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Abstract
We report that the activity of a rationally engineered protein tyrosine phosphatase (PTP) mutant can
be fully rescued by the addition of the biarsenical fluorescein derivative FlAsH, a compound that
does not affect the activity of wild-type PTPs.

Small molecules that specifically control protein function are invaluable tools for chemical
biology. While many known compounds that act on intracellular proteins are enzyme
inhibitors, direct chemical activation of enzymes is also a potentially powerful tool for studying
complex processes.1 However, few small-molecule enzyme activators have been identified
and most potential target enzymes do not contain known natural allosteric-activation sites.2

Targeted chemical rescue, in which the activity of a mutationally inactivated target is
specifically increased by the addition of a small molecule, presents an attractive strategy for
circumventing the lack of known enzyme-activation sites. Unfortunately, examples of
biologically useful chemical rescue are rare, as the prerequisites for rescue that works in a
cellular environment—an inactivating mutation that can be overcome by a small molecule, in
addition to an activating compound that is cell permeable and not generally toxic at the active
concentrations—are difficult to obtain. Nevertheless, a few demonstrations of the utility of
enzyme-activity rescue in chemical biology are known.1 In one important example, Cole and
co-workers have shown that an inactivated form of Src tyrosine kinase can be turned on in
living cells by the addition of imidazole, which complements an active-site “hole” in the
mutated target kinase.3

Protein tyrosine phosphatases (PTPs) are a large and important class of signaling enzymes that
catalyze the dephosphorylation of phosphotyrosine in protein substrates.4 Mammalian cells
ubiquitously use tyrosine phosphorylation as a key regulatory element, and improperly
regulated PTP activity has been implicated in a range of human diseases including leukemia,
solid-tumor cancers, diabetes, and several autoimmune disorders.5 Moreover, a number of
PTPs are tumor-suppressor proteins,5 making this superfamily particularly attractive for
targeted enzyme-activation strategies: compounds that can activate specific PTPs in a cellular
context could represent important tools for investigating the mechanisms of tumor suppression
in engineered models of oncogenesis. However, no stratgies for specifically “turning on” a
target PTP are known.

We have recently shown that a catalytically critical loop of the PTP domain (the “WPD loop”)
can be engineered to contain cysteine-rich elements that bind the biarsenical reagent FlAsH6

(Fig. 1A).7 This approach has lead to the identification of several engineered PTPs that are
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strongly inhibited by FlAsH, a cell-permeable small molecule that does not affect the activity
of wild-type PTPs.8 There is, however, nothing inherently inhibitory about the action of FlAsH
on engineered enzymes—it could, in principle, be used to stabilize either an active or inactive
conformation, and it has been previously shown that FlAsH can activate an engineered
antibiotic-resistance enzyme.9 Here we show that targeting of FlAsH to the WPD-loop can be
used to potently and specifically turn on the activity of a biologically important tyrosine
phosphatase, PTP-PEST.

PEST is a wide-ranging and ubiquitously expressed signaling molecule, which is involved in
the regulation of osteoclast activation,10 cell motility and adhesion,11 the immune response,
12 and apoptosis.13 To engineer a potentially FlAsH-activatable form of PEST, we identified
the PEST WPD loop from PTP primary sequences alignments4 (no crystal structure of PEST
has been reported), and we introduced a series of cysteine mutations and small cysteine-
containing insertions at various points in the loop (Supplementary Fig. 1). (Previous data from
our lab14 and others15 have established that the presence of an entire canonical CCXXCC
sequence is not always required for a protein to bind FlAsH.) Most of the cysteine-enriched
WPD-loop mutants demonstrated no novel sensitivity to FlAsH, the exception being PEST-
CC-204, which differs from the wild-type enzyme only by the insertion of a two-cysteine unit
immediately following the second conserved proline of the WPD loop (Fig. 1B).

We expressed and purified the six-histidine tagged catalytic domain of PEST-CC-204 and
evaluated its in vitro activity using the PTP substrate para-nitrophenyl phosphate (pNPP). Not
surprisingly, the inherent activity of PEST-CC-204 is substantially diminished with respect to
the wild-type enzyme: in the absence of FlAsH ligand, the catalytic-rate-constant value (kcat)
of the mutant enzyme is roughly five-fold lower than the corresponding wild-type value (Fig.
2).

FlAsH is neither an inhibitor nor an activator of wild-type PTPs and, in agreement with previous
results on PEST and other PTPs,8 pre-incubation of wild-type PEST with FlAsH had no
significant effect on its activity (Fig. 2A). By contrast, pre-incubation of PEST-CC-204 with
a four-fold excess of FlAsH gave rise to a strong increase in PTP activity, to a level (kcat = 0.42
s−1, Fig. 2B) that is comparable with that of wild-type PEST in the absence of FlAsH (kcat =
0.46 s−1, Fig. 2A).

To test whether the degree of PEST-CC-204 rescue was dependent on the FlAsH dosage, we
performed a concentration-dependence activation assay (Figure 3A). We observed that the
activation level of FlAsH is highly concentration-dependent and saturable, with half-maximal
activation achieved at roughly 200 nM FlAsH and full activation (an approximately 9-fold
increase in activity) acheieved at 1–2 µM FlAsH. It should be noted that FlAsH so potently
activates PEST-CC-204 that the half-maximal activation value approaches the concentration
of enzyme in the assay (125 nM PEST-CC-204, the lowest concentration that can be reasonably
used in the pNPP-based assay). Under conditions of such potent activation, the measured half-
maximum and saturation values are dependent on the enzyme concentration used: only
approximately two equivalents of FlAsH were necessary to activate the enzyme to wild-type
levels (five-fold activation).

FlAsH was developed by Tsien and co-workers as a fluorescence-based protein-visualization
tool,6 and it is generally assumed in the biarsenical literature that FlAsH/protein binding and
increases in FlAsH fluorescence go hand-in-hand.15 Interestingly, FlAsH/PEST-CC-204
preincubation conditions that induced strong activation of PTP activity gave rise to only
marginal increases in FlAsH fluorescence (Fig. 3B), presumably due to the fact that PEST-
CC-204 contains only half (CC) of the classical FlAsH target site (CCXXCC). (Free FlAsH
undergoes excited-state quenching, and it is thought that constrained rotation about the aryl-
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arsenic bonds is the key to induced fluorescence in the full tetracysteine/FlAsH complex.6) To
our knowledge, PEST-CC-204 activation provides the first demonstration that FlAsH can serve
as a potent modulator of protein function even in cases in which its utility as a protein-
visualization tool is largely absent.

Because FlAsH is not a rapid, reversible protein binder—biarsenicals make covalent sulfur-
arsenic bonds with their peptide targets6, 16—the timescale of FlAsH action can be a significant
issue when using the compound for controlling protein function. In order to determine the
timescale of FlAsH-induced PEST-CC-204 activation we performed a time-course activation
experiment. We compared the activity of an enzyme-FlAsH incubation with that of an enzyme-
vehicle incubation over the course of one hour. The data shown in Figure 3C indicate that
activation of 2C-204 PTP-PEST by FlAsH is rapid: within five minutes activation was
approximately 80% complete, and within thirty minutes it was maximized. Even at “0 minutes”
of pre-incubation (FlAsH and pNPP added at the same time), two-fold activation of PEST-
CC-204 was observed, showing that within the course of the activity assay itself (three
minutes), the mutant bound to and was activated by FlAsH.

Having established that FlAsH activates purified PEST-CC-204, we then sought to determine
whether FlAsH could act in the context of a complex proteomic mixture. Since bacterial
genomes do not encode PTPs, total PTP activity in crude lysates from E. coli strains that
exogenously express either wild-type PEST or PEST-CC-204 can be used for a direct readout
of PEST activity. Consistent with the kinetic constants measured on purified proteins (Fig. 2),
the specific activity of PEST-CC-204-expressing lysate is lower than that of wild-type
expressing lysate in the absence of FlAsH (Fig. 4). Addition of FlAsH, however, strongly and
specifically increased the PTP activity of the PEST-CC-204-containing lysate. Future work in
engineered cell lines will be necessary to determine whethter PEST-CC-204 is specifically
activatable in the context of a mammalian cell.

In conclusion, we have demonstrated that the biarsenical reagent FlAsH is useful as an enzyme-
activating small molecule for a member of one of the largest and most important families of
cell-signaling enzymes, the PTPs. Our results show that a short peptide insertion can be used
to engineer a novel activation site into PTP-PEST despite a lack of three-dimensional structural
information for the wild-type enzyme. More generally, we have shown that FlAsH-binding
“half-sites” can be used to confer dramatic small-molecule sensitivity on a target protein, even
in the absence of a strong fluoresence change upon formation of the FlAsH/protein complex.
Since the mammalian-cell permeability of biarsenical reagents is well established,17 it is likely
that FlAsH-induced PEST-CC-204 activation can be used to delineate the precise functions of
PEST in cultured cells and that FlAsH can be added to the short list of biologically useful
chemical-rescue reagents.
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Fig. 1.
Engineering a FlAsH-activatable mutant of PTP-PEST. (A) Chemical structure of FlAsH. (B)
Amino acid sequences of the WPD-loop regions of wild-type (WT) PEST and the FlAsH-
activatable PEST mutant PEST-CC-204.
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Fig. 2.
FlAsH-induced activation of PEST-CC-204. (A) WT PEST (2.5 µM) or (B) PEST-CC-204
(2.5 µM) was incubated in the absence or presence of FlAsH (10 µM), diluted, and assayed
for activity with the PTP substrate pNPP at the indicated concentrations. The initial rates of
the resulting reactions were fit to the Michaelis-Menten equation to derive the indicated kinetic
constants. Error bars represent the standard deviations from three independent measurements
at a particular pNPP concentration.
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Fig. 3.
Potent, dose-dependent, and rapid activation of PEST-CC-204. (A) Concentration-dependence
of FlAsH-mediated activation: PEST-CC-204 (125 nM) was incubated in the absence or
presence (indicated concentrations) of FlAsH. After 2.5 hours, PTP reactions were started by
the addition of pNPP (4 mM). (B) FlAsH fluorescence of activated PEST-CC-204: Solutions
containing either an absence or presence of PEST-CC-204 (125 nM) in the absence or presence
of FlAsH (1.25 µM) were incubated at room temperature. After 2.5 hours, the FlAsH
fluorescence values (left panel) and the PTP activities (with 5 mM pNPP, right panel) of the
solutions were measured. Data were normalized to the FlAsH-only (for fluorescence) and
enzyme-only (for PTP activity) controls. (C) Time-dependence of FlAsH-mediated activation:
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PEST-CC-204 (2.5 µM) was pre-incubated in the absence or presence of FlAsH (10 µM) for
the indicated number of minutes, diluted and assayed for activity with pNPP (16 mM). (A–C)
In all panels, “PTP Activity (%)” is defined as the initial velocity in the presence of FlAsH
divided by the initial velocity of the vehicle-only (100%) control and error bars represent the
standard deviations from three independent measurements.
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Fig. 4.
Activation of PEST-CC-204 in a complex proteome. Crude cell lysates from E. coli strains
expressing either WT PEST or PEST-CC-204 were incubated in the absence or presence (10
µM) of FlAsH. After 2.5 hours, the PTP activities of the lysates were assayed as in Figure 1.
To normalize the data from different lysates, the measured maximum velocity (µM s−1) of each
lysate divided by its respective total protein concentration (mg mL−1). Error bars represent the
standard deviations from two (WT) and four (PEST-CC-204) independent lysis experiments.
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