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ABSTRACT
The dual-specificity protein tyrosine phosphatases (PTPs) play
integral roles in the regulation of cell signaling. There is a need for
new tools to study these phosphatases, and the identification of
inhibitors potentially affords not only new means for their study,
but also possible therapeutics for the treatment of diseases
caused by their dysregulation. However, the identification of se-
lective inhibitors of the protein phosphatases has proven some-
what difficult. PTP localized to mitochondrion 1 (PTPMT1) is a
recently discovered dual-specificity phosphatase that has been
implicated in the regulation of insulin secretion. Screening of a
commercially available small-molecule library yielded alexidine
dihydrochloride, a dibiguanide compound, as an effective and
selective inhibitor of PTPMT1 with an in vitro concentration that
inhibits response by 50% of 1.08 �M. A related dibiguanide ana-

log, chlorhexidine dihydrochloride, also significantly inhibited
PTPMT1, albeit with lower potency, while a monobiguanide ana-
log showed very weak inhibition. Treatment of isolated rat pan-
creatic islets with alexidine dihydrochloride resulted in a dose-
dependent increase in insulin secretion, whereas treatment of a
pancreatic �-cell line with the drug affected the phosphorylation of
mitochondrial proteins in a manner similar to genetic inhibition of
PTPMT1. Furthermore, knockdown of PTPMT1 in rat islets ren-
dered them insensitive to alexidine dihydrochloride treatment,
providing evidence for mechanism-based activity of the inhibitor.
Taken together, these studies establish alexidine dihydrochloride
as an effective inhibitor of PTPMT1, both in vitro and in cells, and
support the notion that PTPMT1 could serve as a pharmacological
target in the treatment of type II diabetes.

Phosphorylation of proteins is one of the most important
means of regulating signaling events required for basic cel-
lular function. Phosphorylation is reversible and often in-
duces a conformational change that affects the enzymatic
activity or scaffolding function of the protein. This in turn
affects the propagation of signals in the cell, thus leading to
either enhancement or suppression of cellular processes.
Changes in protein phosphorylation are controlled by a wide
array of protein kinases and phosphatases. Among the pro-
tein phosphatases, protein tyrosine phosphatases (PTPs),
comprise the largest family. Although these enzymes exhibit

widely diverse sequences and structures, they all contain the
C(X)5R amino acid sequence in their catalytic cleft (Guan
and Dixon, 1990). The invariant cysteine residue in this motif
is responsible for the catalytic activity of the enzyme, and
substitution of the cysteine for a serine residue abrogates
activity (Streuli et al., 1989; Guan and Dixon, 1990; Guan et
al., 1991). Within the PTP family, the dual-specificity phos-
phatases are unique in their ability to catalyze the dephos-
phorylation of phosphoserine and phosphothreonine residues
in addition to phosphotyrosine residues (Guan et al., 1991;
Charles et al., 1992; Alessi et al., 1993; Patterson et al.,
2009). Notably, the tumor suppressor protein PTEN (phos-
phatase and tensin homolog deleted on chromosome 10), a
nontypical member of the dual-specificity PTP family, cata-
lyzes the dephosphorylation of phosphatidylinositides (Myers
et al., 1997; Maehama and Dixon, 1998).

A screen for new dual-specificity phosphatases based on
the sequence of the catalytic motif of PTEN resulted in the
discovery of PTP localized to mitochondrion 1 (PTPMT1)
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(Pagliarini et al., 2004). PTPMT1 enjoys the distinction of
being among the first protein phosphatases found to localize
primarily to mitochondria, where it resides on the inner
membrane facing the mitochondrial matrix (Pagliarini et al.,
2005). Interestingly, PTPMT1 has been identified in pancre-
atic islets (Pagliarini et al., 2005). In the �-cell, the sole
insulin-producing cell in the body, knockdown of expression
of PTPMT1 resulted in a dramatic increase of cellular ATP
levels and insulin secretion (Pagliarini et al., 2005), suggest-
ing that PTPMT1 may be a potential target in the �-cell for
the treatment of type II diabetes.

Although the localization of PTPMT1 to the mitochondria
and its impact on insulin secretion pointed to a potential role
in �-cell metabolism, further interrogation of the biology was
somewhat limited by the paucity of tools available to target
the enzyme, particularly during short-term studies. Indeed,
even the endogenous substrate of PTPMT1 in the �-cell is
still being investigated because, in spite of the homology of its
catalytic motif to that of PTEN and its ability to use phos-
pholipid substrates in vitro (Pagliarini et al., 2004), such
activity has not yet been shown in cells (Pagliarini et al., 2005).
Thus, to facilitate further study of PTPMT1 and its role in �-cell
metabolism in particular, we undertook a search for inhibitors
of the enzyme. There is good precedence for the use of small-
molecule inhibitors of phosphatases in the interrogation of the
biology of these enzymes, and selective inhibitors of phospha-
tases may well prove valuable in the treatment of diseases
affected by their dysregulation (Lai et al., 2009).

Because the absence of a crystal structure for PTPMT1 limited
the applicability of rational drug design, we adopted an unbiased
screen of diverse chemical structures as the best approach toward
identifying an inhibitor of the enzyme. Screening of a commercially
available small-molecule library yielded alexidine dihydrochloride,
a dibiguanide compound, as an effective inhibitor of PTPMT1.
Kinetic studies suggested that alexidine dihydrochloride bound
cooperatively and inhibited PTPMT1 in a predominantly uncom-
petitive manner. In isolated rat pancreatic islets, alexidine dihy-
drochloride induced insulin secretion in a dose-dependent manner,
whereas in a pancreatic �-cell line it affected the mitochondrial
phosphoprotein profile, thus phenocopying the effect of knockdown
of cellular expression of PTPMT1. Taken together, these studies
not only demonstrate the ability of alexidine dihydrochloride to
inhibit PTPMT1 and induce increased insulin secretion, thus sup-
porting the notion that PTPMT1 could serve as a pharmacological
target in the treatment of type II diabetes, but they also support
the use of alexidine dihydrochloride as a tool to facilitate further
study of PTPMT1.

Materials and Methods
Materials. Recombinant VHR (Vaccinia virus VH1-related phos-

phatase), PTEN, and PTPMT1 were prepared as described previ-
ously (Denu et al., 1995; Maehama and Dixon, 1998; Pagliarini et al.,
2004). T-cell PTP and � protein phosphatase and accompanying
buffers were purchased from New England Biolabs (Ipswich, MA).
Alexidine dihydrochloride was purchased from Toronto Research
Chemicals Inc. (North York, ON, Canada), and chlorhexidine dihy-
drochloride, phenformin, metformin, and 3-O-methylfluorescein
phosphate cyclohexyl ammonium salt were purchased from Sigma-
Aldrich (St. Louis, MO). N-(2-ethylhexyl)-N�-proplyimidodicarboni-
midic diamide (half alexidine) was synthesized by the Duke Center
for Chemical Biology (Durham, NC) with purity of the final product
(approximately 95%) being determined by mass spectrometry and

NMR elemental analysis. PTPMT1-targeted shRNA adenovirus was
prepared as described previously (Pagliarini et al., 2005). PTPMT1
rabbit polyclonal antibody was prepared as described previously
(Pagliarini et al., 2005), voltage-dependent anion channel protein
(VDAC) monoclonal antibody was purchased from Calbiochem (San
Diego, CA), and phospho-threonine rabbit polyclonal antibody was
purchased from Cell Signaling Technology Inc. (Danvers, MA). The
125I-insulin radioimmunoassay kit was obtained from DPC/Siemens
Healthcare Diagnostics (Deerfield, IL). INS-1 cells were obtained
from the laboratory of Christopher Newgard at Duke University
(Durham, NC).

Screening for Inhibitors of PTPMT1. The Prestwick library of
approximately 1000 small molecules dissolved in Me2SO (Prestwick
Chemical Inc., Washington, DC) was screened by using the substrate
O-MFP in an in vitro assay (Gottlin et al., 1996) in a 384-well plate
format with a Beckman Biomek FX robot (Beckman Coulter, Brea,
CA) under conditions where the Z� score for the assay (Zhang et al.,
1999) was more than 0.5. In brief, the assay was carried out in a total
reaction volume of 40 �l in a solution consisting of 0.1 M sodium
acetate, 0.05 M bis Tris, 0.05 M Tris at pH 5.5, 50 �M O-MFP
substrate, 50 �M test compound, 5% Me2SO, and 44 nM PTPMT1.
The reaction was initiated by addition of enzyme, allowed to proceed
for 40 min at room temperature, and then quenched with 40 �l of 0.4
M NaOH. Product formation was determined by reading fluores-
cence emission at 520 nm. The 10 compounds showing the most
potent inhibition were then subjected to a second round of screening
using compound concentrations of both 50 and 5 �M. In these assays,
product formation was monitored by both fluorescence emission at
520 nm and absorbance at 477 nm to ensure that decreased fluores-
cence indicated decreased product formation and true inhibition,
rather than quenching of the fluorescence signal.

Kinetic Studies. After the initial screen, it was determined that
the optimal pH for PTPMT1 phosphatase activity with the substrate
O-MFP was 7.0. Hence all kinetic experiments were carried out at
this pH. Concentration that inhibits response by 50% (IC50) deter-
minations for inhibition of PTPMT1 were carried out by using 44 nM
enzyme in a total reaction volume of 100 �l at pH 7.0 in the buffer
system described above. VHR phosphatase assays were carried out
by using 21.8 nM enzyme in the same buffer system, except that the
pH was adjusted to 6.5, and � protein phosphatase and T-cell PTP
assays were carried out in buffers provided by the supplier using 44.8
and 7.2 nM enzyme, respectively. All assays were carried out with 50
�M O-MFP as the substrate at the optimal pH for each enzyme, and
product formation was monitored continuously by fluorescence with
initial velocity readings used for the analysis. Kinetic characteriza-
tion of the inhibition of PTPMT1 by alexidine dihydrochloride was
carried out with 88 nM enzyme to optimize signal and in a total
reaction volume of 100 �l at pH 7.0. PTEN assays were carried out
as described previously (Maehama et al., 2000) by using 0.4 �M
enzyme and di-C16-PI 3,4,5P3 substrate (Echelon Biosciences Inc.,
Salt Lake City UT). Assays using phosphtidylinositol 5-phosphate
(PI5P) as substrate were carried out as described previously (Paglia-
rini et al., 2004).

Kinetic analysis and modeling were performed by using GraphPad
Prism 5 (GraphPad Software Inc., San Diego, CA). IC50 values were
fit with variable slope, and inhibition was modeled by using the
following equations:

Competitive inhibition: KmApparent � Km
��1 � �I�/Ki�;

Y � Vmax
�X/�KmApparent � X� (1)

Noncompetitive inhibition: VmaxApparent � Vmax/�1 � �I�/Ki�;

Y � VmaxApparent
�X/�Km � X� (2)

Uncompetitive inhibition: VmaxApparent � Vmax/�1 � �I�/�a�Ki��;

KmApparent � Km/�1 � �I�/�a�Ki��; Y � VmaxApparent
�X/�KmApparent � X� (3)
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Mixed model inhibition: VmaxApparent � Vmax/�1 � �I�/�a�Ki��;

KmApparent � Km
��1 � �I�/Ki�/�1 � �I�/�a�Ki��;

Y � VmaxApparent
�X/�KmApparent � X� (4)

Insulin Secretion Assays and Cytotoxicity Assays. Islets
were harvested from Wistar rats weighing 250 to 300 g under a
protocol approved by the Duke University Animal Care and Use
Committee. Islets were isolated by collagenase digestion of the pan-
creas followed by separation on a density gradient as described
previously (Milburn et al., 1995), and maintained in RPMI medium
1640 with 8 mM glucose supplemented with 10% fetal bovine serum,
10 mM HEPES, 2 mM glutamine, 1 mM sodium pyruvate, 20
units/ml penicillin, 20 �g/ml streptomycin, and 0.05 �g/ml ampho-
tericin B. Islets were then used in glucose-stimulated insulin secre-
tion assays as described previously (Joseph et al., 2006) with some
modifications. In summary, equal numbers of islets of similar size
were plated in 12-well tissue culture plates in a modified Krebs-
Ringer phosphate buffer [114 mM NaCl, 4.7 mM KCl, 1.2 mM
KH2PO4, 1.16 mM MgSO4, 20 mM HEPES (pH 7.2), 25 mM NaHCO3

0.25 M CaCl2, 0.2% bovine serum albumin] containing 2.8 mM glu-
cose and washed for 1 h at 37°C in fresh buffer containing 2.8 mM
glucose. Islets were then successively incubated for 1-h intervals at
37°C in 500 �l of buffer per well in 24-well plates, first in buffer
containing 2.8 mM glucose, then in buffer containing 2.8 mM glucose
and drug, and finally in buffer containing 16.7 mM glucose and drug.
Secreted insulin was assessed from assay buffer after islet incuba-
tions, and islet insulin content was assessed from islet lysate, via
radioimmunoassay. For alexidine dihydrochloride dose-response ex-
periments, insulin secretion assays were carried out the day after
islet isolation by using 30 islets in triplicate for each drug concen-
tration. For assays requiring the use of recombinant adenovirus,
pools of approximately 100 rat islets were infected with 2.3 	 108

infectious units of adenovirus on the day of islet isolation, adenovirus
was removed approximately 15 h later, and insulin secretion assays
were performed 72 h later by using 20 islets in triplicate for each
condition.

Drug cytotoxicity was assessed by using a cell membrane integrity-
based cytotoxicity assay, the Toxilight BioAssay (Lonza, Basel Swit-
zerland), according to the manufacturer’s instructions. The assay
uses leakage of the cytoplasmic protein adenylate kinase across
damaged cell membranes into surrounding medium as a measure of
reduced cell membrane integrity and hence increased drug cytotox-
icity. This cytotoxicity assay was used with the insulin secretion
assays described above to assess alexidine dihydrochloride-induced
cytotoxicity during the time course of the insulin secretion assay.
Alexidine dihydrochloride-induced increase in the release of adenyl-
ate kinase was measured relative to levels of adenylate kinase re-
leased in the absence of the drug. Islets treated with 0.2% Triton
X-100 to induce complete cell lysis served as the 100% cytotoxicity
reference.

Analysis of Mitochondrial Protein Phosphorylation. INS-1
cells were cultured in RPMI 1640 medium supplemented with 8 mM
glucose, 2 mM glutamine, 10 mM HEPES, and 1 mM sodium pyru-
vate. For the assay, approximately 2.5 	 106 INS-1 cells were plated
in 10-cm plates. After 24-h incubation, cells were infected with 2.3 	
108 infectious units of adenovirus coding for control shRNA or
PTPMT1-targeted shRNA or were left uninfected. After an addi-
tional 48 h, the cells were washed in phosphate-buffered saline (PBS)
without magnesium and calcium, and then incubated in insulin
assay buffer (see above) containing 2.8 mM glucose for 1 h. The
buffer was then replaced, with uninfected cells receiving buffer sup-
plemented with 4 �M alexidine dihydrochloride. After 2-h incuba-
tion, the cells were washed with PBS, and a mitochondria-enriched
cell lysate was prepared as described previously (Ronnebaum et al.,
2006). In brief, the cells were harvested by scraping in PBS followed
by centrifugation at 500g, the pellet was resuspended in ice-cold

buffer containing 220 mM mannitol, 70 mM sucrose, 5 mM HEPES
and homogenized in a 2-ml Dounce homogenizer, and the homoge-
nate was centrifuged at 500g. The supernatant was then centrifuged
at 16,000g to obtain the mitochondria-enriched pellet. The mitochon-
dria-enriched pellet was resuspended in a modified NP-40 cell lysis
buffer [50 mM Tris (pH 7.7), 150 mM NaCl, 1% igepal, 10% glycerol,
2 mM vanidate, 10 mM NaF, 2.5 mM MgCl2 with protease inhibi-
tors], and 100 �g of protein was resolved on a 4 to 20% Tris-glycine
gel (Invitrogen, Carlsbad, CA) and transferred to nitrocellulose for
immunoblot analysis using antiphosphothreonine antisera.

Immunoblot Analysis. Immunoblot analysis was carried out
after transfer of proteins resolved on a Tris-glycine gel to nitrocellu-
lose membranes. Analysis used the Odyssey system (LI-COR Bio-
sciences, Lincoln, NE) following the manufacturer’s protocol using
near-infrared fluorescence detection. Membranes were treated with
LI-COR Odyssey Blocking Buffer/Tris-buffered saline (1:1, v/v) solu-
tion, with primary antibodies being diluted in this solution supple-
mented with 0.1% Tween 20, and infrared dye-labeled secondary
antibodies (Invitrogen) being diluted in this solution supplemented
with 0.1% Tween and 0.01% sodium dodecyl sulfate. Infrared signals
at 680 or 800 nm were detected by using the LI-COR Odyssey
scanner. Images of the immunoblots were produced, and relative
amounts of signal on the nitrocellulose membrane were quantified by
using LI-COR Odyssey software version 2.1.

Statistical Analysis. Graphing and statistical analysis were car-
ried out with GraphPad Prism 5. Data are reported as mean 

S.E.M. Statistical significance was assessed using ANOVA and ap-
propriate post hoc tests.

Results
Identification of Alexidine Dihydrochloride as a Se-

lective Inhibitor of PTPMT1. To search for an inhibitor
of PTPMT1, the first order of business was to develop a
suitable assay. Because the endogenous substrates of
PTPMT1 are still being investigated, we elected to use a syn-
thetic small-molecule phosphatase substrate in our screens.
The compound 3-O-methyl fluorescein phosphate (O-MFP) was
chosen as there is ample precedence for its use as a small-
molecule substrate for dual-specificity protein tyrosine phos-
phatases (Gottlin et al., 1996; Johnston et al., 2007; Song et al.,
2009), and because it was amenable to both fluorescence- and
absorbance-based readouts, thus facilitating development of a
high-throughput assay. In addition, in preliminary determina-
tions the Km obtained for PTPMT1 with O-MFP was 39 �M,
which is in close agreement with the Km of 37.5 �M reported for
PTPMT1 with its previously identified substrate phosphtidyli-
nositol 5-phosphate (Pagliarini et al., 2004).

Using the O-MFP assay, we screened the Prestwick Chem-
ical Library, a commercially available library of approxi-
mately 1000 small molecules with previously characterized
pharmacokinetic properties; the use of this library was felt to
increase the likelihood of identifying an inhibitor with good
bioavailability. In the initial screen (with Z� scores ranging
from 0.57 to 0.85) of the library, approximately 8% of the
compounds reduced enzyme activity by more than 50% at 50
�M concentration. Subsequent secondary assays of the com-
pounds showing greatest inhibition revealed that fewer than
1% of the library compounds inhibited PTPMT1 by more than
50% at 5 �M concentration in both the fluorescence- and
absorbance-based formats. The dibiguanide compound alexi-
dine dihydrochloride was chosen for further study, as it was
among those compounds demonstrating greatest inhibition of
the enzyme and showed similar inhibition in both the fluo-
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rescence- and absorbance-based assays (reducing phospha-
tase activity to 20% in the former assay and 13% in the latter
assay), thus indicating that its effectiveness was not caused
by simple quenching of the fluorescence signal of the product.

Initial kinetic analysis of the capacity of alexidine dihydro-
chloride to inhibit PTPMT1 demonstrated an IC50 of 1.08 

0.08 �M with an accompanying Hill coefficient of 2.16 
 0.31
(Fig. 1). To validate these results, we also evaluated the
ability of alexidine dihydrochloride to inhibit PTPMT1 by
using phosphatidylinositol 5-phosphate (PI5P), a potential
biological substrate of the enzyme. Encouragingly, the IC50

obtained using O-MFP as a substrate was in very close agree-
ment with the IC50 obtained using PI5P, 1.09 �M 
 0.27
(Supplemental Fig. 1). This supported the assignment of
alexidine dihydrochloride as a bona fide inhibitor of PTPMT1
and the applicability of O-MFP as an appropriate substrate
for these enzymatic studies.

Having established alexidine dihydrochloride as an inhib-
itor of PTPMT1, we then investigated whether the inhibition
was selective toward this protein phosphatase. Hence, the
capacity of the compound to inhibit a variety of related en-
zymes, including a protein serine/threonine phosphatase, �
protein phosphatase; the classical, tyrosine-specific PTP, T-
cell protein tyrosine phosphatase; and the dual-specificity
PTP, VH1-related phosphatase and PTEN, under optimal
buffer and pH conditions for each enzyme, was assessed.
Importantly, none of these protein phosphatases was appre-
ciably inhibited by alexidine dihydrochloride (Fig. 1). The
result with PTEN was particularly noteworthy because the

sequence of the catalytic motif of the active site of PTEN
formed the basis for the bioinformatics screen that led to the
discovery of PTPMT1, and the two enzymes differ in this
sequence by just two amino acids (Pagliarini et al., 2004).

The Dibiguanide Structure of Alexidine Dihydro-
chloride is Important for Its Inhibition of PTPMT1.
Having established alexidine dihydrochloride as a selective
inhibitor of PTPMT1, we were keen to determine the struc-
tural features of the compound that contribute to this inhi-
bition. The striking duplication in the structure of alexidine
dihydrochloride prompted us to investigate whether this bi-
nate aspect contributed to the ability of the compound to
inhibit PTPMT1, and whether other biguanide and dibigu-
anide compounds also inhibited PTPMT1. Interestingly, we
found that the dibiguanide compound chlorhexidine dihydro-
chloride significantly inhibited PTPMT1, albeit with a log-
fold higher IC50 compared with alexidine dihydrochloride;
the IC50 determined for the chlorhexidine analog was 19.7 

3.3 �M (Fig. 2). In contrast, a monobiguanide compound
comprising half of the alexidine dihydrochloride structure
inhibited PTPMT1 very weakly with an IC50 of 207 
 43 �M
and an accompanying Hill coefficient close to 1 (Fig. 2). In
addition, two other monobiguanide compounds, the type II
diabetes drugs metformin and phenformin, did not signifi-
cantly inhibit PTPMT1 (Fig. 2). Thus, the dibiguanide struc-
ture conferred a significantly higher level of potency of inhi-

Fig. 1. Alexidine dihydrochloride is a selective inhibitor of PTPMT1.
A, structure of alexidine dihydrochloride. B, inhibition of selected phos-
phatases by alexidine dihydrochloride. PTPMT1, VHR phosphatase,
�-Ppase, and T-cell PTPase assays were carried out with O-MFP as the
substrate (n � 3), and PTEN assays were carried out with lipid substrate
(n � 2). All assays were carried out by using optimum buffer and pH for
each enzyme. The IC50 with PTPMT1 was 1.08 �M 
 0.08 with a Hill
coefficient of 2.16 
 0.31. Data are presented as the mean 
 S.E.M. of
independent experiments. C, comparison of the sequences of the catalytic
motif of the protein tyrosine phosphatases assayed. Boxed residues are
those conserved within the catalytic motif.

Fig. 2. The dibiguanide structure of alexidine dihydrochloride is impor-
tant for its inhibition of PTPMT1. A, inhibition of PTPMT1 by various
biguanide and dibiguanide compounds using O-MFP as the substrate.
Inhibition by alexidine dihydrochloride yielded IC50 of 1.08 
 0.08 with
Hill coefficient of 2.16 
 0.31, whereas inhibition by chlorhexidine dihy-
drochloride yielded IC50 of 19.7 
 3.3 with Hill coefficient of 1.3 
 0.3, and
inhibition by the half alexidine molecule yielded IC50 of 207.1 
 43.1 with
Hill coefficient of 0.7 
 0.1. Data represent the mean 
 S.E.M. of three
independent experiments. B, structures of dibiguanide and biguanide
compounds tested for inhibition of PTPMT1.
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bition of PTPMT1 compared with the monobiguanide
structure, and the dibiguanide structure appeared to be im-
portant for the cooperativity observed in the Hill slope with
alexidine dihydrochloride.

Inhibition of PTPMT1 by Alexidine Dihydrochloride
Is Predominantly Uncompetitive. After our preliminary
structure activity relationship studies that established the
importance of the dibiguanide structure to the potency of
alexidine dihydrochloride as a PTPMT1inhibitor, we sought
to characterize this inhibition in greater detail. Incubation of
PTPMT1 with alexidine dihydrochloride resulted in reduc-
tions in both Vmax and Km with increasing inhibitor concen-
tration (Fig. 3), suggesting that alexidine did not inhibit
PTPMT1 in purely competitive or noncompetitive manners.
In addition, fitting of the enzyme activity in the presence of
varying concentrations of the inhibitor to models for compet-
itive, noncompetitive, uncompetitive, and mixed inhibition
revealed that the data fit the uncompetitive and mixed inhi-
bition models best (Fig. 3; Table 1). Using GraphPad Prism
5.0 to fit the data to a model for mixed inhibition, which is a
general one incorporating competitive, noncompetitive and
uncompetitive inhibition, gave a value of � � 0.097 
 0.071,
suggesting significant uncompetitive character.

Alexidine Dihydrochloride Stimulates Insulin Secre-
tion from Isolated Rat Pancreatic Islets and Affects

Protein Phosphorylation in a Pancreatic �-Cell Line in
a Fashion Similar to Genetic Inhibition of PTPMT1.
Having determined that alexidine dihydrochloride was an ef-
fective chemical inhibitor of PTPMT1 in vitro, we were keen to
explore whether the compound would inhibit PTPMT1 in cells.
We were hopeful of this in part due to PTPMT1 being resident
on the matrix-facing side of the inner mitochondrial membrane,
and lipophilic dications (a structural class of which alexidine
dihydrochloride is a member) have previously been shown to
target the mitochondria, their hydrophobicity allowing them to
cross the membranes while their positive charge encourages
accumulation in the matrix (Ross et al., 2006; Murphy and
Smith, 2007). As the role of PTPMT1 had previously been
studied in the pancreatic �-cell, and genetic perturbation had
been shown to affect insulin secretion, we used this system as
our model. Because lipophilic dications have also been re-
ported to show cellular toxicity at high concentrations (Sev-
erina et al., 2007) and most previous studies of alexidine
dihydrochloride have focused on its antimicrobial and cyto-
toxic effects (Gilbert and Moore, 2005; Yip et al., 2006), we
first ensured that the assays were performed at concentra-
tions that did not affect cell viability. Through use of a cell
membrane integrity-based cytotoxicity assay, we found that
alexidine dihydrochloride did not significantly affect mem-
brane permeability and viability of the cells of pancreatic
islets at concentrations up to 4 �M, hence this was the
maximum concentration used in the assays.

As noted above, genetic inhibition of PTPMT1 using
shRNA to knock down endogenous protein levels in the
pancreatic �-cell line had previously been shown to result
in increased insulin secretion (Pagliarini et al., 2005).
Hence, we investigated whether treatment of �-cells with
alexidine dihydrochloride would phenocopy this result. We
elected to use primary rat islets in these experiments as a
more physiological model. To this end, isolated rat islets
were treated with alexidine dihydrochloride at both basal
(2.8 mM) and stimulatory (16.7 mM) glucose concentra-
tions, and the accompanying changes in insulin secretion
and cytotoxicity were monitored. Importantly, alexidine
dihydrochloride showed little cytotoxicity (less than 4%)
and induced a dose-dependent increase in insulin secretion
from the islets at both basal and stimulatory glucose con-
centrations (Fig. 4). This effect on insulin secretion was
found to be statistically significant at both glucose concen-
trations using ANOVA, and a Dunnett post hoc analysis
indicated that the effect of 4 �M alexidine dihydrochloride
on insulin secretion was statistically significant at both
basal (p 
 0.05) and stimulatory (p 
 0.001) glucose con-
centrations compared with untreated controls.

Having obtained evidence in pancreatic rat islets that
treatment with alexidine dihydrochloride phenocopied the
reported effect of PTPMT1 knockdown on insulin secretion
from �-cells, we next set out to determine whether the drug

Fig. 3. Alexidine dihydrochloride is a predominantly uncompetitive in-
hibitor of PTPMT1. A, PTPMT1 phosphatase activity in the presence of
varying concentrations of alexidine dihydrochloride using O-MFP as sub-
strate. Alexidine dihydrochloride reduced both Vmax and Km. Data repre-
sent mean 
 S.E.M. of three independent experiments. B, Lineweaver–
Burk plot of the data presented in A.

TABLE 1
Comparison of the fit of the data for inhibition of PTPMT1 by alexidine
dihydrochloride to various kinetic models

Model of Inhibition R2 Value

Competitive 0.8525
Noncompetitive 0.9094
Uncompetitive 0.9244
Mixed 0.9275
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could also affect the phosphoprotein profile of the mitochon-
dria in a manner similar to that observed with PTPMT1
knockdown (Pagliarini et al., 2005). To facilitate the collec-
tion of sufficient pancreatic �-cell mitochondria for the anal-
ysis of phosphorylation of constituent protein, we decided to
use a pancreatic �-cell line. Treatment of INS-1 cells with 4
�M alexidine dihydrochloride resulted in observable changes
in the threonine phosphorylation of several mitochondrial
proteins. These included changes in phosphorylation of a 90-,
80-, 65-, 55-, 45-, and 39-kDa protein (Fig. 5). Although the
increased phosphorylation of the 65- and 39-kDa protein,
which was observed in cells treated with alexidine dihydro-
chloride, was not observed in cells treated with the PTPMT1-
targeted shRNA (Fig. 5), the increased phosphorylation of
the 80-kDa protein and decreased phosphorylation of the 90-,
55-, and 45-kDa proteins, which was observed upon treat-
ment of cells with alexidine dihydrochloride, was also ob-
served, albeit to greater or lesser extents, in cells treated
with the PTPMT1-targeted shRNA (Fig. 5). Importantly,
when quantified relative to the protein VDAC and normal-
ized using the cells treated with control shRNA, the effect of
alexidine dihydrochloride on the phosphorylation of the 90-,
80-, and 45-kDa proteins was found to be statistically signif-
icant (Fig. 5B); a decrease in threonine phosphorylation of a
45-kDa mitochondrial protein has previously been reported
to occur upon reduction of expression of PTPMT1 by RNA
interference (Pagliarini et al., 2005).

Evidence that the Impact of Alexidine Dihydrochlo-
ride on Insulin Secretion Is Caused by an Impact on
PTPMT1. Having obtained evidence in rat pancreatic islets
that alexidine dihydrochloride phenocopied the reported ef-
fect of knockdown of PTPMT1 expression on insulin secretion
in �-cells, we next sought to confirm that this activity of the
compound was caused by its ability to inhibit PTPMT1. To
this end, we investigated whether the cellular effects of alexi-
dine dihydrochloride were influenced by perturbations of the

endogenous level of PTPMT1. In isolated rat islets, partial
knockdown of PTPMT1 expression, typically to approxi-
mately 45 to 60% of the endogenous level, resulted in a
statistically significant increase in insulin secretion (Fig. 6).
In control islets in which PTPMT1 expression was not
knocked down, treatment with 4 �M alexidine dihydrochlo-
ride also resulted in a statistically significant increase in
insulin secretion. However, in islets in which the level of
expression of PTPMT1 was reduced through use of shRNA,
the alexidine dihydrochloride-stimulated increase in insulin
secretion was blunted (Fig. 6). Statistical analysis using
ANOVA and the Bonferroni test post hoc showed that, al-
though the effect of alexidine dihydrochloride was significant
in control islets, the effect of the drug was not significant in
islets in which the level of expression of PTPMT1 had been
reduced. This suggests that the alexidine dihydrochloride-

Fig. 4. Alexidine dihydrochloride induces a dose-dependent increase in
insulin secretion from rat islets. Rat islets were treated with the indi-
cated concentrations of alexidine dihydrochloride, first in the presence of
buffer containing basal (2.8 mM) glucose concentration and subsequently
in the presence of buffer containing stimulatory (16.7 mM) glucose con-
centration. The alexidine dihydrochloride-induced dose-dependent in-
crease in insulin secretion (bar graph plotted on the left y-axis), was
significant at both basal and stimulatory glucose concentrations. At both
basal and stimulatory glucose concentrations the effect of 4 �M alexidine
dihydrochloride was significant compared with untreated controls. Data
represent the mean 
 S.E.M. of six independent experiments. Data were
analyzed by ANOVA with post hoc Dunnett test for significance. A cell
membrane integrity-based cytotoxicity assay, using adenylate kinase
release from cells as a measure of increased cytotoxicity, was used along-
side the insulin secretion assay. The alexidine dihydrochloride-induced
cytotoxicity (line graph plotted on the right y-axis) did not exceed 4% and
was not significant. Data represent the mean 
 S.E.M. of four indepen-
dent experiments.

Fig. 5. Alexidine dihydrochloride treatment phenocopies the effect of
knockdown of PTPMT1 on threonine phosphorylation of mitochondrial
proteins. A, representative immunoblot showing the impact of alexidine
dihydrochloride on the threonine phosphorylation of mitochondrial pro-
teins. INS-1 cells were treated with PTPMT1-targeted shRNA (48 h) or
alexidine dihydrochloride (2 h). Threonine phosphorylation of proteins in
the mitochondria-enriched fraction of INS-1 cell lysate was then assessed
by immunoblot using a phosphothreonine antibody. Both alexidine dihy-
drochloride and knockdown of PTPMT1 increased threonine phosphory-
lation of an 80-kDa protein and decreased threonine phosphorylation of a
90-, 55-, and 45-kDa protein (indicated by arrows). B, quantification of
relative amounts of PTPMT1 and threonine-phosphorylated 90-, 80-, 55-,
and 45-kDa proteins in the mitochondrial enriched fraction of INS-1 cell
lysate after shRNA-mediated knockdown of PTPMT1 protein levels or
treatment of cells with alexidine dihydrochloride. Protein was quantified
from immunoblots like the representative one shown in A. The amount of
each protein of interest was quantified relative to the amount of VDAC
protein in the mitochondria-enriched cell lysate and normalized to the
amount of that particular protein in the lysate from cells treated with the
control shRNA. Data represent mean values 
 S.E.M. from four indepen-
dent experiments. Data were analyzed by ANOVA with post hoc Dunnett
test for significance.
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induced stimulation of increased insulin secretion by �-cells
of pancreatic islets depends on the presence of a substantial
level of cellular expression of PTPMT1 and provides further
evidence for mechanism-based activity of the compound in
cells.

Discussion
Over the last decade, genome sequencing and functional

genomics efforts have led to the identification of many new
protein phosphatases (Alonso et al., 2004). With these new
discoveries has come an increasing recognition of the impor-
tance of protein phosphatases in cellular signaling. Investi-
gation of the interactions, cellular substrates, and modes of
action of some of these enzymes has helped us better appre-
ciate their cellular roles and how derailment of their function
may contribute to disease (Hendriks et al., 2008; Pulido and
Hooft van Huijsduijnen, 2008; Vang et al., 2008; Yi and
Lindner, 2008). However, although these advancements have
been significant, it is also clear that the rate of elucidation of
the cellular function of new protein tyrosine phosphatases
has somewhat lagged behind their rate of discovery (Alonso
et al., 2004). In the quest to gain insight into the cellular role
of protein tyrosine phosphatases, small-molecule chemical
inhibitors have proven valuable in selectively interdicting
signaling in pathways in which these enzymes are involved,

and there is much hope that they will soon be applied in
disease treatment (Jeffrey et al., 2007; Jiang and Zhang,
2008).

PTPMT1 was discovered just 5 years ago and subsequently
identified as a new member of the dual-specificity subfamily
of protein tyrosine phosphatases (Pagliarini et al., 2004), and
data on its substrates and cellular roles are still sparse.
Although its expression in several highly metabolic tissues,
combined with its localization to mitochondria, suggest that
it may play an important role in cell metabolism (Pagliarini
et al., 2005), the precise nature of this role remains obscure.
Thus, there is a clear need for new tools to aid in the study of
PTPMT1, and the identification of a selective chemical inhib-
itor of the enzyme would provide such a tool. In our screen to
identify a pharmacological inhibitor of PTPMT1, alexidine
dihydrochloride emerged as an effective and selective inhib-
itor of the enzyme.

Our subsequent studies to characterize the inhibition of
PTPMT1 by alexidine dihydochloride revealed several impor-
tant points. First, the compound did not significantly inhibit
other phosphatases tested, including the dual-specificity
phosphatase PTEN. Thus, the lack of inhibition of other
phosphatases by alexidine dihydrochloride suggests that the
compound most likely exploits features of the dual-specificity
phosphatase that are unique to PTPMT1. It also implies that
alexidine dihydrochloride might not bind the catalytic motif
of PTPMT1 or at minimum does not exploit features within
the catalytic motif that enable the phosphatidylinositol phos-
phatase activity of PTEN and PTPMT1. Further evidence in
support of this hypothesis comes from the finding that inhi-
bition of PTPMT1 by alexidine dihydrochloride did not ap-
pear to be competitive in nature.

Kinetic modeling of the inhibition of PTPMT1 by alexidine
dihydrochloride revealed that the inhibition was predomi-
nantly uncompetitive, implying that alexidine dihydrochlo-
ride likely targets the enzyme–substrate complex. Further-
more, in our study characterizing the IC50 for inhibition of
PTPMT1 by alexidine dihydrochloride, we noted a Hill coef-
ficient of 2, suggesting cooperativity of binding of the inhib-
itor to the enzyme. This cooperativity might be achieved
where binding of the inhibitor to one site on the enzyme
facilitates binding to a second site on the same molecule
(Krstic et al., 2004) or where the enzyme functions as
dimer and binding of one enzyme molecule by the inhibitor
facilitates binding of the second enzyme molecule. Consid-
ering these observations together with the striking binate
structure of alexidine dihydrochloride, and the requirement
for the binate structure for effective inhibition of the enzyme,
we speculate that the compound works by binding sites on
each of two molecules of an enzyme dimer, which are only
available in close proximity after substrate binding. How-
ever, in the absence of a structure for PTPMT1, this would be
difficult to determine. There is precedence for a functional
requirement for dimer formation of phosphatases, with the
best studied being the myotubularins (Berger et al., 2003).
Moreover, the existence of functional dimers of several dual-
specificity phosphatases has recently been reported (Mark et
al., 2008; Koksal et al., 2009).

The identification of alexidine dihydrochloride as an inhib-
itor in vitro led us to investigate the cellular activity of the
compound. After determining that cell viability was not sig-
nificantly affected by low concentrations of the drug, we

Fig. 6. Stimulation of insulin secretion by alexidine dihydrochloride
depends on the presence of PTPMT1. A, representative immunoblot anal-
ysis of the level of knockdown of PTPMT1 achieved with PTPMT1-tar-
geted shRNA in islets after 72 h. Typical knockdown of PTPMT1 was 45
to 60% of the endogenous protein level. B, impact of alexidine dihydro-
chloride on insulin secretion from islets in which PTPMT1 expression is
reduced. Rat islets were treated with PTPMT1-targeted shRNA or a
control shRNA (72 h). Islets were then treated with 4 �M alexidine
dihydrochloride for 1 h, first in the presence of basal (2.8 mM) glucose
concentration, then in the presence of stimulatory (16.7 mM) glucose
concentration. In rat islets in which the level of PTPMT1 expression was
unperturbed, the effect of alexidine dihydrochloride on insulin secretion
was significant at both basal and stimulatory glucose concentrations;
however, when the level of PTPMT1 expression was reduced, the effect of
alexidine dihydrochloride was no longer significant. Data represent the
mean 
 S.E.M. of six independent experiments and were analyzed using
ANOVA with the Bonferroni test applied post hoc.
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proceeded to examine its effects on cell function at these
concentrations. Investigation of the impact of alexidine dihy-
drochloride on insulin secretion from isolated rat islets
yielded data consistent with successful inhibition of PTPMT1
by this compound. In particular, the attenuation of the alexi-
dine-stimulated increase in insulin secretion in pancreatic
islets in which PTPMT1 had been genetically inhibited
strongly suggests targeting of PTPMT1 by alexidine dihydro-
chloride. In addition, the observation that alexidine dihydro-
chloride affects insulin secretion from the �-cells of isolated
rat islets not only confirms the positive effect of inhibition of
PTPMT1 on insulin secretion (Pagliarini et al., 2005), but
strengthens the case for potential targeting of PTPMT1 in
the treatment of type II diabetes. Because PTPMT1 is ex-
pressed in the liver and the pancreatic �-cell, it will be
interesting to determine whether a compound that effectively
inhibits PTPMT1 could be used to combat hyperglycemia in
type II diabetics.

Investigation of the effect of alexidine dihydrochloride on
mitochondrial protein threonine phosphorylation in a pan-
creatic �-cell line also yielded data consistent with effective
inhibition of PTPMT1 by the drug, with four different mito-
chondrial proteins showing changes in phosphorylation upon
treatment with alexidine dihydrochloride which were mim-
icked by treatment with PTPMT1-targeted shRNA. However,
there were increases in phosphorylation of two proteins (39
and 65 kDa) that were observed in cells treated with the
drug, but were not observed in cells treated with PTPMT1-
targeted shRNA. The increase in phosphorylation of these
proteins observed with alexidine dihydrochloride treatment,
but not with genetic inhibition of PTPMT1, may reflect dif-
ferences in the effect of short-term (drug-induced) versus
long-term (shRNA-induced) inhibition of PTPMT1 on the
phosphorylation of these particular proteins. However, off-
target effects of the drug cannot be excluded at his point.

Because protein phosphorylation is a dynamic process, the
use of a selective small-molecule inhibitor is more likely to
mimic endogenous modulation of enzyme activity compared
with knockdown of expression using RNA interference. Thus,
as demonstrated by the data in Fig. 5, acute inhibition of
PTPMT1 in cells by alexidine dihydrochloride may facilitate
detection of mitochondrial proteins whose phosphorylation is
affected by reduced PTPMT1 activity. Such an application
would aid in the discovery of other proteins in the signaling
pathways in which PTPMT1 is involved and identification of
its physiological substrate and elucidation of its functions in
the pancreatic �-cell. Identification of substrates of PTPMT1
may be further advanced by the fact that alexidine dihydro-
chloride seems to be a predominantly uncompetitive inhibitor
of PTPMT1. Because the compound binds to the enzyme–
substrate complex, it may assist in trapping endogenous
substrate in the active site of the enzyme in inhibitor-treated
cells. Furthermore, if PTPMT1 does indeed exist as a dimer,
the compound may also prove useful in efforts to study the
enzyme’s structure using X-ray crystallography by stabiliz-
ing the dimer (Tabernero et al., 1999).

Interestingly, previous studies of alexidine dihydrochloride
have predominantly characterized it as an antimicrobial
agent, with its antibacterial activity thought to be linked to
nonspecific disruption of bacterial membrane fluidity (Gil-
bert and Moore, 2005). However, one study has linked the
antifungal activity of alexidine dihydrochloride to possible

inhibition of secreted and cytosolic fungal phospholipases
(Ganendren et al., 2004). In this latter study, along with the
observed inhibition of the phospholipase B of Cryptococcus
neoformans, some inhibition of purified, recombinant porcine
phospholipase A2 was also observed with 2.5 �M alexidine
dihydrochloride. Although tests for inhibition of this phos-
pholipase in cells were not carried out, this raises the possi-
bility that some cross-reactivity of the compound with phos-
pholipases in mammalian cells could exist. In terms of
toxicity to mammalian cells, one study (Yip et al., 2006) has
suggested that alexidine dihydrochloride at low micromolar
concentrations may be cytotoxic to some cancer cells but less
toxic to untransformed cells. At the concentrations used in
our experiments with primary pancreatic islet cells, we did
not observe significant cytotoxicity while still observing a
significant and PTPMT1-selective effect of alexidine on insu-
lin secretion.

In summary, we have identified an effective small-mole-
cule inhibitor of the mitochondrial phosphatase PTPMT1 and
obtained convincing evidence that this inhibitor selectively
targets the enzyme both in vitro and in cells. Identification of
alexidine dihydrochloride has assisted in interrogation of the
biology of PTPMT1 in the pancreatic �-cell and it may not
only prove useful in further study of the biology of this
important enzyme, but it also provides a scaffold for the
development of more potent, less toxic, and more selective
PTPMT1 inhibitors.
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