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Abstract PTEN (phosphatase and tensin homologue delet-
ed on chromosome 10) is a phosphatidylinositol triphos-
phate 3-phosphatase that counteracts phosphoinositide
3-kinases and has subsequently been implied as a valuable
drug target for diabetes and cancer. Recently, we demon-
strated that VO-OHpic is an extremely potent inhibitor of
PTEN with nanomolar affinity in vitro and in vivo. Given
the importance of this inhibitor for future drug design and
development, its mode of action needed to be elucidated. It
was discovered that inhibition of recombinant PTEN by
VO-OHpic is fully reversible. Both Km and Vmax are
affected by VO-OHpic, demonstrating a noncompetitive
inhibition of PTEN. The inhibition constants Kic and Kiu

were determined to be 27±6 and 45±11 nM, respectively.
Using the artificial phosphatase substrate 3-O-methylfluor-
escein phosphate (OMFP) or the physiological substrate
phosphatidylinositol 3,4,5-triphosphate (PIP3) comparable
parameters were obtained suggesting that OMFP is a
suitable substrate for PTEN inhibition studies and PTEN
drug screening.
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Introduction

PTEN (phosphatase and tensin homologue deleted on
chromosome 10) is a well-known tumour suppressor [1,
2], which loss in function through mutation, deletion, or
transcriptional silencing is found in a wide spectrum of
advanced human cancers [3]. It belongs to the family of the
CX5R phosphatases and was initially believed to be a
tyrosine phosphatase until Maehama et al. (1998) reported
that PTEN exhibits a much greater affinity towards
phosphoinositides than tyrosine phosphates [4]. PTEN
hydrolyses the phosphate group in the 3′ position from
phosphatidylinositol 3,4,5-triphosphate (PIP3) to form
phosphatidylinositol 4,5-biphosphate and, in doing so, is
counteracting phosphoinositide 3-kinases (PI3K). The
balance of PTEN and PI3K activities determines the
cellular PIP3 levels, which in turn is recognised by other
signalling components such as Akt [5]. Increased activity of
Akt as a result of increased PIP3 levels due to loss in PTEN
function has been shown to play a major role in PTEN-
mediated tumourigenesis [6]. However, there are diseases
that could benefit from elevated levels of PIP3, which could
be achieved by inhibiting PTEN. In particular, wound
healing [7], asthma [8], neuroprotection and regeneration
[9], and indeed some cancers [10] have been linked with
PTEN as a drug target.

Vanadium complexes are capable to mimic a variety of
insulin-like effects, which were linked to the inhibition of
protein tyrosine phosphatases (PTPs) [11–13]. More recently,
it became apparent that the effects of the vanadium
complexes might be due to the inhibition of PTEN [14],
which could be blocked with nanomolar concentrations of
vanadium inhibitors in cellular and animal models [15, 16].
Among the reported inhibitors VO-OHpic, a vanadyl
compound in complex to hydroxypicolinic acid was the
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most potent and specific compound [17], which has
subsequently been employed to probe the role of PTEN in
PI3K-dependent signalling [18] as well as PTEN-induced
senescence [19]. While we gained some knowledge about
PTEN's role in diseases and its potential as a possible drug
target, not much is known about the mode of action of
the PTEN inhibitor VO-OHpic. Therefore, we analysed the
mode of PTEN inhibition by VO-OHpic, employing the
natural substrate PIP3 as well as the artificial substrate
3-O-methylfluorescein phosphate (OMFP).

Materials and methods

Expression and purification of PTEN

PTEN expression and purification was performed according
to the methods previously described with some modifications
[17]. Protein expression was induced in the Escherichia coli
strain XL-1 blue for 24 h using 1 mM isopropyl β-D-1-
thiogalactopyranoside (IPTG) at 23°C. After growth, the
cells were harvested and stored at −20°C. The harvested
cells were resuspended in lysis buffer containing 50 mM
Tris (pH 7.4), 1% Triton X-100, 10 mM benzamidine
hydrochloride, 100 μg/mL soybean trypsin inhibitor, 1 mM
4-(2-aminoethyl)benzenesulfonyl fluoride hydrochloride,
and 2 mM dithiothreitol (DTT). Lysozyme was added to
the cell suspension at a concentration of 2 mg/mL and
stirred for 1 h at 4°C. Lysis was performed by sonication,
followed by centrifugation at 18,000g for 1 h at 4°C. The
supernatant was loaded onto a glutathione sepharose column
and preequilibrated with 50 mM Tris (pH 7.4), 140 mM
NaCl, and 2.7 mM KCl. After loading, the column was
washed twice with 50 mM Tris (pH 7.4), 140 mM NaCl,
2.7 mM KCl, and 2 mM DTT. Another two washes were
performed using the same buffer with 500 mM NaCl. The
glutathione S‐transferase (GST)-tagged PTEN was eluted
using 20 mM glutathione in 50 mM Tris (pH 7.4), 250 mM
NaCl, 20% glycerol, and 2 mM DTT. PTEN integrity was
confirmed using Western blotting using GST-antibody.
Protein concentration was determined using Bradford assay.

PTEN assay with OMFP as substrate

OMFP cyclohexylammonium salt was dissolved in dimethyl
sulfoxide (DMSO) to a concentration of 20 mM and then
further diluted with 1% DMSO to the tested concentrations.
Assays were performed in 100 mM Tris (pH 7.4) containing
2 mM DTT at room temperature (RT) (20°C). Reactions
were initialised by adding OMFP to the PTEN buffer
mixture. The hydrolysis of OMFP to OMF was monitored
by measuring the change of fluorescence units in a 96-well
microtiter plate (excitation at 485 nm and emission at

525 nm) using a Varian fluorescence spectrophotometer. In
the course of testing OMFP as a substrate for PTEN,
methanol and DMSO were used as the solvent to dissolve
OMFP. Although no significant differences were found
between the two solvent systems, DMSO is the preferred
solvent to use as a stock solution of 20 mM can be made
(with sonication), whereas OMFP could only be dissolved at
a concentration of 4 mM in methanol. Therefore, by using
DMSO, the final solvent concentration in the assay can be
kept low, as high concentration of solvent can have an impact
on enzyme activity and stability. When using OMFP at high
concentration (>1 mM), inner filter effect due to absorption
can decrease the measured fluorescence intensity and
therefore distort the kinetic analysis. The inner filter effect
can be simply verified by measuring the high substrate
sample by dilution [20, 21]. If inner filter effects are present,
the observed fluorescence intensities must be corrected.

PTEN assay with PIP3 as substrate

Enzyme activity of PTEN was measured in 100 mMTris (pH
7.4) containing 2 mM DTT. PIP3, diC16 sodium salt, was
dissolved in distilled water to a final concentration of 1 mM
and then further diluted with water to the tested substrate
concentration. The assay was performed at 30°C for 20 min.
In order to stop the reaction 2.25 volume of colour reagent
(5 mM malachite green, 17 mM ammonium heptamolybdate,
77 mM bismuth citrate and 1.7 M HCl) was added to the
assay. The mixture was allowed to develop for 10 min, and
the absorbance was read at 650 nm.

PTEN activity assay in the presence of 3-hydroxypicolinate
vanadium (IV) (VO-OHpic) complex

Km and Vmax determination in the presence of VO-OHpic

[V(=O)(H2O)(OHpic)2] (herein referred to as VO-OHpic)
was prepared following a previously reported procedure
[22]. VO-OHpic was dissolved in DMSO (100 μM) and
diluted further to the required concentration with 1%
DMSO. For inhibition studies, PTEN was preincubated
with VO-OHpic at RT for 10 min before substrate was
added to initialise the reaction. Background absorbance
(malachite green assay) and fluorescence (OMFP assay)
were determined with VO-OHpic in assay buffer and
corrected in the data analysis.

Reversibility of VO-OHpic inhibition—inhibitor dilution
assay

In order to study the reversibility of the VO-OHpic
inhibition, PTEN was preincubated with a high concentra-
tion of inhibitor and then diluted by adding reaction buffer
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with no inhibitor present. The remaining PTEN activity
towards OMFP was then measured and compared to the
controls. The following experiments were performed in
order to study the reversibility of VO-OHpic inhibition:

Experiment 1 PTEN activity in the absence of the inhibitor.
PTEN was incubated at RT for 10 min in assay buffer with
1% DMSO. Six microliters of a 5.2 mM OMFP stock
solution was added (final concentration, 200 μM), and the
changes in fluorescence were measured.

Experiment 2 PTEN activity in the presence of 30 nM VO-
OHpic. PTEN was incubated with 30 nM VO-OHpic at RT
for 10 min in assay buffer with 1% DMSO (total volume,
150 μL). Six microliters of a 5.2 mM OMFP stock solution
was added (final concentration, 200 μM), and the changes
in fluorescence were measured.

Experiment 3 PTEN activity in the presence of 30 nM VO-
OHpic after dilution. PTEN was incubated with 300 nM
VO-OHpic at RT for 10 min (15 μL). After preincubation,
135 μL of assay buffer containing 1% DMSO was added.
The resulting VO-OHpic concentration was 30 nM. The
mixture was allowed to incubate for 10 min at RT, and then
OMFP was added (as above) and the fluorescence changes
were measured.

Experiment 4 PTEN activity in the presence of 300 nM
VO-OHpic after dilution. As under 3, PTEN was preincu-
bated with 300 nM VO-OHpic (15 μL), and after 10 min,
135 μL of 300 nM VO-OHpic in assay buffer with 1%
DMSO was added and incubate for 10 min at RT. Again,
OMFP to a final concentration of 200 μM was added and
the fluorescence monitored.

Results and discussion

Reversibility of VO-OHpic inhibition

Vanadium complexes have the ability to inhibit phospha-
tases in a reversible [23–25] or irreversible fashion [26, 27].
Prior to any further characterisation, the reversibility of the
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Fig. 1 Structures of PIP3 and
OMFP

Fig. 2 a IC50 determination of VO-OHpic with OMFP as substrate.
PTEN was preincubated with VO-OHpic with the indicated concen-
trations at RT. Reactions were started by adding 200 μM of OMFP.
The results are the average ± the standard deviations of three
independent experiments. Data analyses were performed using GraFit.
Inhibition data were fitted to a four-parameter logistic equation. b
Reversibility of PTEN inhibition by VO-OHpic by dilution. The
inhibitor dilution assays were performed as described in the Materials
and methods section. Data shown are relative to the PTEN activity in
the absence of VO-OHpic (experiment 1). The results are presented as
the mean ± the standard deviation of three independent experiments
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PTEN inhibitor VO-OHpic, a vanadyl complex (V4+),
needed to be determined. In order to achieve this, inhibitor
dilution assays, which have been successfully applied to
characterise catalase inhibitors [28], were employed. The

artificial substrate OMFP (Fig. 1) has been used for PTPs
[29–31] as well as PTEN [32] to monitor their activities,
and due to its nature, it enables high throughput assays
[33]. To validate the suitability of OMFP as a substrate for

Fig. 3 a: Michaelis–Menten plot of PTEN activity using OMFP as
substrate with increasing concentration of VO-OHpic. The
VO-OHpic concentrations studied and calculated Km and Vmax

values are as follows: 0 nM (circles), Km=216±14 μM, Vmax=7.8±
0.2 pmol/min; 15 nM (squares) Km

app=251±17 μM, Vmax
app=6.7±

0.2 pmol/min; 40 nM (triangles) Km
app=291±23 μM, Vmax

app=
5.6±0.2 pmol/min; 65 nM (diamonds) Km

app=375±28 μM,
Vmax

app=3.8±0.1 pmol/min. The results are presented as the
mean ± the standard deviation of three independent experiments. b
Lineweaver–Burk plots of kinetic data from Fig. 2a. c Secondary
plot of the slopes of the Lineweaver–Burk plots from Fig. 2b vs. the
inhibitor concentration. Kic of 27±6 nM is determined as the
additive inverse abscissa intercept. d Secondary plot of the y-axis

intercepts from Fig. 2b vs. the inhibitor concentration. Kiu is
determined to be 45±11 nM. e Michaelis–Menten plots of PTEN
activity using PIP3 as substrate with increasing concentration of VO-
OHpic. The kinetics parameters calculated at the different concen-
tration of VO-OHpic are as follows: 0 nM VO-OHpic (circles), Km=
30±4 μM, Vmax=181±7 pmol/min; 40 nM (squares), Km

app=43±
6 μM, Vmax

app=143±8 pmol/min; 65 nM (triangles), Km
app=75±

14 μM, Vmax
app=104±10 pmol/min. The results are presented as the

mean ± the standard deviation of three independent experiments
unless otherwise stated. f Lineweaver–Burk plots of kinetic data
from Fig. 2e. Kic is determined to be 17±8 nM, and Kiu is
determined to be 74±31 nM (n=2)
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testing PTEN inhibitors, we determined the potency (IC50

value) of VO-OHpic and subsequently compared it to the
published potency of this inhibitor in a PIP3-based assay.
As shown in Fig. 2a, VO-OHpic significantly inhibits
PTEN activity in low nanomolar concentrations (IC50, 46±
10 nM), which is in agreement with the previously
determined potency (IC50, 35±2 nM) in a PIP3-based assay
[17]. Having confirmed that OMFP is a suitable substrate
for PTEN activity and inhibitor measurements, recombinant
PTEN was subjected to an inhibitor dilution assay with
OMFP as a substrate.

If the inhibition is reversible, the PTEN activity should
be recoverable upon dilution of the inhibitor concentration.
In contrast, if the compound would bind irreversibly, then
no significant change of activity should occur upon
dilution. Thus, the PTEN phosphatase was expressed in
bacteria, purified, and preincubated with or without VO-
OHpic at the indicated concentration (Fig. 2b). After
dilution with buffer with or without VO-OHpic being
present, the remaining PTEN activity was determined with
OMFP as a substrate. PTEN was preincubated with 300 nM
VO-OHpic for 10 min at RT in order to achieve a strong
inhibition without leaving the linearity zone. As shown in
Fig. 2a, at this inhibitor concentration, the remaining PTEN
activity is roughly 20% as compared to the PTEN activity
without inhibitor. Upon 10-fold dilution of the initial
300 nM VO-OHpic concentration to 30 nM, the remaining
PTEN activity is determined. As shown in Fig. 2b, the 10-
fold dilution rescues the PTEN activity, since the remaining
activity is 63% (bar 3) as compared to the noninhibited
PTEN reaction (bar 1). The rescued activity upon dilution is
similar to the PTEN activity that was subjected to a
preincubation with 30 nM VO-OHpic, but without any
dilution (bar 2). However, if the dilution was performed
using a buffer containing the same concentration of VO-
OHpic (300 nM), no rescue of the PTEN activity could be
observed (bar 4). Taken together, these data demonstrate
that the inhibition of VO-OHpic can be overcome by
dilution, indicating that the PTEN inhibitor is binding to its
target in a reversible fashion.

Mode of VO-OHpic inhibition

In order to investigate the mode of inhibition of VO-OHpic,
the enzymological properties of PTEN towards the sub-
strate OMFP needed to be determined. As shown in Fig. 3,
both Km and Vmax are affected by VO-OHpic. Lineweaver–
Burk plots of the same data illustrate the changes of Km and
Vmax as the inhibitor concentration changes. In the presence
of increasing amounts of VO-OHpic, the Km shifts to higher
values, whereas the Vmax drops to lower values as can be
seen in Fig. 3a. Since an increase in Km and a decrease in
Vmax are the characteristics of a mixed type inhibition

where the inhibitor can bind both the free enzyme (E) and
the enzyme–substrate (ES) complex (Fig. 4), it can be
concluded that VO-OHpic is a noncompetitive inhibitor
with respect to OMFP as a substrate. This is in contrast to
other vanadium complexes where inhibition towards PTPs
is reported to be competitive with vanadium (V) [23] and
vanadium (IV) [25] complexes, implying that PTEN
distinguishes itself from the wider CX5R phosphatase
family not just with respect to its preferences towards
inositol lipids, but also with respect to its enzymological
characteristics and properties.

The data presented in Fig. 3 allowed us to determine the
dissociation constants Kic (EI complex) and Kiu (ESI
complex) by plotting the slopes and y-axis intercepts from
the Lineweaver–Burk plots vs. the inhibitor concentration
(Fig. 3c and d, respectively). Values for Kic and Kiu were
determined as 27±6 and 45±11 nM, respectively, revealing
that there is no significant difference between these
parameters. Thus, one can conclude that the inhibitor binds
with similar affinity to the free enzyme and the ES
complex, the presence of bound substrate being without
influence on the inhibitor's affinity. Given that VO-OHpic
is a noncompetitive inhibitor (Fig. 3), a mode of inhibition
that is normally associated with the inhibitor binding at a
distinct site as compared to the substrate, it is surprising
that Kic and Kiu are very similar. VO-OHpic with two
OHpic ligands and an oxo ligand is a sterically demanding
molecule, and one would therefore expect that bound
substrate would affect the subsequent binding of the
inhibitor due to steric hindrance. However, this seems not
be the case, and it is possible that the very shallow catalytic
cavity of the PTEN phosphatase [34] might facilitate the
accommodation of the bulky substrate and inhibitor.

For comparison, PTEN activity assays were performed
with its physiological substrate PIP3 in the absence and
presence of VO-OHpic. The Km for the uninhibited PTEN
towards PIP3 is 30 ± 4 μM, which is in good agreement
with published values [35, 36]. As shown in Fig. 3e,

E + S ES E P+

+ +

I I

EI ESI

Kic Kiu

Fig. 4 Characteristic of a noncompetitive inhibition. The inhibitor (I)
can bind the free enzyme (E) to form EI with the dissociation constant
Kic and the ES complex to form ESI with the dissociation constant Kiu
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employing PIP3 produced similar kinetic characteristics for
the PTEN inhibitor VO-OHpic to the ones observed with
the artificial substrate OMFP. With increasing concentration
of VO-OHpic, an increase in Km and a corresponding
decrease in Vmax are detected. Kic and Kiu calculations
reveal that both dissociation constants are of similar magni-
tude, indicating that VO-OHpic binds with similar affinity to
both free enzyme E and ES complex even with PIP3 as the
substrate. Therefore, the observed PTEN inhibitor's mode of
inhibition is independent of the choice of substrate.

It has been suggested that vanadium compounds are
merely delivering vanadate to the catalytic site [25], since
vanadyl compounds show similar potency (Ki, 0.1–0.6 μM)
and mode of inhibition (competitive) as the inorganic
analogue VOSO4 (Ki, 0.1 μM) towards tyrosine phospha-
tases [37]. However, this does not seem to be the case for
VO-OHpic. Firstly, VO-OHpic has a very high selectivity
towards PTEN and inhibits PTPs in the high micromolar
range [17]. If the compounds' mode of action was due to a
delivery of the vanadyl moiety, one would expect to see
similar potencies on PTPs and PTEN, since VOSO4 is a
nonspecific inhibitor. Secondly, the mode of inhibition for
VOSO4 does not match the mode of inhibition of VO-
OHpic. The different binding characteristics are excluding
the possibility of VO-OHpic being a vanadyl delivery tool.
Therefore, it can be concluded that VO-OHpic is the active
compound for the observed PTEN inhibition.

In summary, the presented data demonstrate the useful-
ness of OMFP for PTEN activity measurements and
elucidate the mode of inhibition for VO-OHpic. The latter
turned out to be of noncompetitive nature, which distin-
guishes the lipid phosphatase PTEN from the PTPs. This
mode of inhibition is also incompatible with a vanadyl
delivery role, thus, validating the vanadium-based com-
pounds as specific phosphatase inhibitors and potential
insulin-enhancing drugs.
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