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ABSTRACT: Obesity-associated insulin resistance plays a central role in the pathogenesis of type 2 diabetes. A promising approach
to decrease insulin resistance in obesity is to inhibit the protein tyrosine phosphatases that negatively regulate insulin receptor
signaling. The low-molecular-weight protein tyrosine phosphatase (LMPTP) acts as a critical promoter of insulin resistance in
obesity by inhibiting phosphorylation of the liver insulin receptor activation motif. Here, we report development of a novel purine-
based chemical series of LMPTP inhibitors. These compounds inhibit LMPTP with an uncompetitive mechanism and are highly
selective for LMPTP over other protein tyrosine phosphatases. We also report the generation of a highly orally bioavailable purine-
based analogue that reverses obesity-induced diabetes in mice.

H INTRODUCTION a small, highly charged, and well-conserved active-site—have
rendered them notoriously difficult to drug.® In efforts to
overcome this problem, novel approaches are being pursued,
such as development of bidentate inhibitors of SH2 domain-
containing phosphatase 2 (SHP2)” and non-competitive
allosteric inhibitors of PTP1B,'° SHP2,'' and lymphoid
phosphatase (LYP)."”

Several lines of evidence suggest that the low-molecular-
weight PTP (LMPTP) is a key driver of insulin resistance in
obesity. LMPTP is a small (18 kDa), ubiquitously expressed
cytosolic PTP encoded by the ACPI gene.'” Among the PTPs,
LMPTP and the recently reclassified SSU72 are the only
members of the class II subfamily of PTPs.'*"> ACPI encodes
two isoforms—LMPTP-A and LMPTP-B—, which are
expressed as a result of alternative splicing of the same
transcript.'® Genetic evidence in humans suggests that LMPTP
promotes T2DM and insulin resistance since ACPI alleles

Patients with type 2 diabetes mellitus (T2DM) respond poorly
to insulin, a condition known as insulin resistance."”” Insulin
resistance is the underlying defect at the core of the metabolic
syndrome/pre-diabetes that can develop into T2DM and is
commonly found in obese and overweight individuals."”
Although currently, there are multiple anti-diabetic agents
available, glycemic control is not sustained in many T2DM
patients on these treatments.” Thus, there is a major unmet
medical need for insulin-sensitizing agents that would enable
improved glycemic control in obese and overweight patients
with T2DM.

Once insulin engages the insulin receptor (IR) on the
surface of cells, the IR triggers a network of signal transduction
pathways inside the cell through phosphorylation of itself and
other substrates.”” These actions can be reversed by protein
tyrosine phosphatases (PTPs) that regulate insulin signaling by
dephosphorylating the IR. Thus, a proposed strategy for
developing insulin sensitizers has been to target these PTPs.”’ Received: December 9, 2020
It has long been suggested that targeting the PTP 1B (PTP1B), Published: April 29, 2021
which dephosphorylates the activation motif of the IR, would
relieve insulin resistance and restore glucose tolerance.”

However, despite extensive validation of this and other
PTPs, several structural features of these enzymes—including
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encoding low LMPTP enzymatic activity are associated with
lower glycemic levels in diabetic and nondiabetic subjects.'” ="
Knockdown of LMPTP expression by antisense oligonucleo-
tides was reported to decrease insulin resistance in diet-
induced obese (DIO) CS7BL/6 (B6) mice and enhance IR
phosphorylation in mouse hepatocytes and adipocytes.””
Through the use of global and tissue-specific LMPTP deletion
in mice, we reported that LMPTP drives obesity-induced
diabetes through an action on the liver and that LMPTP
deletion increases liver IR phosphorylation in response to
insulin.*®

Since. LMPTP inhibitors would be highly valuable for
studying the role of LMPTP in insulin resistance and other
biological processes, we have sought to develop selective, orally
bioavailable LMPTP chemical inhibitors. We previously
reported the first orally bioavailable inhibitor of LMPTP
activity, compound (compd) 23, which alleviates insulin
resistance in DIO mice.”’ Here, we report the development
of a novel, purine-based chemical series of LMPTP inhibitors
that display substantially improved potency over the previously
reported series and maintain high selectivity (>1000-fold) for
LMPTP over other PTPs. Enzymatic studies and co-
crystallization reveal that these compounds inhibit LMPTP
through an uncompetitive mechanism of action (MOA) by
binding at the opening of the active-site pocket. Structure—
activity relationship (SAR) studies around this structure led to
an orally bioavailable derivative with low nanomolar potency
that, upon oral administration to DIO mice, increased liver IR
phosphorylation and alleviated diabetes. Our findings reveal a
novel chemical structure to inhibit LMPTP that can be utilized
for biological studies and potentially for drug development
efforts against this target.

B RESULTS AND DISCUSSION

Identification of a Novel LMPTP Inhibitor Scaffold.
We previously reported a novel chemical series of LMPTP
inhibitors, exemplified by the National Institutes of Health
(NIH) probe ML400 and orally bioavailable derivative compd
23 (1; Figure 1).>** This series was derived from a quinoline

Compound 23

Figure 1. Chemical structure of previously reported LMPTP inhibitor
compd 23 (1).

core-based scaffold that emerged from high-throughput
screening (HTS) of small-molecule compounds from the
NIH Molecular Libraries Small Molecule Repository.”**
From this HTS, we also identified additional hit MLS-
0045954 (2; Figure 2), which had an unrelated, purine-based
scaffold.”” Interestingly, LMPTP has previously been reported
to be activated by purine biomolecules such as adenine and
cyclic guanosine monophosphate."® Since 2 displayed high
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Figure 2. Chemical structures of purine-based LMPTP inhibitors.

selectivity for LMPTP over PTPs LYP and vaccinia H1-related
phosphatase (VHR) in our HTS workflow,”* we decided to
explore further development of this scaffold.

Chemistry. The compounds described in this paper consist
of a purine core structure with an N-linked benzyl group off
the 3 position and (in most cases) substitution at the 8
position. A representative synthesis is shown in Scheme 1.
Starting from 6-aminopurine, bromination was followed by
benzylation to give 4c. In the case of unsubstituted
aminopurines, a mixture of benzylation products was obtained,
from which intermediates such as 4c could be readily separated
albeit in lower yields. For larger scale syntheses, we first
protected the free NH, with a PMB group. Benzylation of the
PMB-protected aminopurine proceeded regioselectively and in
high yield. Compd 4c could be coupled with the appropriate
boronic acid to give a range of final compounds (for full
synthetic details see the Supporting Information).

Structure—Activity Relationship. For our primary SAR-
driven assay, we used the same biochemical assay that was
deployed for the HTS.”> Counterscreens against VHR and
LYP were performed routinely; in all cases, we saw no cross-
reactivity. Our preliminary SAR around 2 showed that
substitution off the 6-amino group was not preferred (data
not shown). Indeed, the unsubstituted 3 was >10 fold more
potent than 2 and therefore became our starting point for
additional SAR studies (Figure 2 and Table 1). We assessed
the selectivity of 3 against a panel of PTPs, including LMPTP
and class I tyrosine-specific and dual-specific PTPs. This
compound was remarkably selective for LMPTP as at a
concentration of 40 uM (more than 100X the IC,), no other
PTP tested was inhibited by 50% (Figure S1).

We initially focused on exploring substitution off the 8
position (Table 1). Halogens were not well tolerated (4c and
4d). A potency similar to that of 3 was observed with a methyl
group (4a). A significant increase in potency was seen with
phenyl substitution (4b); we therefore decided to fully explore
phenyl substitution (Table 2).

Most phenyl substituents were tolerated, but improved
potency over the unsubstituted analogue is observed in only
one case (the ortho-methyl analogue Sd). In general, there is a
slight (~2—4 fold) preference for ortho substitution over meta
and para (see, e.g, 5a vs Sb/c, 5d vs Se/f and Sg vs Sh) with
the exception being the para-fluoro analogue Si.

Lastly, we examined substitution of the benzyl substituent
off the 3-position (Table 3). 2,6-Bisubstitution was highly
preferred compared to decreased potency with an unsub-
stituted ring (6a), mono-Cl derivatives (6b, 6d, or 6e), or 2,4-
dichloro substitution (6¢c). 2-6-Dimethyl is tolerated (6f) albeit
with a 10-fold loss in potency. A wide range of other
substitutions were examined with complete loss of LMPTP

https://doi.org/10.1021/acs.jmedchem.0c02126
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Scheme 1. Representative Synthesis of Purine Compounds®
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“Reagents and conditions: (a) Br,, H,O, rt, 60%; (b) K,CO;, DMF, rt, 36%; (c) Pd(dppf)Cl,, dioxane/H,0, 90 °C, 22—55%.

Table 1. Structures and LMPTP Activities of Analogues 4

cl
Cl rN N
| - R
N%N% 1
NH; 4,
compd # R, ICyo, pM”
3 H 0.239 + 0.053 (72)
4a —CH, 0306 + 0.017 (2)
4b —Ph 0.104 + 0.013 (4)
4c —Br 17.6 + 3.3 (2)
4d —cl 27.8 + 6.8 (2)

“Mean + SEM (n).

Table 2. Structures and LMPTP Activities of Analogues $

o

Cl_N__N —
LT
NH, ¢ R

compd # R, ICyq, uM*
Sa 2-Cl 0.171 + 0.010
Sb 3-Cl 0.380 + 0.053
Sc 4-Cl 0.288 + 0.008
sd 2-CH; 0.020 + 0.005
Se 3-CH;3 0.087 + 0.003
Sf 4-CH;3 0.119 + 0.014
Sg 2-F 0.147 + 0.037
Sh 3-F 0.239 + 0.008
Si 4-F 0.117 + 0.008
5 2-0CH, 0.106 + 0.006
Sk 2-CN 0.24S5 + 0.050

“Mean + SEM (n = 4).

inhibition in most cases (data not shown). One exception was
nitrogen incorporation in the ring (6g), which gives a threefold
boost in potency. Combining this finding with the ortho-
methylphenyl group (6h) gives an additional boost in potency.

We assessed the selectivity profile of 5d, the most potent of
the analogue S compounds. We observed the same remarkable
selectivity for LMPTP even at a concentration of 40 M Sd
(Figure S2). These data indicate that Sd is >1000X selective
for LMPTP over all other PTPs tested.

Mechanism of Action. We examined the inhibitory MOA
of 5d on LMPTP using in vitro kinetic analysis in the presence
of increasing concentrations of an inhibitor. As shown in
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Table 3. Structures and LMPTP Activities of Analogues 6

Ry
N__N
ﬁ =
N N/>_ Ry

NH,

6
Compd # Rs R4 ICso, pM*
6a ©\ H 13.6+0.4
G
6b @ -H 1.9340.16
Cl I Cl
be \@ H 1.02 £0.01
Cl
6d @\ H 18.5+4.8
Cl :
be \©\ H 194+22
of Q( H 3434032
6 e
g N H 0.083 £ 0.006
ca
NN
6h "7 - 0.006 £ 0.001
ca (12)

“Mean + SEM (n = 4 unless otherwise noted).

Figure 3, our data reveal an uncompetitive mechanism of
inhibition. Fitting to a mixed model inhibition equation
revealed a higher affinity of 5d for substrate-bound LMPTP
than free LMPTP, as evidenced by the K{/K ratio («) of 0.147
+ 0.104, indicative of an uncompetitive binding mechanism
(Figure 3a).>*® Concomitant with this, Lineweaver—Burk
analysis of the data resulted in the parallel 6plots characteristic
of uncompetitive inhibition (Figure 3b).”>*® In further support
of this, hydrolysis of the substrate by LMPTP exhibited
decreasing V.., and decreasing K, in the presence of
increasing 5d concentrations (Figure 3c,d). Finally, since
uncompetitive inhibitors exhibit increased inhibitory potency
in the presence of increasing substrate,””** we assessed the
potency of Sd at varying substrate concentrations. Consistent
with an uncompetitive mechanism, 5d exhibited enhanced
potency in the presence of increasing substrates (Figure 3e).
Co-crystallization and Structure of 5d Bound to
LMPTP. We co-crystallized Sd with human LMPTP and
solved the crystal structure of the complex to a resolution of

https://doi.org/10.1021/acs.jmedchem.0c02126
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Figure 3. Analogue 5d inhibits LMPTP with an uncompetitive MOA. (a,b) Activity of 20 nM human LMPTP-A on increasing concentrations of
OMFP in the presence of increasing concentrations of 5d. (a) Mean + SEM reaction rate vs OMFP concentration is shown. Lines show fitting to
the Michaelis—Menten equation with a 95% confidence interval. Mean + SEM K/ and a are shown. (b) Lineweaver—Burk plot of data from (a).
Lines show fitting to a linear regression. (c,d) Mean + SEM K, (c) and V,,,, (d) values for each concentration of inhibitor from the Michaelis—
Menten curves in (a) are shown. (e) ICs, values were calculated for Sd on 20 nM human LMPTP-A-catalyzed hydrolysis of increasing
concentrations of OMFP. Mean + SEM ICs, from three independent experiments performed in triplicate is shown. Lines show fitting to the one-
phase decay equation with a 95% confidence interval shown. (a—e) Data from three independent experiments performed in triplicate is shown.

Tyr4d9 |

Tyr131

Tyr132

\

/

Figure 4. Crystal structure of Sd with human LMPTP. Model of $d in the substrate binding site of LMPTP. The ligand is shown in light blue. The
protein is shown as a solvent-accessible surface and stick representation (gray). Only one conformation of the o-tolyl group is shown for clarity. The

figure was generated using Chimera.”” PDB: 7KHS.

1.3 A by molecular replacement. Crystals belong to Space
Group P2,2,2, (see the Experimental Section) with two
LMPTP molecules per asymmetric unit, related by a pseudo-
dyad. They adopt similar conformations, with a root mean
square deviation of 0.86 A (all atoms) between them.
Interpretable electron density was present for 5d and for 155
residues in each of the two molecules, as detailed in the
Experimental Section. Sd could be unambiguously modeled,
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except for the o-tolyl group, which exists in two roughly equally
populated conformations generated by a rotation of ~60°
around the C8—C bond (Figure S3); as for one of them
(shown in Figure 4) two copies could not simultaneously co-
exist due to serious steric clashes across the non-crystallo-
graphic dyad, it is assumed to be the preferred one in solution

and will be used in the discussion below.

https://doi.org/10.1021/acs.jmedchem.0c02126
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Compd 5d binds at the entrance of the catalytic pocket of
LMPTP, with its aminopurine moiety approximately occupy-
ing the same region of space as the quinoline core in the
previous crystal structure of a derivative of compd 18 bound to
LMPTP.”> When compared to compd 18 (PDB ID SJNW),
the aminopurine system still provides the bulk of the contacts
with LMPTP by making a 7—7 aromatic stacking interaction
with the side-chain of Tyr131 on one face, a hydrophobic
interaction with Leul3 on the other, and a hydrogen bond with
the carboxylate group of Aspl29 via its N7; however, the
presence of the primary amino group at position 6 adds a
second hydrogen bond to the latter interaction (dashed lines in
Figure S3). Unlike the aminopropyl piperidine group in 18, the
dichlorobenzyl ring binds tightly to a distal part of the active
site, lying on a plane perpendicular to that of the purine group
and displacing Tyr49 from a position it often occupies in other
LMPTP structures. Here, it contributes a novel extensive 7—x
stacking interaction with the aromatic ring of Tyr49, while one
of the chlorine atoms inserts into a pocket formed by Gly14
and the side-chains of Leul3, Ser47, Tyr49, GluS0, and the 5d
aminopurine ring (Figure S3), rationalizing the loss of potency
upon its removal (Table 3). As expected from the SAR data,
and likely as a consequence of constraints imposed by the
dichlorobenzyl group, the o-tolyl ring is more solvent-exposed
or involved in crystal contacts when compared to the
cyanophenyl group in 18 (Figure S3). Its interaction with
the protein is limited to one edge of the aromatic ring at a van
der Waals distance from the side chains of Tyr132 and Asp129.
Its methyl group however approaches the face of the
dichlorophenyl group at a distance of 3.5 A, which might
explain the preference for ortho-substitution (Table 2). A
nitrate ion from the crystallization buffer takes the place of the
VO; group in SJNW and mimics the presence of a
phosphocysteine, consistent with the uncompetitive mecha-
nism we observe (Figure S3). Interestingly, the mode of
binding of 5d closely resembles that of the LMPTP activator
adenine in the yeast homologue LTP1* but with opposite
effects due to a 180° rotation around the axis that runs through
the center of the aromatic rings. While the adenine N3 points
toward the active site and stabilizes a water molecule that is
believed to be the nucleophile that attacks the phosphocysteine
intermediate, the rearrangement we see in 5d instead leads N6
to obstruct access to the active site, thus protecting the
phosphocysteine from hydrolysis.

Pharmacokinetics. We examined a range of analogues for
their rodent pharmacokinetics (PK) properties, with the results
for 3, 5d, 6g, and 6h shown in Table 4 and the Supporting
Information. The compounds without substitution on the 8
position (3 and 6g) showed low to moderate clearance and
good oral bioavailability with modest (0.71 h for 6g) or good
(471 h for 3) halflives. In contrast, the two ortho-
methylphenyl analogues (5d and 6h) showed high clearance

Table 4. Selected Mouse PK Parameters for Compounds

= v, Conax” AUC* t 0
compd” (mL/min/kg) (L/kg) (ng/mL) (ngh/mL) (h) F %
3 5.8 3.01 5018 18544 4.71 66
sd 69 2.75 134 312 1.35 19
6g 18 0.81 8220 9501 0.71 100
6h 103 4.04 17 38 1.55 3

“Compounds dosed 2 mpk IV and 10 mpk PO. “IV. “PO.
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and modest to low oral bioavailability. In addition, 6g showed
only moderate plasma protein binding (88 and 89% bound in
human and mouse plasma, respectively) and good microsomal
stability (>90% remaining after 1 h of incubation in human and
mouse liver microsomes). Due to the combination of potency
and bioavailability, 6g was selected for further in vitro and in
vivo pharmacological profiling.

We confirmed that 6g retains high selectivity (Figure S) for
LMPTP and an uncompetitive mechanism of LMPTP
inhibition (Figure S4).

Selectivity of 6g at 40 uM
OMFP

125

Percent Activity o

R o8 ¥ & b QR N R R VP&
R oo @v & 06 QO Q& DR R GV P &
S ELEFLENE XL T REE
N Jq"Q"«"Q"%”' MR R

pNPP

Percent Activity o
o A

o N O N

o o o o

N
o

SIS

R oo o% NR R Voo &
TR LT IELEER
EEVYELREEE VS

Figure S. Selectivity of analogue 6g. (a,b) PTPs were incubated with
(a) 0.4 mM OMEFP or (b) 5 mM pNPP in the presence of DMSO or
40 uM 6g. Mean + SEM % activity of PTPs incubated with inhibitors
compared to DMSO is shown. The dotted line indicates 50% activity.
Data from two independent experiments performed in triplicate are
shown.

Hepatocyte Insulin Signaling. We next examined the
efficacy of 6g at inhibiting intracellular LMPTP activity. Since
LMPTP inhibits insulin signaling in hepatocytes, we used
phosphorylation of IR effector protein kinase B/AKT on
activating residue Thr308 as a readout for LMPTP inhibition
in human HepG2 hepatocytes. Treatment with 500 nM 6g
substantially increased HepG2 AKT Thr308 phosphorylation
after insulin stimulation (Figure 6).

DIO Diabetes Model. We next examined whether
treatment with 6g would reverse high-fat diet (HFD)-induced
diabetes in mice. We administered 0.03% (roughly equivalent
to 30 mg/kg/ day) 6g in HED chow to diabetic DIO mice for 2
weeks and assessed glucose tolerance and fasting insulin levels.
Treatment with 6g significantly improved glucose tolerance
and decreased fasting insulin levels of diabetic DIO mice
(Figure 7a,b). Concordantly, treatment with 6g also resulted in
increased insulin-stimulated phosphorylation of the IR
activation motif and increased phosphorylation of AKT
Thr308 in the livers of DIO mice (Figure 7c,d).

B CONCLUSIONS

In conclusion, we have optimized a series of purine-based
LMPTP inhibitors to give potent and orally bioavailable
compounds. In this process, we have maintained selectivity for
LMPTP against other PTPs and a unique uncompetitive MOA
wherein the inhibitor binds to the opening of the LMPTP

https://doi.org/10.1021/acs.jmedchem.0c02126
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Figure 6. Compd 6g augments insulin-stimulated AKT phosphor-
ylation in hepatocytes. HepG2 hepatocytes were incubated overnight
with DMSO or 500 nM 6g solubilized in DMSO and stimulated with
10 nM insulin for S min or left unstimulated (Unstim). Left,
representative western blots (cropped) of pAKT Thr308 from HepG2
cell homogenates. Right, quantification of pAKT Thr308/AKT and
PAKT Thr308/GAPDH from eight independent experiments. Mean
+ SEM is shown. *p < 0.05, two-tailed unpaired t-test with Welch’s
correction.
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Figure 7. Oral administration of 6g reverses diabetes and enhances
liver insulin signaling in obese mice. DIO male B6 littermate mice
were treated with 0.03% w/w 6g in HFD or HFD alone for 2 weeks.
(a) IPGTT. (b) Fasting plasma insulin levels of mice as assessed by
ELISA. (c,d) Mice were injected intraperitoneally with insulin and
livers harvested after 10 min. (c) IR tyrosine phosphorylation in liver
homogenates was assessed by pIR ELISA. (d) pAKT Thr308 was
assessed by western blotting of liver homogenates. Left, representative
western blots (cropped). Right, quantification of pAKT Thr308/AKT.
(a—d) HFD, n = 8; HFD + 6g, n = 9. Mean + SEM is shown. *p <
0.05: (a) two-way ANOVA, (b) Mann—Whitney test, and (c,d) two-

tailed unpaired t-test with Welch’s correction.

active site to block completion of catalysis. This mechanism
has not yet been reported for other PTPs. An orally
bioavailable compound in this series attenuates insulin
resistance and obesity-induced diabetes in mice, further
substantiating the importance of LMPTP as a critical driver
of insulin resistance and diabetes in obesity and the potential

5650

for LMPTP inhibition as a therapeutic strategy for treatment of
T2DM.

B EXPERIMENTAL SECTION

All compounds were purified to >95% as determined by liquid
chromatography (LC)—mass spectrometry (MS) as well as 'H (and
3C in select cases) NMR and high-resolution MS (HRMS). Reagents
were purchased from Sigma-Aldrich unless otherwise noted. An
example of a synthesis is shown below. The analytical methods,
general chemistry, experimental information, and syntheses of all
other compounds®' are supplied in the Supporting Information.

Synthesis of 8-(4-Chloro-phenyl)-3-(2,6-dichloro-benzyl)-
3H-purin-6-ylamine (5c). Step a: to a mixture of adenine (22 g
16.3 mmol) in water (200 mL) was added bromine (6.0 mL, 17.7
mmol) dropwise at rt. The resulting mixture was then stirred for 2
days at rt. The solvent and volatiles were removed in vacuo. The
residue was washed with water (15 mL X2) and ethyl acetate (15 mL
X2) to give 8-bromo-9H-purin-6-ylamine (2.1 g, yield: 60.3%) as a
yellow solid. 'H NMR (400 MHz, DMSO-dg): 6 8.90 (br, 2H), 8.46
(s, 1H). ESI: calcd for C{H,BrNs, 212.97. Observed m/z: [M + H],
213.9. Step b: to a solution of 8-bromo-3H-purin-6-ylamine (3.1 g,
14.5 mmol) in dimethylformamide (DMF) (20 mL) was added 1,3-
dichloro-2-chloromethyl-benzene (2.8 g, 14.5 mmol) and K,CO; (4.0
g, 29.0 mmol). The reaction mixture was stirred at room temperature
under N, overnight. The solvent was removed under vacuum. The
residue was slurried with water (10 mL X3) and MeOH (10 mL X3),
filtered, and dried under vacuum to give 8-bromo-3-(2,6-dichloro-
benzyl)-3H-purin-6-ylamine (4c) (1.91 g, yield: 36%) as a yellow
solid. ESI: calcd for C,,HgBrCL,N;, 370.93. Observed m/z: [M + H]*,
372.3. Step c: a flask charged with 8-bromo-3-(2,6-dichloro-benzyl)-
3H-purin-6-ylamine (100 mg, 0.27 mmol), 4-chlorophenylboronic
acid (84.0 mg, 0.54 mmol), K,CO; (111 mg, 0.81 mmol), and
Pd(dppf)Cl, (~20 mg, 20% wt) in dioxane (S mL)/H,0 (1 mL) was
degassed and filled with N,. The reaction mixture was heated at 90 °C
for 16 h. The solvent was removed and the residue was purified by
preparative high-performance LC to give 8-(4-chloro-phenyl)-3-(2,6-
dichloro-benzyl)-3H-purin-6-ylamine (25.0 mg, yield: 23%) as a white
solid. '"H NMR (400 MHz, DMSO-d,): & 8.22 (s, 1H), 8.15 (d, ] =
8.8 Hz, 2H), 8.05 (br's, 2H), 7.56 (d, ] = 8.0 Hz, 2H), 7.48—7.43 (m,
3H), 5.78 (s, 2H). HRMS: caled for C;gH,N;Cl; [M + HJ,
405.6884. Observed m/z: [M + H]*, 405.6881. HPLC Purity: 99%.

Generation of Recombinant PTPs. Recombinant human
LMPTP-A was purified as described.”® Other PTPs used for
selectivity assays were either purified or purchased as described in
ref 23.

Enzymatic Assays. Phosphatase assays were performed in buffer
containing 50 mM bis—tris, pH 6.0, 1 mM DTT, and 0.01% Triton X-
100 at 37 °C. For assays conducted with 3-O-methylfluorescein
phosphate (OMFP) as substrate, fluorescence was monitored
continuously at A, = 485 and A, = 525 nm. For assays conducted
with para-nitrophenylphosphate (pNPP) as substrate, the reaction
was stopped by addition of 2X reaction volume of 1 M NaOH, and
absorbance was measured at 405 nm. ICg, values were determined
from plots of inhibitor concentration versus percentage of enzyme
activity. For inhibitor selectivity assays, each PTP was incubated with
either 0.4 mM OMFP or S mM pNPP in the presence of a 40 uM
compound or dimethyl sulfoxide (DMSO).

Crystallization, Structure Solution, and Refinement. Co-
crystals of LMPTP 4—157 in complex with 5d grew by the sitting
drop vapor diffusion method against a reservoir buffer containing 24—
32% PEG 3350, 160 mM KNO;, and 100 mM bis—tris, pH S.0.
Crystals belong to space group P2,2,2, with unit cell parameters a =
55.0A,b=59.0 A, c=95.1 A and two molecules per asymmetric unit.
A native dataset extending to 1.3 A resolution and >99% complete to
1.4 A was collected at Stanford Synchrotron Radiation Lightsource
beamline 12-2 and processed using HKL2000.>> The structure was
solved by molecular replacement in PHASER®® with the structure of
human LMPTP (PDB ID S$JNR) as the search model. Coot®* and
refmac5® were used for manual model building and refinement,
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respectively. The final model contains residues 3—157 and 1-106,
109—-157 for molecules A and B, respectively, with 424 solvent
molecules and no residues in disallowed regions of the Ramachandran
plot as assessed by Rampage.’® Data collection and refinement
statistics are summarized in Table S1. PDB ID 7KHS.

AKT Phosphorylation in HepG2 Cells. Human HepG2 cells
(American Type Culture Collection [ATCC] catalogue #HB-8065)
were cultured in Eagle’s minimal essential medium (ATCC)
containing 10% fetal bovine serum (FBS), 100 U/mL penicillin,
and 100 pg/mL streptomycin. Cells were treated with DMSO or 500
nM 6g in serum starvation media (0.1% FBS) overnight, following
which cells were stimulated with 10 nM bovine insulin (Sigma) for §
min at 37 °C in the presence of DMSO or 500 nM 6g. For detection
of AKT phosphorylation by western blotting, cells were lysed in 1X
cell lysis buffer (Cell Signaling Technology; CST) with 1 mM
phenylmethylsulfonyl fluoride (PMSF). Lysates were sonicated at 4
°C for 1§ intervals of 10—15 s. Insoluble fractions were cleared by
centrifugation. Prior to sodium dodecyl sulfate-polyacrylamide gel
electrophoresis, protein concentrations of lysates were assessed using
the Pierce BCA Protein Assay Kit (Thermo Scientific). Detection of
AKT phosphorylation by western blotting was assessed using anti-
phospho-AKT (pAKT) Thr308 (#4056) and anti-panAKT (#4691)
antibodies (CST). Western blotting quantification was performed
using Image]J. Photo editing was performed using Adobe Photoshop.

Diabetes Assessment in DIO Mice. Animal experiments were
conducted in accordance with the Animal Care and Use Committee-
approved protocol at the University of California, San Diego
(#S16098). B6 mice were purchased from Jackson Laboratory (JAX
#000664) and bred in-house. To generate DIO mice, male littermates
were fed HFD chow containing 60 kcal % fat (Research Diets) for 3
months starting at 1—2 months of age. DIO littermates weighing >35
g were assigned to treatment (HFD formulated with 0.03% w/w 6g)
or control (HFD alone) groups. After 2 weeks of treatment, mice
were fasted overnight for 13 h, and intraperitoneal glucose tolerance
test (IPGTT) was performed by administering 1 g glucose/kg body
weight by IP injection. Tail ends were snipped 1 h before glucose
injection. Blood glucose levels were obtained from a small drop of
blood from tail snip right before glucose injection and at the indicated
time points after glucose injection using a OneTouch glucometer. For
insulin levels, mice were fasted overnight for 13 h and blood was
collected from the facial vein. Plasma insulin levels were assessed
using the Ultra-Sensitive Mouse Insulin enzyme-linked immunosorb-
ent assay (ELISA) kit (Crystal Chem). To assess liver insulin
signaling, fasted mice were injected IP with 10 U insulin (Eli Lilly) /kg
body weight, and after 10 min mouse livers were harvested, flash-
frozen, and homogenized in 1X cell lysis buffer with 1 mM PMSF.
Homogenates were sonicated at 4 °C for 10 intervals of 30 s.
Insoluble fractions were cleared by centrifugation. IR tyrosine
phosphorylation was assessed using the PathScan phospho-IR (pIR)
B (Tyr1150/Tyr1151) Sandwich ELISA Kit (#7258, CST). AKT
Thr308 phosphorylation was assessed by western blotting as
described above.

Statistical Analysis. All linear regressions, non-linear data fitting,
and statistical analyses were performed using GraphPad Prism
software. @ values were determined by fitting of data to a mixed
model of inhibition. K{ values were determined by fitting of data to an
uncompetitive model of inhibition. The two-way analysis of variance
(ANOVA), unpaired t-test with Welch’s correction, and Mann—
Whitney test were performed where appropriate as reported in the
figure legends. A comparison was considered significant if p was less
than 0.05.
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mpk, mg/kg; MRT, mean residence time; ND, not detected;
OMEP, 3-O-methylfluorescein phosphate; pAKT, phospho-
AKT; pIR, phospho-insulin receptor/phospho-IR; PKB/AKT,
protein kinase B; PMSF, phenylmethylsulfonyl fluoride; pNPP,
para-nitrophenylphosphate; prep-TLC, preparative thin-layer
chromatography; prep-HPLC, preparative high-performance
liquid chromatography; PTP, protein tyrosine phosphatase;
PTP1B, protein tyrosine phosphatase 1B; Ry .4 R-squared
adjusted; SBP, Sanford Burnham Prebys Medical Discovery
Institute; SD, standard deviation; SEM, standard error of the
mean; SHP2, SH2 domain-containing phosphatase 2; T,
time of last measurable concentration; T, time of maximum
plasma concentration; UCSD, University of California San
Diego; Unstim, unstimulated; Vj, volume of distribution
(steady-state); V,, volume of distribution (elimination); VHR,
vaccinia H1-related phosphatase
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