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24 ABSTRACT: Celastrol is a natural pentacyclic triterpene used in traditional
25 Chinese medicine with significant weight-lowering effects. Celastrol-
26 administered mice at 100 μg/kg decrease food consumption and body
27 weight via a leptin-dependent mechanism, yet its molecular targets in this
28 pathway remain elusive. Here, we demonstrate in vivo that celastrol-induced
29 weight loss is largely mediated by the inhibition of leptin negative regulators
30 protein tyrosine phosphatase (PTP) 1B (PTP1B) and T-cell PTP (TCPTP)
31 in the arcuate nucleus (ARC) of the hypothalamus. We show in vitro that
32 celastrol binds reversibly and inhibits noncompetitively PTP1B and TCPTP.
33 NMR data map the binding site to an allosteric site in the catalytic domain
34 that is in proximity of the active site. By using a panel of PTPs implicated in
35 hypothalamic leptin signaling, we show that celastrol additionally inhibited
36 PTEN and SHP2 but had no activity toward other phosphatases of the PTP
37 family. These results suggest that PTP1B and TCPTP in the ARC are
38 essential for celastrol’s weight lowering effects in adult obese mice.

39 ■ INTRODUCTION

40 Celastrol is a triterpenoid isolated from different plants, namely
41 from Celastrus scandens (bittersweet) and Tripterygium wilfordii
42 (thunder god vine), with several therapeutic applications. In
43 traditional Chinese medicine, celastrol-rich extracts of thunder
44 god vine root are used to treat inflammation. Recent studies
45 suggest that celastrol has beneficial properties in a wide
46 spectrum of inflammatory diseases such as rheumatoid

47arthritis, systemic lupus erythematosus, inflammatory bowel
48diseases, osteoarthritis, as well as cancer and neurodegenerative
49disorders.1 Observations of celastrol as a weight- and glucose-
50lowering agent were first made in Lepdb (leptin receptor
51deficient) mice after treatment with 1 or 3 mg/kg celastrol.2,3
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52 Liu et al.4 showed that celastrol at 100 μg/kg acts as strong
53 leptin sensitizer, which inhibits food intake, reduces body
54 weight, and improves glucose tolerance in diet-induced obese
55 (DIO) but not in leptin deficient Lepob or Lepdb mice.
56 Several mechanisms have been proposed for celastrol’s
57 weight-lowering effects, including the increased expression of
58 liver Sirt1 in mice,5 an impaired adipocyte differentiation and
59 increased lipolysis in vitro in 3T3-L1 adipocyte cells,6 the
60 inhibition of proteasome activity,7 or an elevated heat-shock
61 response.

8,9 Celastrol was further shown to induce the HSF1-
62 PGC-1α transcriptional axis, leading to increased muscle and
63 brown-adipose tissue (BAT) thermogenesis, and inguinal white
64 adipose tissue (iWAT) browning.10 This impact of celastrol on
65 BAT and iWAT browning, i.e., an increase in uncoupling
66 protein 1 (UCP1) levels, was later confirmed in our DIO
67 mouse model, but the overall contribution to the weight loss
68 efficacy of celastrol has been disputed.11

69To date, confirmed direct molecular targets of celastrol are
70mostly linked to inflammatory pathways and include the NF-
71κB kinases IKKα/β that are inhibited as consequence of
72celastrol binding to a Cys in the kinase activation loop.12

73Alternatively, binding of celastrol to the Hsp90 dimer
74interface,13 Hsp90 Glu33,14 or to a Cys residue in
75Cdc3715,16 has been reported to destabilize the Hsp90-
76Cdc37-IKK complex and inhibit IKK signaling. Celastrol has
77also been reported to bind to Nur77, promoting its
78translocation to the mitochondria, interaction with TRAF2,
79Nur77 ubiquitination, and autophagy, ultimately alleviating
80inflammation.17 However, these mechanisms do not explain
81the requirement for intact leptin signaling and therefore are
82unlikely to be directly involved in celastrol’s weight loss
83efficacy.
84In a screen for protein tyrosine phosphatase (PTP)
85inhibitors, celastrol was identified as an inhibitor of SHP2
86and PTP1B,18 phosphatases that have opposing effects on

Figure 1. Body weight loss in response to celastrol treatment is driven via ARC PTP1B and TCPTP. After 12 weeks of a high fat (23% fat) diet (a)
Ptpn1fl/f l, (b) Ptpn2fl/f l, or (c) Ptpn1fl/f l;Ptpn2fl/f l male mice were bilaterally injected with rAAV-eGFP or rAAV-Cre-eGFP into the ARC of the
hypothalamus to delete PTP1B, TCPTP, or PTP1B and TCPTP, respectively. Two weeks later, mice were treated with vehicle or celastrol (100
μg/kg, intraperitoneal) daily for 10 consecutive days, and effects on body weight were determined. Results are shown as means ± SEM. Statistical
significance was calculated by using a Two-Way ANOVA with repeated measures followed by a Tukey multiple comparison test. * = AAV-eGFP +
Vehicle vs AAV-eGFP + celastrol, # = AAV-Cre-eGFP + Vehicle vs AAV-Cre-eGFP + celastrol, and $ = AAV-eGFP + celastrol vs AAV-Cre-eGFP +
celastrol.
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87 hypothalamic leptin signaling.19,20 Indeed, celastrol has
88 structural similarities to known natural inhibitors of
89 PTP1B,21 namely to trodusquemine (MSI-1436), a known
90 allosteric inhibitor of PTP1B and a potent weight loss-
91 promoting agent.22,23 Therefore, we assessed whether the
92 weight loss promoting effects of celastrol might be reliant on
93 the inhibition of PTP1B. Moreover, due to a high catalytic
94 domain sequence identity between PTP1B and T-Cell PTP
95 (TCPTP)24 and previous studies showing that TCPTP also
96 negatively regulates hypothalamic leptin signaling,25 we further
97 determined whether the effects of celastrol might be at least in
98 part dependent on the inhibition of TCPTP. PTP1B resides on
99 the outer membrane of the endoplasmic reticulum, whereas
100 TCPTP shuttles in and out of the nucleus and has access to
101 nuclear and cytoplasmic substrates.24 In the hypothalamus,
102 PTP1B and TCPTP negatively regulate leptin signaling by
103 dephosphorylating the downstream effectors Janus-activated
104 kinase-2 (JAK-2)26 and signal transducer and activator of
105 transcription 3 (STAT3),25 respectively. Previous studies have
106 shown that PTP1B and TCPTP can function in concert to
107 regulate insulin signaling;24 PTP1B inhibits insulin signaling by
108 dephosphorylating insulin receptor (IR) and insulin receptor
109 substrate 1 (IRS1)27 to regulate the amplitude of signaling,
110 while TCPTP dephosphorylates IR to regulate the duration of
111 signaling.28 TCPTP also has a fundamental role in
112 hematopoietic development, inflammation, and the mainte-
113 nance of T-cell tolerance through the regulation of Src family
114 kinases and JAK-1/3 and STAT-1/3/5 signaling.29−32 Mice
115 with global deficiency in TCPTP develop hematopoietic
116 defects and systemic inflammation and succumb soon after
117 birth.32,33 However, findings from mice that are heterozygous
118 for TCPTP,24,34 or from mice in which TCPTP has been
119 conditionally deleted in neuronal and glial cells25 or POMC-35

120 or AgRP-neurons36 suggest that targeting TCPTP may be
121 beneficial for promoting insulin and leptin signaling to combat
122 DIO and improve glucose metabolism. Therefore, we
123 hypothesized that the weight loss promoting effects of celastrol
124 in DIO might be reliant on the inhibition of PTP1B and
125 TCPTP in the hypothalamus.

126 ■ RESULTS
127 Celastrol-Induced Weight Loss Requires Hypothala-
128 mic PTP1B and TCPTP. In adult mice, functional leptin
129 signaling is necessary for celastrol’s catabolic action.4,11 PTPs
130 in the hypothalamus are important negative regulators of leptin
131 and insulin signaling and have been long considered as
132 potential antiobesity targets.24,37 Deletion of PTP1B or
133 TCPTP, or PTP1B and TCPTP, in the CNS combats DIO
134 through the promotion of leptin sensitivity.25 Although it has
135 been shown that PTP1B is inhibited by celastrol in vitro,18 it is
136 not known whether hypothalamic PTP1B and TCPTP might
137 be required for the weight-lowering activities of celastrol. We
138 therefore aimed to assess whether celastrol could promote
139 weight loss in obese mice in which PTP1B (encoded by
140 Ptpn1), TCPTP (encoded by Ptpn2), or both PTP1B and
141 TCPTP were deleted in the ARC. Recombinant adeno-
142 associated viruses (rAAVs) expressing Cre and GFP (rAAV-
143 CMV-Cre-GFP) or GFP alone (rAAV-CMV-GFP) were
144 injected bilaterally into the ARC of high fat fed Ptpn1fl/f l,
145 Ptpn2fl/f l, and Ptpn1fl/f l;Ptpn2fl/f l mice, and high fat feeding
146 continued. Post-mortem analyses confirmed efficient targeting
147 of the ARC (data not shown). Celastrol treatment induced the

f1 148 expected weight loss (Figure 1) and hypophagia (data not

149shown) in the individual and in the double-floxed mice
150administered control rAAV-CMV-GFP (Figure 1). By contrast,
151the administration of rAAV-CMV-Cre-GFP for the ARC
152deletion of PTP1B (Figure 1a) or TCPTP (Figure 1b) partially
153attenuated the weight-lowering effects of celastrol, whereas the
154combined targeting of PTP1B and TCPTP (Figure 1c)
155completely abolished the weight-lowering effects of celastrol.
156These results indicate that PTP1B and TCPTP in the ARC are
157indispensable for celastrol’s weight-lowering action in adult
158obese mice.
159Celastrol Is an Inhibitor of PTP1B and TCPTP Enzyme
160Activity. After establishing the in vivo reliance on
161hypothalamic PTP1B and TCPTP for the weight lowering
162effects of celastrol, we next aimed to delineate the exact nature
163of celastrol binding and inhibition of PTP1B and TCPTP. In
164vitro enzyme kinetics assays using DiFMUP as a fluorescent
165substrate revealed that celastrol-mediated phosphatase activity
166inhibition of constructs containing the phosphatase domain of
167 f2PTP1B or TCPTP (PTP1B1−298, TCPTP1−296; Figure 2a,b)
168and of longer constructs including the C-terminal tail but
169without endoplasmic reticulum and nuclear localization

Figure 2. Enzyme kinetic studies of PTP1B and TCPTP inhibition by
celastrol. (a−d) Inhibition curves of PTP1B1−298 (a), TCPTP1−296
(b), PTP1B1−393 (c), and TCPTP1−336 (d) in the presence of celastrol
using DiFMUP as substrate. Nonlinear regression analyses were used
to obtain IC50 values. All protein constructs exhibit high inhibition
IC50 values in the low micromolar range. R2 = 0.98 for each curve.
Data represent the mean ± SEM from three independent experi-
ments. (e,f) Michaelis−Menten curves of PTP1B1−393 (e) and
TCPTP1−336 (f) incubated with different amounts of substrate
DiFMUP at increasing celastrol concentrations (0−20 μM for
PTP1B and 0−40 μM for TCPTP). R2 = 0.99 for each curve. Data
represent the mean ± SEM from three independent experiments.
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170 sequences (PTP1B1−393, TCPTP1−336; Figure 2c,d). The
171 inhibition, with IC50 values of 2.1 μM for PTP1B1−393 and
172 18.8 μM for TCPTP1−336, is noncompetitive, as Vmax decreased
173 at constant Km in celastrol-titration phosphatase assays (Figure
174 2e,f). For both phosphatases, the IC50 values do not change
175 significantly between the constructs containing the phospha-
176 tase domain or including the C-terminal part, indicating that
177 celastrol binds to the catalytic domain, and the C-terminal tail
178 does not affect compound binding. Similar IC50 values were
179 obtained using pNPP as a substrate (data not shown). Scott
180 and colleagues18 reported a celastrol inhibition IC50 value of
181 13.2 μM toward PTP1B1−435 using the DiFMUP assay in
182 slightly different conditions (50 mM Bis-Tris, pH 7.0, 50 mM
183 NaCl, 0.01% Triton X-100, 1 mM dithiothreitol, 1 mM EDTA,
184 40 μM DiFMUP, 100 nM PTP at room temperature).

185Celastrol Is a Reversible Inhibitor. We also probed the
186reversibility of the inhibition with a jump-dilution experiment
187that assessed the recovery of the enzymatic activity upon a
188100-fold dilution of the enzyme solution with celastrol at a
189concentration sufficient to inhibit the enzymatic activity 90%
190 f3(IC90) (Figure 3a,b). Restoration of enzymatic activity after
191dilution to values comparable to the activity at IC10 celastrol
192concentration is indicative of reversible behavior. Mass
193spectrometry analyses of PTP1B1−298 with and without
194celastrol (Figure 3c,d) revealed that celastrol does not bind
195covalently to the protein, consistent again with a reversible
196inhibition. We further used switchSENSE technology38 to
197confirm binding of celastrol to surface-immobilized
198PTP1B1−298 in vitro (Figure 3e,f). Celastrol binds to
199PTP1B1−298 with a KD of 6.1 μM, which is similar to the
200IC50 of 4.8 μM of PTP1−298, determined by enzymatic assays

Figure 3. Reversibility of PTP1B and TCPTP inhibition by celastrol. (a,b) Jump-dilution experiments of celastrol inhibition. Enzymes were
incubated with celastrol in a concentration that is 10-fold the IC50 value for each protein and exhibits 90% inhibition (IC90) (red upward triangle),
and the samples were then diluted 100-fold in reaction buffer, resulting in reduction of celastrol concentration to 0.1-fold of the corresponding IC50
value (10% inhibition (IC10), blue downward triangle). For each plot, curves are shown for the enzyme control (black circle), no enzyme control
(black square), and enzyme with celastrol at IC90 concentration (red upward triangle). Buffer dilution to celastrol at IC10 concentration (blue
downward triangle) and enzyme with celastrol at IC10 concentration without dilution as control (black tilted square). (c,d) Mass spectrometry
analysis of PTP1B1−298 with (c) and without (d) celastrol. After incubating PTP1B1−298 with celastrol, the molecular weight of the PTP1B1−298−
celastrol complex was investigated by MALDI-TOF. There was no molecular mass difference, indicating that celastrol does not bind covalently to
PTP1B1−298. (e,f) PTP1B−celastrol kinetic measurements using SwitchSENSE technology. Association (e) and dissociation curves (f) of covalently
immobilized PTP1B1−298 at different celastrol concentrations.
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201 and confirming its noncompetitive nature (IC50 ∼ KD for a
202 noncompetitive inhibitor).39 Celastrol shows slow association
203 (kon) and dissociation (koff) rates, suggesting that some
204 conformational change or dynamics of the protein is associated
205 with the interaction (PTP1B−celastrol complex half-life 31.91
206 min). The long half-life of the PTP1B−celastrol complex
207 justifies why in the jump-dilution experiment, the PTP1B
208 activity after dilution is not completely superimposable with
209 the IC10 control curve (Figure 3a). Part of the PTP1B-celastrol
210 complexes in the IC90 reaction were still bound after dilution
211 and did not dissociate during the activity assay with DiFMUP.
212 Celastrol Is a Noncompetitive Inhibitor. Competition
213 saturation transfer difference (STD) NMR experiments40

214 performed with 4′-aminoxanilic acid (AOAC, PTP1B1−393
215 IC50 = 910 μM; TCPTP1−336 IC50 = 478 μM, data not
216 shown), a derivative of the PTP1B active-site inhibitor 2-[4-
217 (aminomethyl)anilino]-2-oxoacetic acid,41 further verify the
218 noncompetitive nature of the celastrol binding to PTP1B

f4 219 (Figure 4a,b). STD signals of AOAC (or celastrol) do not
220 change in intensity upon addition of celastrol (or AOAC),
221 while AOAC and celastrol STD signals are observed
222 simultaneously in the presence of both inhibitors. This
223 indicates that celastrol and AOAC can bind to PTP1B
224 simultaneously and that celastrol does not compete with the
225 active site inhibitor AOAC (Figure 4a,b). The STD signals
226 from AOAC and celastrol are weak. This has to do, on one
227 hand, with the weak binding of AOAC to PTP1B and, on the
228 other hand, with the slow koff rate of the PTP1B−celastrol
229 complex (Figure 3f).
230 In addition, we observe in STD-NMR experiments that both
231 the quinone methide and the aliphatic moiety containing the
232 carboxylate group of celastrol are important for binding to
233 PTP1B (Figure 4) and TCPTP (data not shown).

234To exclude that the inhibitory activity of celastrol is due to
235aggregation, we tested the effect of three different factors on
236the inhibitory ability of celastrol.42,43 This included a 10-fold
237protein concentration increase and addition of detergent
238(0.05% Tween 20) or BSA (0.1 mg/mL) (Supporting
239Information, Figure S1). None of the three factors had a
240significant impact on the IC50 of celastrol to PTP1B and
241TCPTP (Supporting Information, Figure S1, Table S1),
242showing that celastrol does not act as an aggregator.
243NMR Spectroscopy Shows Direct Celastrol Binding to
244PTP1B and TCPTP. We used NMR chemical shift
245perturbation (CSP) analysis to map the binding site of
246celastrol onto the crystal structure of PTP1B. CSPs were
247observed in 2D 1H,15N NMR correlation spectra upon titration
248 f5of celastrol (Figure 5a−d). Significant CSPs and line
249broadening upon celastrol addition are observed for residues
250in strand β3 (I82 and L83), helix α2 and strand β4 (R105 and
251V107), WPD loop (D181), active site loop (V212, V213, and
252H214), and the Q loop (F256, G259, T263, and A264)
253(Figure 5b,c). These data indicate that celastrol binds in the
254vicinity of the catalytic site, extending from the N-terminal
255region (strand β3, helix α2, and strand β4) to the interior of
256the protein. This is consistent with noncompetitive allosteric
257inhibition (Figure 5c,d). Although TCPTP is not assigned,
258NMR titration experiments of celastrol with TCPTP exhibit
259comparable CSPs and line broadening (Supporting Informa-
260tion, Figure S2). By taking into account the high homology of
261the catalytic domain of the two proteins, we compared the
262PTP1B residues with CSPs higher than 2σ and line broadening
263with the corresponding TCPTP residues. We found that 10
264out of 19 residues are identical (H54, I82, L83, V107, D181,
265V212, H214, T230, G259, and T263 in PTP1B), while six
266other residues are of the same type (R105/K107, I145/L146,

Figure 4. Competition STD NMR experiments were performed by adding (a) the active site inhibitor AOAC before celastrol, or (b) after celastrol.
The gray spectra are recorded with 500 μM celastrol and 500 μM AOAC in d11-Tris-HCl pH 7.5, 75 mM NaCl, and 10% D2O buffer (600 MHz,
20 °C, 128 scans), characteristic signals of the two compounds, are highlighted. Red spectra correspond to the reference STD spectra of the two
compounds in buffer. The violet spectrum (a) shows STD signals of the active site inhibitor AOAC, and the blue spectrum (b) shows STD signals
for celastrol. Thus, both compounds can simultaneously bind to the protein. Addition of the second compound (celastrol, (a); AOAC, (b)) leads to
additional STD signals but does not decrease the STD signals observed upon addition of the first compound (black spectra), indicating that the
compounds are noncompetitive and can bind simultaneously to the protein. In all STD experiments, the arrow indicates the irradiation region (0.05
ppm) (600 MHz, 20 °C, 800 scans).
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267 R156/H157, V213/I214, F256/Y254, and H296/K294 in

268 PTP1B/TCPTP), suggesting a similar binding of celastrol to
269 TCPTP.
270 Structure−Activity Relationship Studies on PTP1B

271 and TCPTP with Other Triterpenoids. The reduced form of

272 celastrol, dihydrocelastrol, was synthesized (Supporting

273 Information, Figure S3a) and tested to examine if the ring
274 that contains the ketone group is indeed important for the

275binding. Supporting Information, Figure S3b shows that

276dihydrocelastrol, compared to celastrol (Figure 5a), induces

277only moderate CSPs and line broadening in 2D 1H−15N

278correlation spectra. We used the DiFMUP assay to determine

279the inhibitory ability of dihydrocelastrol on PTP1B1−393 and

280TCPTP1−336.. Dihydrocelastrol inhibits in the millimolar range

281(Supporting Information, Figure S3c), which stands in stark
282contrast to the low micromolar IC50 of celastrol (Figure 2c,d).

Figure 5. NMR binding studies on PTP1B1−298. (a) Superposition of 2D 1H,15N correlation spectra of 100 μΜ PTP1B1−298 recorded without
(black) and with 500 μΜ celastrol (red) (800 MHz, 20 °C, 16 scans). (b) Chemical shift perturbations (CSP, Δδ) observed upon celastrol binding
to PTP1B1−298. Colored lines indicate 2σ and 3σ standard deviations from the mean ⟨Δδ⟩. (c) Mapping of the spectral changes upon titration of
celastrol onto the structure of PTP1B (PDB 1WAX). NMR signals of amide groups in PTP1B1−298 that experience CSPs above 2 and 3 standard
deviations (SDs) from the mean ⟨Δδ⟩ are represented as spheres and colored salmon and red, respectively. Green color represents residues with
strong line broadening. (d) Mapping of the CSPs observed upon binding of celastrol to PTP1B1−298 onto crystal structures of PTP1B1−321 in the
closed conformation of PTP1B1−321 (left; PDB 1WAX) when bound to AOAC and the open conformation (right; PDB 2HNP). The surface
fractions of residues that experience CSPs with 2σ and 3σ standard deviations and residues with high line broadening are colored as indicated.
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283 These results indicate that quinone methide epitope in
284 celastrol is important for protein binding and that its removal
285 results in dramatic change in affinity.
286 Withaferin A is another triterpenoid that was previously
287 described as leptin sensitizer with weight-reducing properties
288 similar to celastrol.44 After testing withaferin A with the
289 DiFMUP assay, we found that it had no inhibitory effect on
290 full-length forms of PTP1B or TCPTP (Supporting
291 Information, Figure S3d).
292 Celastrol Selectivity on Hypothalamic PTPs. We next
293 measured the selectivity of celastrol toward other PTPs,
294 namely SHP1, SHP2, PTPRE, PTPRJ, LMPTPA, LMPTPB,

f6t1 295 and PTEN (Figure 6 and Table 1). Scott et al.18 reported
296 inhibition of SHP1 and SHP2 by celastrol with IC50 values of
297 27.8 and 3.3 μM while we determined values of 3.1 and 4.1
298 μM, respectively. The determined IC50 for SHP2 is very
299 similar, while the one for SHP1 is significantly lower, which
300 may be attributed to the use of a different construct or different
301 experimental conditions. Apart from SHP1 and SHP2

302inhibition, celastrol inhibits PTEN with a comparable potency
303to TCPTP. All the other phosphatases are weakly or not
304inhibited by celastrol. These data indicate that celastrol is a
305partially selective inhibitor of PTPs. Interestingly, of the known
306PTPs involved in the leptin signaling pathway in the

Figure 6. PTP inhibition by celastrol. IC50 curves of different PTPs inhibited by celastrol using DiFMUP as substrate. Nonlinear regression analyses
were used to obtain IC50 values. R

2 = 0.98 for each curve. Data represent the mean ± SEM from three independent experiments.

Table 1. IC50 Values of Celastrol for Several PTPs
a

protein IC50 (μM)

PTP1B 2.1 ± 1.1
TCPTP 18.8 ± 1.2
SHP1 3.1 ± 1.2
SHP2 4.1 ± 1.3
PTPRE >500
PTPRJ 111.5 ± 2.2
LMPTPA 95.3 ± 1.6
LMPTPB >500
PTEN 13.3 ± 1.0

aPTPs in bold are involved in the leptin signaling pathway.

Journal of Medicinal Chemistry Article

DOI: 10.1021/acs.jmedchem.8b01224
J. Med. Chem. XXXX, XXX, XXX−XXX

G

http://pubs.acs.org/doi/suppl/10.1021/acs.jmedchem.8b01224/suppl_file/jm8b01224_si_001.pdf
http://dx.doi.org/10.1021/acs.jmedchem.8b01224


307 hypothalamus (PTP1B, TCPTP, PTEN, SHP2, PTPRJ, and
308 PTPRE),45 PTP1B, SHP2, PTEN, and TCPTP show low μM
309 celastrol inhibition. However, PTP1B and TCPTP are negative
310 leptin regulators while SHP2 is a positive regulator46 and
311 PTEN could be a positive or negative regulator.47−49

312 ■ DISCUSSION
313 Celastrol is a promising antiobesity drug that induces
314 hypophagia due to in vivo leptin resensitization,4 as well as
315 iWAT browning and increasing BAT UCP1 levels.10 We
316 confirmed recently that, in adult mice, celastrol induced weight
317 loss is largely leptin-dependent with a decrease in food
318 consumption and a concomitant increase in UCP1 levels in
319 iWAT and BAT.11 However, we observed comparable body
320 weight loss and hypophagia in UCP1 knockout and wild-type
321 mice treated with celastrol, which suggests that UCP1-
322 mediated thermogenesis is not a major driver for the body
323 weight-lowering effects of celastrol. The lack of celastrol-
324 mediated weight loss in adult Lepdb and Lepob mice indicates
325 that it is a leptin-dependent mechanism and that the molecular
326 target(s) responsible for this effect are components of this
327 pathway. In fact, it was reported that celastrol targets PTP1B,18

328 a key negative regulator of the leptin signaling pathway.19,20 By
329 taking into account the high-homology between the catalytic
330 domains of PTP1B and TCPTP and their role as negative
331 regulators in the hypothalamic leptin signaling,20,25 we
332 predicted PTP1B and TCPTP to be molecular targets of
333 celastrol.
334 Indeed, we found that in vivo genetic deletion of PTP1B,
335 TCPTP, or their combined deletion in the ARC of adult mice
336 largely abolished celastrol’s weight lowering effect, suggesting
337 that these PTPs in the ARC are indispensable for celastrol-
338 induced weight loss. However, the exact neuronal populations
339 in the ARC that mediate celastrol’s catabolic actions and the
340 individual roles of the two PTPs on celastrol-induced weight
341 loss remain to be determined. It further remains unclear why
342 global PTP1B deficient mice showed similar celastrol-induced
343 weight loss as wild-type mice in our previous studies.11 It
344 appears possible that germline ablation of PTP1B can be fully
345 or partially compensated by TCPTP or other structurally
346 similar and coexpressed PTPs. The ablation of PTP1B in adult
347 mice via virally induced Cre recombination does not allow
348 such long-term adaptations during embryonal and subsequent
349 development, which may explain the partial loss of celastrols’
350 weight loss efficacy in these mice. Future studies should aim at
351 delineating this putative interplay and compensation. Such
352 studies should further assess whether celastrol also acts on
353 neurocircuitry outside the MBH or on peripheral tissues, and
354 the extent to which this is reliant in PTP- or non-PTP-related
355 mechanisms.
356 As suggested by our in vivo findings, we show evidence that
357 celastrol is a potent, noncompetitive inhibitor of PTP1B with
358 IC50 values of 2.1 and 4.8 μM for PTP1B1−393 and PTP1B1−298,
359 respectively, and a KD of 6.1 μM for PTP1B1−298. Inhibitory
360 effects of celastrol are not mediated via compound aggregation
361 or assay interference. Our NMR studies rather demonstrate
362 that celastrol is an allosteric inhibitor that binds to PTP1B in
363 the vicinity of the catalytic site but nonoverlapping with the
364 binding site of an active site inhibitor. Celastrol binding to
365 PTP1B is reversible as confirmed by activity assays, jump-
366 dilution experiments, STD-competition experiments, switch-
367 SENSE, and mass spectrometry. SwitchSENSE kinetics data
368 indicate additionally that celastrol association and dissociation

369is slow, indicative of a conformational change of PTP1B-
370associated ligand binding. This is consistent with studies by
371Loria et al., who showed that the active site loop in PTP1B is
372dynamic and that allosteric inhibitors can modulate the activity
373by altering the hydrogen bond patterns at the active site.50,51

374Celastrol also inhibits TCPTP noncompetitively but has
375almost 10-fold higher selectivity toward PTP1B, which may
376reflect the distinct inhibition potency of PTP1B and TCPTP in
377vivo. Nevertheless, coinhibition of TCPTP may expedite
378PTP1B-driven in vivo benefits of celastrol on body weight and
379glucose metabolism. Celastrol binds most probably with a
380similar binding mode to PTP1B and TCPTP, as the active site
381and the surrounding areas of the two PTPs are highly
382homologous.52 We do not observe a significantly stronger
383celastrol inhibition using PTP1B and TCPTP constructs with
384longer C-terminal tails, indicating that the unstructured tails of
385the PTPs do not contribute to celastrol mediated inhibition. By
386contrast, using NMR spectroscopy, Tonks and collaborators
387observed that trodusquemine binds noncompetitively to two
388allosteric sites in PTP1B, one closer to the catalytic region and
389another on the disordered C-terminal tail.22 This suggests that
390celastrol and trodusquemine inhibit PTPs using different
391molecular mechanisms, the former targeting an allosteric site
392close to the active site, the latter targeting allosteric site(s) in
393the C-terminal region. This effect appears to be specific to
394celastrol, as the two related compounds dihydrocelastrol or
395withaferin A have weak or no inhibitory activity toward PTP1B
396and TCPTP.
397By using a panel of PTPs we show that celastrol inhibits
398other phosphatases in vitro, namely SHP2 and PTEN, which
399are also relevant for hypothalamic leptin action. SHP2 is an
400enhancer of leptin signaling, and its genetic ablation leads to
401body weight gain in mice.46 It has been shown that PTEN
402deletion in leptin-sensitive neurons results in lean mice,48 while
403PTEN ablation in POMC neurons leads to leptin resistance
404and obesity in mice,47 suggesting that PTEN has differential
405roles in hypothalamic leptin signaling.49 Therefore, hypothala-
406mic genetic ablation of PTEN could result in weight gain or
407loss in mice, depending on the neuronal populations affected.
408On the other hand mice with a neuronal genetic deletion of
409PTP1B20 or TCPTP25 are protected from diet-induced
410obesity. Moreover, deletion of PTP1B and TCPTP in
411POMC neurons enhances leptin and insulin signaling
412respectively and prevents diet-induced obesity by increasing
413WAT browning and energy expenditure.35 Therefore, the
414weight lowering effects of celastrol might extend not only to
415the promotion of leptin sensitivity but also the alleviation of
416CNS insulin resistance.
417Although the precise mechanisms by which celastrol affects
418the hypothalamic PTP1B/TCPTP-mediated control of energy
419balance remain to be resolved, our studies indicate that the
420weight lowering effects of celastrol are absolutely reliant on
421PTP1B and TCPTP and suggest that any effects on other
422PTPs, such as SHP2 or PTEN, being of little relevance. Our
423studies indicate that celastrol can directly inhibit PTP1B and to
424a lesser extent TCPTP. However, it is also possible that
425celastrol may promote weight loss, at least in part, by inhibiting
426inflammatory signaling that promotes hypothalamic PTP1B
427expression in obesity.53 Discerning between these possibilities
428will require further investigation.
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429 ■ CONCLUSIONS

430 In conclusion, we have identified key molecular mechanisms
431 and targets responsible for the unprecedented antiobesity
432 action profile of the drug candidate celastrol. Our studies are
433 consistent with celastrol driving weight loss via inhibition of
434 PTP1B and TCPTP in the ARC. Celastrol inhibition of
435 PTP1B and TCPTP is mediated by reversible noncompetitive
436 binding to an allosteric pocket close to the active site. The
437 binding kinetics are slow, indicative of associated conforma-
438 tional changes on the protein upon celastrol interaction. This
439 discovery encourages reconsideration of PTP1B and TCPTP
440 as drug targets against metabolic dysfunction and reinforces
441 the concept that natural compounds derived from traditional
442 medicine, even with multiple targets, are therapeutically and
443 scientifically of considerable interest.

444 ■ EXPERIMENTAL SECTION
445 Chemicals. All compounds used for screening or in animal studies
446 have a purity of at least 97%. Withaferin A (Enzo Life Sciences no.
447 BML-CT104-0010) and celastrol (Abcam no. ab120655) were at least
448 99% pure as confirmed by HPLC and NMR spectroscopy. For
449 dihydrocelastrol, the only synthesized compound, purity was
450 confirmed both by NMR spectroscopy as well by HPLC/MS to be
451 97%. A 50 mM stock solution in 100% DMSO-d6 was prepared for all
452 compounds so that the final concentration of DMSO was less than 5%
453 in the screening assays.
454 Mice. Mice were maintained on a 12 h light−dark cycle in a
455 temperature-controlled high-barrier facility (Monash ARL) with free
456 access to food and water as per the NHMRC Australian Code of
457 Practice for the Care and Use of Animals. Ptpn1fl/f l and Ptpn2fl/f l mice
458 have been described previously.25,29 To generate Ptpn1fl/f l;Ptpn2fl/f l

459 (C57BL/6) mice, Ptpn1fl/f l mice were bred with Ptpn2fl/f l mice. Mice
460 were fed a standard chow diet (8.5% fat; Barastoc, Ridley
461 AgriProducts, Australia) for 8 weeks and then switched for 12
462 weeks to a high-fat diet (23% fat; 45% of total energy from fat; SF04-
463 027; Specialty Feeds) as indicated. Experiments were approved by the
464 Monash University School of Biomedical Sciences Animal Ethics
465 Committee.
466 Intra-ARC rAAV Injections and Celastrol Treatment. Eight
467 week-old male Ptpn1fl/lf, Ptpn2fl/f l, and Ptpn1fl/f l;Ptpn2fl/f l mice were
468 fed a high-fat diet for 12 weeks and sterotaxically injected with rAVV
469 expressing Cre recombinase and GFP (rAAV-CMV-Cre-GFP) or
470 GFP alone (AAV-CMV-GFP; UNC Vector Core) bilaterally into the
471 ARC (coordinates: bregma, anterior−posterior, 1.40 mm; dorsal−
472 ventral, 5.80 mm; lateral, ±0.20 mm, 100 nL/side). Mice were
473 allowed to recover for 2 weeks postsurgery before receiving
474 intraperitoneal vehicle or celastrol (100 μg/kg) at 6 pm each day
475 for 10 consecutive days.
476 Chemical Synthesis of Dihydrocelastrol. The compound
477 dihydrocelastrol was synthesized as previously described by Klaic ́
478 and colleagues54 using celastrol as a starting material. In detail, in a 5
479 mL round flask 5 mg of celastrol (0.011 mmol) were dissolved in
480 approximately 1 mL of MeOH and 4.2 mg (0.11 mmol) of NaBH4

481 were added to the solution. The mixture immediately turned from
482 orange to a clear solution. After 10 min of stirring at room
483 temperature, the reaction was quenched with 0.1 M HCl and the
484 precipitants were extracted with 5 mL of CHCl3 and 10 mL of H2O in
485 a 20 mL extraction flask. The aqueous layer was washed with CHCl3
486 three times, and the organic layer was collected and dried with
487 Na2SO4 for a short period to prevent reoxidation of the product to
488 celastrol. The Na2SO4 was removed from the organic layer by simple
489 filtration. The solvent was removed in a Buchi Rotavapor R-200 with
490 “V” assembly under vacuum. The purity of the compound was tested
491 by HPLC-UV/MS and by NMR (Supporting Information, Figures
492 S4−S5). Dihydrocelastrol was found to be 97% pure with 3%
493 celastrol, most probably as reoxidation product.

4941H NMR of dihydrocelastrol (600 MHz, DMSO-d6, 25 °C): δ =
4950.67 (s, 3H, CH3-13), 0.86 and 1.23 (d, 1H, J = 16.2 Hz, and m,
4961H,CH2a,b-19), 1.06 (s, 3H, CH3-17), 1.11 (s, 3H, CH3-20), 1,18 (s,
4973H, CH3-14), 1.24 (s, 3H, CH3-9), 1.29 and 2.03 (m, 2H, CH2a,b),
4981.39 and 1.79 (m, 2H, CH2a,b), 1.46 and 1.49 (m, 2H, CH2a,b), 1.49
499(m, 1H, CH-18), 1.58 and 1.65 (m, 2H, CH2a,b), 1.86 and 1.98 (m,
5002H, CH2a,b), 2.01 (s, 3H, CH3-4), 2.35 (d, J = 18.14 Hz, 1H, CH-6a),
5015.72 (d, J = 4.53 Hz, 1H, CH-7), 6.62 (s, 1H, CH-1), 7.85 (s, 1H,
502OH-2), 8.83 (s, 1H, OH-3) ppm. 13C NMR (600 MHz, DMSO-d6, 25
503°C): δ = 109.2 (CH-1), 30.70 (CH-6), 118.2 (CH-7), 12.03 (CH3-4),
50429.44 (CH3-9), 18.51 (CH3-13), 23.25 (CH3-14), 31.82 (CH3-17),
50544.57 (CH-18), 32.7 (CH3-20), 34.82 (CH2), 29.87 (CH2), 37.5
506(CH2), 29.12 (CH2), 30.29 (CH2), 34.68 (CH2), ppm. m/z:
507calculated for dihydrocelastrol + H+ [M + H+] 453.64, found 453.40.
508Purification of Recombinant PTP1B and TCPTP for in Vitro
509Assays. Two different human PTP1B constructs (PTP1B1−298:
510catalytic PTP domain, residues 1−298; PTP1B1−393: catalytic PTP
511domain and C-terminal region without endoplasmic reticulum
512localization region, residues 1−393) and two different human
513TCPTP constructs (TCPTP1−296: catalytic PTP domain, residues
5141−296; TCPTP1−336: catalytic PTP domain and C-terminal region
515without endoplasmic reticulum and nuclear localization regions,
516residues 1−336) were subcloned into pETM11 vector, which contains
517an N-terminal His6-tag and a TEV protease cleavage site. The
518plasmids were transformed into Escherichia coli strain Rosetta2 (DE3)
519cells and cultured overnight at 20 °C in ZYM-5052 autoinduction
520media supplemented with 100 μg/mL chloramphenicol (SERVA
521Electrophoresis GmbH, no. 16785.03) and 100 μg/mL kanamycin
522(SERVA Electrophoresis GmbH, no. 26899.03).
523For the preparation of uniformly 2H (∼70%), 13C (99%), 15N
524(99%)-labeled protein expression was performed at 37 °C using M9
525minimal medium containing 15NH4Cl (99% 15N, Cortecnet, no.
526CN80P100), [13C]D-d7-glucose (2 g/L) (97% D, 99% 13C, Sigma-
527Aldrich, no. 552151) supplemented with 0.012% (w/v) 13C, 15N-rich
528growth media Silantes (Silantes, no. 115604300) in 70% D2O
529(99.85% D Eurisotop, no. D216L). Uniformly 2H (∼70%), 15N
530(99%)-labeled protein was expressed at 37 °C using M9 minimal
531medium containing 15NH4Cl, [12C]D-d7-glucose(2 g/L) (97% D,
532Sigma-Aldrich, no. 55203) and 15N-rich growth media Silantes in 70%
533D2O. A standard protocol of sequential precultures for better D2O
534adaptation over a 3 day period was followed to increase the yield of
535protein expression in 70% D2O. On the first day, a 25 mL preculture
536in LB medium was prepared and grown overnight at 37 °C. The next
537day, three precultures of 50 mL of M9 minimal medium in H2O were
538inoculated with 0.5, 1.0, or 2.0 mL of the overnight LB preculture and
539grown at 37 °C. Later on the same day, the preculture with optical
540density at 600 nm (OD600) closest to 0.6 was spun down for 10 min
541at 3202g. The cells were resuspended in 1 mL of M9 medium in 70%
542D2O and used for the inoculation of 100 mL of M9 medium in 70%
543D2O, such that the OD600 was 0.1−0.15. This small culture was left
544overnight at 37 °C. The next day, this culture was added to 900 mL of
545M9 medium in 70% D2O. All cultures in minimal media were induced
546at 0.8 OD600 with 1 mM of IPTG overnight at 20 °C.
547After overnight induction, PTP1B1−298 cell pellets were resus-
548pended in buffer A (50 mM Tris-HCl pH 8, 300 mM NaCl, 5 mM
549imidazole, and 5 mM mercaptoethanol) supplemented with 0.025
550mg/mL DNase I, 0.1 mg/mL Lysozyme (SERVA Electrophoresis, no.
55128262.03), 2.5 mM MgSO4, and 0.1% NP-40 (Nonidet P40,
552Applichem, no. A1694,0500) while PTP1B1−393 resuspension buffer
553contained additionally 0.67% NP-40 and 3 pills/30 mL of protease
554inhibitor EDTA-free (cOmplete Tablets, Mini EDTA free, Roche
555diagnostics, no. 04693159001). TCPTP cell pellets were resuspended
556in lysis buffer containing 20 mM, Tris-HCl pH 8, 5 mM
557mercaptoethanol, 0.025 mg/mL DNase I, 0.1 mg/mL lysozyme, 2.5
558mM MgSO4, 0.5% NP-40, and 2 pills/30 mL of protease inhibitor
559EDTA free. Cells were lysed by sonication, and the cell lysate was
560centrifuged at 60000g for 30 min at 4 °C. After filtration, His-tagged
561proteins in the supernatant were purified by immobilized metal
562affinity chromatography (IMAC). In short, the supernatant was
563applied to Ni-NTA resin (QIAGEN, no. 30230) previously
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564 equilibrated with 3 column volumes of buffer A. Bound protein was
565 washed with 3 column volumes of buffer A, and unspecific bound
566 protein was washed away with 3 column volumes of wash buffer (50
567 mM Tris-HCl pH 8, 1 M NaCl, 5 mM imidazole and 5 mM
568 mercaptoethanol). His6-tagged protein was eluted using elution buffer
569 (50 mM Tris-HCl pH 8, 300 mM NaCl, 300 mM imidazole, and 5
570 mM mercaptoethanol). For PTP1B1−393 all buffers were supple-
571 mented with 1 pill of protease inhibitor EDTA-free per 50 mL buffer
572 to avoid protein degradation. The affinity His-tag was removed from
573 the protein by TEV (1:5 protein:TEV ratio) cleavage during dialysis
574 into 50 mM Tris-HCl pH 8, 300 mM NaCl, and 5 mM
575 mercaptoethanol buffer overnight at 4 °C. The cleaved tag and
576 TEV protease were removed from the target protein using a second
577 IMAC step in dialysis buffer. Finally a size-exclusion chromatography
578 (SEC) step in GF buffer (50 mM Tris-HCl pH 7.5, 150 mM NaCl, 1
579 mM EDTA, and 5 mM dithiothreitol (DTT)) using a Superdex 75
580 Hiload 16/60 column (GE Healthcare) was performed. For
581 PTP1B1−393 and TCPTP1−336, a second SEC step was performed to
582 yield pure protein. Yields of the final unlabeled proteins were 60 mg of
583 PTP1B1−298, 28 mg of PTP1B1−393, 44 mg of TCPTP1−296, and 20 mg
584 of TCPTP1−336 per liter of ZYM-5052 cell culture. Yields of the final
585 labeled proteins were 30 mg of 2H, 15N PTP1B1−298, 20 mg of 2H,
586

13C, 15N PTP1B1−298, and 15 mg 2H, 15N TCPTP1−336 per liter of M9
587 cell culture.
588 All protein samples were exchanged by successive concentration/
589 dilution steps into NMR buffer (50 mM d11-Tris-HCl (Cortecnet, no.
590 CD4035P1), pH 7.5, 75 mM NaCl, and 5 mM d10-DTT (Cortecnet,
591 no. CD570P1), 90% H2O/10% D2O). The protein concentrations
592 were quantified by measuring the absorption at 280 nm wavelength
593 with a Nanodrop 2000 (Thermo Fisher Scientific) by using molar
594 extinction coefficients of 46410 M−1 cm−1 for PTP1B1−298, 53400 M

−1

595 cm−1 for PTP1B1−393, 50880 M−1 cm−1 for TCPTP1−296, and 52370
596 M−1 cm−1 for TCPTP1−336.
597 Purification of Recombinant SHP1, SHP2, PTPRE, PTPRJ,
598 PTEN, LMPTPA, and LMPTPB. The expression plasmids pET-SHP1
599 (PTPN6) and pJC-SHP2 (PTPN11) for the expression of the human
600 SHP1245−521 (residues 245−521) and SHP2246−527 (residues 246−
601 527) were provided by Dr. Krishna Saxena (Goethe University
602 Frankfurt), expression plasmids pET30b-PTEN for the expression of
603 human PTEN1−403 (residues 1−403) were a gift from Alonzo Ross
604 (plasmid 20741 from Addgene, Cambridge, MA), pNIC-CH-PTPRE,
605 and pNIC28-Bsa4-PTPRJ for the expression of human PTPRE107−707
606 (residues 107−707) and PTPRJ1019−1311 (residues 1019−1311) were
607 a gift from Nicola Burgess-Brown (plasmid 38950 and 38889,
608 respectively, from Addgene, Cambridge, MA), and pET28a-LMPTPA
609 and pET28a-LMPTPB for the expression of mouse LMPTPA1−158
610 (residues 1−158) and LMPTPB1−158 (residues 1−158) were kindly
611 provided by Dr. Nunzio Bottini (Department of Medicine, University
612 of California, San Diego, La Jolla, California, USA). The plasmids
613 were expressed into E. coli strain BL21 (DE3) and purified by nickel
614 affinity chromatography, followed by size-exclusion chromatography
615 as described previously.55−57

616 In Vitro Phosphatase Activity Assays. Phosphatase kinetic
617 parameters were determined using a fluorescence assay with DiFMUP
618 (Life Technologies GmbH, no. D6567) as substrate.58 Experiments
619 were performed in triplicate in black polystyrene 384-well plates with
620 flat bottoms (Corning, no. 3575) at 37 °C. The fluorescence
621 excitation was measured at 358 nm and fluorescence emission at 455
622 nm and was monitored continuously for 10 min using a PerkinElmer
623 EnVision multilabel plate reader. The protein concentration was
624 optimized for maximum sensitivity and linearity using minimal
625 protein concentration. In short, each protein was prediluted in
626 reaction buffer (25 mM Bis-Tris propane pH 7.5, 50 mM NaCl, 2
627 mM EDTA) to three different concentrations in a final volume of 45
628 μL. Reactions were initiated by adding 5 μL of DiFMUP to the
629 reaction mixture to yield final concentrations of 2−100 μM. Enzyme
630 kinetic parameters were determined using nonlinear regression and
631 the Michaelis−Menten equation in GraphPad Prism program 5.03
632 (GraphPad Software, Inc. La Jolla, CA, USA).

633For IC50 determination, 1 nM purified PTP1B or TCPTP protein
634was incubated for 10 min with celastrol (5% DMSO final
635concentration) in 15 concentrations ranging from 0 to 500 μM in
636reaction buffer (25 mM Bis-Tris propane pH 7.5, 50 mM NaCl, 2
637mM EDTA) in a total volume of 45 μL. The reaction was started by
638adding 5 μL of substrate buffer containing DiFMUP to a final
639concentration equivalent to the protein construct Km for DiFMUP
640(10 μM and 7 μΜ DiFMUP for PTP1B1−298 and PTP1B1−393,
641respectively; 10 μΜ and 9 μM DiFMUP for TCPTP1−296 and
642TCPTP1−336, respectively). IC50 values were defined as the
643concentration of the inhibitor that caused a 50% decrease in the
644phosphatase activity and it was determined using the equation fitting
645log(inhibitor) vs response from nonlinear regression analysis in the
646GraphPad Prism program. For the IC50 determination of compounds
647AOAC, withaferin A, and dihydrocelastrol, the assay was performed in
648the same way.
649The selectivity of celastrol was tested over other eight PTPs: SHP1,
650SHP2, PTPRE, PTPRJ, LMPTPA, LMPTPB, and PTEN. For
651proteins SHP1, SHP2, PTPRE, PTPRJ, LMPTPA, and LMPTPB,
652the DiFMUP assay was used as descrided above for PTP1B and
653TCPTP.58 The conditions for each protein used for the IC50
654determination are shown in Supporting Information, Table S2.
655For PTEN, the colorimetric malachite green assay using PI(3,4,5)-
656P3 (PIP3) (Echelon Biosciences Inc., no. P-3916a) as substrate was
657used.59 Experiments were performed in triplicate in half-area
658transparent 96-well plates (Greiner Bio-one no. 675101). The protein
659concentration was optimized for maximum sensitivity and linearity
660using minimal protein concentration. In short, PIP3 was diluted to
661various concentrations ranging from 10 to 120 μM in reaction buffer
662(25 mM Tris-HCl pH 7.4, 140 mM NaCl) and added to purified
663PTEN in a final volume of 25 μL. The reaction incubated for 60 min
664at 37 °C and was terminated by the addition of 100 μL of malachite
665green (Echelon Biosciences Inc., no. K-1501). Malachite green forms
666a colored complex with free phosphate, which can be quantified by
667reading the absorption at 620 nm. The resulting absorption was read
668after incubation at room temperature for 20 min in a PerkinElmer
669EnVision multilabel plate reader. Enzyme kinetic parameters were
670determined using nonlinear regression and the Michaelis−Menten
671equation in GraphPad Prism version 5.03 (GraphPad Software, Inc.
672La Jolla, CA, USA). For IC50 determination, 1 μM purified PTEN was
673incubated for 10 min with celastrol (5% DMSO final concentration)
674in 12 concentrations ranging from 0 to 500 μM in reaction buffer
675(Tris-HCl pH 7.4, 140 mM NaCl) in a total volume of 25 μL. The
676reaction was started by adding 3 μL of 25 μΜ final concentration of
677PIP3, which is equivalent to the protein Km for PIP3. The reaction
678was left for 60 min at 37 °C and stopped by the addition of 100 μL of
679malachite green, and the absorbance was read at 620 nm after 20 min
680of incubation at room temperature. The IC50 values were defined the
681same way as for the other phosphatases using GraphPad Prism version
6825.03.
683Assay Interference. Reversibility of the inhibition was assessed
684by jump-dilution experiment.60 A 100× solution containing PTP1B or
685TCPTP (100 nM) was incubated at 37 °C for 30 min with celastrol at
686a concentration that exhibits 90% inhibition (IC90, 21 μM for PTP1B
687and 188 μM for TCPTP). The samples were rapidly diluted 100-fold
688in reaction buffer, resulting in a 1× solution of the protein and 0.21 or
6891.88 μM of celastrol for PTP1B and TCPTP, respectively. At this
690concentration, the compound exhibits 10% inhibition (IC10). The
691reactions were initiated by adding immediately in the resulting
692enzyme solutions DiFMUP to a final concentration equivalent to each
693protein Km for DiFMUP. The reaction was monitored continuously
694for 60 min at 37 °C using a PerkinElmer EnVision multilabel plate
695reader.
696The DiFMUP assay was used to test if celastrol acts as a
697promiscuous inhibitor.61 The effect of protein concentration, of a
698detergent, and of BSA on the inhibition of PTP1B and TCPTP was
699measured. If the IC50 is increased under these conditions, the
700compound acts as a potential aggregator. More specifically, the IC50
701for each protein was measured again in three different conditions, first
702with a 10-fold protein concentration (10 nM), second in the presence
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703 of 0.05% Tween 20 in the buffer conditions, and third in the presence
704 of 0.1 mg/mL BSA in the buffer conditions. The experiments were
705 perfomed and analyzed as it is described above for the IC50
706 determination of 1 nM PTP1B and TCPTP.
707 NMR Spectroscopy. One-dimensional (1D) 1H NMR experi-
708 ments were recorded using a WATERGATE pulse sequence62 at 20
709 °C on a Bruker 600 MHz spectrometer equipped with a cryogenic
710 QCI probehead (1H, 31P, 13C, 15N) equipped with Z-gradients. One
711 dimensional 1H experiments were performed using a WATERGATE
712 pulse sequence with 32k time domain points and 128 scans in 100
713 mM fully deuterated d11-Tris-HCl pH 7.5, 75 mM NaCl, and 10%
714 D2O. STD

63 or competition STD40 experiments for PTP1B1−298 were
715 recorded using an interleaved pulse program with on-resonance
716 protein irradiation at 0.05 ppm and off-resonance irradiation at −5
717 ppm with 2 s effective irradiation, using 800 scans and 32k time
718 domain points (600 MHz). Each experiment was performed using
719 500 μM of celastrol and 500 μM of a derivative of a known active site
720 inhibitor, 4′-aminoxanilic acid (AOAC) (Sigma-Aldrich, no.
721 PH010859) (1% DMSO-d6 final concentration). Reference STD
722 experiments without protein were performed at the same conditions
723 using the same irradiation regions. Spectra were processed using
724 TOPSPIN 3.2 (Bruker Biospin, Rheinstetten, Germany).
725 Backbone chemical shift assignments of PTP1B1−298 were obtained
726 using TROSY versions of 3D HNCACB, HNCA, HN(CO)CA,
727 HN(CA)CO, and HNCO experiments64,65 on a 420 μΜ sample of
728 random fractional (∼70%) deuterated, 13C, 15N labeled PTP1B1−298
729 based on the assignment of a similar construct reported previously.22

730 All data sets were processed using NMRPipe66 and analyzed with
731 CCPN analysis 2.4.2.67

732 NMR binding studies were performed at 20 °C using 100 μM 2H
733 (∼70%), and 15N-labeled PTP1B1−298 or 100 μM 2H (∼70%), 15N-
734 labeled TCPTP1−336 in a 100 mM deuterated d11-Tris-HCl buffer (pH
735 7.5, 75 mM NaCl, 10% D2O) by adding celastrol to a final
736 concentration of 250 μM (0.5% DMSO-d6) for PTP1B and 500 μM
737 (1% DMSO-d6) for TCPTP, monitoring the changes by 1H, 15N
738 TROSY experiments. A reference experiment was performed under
739 the same conditions where the same volume of DMSO-d6 (Eurisotop,
740 no. D010F) was added. Chemical shift perturbations (CSP) were
741 calculated as {[(Δδ1H)2 + (Δδ15N/5)2]}1/2 for each amide group.
742 Similarly, dihydrocelastrol was added to approximately 100 μM 2H
743 (∼70%), 15N-labeled PTP1B1−298 in a 100 mM deuterated d11-Tris-
744 HCl buffer (pH 7.5, 75 mM NaCl, 10% D2O) to a final concentration
745 of 500 μM (1% DMSO-d6), and the changes were monitoring by 1H,
746

15N TROSY experiments. All NMR backbone and NMR binding
747 spectra were recorded on a Bruker Avance III 800 MHz spectrometer
748 equipped with a cryogenic TCI probehead at 20 °C.
749 MALDI-TOF Mass Spectrometry Analysis. First 20 μL of 2 mg/
750 mL PTP1B were incubated with and without celastrol (1:5) (2%
751 DMSO) in a buffer containing 50 mM Tris-HCl pH 7.5, and 75 mM
752 NaCl for 30 min. MALDI-TOF mass spectra were then obtained from
753 a Bruker Ultraflex TOF/TOF with a P10 size Millipore Zip Tip C4 in
754 a cyano-4-hydroxy-cinnamic acid matrix (CHCA, MW189.04 Da),
755 using Bruker standard measurement methods.
756 SwitchSENSE PTP1B−Celastrol Kinetic Experiments. The
757 kinetic and affinity parameters (kon, koff, KD) of the interaction
758 between PTP1B1−298 and celastrol were determined using switch-
759 SENSE technology on a DRX instrument (Dynamic Biosensors
760 GmbH, Martinsried, Germany).38 In this experimental assay setup,
761 PTP1B1−298 was the immobilized ligand on the switchSENSE chip
762 (MPC-48-2-Y1-S) biosensor surface, while celastrol was injected as
763 the analyte in solution. For immobilization on the biosensor surface,
764 PTP1B1−298 was covalently coupled to single-stranded 48mer DNA
765 complementary in sequence to the single-stranded DNA function-
766 alized on the biosensor surface using amine chemistry (amine
767 coupling kit CK-NH2-1-B48). The PTP1B-DNA conjugate was
768 hybridized to the covalently immobilized single-stranded surface
769 DNA. All experiments were carried out in PE40 buffer (10 mM
770 Na2HPO4/NaH2PO4, pH 7.4, 40 mM NaCl, 50 μM EGTA, 50 μM
771 EDTA, 0.05% Tween 20) using the fluorescence proximity sensing
772 (FPS) mode. After the protein immobilization, celastrol was injected

773at increasing concentrations up to 100 μM under a constant flow of
774100 μL/min. During the dissociation phase, the flow channel was
775rinsed with running buffer at a flow rate of 100 μL/min. The
776dissociation kinetics were only recorded for the three highest
777concentration steps. The biosensor surface was regenerated and
778functionalized with fresh PTP1B−DNA conjugate for each associa-
779tion−dissociation measurement cycle. All used consumables were
780obtained from Dynamic Biosensors GmbH, Martinsried, Germany.
781Data analysis was performed by switchANALYSIS software (Dynamic
782Biosensors GmbH, Martinsried, Germany) using a monoexponential
783global fit model.
784Statistical Analyses. Statistical analyses were performed using
785GraphPad Prism version 5.03 (GraphPad Software, Inc. La Jolla, CA,
786USA). All results are presented as means ± SEM. P < 0.05 was
787considered statistically significant.
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