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Abstract

Protein tyrosine phosphatases (PTPs) are key signal-transduction regulators and have emerged as
potential drug targets for inhibitor design. Here we report a yeast-based assay that provides a
general means of assessing the activity and/or inhibition of essentially any classical PTP in living
cells. The assay uses the activity of an exogenously expressed PTP to counter the activity of a co-
expressed and toxic tyrosine kinase, such that only active PTPs are capable of rescuing growth.
PTP activity gives rise to both increased growth and decreased phosphotyrosine levels; cellular
PTP activity can therefore be monitored by either yeast-growth curves or anti-phosphotyrosine
western blots. We show that four PTPs (TCPTP, Shp2, PEST, PTPa) are capable of rescuing the
effects of v-Src toxicity. Since these PTPs are chosen from four distinct sub-families, it is likely
that biologically and medicinally important PTPs from other subfamilies can similarly function in
the cellular PTP assay. Because many small-molecule PTP inhibitors fail to penetrate cell
membranes effectively, this cell-based assay has the potential to serve as a useful screening tool
for determining the cellular efficacy of candidate inhibitors in a more biologically relevant context
than can be provided by an /n vitro PTP assay.
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Introduction

Tyrosine phosphorylation is one of the central post-translational control elements in
metazoan signal transduction. The phosphorylation state of a given protein can govern its
enzyme activity, protein-protein interactions, and cellular distribution. Phosphorylation and
dephosphorylation of a target protein thus act as a “chemical switch” that allows the cell to
transmit signals in a highly regulated manner. Tyrosine phosphorylation is enzymatically
controlled by two large families of enzymes, the protein tyrosine kinases (PTKSs) and protein
tyrosine phosphatases (PTPs) [1]. Here we present a general cell-based assay that can be
used to monitor the activities of PTPs in living cells.

Selective PTP inhibitors are sought after as drug candidates due to the common association
of misregulated PTP activity and human disease [2-3]. Unfortunately, despite decades of
efforts, relatively few highly specific and cell-permeable PTP inhibitors have been
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discovered. PTP-inhibitor discovery is inherently difficult due to two recurring problems: (i)
lack of target specificity: PTP catalytic domains share a significant degree of sequence and
structural homology with one another; and (ii) poor bioavailability: at physiological pH,
most of the known PTP-binding pharmacophores contain negatively charged pTyr mimetics
that lower an inhibitor’s cellular permeability. While the former challenge (conserved active
sites) is one that is shared by a number of large protein families, the latter (cell-
impermeability conferred by effective pharmacophores) is particular to PTPs and has
contributed to the perception that PTPs represent potentially “undruggable” targets [3].

Because cell permeability is such a central challenge in PTP-inhibitor discovery, cell-based
assays are critical for assessing the usefulness of any compounds that show inhibitory
activity in vitro; ideally, cell-based assays would be available for every member of the PTP
family. However, cellular assays that can provide direct readout of specific PTP-inhibition
events are very difficult to develop because of the large number of PTPs, all of which
catalyze the same biochemical reaction. This challenge is compounded by the fact that
different PTPs can have overlapping expression and localization patterns, as well as
overlapping pools of substrates [4-5]. Even in the case of very well studied PTP targets for
which specific substrates have been identified, it is difficult to know whether an inhibitor-
induced cellular event (e.g., increase in the phosphorylation level of a putative substrate
upon addition of a compound to a cell culture) is due directly to inhibition of the intended
target. With these challenges in mind we have set out to develop a general, easily accessible
system that can be used for testing the activity of any PTP in a cellular context.

To generate such an assay, we chose a eukaryotic model system: the budding yeast,
Saccharomyces cerevisiae. \We chose S. cerevisiae because it has previously been shown
that this organism can be genetically engineered such that its growth rate is dependent on the
activity of an exogenous PTP. Overexpression of the tyrosine kinase v-Src in yeast leads to
inhibition of cell growth [6-7], and previous work has shown that simultaneous expression
of one particular PTP, human protein tyrosine phosphatase 1B (PTP1B), “rescues” yeast
growth and decreases cellular phosphotyrosine levels [8]. It has also been shown that the
resulting v-Src- and PTP1B-expressing yeast can be used to screen for PTP1B inhibitors, as
inhibition of PTP1B leads to a reversal of the rescued phenotype—1/.e., a suppression of cell
growth (Figure 1A) [9-10].

Is the phosphatase-mediated v-Src-countering effect described above specific to PTP1B? As
there is no obvious inherent physiological connection between v-Src and PTP1B—any
tyrosine-phosphatase activity could, in principle, oppose the toxic v-Src activity—we
hypothesized that any number of active PTPs should be able to rescue the growth of v-Src-
expressing yeast and offset v-Src-induced phosphotyrosine accumulation. If this hypothesis
proves correct, then a yeast strain that co-expresses v-Src and any PTP of interest could
provide an indicator of cellular PTP activity that can be monitored either by cell-growth
assays or by anti-phosphotyrosine Western blots. Potentially, such an approach could be
used to readily develop a cellular activity assay for any enzyme that is capable of
dephosphorylating phosphotyrosine (Figure 1B).

Material and Methods

General Information

See Supplementary Material for all primer sequences used in cloning and mutagenesis, for a
comprehensive list of plasmids generated for this study, and for the constitutions of buffers
used in the following protocols.
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Cloning and Mutagenesis

A gene encoding v-Src was cloned into p415GALL as described previously [9]. For PTP
expression, a derivative of p426GAL1, pPSMF043, that encodes a C-terminal six-histidine
tag downstream of the multiple-cloning site was generated by inverse PCR, according to
published procedures [11]. Inserts encoding the catalytic domains of human TCPTP, human
Lyp, human PEST, human PTPa, human PTPHZ1, and mouse Shp2 were then cloned into
pSMF043 as follows. PTP-encoding genes were amplified and PCR products and pSMF043
vector DNA were restriction digested and gel purified. Ligation reactions containing 400 U
T4 DNA ligase (New England Biolabs), 2 pL 10xligase buffer (New England Biolabs), ~10
ng of insert, and ~10 ng of vector in a 20 L reaction were placed in an ice bucket
overnight. Ligation products were transformed into competent DH5a £. coliand plated on
LB/Agar containing 100 pg/mL ampicillin. Ampicillin-resistant colonies were isolated, and
the presence of the desired inserts was confirmed by restriction analysis. An insert encoding
the catalytic domain of human PTP1B was cloned into p426GAL1 essentially as described
previously [9], and a C-terminal six-histidine-tag was added by Quikchange (Stratagene)
insertional mutagenesis, according to the manufacturer’s instructions. “Phosphatase-dead”
cysteine-to-serine mutations were introduced using Quikchange site-directed mutagenesis.
The sequences of all PTP-encoding inserts were confirmed by DNA sequencing (Cornell
University Life Sciences Core Laboratories Center).

Yeast Protocols

The yeast strain YPH499 (MATa ura3-52 lys2-802MPer ade2-101°¢e trp-A63 his3-A200
leu2-A1) was purchased from ATCC. Yeast transformations were carried out as described
[12]. Yeast growth assays were carried out essentially as described with minor modifications
[9]. Briefly, overnight 5 mL cultures of the relevant strains in 2% raffinose uracil/leucine
drop-out media were grown on a rotating wheel at 30 °C. After normalization of cell
concentrations, 10 pL of the cultures were added to 180 L 4% galactose uracil/leucine
drop-out media in the well of a round-bottomed 96-well plate. Two drops of paraffin oil
were then added to the top of each well using a transfer pipette. The plate was then loaded
into a BioTek® PowerWave 340 microplate spectrophotometer in which the ODggg was
measured every five hours at 30 °C, with constant shaking between readings. Data plotted in
Figures 2, 3, and 5 represent the mean ODgq of three independent wells for each strain;
error bars represent the associated standard deviations.

Western Blots

Cultures (5 mL) in 2% raffinose uracil/leucine drop-out media were inoculated with the
relevant yeast strains and grown at 30 °C until the cells had reached log-phase growth
(ODgqg of 0.4-0.6, approximately 10-12 hours), at which point galactose (3.3%) was added.
After a 20-hour induction, samples of total cellular protein from approximately 2x107 cells
were prepared for electrophoresis as described [13]. Proteins were separated by SDS-PAGE
and transferred to nitrocellulose. The nitrocellulose membrane was stained with Ponceau S,
photographed and washed with TBS.

Anti-5-Histidine Westerns—Nitrocellulose membranes were incubated for 1 hour at
room temperature in 27 mL 5-His Blocking Solution, washed two times (10 minutes) with
TBSTT, and washed once (10 minutes) with TBS. 5-His Blocking Solution containing 5 p.L
primary antibody (His-Tag® Monoclonal Antibody, 0.2 mg/mL, Novagen) was then added.
Membranes were subsequently incubated overnight with rocking at 4 °C, washed twice (10
minutes) with TBSTT, once (10 minutes) with TBS, and incubated for 1 hour at room
temperature in 8 mL 5-His Blocking Solution with 1.6 pL secondary antibody (goat anti-
mouse 1gG, HRP conjugate, 1 mg/mL, Millipore). After antibody treatment, membranes
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were washed 5 times (10 minutes) with TBSTT and exposed to film, which was developed
using standard procedures.

Anti-Phosphotyrosine Westerns—Membranes were rocked in pY Blocking Solution at
room temperature for 4 hours, after which 15 mL of pY Blocking Solution containing 10 pL
primary antibody (anti-phosphotyrosine antibody, clone 4G10—IgG,y,, mouse monoclonal
antibody—1 mg/mL, Millipore) was added. After overnight antibody treatment at 4 °C,
membranes were washed three times (10 minutes) with pY Blocking Solution and 15 mL pY
Blocking Solution with 10 L secondary antibody (goat anti-mouse IgG, HRP conjugate, 1
mg/mL, Millipore) was added. The membranes were rocked for 1 hour at room temperature
and then washed three times (5 minutes) with PBS containing 0.05% Tween®-20.
Membranes were then exposed to film, which was developed using standard procedures.

Results and Discussion

Cellular readout of T-cell protein tyrosine phosphatase (TCPTP) activity

As noted above, it has been shown previously that overexpression of the tyrosine kinase v-
Src in yeast leads to inhibition of cell growth, and that co-expression of the phosphatase
PTP1B rescues yeast growth and decreases cellular phosphotyrosine levels [8-9]. The
central assumption of developing a general yeast assay for cellular PTP activity is that the
previously demonstrated PTP-induced growth rescue is not specific to PTP1B, and that other
PTPs could function similarly in countering v-Src’s activity. As a first test of this idea we
chose T-cell protein tyrosine phosphatase (TCPTP). TCPTP is PTP1B’s closest homologue;
the two enzymes share a very high degree of homology in their PTP domains (69% identity),
and they have almost identical active sites [14]. However, PTP1B and TCPTP have distinct
biological functions—maost dramatically shown by their completely different knockout
phenotypes [15-16]—and it is by no means certain that TCPTP could functionally replace
PTP1B in yeast cells that express v-Src. To test whether TCPTP could rescue yeast growth
we cloned a gene encoding the TCPTP catalytic domain into a modified p426GAL1 vector
and co-expressed the PTP with v-Src in living yeast cells. (All PTP domains expressed in
this study were six-histidine-tagged to aid in detection and/or purification of the expressed
proteins; see Material and Methods.) We found that TCPTP could indeed rescue v-Src-
induced cellular toxicity. As shown in Figure 2, the TCPTP catalytic domain rescues the
growth of yeast that express v-Src at a level that is comparable, albeit slightly reduced, to
the rescue conferred by PTP1B. This is the first demonstration that a PTP other than PTP1B
is capable of rescuing the growth inhibition caused by v-Src. More importantly, the data in
Figure 2 show that the “central assumption” outlined above is at least partially correct, and
that yeast-growth rescue can potentially be used to assay the cellular activity for any number
of different PTPs.

Cellular readout for the activities of divergent PTPs

While the ability of TCPTP to rescue v-Src-induced toxicity is promising, it may not be
terribly surprising, given the aforementioned high degree of homology between the
enzymes. To more broadly test the prospect of using yeast as a cellular system for testing
PTP activity, we selected five additional biologically important PTPs from four sub-families
that are distinct from the PTP1B/TCPTP subfamily (NT1) and are well spread across the
family of both receptor-like (R) and non-transmembrane (NT) classical PTPs [14]: Shp2,
PEST, Lyp, PTPH1, and PTPa. The gene that encodes Shp2 (subtype NT2, 39% PTP-
domain identity with PTP1B) has been confirmed as the first bona fide PTP proto-oncogene,
as germline SHP2 mutations cause Noonan and Leopard syndromes, both of which can lead
to cancer predisposition [17]. PEST (subtype NT4, 36% PTP-domain identity with PTP1B)
is an ubiquitously expressed signaling molecule, which is involved in actin-cytoskeleton
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regulation and secondary T-cell response [18-19]. Lyp (subtype NT4, 38% PTP-domain
identity with PTP1B), has been shown to be a negative regulator of T-cell activation, and
gain-of-function Lyp mutations have been associated with several autoimmune diseases
[20-21]. PTPH1 (subtype NT5, 36% PTP-domain identity with PTP1B) acts on the
mitogen-activated protein kinase p38+y and has been found to be mutated in human
colorectal cancers [22-23]. And, PTPa (subtype R4, 36% PTP-domain identity with
PTP1B) is a receptor PTP that dephosphorylates and activates Src-family kinases, thereby
regulating a variety of downstream pathways [24].

To test whether these five PTPs, all of which are more distantly related to PTP1B than is
TCPTP, could rescue yeast growth, we cloned the genes encoding each PTP’s catalytic
domain and co-expressed each PTP with v-Src in yeast. The results for all five PTPs are
shown in Figure 3 and can be summarized as follows: one PTP catalytic domain, PEST
(Figure 3C), was capable of rescuing yeast growth at a level that was indistinguishable from
that of PTP1B; two catalytic domains, Shp2 (Figure 3A) and PTPa (Figure 3E), rescued
growth, albeit at a somewhat less robust level than that observed for PTP1B; two PTPs, Lyp
(Figure 3B) and PTPH1 (Figure 3D) did not rescue yeast growth. (The apparent slight
increase in growth rate shown for Lyp in Figure 3B, as compared to v-Src-only, was not
observed reproducibly, and the growth rate of v-Src-only strains showed some variability
from experiment to experiment within a range that encompasses the slightly increased rate in
Figure 3B.)

It is not immediately apparent why PTPH1 and Lyp failed to functionally replace PTP1B.
The failure is particularly curious for Lyp, given that PEST and Lyp are close homologs
(64% catalytic domain identity) [14], and PEST’s catalytic domain conferred robust cell
growth, comparable to that of PTP1B. To investigate whether the inability of PTPH1 and
Lyp was due to an inherent inability to dephosphorylate v-Src’s cellular targets, or,
alternatively, due to poor expression of these particular PTPs, we performed anti-five-
histidine western blots on lysates from cultures that express the His-tagged PTPs, with
PTP1B as a positive control for robust PTP expression (Figure 4). His-tagged proteins were
detected, at varying levels, in all of the lysates, with the exception of the negative control (v-
Src only), PTPH1, and Lyp (Figure 4B). These results suggest that the failure of PTPH1 and
Lyp to increase the rate of yeast growth was due to an expression defect in the particular
constructs made for PTPH1 and Lyp expression. All of the PTPs that gave detectable
expression (PTP1B, PTPa, PEST, and Shp2) augmented yeast growth, suggesting that other
PTPs (from these subfamilies or others) could also rescue, once a suitable expression
construct is found. (The constructs for both PTPH1 and Lyp express only catalytic-domain-
containing fragments of the proteins and it is possible that the resulting fragments were not
stably folded in the yeast cytoplasm; attempts to find better protein “cutting points” for yeast
expression were not undertaken.) Interestingly, no direct correlation was observed between
the level of expression and the strength of the growth rescue, as PTPa was expressed at
higher levels than PEST, but PEST conferred faster growth.

Correlation of growth rescue and reduction of cellular phosphotyrosine content

Wild-type S. cerevisiae strains contain little to no detectable phosphotyrosine, whereas yeast
cells that exogenously express the tyrosine kinase v-Src contain many tyrosine-
phosphorylated proteins, some subset of which are presumably responsible for the v-Src-
induced toxicity [6]. Co-expression of PTP1B reduces the cellular level of phosphotyrosine
markedly, as compared to a strain that expresses v-Src alone [8-9]. To investigate whether
the PTP domains that were found to rescue growth in the current study were exerting
phosphatase activity at the molecular level, we used Western blots to analyze the
phosphotyrosine levels of lysates from cells whose growth had been rescued by the PTPs
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TCPTP, PTPa, PEST, and Shp2. (Having confirmed that the Lyp and PTPHZ1 constructs did
not express efficiently, these PTPs were not investigated further.)

As shown in Figure 5, all four PTPs that were found to rescue growth also reduced the
amount of phosphotyrosine in the cells, compared to a v-Src only strain (Figure 5B, Lane 6).
The degree of decrease in phosphotyrosine levels varied widely, however: Shp2 expression
(Lane 5) reduced phosphotyrosine levels only slightly; PTPa (Lane 4) gave a somewhat
more robust decrease; PEST (Lane 3) decreased phosphotyrosine levels further still; and the
phosphotyrosine content of TCPTP-expressing yeast (Lane 2) was essentially
indistinguishable from that of a strain expressing PTP1B (Lane 1). Side-by-side comparison
of growth-assay (Figure 5C) and phosphotyrosine (Figure 5B) data derived from the
identical growth experiment revealed a direct correlation between a PTP domain’s ability to
reduce phosphotyrosine levels and the degree of growth-rate increase. In both analyses, the
maximum degree of yeast “normalcy” (low phosphotyrosine, robust growth) was conferred
by TCPTP, followed by PEST, PTPa, and Shp2, respectively. The observed correlation
between phosphotyrosine decrease and growth-rate increase strongly suggest that overall
PTP activity—and not the substrate specificity of the particular PTP chosen—is the major
determinant of growth rescue. (Note that in the comparisons of Figures 2 and 3C, PEST
appears to confer slightly stronger growth than TCPTP. Fresh transformants were prepared
for each separate experiment [9] and the Figure 2/3 data derived from different
transformants of ostensibly identical strains as compared to the Figure 5 experiments. We
observed minor experiment-to-experiment variability in both PTP expression levels and
relative growth rescue, so no firm conclusions about which PTPs are the “best” rescuers
should be drawn.)

Phosphatase-dead mutants

To further ensure that the ability of the assayed PTPs to rescue yeast growth stems directly
from their respective PTP activities, we generated “phosphatase-dead” (PD) mutants for the
rescuing PTPs. These mutants each contain a serine residue at the position of the conserved
PTP catalytic cysteine residue and therefore possess little to no phosphatase activity [25].
(The PD mutants are: C215S PTP1B, C216S TCPTP, C459S Shp2, C231S PEST, and
C433S PTPa,; the numbers of the mutation sites vary widely because full-length PTPs often
contain protein domains other than their eponymous PTP domains [4].) We co-expressed the
PD mutants with v-Src and tested their effectiveness at rescuing yeast growth, as compared
to the corresponding wild-type PTPs (Figure 6). In agreement with previous results, PD
PTP1B fails to give robust rescue of v-Src-expressing yeast growth (Figure 6A). As shown
in Figures 6B and 6D, PD TCPTP and PD PEST vyield results that are essentially identical to
those of PD PTP1B, with the PD PTP-expressing strains growing at rates that are much
lower than those of the corresponding wild-type-PTP-expressing strains. Interestingly, PD
PTP1B, PD TCPTP, and PD PEST all grew at slightly higher rates than the v-Src-only (no
PTP) control. It is possible that the observed increases in growth are due to low-level
“leaky” residual activities of these mutants. Alternatively, since PD mutants are known to
“trap” (stably bind, but not effectively dephosphorylate) their cellular substrates [25], it is
possible that the trapping effect partially sequesters the cellular pools of inappropriately
tyrosine-phosphorylated proteins, thereby mitigating their toxic effects.

For Shp2 (Figure 6C) and PTPa (6E), the PD PTPs confer no growth-rate increase at all, as
compared to the v-Src-only strain, an observation that is consistent with the hypothesis that
the ability of the corresponding wild-type enzymes to augment growth is directly due to
their PTP activities. Taken together, the PD-mutant data support the assumption that the
general phenomenon of PTP-mediated growth rescue is directly due to the PTP activity of
the expressed enzyme and, as observed with anti-phosphotyrosine blots (Figure 5), that the
degree of rescue correlates with the level of PTP activity. For each catalytic domain
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expressed, abrogation of PTP activity through mutation of a single cysteine-to-serine
mutation dramatically reduced the ability of the expressed proteins to augment the growth of
v-Src-expressing yeast.

Conclusion

We have shown that PTPs from four different subfamilies (TCPTP, Shp2, PEST, and PTPa.)
are capable of rescuing the effects of v-Src toxicity in living yeast cells, providing cell-based
assays for the activities of these divergent PTPs. Rescue was observed for all detectably
expressed PTPs, suggesting that PTPs not investigated in the current study will also function
in directly analogous yeast-based PTP assays. A direct correlation between the strength of
rescue and cellular PTP activity, as measured by cellular phosphotyrosine levels, was
observed, providing evidence that the cell-based assay has the potential to serve as a
biologically relevant screening tool for determining the cellular efficacy of candidate
TCPTP, Shp2, PEST, and PTPa. inhibitors.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Using the budding yeast S. cerevisiae as a general cellular system for assaying PTP activity.
(A) Previous work has shown that expression of the tyrosine kinase v-Src disrupts yeast
growth (illustrated by the “Xed-out” yeast), and that co-expression of PTP1B rescues yeast

growth, allowing for the cellular screening of PTP1B inhibitors [9]. (B) Potential

generalizability of PTP-mediated growth rescue. As there is no physiological connection

between PTP1B and v-Src, it is possible that any enzyme capable of dephosphorylating

tyrosine—signified as “PTPx”—could counter v-Src activity and rescue yeast growth. If so,

yeast could be used to assay cellular activities and/or inhibitors of any number of PTPs.
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Figure 2.

Rescue of v-Src toxicity is not specific to PTP1B. Yeast strains expressing v-Src alone (O),
v-Src and PTP1B (@), or v-Src and TCPTP (W) were grown in a 96-well plate at 30 °C.
ODgqg readings for the cultures were measured every five hours.
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Figure 3.

Rescue of v-Src toxicity by divergent PTPs. Yeast strains expressing v-Src alone (O), v-Src
and PTP1B (@), or v-Src and a test PTP (V¥; Panel A: Shp2, B: Lyp, C: PEST, D: PTPHL1,
E: PTPa) were grown in a 96-well plate at 30 °C. ODgqg readings for the cultures were
measured every five hours.
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Figure 4.
Six-histidine-tagged PTPs that fail to counter v-Src toxicity also do not express. Proteins

from yeast lysates expressing v-Src with PTP1B-Hisg (Lane 1), PTPH1-Hisg (Lane 2),
PTPa-Hisg (Lane 3), Lyp-Hisg (Lane 4), PEST-Hisg (Lane 5), Shp2-Hisg (Lane 6), or no
PTP (Lane 7) were separated by SDS-PAGE and transferred to nitrocellulose. The resulting
membrane was stained with Ponceau S (A), washed, and immunoblotted with an anti-five-
histidine antibody (B).
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Figureb5.

PTPs that counter v-Src toxicity reduce cellular phosphotyrosine levels. (A & B) Proteins
from yeast lysates expressing v-Src with PTP1B (Lane 1), TCPTP (Lane 2), PTPa (Lane 3),
PEST (Lane 4), Shp2 (Lane 5), or no PTP (Lane 6) were separated by SDS-PAGE and
transferred to nitrocellulose. The resulting membrane was stained with Ponceau S (A),
washed, and immunoblotted with an anti-phosphotyrosine antibody (B). (C) Yeast strains
co-expressing v-Src and TCPTP (@), PTPa (O), PEST ('), or Shp2 (A) were grown in a
96-well plate at 30 °C. ODgqg readings for the cultures were measured every five hours
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Figure®.

Robust rescue of v-Src toxicity is dependent on PTP activity. Yeast strains expressing v-Src
alone (O), v-Src and a wild-type PTP domain (@; A: PTP1B, B: TCPTP, C: Shp2, D: PEST,
E: PTPa), or v-Src and the corresponding phosphatase-dead mutant (¥; A: C215S PTP1B,
B: C216S TCPTP, C: C459S Shp2, D: C231S PEST, E: C433S PTPa.) were grown in a 96-

well plate at 30 °C. ODgqq readings for the cultures were measured every five hours
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