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Introduction

Phosphatases and kinases control the vital phosphorylation
post-translational modification.[1] Aberrant activity of these en-
zymes causes diseases, for example, cancer and diabetes, and
they are valuable therapeutic targets.[2] Arguably, up to now
focus has been more on kinases than phosphatases, largely be-
cause high-throughput phosphatase assays remain scarce,[3] ex-
amples include starting-material consumption-based microar-
rays,[4] a recent high-throughput endpoint enzyme-linked im-

munosorbent assay (ELISA) setup,[5] an endpoint assay in which
the tyrosine produced is oxidized by tyrosinase and then de-
tected,[6] and a method involving a 3-fluoromethylphosphotyr-
osine moiety that can covalently bind a phosphatase.[7] It
should be noted that high-throughput screens of compound li-
braries against individual phosphatases have been reported
(e.g. , against diabetes target PTP1B and cancer target PTEN).
However, these typically involved simple phosphate derivatives
as substrate models instead of the more realistic phosphopep-
tidic substrates applied in the assay described here. In addi-
tion, the ability to study many potential substrates of protein
tyrosine phosphatases in parallel is virtually nonexistent and ul-
timately essential for development of selective therapeutics.

Herein, we present a new dynamic, sensitive, high-through-
put protein tyrosine phosphatase (PTP) substrate microarray
assay based on the detection of product formation. It compris-
es substrates with a novel 3-nitrophosphotyrosine building
block. Dephosphorylation by a PTP leaves a 3-nitrotyrosine res-
idue that can be detected by selective, sequence-independent
antibodies, which uniquely allows a real-time product-forma-
tion assay (Figure 1A). Since a non-proteinogenic amino acid is
formed, it can only result from PTP activity. Recently, an alter-
native method for the detection without antibodies of 3-nitro-
tyrosine formed through chemical derivatization was de-
scribed.[8] Modeling studies based on existing crystal structures
of PTPs with phosphopeptides as well as the studies on 3-fluo-
romethylphosphotyrosine residues[7] demonstrate that the
active sites in PTPs can accommodate relatively small modifica-
tions of phosphotyrosine substrates. This is illustrated, for ex-
ample, by the model of SHP1[9] with a 3-nitro-modified peptide
derived from a SHP1 substrate (Figure 1B). PTPs are a highly
relevant enzyme family, which includes tumor suppressors
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DEP1 and GLEPP1,[10] diabetes target PTP1B,[11] and carcinoma-
associated PTPg.[12]

To the best of our knowledge, no product-formation micro-
array assay exists for real-time, dynamic measurement of phos-
phatase activity. Advantages of this detection mode over con-
sumption of the starting material include no competition for
the substrate between the phosphatase and the detecting an-
tibody, increased sensitivity, and avoidance of problems associ-
ated with detector-signal saturation. Indeed, experiments with
a phosphotyrosine antibody that could measure starting-mate-
rial consumption gave rise to significantly lower signals than
those that will be presented here. Furthermore, such an assay
requires that the antibody instantly binds the large amount of
starting material present at the start of the assay. We have
found in this and similar microarray assays that antibodies are
often incapable of achieving rapid binding and the kinetic
read-out obtained is actually a complicated combination of an-
tibody binding and substrate consumption hampering data
analysis. A product-formation assay for PTPs might involve an-
tibodies against tyrosine; however, in our hands such antibod-
ies failed to detect PTP products strongly and independently
of sequence. Furthermore, such a detection strategy is clearly
sensitive to additional tyrosines present in the substrate se-
quence.

Alternatively, detecting the inorganic phosphate formed[13] is
unsuitable for microarrays since the phosphate will diffuse
away from the substrate spot and it is therefore impossible to
monitor multiple substrates in parallel. Furthermore, such
methods are clearly sensitive to the presence of bulk phos-
phate in a sample. Finally, except for the coupled assay devel-
oped by Webb,[13c] only endpoints can be determined and dy-
namic measurements are impossible. The 3-fluoromethylphos-
photyrosine strategy mentioned above[7] is impractical for mi-
croarrays since all PTPs to be evaluated would have to be la-
beled, which is also impossible in lysates.

The assay presented here uniquely combines a parallel,
high-throughput nature, dynamic real-time measurement of
product formation without the potential problems outlined

above for measuring starting-
material consumption, and
compatibility with complex bio-
logical matrices. In addition, the
underlying technology has al-
ready been successfully target-
ed for kinases, lectins, and nu-
clear hormone receptors,[14]

which opens up the intriguing
prospect of studying different
enzyme families with the same
assay setup. Apart from an ex-
tensive validation of this new
platform, several applications
will be described: substrate
profiling of PTPs, inhibitor eval-
uation as well as studies on cell
lysates.

Results and Discussion

Preparation microarray

3-Nitrophosphotyrosine monomer 4 (Scheme 1) was prepared
in three steps from 3-nitrotyrosine (1). First, N-(fluorenyl-9-
methyloxycarbonyl) (Fmoc) and allyl protecting groups were

introduced, which resulted in near-quantitative formation of 2
that could be purified by crystallization. The phenolic hydroxyl
group was then phosphorylated using phosphoramidate
chemistry to yield fully protected 3, after which the allyl group
was removed in near-quantitative yield under Pd0 catalysis to
afford monomer 4 in 61 % overall yield on a 2.7 g scale. This
monomer was incorporated into 9 peptides derived from en-
dogenous PTP substrates[7, 15] with 4 to 5 flanking residues on
both sides and an N-terminal cysteine–glycine dipeptide for

Figure 1.
A) 3-Nitrophosphotyrosine detection strategy. B) Model of a 3-nitrophosphotyrosine peptide in the active site of
SHP1 based on PDB entry 1FPR.[9]

Scheme 1. Synthesis of phosphonitrotyrosine monomer 4. a) 1. Fmoc-OSu
(OSu = succinimide), diisopropylethylamine (DiPEA), dioxane/water 1:1 v/v.
b) Allyl bromide, DiPEA, DMF, 0 8C to RT (92 % overall). c) O,O-Dibenzyl-N-dii-
sopropylphosphoramidate, tetrazole, THF (73 %). d) [Pd(PPh3)4] , N-methylani-
line, THF (91 %). Bn = benzyl, DMF = N,N-dimethylformamide, THF = tetrahy-
drofuran.
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surface attachment through maleimide chemistry (Table 1). The
selected substrates all have therapeutic relevance, for example,
SIGLEC2 for autoimmune diseases[16] and ZAP70 in leukemia.[17]

Although we initially had some concerns regarding the sta-
bility of the peptides because of the increased leaving-group
character imparted by the nitro substituent, no stability issues
were observed during synthesis and purification by reversed-
phase HPLC. Furthermore, the peptides could be stored in
a dry form for at least 6 months at �20 8C without any degra-
dation as was judged by HPLC. Some degradation was ob-
served after prolonged storage in buffer; however, all peptides
remained intact on assay timescales (up to several hours) in
typical assay buffers.

All substrate peptides were printed onto a PamChip microar-
ray[18] in a concentration series (125–1000 mm, referred to as
‘spot concentration’), as well as
a non-phosphorylated 3-nitro-
tyrosine peptide derived from
Stat3 as a positive control. The
material used consists of
a porous surface that improves
the extent of immobilization
and thus sensitivity. Moreover,
the analyte can be repeatedly
pumped through the array,
thereby improving mixing and
allowing imaging while the
droplet with bulk background
fluorescence is below the sur-
face. This enables real-time, dy-
namic monitoring and therefore
kinetic analysis. Although sever-
al combinations of anti-nitrotyr-
osine antibodies (HM11,
39B6),[19] secondary antibodies
(fluorescein isothiocyanate
(FITC)-labeled or Cy3-labeled,
goat anti-mouse, bovine anti-
mouse), and buffers (phosphate,
tris(hydroxymethyl)aminome-
thane (Tris), 4-(2-hydroxyethyl)-
1-piperazineethanesulfonic acid

(HEPES)) were applied successfully, in all further experiments
HM11, FITC-labeled goat anti-mouse, and phosphate buffer will
be used since this combination resulted in optimal signal-to-
noise ratios. HM11 detected all substrates irrespective of flank-
ing residues as determined by treating the array with nonse-
lective alkaline phosphatase. Monoclonal 3-nitrotyrosine anti-
body 1A6[20] was evaluated as well since its FITC conjugate is
commercially available, which eliminates the need for a secon-
dary antibody. However, this particular clone failed to detect
all substrate sequences.

Enzymological validation

Figure 2 shows data for PTP DEP1 (detailed data for all experi-
ments with recombinant PTPs, PTP inhibitors, and cell lysates

Table 1. Substrate sequences.

Substrate[a] Uniprot[b] Sequence[c] Description

CADH2 (780–789) P19022 CG-EEDQD(NO2-pY)DLSQ cadherin-2 (neural cadherin)
PDPK1 (4–13) O15530 CG-TTSQL(NO2-pY)DAVP phosphoinositide-dependent protein kinase 1
ZAP70 (287–296) P43403 CG-LNSDG(NO2-pY)TPEP 70 kDa zeta-associated protein
PGFRB (746–755) P09619 CG-DESVD(NO2-pY)VPBL B-type platelet-derived growth factor receptor
GHR (591–600) P10912 CG-PVPD(NO2-pY)TSIHI growth hormone receptor
CSK (179–188) P41240 CG-AQDEF(NO2-pY)RSGW c-Src kinase
SIGLEC2 (817–826) P20273 CG-DEGIH(NO2-pY)SELI B-cell receptor CD22
STAT3 (701–709) P40763 CG-SAAP(NO2-pY)LKTK signal transducer and activator of transcription 3
JAK2 (1002–1011) O60674 CG-PQDKE(NO2-pY)YKVK Janus kinase 2

[a] Numbers in parentheses indicate the location of the sequence in the parent protein. [b] Entries taken from the Universal Protein Resource. [c] One-
letter abbreviation B denotes a norleucine residue and NO2-pY refers to the new 3-nitrophosphotyrosine residue.

Figure 2. Sample data for DEP1. All data is averaged (n = 6). Error bars correspond to the standard error of the
mean (s.e.m.). A) Fluorescence microscopy images at different time points. B) Progress curves. C) vini for the
SIGLEC2 at different spot concentrations. D) Selectivity profile at 250 mm (* P<0.05; ** P<0.01).
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described in this study are included in the Supporting Informa-
tion), which is of interest from a cancer drug development per-
spective.[10a–b] The activities of all recombinant enzymes added
were standardized at 0.5 mU against p-nitrophenylphosphate
(pPNP) per array. An untreated array was used as a negative
control in all assays. The fluorescence images (Figure 2A) and
the resulting time courses (Figure 2B) showed signal increase
over time and thus dephosphorylation by DEP1. Initial veloci-
ties (vini) calculated from the curves (Figure 2C) demonstrated
a dependence on spot concentration and therefore on sub-
strate concentration. Performing this calculation for all sub-
strates gave an activity profile for DEP1 against all 9 substrates
on the array in a single run (Figure 2D). Statistically significant
differences were observed, for example, JAK2 and STAT3 were
poor substrates in this case.

Next, the array was validated with PTP GLEPP1, and studied
as a tumor suppressor in the context of leukemia and lung
cancer[10c–d] (Figure 3). Plots of vini against spot concentration
(Figure 3A) conformed to Michaelis–Menten kinetics, and
0.05 mU of enzyme was sufficient for strong fluorescent sig-
nals. Typical PTP concentrations used here, determined with
the bicinchoninic acid (BCA) protein assay, were several orders
of magnitude lower than the spot concentration as required
for Michaelis–Menten behavior. Calculated Michaelis constant
(Km) values (Figure 3B) were comparable to those reported for
PTPs with peptidic substrates.[21] It should be noted that in de-
termining these Km values, spot concentration was used as
a measure for substrate concentration, which therefore refers
to immobilized compounds. Still, these ‘Km,het’ values were in
the same range as typical conventional Km values and may
therefore serve as a good indicator. In any case, for comparison
of different PTPs, for example, for the relative potencies of two

inhibitors or lysates of cells grown under different conditions,
only relative data is required irrespective of precise substrate
concentrations.

To further determine the possible influence of both immobi-
lization of the peptidic substrate and presence of a nitro sub-
stituent on the tyrosine residue, a comparison was made with
the homogeneous EnzChek phosphate assay.[13c] To this end,
peptide substrates derived from PTP substrates STAT3, ZAP70,
and LCK containing an unmodified phosphotyrosine residue
and the corresponding 3-nitrophosphotyrosine-containing
peptides were evaluated in this assay and compared to the mi-
croarray data with four PTPs. Either inorganic phosphate solu-
tions or a concentration series of non-phosphorylated 3-nitro-
tyrosine-containing STAT3 spotted onto the microarray were
used for calibration. The enzyme concentration was estimated
with the BCA protein assay. The resulting kinetic parameters
(Km, kcat. and kcat./Km) are summarized in Table 2. These data un-
ambiguously showed that consistent results were obtained in
all cases without significant influence of either immobilization
or the 3-nitro substituent. This was especially evident from
kcat./Km, which is a measure of substrate specificity. Interestingly,
in this microarray setup all kinetic parameters were obtained in
one experiment underlining its power. Although these specific
kinetic parameters have not been reported in the literature,
PTPs with nitrophenyl phosphate substrates as well as other
PTPs with peptidic substrates generally give similar val-
ues.[4d, 22, 23] Furthermore, a kcat. of (44�3) s�1 was determined
for PTP1B with the STAT3 substrate with the microarray, which
is comparable to literature data for PTP1B with para-nitrophen-
yl phosphate ((23.8�0.7) s�1).[22b] The microarray gave a compa-
rable value of (26�1) s�1 with the STAT3 peptide. Taken to-
gether, these experiments clearly demonstrated that immobili-

Figure 3. Validation of the PTP microarray. A) Nonlinear global fit of GLEPP1 with the JAK2 substrate peptide (averages with n = 4; 1 mL corresponds to
0.5 mU; error bars correspond to the s.e.m.). B) Km values for GLEPP1 with different substrates (n = 4). C) Nonlinear global fit of GLEPP1 with the JAK2 peptide
and sodium vanadate added (n = 4). D) Detecting product formation versus starting material consumption for PTP1B with the STAT3 substrate (n = 6).
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zation and the 3-nitro moiety did not influence enzymological
results, that spot concentrations could be used as a measure
for substrate concentration, and therefore that this new multi-
plex setup generated consistent enzymological data.

Inhibitor evaluation

Adding non-specific phosphatase inhibitor sodium vanadate
confirmed that the activity observed was indeed PTP-mediated
(Figure 3C). The inhibition constant (Ki) of 100–200 mm depend-
ing on substrate is reasonable in a dithiothreitol (DTT)-contain-
ing buffer.[24] Additionally, known inhibitor NSC87877[25] was
tested with SHP2 giving a low micromolar Ki value, which
agrees with reported data.

Comparison of detection modes

As stated in the Introduction, one of the attractive properties
of this assay is the product-formation detection mode. Since
we found that phosphotyrosine antibody PY20 also recognizes
the 3-nitrophosphotyrosine residue introduced here, both pos-
sible detection modes could be compared directly. Figure 3D
shows time courses for PTP1B with the STAT3 substrate on sep-
arate arrays with either PY20 (substrate consumption) or HM11
(product formation) as the detecting antibody. Similar rate con-
stants were calculated (6.9 � 10�4 and 5.2 � 10�4 s�1, respective-
ly). However, the PY20 experiments clearly showed problems
at the start of kinetic runs because of signal saturation and the
inability of the antibody to instantly bind all substrate mole-
cules available. Because of this, it was difficult even to measure
curves that could be used for data analysis. Furthermore, the
PY20 curve had a threefold lower dynamic range. Thus, a prod-
uct-formation assay as is described here is preferred over an
assay that measures substrate consumption.

Profiling PTP panel

The heatmap in Figure 4 shows profiles for 17 PTPs at 250 mm

spot concentration. At this spot concentration and enzyme
load (0.5 mU) all combinations of substrate and PTP could be
studied under equal conditions. However, for profiling certain
individual PTPs a lower enzyme load would have been desira-
ble, since lowering the signals leads to an increased dynamic
range and therefore larger discrimination between substrate
peptides. The Z’-factor is a statistical gauge for which a value
above 0.5 means an assay is suitable for high-throughput pur-
poses.[26] Using the non-phosphorylated 3-nitrotyrosine-con-
taining STAT3 peptide as the positive control and experiments
in the absence of PTPs as the negative control, an average Z’-
factor of 0.81 was determined. Two inactive PTP mutants were
included as controls, C433S-C723S PTPa and A462T SHP2,[27]

Table 2. Comparison of kinetic constants.

Substrate/enzyme[a] Km [mm] kcat. [s�1] kcat./Km [104
m
�1 s�1]

STAT3/GLEPP1 H 206�33 1.1�0.1 0.54�0.08
N 133�21 0.92�0.07 0.69�0.12
NI 132�10 0.68�0.03 0.51�0.07

LCK/SHP2[b] H 672�216 17�4 2.6�0.6
N 460�77 27�3 5.9�0.8

ZAP70/PTPg H 167�67 8.7�0.6 5.2�0.7
N 195�32 11�1 5.8�0.9
NI 126�8 6.8�0.3 5.4�0.6

LCK/PTPk[b] H 169�25 14�1 9�1
N 349�88 20�3 5.1�0.8

[a] H denotes a substrate containing a phosphotyrosine moiety, N de-
notes the corresponding 3-nitrophosphotyrosine substrate peptide. NI
denotes immobilized 3-nitrophosphotyrosine peptide. [b] LCK is a peptide
derived from lymphocyte-cell-specific protein-tyrosine kinase p56
(P06239), residues 389–399.

Figure 4. Heatmap PTP profiling experiments. The numbers are averages of the vini corrected for an untreated array (n = 6). Coloring proportional to vini with
dark red highest and dark blue lowest.
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and indeed gave no signal in contrast to the corresponding
wild-type (WT) PTPs. In contrast, constitutionally activated
mutant D61G SHP2[27] displayed significantly increased activity
(P<0.01) relative to WT SHP2. This mutant is the cause of
Noonan’s Syndrome, a genetic disorder, which, amongst
others, leads to severe growth defects and congenital heart
disease. The possibility to observe differences in activity with
the new microarray assay may aid in diagnostics on aberrant
SHP2 activity.

In general, profiling data followed trends similar to literature
data,[7, 15] for example, PTP1B, GLEPP1, and DEP1 are promiscu-
ous and efficient, in contrast to PTPa and PTPe, and the
CADH2 phosphopeptide is a good substrate for many PTPs.
There are, however, certain differences such as the strong ac-
tivity of BDP1, although even in this case the selectivity profile
was comparable.[15] Although substrate peptides of similar
lengths have been applied in the literature, differences in PTP
affinity and selectivity observed may be remedied by immobi-
lizing longer substrate peptides or a longer spacer between
peptide and surface, which is in fact possible in the setup pre-
sented here. Furthermore, as stated above, the uniform
enzyme load applied in the profiling experiments may have to
be lowered when studying certain PTPs to obtain optimal sub-
strate discrimination. Additionally, expanding the substrate set
may lead to even more discriminating profiles. As an example
of this, the Supporting Information contains initial results for
experiments using an expanded PTP microarray with 27 sub-
strates. Where this extended array overlapped with the sub-
strate described in this study, a similar profile was obtained for
PTP1B. Furthermore, the inactive A462T SHP2 mutant again
gave no appreciable dephosphorylation. In addition, a profile
obtained for a WT HEK293 lysate overlapped well with the
data presented below for the smaller array.

Most importantly, these profiles cover many substrate–PTP
combinations that have not been studied before and may be
valuable for elucidating signaling networks involving PTPs. For
example, LAR preferentially recognizes the CADH2 and PDPK1
substrate peptides. Although the association with cadherins is
known,[28] this link with PDPK1 has not been described before
although PDPK1 activity is regulated by a PTP, which is of inter-
est given the role of PDPK1 in cancer.[29]

Cell lysate experiments

Finally, PTP activity was monitored in WT HEK293 cell lysates
(Figure 5A). Even 0.5 mg of total protein was sufficient for re-
producible data. Then, HEK293 cells transiently transfected
with WT PTP1B or inactive C215S PTP1B[30] were applied (Fig-
ure 5B). WT PTP1B cells gave stronger dephosphorylation of all
peptides except JAK2 and STAT3 compared to non-transfected
control, consistent with the PTP1B profile in Figure 4. The
C215S cells gave significantly lower signals compared to WT
PTP1B cells for all substrates except JAK2 and STAT3 as expect-
ed. Treatment of the C215S lysate with 250 mm sodium vana-
date (Figure 5C, column C215S-VO4) led to significant further
reduction in activity, which demonstrates that residual activity
in this lysate was due to other PTPs. The C215S lysate spiked

with 1 mU PTP1B (Figure 5C, column C215S-spiked) showed re-
covered activity for all substrates except JAK2 and STAT3 as ex-
pected. PTP1B is arguably the most studied PTP since it is
a promising diabetes type 2 drug target,[11] although establish-
ing and obtaining selectivity of potential inhibitory drugs has
been challenging. Therefore, the ability to study PTP1B activity
in lysates in a parallel fashion offered by this new microarray
assay is extremely valuable.

Conclusion

In conclusion, the various biological experiments presented
here demonstrate the general applicability of the new dynamic
product-formation PTP substrate microarray. Consistent data
was obtained with 17 PTPs irrespective of the 3-nitro modifica-
tion at low enzyme loads. It is tremendously encouraging that
even a relatively small substrate set yielded useful specificity
data and that complex biological matrices can be studied as

Figure 5. Cell lysate experiments. A) Concentration series WT HEK293 lysate
(averages with n = 6; amounts correspond to total protein content; error
bars correspond to the s.e.m.). B) Comparison of PTP WT HEK293 lysate and
HEK293 lysated transfected with active PTP1B and inactive C215S PTP1B
(n = 6). C) vini values obtained for HEK293 lysates treated with vanadate or
spiked with recombinant PTP1B (n = 12).
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well. Clearly, expanding the substrate set will lead to even
more discriminating profiles. The parallel nature of the new mi-
croarray is a distinct advantage over nonmicroarray formats, al-
lowing rapid profiling of substrate specificity, inhibitor potency,
and enzymological parameters. Further attractive properties of
this particular microarray are its dynamic nature, product-for-
mation detection mode, and compatibility of the underlying
technology with other enzyme families[14] offering the enticing
prospect of studying multiple enzyme classes with one experi-
mental setup.

Experimental Section

General

Synthetic procedures, NMR spectra, MS spectra, and HPLC chroma-
tograms are included in the Supporting Information.

Microarray preparation

All substrate peptides were spotted onto PamChip FAEC chips
(PamGene International Ltd.), which are themselves based on Ano-
pore aluminum oxide membranes (Whatman) functionalized with
a spacer terminating in a maleimide group. A Scienion SciFlexAr-
rayer S11 spotter was used to spot each premade (300 pL), centri-
fuged (3200 rpm, 5 min) solution of the individual substrates in
Milli Q (MQ) water in the presence of 1 mm tris(2-carboxyethyl)-
phosphine (TCEP). The resulting full arrays were dried for 5 min at
20 8C. After spotting, the remaining maleimide functionalities were
inactivated by washing consecutively with 10 mm thiol-polyethy-
lene glycol (PEG) (Mercachem) in phosphate buffer saline (PBS) so-
lution, PBS, and MQ water. The final arrays were dried for 10 min at
20 8C. A quality control was carried out in which a full array was
stained with SYPRO Ruby (Bio-Rad Laboratories) to quantify the
peptide immobilization for all spots.

Expression of recombinant PTPs and activity assays

Recombinant PTP proteins were produced as glutathione-S-trans-
ferase (GST) fusion proteins in bacteria and purified using standard
protocols. pGEX-based expression vectors have been described for
PTPa and inactive PTPa,[31] SHP2 and mutants,[27a] and all other pu-
rified PTPs.[15] PTP activity of the recombinant PTPs was determined
in solution, using para-nitrophenylphosphate (pNPP) as substrate.
The reaction was conducted in a mixture (200 mL) containing
20 mm 2-(N-morpholino)ethanesulfonic acid (MES) pH 6.0, 150 mm

NaCl, 1 mm ethylenediaminetetraacetic acid (EDTA), 1 mm DTT, and
10 mm pNPP. The reaction was initiated by the addition of fusion
protein and incubated at 30 8C. 1 m NaOH (1 mL) was added to
quench the reaction and the formation of p-nitrophenol was de-
tected with a spectrophotometer at 405 nm.

General procedure for recombinant PTP microarray experi-
ments and profiling

A suitable buffer, for example, a Tris (25 mL, 20 mm, pH 7.4, modi-
fied with 50 mm NaCl, 5 mm EDTA, and 1 mm DTT) or a phosphate
buffer (25 mL, 25 mm, pH 7.4, modified with 50 mm NaCl, 5 mm

EDTA and 1 mm DTT), was used to dissolve the appropriate phos-
phatase (0.5 mU) together with bovine serum albumin (BSA;
0.25 mL, 10 mg mL�1, Sigma–Aldrich), anti-nitrotyrosine (mouse) an-

tibody (0.5 mL, 0.5 mg mL�1 in PBS pH 7.4, Invitrogen), FITC-goat an-
ti-mouse antibody (0.5 mL, 4 mg mL�1, Santa Cruz Biotechnology),
and either additional factors, such as an ortho-vanadate (Sigma–Al-
drich) solution, or water. The resulting mixture was added to Pam-
Chip microarrays and the fluorescence was imaged in real time
using a Pamstation 12 instrument. The images were analyzed using
the Bionavigator software package (PamGene International Ltd.).
After automated gridding of the spots, the total fluorescence in-
tensity of each spot was corrected for background fluorescence
and the resulting corrected intensity versus cycle progress curves
were fitted to the Michaelis–Menten time-course rate equation.
The vini values were then calculated as the reaction speed at t =
5 cycles. For the calculation of the Km values, the resulting vini

values were plotted against spot concentration and fitted with
a global fitting algorithm using the Michaelis–Menten equation.

Vanadate inhibition experiments

Similar conditions as those described above for the recombinant
assay were employed, however, part of the water was replaced by
solutions of sodium ortho-vanadate in water. These inhibitor solu-
tions were serial dilutions from a 1 m stock solution that was
heated to 95 8C for 10 min prior to use. Data analysis was carried
out as described above for the recombinant PTPs. The resulting vini

values were plotted against spot concentration and fitted using
a global fitting algorithm with the equation for competitive inhibi-
tion.

Comparison of PY20 and HM11 detection

This assay was either carried out using the conditions for the re-
combinant PTPs as described above, or under similar conditions in
which the two antibodies were replaced by a 1 mg mL�1 solution
of the PY20 antibody (0.25 mL, Exalpha Biologicals) and water
(0.75 mL). The time-course profiles were determined by gridding
and spot analysis as described above for the recombinant PTPs.
The rate constants were calculated by fitting to the Michaelis–
Menten time course equation.

EnzChek phosphate production assay

The EnzChek phosphate assay kit (Invitrogen) was used using
a slightly modified procedure in a miniaturized 96-well format. A
1 mm stock solution of 2-amino-6-mercapto-7-methylpurine ribo-
side (MESG) was prepared in water, as well as a 100 U ml�1 stock
solution of purine nucleoside phosphatase in water. To each well
a mixture of purified recombinant PTP1B (1 mL corresponding to
0.5 mU), the Tris-based 20 � strength reaction buffer provided with
the kit (5 mL), MESG stock solution (20 mL), purine nucleoside phos-
phatase stock solution (1 mL), a 40 mm solution of DTT in water
(3 mL), and water (20 mL) was added. Then serial dilutions of
a 2 mm stock solution of the STAT3 substrate peptide of interest
were added (50 mL). The absorption at 360 nm was monitored ki-
netically in a Biotek mQuant spectrophotometer. From the linear
part of the curve vini values were calculated after calibration with
absorption data obtained with a concentration series of inorganic
phosphate. These were corrected with a negative control in which
the enzyme solution was replaced by water. The Km value was cal-
culated using a global fitting algorithm with the Michaelis–Menten
equation.
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Inhibition assay with SHP2 and NSC87877

Similar conditions as described above for the recombinant PTPs
were used with the SHP2 enzyme. Part of the water in the mixture
was replaced by serial dilutions of a 100 mm stock solution of
NSC87877 in water (2.5 mL). Data acquisition and analysis was car-
ried out as described above for the vanadate inhibition experi-
ments.

Preparation of lysates

HEK293 cells were grown in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 7.5 % fetal calf serum (FCS). HEK293
cells were transiently transfected using polyethylenimine (PEI) with
the previously described[30b] CMV-promoter-driven expression
vector for PTP1B, catalytically inactive C215S PTP1B, or empty
vector (pCS2 +) as a control. After transfection the cells were
grown for 40 h in a serum-containing medium before harvesting.
The cells were lysed for 20 min on ice in cell lysis buffer (50 mm

HEPES pH 7.4, 150 mm NaCl, 1 mm ethylene glycol tetraacetic acid
(EGTA), 1.5 mm MgCl2, 1 % Triton X-100, 10 % glycerol, 5 mm NaF,
5 mm b-glycerophosphate, 1 mg mL�1 leupeptin, and 1 mg mL�1

aprotinin). The lysates were collected using a rubber policeman
and centrifuged for 10 min at 13 000 rpm. Protein concentrations
in the lysates were determined using the BCA test.

Lysate PTP microarray experiments

Similar conditions as described above for the recombinant assay
were employed, however, to reduce aspecific interactions leading
to clogging of the microarrays and a decreased signal-to-noise
ratio, they were first blocked with 2 % BSA (aq) for 15 min. Instead
of enzyme in buffer, as in the experiments described above, a suita-
ble volume of lysate (corresponding to 1.0 mg total protein) was
used, to which phosphate buffer (2.5 mL) 10 � strength was added
in combination with the remaining factors as described above in
the general procedure for recombinant PTPs. In the case of the
spiked lysate, a solution of purified recombinant PTP1B was added
equal to 1 mU as judged by the para-nitrophenylphosphate test. In
the vanadate inhibition experiments, a sufficient amount of a 1 m

sodium ortho-vanadate solution that was heated to 95 8C for
10 min prior to use was added to reach a final concentration of
250 mm. Finally, sufficient water was added to obtain a final volume
of 25 mL. Data analysis was carried out as described above for the
recombinant PTPs.
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