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Abstract—Protein tyrosine phosphatases have a central role in the maintenance of normal cellular functionality. For example,
PTP1B has been implicated in insulin-resistance, obesity, and neoplasia. Mitogen-activated protein kinase phosphatase-1 (MKP-
1 or DUSP1) dephosphorylates and inactivates mitogen-activated protein kinase (MAPK) substrates, such as p38, JNK, and
Erk, and has been implicated in neoplasia. The lack of readily available selective small molecule inhibitors of MKP family members
has severely limited interrogation of their biological role. Inspired by a previously identified inhibitor (NSC 357756) of MKP-3, we
synthesized seven NSC 357756 congeners, which were evaluated for in vitro inhibition against several protein phosphatases.
Remarkably, none displayed potent inhibition against MKP-3, including the desamino NSC 357756 analog NU-154. Interestingly,
NU-154 inhibited human PTP1B in vitro with an IC50 value of 24 ± 1 lM and showed little inhibition against Cdc25B, MKP-1, and
VHR phosphatases. NU-126 [2-((E)-2-(5-cyanobenzofuran-2-yl)vinyl)-1H-indole-6-carbonitrile] inhibited MKP-1 and VHR in vitro
but was less active against human MKP-3, Cdc25B, and PTP1B. The inhibition of MKP-1 by NU-126 was independent of redox
processes. The benzofuran substructure represents a new potential scaffold for further analog development and provides encourage-
ment that more selective and potent inhibitors of MKP family members may be achievable.
� 2006 Elsevier Ltd. All rights reserved.
1. Introduction

Protein tyrosine phosphorylation is a prominent mecha-
nism by which mammalian cells alter protein functional-
ity.1,2 The phosphorylation status of a given protein is
dynamically controlled by kinases and phosphatases
and is generally highly regulated. The 107 protein tyro-
sine phosphatases (PTPs) found in the human genome
are defined by the active site sequence C(X)5R, with X
being any amino acid, and they are critical regulators
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of mammalian cell proliferation, differentiation, and
apoptosis. PTPs can be divided into at least four sub-
families based on their tertiary structure: classical phos-
photyrosine specific PTPs, dual specificity phosphatases,
Cdc25 phosphatases, and low molecular weight PTPs.3

The classical PTP, PTP1B, is among the best studied hu-
man PTPs in part because it has been critically implicat-
ed in the pathobiology of diabetes and obesity.4

Moreover, PTP1B is an important determinant of the
latency and type of tumors in a p53-tumor suppressor
deficient background through its role in the regulation
of B-cell development.5 A considerable number of po-
tent and selective small molecule inhibitors of PTP1B
have been identified.3,6 In contrast, there is a dearth of
potent and selective pharmacological inhibitors for
members of the other PTP subfamilies. For example,
there are no potent inhibitors of MKP-1, which dephos-
phorylates p38, JNK, and Erk1/2.7–9 This is unfortunate
because MKP-1 has been associated with human neo-
plasia and is an attractive potential therapeutic target.
MKP-1 is highly expressed in prostate, breast, gastric,
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and renal cancer.10–12 In patients with ovarian cancer,
MKP-1 expression is correlated with decreased progres-
sion-free survival.13 Liao et al.11 reported that reduction
of MKP-1 in human pancreatic cells ablated soft agar
colony formation and tumorigenicity. Others have
found MKP-1 protects cells from apoptosis induced by
cisplatin, UV irradiation, and proteasome inhibi-
tors.14–16

It has been hypothesized that selective inhibitors of PTP
should be achievable because of the differences in the ac-
tive site surface features of at least some of the family
members.2 Lund et al.6 illustrated how low affinity li-
gands can be used with structural information to create
potent inhibitors that were more selective for PTPb than
other classical PTPs. Regrettably, structural informa-
tion about MKP-1 is lacking. Recently, we identified
the first cell-active small molecule inhibitor of MKP-1,
the alkaloid sanguinarine, using a high content cellular
chemical complementation assay.17 Sanguinarine, how-
ever, has a number of other reported effects including
inhibition of protein kinase A, suppression of growth
factor mediated angiogenesis, reduction of adhesion
molecule expression, and inhibition of nuclear factor-
Figure 1. The chemical structures of NSC 357756 and newly synthesized an

Table 1. Mean in vitro IC50 values (lM ± SEM, n = 4) against human recom

NU-126 NU-135 NU-154

MKP-1 28.8 ± 2.9 57.9 ± 4.1 >100

MKP-3 >400 73.2 ± 6.3 >100

Cdc25B >400 >100 >100

PTP1B >100 81.6 ± 0.4 23.6 ± 0.3

VHR 38.1 ± 2.8 >100 >100

a Not determined.
jB-mediated transcription.18 Thus, more selective small
molecule inhibitors are clearly desirable.

As a starting point, we used a small molecule inhibitor
of MKP-3, namely NSC 357756 (6-(4,5-dihydro-1H-imi-
dazol-2-yl)-2-(2-[5-(4,5-dihydro-1H-imidazol-2-yl)-ben-
zofuran-2-yl]-vinyl)-1H-indol-3-ylamine) (Fig. 1), which
we previously identified with a high content cell-based
assay.19 This is justified because human MKP-3 shares
36% amino acid identity with human MKP-1 but the
11 amino acid catalytic domain is 82% identical (Table
2). NSC 357756 has also been reported to inhibit a
Zn-dependent metalloprotease, namely anthrax lethal
factor protease, which decreases the phosphorylation
and activation of Erk.20 Regrettably, we have been un-
able to obtain or synthesize additional quantities of this
compound for further analysis. In fact, spectroscopic
information on NSC 357756 is not available, and there-
fore we have been unable to independently confirm its
structure. We now report on the use of the known desa-
mino congener of NSC 357756 as well as the successful
synthesis of analogs. Surprisingly, we found that some
of these analogs are selective in vitro inhibitors of
MKP-1 or PTP1B.
alogs.

binant protein phosphatases

NU-176 NU-145 NU2-168 NU2-157

47.6 ± 3.8 >100 >100 >100

>100 NDa 73.3 ± 4.0 70.0 ± 4.2

>100 ND ND ND

>100 ND ND ND

47.4 ± 3.9 ND ND ND



Figure 2. Concentration-dependent inhibition of MKP-1. Recombi-

nant human MKP-1 was incubated with various concentrations of

NU-126 (square), NU-135 (triangle), or NU-176 (inverted triangle)

and enzyme activity determined as described in Section 4.
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2. Results

Although previously published results with an NSC
357756 sample provided by the U.S. National Cancer
Institute suggested it was an inhibitor of MKP-3, we
have concluded after repeated unsuccessful attempts
that NSC 357756 was not a synthetically tractable com-
pound. Consequently, we constructed five simplified in-
dole analogs, which retained the fundamental
benzofuran pharmacophore (Fig. 1). We also synthe-
sized NU-145, which is a substructure of NU-126 and
NU-176, and NU2-157, which lacked the benzofuran
moiety. Surprisingly, we found no potent in vitro inhib-
itors of MKP-3, although NU2-168 and NU2-157 inhib-
ited MKP-3 with IC50 values of 73.3 and 70.0 lM,
respectively (Table 1). The bis-nitrile NU-126, however,
inhibited the dual specificity phosphatases MKP-1 and
VHR with IC50 values of 28.8 ± 2.9 lM and
38.1 ± 2.8 lM (Fig. 2 and Table 1); at 100 lM NU-126
inhibited PTP1B by only 30% and at 400 lM it inhibited
Cdc25B and MKP-3 by 30–40%. The reduced NU-176
with the flexible ethane linker connecting the two hetero-
cyclic cores also retained inhibitory activity against
MKP-1 and VHR, while against MKP-3, Cdc25B, and
PTP1B it caused only 12%, 2%, and 33% inhibition,
respectively. The bisaminoguanidine NU-135 exhibited
IC50 values of 50–100 lM against MKP-1, MKP-3,
and PTP1B and at 100 lM caused 28% and 46% inhibi-
tion of Cdc25B and VHR, respectively. NU2-168 and
NU2-157 lack any significant activity against MKP-1.
Interestingly, the bisimidazoline NU-154 inhibited
PTP1B with an IC50 of 23.6 ± 0.3 lM and had little
activity against the other four phosphatases at 100 lM.

Because of the selectivity profile and relative potency of
NU-126, we examined this compound in greater detail.
NU-126 also inhibited the dephosphorylation of the
phosphorylated Erk duodecapeptide MAP (177–189)
by MKP-1 with an IC50 of �50 lM (Fig. 3A). The
dephosphorylation of this peptide by VHR was also
inhibited by NU-126, although we only examined con-
centrations of 25 lM and lower. Using the entire Erk
protein as a substrate revealed a concentration-depen-
dent inhibition by NU-126 with an IC50 of �20 lM
(Fig. 4B).
Table 2. Consensus sequence and predicted hydrophobicity for the catalytic

Color coding of the amino acids was generated using the default settings of EM

are red, charged are green, sulfur-containing are yellow, and neutral amino
Some protein tyrosine phosphatases appear to be sensi-
tive to intracellular oxidants, such as H2O2 or some
para-quinones, due to the low pKa of the catalytic cys-
teine.21 Thus, we examined the reversibility of NU-126
inhibition in vitro using a previously described dilution
assay.21 As illustrated in Figure 5A, pre-incubation of
MKP-1 for 20 min or less in the absence of the substrate
did not alter the inhibitory actions of NU-126 reflective
of a reversible inhibitor. In addition, incubation with
concentrations of the reductant DTT of 10 or 25 mM
did not alter the IC50 values nor did co-incubation with
catalase (Fig. 5B). Thus, it appears NU-126 functions as
a reversible inhibitor and did not rely on the oxidation
of the catalytic cysteine to inactivate MKP-1. A kinetic
analysis of MKP-1 inhibition with OMFP as a substrate
supported a mixed rather than a true competitive model
(Fig. 6).
3. Discussion

The protein tyrosine phosphatases have a critical role in
regulating mammalian cell biology1 and, consequently,
there is considerable interest in identifying small mole-
cule regulators of protein tyrosine family members,
including the dual specificity phosphatase subfamily.
sites in protein tyrosine phosphatases

BL-EBI Protein Colourer in which the more hydrophobic amino acids

acids are blue.



Figure 3. Inhibition of MKP-1- and VHR-mediated dephosphoryla-

tion of Erk phosphopeptide by NU-126. Human recombinant MKP-1

(66 lM) (A) or VHR (107 lM) (B) was incubated with 107 lM MAP

(177–189) phosphopeptide in the presence or absence of various

concentrations of NU-126 for 1 h. The release of free phosphate was

determined using a malakite green assay.

Figure 4. Inhibition of Erk dephosphorylation by NU-126. Phosphor-

ylated Erk (0.67 lg/ml) was incubated with recombinant human MKP-

1 in the presence of 0–50 lM NU-126 or 50 lM sanguinarine. Control*

was DMSO vehicle alone. After incubation at 37 �C for 60 min, Erk

was separated from other proteins by SDS–PAGE and transferred to

0.2 lm nitrocellulose membrane. The phosphorylation status of Erk

was determined using an antibody to phosphorylated Erk.

Figure 5. Reversibility of NU-126 inhibition and sensitivity to

reductants and antioxidants. (A) Reversibility studies. MKP-1 was

preincubated with 90 lM NU-126 or vehicle control for 0, 5 or 20 min

and then diluted 20-fold with incubation buffer. The OMFP substrate

was added and the remaining enzyme activity determined and

compared with the vehicle control sample. (B) The IC50 values of

NU-126 against MKP-1 in the presence of 1–25 mM DTT or 1 mM

DTT and 100 U/ml catalase: the mean IC50 values ± SEM (N > 5) are

shown above the bars.
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Major challenges to this effort have been the dearth of
small molecule lead structures that could provide start-
ing points for the design of analogs with greater potency
and selectivity, and the lack of adequate structural infor-
mation to guide the synthesis of new chemical entities.
The differences in the primary amino acid sequence
within the catalytic domain of phosphatases such as
MKP-1, MKP-3, VHR, Cdc25B, and PTP1B, suggest
selective inhibitors might be achievable (Table 2). More-
over, there are significant differences in the hydropho-
bicity, calculated a helix, and calculated beta sheet
structure (Table 2). X-ray crystallographic structures
for MKP-3 and PTP1B reveal architecture for the cata-
lytic sites of these two phosphatases that are dramatical-
ly different. The dual specificity phosphatase MKP-3
displays a shallow 5.5 Å active site cleft presumably to
accommodate both the phosphotyrosine and phospho-
threonine moieties. The dual specificity phosphatases
VHR and Cdc25B also exhibit rather shallow active
sites.2,22,23 In contrast, the active site cleft of the classical
tyrosine phosphatase PTP1B measures 9 Å. Structural
information about MKP-1 is unavailable at this time.
Nevertheless, it seems likely based on the known struc-
tural data that compounds disrupting the catalytic re-
gion will display some specificity. Moreover, positive



Figure 6. Kinetics of inhibition against MKP-1 and PTP1B. (A) MKP-1 was incubated with 3.2–100 lM OMFP for 60 min at seven different

concentrations of NU-126. (B) PTP1B was incubated with 3.2–100 lM OMFP for 60 min with 6–72 lM NU-154. Enzyme kinetics were evaluated

using SigmaPlot 2000.
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charges attached to the heterocyclic scaffolds appear to
be beneficial for MKP-3 inhibition, but detrimental to
MKP-1 binding. The results from our study with a small
number of NSC 357756 analogs are consistent with this
hypothesis.

It is of interest that NU-126 and NU-176 demonstrated
a preference for MKP-1 compared with MKP-3, despite
the 80% identity in the amino acids found in the active
sites (Table 2). NU-154 had a clear preference for
PTP1B compared to the other four phosphatases stud-
ied. Each of these pharmacophores provides a new plat-
form for continued medicinal chemistry studies and the
generation of novel analogs.

The catalytic activity of at least one dual specificity phos-
phatase, namely MKP-3, has been reported to increase six
orders of magnitude after binding to its substrate Erk2;
this interaction is mediated by a MAP-kinase-binding do-
main. It has been hypothesized that the MKP family
members must undergo a conformational change upon
interaction with their cognate substrate, which leads to
a closure of the phosphatase activation loop.22 To ensure
that the inhibition seen with the artificial small molecule
substrate OMFP was indeed biochemically relevant, we
examined the NU-126 inhibitory effects using both a pep-
tide and a protein substrate. The inhibition by NU-126
was independent of the substrate. We have attempted to
examine the cellular effects of NU-126 and the other ana-
logs using a previously described high content assay17 but
have not detected any cellular changes. We hypothesize
that these small molecules either are unable to enter cells
or are rapidly degraded. Nevertheless, these novel phar-
macophores should provide the foundation for the fur-
ther facile refinement of small molecule inhibitors of
selected protein phosphatases.
4. Materials and methods

4.1. Reagents

Epitope-tagged His6Cdc25B2, His6MKP-1, and
His6MKP-3 were expressed in Escherichia coli and puri-
fied by Ni–NTA as previously described.24 Recombinant
VHR and PTP1B and the malakite green substrate were
obtained from Biomol (Plymouth Meeting, PA). Unless
otherwise indicated, all other reagents were obtained
from Sigma–Aldrich (St. Louis, MO).

4.2. Chemical synthesis

NU-126, NU-154, NU-176, NU2-168, and NU2-157
(Fig. 1) were synthesized according to literature proce-
dures with slight changes.25,26 Specifically, NU-126
was obtained by a Horner–Wittig reaction between 2-
formyl-1H-indole-6-carbonitrile, 1, and diethyl (5-cya-
nobenzofuran-2-yl)methylphosphonate, 2 (Scheme 1).
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Scheme 1. Synthetic routes for new analogs. (a) LAH, THF, �78 �C;

(b) MnO2, acetone, rt, 64% (2 steps); (c) P(OEt)3, xylenes, D, 76%; (d)

2, MeONa, MeOH, DMF, rt, 75%; (e) Raney-Ni, NaH2PO2ÆH2O, pyr/

HOAc/H2O; (f) aminoguanidine carbonate, THF/EtOH, D, 71% (2

steps); (g) methyl diethyl phosphonoacetate, NaH, THF, rt, 58%; (h)

ethylene diamine, P2S5, D, 46%; (i) Pd(OH)2/BaSO4, DMF, H2, rt,

66%; (j) HCl(g), EtOH, 0 �C; NH3, EtOH, rt; HCl(g), EtOH/Et2O, rt,

58% (3 steps); (k) 3, DMF, K2CO3, 154 �C, 12 h, 58%; (l) 4, piperidine,

100 �C, 6–16 h, 60%; (m) P(OEt)3, 160 �C, 13 h, 46%; (n) HCl(g),

EtOH, 36 h; (o) NH3, EtOH, 36 h; (p) HCl, Et2O; (q) HPLC in MeCN/

H2O/0.1% HCO2H, 60% (3 steps).
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NU-126 was then condensed with ethylene diamine in
the presence of catalytic amounts of phosphorus penta-
sulfide to afford NU-154. NU-176 was derived from cat-
alytic hydrogenation of NU-126 with Pd(OH)2/BaSO4 in
DMF. Analog NU-135 was prepared by treating NU-
126 with Raney-Nickel catalyst in a mixture of aqueous
pyridine and acidic acid in the presence of sodium hyp-
ophosphite monohydrate, followed by the condensation
of the resulting dicarboxyaldehyde with aminoguanidine
carbonate in refluxing water/ethanol. Treatment of NU-
126 with dry HCl gas in EtOH for 3 min at 0 �C, fol-
lowed by stirring at rt for 5 days, removal of the solvent,
addition of EtOH saturated with ammonia gas, stirring
for 18 h, evaporation of volatiles, and treatment of the
residue with HCl gas in a mixture of EtOH and Et2O
resulted in NU2-168. Finally, p-bromobenzonitrile was
condensed with 3 and 4 to give 5 after heating of the
Knoevenagel intermediate with neat triethylphosphite,
and 5 was then solvolyzed with ethanolic HCl; the imi-
date was converted to the amidine with ammonia in
EtOH, and the hydrochloride salt was converted to the
bisformate NU2-157 upon purification by RP-HPLC
(C18, isocratic conditions, H2O (0.1% HCO2H)/MeCN,
70/30).

4.3. Spectroscopic data

2-Formyl-1H-indole-6-carbonitrile, 1. 1H NMR d
(300 MHz, acetone-d6) 11.5 (br s, 1H), 10.0 (s, 1H),
7.99 (s, 1H), 7.98 (d, J = 8.6 Hz, 1H), 7.50 (s, 1H),
7.41 (d, J = 8.6 Hz, 2H).

Diethyl (5-cyanobenzofuran-2-yl)methylphosphonate,
2. IR (KBr) 3465, 2984, 2910, 2227, 1600, 1466, 1444,
1268, 1024, 970, 814, 784 cm�1; 1H NMR d (300 MHz,
CDCl3) 7.59 (s, 1H), 7.26 (s, 2H), 6.52 (d, J = 2.9 Hz,
1H), 3.91 (q, J = 7.0 Hz, 4H), 3.22 (d, J = 21.4 Hz,
2H), 1.09 (t, J = 7.0 Hz, 6H); 13C NMR d (75 MHz,
CDCl3) 155.7, 151.5, 151.3, 128.7, 126.9, 124.9, 118.7,
111.4, 105.9, 104.5, 104.4, 62.1, 62.0, 27.4, 25.5, 15.7;
LRMS (EI+) 293 (M+, 53), 237 (26), 156 (100), 109
(80); HRMS (EI+) calcd for C14H16NO4P 293.0817,
found 293.0812.

(E)-2-(2-(5-Cyanobenzofuran-2-yl)vinyl)-1H-indole-6-
carbonitrile, NU-126. IR (KBr) 3337 (NH), 2214
(CN), 1612, 1460, 1265 (C–O), 812 cm�1; 1H NMR d
(300 MHz, DMSO-d6) 12.1 (s, 1H), 8.15 (s, 1H), 7.83
(s, 1H), 7.78 (AB, J = 8.5 Hz, 1H), 7.74 (d of AB,
J = 8.5, 1.5 Hz, 1H), 7.68 (d, J = 8.2, 1H), 7.37 (s,
2H), 7.31 (dd, J = 8.2, 1.5 Hz, 1H), 7.14 (s, 1H), 6.89
(d, J = 0.8 Hz, 1H); 13C NMR d (75 MHz, DMSO-
d6) 157.0, 156.8, 140.3, 137.0, 132.2, 130.3, 129.5,
126.9, 122.9, 122.3, 122.1, 121.2, 120.0, 117.5, 116.5,
113.1, 106.9, 106.4, 105.6, 104.4; LRMS (EI+) 309
(M+, 100), 280 (9), 253 (5); HRMS (EI+) calcd for
C20H11N3O 309.0902, found 309.0896.

2-(((E)-2-(5-Methyleneaminoguanidyl)benzofuran-2-
yl)vinyl)-1H-indole-6-methyleneaminoguanidine bis-
(dihydrogencarbonate) salt, NU-135. IR (KBr) 3409,
2924, 1598, 1541 cm�1; 1H NMR d (300 MHz,
DMSO-d6) 11.4 (br s, 1H), 8.05 (s, 1H), 8.04 (s, 1H),
7.79 (s, 1H), 7.70 (d, J = 8.4 Hz, 1H), 7.51–7.46 (m,
4H), 7.21, 7.16 (AB, J = 15.8 Hz, 2H), 6.90 (s, 1H),
6.66 (s, 1H), 5.88 (br s, 4H), 5.55 (br s, 4H); 13C
NMR d (75 MHz, DMSO-d6) 160.4, 160.0, 155.4,
154.4, 145.4, 143.8, 137.9, 136.9, 132.6, 131.8, 129.3,
128.8, 123.6, 120.3, 118.9, 118.5, 115.0, 110.9, 109.6,
105.3, 104.9; LRMS (TOF MS ES+) 428 ([M+1]+,
100), 369 (15), 344 (13), 310 (14); HRMS (TOF MS
ES+) calcd for C22H22N9O 428.1923, found 428.1927.

(E)-Methyl 3-(6-cyano-1H-indol-2-yl)acrylate, NU-145.
IR (KBr) 3305 (N–H), 2218 (CN), 1696 (C@O), 1641
(C–C, trans), 1287 (C–O) cm�1; 1H NMR d
(300 MHz, acetone-d6) 11.2 (br s, 1H), 7.82 (s, 1H),
7.76 (d, J = 8.3 Hz, 1H), 7.71 (d, J = 16.1 Hz, 1H),
7.33 (dd, J = 8.3, 1.2 Hz, 1H), 7.04 (d, J = 1.2 Hz, 1H),
6.60 (d, J = 16.1 Hz, 1H), 3.76 (s, 3H); 13C NMR d
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(75 MHz, acetone-d6) 167.1, 138.3, 137.7, 134.4, 132.2,
123.4, 123.0, 120.6, 119.1, 116.9, 116.1, 108.7, 106.8,
51.9; LRMS (EI+) 226 (M+, 58), 194 (100), 166 (30),
140 (25); HRMS (EI+) calcd for C13H10N2O2

226.0742, found 226.0737.

2-((1E)-2-(5-(4,5-Dihydro-1H-imidazol-2-yl)benzofuran-
2-yl)vinyl)-6-(1H-imidazol-2-yl)-1H-indole, NU-154. IR
(KBr) 3184 (N–H), 1602 (C@C, trans), 1445, 1367,
1285 (C–O), 938 cm�1; 1H NMR d (300 MHz, DMSO-
d6) 11.7 (br s, 1H), 8.14 (s, 1H), 7.83 (s, 1H), 7.82 (d,
J = 8.6 Hz, 1H), 7.60 (d, J = 8.6 Hz, 1H), 7.57–7.40 (m,
2H), 7.31, 7.28 (AB, J = 16.3 Hz, 2H), 7.08 (s, 1H),
6.78 (s, 1H), 3.85–3.2 (m, 10 H); 13C NMR d (75 MHz,
DMSO-d6) 164.8, 163.7, 155.4, 155.2, 138.1, 136.9,
130.3, 128.7, 125.9, 124.5, 123.3, 120.9, 120.0, 119.8,
119.0, 110.4, 105.7, 104.5, 49.5, 48.7; LRMS (EI+) 395
(M+, 65), 394 (100), 353 (35), 169 (25); HRMS (EI+)
calcd for C24H21N5O 395.1746, found 395.1749.

2-(2-(5-Cyanobenzofuran-2-yl)ethyl)-1H-indole-6-carbo-
nitrile, NU-176. Mp 239–240 �C (EtOAc/acetone/tolu-
ene); IR (KBr) 3344 (NH), 2223 (CN), 2216 (CN),
1464, 1269 (C–O), 828 cm�1; 1H NMR d (300 MHz, ace-
tone-d6) 10.7 (br s, 1H), 7.97 (s, 1H), 7.73 (s, 1H), 7.65
(AB, J = 8.6, 1H), 7.61 (d of AB, J = 8.6, 1.4, 1H),
7.60 (d, J = 8.2 Hz, 1H), 7.25 (dd, J = 8.2, 1.0 Hz, 1
H), 6.73 (s, 1H), 6.45 (s, 1H), 2.83 (s, 4H); 13C NMR d
(75 MHz, DMSO-d6) 160.6, 155.7, 143.3, 134.7, 131.5,
129.1, 127.3, 125.5, 121.6, 120.7, 120.2, 119.3, 115.3,
112.1, 105.5, 102.6, 101.4, 99.9, 27.0, 25.4; HRMS
(TOF ESI+) calcd for C20H13N3ONa 334.0956, found
334.0960.

(E)-2-(2-(5-Carbamimidoylbenzofuran-2-yl)vinyl)-1H-in-
dole-6-carboximidamide bis(hydrogenchloride) salt,
NU2-168. IR (KBr) 3077 (NH), 3380, 3148, 1670,
1534, 1459, 1270 cm�1; 1H NMR d (300 MHz, MeOD)
8.10 (s, 1H), 7.90 (s, 1H), 7.75–7.72 (m, 3H), 7.45 (AB,
J = 16.3 Hz, 1H), 7.44 (dd, J = 8.4, 1.8 Hz, 1H), 7.31
(AB, J = 16.3 Hz, 1H), 7.06 (s, 1H), 6.89 (s, 1H); 13C
NMR d (75 MHz, MeOD) 168.0, 167.6, 158.0, 157.4,
140.4, 137.3, 133.6, 130.2, 124.6, 123.6, 121.6, 121.5,
121.3, 121.1, 118.5, 116.8, 111.7, 111.4, 105.6, 104.5;
HRMS (TOF ESI+) calcd for C20H18N5O 344.1511,
found 344.1510.

4-(4-(6-Isocyano-1H-indol-2-yl)phenoxy)benzonitrile, 5.
Mp 253–255 �C, (EtOH); IR (KBr) 3334 (NH), 2230,
2218, 1597, 1490, 1240, 820 cm�1; 1H NMR d
(300 MHz, DMSO-d6) 12.2 (s, 1H), 7.99 (d, J = 8.2 Hz,
2H), 7.86 (m, 3H), 7.68 (d, J = 8.2 Hz, 1H), 7.33 (d,
J = 8.2 Hz, 1H), 7.26 (d, J = 8.2 Hz, 2H), 7.16 (d,
J = 8.2 Hz, 2H), 7.05 (s, 1H); 13C NMR d (75 MHz,
DMSO-d6) 160.6, 154.7, 141.1, 135.9, 135.8, 134.6,
131.9, 131.8, 127.9, 127.7, 127.5, 122.2, 120.9, 120.6,
118.6, 118.4, 115.8, 105.5, 102.6, 99.5 ppm; LRMS
(EI+) 335 (M+), (100), 233 (15), 205 (15); HRMS (EI+)
calcd for C22H13N3O 335.1059, found 335.1056.

2-(4-(4-Carbamimidoylphenoxy)phenyl)-1H-indole-6-
carboximidamide bis(hydrogenformate) salt, NU2-157.
Mp 205 �C (H2O/MeCN); IR (KBr) 3077 (NH), 2789,
1677, 1597, 1481, 1251 cm�1; 1H NMR d (300 MHz,
MeOD) 8.52 (s, 2H), 7.96 (m, 3H), 7.85 (dt, J = 6.9,
2.0 Hz, 2H), 7.73 (d, J = 8.4 Hz, 1H) and 7.75 (dd,
J = 8.4, 2.0 Hz, 1H); 13C NMR d (75 MHz, DMSO-d6)
167.8, 166.9, 165.7, 165.2, 155.1, 154.9, 141.3, 136.3,
132.6, 131.6, 130.4, 128.1, 127.8, 122.9, 120.7, 120.3,
120.2, 118.7, 117.9, 111.9, 99.2; HRMS (TOF ESI+)
calcd for C22H20N5O 370.1668, found 370.1667.

4.4. Enzyme assays

Enzyme activities in the absence and presence of inhibi-
tors were measured using the artificial substrate
3-O-methylfluorescein phosphate (OMFP) (Sigma–
Aldrich, St. Louis, MO) at concentrations equal to the
Km of each enzyme and at the optimal pH for individual
enzyme activity in a 96-well microtiter plate assay based
on previously described methods.24 The standard assay
condition contained 0.02 mg/ml OMPF in an assay buff-
er comprising 30 mM Tris–HCl (pH 7.0), 75 mM NaCl,
1 mM EDTA, 0.33% BSA, and 1 mM DTT. Fluores-
cence emission from the product was measured after a
20 min (VHR and PTP1B) or 60 min (Cdc25, MKP-1,
and MKP-3,) incubation period at ambient temperature
with a multiwell plate reader (Cytofluor II; Applied Bio-
systems, Foster City, CA; excitation filter, 485 nm/
20 nm bandwidth; emission filter, 530 nm/30 nm band-
width). IC50 concentrations were determined from four
experiments using eight concentrations ranging from
0.78 to 400 lM and Prism 3.0 (GraphPad Software,
Inc., San Diego, CA). Unbiased assignments for the
best-fit model were determined using Enzyme Kinetics
Module 1.0 (SPSS Inc., Chicago, IL). For the reversibil-
ity studies, we used a previously described dilution
method.21 Briefly, the enzyme and 90 lM NU-126 or
vehicle control were preincubated for 0, 5 or 20 min
and then diluted 20-fold with incubation buffer. The
OMFP substrate was added and the remaining enzyme
activity determined and compared with the vehicle con-
trol sample. For the reductant and antioxidant studies,
1–25 mM DTT with or without 100 U/ml catalase was
added during the incubation period.

In some studies the 12 amino acid phosphopeptide MAP
(177–189) was used as a substrate for MKP-1 or VHR in
the presence or absence of NU-126 for 30 min. Free
phosphate released from the MAP (177–189) peptide
was measured using a malakite green-based phosphate
detection kit (Biomol Green, Plymouth Meeting, PA)
as per the manufacturer’s protocol. Briefly, the Biomol
Green solution was added to the multiwell plate and
incubated for 30 min at room temperature. Free phos-
phate was detected spectrophotometrically with a micro-
titer-plate reader at OD620 nm. NU-126 inhibition of
Erk dephosphorylation was determined by incubating
recombinant His6-tagged MKP-1 (125 ng) with tyrosine
and threonine phosphorylated Erk2 (New England Bio-
labs; 10 ng) in final reaction mixture (15 ll) containing
30 mM Tris–HCl, pH 7.0, 75 mM NaCl, 0.67 mM
EDTA, 1 mM DTT, and 0.033% bovine serum albumin.
NU-126 (6.25–50 lM), sanguinarine (50 lM) or DMSO
vehicle control was added and after incubation for
60 min, Erk dephosphorylation was determined by
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Western blotting using 10% Tris–glycine gels and a
monoclonal phospho-p44/42 MAPK antibody (Cell Sig-
naling, catalog #91065) at 1:1000 dilution.
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