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ABSTRACT Mycobacterium protein tyrosine phosphatase B (mPTPB) is an essen-
tial virulence factor required forMycobacterium tuberculosis (Mtb) survival in host
macrophages. Consequently, mPTPB represents an exciting new target with a
completely novel mechanism of action.We screened a library of 7500 compounds
against mPTPB and identified several 2-oxo-1,2-dihydrobenzo[cd]indole-6-sulfon-
amide and piperazinyl-thiophenyl-ethyl-oxalamide derivatives as two distinct
classes of mPTPB inhibitors. We showed that both classes of inhibitors are capable
of blocking the mPTPB-mediated ERK1/2 inactivation. We further demonstrated
that both classes ofmPTPB inhibitors are effective in inhibiting the growth ofMtb in
macrophages. Thus, improvement of the lead compounds may produce a novel
class of anti-TB agents.
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Mycobacterium tuberculosis (Mtb) is the causative
agent of tuberculosis (TB), a leading killer world-
wide that currently infects one-third of the human

population.1 Standard TB treatment takes a lengthy period of
6-9 months and uses a combination of different antibiotics
that target several metabolic processes, RNA and cell wall
synthesis, and energy metabolism in mycobacteria, result-
ing in bactericidal action.2 The limited effectiveness and
lengthy treatment lead to poor patient compliance, which
often selects multidrug-resistant (MDR) and extensively
resistant (XDR) TB. The emergence of MDR TB and of the
virtually untreatable XDR TB has heightened the need for
new targets and innovative strategies to tackle TB infections.
One such strategy is to target pathogen virulence factors to
compromise infection and persistence.3 The success of Mtb
is due in part to its ability to survive and replicate within host
macrophages. Mycobacterium protein tyrosine phosphatase
B (mPTPB) is an essential virulence factor possessed by all
mycobacterial species that cause TB in humans or animals
and is secreted into the cytosol of infected macrophages to
target components of host signaling pathways, thus enabling
bacterial survival.4,5Moreover, deletion of the gene encoding
mPTPB attenuated growth and virulence of Mtb in interfer-
on-γ (IFN-γ)-stimulated macrophages and in guinea pigs.6

Accordingly, specific inhibitors of mPTPB may augment
intrinsic host signaling pathways to eradicate TB infection.

Because mPTPB inhibitors have no structural or mechan-
istic overlap with current drugs used for TB treatment and

function within host macrophage cytosol, they have great
potential to target the intracellular pool and compliment/
synergize with existing therapeutic approaches. Further-
more, the lack of human orthologues of mPTPB also makes
this enzyme an attractive new target for TB drug develop-
ment because of minimal side effects on the host. Perhaps
the greatest advantage of this target is that, due to its
secretion into macrophages, it is not necessary to deliver
drugs across the poorly permeable waxy mycobacterial cell
wall, which has stymied many attempts to translate target
inhibition to activity against the intact pathogen. Conse-
quently, specific mPTPB inhibitors may have therapeutic
value with a unique mode of action and speed up treatment
of MDR and XDR TB by enabling macrophages to target the
intracellular reservoirs of the bacteria that remain after
exposure with current drugs. Not surprisingly, there is in-
creasing interest in targeting mPTPB for therapeutic deve-
lopment.5,7-12 However, the common architecture of the
PTP active site (i.e., pTyr-binding pocket) poses a significant
challenge for the acquisition of selective PTP inhibitors.
Moreover, the highly positively charged pTyr-binding pocket
impedes the development of inhibitors possessing favorable
pharmacological properties. Thus, although several compounds
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have been reported to exhibit inhibitory activity against
mPTPB, continued efforts are required todevelop compounds
with robust biochemical selectivity and in vivo activity.

To search for novel mPTPB inhibitors, we screened a
structurally diverse, pharmacophore-rich, druglike small mo-
lecule library of 7500 compounds from ChemDiv against
mPTPB at a final concentration of 10 μM in 384-well plates
using p-nitrophenyl phosphate (pNPP) as a substrate. From
the initial screen, 147 compounds showed greater than 50%
inhibition at 10 μM concentration. We then carried out
counter screens of the same 147 compounds against a panel
of PTPs including PTP1B, TC-PTP, SHP2, FAP1, Lyp, YopH,
VHR, VHX, low molecular weight PTP, and mPTPA under the
same conditions. For each PTP screened, the pNPP concen-
tration used was set to its Km value, and the enzyme concen-
tration was varied based on its catalytic activity. Compounds
also possessing inhibitory activity againt one or more PTPs

from the panel were removed from the original 147 mPTPB
hits list, resulting in the identification of 48 compounds that
displayed selectivity toward mPTPB. To further confirm the
activity of the 48 selective mPTPB hits, the compounds were
rescreened against mPTPB using the same activity-based
assay. Out of the 48 compounds, 40 compounds displayed
reproducible activity. The structures of the selective hits were
analyzed, and two distinct structural groups stood out as the
most promising mPTPB inhibitors: 2-oxo-1,2-dihydrobenzo-
[cd]indole-6-sulfonamide and piperazinyl-thiophenyl-ethyl-
oxalamide derivatives. Importantly, compounds from these
two structural groups have never been previously reported as
PTP inhibitors. Thus, we decided to pursue them further.

A total of 15 compounds belonging to the 2-oxo-1,2-
dihydrobenzo[cd]indole-6-sulfonamide structural class were
cherry-picked from the original plates for structure-activity
relationship (SAR) study (Table 1). For each compound, the

Table 1. mPTPB Inhibitory Activity of the 2-Oxo-1,2-dihydrobenzo[cd]indole-6-Sulfonamide Analoguesa

aþpre,mPTPBpreincubatedwith compound at 25 �C for 30min;-pre, no preincubation ofmPTPB and compound; and non-comp, noncompetitive
inhibition mode.
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IC50 valuewas determined under two different conditions: (1)
The compound was premixed with pNPP, and the reaction
was initialized by addition of mPTPB; and (2) the compound
was premixed with mPTPB for 30 min, and the reaction was
initialized by addition of pNPP. Reversible inhibitors are
expected to exhibit similar IC50 values under these two
conditions, while irreversible or tight-binding inhibitors will
exhibit significantly reduced IC50 values when they are pre-
incubated with the enzyme. As shown in Table 1, five out of
the 15 compounds have IC50 values of∼20 μMor less. All five
compounds are reversiblemPTPB inhibitors as theydisplayed
similar IC50 values with or without enzyme preincubation.

From Table 1, it appears that aromatic substitution at the
sulfonamide position is essential for mPTPB inhibition. Inter-
estingly, among compounds with an aromatic substitution,
thosewith a linear hydrocarbon chain attached to the aromatic
ring, such as compounds 1, 4, and 5, have much higher
potency against mPTPB than those (6-8) without one. In
contrast, compounds with aliphatic substitutions at the sulfon-
amideposition, suchas9-15, are inactive.Ofall the analogues
tested, compound 1 emerged as the most potent inhibitor of
mPTPB, which was selected for further characterization. Be-
cause compound 1 was no longer available for resupply from
ChemDiv,we synthesized it in largequantities (Scheme1). The
benz[cd]indol-2(1H)-one was first sulfonated with chlorosulfu-
ric acid. The resulting sulfonyl chloride was then reacted with
4-butylaniline to give the desired product. Compound 1 was
then purified by high-performance liquid chromatography for
use in subsequent biochemical and cellular assays.

Having established compound 1 as an inhibitor of mPTPB,
we then investigated whether the inhibition was selective
toward this phosphatase. Hence, the capacity of the compound
to inhibit mPTPA as well as a panel of human PTPs was
assessed. As shown in Table 2, compound 1 is highly selective
for mPTPB, exhibiting a 51-fold preference over PTP1B and
greater than 30-fold preference formPTPBovermPTPA, SHP2,
Lyp, FAP1,MEG2, LAR,PTPR, VHR,VHX, PRL1, PRL3, Cdc14A,
and the low molecular weight PTP. Further kinetic analysis
revealed that themode ofmPTPB inhibition by compound 1 is
noncompetitive with a Ki of 1.1 ( 0.03 μM (Figure 1A).

A total of 13 analogues that differ in substitutions of the
piperazinyl-thiophenyl-ethyl-oxalamide core were used for
SAR study (Table 3). Among this group of compounds, only
analogues with aromatic substitutions at both the piperazine
and the oxalamide moiety (e.g., 16-20) have measurable
inhibitory activity at 10 μM. In contrast, substitutions at
either R1 or R2 with an aliphatic group yield analogues with
a significant loss in activity. Again, compounds 16-20 are
likely reversible inhibitors of mPTPB because of the similar
the IC50 values obtained with or without enzyme preincuba-
tion (Table 3). Among all analogues in this group, 16 and 17
were found to be most potent against mPTPB. Unlike
compound 1, however, compounds 16 and 17 inhibited
mPTPB competitively with Ki values of 3.2 ( 0.3 and 4.0
( 0.5 μM, respectively (Figure 1B). In addition, compounds
16 and 17 are more than several fold selective for mPTPB
versus all PTPs examined (Table 2). Together, the results
show that compounds 1, 16, and 17 are among the most
potent and specific mPTPB inhibitors reported to date. More
importantly, compounds 1, 16, and 17 display excellent
cellular activity as shown below.

Our ultimate goal is to develop potent and specific mPTPB
inhibitors as novel anti-TB agents. Given the excellent po-
tency and selectivity of 1, 16, and 17 toward mPTPB, we
proceeded to evaluate their cellular efficacy in Raw264.7
macrophages engineered to express mPTPB. We had pre-
viously shown that mPTPB promotes mycobacterial survival
in macrophages by downregulating the extracellular signal-
regulated protein kinase (ERK1/2)-mediated production of
interleukin-6 (IL-6), which is important for upregulating
microbicidal activity in macrophages.5 Thus, we predicted
that inhibition of mPTPB activity should reverse the effect of
the bacterial phosphatase on ERK1/2 activity in response to
INF-γ stimulation. Similar to previous observations, Raw264.7
cells expressingmPTPBdisplayed2.5-3-fold decreasedERK1/
2 activitywhen compared to the vector control (Figure 2). No

Scheme 1. Synthesis of Compound 1

Table 2. IC50 Values (inμM)of1,16, and 17 formPTPB and aPanel
of Other PTPsa

compound mPTPB mPTPA PTP1B other PTPs

1 1.3 (0.1 >50 59.4(5.9 >50

16 5.6(0.2 >50 14.4(0.6 >50

17 11.5(0.6 >50 >50 >50
aAll measurements were made using pNPP as a substrate at pH 7.0,

25 �C, and I = 0.15 M. Other PTPs included SHP2, Lyp, FAP1, MEG2,
LAR, PTPR, VHR, VHX, MKP3, PRL1, PRL3, Cdc14A, and the low
molecular weight PTP.

Figure 1. Lineweaver-Burk plots for compounds 1- and 16-
mediatedmPTPB inhibition. (A)Compound 1 concentrationswere
0 (b), 1.0 (O), and 2.0 (1) μM, respectively. (B) Compound 16
concentrations were 0 (b), 10 (O), 20 (1), and 30 (3) μM,
respectively.
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change in ERK1/2 phosphorylation was observed when the
catalytically inactive mPTPB/C106S was introduced to the
macrophage, indicating that mPTPB's phosphatase activity
is required for the decrease in ERK1/2 activity. Consistent
with compound 1 being an mPTPB inhibitor, treatment of
mPTPB expressing Raw264.7macrophages with 5-10 μM 1
restored the INF-γ-induced ERK1/2 activation (Figure 2A).
Similarly, compounds 16 and 17 also reversed the mPTPB-
induced ERK1/2 inactivation in a dose-dependent manner
(Figure 2B). To ensure that the cellular activity displayed by
compounds 1, 16, and 17was not due to nonspecific effects,
we also evaluated compounds 15 and 22, which are inactive
analogues of compounds 1 and 16, respectively (Tables 1
and 3). As shown in Figure 2, compounds 15 and 22 were
unable to block the mPTPB-induced ERK1/2 inactivation.
This observation plus the fact that three structurally unre-
lated classes of mPTPB inhibitors (compounds 1, 16, and 17
and I-A09, a benzofuran salicylic acid derivative5) exert
similar biochemical changes inside the cell strongly suggest
that the ability of these compounds to block the mPTPB-
mediated cellular processes is unlikely due to off-target
effects. Remarkably, compounds 1, 16, and 17 inhibited
mPTPB in intact cells with similar potency as those observed
toward the isolated enzyme, whereas most previous PTP

inhibitors have shown 100-10000-fold loss of potency
between biochemical and cellular assays. Together, the data
demonstrate that 1, 16, and 17 are cell permeable and can
effectively restore amajor host pathway targeted bymPTPB.

Aswe observed excellent cellular activity of compounds 1,
16, and 17 in Raw264.7 cells, we next investigated whether
they could inhibit the growth of Mtb in macrophages.
Cultures of a mouse macrophage J774A.1 cell line infected
with actively growingMtb Erdmanwere treatedwith a 10 μM
concentration of either compound 1 or 16 starting on day 0,
and the cultureswere allowed to incubate for a further 7 days
before assessment of the remaining bacterial load in the
cells.13 The bacterial population in the macrophages in-
creased nearly 16-fold by day 7 (Figure 3). Consistent with
the genetic observation that deletion of mPTPB impairs the
ability of Mtb to survive in activated macrophages,6 com-
pound 1 or 16was able to further potentiate the effect of INF-
γ, leading to nearly complete blockage of bacterial growth.
To exclude the possibility that the observed decrease in
bacterial load was due to compound cytotoxicity, we found

Table 3. mPTPB Inhibitory Activity of the Piperazinyl-Thiophe-
nyl-Ethyl-Oxalamide Analoguesa

aþpre, mPTPB preincubated with compound at 25 �C for 30 min;
-pre, no preincubation of mPTPB and compound; and comp, compe-
titive inhibition mode.

Figure 2. mPTPB inhibitors block mPTPB-mediated ERK1/2 in-
activation. Cells overexpressing mPTPB have decreased ERK1/2
activity that can be reversed by treatment with compound 1 (A)
and compounds 16 and 17 (B).

Figure 3. Compounds 1 and 16 reduce bacterial load in infected
macrophages.Mousemacrophageswere exposed to infectiousMtb,
and the infection was allowed to establish until the bacterial load
approached 10000 CFU/mL. Parallel cultureswere treatedwith IFN-
γ alone or withmPTPB inhibitors 1 or 16 at a 10 μM concentration.
After a further 7 days, the cultures were washed and lysed, and the
bacterial load was determined by standard methods.
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that macrophage viability was unaffected by the presence of
1 or 16 at concentrations up to 100 μM. We also found the
minimum inhibitory concentrations for 1 and 16 on extra-
cellular Mtb H37Rv and Mtb Erdman to be >100 μM,
indicating a lack of bactericidal activity of these compounds.
Thus, compounds 1 and 16 inhibit intracellular TB growth in
the macrophage, presumably by impairing mPTPB's ability
to overcome host defense mechanisms.

In summary, we have identified and characterized two
distinct structural classes of novel mPTPB inhibitors: 2-oxo-
1,2-dihydrobenzo[cd]indole-6-sulfonamide and piperazinyl-
thiophenyl-ethyl-oxalamide derivatives. Both classes are
reversible inhibitors, but the 2-oxo-1,2-dihydrobenzo[cd]in-
dole-6-sulfonamide analogues (as exemplified by compound
1) inhibit mPTPB in a noncompetitive manner, while the pipe-
razinyl-thiophenyl-ethyl-oxalamide analogues (as exempli-
fied by compounds 16 and 17) inhibit mPTPB competitively.
The availability of a number of analogues of both structural
classes made possible a preliminary SAR study. Importantly,
both classes of compounds are capable of reversing the
altered cellular immune response induced by the bacterial
phosphatase and phenocopying the effect of mPTPB dele-
tion, attenuating TB growth in host cells.

Finally, the fact that compounds 1, 16, and 17 are highly
efficacious in cell-based assays has significant implication in
drug discovery efforts targeting the PTPs, which provide an
exciting array of infectious, diabetes/obesity, autoimmunity,
and oncology targets.14 Obtaining PTP inhibitors with opti-
mal potency and pharmacological properties has been diffi-
cult, due primarily to the highly conserved and positively
charged nature of the active site pocket shared by all PTP
family members. Consequently, almost all existing PTP
inhibitors contain negatively charged nonhydrolyzable pTyr
mimetics and suffer poor membrane permeability and
cellular efficacy.15 It is noteworthy that compounds 1 and
16 have no formal charges, indicating that it is possible to
target the PTPs with neutral compounds having more ac-
ceptable physicochemical properties. Improvement of com-
pounds 1 and 16 as well as their structurally related
analogues in their selectivity toward mPTPB over its human
counterparts and their potency in vivo thus may lead to the
development of a novel class of anti-TB agents that could be
used either alone or in combinationwith other existing drugs
to treat TB and shorten treatment regimens.

SUPPORTING INFORMATIONAVAILABLE Details onmPTPB
expression and purification, high-throughput screening, kinetic char-
acterization of mPTPB inhibitors, synthesis of compound 1, chemical
data and purity information for compounds 1, 16, and 17, immuno-
blotting,macrophage assay, MIC, and cytotoxicitymeasurements. This
material is available freeof chargevia the Internetat http://pubs.acs.org.
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