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The protein-tyrosine phosphatase PTP1B is a negative regulator
of insulin and leptin signaling and a highly validated therapeutic
target for diabetes and obesity. Conventional approaches to drug
development have produced potent and specific PTP1B inhibi-
tors, but these inhibitors lack oral bioavailability, which limits
their potential for drug development. Here, we report that
DPM-1001, an analog of the specific PTP1B inhibitor trodusqu-
emine (MSI-1436), is a potent, specific, and orally bioavailable
inhibitor of PTP1B. DPM-1001 also chelates copper, which
enhanced its potency as a PTP1B inhibitor. DPM-1001 dis-
played anti-diabetic properties that were associated with
enhanced signaling through insulin and leptin receptors in ani-
mal models of diet-induced obesity. Therefore, DPM-1001 rep-
resents a proof of concept for a new approach to therapeutic
intervention in diabetes and obesity. Although the PTPs have
been considered undruggable, the findings of this study suggest
that allosteric PTP inhibitors may help reinvigorate drug devel-
opment efforts that focus on this important family of signal-
transducing enzymes.

The aberrant regulation of signal transduction pathways, and
the accompanying disruption of the normal patterns of protein
phosphorylation, has been implicated in the etiology of a variety
of major human diseases, including diabetes and obesity (1, 2).

The ability to target such signaling pathways selectively holds
enormous therapeutic potential. In the last decade protein kinases
have emerged as a major class of druggable targets. In particular,
several drugs directed against protein-tyrosine kinases (PTKs)4

have had a considerable impact on the treatment of various
cancers (3). Nevertheless, the focus on PTKs for drug develop-
ment has encountered several challenges, including intrinsic
and acquired resistance to such therapies. Consequently, addi-
tional targets and approaches are required. In this context, it is
important to remember that protein phosphorylation is a
reversible process, in which the coordinated and competing
activities of kinases and phosphatases are important for deter-
mining signaling outcome. The protein-tyrosine phosphatases
(PTPs), which represent a large family of proteins that work in
coordination with the PTKs to control cell signaling, have also
been implicated in the etiology of several human diseases (4).
Nevertheless, PTPs remain underexploited as therapeutic
targets.

The prototypic PTP, PTP1B, plays a well-established role in
down-regulating insulin and leptin signaling and is a validated
target for therapeutic intervention in diabetes and obesity (2, 5).
Targeted deletion of the PTP1B gene produced healthy mice
that displayed increased insulin sensitivity and resistance to
obesity induced by a high-fat diet (6, 7). Considering its exten-
sive validation as a therapeutic target, many programs were
established, both in industry and academia, to generate small
molecule, active site-directed inhibitors of PTP1B (8, 9). Several
high-affinity, reversible, and selective inhibitors of PTP1B were
generated that displayed efficacy in animal models (4, 8, 9).
Nevertheless, these were often highly charged, which limited
their potential for development as drugs. Consequently,
novel approaches were needed to generate inhibitors of this
highly validated target that exhibited greater drug develop-
ment potential.

One such drug development strategy would be to avoid the
catalytic center and identify allosteric inhibitors. We have char-
acterized trodusquemine, also known as MSI-1436, which is a
natural product, a spermine-cholesterol adduct, that inhibits
PTP1B by a novel mechanism (10). Originally, PTP1B was puri-
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fied from human placenta as a 37-kDa protein comprising pre-
dominantly the catalytic domain. This version of the protein
has been widely used for biochemical analysis and drug-discov-
ery purposes; however, in vivo, the enzyme exists as a 50-kDa
protein with an extended C-terminal segment. We demon-
strated that MSI-1436 is a specific, reversible, and non-compet-
itive inhibitor of PTP1B. It targets preferentially the long form
of PTP1B(1– 405), which contains the extended C-terminal
segment, 10-fold more potently than the truncated protein
containing just the catalytic domain (residues 1–321). Further-
more, MSI-1436 targets PTP1B in vivo and attenuates its ability
to promote HER2-dependent tumorigenesis (10). As a conse-
quence, MSI-1436 is being tested in a Phase 1 clinical trial in
metastatic breast cancer patients (ClinicalTrials.gov: NCT025
24951). Nevertheless, MSI-1436 is also a charged molecule with
limited oral bioavailability, which restricts the indications in
which it can be applied therapeutically.

In our efforts to generate more potent analogs of MSI-1436,
we identified DPM-1001. In this study, we present the charac-
terization of DPM-1001. Furthermore, using an animal model
of diet-induced obesity, we have demonstrated that the com-
pound is an orally bioavailable inhibitor of PTP1B. Overall, this
study illustrates a novel mechanism for inhibiting PTP1B that
may reinvigorate interest in this phosphatase as a therapeutic
target for diabetes and obesity.

Results

DPM-1001 was a non-competitive inhibitor of PTP1B

Previously, we demonstrated that MSI-1436 is a reversible,
allosteric inhibitor of PTP1B (10). It inhibited preferentially
PTP1B(1– 405), a form of the enzyme that contains the non-
catalytic C-terminal segment of the protein, over the catalytic
domain, PTP1B(1–321). We identified an analog of MSI-1436,
DPM-1001, in which a pyridin-2-ylmethyl-amino-butyl-amine
group replaced the spermine tail in the C-3 position and a
methyl ester replaced the sulfate group in the C-24 position
(Fig. 1A). The two compounds were tested against PTP1B(1–
405); DPM-1001 (IC50 100 nM) was found to be a more potent
inhibitor of the phosphatase than MSI-1436 (IC50 600 nM) (Fig.
1B).

To investigate the mechanism of inhibition by DPM-1001,
we tested it against PTP1B-L192A/S372P, an MSI-1436-resist-
ant mutant form of the protein (10). Although PTP1B-L192A/
S372P was insensitive to MSI-1436, the mutant enzyme was
inhibited by DPM-1001 (IC50 of 1 �M) but with decreased sen-
sitivity compared with the wildtype phosphatase (Fig. 1C). This
suggested that there may be differences in the mechanism of inhi-
bition of PTP1B by MSI-1436 compared with DPM-1001. We
examined reversibility of inhibition by diluting the enzyme–
inhibitor complex and monitoring the extent to which the
phosphatase activity could be recovered. In contrast to MSI-
1436, which was found to be a reversible inhibitor of both
PTP1B(1– 405) and PTP1B(1–321), DPM-1001 inhibited the
short form of PTP1B reversibly, whereas PTP1B(1– 405)
remained inactive over an extended period of time (Fig. 1D). To
examine the time dependence of inhibition by DPM-1001, we
measured the activity of the long and short forms of PTP1B

after incubation with DPM-1001 for varying times. We noticed
that the inhibitory potency of DPM-1001 against PTP1B(1–
405) improved with longer incubation of the enzyme and the com-
pound. With no pre-incubation the IC50 value for PTP1B(1–405)
was 600 nM, similar to that of MSI-1436; however, after a
30-min pre-incubation, the potency was improved to 100 nM. In
contrast, there was no obvious time-dependent change in the
IC50 value for PTP1B(1–321), suggesting that the C terminus of
PTP1B was required for the difference in behavior of the two
compounds (Fig. 1E).

In examining further the basis for time dependence, we dem-
onstrated that DPM-1001 did not induce aggregation of
PTP1B, thus eliminating this nuisance mechanism (Fig. 1F). It is
now well established that the active-site cysteine in PTP1B is
highly susceptible to oxidation (11), and there have been
reports that small molecules can promote production of reac-
tive oxygen species in phosphatase assays (12). Therefore, we
tested whether DPM-1001 promoted preferential oxidation
and inactivation of the long form of the enzyme. We examined
DPM-1001-mediated inhibition of PTP1B(1– 405) in the pres-
ence or absence of either peroxiredoxin 1 (PRX1) or catalase,
because both of these enzymes degrade H2O2 to H2O, but by
different mechanisms. We observed a time-dependent increase
in potency for DPM-1001-mediated inhibition of PTP1B(1–
405) in the presence or absence of PRX1 (Fig. 1G), suggesting
that this effect was not due to oxidation and inactivation of the
phosphatase mediated by the compound. Interestingly, we
observed no obvious time dependence of inhibition in the pres-
ence of catalase (Fig. 1G). Unlike PRX1, catalase is a metal-de-
pendent enzyme. With this in mind, we hypothesized that cat-
alase may bind to metal ions present in the assay buffer as
impurities and therefore prevent DPM-1001 from inhibiting
PTP1B in a metal ion-dependent manner.

DPM-1001 formed a stable complex with copper(II)

To test this hypothesis, DPM-1001 was reacted with an
excess of CuSO4 or Cu(NO3)2 and subjected to ESI-MS analy-
sis. The ESI-MS spectra of the DPM-1001/CuSO4 reaction
mixture revealed two major peaks at m/z 568.6 and 727.5, con-
sistent with the free DPM-1001 and a Cu(II) complex bound to
both DPM-1001 and a sulfate anion, respectively. After analyz-
ing the isotopic pattern, the latter was identified as [Cu(DPM-
1001)(SO4) � H�]� (Fig. 2A). In the presence of copper nitrate,
we detected spectral peaks at m/z 692.5 and 755.5 (Fig. S1A),
which correspond to the structures of [Cu(DPM-1001)(NO3)]�

and [Cu(DPM-1001)(NO3)2 � H�]� (Fig. S1B). In the pro-
posed models, DPM-1001 would act as a tridentate ligand
forming one seven-membered and one five-membered chelate
ring, whereas the environment around the Cu(II) is most likely
to be five-coordinate displaying either a square pyramidal or a
trigonal bipyramidal geometry (Fig. 2B and Fig. S1B). Square
planar geometry, although rather typical for Cu(II), is not
favored in this case due to the nature of the DPM-1001 ligand,
whereas tetrahedral geometry is quite rare (the structure normally
goes through solvent/counteranion coordination or ligand rear-
rangement affording thermodynamically more stable com-
pounds with higher coordination numbers) (13).
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To examine further the chelation properties of DPM-1001,
we used radiolabeled copper (64Cu) to determine the affinity of
DPM-1001 for the metal. By titrating DPM-1001 against
increasing concentrations of 64Cu, we measured a Kd of 75 nM

and a stoichiometry of 1 mol/mol (Fig. 2C). Other known Cu2�

chelators have been shown also to chelate Zn2� ions; therefore,
we reacted DPM-1001 with ZnSO4 or Zn(NO3)2 and subjected
the solution to ESI-MS analysis. In all cases, we detected only a
major peak at m/z 568.6 corresponding to DPM-1001; we did
not observe any complex formation between DPM-1001 and
Zn(II) (Fig. S2).

DPM-1001 bound to the C terminus of PTP1B and inhibited the
enzyme

To define the mechanism by which a copper–DPM-1001
complex inhibited PTP1B, we generated truncation mutations
in which we varied the lengths of the C-terminal segment of the
phosphatase. We found that, similar to MSI-1436 (10), DPM-
1001 was a more potent inhibitor of PTP1B in the presence of
the extended C-terminal segment of the protein.

Considering the documented importance of His residues in
copper-binding sites in proteins (14), we tested the effects of

Figure 1. DPM-1001 was a non-competitive inhibitor of PTP1B. A, chemical structures of MSI-1436 (left) and DPM-1001 (right). B, increasing concentrations
of DPM-1001 (squares) and MSI-1436 (circles) tested for inhibition of the long form of the phosphatase, PTP1B(1– 405), using 6,8-difluoro-4-methylumbelliferyl
phosphate (DiFMUP) as substrate. C, effects of increasing concentrations of DPM-1001 (squares) and MSI-1436 (triangles) tested against the double mutant
S372P/L192A PTP1B. D, PTP1B(1– 405) (circles) or PTP1B(1–321) (squares) (100 nM) incubated with DPM-1001 (1 �M) for 15 min. The complex was diluted
100-fold, and the activity was monitored for 240 min. The results were compared with assays conducted with MSI-1436 against PTP1B(1– 405) (circles) or
PTP1B(1–321) (squares), as represented in gray. E, time dependence of the inhibition of the long (black bars) and short (gray bars) forms of PTP1B by DPM-1001.
Statistical analysis was performed using one-way ANOVA (p � 0.08). F, elution profile of PTP1B(1–394) in the absence (circles) and presence (triangles) of
DPM-1001. G, time dependence in the inhibition of PTP1B(1– 405) by DPM-1001 tested in the absence (open bars) or presence of H2O2-degrading enzymes
catalase (gray bars) and peroxiredoxin (black bars). Statistical analysis was performed using one-way ANOVA (**, p � 0.01). Unless otherwise indicated, data are
representative of three or more independent experiments performed with technical replicates (triplicates) each time the experiment was conducted. Error bars
represent mean � S.E.
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mutating His residues to Ala in the C-terminal segment of
PTP1B on time-dependent inhibition mediated by the copper–
DPM-1001 complex. In particular, we observed that mutation
of the His residues His-320 and His-331 resulted in a marked
reduction in the inhibitory potency of copper–DPM-1001 (Fig.
2D). Furthermore, combining the H320A/H331A mutations
with S372P/L192A, which desensitized PTP1B to MSI-1436,
produced a further rightward shift in the potency of copper–
DPM-1001-mediated inhibition of PTP1B, from nanomolar to
micromolar (Fig. 2D).

To examine the specificity of the interaction, we tested the
copper–DPM-1001 complex against a panel of six PTPs and
observed, again similar to MSI-1436, that there was preferential
inhibition of the long form of PTP1B, containing the C-termi-
nal segment, as compared with the other PTPs tested (Fig. S3A).
Furthermore, we demonstrated a direct interaction between
copper–DPM-1001 and PTP1B. Using radiolabeled copper
(64Cu), we generated a complex of 64Cu and DPM-1001 and
conducted binding assays with wildtype and mutant forms of
PTP1B. First, we titrated free radiolabeled copper against the
long and short forms of PTP1B and observed that copper, at a
high concentration, could bind to PTP1B without a preference
for the long and short form of the enzyme (Fig. S3B). All subse-
quent assays were conducted at copper concentrations below
0.1 mM to minimize direct interaction between copper and
PTP1B. We tested wildtype PTP1B(1– 405) against 64Cu–
DPM-1001 complex, which revealed a Kd of 75 nM for the inter-
action (Fig. 2E). This was consistent with the observed IC50
value in our in vitro phosphatase activity assays. In contrast, we
detected little binding of the 64Cu–DPM-1001 complex to the
C-terminally truncated PTP1B(1–321). Similarly, the binding
of the 64Cu–DPM-1001 complex to the H320A/H331A double
mutant form of PTP1B was dramatically decreased relative to
wildtype, even at high concentrations of the complex (Fig. 2E).
Finally, as seen in activity assays (Fig. S3A), the specificity of the
copper–DPM-1001 complex for PTP1B over other members of
the PTP family was recapitulated in these binding assays (Fig.
2F). Overall, these data reveal a novel mechanism for inhibition
of PTP1B that incorporates features of the allosteric site that is
targeted by MSI-1436 but superimposes an additional feature
of copper-dependent binding.

DPM-1001 inhibited diet-induced obesity in mice by improving
insulin and leptin signaling

PTP1B is a negative regulator of insulin and leptin signaling;
consequently, an inhibitor of PTP1B, such as DPM-1001, would
be expected to promote signaling through insulin and leptin
receptors (2, 6, 7, 15, 16). Therefore, we used high-fat diet-fed

C57Bl6/J mice to examine the effects of DPM-1001 on obesity,
metabolism, and signal transduction in animals. We treated
high-fat diet- and chow diet-fed mice with DPM-1001. We
compared the effect of the compound delivered orally or intra-
peritoneally to saline-treated mice. In contrast to saline, DPM-
1001-treated, high-fat diet-fed mice started losing weight
within 5 days of treatment. The weight loss continued for
approximately 3 weeks, after which no further decrease in body
weight was observed. Overall, treatment with DPM-1001 led to
an �5% decrease in body weight (Fig. 3A). Importantly, we
observed the same effects when the compound was delivered
orally or intraperitoneally. Furthermore, no weight loss was
noted with chow-fed mice, suggesting that the weight loss
observed is a consequence of improved energy metabolism in
the obese animals.

In contrast to administration of saline, treatment with DPM-
1001, either orally or intraperitoneally, improved glucose toler-
ance and insulin sensitivity in glucose tolerance (Fig. 3B) and
insulin tolerance (Fig. 3C) tests. These data suggest that the
compound led to enhanced insulin signaling in the high-fat
diet-fed mice. To examine this further, we measured the effect
of the compound on tyrosine phosphorylation of the insulin
receptor � subunit. We observed a marked increase in �-subunit
phosphorylation following administration of the compound either
orally or intraperitoneally, which was not observed with saline,
indicating improved insulin signaling in response to the com-
pound (Fig. 3D).

Considering also the important role of leptin in the control of
glucose homeostasis and obesity, we tested the effects of the
compound on leptin signaling in the hypothalamus. Similar to
the improvement in insulin signaling, we observed that treat-
ment with DPM-1001, but not saline, led to enhanced phos-
phorylation of JAK2 (Fig. 3E), consistent with enhanced leptin
signaling.

Discussion

Obesity and type 2 diabetes together represent a huge, world-
wide medical challenge. The American Diabetes Association
highlights that 86 million Americans over the age of 20 are in a
prediabetic state, with almost 10% of the United States popula-
tion already diabetic. Worldwide, it is anticipated that 600 mil-
lion people will be afflicted with diabetes by 2035 (17, 18).
Although there are treatment options, clearly, they are not
addressing this challenge effectively. Consequently, novel ther-
apeutic approaches are required. The hormones insulin and
leptin play critical roles in the control of glucose and energy
homeostasis. Insulin controls the uptake of glucose from the
bloodstream into peripheral tissues, such as skeletal muscle,

Figure 2. DPM-1001 formed a stable complex with copper and inhibited the long form of PTP1B selectively. A, DPM-1001 (1 mM) was reacted with CuSO4
(8 mM), and the reaction mixture was analyzed by ESI-MS. Isotopic pattern analysis of the peak at 727.5 m/z shown in the inset. Data are representative of three
independent experiments. B, proposed structure of the complex [Cu(DPM-1001)SO4)]. C, radiolabeled copper (64Cu) at increasing concentrations was titrated
against DPM-1001. D, effects of increasing concentrations of copper–DPM-1001 complex were tested on WT PTP1B (circles), H320A/H331A PTP1B(1– 405)
(squares), and H320A/H331A/S372P PTP1B(1– 405) (triangles). E, increasing concentrations of the 64Cu–DPM-1001 complex were titrated against PTP1B(1–
405), PTP1B(1–321), and H320A/H331A mutant PTP1B. F, increasing concentrations of 64Cu–DPM-1001 complex were titrated against a panel of PTPs (PTP1B(1–
405) (circles); PTP1B(1–321) (squares); T-cell protein-tyrosine phosphatase (diamonds); SHP2 (open circles); leukocyte common antigen–related (LAR) family
receptor protein-tyrosine phosphatase (open squares); PTP� (upward triangle); PTP� (downward triangle); and phosphatase and tensin homolog (PTEN) (open
diamonds)). Data are representative of three or more independent experiments performed with technical replicates (triplicates) each time the experiment was
conducted. Error bars represent mean � S.E.
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and regulates glycogen synthesis. Leptin influences multiple
pathways that control appetite and energy expenditure. An
ideal drug target would be one that addresses both the insulin-
and leptin-resistant states that characterize diabetes and obe-
sity. PTP1B is such a target (2, 5).

Since it was first purified to homogeneity, PTP1B has been
implicated as a regulator of insulin signaling (19, 20). The
PTPN1 gene, which encodes PTP1B, is located on chromosome
20q13, which has been broadly linked to insulin resistance and
obesity (21). Furthermore, the generation of PTP1B knock-out

Figure 3. DPM-1001 inhibited PTP1B and promoted insulin and leptin signaling in high-fat diet-fed mice. A, beginning at 10 weeks of age, until the study
was terminated (18 weeks of age), high-fat diet (HFD)-fed obese male mice (C57bl6/J) were treated daily with DPM-1001 (5 mg/kg, either orally or intraperi-
toneally), and body weight was compared with saline-treated obese mice (mean � S.E., n � 10 in each group). B, HFD-fed 14-week-old male mice treated with
saline or DPM-1001 were administered D-glucose (2 mg/g body weight), and blood glucose was monitored (in each group, n � 10). Statistical analysis was
performed using one-way ANOVA (*, p � 0.05; **, p � 0.01). C, HFD-fed 14-week-old male mice treated with saline or DPM-1001 were administered insulin (0.75
milliunits/g body weight), and blood glucose was monitored (in each group, n � 10). Statistical analysis was performed using one-way ANOVA (*, p � 0.05; **,
p � 0.01). D, representative immunoblots showing insulin-induced tyrosine phosphorylation of IR-� and its total protein levels in liver tissue lysates from
14-week-old mice treated with saline or DPM-1001, either orally or intraperitoneally (IP). For insulin stimulation, animals were treated with insulin (0.75
milliunits/g, i.p.) for 15 min. E, representative immunoblots (IB) showing leptin-induced tyrosine phosphorylation of JAK2 and total JAK2 levels in hypothalamus
tissue lysates from 14-week-old mice treated with saline or DPM-1001, either orally or intraperitoneally (IP). For leptin stimulation, animals were treated with
leptin (1 mg/kg, s.c.) for 15 min. D and E, all immunoblots are representative of experiments performed independently three times. Immunoblots were
quantified using ImageJ software. The quantitation includes the data from all three experiments, presented as the mean � S.E. Statistical analysis was
performed using one-way ANOVA (**, p � 0.01).
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mice helped to cement the regulatory link between PTP1B and
signaling through insulin and leptin receptors. These mice dis-
played enhanced glucose tolerance with increased insulin sen-
sitivity, and they were lean, resistant to diet-induced obesity,
and displayed hypersensitivity to leptin (15, 22). It is now estab-
lished that PTP1B plays a critical role in down-regulating insu-
lin signaling, by dephosphorylating the insulin receptor and
IRS1, and down-regulating leptin signaling, by dephosphorylat-
ing the leptin receptor-associated PTK, JAK2 (16). Conse-
quently, considerable effort has been expended on generating
small molecule inhibitors of PTP1B to promote signaling
through these pathways in resistant states (9, 23). By following
the conventional path of producing small molecules that target
the enzyme-active site, several potent, specific, and reversible
inhibitors of PTP1B were generated. However, this was a chal-
lenging path for the PTP family of enzymes, and these small
molecule inhibitors, which were often substrate mimetics, were
charged, lacked oral bioavailability, and were limited in their
drug development potential (2, 9). Therefore, new approaches
are required to generate orally bioavailable inhibitors of PTP1B.

To meet this challenge, we focused on developing allosteric
inhibitors (10). Subsequently, a similar approach was taken for
generating inhibitors of other members of the PTP family,
including an allosteric inhibitor of SHP2 that decreases tumor
growth through suppression of RAS-MAP kinase signaling (24). In
particular, we searched for inhibitors that recognized preferen-
tially the “long form” of PTP1B, which contained the regulatory
C-terminal segment not found in the catalytic domain construct
used predominantly in small molecule screens. We identified a
small molecule, aminosterol natural product, MSI-1436, as a
reversible, selective, and non-competitive inhibitor of PTP1B,
which inhibited preferentially the full-length form of PTP1B
(10). We identified the binding sites for MSI-1436 in PTP1B,
including a primary site in the C-terminal segment, and we
demonstrated that the compound targeted PTP1B in vivo.
Although MSI-1436 is an exciting therapeutic candidate, cur-
rently being tested in a Phase 1 clinical trial in metastatic breast
cancer patients (ClinicalTrials.gov: NCT02524951), it is also
charged and limited in oral bioavailability. Now, as presented
here, we have identified DPM-1001, an analog of MSI-1436 that
was an orally bioavailable inhibitor of PTP1B with anti-diabetic
effects.

Like MSI-1436, DPM-1001 is a sterol; however, unlike MSI-
1436, it is not a charged molecule, which likely contributes to its
oral bioavailability. This and the increased potency relative to
MSI-1436 are major steps forward in the quest for druggable
inhibitors of PTP1B. As expected, there were some similarities
in their mechanisms of inhibition. In fact, in the absence of
metals, MSI-1436 and DPM-1001 displayed similar potency.
Furthermore, a S372P/L192A double-point mutant form of
PTP1B that is insensitive to MSI-1436 also displayed impaired
inhibition by DPM-1001. Nevertheless, this study reveals a
novel and unique aspect of the inhibition of PTP1B. DPM-1001
was an efficient chelator of copper. In fact, copper-bound
DPM-1001 was a more potent inhibitor of PTP1B than the
compound alone, and this improved potency was abrogated by
mutation of two critical His residues in the C-terminal segment
of PTP1B, suggesting that coordination with these residues

may facilitate the stabilization of PTP1B in an inactive
conformation.

Various metal ions have been shown to inhibit PTPs.
Before their original purification and characterization, sen-
sitivity to zinc ions (Zn2�) was used as a way to distinguish
PTPs from the known phosphatases that target Ser/Thr res-
idues in proteins (25, 26). Cr3� supplementation has been
shown to improve glucose metabolism and insulin signaling
by inhibiting the activity of the phosphatase PTP1B (27), and
several other metals have been shown to inactivate PTPs,
including Cd2�, Fe3�, and Cu2� (28). Many of these metal
ions can react with molecular O2 to produce reactive oxygen
species. Hence, it is not clear whether these metal ions
inhibit PTPs directly or indirectly, by promoting oxidation of
the active-site cysteine. In this study, it is the complex of
copper and DPM-1001 that was inhibitory rather than the
metal itself.

Metal complexes or metal ions have been used in the treat-
ment of various human diseases. For example, cisplatin is a
chemotherapeutic agent used in the treatment of a wide variety
of cancers (29). Auranofin, which is a gold complex, is used as a
therapeutic agent to improve symptoms of rheumatoid arthritis
(29). Lanthanum carbonate (Fosrenol) is an approved drug to
reduce serum phosphate levels in patients with end-stage renal
disease (30). Sodium stibogluconate, which is used in the treat-
ment of leishmaniasis, has been proposed to act by targeting the
PTP SHP-1 (29). Thus, there is the potential for clinical appli-
cation of metal-based drugs that target specific proteins. In the
PTP field, peroxovanadium complexes were generated to target
PTP1B (28, 31). Vanadium complexes inhibited PTP1B in vitro
and in cells, where they led to improved insulin signaling (32,
33). Nevertheless, these complexes were found to be toxic, pos-
sibly due to their reactivity against other members of the PTP
family. There are also examples of copper, gold, and ruthenium
complexes that can selectively inhibit certain PTPs by targeting
the active site (28, 34, 35); however, the mechanism for such
selectivity is unclear.

In this study, we have identified and characterized a small
molecule inhibitor of PTP1B, the potency of which was
enhanced in the presence of copper. The compound displayed
oral bioavailability and exhibited anti-diabetic properties in an
animal model of diet-induced obesity that coincided with
enhanced signaling through insulin and leptin receptors. One
of the major challenges faced by PTP1B-based drug discovery
efforts has been to generate orally bioavailable inhibitors of the
phosphatase. In fact, the lack of oral bioavailability of active
site-directed PTP inhibitors was a major factor in industry
describing these enzymes as “undruggable.” Our efforts with
this class of allosteric inhibitors now provide proof of concept
that these challenges associated with active site-directed inhib-
itors of PTP1B can be overcome. Furthermore, it is interesting
to note that there have been reports of elevated copper levels in
patients with diabetes (36), with proposals that chelation of
copper may offer a new strategy for treating the disease and its
complications (37, 38). The combination of PTP1B inhibition
and copper chelation presented in DPM-1001 reflects a new
approach to the treatment of diabetes and obesity that we hope
will re-invigorate drug development efforts in this area.
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Experimental procedures

All materials and “Experimental procedures” are described in
the supporting data.
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