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Abstract

Inhibition of protein tyrosine phosphatase 1B (PTP1B) has been proposed as a novel therapy to treat type 2 diabetes and obesity. In order
to identify novel PTP1B inhibitors, we have developed a robust screen in Saccharomyces cerevisiae where growth is dependent on PTP1B
catalytic activity. This was based on the observation that overexpression of v-Src, a tyrosine kinase, in yeast leads to lethality through
mitotic dysfunction and this lethality can be reversed by co-expression of PTP1B. The expression levels of v-Src and PTP1B were
optimized to obtain a balance between robust growth and sensitivity to inhibitors. Screening was carried out in 96-well plates and growth
of the liquid culture measured by absorbance at 600 nm. Initial characterization was performed using vanadate as well as some novel
PTPIB inhibitors. Vanadate specifically inhibited PTP1B-dependent growth in a dose dependent manner with an ECsy of 0.92 £
0.07 mM. This simple yeast growth interference assay has the potential for use as a high throughput screen for PTP1B inhibitors in sample

collections or crude mixtures.
© 2004 Elsevier Inc. All rights reserved.
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Protein tyrosine phosphatase 1B (PTP1B) (EC 3.1.3.48)
is a negative regulator of insulin action and has become an
important diabetes and obesity drug target [1-3]. Results
from PTP1B mouse gene knockouts [4,5] and antisense
oligonucleotide treatment in diabetic rodent models [6—8]
have validated PTP1B as having a role in the development
of insulin resistance and obesity. The identification of
potent and selective PTP1B inhibitors has become a major
focus of many drug development programs. However, there
are a number of issues in establishing both intrinsic as well
as cell-based screens for PTP1B inhibitors. One of these is
oxidation of the active site cysteine by oxidizing agents in
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sample collections that can lead to false positives. Another
is the lack of a robust cell-based assay for evaluating the
biological activity of PTP1B inhibitors. The typical func-
tional readout for cellular PTP1B inhibition has been to
measure IR phosphorylation [9,10]. Yet, the increase in IR
phosphorylation due to PTP1B inhibition is usually vari-
able, dependent on cell type and at most two to three-fold
over controls, thus, making it unsuitable for screening.
Furthermore, because many of the current potent PTP1B
inhibitors contain a phosphonate or a phosphate mimetic
they are highly charged and therefore cell permeability
becomes an issue. Without a robust cellular functional
readout and questionable cell permeability of the potent
PTP1B inhibitors, it becomes difficult to reconcile the
reason for the lack of activity of PTPIB inhibitors in
cell-based assays. In order to circumvent some of these
issues, a yeast-based PTP1B assay was developed. Yeast
has been used as a model system for the screening of
various pharmacological agents, it provides a protective
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cellular environment to prevent PTPIB oxidation and
measuring yeast growth is both an easy and sensitive
screening assay [11]. In addition, yeast cell permeability
has been shown not to be an issue in concentrating com-
pounds internally, but like mammalian cells, the rate limit-
ing factor in internalization of compounds has been due to
the function of efflux pumps [11].

v-Src, a tyrosine kinase from the Rous Sarcoma
virus, is lethal when overexpressed in the yeast Sacchar-
omyces cerevisiae [12]. The lethality of v-Src has
been attributed to the hypertyrosine phosphorylation of
multiple yeast proteins leading to mitotic dysfunction but
the exact target responsible for the toxicity remains to be
identified [13—-17]. Yeast can be rescued from the v-Src
lethality by co-expressing the catalytic domain of PTP1B
[16]. This rescue is presumably due to the activity of
PTP1B in dephosphorylating the various yeast proteins
phosphorylated by v-Src. Using these initial observa-
tions, we have developed a yeast cell-based assay to
screen for PTP1B inhibitors. In this report we describe
the optimization and the characterization of this
screen with both known as well as some novel PTP1B
inhibitors.

1. Materials and methods
1.1. Yeast strain

YPH499: Mata ura 3-52 lys 2-801°™"" ade 2-101°"" trp
1-A63 his3-A200 leu2Al (Stratagene).

1.2. Plasmids constructs

EcoRI and Sall were used to cut out the catalytic domain
(amino acids 1-320) of human PTP1B previously cloned in
a pFLAG vector [18]. The resulting fragment was gel
purified and ligated to p416GAL1 (American type culture
collection (ATCC) 87332) previously digested with EcoRI
and Sall and de-phosphorylated. The plasmid p416GAL1-
PTP1B was sequenced to confirm the correct construction.
PTP1B mutants C215S (amino acids 1-320) and D181A
(amino acids 1-298) were cloned into p416GALI in a
similar manner. The plasmid p416GALI1 is a low-copy
vector containing the URA3 marker for growth in uracil-
deficient media.

v-Src was amplified by PCR using the pEcoRIB clone
obtained from ATCC (41005) as a template. The forward
primer used was: CGTCTAGAATGGGGAGTAGCAA-
GAGCAAGCC, the reverse primer used was: GTCGAC-
CTACTCAGCGACCTCCAACACACAAGC and the
primers also contained sequences for the introduction of
Xbal and Sall restriction sites (italicized) into the PCR
product. The amplified DNA was inserted into pCR2.1-
TOPO (Invitrogen) to give the TA-v-Src plasmid. The
fragment obtained from restriction digest of TA-v-Src with

Xbal and Sall was gel purified (Qiagen) and ligated to
p415GAL1 (ATCC 87326), p415GALL (ATCC 87338) or
p415GALS (ATCC 87346) [19] previously digested with
Xbal and Sall and de-phosphorylated. The resulting con-
structs were then sequenced. All three plasmids are low-
copy vectors containing the LEU2 marker for growth in
leucine-deficient media.

1.3. Growth curves

Yeast were transformed [20] with the various plasmids
and the colonies formed 3 days after were transferred to
leucine and uracil dropout media containing raffinose as
the sole carbon source and grown overnight. Serial dilu-
tions of the inhibitors were arrayed in 96-well plates
containing leucine and uracil dropout media with 4%
galactose. The plates were inoculated with the overnight
yeast cultures at a final concentration of 10° cells per ml
[21]. The wells were overlaid with mineral oil, incubated at
30 °C and read periodically at 600 nm for 4 days. The
growth curves generated were used to obtain ECs values
for the various PTP1B inhibitors.

1.4. Western blots

Total yeast protein was extracted using Y-PER" (Pierce)
and quantified using Coomassie®™ Plus Reagent (Pierce).
The extract was run (15 pg per lane) on 4-12% NuPage™
BisTris gel (Invitrogen) in 3-(N-morpholino) propanesul-
fonic acid (MOPS) buffer and transferred to a polyviny-
lidene fluoride (PVDF) membrane. The membrane was
blocked with 5% BSA in TTBS (0.1% Tween 20, 10 mM
Tris—HCI pH 7.5, 100 mM NaCl), probed with an anti-
phosphotyrosine antibody (4G10 from Upstate) in 1% BSA
in TTBS, washed and developed with chemiluminescence
(NEN Life Sciences). The blot was visualized using a CCD
camera (Fujifilm).

1.5. Inhibitors and ICsy determinations

Inhibitors 1-3 and BzN-EJJ-amide [22] were synthe-
sized at Merck Frosst Canada. Details of the synthesis of
the novel PTP1B inhibitors used in this assay can be found
in [23]. Inhibitor 1: 7-bromo-6-phosphono(difluoro-
methyl)-3-napthalenonitrile, inhibitor 2: 3-[p-(chloro)phe-
nyl]-1-{m-bromo-p-[phosphono(difluoromethyl)]phenyl }-
2-thiapropane, inhibitor 3: 2,3-biphenyl-1-{m-bromo-p-
[phosphono(difluoromethyl)]phenyl} propan-3-one, BzN-
EJJ-amide: N-benzoyl-L-glutamyl-[4-phosphono(difluoro-
methyl)]-L-phenylalanyl-[4-phosphono(difluoromethyl)]-
L-phenylalanineamide.

Hydrolysis of 6,8-difluoro-4-methylumbelliferyl phos-
phate (DiIFMUP) (Molecular Probes) by PTP1B was mon-
itored by fluorescence (excitation 360 nm, emission
450 nm) continuously for 10 min using a SpectraMaxGe-
mini from Molecular Devices. ICs( values were calculated



J. Montalibet, B.P. Kennedy/Biochemical Pharmacology 68 (2004) 1807-1814 1809

from non-linear regression fit of initial rates of hydrolysis
obtained by reacting 0.14 nM of recombinant PTP1B
(expressed and purified as in [24]) with 5.5 uM of
DiIFMUP (Ky; of PTP1B) in assay buffer (2% glycerol,
0.01% triton, 5 mM N,N'-dimethyl-bis(mercaptoacetyl)hy-
drazine, 50 mM Bis—Tris, 2 mM EDTA pH 6.3) [24] in the
presence of varying concentrations of inhibitor.

2. Results

2.1. Optimization of the rescue of yeast from v-Src
lethality by PTPIB

It was previously shown that expression of v-Src in yeast
results in the arrest of cell growth and this cell arrest can be
rescued by the co-expression of PTP1B [16]. To reproduce
these results and to establish the optimal balance between
this lethality and the rescue mediated by PTP1B, the
expression levels of v-Src in yeast were varied by using
mutated GAL promoters [19]. In fact, v-Src expression
driven by any of the GAL promoters, GAL1 (wild type) or
the attenuated promoters GALL or GALS (missing
upstream activation sequences) abolished yeast growth
to the same extent (Fig. 1A). However, co-expression of
PTP1B with v-Src resulted in the rescue of yeast growth
only if v-Src expression was under the control of the GALL
promoter (Fig. 1A). This suggests that the correct stoi-
chiometry must be achieved between v-Src and PTP1B for
rescue to occur. This was evident when the level of yeast
protein tyrosine phosphorylation was examined by Wes-
tern blotting (Fig. 1B). v-Src driven by either the GALI1 or
GALS promoters resulted in a higher level of protein
tyrosine phosphorylation than v-Src under the GALL
promoter. Co-transformation with PTP1B effectively
reduced the total tyrosine phosphorylation level for all
the permutations of the GAL promoters driving v-Src yet
could only rescue yeast from v-Src driven by the GALL
promoter. Expression of PTP1B alone did not affect the
yeast growth or the phosphorylation pattern compared to
the wild type yeast.

Catalytically inactive PTP1B mutants were co-trans-
formed with v-Src to verify that the effect of PTP1B on v-
Src lethality was due to its enzymatic activity. Two
mutants were assayed: C215S [25] where the active site
cysteine was mutated to a serine and D181A [26] where
the general acid/base involved in the phosphatase enzy-
matic reaction was replaced by an alanine. The results in
Fig. 2A show that only wild type PTP1B can rescue yeast
from v-Src lethality whereas the C215S or DISIA
mutants were ineffective. Furthermore, Western blots
of total phosphotyrosine (Fig. 2B) revealed that only
the catalytically active PTP1B and not the mutants
attenuated the increase in tyrosine phosphorylation due
to v-Src expression. These results indicate that the cat-
alytic activity of PTP1B was required to rescue yeast
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Fig. 1. The effect of PTP1B expression on the growth of yeast expressing v-
Src under various GAL promoters. (A) Growth curves of yeast transformed
with PTP1B (<), GAL1-v-Src ([J), GALS-v-Src (/) or GALL-v-Src (O)
or co-transformed with GAL1-v-Src (), GALS-v-Src (A ) or GALL-v-Src
(@) and PTP1B. Error bars represent standard error (n = 3). (B) Western
blots of total protein extracted from yeast transformed as in (A) induced in
galactose for 63 h and probed with anti-phosphotyrosine antibody. GALI,
GALL and GALS refer to the promoter driving v-Src or the identity of the
empty vector co-transformed with PTP1B.

from v-Src lethality and that co-transforming yeast with
p415GALL-v-Src and p416GAL1-PTPIB yielded a
yeast system that was strictly dependent on PTPI1B
activity for growth.

2.2. Screening compounds for PTPIB inhibition using
a yeast-based system

Yeast were co-transformed with p415GALL-v-Src and
p416GAL1-PTPI1B and the colonies formed after 3 days of
growth on double-dropout media were used to inoculate
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Fig. 2. The catalytic activity of PTP1B is required to rescue the yeast from
v-Src lethality. (A) Growth curve of yeast transformed with PTP1B (@), v-
Src (QO) or co-transformed with v-Src and PTP1B (wild type (W) or mutants
(Mor v7)). Wild type is denoted wt, catalytically inactive PTP1B mutants
are C215S and DI181A. Error bars represent standard error (n = 3). (B)
Western blot of total yeast protein extracted from yeast transformed as in
(A) induced in galactose for 51 h and probed with anti-phosphotyrosine
antibody.

liquid media for an overnight culture. The resulting
PTP1B/v-Src screening culture was then diluted and ali-
quoted to a 96-well plate containing a serial dilution of
known or novel inhibitors of PTP1B. The growth of the
yeast was monitored by following the increase in absor-
bance at 600 nm over time. In addition, controls were
included to identify compounds that were toxic to S.
cerevisiae or compounds that could affect the lethality
of v-Src. The controls were assayed as above but using
yeast co-transformed with p415GALL and p416GALIl-
PTP1B to check for toxicity or co-transformed with
p415GALL-v-Src and p416GAL1 to check for an effect
on v-Src lethality. Any compound that affected the growth
of these controls would be rejected from the screen.

Initial characterization of the screen was performed with
vanadate which is a general protein tyrosine phosphatase
inhibitor [27]. Vanadate has an ICsy of ~ 0.4 uM, when
assayed using recombinant purified PTPIB in activity or
binding assays [28]. The growth curves generated in the
presence of vanadate are shown in Fig. 3A. Vanadate was
not toxic to S. cerevisiae at the concentrations used since
there was little effect on the growth of the PTP1B control
yeast (Fig. 3A panel 1) nor did it affect the lethality of v-
Src as shown by the absence of response for the v-Src
control (Fig. 3A panel 3). However, with the addition of
increasing concentrations of vanadate to the media, yeast
dependent on PTP1B for growth displayed a dose-depen-
dent decrease in growth (Fig. 3A panel 2).

We next tested various published tyrosine phosphatase
inhibitors including the reversible active site inhibitors:
BzN-EJJ-amide [22] and suramin [29] and the oxidizing
agent phenylarsine oxide [30] (ICs, reported in [28] were
6 nM, 5 uM and 2 uM respectively). The potent peptide
inhibitor, BzN-EJJ-amide, even up to 1 mM, did not inhibit
yeast growth in the assay, nor was it toxic to yeast at this
concentration (Fig. 3B). Suramin, appeared to have some
minimal activity at 2 mM (Fig. 3C panel 2), but when
assayed up to 12 mM, toxicity was observed at concentra-
tions above 2 mM.' However, phenylarsine oxide, which
inhibits PTP1B by oxidization, was toxic to yeast growth at
concentrations as low as 10 uM (Fig. 3D).

In order to evaluate the assay with additional PTP1B
inhibitors we tested a number of novel in-house synthe-
sized PTP1B inhibitors in the assay (Fig. 4). These were
non-peptidic PTP1B inhibitors but all contained the non-
hydrolysable phosphotyrosyl mimetic 4’-phosphono(di-
fluoromethyl)-phenylalanine (F,PMP) [23]. Many of these
compounds, although potent inhibitors like BzN-EJJ-
amide, were also ineffective at inhibiting yeast growth
in the assay. Nevertheless, a subgroup of these inhibitors
did have significant effects on yeast growth. For example,
PTPI1B inhibitor 1 (IC5q 0.2 wM) inhibited yeast growth in
a dose dependent manner and was not toxic to the cell even
up to 2 mM concentration (Fig. 3E).

Using the data in Fig. 3, dose response curves were
generated for vanadate, inhibitor 1 as well as for two other
novel PTP1B inhibitors 2 and 3. Vanadate had an ECs of
0.92 £ 0.07 mM for the inhibition of yeast growth whereas
PTP1B inhibitor 1 had an ECsq of 0.17 £ 0.03 mM. The
other two PTP1B inhibitors, 2 and 3, were about as
effective as vanadate in inhibiting the growth with
ECsps of 1.2 £ 0.2 mM and 0.9 £ 0.1 mM respectively.
These two inhibitors had essentially the same ICsq value,
0.3 M, for the inhibition of the recombinant enzyme. It is
of interest to note that vanadate and the three novel PTP1B
inhibitors reported here all had similar ICsys on purified
PTP1B but inhibitor 1 was about five times more potent at
inhibiting PTP1B-dependent yeast growth.

! Data not shown.
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Fig. 3. Effect of PTP1B inhibitors on yeast growth. (A) Vanadate, (B) BzN-EJJ-amide, (C) Suramin, (D) Phenylarsine oxide and (E) Inhibitor 1. Panel 1.
Toxicity control using yeast expressing PTP1B alone. Panel 2. Dose-dependent decrease in PTP1B-dependent growth by the inhibitor using yeast co-
transformed with PTP1B and v-Src. Panel 3. Background control of the effect of the inhibitor on the lethality of v-Src using yeast expressing v-Src alone. The
concentration of inhibitor used is shown boxed on the right. Error bars represents standard error (n = 3).
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Fig. 4. Dose response profiles of selected PTP1B inhibitors. Yeast
expressing PTP1B and v-Src were grown in the presence of increasing
concentrations of the following PTP1B inhibitors: (A) vanadate, (B)
inhibitor 1, (C) inhibitor 2 and (D) inhibitor 3. Growth curves were
determined and the amount of growth at 68 h was used to generate the
dose response curves. %Growth refers to growth at 68 h where 100%
growth refers to growth in the absence of inhibitor. The data represent at
least three independent experiments done in triplicate where error bars are
standard error.

3. Discussion

A major issue with PTP1B drug screening programs is
the lack of a robust cell-based functional assay. Typically,
increased tyrosine phosphorylation of the IR or
glucose uptake has been used as functional readouts
for PTP1B inhibition. However, the effect on IR phos-
phorylation due to either PTP1B mRNA knockdown or
inhibition, as measured by quantitation of Western
blots, results in at most a two to three-fold increase in
phosphorylation over unstimulated controls [9,10]. This
small window and the variability introduced by quantita-
tion of blots make it incompatible with high throughput
screening. In addition, although glucose uptake can be a
surrogate for IR activation, this event occurs much
further downstream of IR activation and can be stimu-
lated by several mechanisms thus results can be mislead-
ing since it is not a direct indicator of PTP1B inhibition.
We wanted to develop a PTPIB cell-based assay
where a biological function (growth) was completely
dependent on PTP1B activity. Yeast is a model system
to develop such an assay, since it provides the cellular
environment (reducing) to maintain PTP1B in an active
state, there is minimum compensation by yeast tyrosine
phosphatases and growth interference is easily scoreable

[8].

Based on the previous observation that co-expression of
PTP1B can rescue yeast from v-Src lethality, we optimized
the expression levels of PTP1B and v-Src such that inhibi-
tion of PTP1B activity results in growth interference.
PTP1B catalytic activity was absolutely required for yeast
growth since the catalytically inactive PTP1B mutants
C215S and DI181A failed to overcome the lethality of v-
Src. There was a certain stoichiometry between PTP1B and
v-Src expression that was required to obtain a robust
growth phenotype and at the same time be sensitive to
inhibitors. For example, it has been shown that expression
from a high copy vector can result in inhibitor resistant
phenotypes due to high levels of protein expression [31].
Previous reports [16,17] had utilized the GAL1 promoter to
express PTP1B from high copy vectors. Therefore it was
necessary to reduce the expression levels of PTP1B from
the high copy vectors to a low-copy vector. However,
diminishing the levels of PTP1B compromises its ability
to rescue the yeast; thus v-Src was also expressed from a
low-copy vector and expression was further decreased with
the use of the attenuated GALL promoter. This combina-
tion yielded the greatest rescue while being sensitive to
PTP1B inhibitors.

We had previously developed an insect cell assay to
screen for PTP inhibitors using recombinant baculoviruses
[32]. Although this assay was sufficient at evaluating
compounds as PTP inhibitors it did not provide any
indication of how efficient these compounds were at
inhibiting cellular PTP1B biological activities since it
monitored the conversion of the exogenously added sub-
strate p-nitrophenylphosphate. In contrast, the PTP1B
yeast cell-based assay is dependent on PTP1B catalytic
activity for growth. For example, the oxidizing agent
phenylarsine oxide, in the insect cell assay was effective
at inhibiting PTP1B (IC5016 M), whereas in the yeast
screen it was shown to be toxic to yeast growth and thus not
a viable PTP1B inhibitor.

As mentioned in the introduction, an issue with many
of the recently developed potent PTP1B inhibitors is that
they are either highly charged or too large and because of
this are not cell permeable and lack bioavailability [1].
For instance, the potent PTP1B peptide inhibitor BzN-
EJJ-amide which has a M, of 800 and contains five
negative charges was shown to be inactive in this assay.
This was also the fate of the other charged F,PMP
inhibitors with M, ranging from 547 to 804. Likewise,
the highly charged suramin with a M, of 1429 was also
minimally effective. The only compounds, besides vana-
date, that had activity in the assay, contained two nega-
tive charges and had M, < 500. These compounds as well
as vanadate all have similar potency on the purified
PTP1B enzyme but inhibitor 1 was significantly more
potent at inhibiting yeast growth than the others. This is
likely a reflection of the cell permeable properties of
the compounds. It is of interest to note that the three
active non-peptidic phosphonate inhibitors described
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here all have significant bioavailability whereas the
peptide inhibitor, BzN-EJJ-amide, is not bioavailable®
[23].

Although potent PTP1IB inhibitors have been
described, cell permeability and bioavailability of these
compounds still remains an issue [1]. In addition to
providing a cellular environment for PTP1B, thereby
protecting it from oxidation and inactivation, the use
of this yeast system requires the compounds to have a
certain degree of cell permeability. Because of these
features and the simple scoreable phenotype, the PTP1B
yeast screen can be easily established for high throughput
screening of sample collections or complex mixtures (i.e.
natural products) to identify lead cell permeable PTP1B
inhibitors.
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