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Identifying Selective Protein Tyrosine Phosphatase Substrates and
Inhibitors from a Fluorogenic, Combinatorial Peptide Library

Sayantan Mitra[a] and Amy M. Barrios*[a, b]

Protein tyrosine phosphatases (PTPs) are increasingly recog-
nized as enzymes that exhibit exquisite substrate selectivity
and play critical, nonredundant roles in cellular signaling.[1–4] In
vivo, tyrosine phosphorylation is both dynamic and tightly
regulated, controlled by the opposing actions of protein tyro-
sine kinases (PTKs) and PTPs.[5,6] Although several PTPs have
been identified as attractive therapeutic targets in human dis-
eases including autoimmunity, obesity, diabetes, and can-
ACHTUNGTRENNUNGcer,[1, 7,8] the development of potent, selective PTP inhibitors re-
ACHTUNGTRENNUNGmains a significant challenge because of the high homology of
the PTP catalytic domains and a lack of information about the
molecular basis for substrate and inhibitor recognition.[7,9,10]

Strategies for studying PTP selectivity include measuring the
small changes in absorbance and fluorescence upon dephos-
phorylation of phosphotyrosine (pY),[11–13] mass spectrometry
techniques (ECLIPSE),[14] radiolabeled phosphosubstrates,[15]

and anti-pY antibodies.[16,17] These approaches, although valua-
ble, have limited sensitivity, employ discontinuous assays, and
can require specialized equipment or isotopic enrichment. Al-
ternatively, catalytically incompetent enzymes have been used
to “trap” substrates from cell lysates[18] or combinatorial libra-
ries of phosphopeptides.[19–21] Libraries of peptides containing
difluorophosphonomethylphenylalanine (F2Pmp; Scheme 1), a

nonhydrolyzable analogue of pY, have also been used.[22–24]

These efforts generally identify only high affinity substrates
and have the limitation that affinity is not always equal to cata-
lytic turnover. Finally, innovative approaches using assays

linked to chymotrypsin-mediated cleavage[25–27] or tyrosinase-
catalyzed oxidation[28,29] of the dephosphorylated substrate
have been used in both discontinuous[25,28,29] and continuous
assays[26,27] for PTP substrate selectivity. These assays, even
when run continuously, are not direct assays for PTP activity
and can require the addition of several different reagents and
significant data workup.

In light of the challenges highlighted above, there remains a
great need for new tools to facilitate PTP substrate selectivity
profiling. An ideal assay would allow direct, continuous mea-
surement of dephosphorylation by catalytically competent PTP
domains, provide a simple, highly sensitive readout, and be
amenable to high-throughput screening and incorporation
into fully diverse combinatorial peptide libraries. We have re-
cently described the use of phosphorylated coumaryl amino
acids as pY analogues in peptide-based PTP substrates.[30,31]

The increase in fluorescence upon dephosphorylation of the
pCAP residue (Scheme 1) can be readily followed in real time
and is linear over a large concentration range.[30] Notably, sub-
strates containing the pCAP residue are readily hydrolyzed by
a variety of PTPs with kinetic parameters similar or superior to
that of analogous pY-containing peptides.[30,31] Herein we de-
scribe the development of two pCAP-based, fully diverse, posi-
tionally scanned combinatorial peptide substrate libraries and
their utility in profiling PTP substrate selectivity.

By scanning one position at a time and presenting an equi-
molar mixture of all possible amino acids in the other positions
of the substrate sequence, a positional scanning approach
allows determination of amino acid preferences at each posi-
tion with no inherent bias due to interactions with neighbor-
ing positions.[32,33] The downside to this is that individual pep-
tides based on the resulting library profiles must be synthe-
sized and characterized to validate the profile. As a template
for our library, we selected the sequence surrounding Tyr992
of the EGF receptor, DADE-pY-L, a well-established, general PTP
substrate.[13] We initially scanned four amino acids N-terminal
to the phosphorylated residue using a library of compounds
with the sequence XXXX-pCAP-LAA (N-terminal library, Fig-
ACHTUNGTRENNUNGure 1). Based on preliminary results indicating that Ile was pre-
ACHTUNGTRENNUNGferred over Ala at the �3 position, we scanned the C-terminal
subsite preferences using a library with the sequence DIDE-
pCAP-XXXX (C-terminal library, Figure 1). To validate the utility
of the combinatorial libraries, we profiled the N- and C-termi-
nal substrate selectivity of TCPTP, a well-characterized member
of the PTP family of enzymes.

The N-terminal library profile for TCPTP (Figure 2) shows
slight preferences for Phe and Leu at the �4 position and Ala
at �1, a marked preference for hydrophobics at �3, and little
selectivity at the �2 position. Interestingly, acidic amino acids
do not appear to be preferred at any of the N-terminal sub-
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Scheme 1.
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sites, contrary to the results of others.[15] More recently, a dual
preference for substrates containing either acidic or hydropho-
bic amino acids N-terminal to the phosphorylated residue has
been reported, which is in agreement with the results from
our library.[28] On the C-terminal side, TCPTP displays a marked
bias against Pro at the +1 position, a preference for Glu at the
+3 position, and little selectivity at the +2 and +4 positions.

In order to validate the utility of the TCPTP profile, we
ACHTUNGTRENNUNGsynthesized peptide substrates based on the most and least
preferred amino acids at each position. The library parent
ACHTUNGTRENNUNGsequence is a reasonably good substrate of TCPTP (Table 1).
When the “best” amino acids at each position are combined,
the resulting peptide, FnGA-pCAP-QLEE, is turned over nearly
twice as fast as the parent library sequence. On the other
hand, when some of the “worst” amino acids at each position
are combined, no hydrolysis of the resulting peptide, DPHR-
pCAP-VWKR, was observed. A peptide based on mediocre

amino acids at each position, VFDQ-pCAP-HESP, was turned
over tenfold less efficiently than the “best” substrate. These re-
sults validate the library profiles for TCPTP, demonstrating that
combinations of the best, mediocre, or worst amino acids at
each position do indeed result in good, average, or poor sub-

Figure 1. The N-terminal and C-terminal libraries in 96-well plate format. Z denotes the positionally addressed amino acid. X denotes an equimolar mixture of
all amino acids (the 20 naturally occurring amino acid excluding Cys and Met, but including the Met isostere, norleucine, n). Residues N-terminal to the pCAP
moiety are denoted as �1, �2, �3, etc. , whereas residues C-terminal to pCAP are +1, +2, +3, etc.

Figure 2. The N- and C-terminal library profiles of TCPTP substrate selectivity. The y-axis shows the increase in relative fluorescence intensity produced upon
substrate hydrolysis. The amino acids at each position are spatially addressed along the x-axis. The numbering scheme represents the relative position with
respect to the pCAP residue, as defined in Figure 1.

Table 1. Kinetic parameters for TCPTP-catalyzed hydrolysis of several
peptide substrates.

Substrate kcat Km kcat/Km

ACHTUNGTRENNUNG[s�1] [mm] [m�1 s�1K104]

Ac-DIDE-pCAP-LAA-NH2 92�5 0.32�0.02 29�3
Ac-FnGA-pCAP-QLEE-NH2 160�30 0.27�0.05 60�15
Ac-VFDQ-pCAP-HESP-NH2 11.5�0.5 0.28�0.03 4.1�0.5
Ac-DPHR-pCAP-VWKR-NH2 NR NR NR

NR=no reaction.
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strates. It is not surprising that the sequences obtained from
the profiles bear little resemblance to known biological sub-
strates as, in a biological context, substrate hydrolysis is gov-
erned by a host of factors in addition to the primary sequence
surrounding the pY residue, including subcellular localization
of both enzyme and substrate, the local secondary and tertiary
protein structure surrounding the pY residue, and interactions
between domains other than the catalytic domain with the
substrate. Nevertheless, the pCAP substrate library profiles pro-
vide extremely useful information for both in vitro assays and
PTP inhibitor design.

One important application of the substrate specificity pro-
files described above is the design of potent, selective PTP
ACHTUNGTRENNUNGinhibitors. By replacing the pCAP residue of the optimal sub-
strate with a nonhydrolyzable pY mimic, we obtained a TCPTP
inhibitor with an IC50 value near 400 nm (Figure 3). The pep-

tide, FnGA-F2Pmp-QLEE, did not inhibit other members of the
PTP family of enzymes, CD45 and YopH, even at a concentra-
tion of 250 mm. However, PTP1B, a PTP with a catalytic domain
that is approximately 74% identical to TCPTP[34] was also inhib-
ited with an IC50 value of 300 nm. This is not surprising given
the high homology between the two catalytic domains and
the difficulty in achieving selectivity between these two en-
zymes. However, because even small changes in tyrosine phos-
phorylation can have significant impact on cellular signaling
pathways, we believe that our approach to identifying PTP
substrates and inhibitors has great potential. Future work with
these libraries will focus on obtaining selectivity among homol-
ogous enzymes.

In summary, we have developed a new approach to rapidly
and efficiently profile the substrate selectivity of PTPs using a
highly sensitive fluorogenic mimic of pY incorporated into po-
sitionally scanned peptide libraries. This approach overcomes
several of the challenges associated with profiling PTP sub-
strate selectivity. The fluorescent readout is highly sensitive,
direct and continuous and requires no specialized equipment.
Furthermore, the positionally addressed library yields data that
is easy to deconvolute, requiring little workup after data collec-
tion. The selectivity profiles thus obtained are useful in design-
ing both optimal peptide substrates and selective inhibitors
for a given enzyme. Given the difficulty of identifying potent,

selective PTP substrates and inhibitors, this facile, substrate-
library based approach has the potential to be a powerful tool
in the study of biological tyrosine phosphorylation.
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