading the cell through in-
creased concentrations of intracellular copper (60). To examine
whether or not disulfiram acted in this manner, we subjected
treated cultures to inductively coupled plasma mass spectrometry
(ICP-MS) analysis, as well as the Phen Green FL assay, which we
previously used with Staphylococcus aureus (24). Phen Green FL is
taken up by cells and fluoresces, unless quenched by copper ions.
Therefore, decreased fluorescence reflects an increase in accessible
cellular copper. ICP-MS analysis showed no increase in the intra-
cellular copper content of the disulfiram-copper-treated samples
compared to copper-only treatment (Fig. 6B). However, when
Phen Green FL was used to evaluate the properties of the intracel-
lular copper pool, fluorescence quenching was observed in the
DETC-Cu-treated sample as opposed to the copper-only group
(Fig. 6C), indicating an increase in the labile pool of copper ions
that are accessible to the dye. Together these data suggest that
while the disulfiram-copper complex does not raise the total cop-
per content of M. tuberculosis, the presence of disulfiram allows
copper ions to stray from the proper intracellular copper handling
and sequestration pathways, thereby inducing a RicR-dependent
copper stress response in a concentration-dependent manner. In
contrast to their sequestrated counterparts, these erratic copper
ions may interfere with crucial cellular enzyme activities that, in
the absence of disulfiram/DETC, are well protected by the cellular
copper homeostasis and resistance machinery.

DISCUSSION

Disulfiram has been clinically prescribed for alcohol abuse for well
over 60 years (25). Intensive research and numerous clinical stud-
ies established disulfiram as a safe drug lacking significant side
effects. More recently, an extensive spectrum of potentially ex-
ploitable bioactivities beyond its initial clinical application has
established disulfiram as an attractive candidate for multiple drug
repositioning efforts (11, 12, 61–63). One of disulfiram’s most
promising traits is the ability to selectively target certain types of
cancer, which is partially attributable to its ability to form a copper
complex that inhibits proteasome functions (64, 65).

The antibacterial properties of disulfiram are less well studied,
possibly because it was found to inhibit only a few select pathogens
and only at in vitro concentrations much higher than those that
can be achieved in humans. Nevertheless, in vivo activity of disul-
firam against M. tuberculosis was previously established in both
mouse and guinea pig models of infection, requiring doses of 80
and 20 mg/kg of body weight, respectively (21, 66). Faiman et al.
reported for humans that with a daily dose of 250 mg of disul-
firam, the blood concentration of its metabolite, DETC, is 0.77
�g/ml (�5 �M), which is equivalent to �2.5 �M disulfiram (48).
However, according to other reports, concentrations of 50 �M,
4.4 �M, or 27 �M, would be necessary to inhibit the growth of
Pseudomonas aeruginosa (23), S. aureus (20), or M. tuberculosis
(28) in vitro, respectively. Our reassessment of the antibacterial

FIG 6 The disulfiram-copper complex induces a copper stress response in M.
tuberculosis. (A) Mycobacterial multicopper oxidase (MmcO), an indicator of
copper stress, was heavily upregulated when M. tuberculosis mc26230 was chal-
lenged with both copper and disulfiram (DSF) but not when challenged with
disulfiram or 1 �M Cu alone. RNA polymerase II (RNApol) was used to
demonstrate that equal amounts of protein extract were analyzed. (B) M.
smegmatis SMR5 cells incubated with copper and disulfiram showed no in-
crease in total copper content compared to that with copper alone, as mea-
sured by ICP-MS. No increase in cell-associated copper levels was seen in
EDTA-copper-treated cells. (C) Phen Green FL fluorescence was quenched
significantly more by the DETC-copper complex than by copper alone, indi-
cating that while total cellular copper content may be identical, intracellular
copper is likely in a different, more labile, and accessible form in the presence
of DETC. RFU, relative fluorescence units.
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properties of disulfiram and its major metabolite, DETC, revealed
that these compounds may be far more potent against at least M.
tuberculosis than previously thought. We found that the antibac-
terial properties of disulfiram/DETC are strictly copper depen-
dent with an active concentration of �0.3 �M toward growing
and �2.5 �M toward nongrowing M. tuberculosis cells. Such a low
MIC strongly supports its previously proposed consideration for
repurposing as a novel antitubercular drug (11).

The natural antibacterial properties of copper ions are complex
and, to date, not completely understood. The surrounding envi-
ronment, both intra- and extracellular, may heavily modulate
these effects. Anaerobic environments, for instance, induce far
greater copper toxicity than aerobic environments. Some early
evidence implied that redox cycling between CuII and CuI led to
oxidative stress and DNA damage. However, newer studies have
suggested that toxicity is more nuanced than simple oxidative
damage. Macomber and Imlay were the first to change the para-
digm, delivering compelling evidence that, at least in Escherichia
coli, the primary targets of copper toxicity are solvent-exposed
iron-sulfur clusters of branched-chain amino acid synthesis dehy-
drogenases, not DNA (67). The actual target may also shift,
though, depending upon the physiology of the organism in ques-
tion; copper toxicity has been reported against an array of aerobic
and anaerobic metabolic targets containing or constructing iron-
sulfur clusters (67–70). Given the different metabolic targets in
these different systems, it seems possible that copper, with its
broad chemical effects and ligand affinities, may actually target a
wide variety of metabolic pathways. The reported toxic effects
could simply represent the first disruption of homeostasis in each
organism.

Unlike free copper ions, which by themselves are not toxic at
concentrations needed to activate disulfiram (0.3 �M), very little
is known about the underlying mechanism by which copper
boosts the antibacterial properties of disulfiram or vice versa. Pre-
viously published evidence suggests that disulfiram and its metab-
olites may inhibit the betaine aldehyde dehydrogenases (23) of
Pseudomonas aeruginosa via interaction with a catalytic cysteine.
Disulfiram has also been reported to inhibit beta carbonic anhy-
drase from M. tuberculosis (23), presumably by ZnII cofactor co-
ordination. These findings suggest that disulfiram can act specif-
ically against selected targets. However, the preference of DETC
for copper over zinc (37) and the requirement of copper compl-
exation for activity on whole cells suggests that zinc replacement
from the two beta carbonic anhydrases of M. tuberculosis (rv1284,
rv3588c) is not the prime mechanism of the antibacterial proper-
ties of disulfiram/DETC. Instead, the complex may enable copper
or DETC to directly interact with accessible cysteine residues or
iron-sulfur clusters of other yet undefined intracellular proteins,
which are typically inaccessible to copper ions entering the cells by
canonical pathways. This idea is supported by our luciferase inhi-
bition assay (Fig. 5A) and by the observed derepression of the
RicR-controlled mmcO gene (rv0846c) (Fig. 6A).

The enhanced expression of copper resistance genes may fur-
ther indicate that copper bound to DETC cannot be properly se-
questered by intracellular copper resistance proteins like the me-
tallothionein MymT (43). According to current models, it is
believed that such intracellular copper resistance proteins bind
free copper ions immediately upon their passing through the cy-
toplasmic membrane and before they interact with vulnerable
proteins. This classical pathway of copper uptake and sequestra-

tion may be disturbed by the action of disulfiram/DETC. Most
simply, disulfiram/DETC may act as a copper ionophore, shut-
tling copper ions into the cytoplasm, thereby bypassing regulated
copper-handling pathways. The ultimate toxicity would then be
realized by overloading the cell with copper ions and the subse-
quent iron-sulfur cluster degradation, Fenton-like chemistry, or
metal cofactor displacement/replacement. Such an ionophore ef-
fect was reported for a copper-dependent therapeutic antifungal
(60). However, our ICP-MS data directly contradict the possibility
of cellular copper overload for disulfiram/DETC, showing similar
concentrations of copper in complex-treated and copper-only
samples (Fig. 6B). When combined with the Phen Green FL data,
which demonstrated that cotreatment with disulfiram and copper
resulted in greater quenching of the Phen Green dye than copper
alone (Fig. 6C), it seems likely that the copper ions inside the cell
are more labile in the presence of disulfiram/DETC, allowing
them to bypass their usual sequestration pathways. Consequently,
DETC molecules may facilitate the release of their copper pay-
loads in certain microenvironments otherwise not accessible to
copper ions as we already suggested for bis-thiosemicarbazone-
copper complexes (24).

Disulfiram is known to be well tolerated in humans and has
previously been shown to exert antitubercular activity in macro-
phages and the guinea pig model (21, 66). The conversion of dis-
ulfiram into a copper complex in blood (which contains typically
between 15 and 25 �M copper) has been evaluated previously (36,
54). Because the formation of a disulfiram-copper complex in vivo
is likely (21, 36, 54), and since we found no significant activity
toward M. tuberculosis in the absence of copper, the previously
reported in vivo activity of disulfiram in macrophage and animal
models is likely associated with its ability to form a copper com-
plex. It is therefore intriguing to imagine that the various infec-
tion-associated copper reservoirs may activate/potentiate the an-
tibacterial properties of disulfiram/DETC through formation of
disulfiram-derived copper complexes. If this scenario holds true,
disulfiram may be of benefit in depleting M. tuberculosis from the
copper-rich environments found in lung granulomas (41), which
are vital sanctuaries for M. tuberculosis replication, dissemination,
and persistence (71). Such a scenario would be supported by dis-
ulfiram’s copper-dependent bactericidal action on nonreplicating
M. tuberculosis cells (Fig. 4).

Overall, our data support a “Trojan Horse” model for disul-
firam, by which complexation of copper with disulfiram/DETC
appears to cloak the copper ions from the cell (Fig. 7). This allows
the complex to penetrate the intrinsic cellular defenses, including
the cell membrane, functioning as a permeability barrier, the cel-
lular copper homeostasis machinery (reviewed in references 72
and 73), and the generally promiscuous drug resistance machin-
ery, such as multidrug efflux pumps (74), and act upon its targets
with impunity.

Our description of disulfiram’s copper-dependent antibacte-
rial properties may also affect future drug screening and discovery
efforts. The most frequently used medium for M. tuberculosis drug
screening, Middlebrook 7H9, requires the addition of an albu-
min-containing supplement or bacteria will not grow. Albumin
has the ability to sequester copper, thereby neutralizing the poten-
tial antibacterial properties of the copper content that is present in
this medium (�6.8 �M). However, albumin is exclusively pro-
duced by hepatocytes and secreted into the blood (75) and there-
fore is not present in the macrophage phagosomes or lung tissue.
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The use of albumin-containing medium has therefore precluded
the discovery and investigation of the majority of copper-depen-
dent antibacterial inhibitors by previous high-throughput opera-
tions. Conducting drug screening efforts in a manner that enables
compound access to copper is thus an intriguing concept that may
reveal novel interactions between small molecules and copper-
dependent innate immune functions that would otherwise be un-
known. In extension, this unconventional approach could lead to
the discovery of new compound classes and activities that could
significantly extend the compound diversity of the current M.
tuberculosis drug pipeline, which has been a severe challenge over
the past few decades.
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