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SUMMARY
Serine/threonine protein phosphatase-5 (PP5) is involved in tumor progression and survival, making it an
attractive therapeutic target. Specific inhibition of protein phosphatases has remained challenging because
of their conserved catalytic sites. PP5 contains its regulatory domains within a single polypeptide chain, mak-
ing it a more desirable target. Here we used an in silico approach to screen and develop a selective inhibitor of
PP5. Compound P053 is a competitive inhibitor of PP5 that binds to its catalytic domain and causes apoptosis
in renal cancer. We further demonstrated that PP5 interacts with FADD, RIPK1, and caspase 8, components of
the extrinsic apoptotic pathway complex II. Specifically, PP5 dephosphorylates and inactivates the death
effector protein FADD, preserving complex II integrity and regulating extrinsic apoptosis. Our data suggests
that PP5 promotes renal cancer survival by suppressing the extrinsic apoptotic pathway. Pharmacologic inhi-
bition of PP5 activates this pathway, presenting a viable therapeutic strategy for renal cancer.
INTRODUCTION

The serine/threonine protein phosphatase PP5 regulates several

signaling cascades that are responsible for tumor initiation, pro-

gression, and metastasis.1–3 Unlike other family members, a sin-

gle gene encodes PP5, and its regulatory and catalytic domains

are all contained within the same polypeptide.4–9 PP5 generally

has low basal activity due to the interaction of the tetratricopep-

tide repeat (TPR) motif at its amino-terminus with the aJ-helix in

the carboxy-terminus. This autoinhibitory state prevents sub-

strates from entering the active site of PP5.10–14 Additionally,

PP5 is a co-chaperone of the molecular chaperone heat shock

protein-90 (Hsp90). Binding of PP5 TPR domain to Hsp90 re-

leases its autoinhibition and activates PP5.11,14–16 Other cellular

factors such as polyunsaturated fatty acids have also been

described to activate PP5 in vitro.13,14,17 Furthermore, we have
Cell C
shown that post-translational modifications of PP5 play a major

role in its switching ‘‘on’’ and ‘‘off’’ in cells.2 The Von Hippel-

Lindau (VHL) tumor suppressor gene is the recognition subunit

of an E3 ubiquitin ligase that canonically recognizes its sub-

strates following an oxygen-dependent prolyl-hydroxylase

(PHD) reaction, with hypoxia-inducible factor (HIFa) being

its most-studied substrate.18–20 However, previous studies,

including from our group, have demonstrated an oxygen and

PHD-independent function for VHL.2,21–23 VHL is involved in

multi-monoubiquitination and subsequent proteasomal degra-

dation of PP5 in a hypoxia- and prolyl-hydroxylation-indepen-

dent manner in normal cells therefore providing an ‘‘off’’ switch

for PP5. Themost common type of kidney cancer, clear cell renal

cell carcinoma (ccRCC), is closely associated with mutations

and inactivation of the VHL tumor suppressor gene.24–26 We

have previously shown that VHL-deficient renal cancer cell lines
hemical Biology 30, 1–12, October 19, 2023 ª 2023 Elsevier Ltd. 1
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Figure 1. Identification and characterization of small molecule inhibitors of PP5

(A) Schematic workflow of in silico screening a library of �3.7-million compounds to identify potential PP5 inhibitors. A single overlapping hit, P0 was used to

identify a set of analogs for cell-based screening. Compounds 5 (P5) and 13 (P13) were selected as candidate PP5 inhibitors.

(B) 786-O cells were treated with the indicated amounts of P5 and P13 for 48 h. The effect of PP5 inhibitors on cell viability was assessed by MTT assay. Error

bars represent the standard deviation (S.D.) of three independent experiments. A Student’s t test was performed to assess statistical significance

**p < 0.01; ***p < 0.001.

(legend continued on next page)

ll
Article

2 Cell Chemical Biology 30, 1–12, October 19, 2023

Please cite this article in press as: Ahanin et al., Catalytic inhibitor of Protein Phosphatase 5 activates the extrinsic apoptotic pathway by disrupting
complex II in kidney cancer, Cell Chemical Biology (2023), https://doi.org/10.1016/j.chembiol.2023.06.026



ll
Article

Please cite this article in press as: Ahanin et al., Catalytic inhibitor of Protein Phosphatase 5 activates the extrinsic apoptotic pathway by disrupting
complex II in kidney cancer, Cell Chemical Biology (2023), https://doi.org/10.1016/j.chembiol.2023.06.026
and patient-derived ccRCC tumors exhibit elevated PP5 levels.2

Additionally, casein kinase 1d (CK1d)-mediated phosphorylation

of T362 in the catalytic domain of PP5 activates this phos-

phatase.2 Pharmacological inhibition of CK1d or down-regula-

tion of PP5 induced apoptosis and reduced proliferation in

VHL-null ccRCC cells, suggesting a prosurvival role for PP5 in

kidney cancer.2 The mechanism of PP5-dependent cell survival

and whether PP5 can be directly targeted, however, remains

elusive.

In this study we used in silico structure-based drug discovery

approach and identified a small molecule (P053) that specifically

binds and inhibits PP5 activity. Inhibition of PP5 in VHL-null

ccRCCcells leads to induction of the extrinsic apoptotic pathway.

We found that PP5 interacts with the extrinsic apoptotic complex

II members FADD, RIPK1, and caspase 8 and dephosphorylates

S194-FADD in anHsp90 independentmanner. Inhibition or down-

regulation of PP5 leads to disassociation of this complex, cleav-

age of caspase 8, and activation of the extrinsic apoptotic

pathway in ccRCC.
RESULTS

Characterization of PP5 specific inhibitors
Since PP5 plays a major role in survival of ccRCC, we sought

to design, develop, and test specific small molecule inhibitors

of this phosphatase.3 In order to identify small molecule an-

tagonists of PP5 an in silico docking study was initiated using

our previously solved X-ray crystal structure of the PP5 active

site (PDB:5HPE).6 The PP5 structure allowed us to employ a

virtual screening strategy to identify new inhibitors of PP5

(Figure 1A). Docking was performed three times with three

different structures, the only differences in the X-ray struc-

tures being the nature of the metal ion bound in the active

site; Mn2+ for PDB: 3H60, Zn2+ for PDB:3H68 and Fe2+ was

substituted for the Zn2+ ion in the PDB:3H68 structure27

(Figures 1A and S1A). The 3-fold docking was performed

due to the promiscuity of PP5 when it comes to metal ion in

the active site, which can be Zn, Mn, or Fe based. The active

site residues of D271, N303, H304, M309, and W386 were

chosen to define the site for docking. Conducting a virtual

screen with the Zinc library of drug like compounds

(�3.7 million compounds)28,29 and DOCK Blaster30 provided

a set of 200 compounds for each crystal structure that were

predicted to bind to the active site of PP5. Interestingly, only

one compound (P0) was found to overlap between two of

these hit-sets (Mn2+and Zn2+) despite the significant similarity

in the crystal structures (Figure S1B).
(C) 786-O cells were treated with 10 mMP5 or P13 or DMSO vehicle control for 24

as a loading control.

(D) PP5 enzyme kinetic data with P5 (orange line), P13 (red line) or no inhibitor (b

(E) Lysates from HEK293 cells transfected with PP5-FLAG were incubated with in

pulldown. Co-pulldown of PP5-FLAG was detected by immunoblotting.

(F) Crystal structure of PP5 active site (gray; PDB: 3H60) with predicted residues

ware (v4.6.0).

(G) WT-PP5-FLAG and predicted binding residue mutants were transiently expr

tinylated P13 followed by streptavidin pulldown (above). PP5 binding to biotiny

mutants is below. EV was used as a control.

(H) P13-BODIPY binding to PP5 measured by fluorescence anisotropy. Points a
We first treated the ccRCC cell line 786-O with the overlapping

hit compound P0 and showed a dose-dependent increase in

phosphorylation of the known PP5 substrates phospho-S13-

Cdc37 and phospho-S211-GR (Figure S1C). This suggested inhi-

bition of PP5-mediated dephosphorylation of these known

substrates. Based on the structure of P0, a number of similarmol-

ecules were purchased and assayed (Figure S1D, compounds

P1-P13) to determine which section of the molecule contained

the pharmacophore. 786-O cells were treated with 20 mM com-

poundsP0-P13 for 18 h, and induction of apoptosis and inhibition

of PP5 was assessed by immunoblotting (Figure S1E). Com-

pounds P4 to P13 led to marked increases in cleaved caspase-

3 (indication of apoptosis) and elevated phosphorylation of PP5

substrates phospho-S13-Cdc37 and phospho-S211-GR (indica-

tion of PP5 inhibition) (Figure S1E).Wenext examined the effect of

varying doses of compounds P4 to P13 on proliferation of ccRCC

cells by the 3-(4, 5-dimethylthiazolyl-2)-2, 5-diphenyltetrazolium

bromide (MTT) assay (FigureS1F).CompoundsP5andP13signif-

icantly inhibited the proliferation of 786-O cells (Figure 1B) and

were therefore selected for further evaluation. These compounds

were resynthesized and their structures were confirmed by
1H NMR, 13C NMR and high-resolution mass spectrometry

(Figures S2A–S2D). We further examined the effect of P5 and

P13on 786-Ocells by immunoblotting anddemonstrate cleavage

of the apoptotic markers caspase-3 and 8 and PARP (Figure 1C).

Taken together, we have identified two potential PP5 small mole-

cule inhibitors that led to induction of apoptosis in ccRCC cells.

PP5 inhibitors specifically bind to the phosphatase-
catalytic domain
We next sought to measure the inhibition of PP5 activity in vitro

with P5 and P13. This was done using custom synthesized phos-

pho-S211-glucocorticoid receptor (GR) peptide as a specific sub-

strate and measuring PP5 activity by assessing free phosphate

release as a result of PP5-mediated peptide dephosphorylation.

As expected, our enzyme kinetics confirmed P5 and P13 to be

competitive inhibitors of PP5 (Figure 1D) with Ki of P5 = 277 ±

50 nM and P13 = 234 ± 50 nM. The binding data are summarized

in Figure 1D. To obtain further evidence to support the binding of

P5 and P13 compounds to PP5 in vivo, we synthesized bio-

tinylated-P5 and biotinylated-P13 (Figures S2E and S2F). For

compound P5, this was accomplished by hydrolysis of the ester

on P5, amide formation with a piperazine linker, and attachment

of biotin to the distal piperazine nitrogen (Figure S2E). In the

case of compound P13, an amminopropyl linker was added to

the sulfonamide nitrogen, with biotin then being attached to the

far end of the linker (Figure S2F). We next transiently expressed

PP5-FLAG in HEK293 cells and then challenged the protein lysate
h. Induction of apoptosis was assessed by immunoblotting. GAPDH was used

lue line) presented as a Lineweaver–Burk plot (n = 3 independent samples).

dicated amounts of biotin-labeled P5 and P13 followed by streptavidin agarose

responsible (green) for contact with P13 (orange) modeled with PyMOL soft-

essed in HEK293 cells. Lysate was incubated with indicated amounts of bio-

lated P13 was examined by immunoblot. Input expression of PP5-FLAG and

re replicate means ± SEM from independent trials for display. (n = 2).
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Figure 2. Inhibitory effect of P053 compound on PP5 and induction apoptosis in VHL-null ccRCC

(A) 786-O cells were treated with 10 mMof the indicated second generation of PP5 inhibitors for 24 h. DMSOwas used as control. PP5 inhibition was evaluated by

immunoblotting for the bona fide substrate phospho-S211-GR. SE (short exposure) and LE (long exposure) of the radiographic film. GAPDH was used as a

loading control.

(B) 786-O cells were treated with 10 mM of the indicated second generation inhibitors of PP5 for 24 h. DMSO was used as control. Induction of apoptosis was

evaluated by immunoblotting using apoptotic markers cleaved PARP and cleaved caspase-8. GAPDH was used as a loading control.

(C) 786-O cells were treated with indicated amounts of P13, P053, P058, P059, and P075 for 24 h and then cell proliferation was assessed by the MTT assay.

A Student’s t test was performed to assess statistical significance *p < 0.05; **p < 0.01 or non-significant (ns).

(D) PP5 enzyme kinetic data with P053 (purple) or no inhibitor (blue line) presented as a Lineweaver–Burk plot (n = 3 independent samples).

(legend continued on next page)
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with different amounts of biotin-P5 and biotin-P13 (Figure 1E). Our

data suggest that PP5-FLAG binds to biotinylated P5 and P13.

Furthermore, at 10 mM biotin-P13 bound more to PP5-FLAG

compared to biotin-P5 (Figure 1E). Due to the improved binding

and activity of P13 relative to P5 we chose to continue further

characterization with only P13.

We thenmutated docking site residues in the active site of PP5

to obtain further insight into the mechanism of P13 binding to

PP5. These included H304Q (catalytically inactive), M309C (pre-

vents dephosphorylation of substrate phospho-Ser13-Cdc37),

and W386F (hyperactivity against substrates) as well as addi-

tional mutants that help coordinate substrate binding based on

our previously published work: R275A, R400A, and Y451F (Fig-

ure 1F).6 These mutants were transiently expressed in HEK293

cells, and then the protein lysates were challenged with different

amounts of biotin-P13 (Figure 1G). Our data showed that H304Q,

M309C, and W386F mutants were unable to bind to biotin-P13,

confirming the P13 binding sites within the PP5 protein (Fig-

ure 1G). Additionally, the R400A mutant had reduced binding

to biotin-P13 compared to the wild-type (WT) PP5 while R275A

and Y451F had increased binding (Figure 1G).

We next synthesized BODIPY-labeled version of compound

P13 (P13-BODIPY) in order to obtain the binding affinity of this in-

hibitor to PP5 in vitro (Figure S3A). This was accomplished by

coupling the azidopropyl-P13 10 with 4,4-difluoro-5,7-dimethyl-

4-bora-3a,4a-diaza-s-indacene-3-propionic acid (BODIPY Acid

13). Using fluorescence anisotropy with recombinant PP5 protein

(Figure S3B), we determined the binding affinity of P13 compound

to PP5 to be 376.2 ± 60 nM (Figure 1H).

Design, synthesis, and characterization of a more
potent PP5 inhibitor
We next used an in silico docking strategy to design series of

small molecule inhibitors of PP5 based on the structure of P13

as a starting point. Examination of the docking pose of compound

P13 in the active site of PP5where the isoxazole is coordinating to

the metal ions yielded some ideas about modifications that could

be beneficial for binding. Neighboring the binding site was a

nonpolar pocket near W386 and M309, which might accommo-

date a tethered nonpolar group off the xylene ring of P13. Addi-

tionally, a more polar pocket near R400 and D388 might also be

accessible for an alcohol or amide tethered through the sulfon-

amide nitrogen of P13. Using this model as a guide, a number

of sulfonamide analogs were designed and docked into the PP5

active site using Autodock Vina. This docking gave a number of

potential new PP5 inhibitors that were predicted to bind to the

active site of PP5 with greater affinity than the parent P13 com-

pound. This led to synthesis of a series of compounds: P052

(16), P053 (20), P058 (22), P059 (17), P062 (18), P070 (19), P075

(23), and P129 (21) (Figure S3C). Compounds 16 and 20were syn-
(E) The structure of PP5 catalytic domain (gray; PDB 3H60) bound to PP5 inhibit

(F) Lysate from 786-O cells was collected and incubated with 1mM biotinylated P

coated agarose beads were used to pulldown the biotinylated compounds. Co-p

(short exposure) and LE (long exposure) of the radiographic film.

(G) VHL containing HK2, Caki-2, and Caki-1 cells and VHL-null cells, A498 and 7

proliferation was assessed by the MTT assay. A Student’s t test was performed

(H) Caki-1, Caki-2, A498, and 786-O cells were treated with 30 or 40 mMP053 or D

was assessed by flow cytometry. Percentage of PI stained cells was normalized
thesized from the addition of the respective aniline to the isoxa-

zole sulfonyl chloride 15 (Figures S3D–S3F). Further modification

of the systemwas accomplishedby alkylationwith 3-chloropropyl

p-toluenesulfonate to provide the alkyl chloride 17. The chloride

17 could then be displaced with sodium azide to access azide

18, which was then reduced to the amide and acylated to provide

acetamide 19. Alcohol 21 and sulfonamide 22 were prepared by

alkylation of sulfonamide 16 with the appropriate alkyl halide,

while nitrile 23 was prepared by displacement of alkyl chloride

17 with sodium cyanide.

We next treated the ccRCC cell line 786-O with 10 mM of the

compounds shown in Figure S3C for 18 h and confirmed that

they inhibit PP5 as evidenced by increased phosphorylation of

S211-GR, which is a known substrate of PP5 (Figure 2A). We

next showed that only compounds P053, P058, P059, and P075

had the ability to induce apoptosis in 786-O cells (Figure 2B).

We then treated 786-O cells with different amounts of P053,

P058, P059, P075 as well as the parent compound P13 for 18 h

andmeasured proliferation byMTT assay (Figure 2C). Compound

P053 significantly inhibited the proliferation of 786-O cells

compared to the other compounds including P13 (Figure 2C). Us-

ing our in vitro PP5 phosphatase specific assay we showed that

P053 also is a competitive inhibitor of PP5 with Ki of 244 ±

50 nM (Figures 2D and S4A). Predicted P053 binding compared

to P5 and P13 within PP5 protein structure is also demonstrated

(Figure 2E). We next challenged the protein lysate from 786-O

cells with 1mM biotin-P5 and P13 followed by competition with

1mM P053 compound (Figure 2F). Our data showed that 1mM

P053 can compete and completely displace PP5 from biotin-P5

and P13 (Figure 2F). This suggests higher affinity of P053 toward

PP5. It is also noteworthy that biotin-P5 and P13 did not bind to

PP2A suggesting their specificity towardPP5 (Figure 2F). Our cur-

rent, as well as previously published work,2 has shown that PP5

plays a pro-survival role specifically in VHL-null ccRCC cells.

We further demonstrated here that P053 significantly inhibited

cell proliferation in VHL-null ccRCC cells, 786-O and A498

compared to normal epithelial renal cell HK2 as well as VHL-pos-

itive ccRCCcell linesCaki-1 andCaki-2 (Figures 2GandS4B). Us-

ing propidium iodide (PI) staining of the ccRCC cells treated with

different amounts of P053 compound, we confirmed that P053

selectively caused cell death in VHL-null ccRCC cells in a dose-

dependent manner (Figures 2H and S4C). Taken together, we

have designed and synthesized a highly specific PP5 inhibitor

that caused induction of apoptosis in VHL-null ccRCC.

PP5 attenuation induces extrinsic apoptosis in clear cell
renal cell carcinoma
Our data obtained here as well as our previous work showed that

pharmacologic inhibition or silencing of PP5 in VHL-null ccRCC

induced apoptosis.2 Given this, we asked whether the observed
ors P5 (green), P13 (orange), and P053 (yellow).

5 or P13 for 1 h and then challenged with 1mM P053 for 30 min. Streptavidin-

ulldown of endogenous PP5 and PP2A was assessed by immunoblotting. SE

86-O, were treated with the indicated amount of P053 for 24 h, and then cell

to assess statistical significance *p < 0.05; **p < 0.01 or non-significant (ns).

MSO control (0 mM) for 24 h. Following propidium iodide (PI) staining cell death

to the vehicle control for each cell line individually.

Cell Chemical Biology 30, 1–12, October 19, 2023 5
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Figure 3. Targeting PP5 activates the extrinsic apoptotic pathway

(A) ccRCC 786-O cells were treated with 10 mM compound P053 for 24 h. Induction of apoptosis was evaluated by immunoblotting using apoptotic markers as

indicated. GAPDH was used as a loading control.

(B) PP5 was silenced by small interfering RNA (siRNA) in VHL-null ccRCC cells 786-O and A498. Induction of apoptosis was evaluated by immunoblotting using

apoptotic markers as indicated. siCtrl represents the non-targeting siRNA control. GAPDH was used as a loading control.

(C) Inhibition of CK1d by indicated amounts of IC261 for 16 h in 786-O cells. Induction of apoptotic markers was assessed by immunoblotting. GAPDH was used

as a loading control.

(D) ccRCC 786-O cells were treated in presence (+) or absence (�) of 10mMapoptotic inhibitor z-VAD-fmk for 1 h followed by the addition of indicated amounts of

CK1d inhibitor, IC261, for an additional 16 h. Induction of apoptosis was evaluated by the immunoblotting. GAPDH was used as a loading control.

(E) Schematic representation of the extrinsic apoptotic pathway. Death receptors are activated by binding of death ligands. The leads to binding of adapters and

ultimately formation of complex II containing FADD, RIPK1, and pro-caspase-8. Upon complex II formation, caspase-8 is activated and then released from the

complex leading to downstream caspase induction and apoptosis.

(F) Endogenous PP5 was immunoprecipitated (IP) from 786-O cells. Co-immunoprecipitation (co-IP) of FADD, RIPK1, and caspase-8 was examined by

immunoblot. IgG was used as a control. GAPDH was used as a loading control.

(legend continued on next page)

ll
Article

6 Cell Chemical Biology 30, 1–12, October 19, 2023

Please cite this article in press as: Ahanin et al., Catalytic inhibitor of Protein Phosphatase 5 activates the extrinsic apoptotic pathway by disrupting
complex II in kidney cancer, Cell Chemical Biology (2023), https://doi.org/10.1016/j.chembiol.2023.06.026



ll
Article

Please cite this article in press as: Ahanin et al., Catalytic inhibitor of Protein Phosphatase 5 activates the extrinsic apoptotic pathway by disrupting
complex II in kidney cancer, Cell Chemical Biology (2023), https://doi.org/10.1016/j.chembiol.2023.06.026
apoptosis resulted fromthe intrinsicorextrinsic signalingpathway.

First, treatment of VHL-null ccRCC lines 786-O with P053 caused

increased cleavage of the executioner caspase-3 and the down-

stream target poly-ADP ribose polymerase (PARP), hallmarks of

generalized cell death (Figure 3A). Interestingly, cleavage of cas-

pase 8 but not caspase 9 indicated that PP5 inhibition resulted in

activation of extrinsic apoptosis (Figure 3A). We obtained similar

results with small interfering RNA (siRNA)-mediated knock-down

(KD) of PP5 in the VHL-null ccRCC lines 786-O and A498 (Fig-

ure 3B). T362-PP5phosphorylationbyCK1d is coupled to its activ-

ity.2 We have shown that inhibition of CK1d using the small mole-

cule IC261 decreased PP5 activity and induced apoptosis in

VHL-null ccRCC cell lines.2 Accordingly, treatment of 786-O cells

with IC261 induced extrinsic apoptosis in a dose-dependent

manner (Figure 3C). Inhibition of caspase activity using the pan-

caspase inhibitor z-VAD-fmk reversed this effect (Figure 3D). Our

data here suggests that KD or inhibition of PP5 activates the

extrinsic apoptotic pathway in VHL-null ccRCC.

PP5 dephosphorylates FADD
To determine which aspect of extrinsic apoptosis is regulated by

PP5, we examined PP5 association with extrinsic apoptosis pro-

teins Fas-Associated by death domain (FADD) and receptor in-

teracting serine/threonine kinase 1 (RIPK1). These two proteins,

along with caspase-8, comprise complex II of the extrinsic

apoptotic pathway (Figure 3E).31–34 We found that PP5 interacts

with the members of complex II (Figure 3F). Immunoprecipitation

(IP) of PP5 from 786-O cells demonstrated co-IP of FADD,

RIPK1, and caspase-8 (Figure 3F).

Previous work has shown that phosphorylation of S194-FADD

is important for its pro-apoptotic activity,35 therefore, we hypoth-

esized that PP5 targets and dephosphorylates S194-FADD to

suppress apoptosis. Indeed, we found that overexpression of

PP5 in 786-O cells led to decreased S194-FADD phosphoryla-

tion (Figure 3G). The bona fide PP5 substrate glucocorticoid re-

ceptor (S211-GR) has been included as a control for PP5 activity

(Figure 3G). In further support of FADD as a PP5 substrate,

siRNA-mediated KD of PP5 in these cells led to increased phos-

phorylation of S194-FADD (Figure S4D). Additionally, we made a

similar observation of increased phosphorylation of S194-FADD

in CRISPR/Cas9 mediated-knockout (KO) of PP5 in HAP1 cells

(Figure S4E). In agreement with these findings, inhibition of

PP5 activity in 786-O and A498 cells using IC261 led to an in-

crease in S194-FADD phosphorylation (Figure 3H). Of note,

overexpression of PP5-FLAG does not appear to impact the

phosphorylation of S161-RIPK1 and S166-RIPK1 (Figure S4F).

Taken together, our findings here indicate that PP5 can poten-

tially regulate extrinsic apoptosis by dephosphorylating FADD.

PP5 associates with intact complex II
To gain further understanding of the dynamic of PP5 interaction

with complex II, we usedCRISPR/Cas9-mediated knockout (KO)

of PP5, FADD, and RIPK1 in HAP1 cells. These haploid cell lines
(G) WT-PP5-FLAG was transiently expressed and isolated from 786-O cells. Co-I

S194-FADD was assessed by immunoblot. PP5 activity was evaluated by immun

was used as a loading control.

(H) CK1dwas inhibited with indicated amounts of IC261 for 24 h in ccRCC cells 78

anti-cleaved caspase-3 antibody. Phosphorylation of S194-FADD was evaluated
are a great resource for gene deletion in mammalian cells.36

Immunoprecipitation (IP) of FADD from PP5 KO cells showed

FADD interaction with RIPK1 was abrogated (Figure 4A). Simi-

larly, IP of RIPK1 from these cells also demonstrated loss of

interaction with FADD (Figure 4A), therefore indicating that PP5

is necessary for mediating FADD:RIPK1 complex formation.

We then confirmed this model in both FADD and RIPK1 KO

HAP1 cells. Our data demonstrated interaction of PP5 and

FADD was unaffected in RIPK1 KO cells (Figure 4B). Likewise,

interaction of PP5 and RIPK1 was maintained in FADD KO

HAP1 cells (Figure 4C).

Previous work showed that FADD and RIPK1 interaction is

dependent on their death domains.37,38 In order to determine

whether the death domain (DD) is involved in complex formation

with PP5 in a cellular context, we created truncated FADD

(FADD-DDD) (Figure 4D) andRIPK1 (RIPK1-DDD)37–39 (Figure 4E)

constructs that lack this death domain. PP5 failed only to co-IP

with death domain-deleted FADD (FADD-DDD) (Figure 4D),

demonstrating the requirement of this interaction domain for

complex II assembly with PP5.

Since a vast majority of PP5 substrates are also clients of the

molecular chaperone Hsp90, we asked whether RIPK1 and

FADD are clients of this chaperone. We therefore performed a

time course assay using the Hsp90 inhibitor SNX-2112 (2 mM)

in HEK293 cells. Upon inhibition of Hsp90 clients such as

Tsc2, Akt and phos-Ser473-Akt were destabilized and degraded

(Figure 4F).40,41 Consistent with previously published work,42 we

observed decreased RIPK1 protein levels after 16 h treatment

with SNX-2112 (Figure 4F). Notably, we did not observe a

decrease in FADD levels throughout the time course (Figure 4F).

These data suggest that RIPK1, but not FADD, is an Hsp90

client. To further understand the relationship between FADD

and Hsp90, we immunoprecipitated endogenous FADD from

786-O cells and examined the co-IP of Hsp90 (Figure 4G).

Consistent with our previous results, we saw FADD interaction

with PP5, however, we did not observe any interaction between

FADD and Hsp90 (Figure 4G). These data suggest that FADD

and PP5 interact independently of Hsp90. Taken together, our

data demonstrates PP5 functions tomaintain complex II integrity

by interacting with FADD and RIPK1 (Figure 4H).

DISCUSSION

PP5 plays a significant role in proliferation and survival of mul-

tiple cancers including kidney cancer.3,43 Our previous work

has shown that downregulation of PP5 or pharmacologic inhibi-

tion of its regulator CK1d caused induction of apoptosis.2 Here

we dissected the induction of this pathway and demonstrated

the direct involvement of PP5 in the extrinsic apoptotic

pathway. Presence of functional PP5 appears to be important

for interaction of FADD and RIPK1. Phosphorylation of S194-

FADD has been shown previously to be important for its pro-

apoptotic activity and suppresses tumorigenesis.35,44 Our
P of FADD and GR was examined by immunoblotting. Phosphorylation level of

oblotting for the bona fide substrate phospho-S211-GR as a control. GAPDH

6-O and A498. Induction of apoptotic markers shown by immunoblotting using

by western blot. GAPDH was used as a loading control.
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Figure 4. PP5 mediates complex II formation

(A) Endogenous FADD (left) and RIPK1 (right) were IP from WT-HAP1 and PP5-KO HAP1 cells. Co-IPs of RIPK1 and FADD were examined by immunoblot.

GAPDH was used as a loading control.

(B) Endogenous FADD (left) and PP5 (right) were IP fromWT-HAP1 and RIPK1-KO HAP1 cells. Co-IPs of PP5 and FADD were examined by immunoblot. GAPDH

was used as a loading control.

(C) Endogenous RIPK1 (left) and PP5 (right) were IP fromWT-HAP1 and FADD-KO HAP1 cells. Co-IPs of PP5 and RIPK1 were examined by immunoblot. GAPDH

was used as a loading control.

(D) FADD-FLAG and death domain deleted FADD (FADD-FLAG-DDD) were transiently transfected and IP from HEK293 cells. EV was used as a control. Co-IP of

RIPK1 and PP5 was examined by immunoblot. GAPDH was used as a loading control.

(legend continued on next page)
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data suggest that PP5 mediates dephosphorylation of S194-

FADD, independent of Hsp90 and facilitates FADD binding to

RIPK1 via their death domains. The presence of active PP5 in

complex II appears to maintain suppression of extrinsic

apoptosis in VHL-null ccRCC and blocks the cleavage of cas-

pase-8. Downregulation or inhibition of PP5 leads to increased

phosphorylation of S194-FADD as well as cleavage of caspase-

8 and induction of the extrinsic apoptotic pathway in VHL-null

ccRCC. Of note, it has also been shown that many ccRCCs

exhibit lower levels of FADD than adjacent normal kidney, how-

ever, it is not yet clear whether this may be related to PP5 upre-

gulation and how FADD is functioning in that context.45 Further-

more, S194-FADD phosphorylation has also been shown to

regulate FADD function in cell cycle regulation.31,46,47 PP5 plays

a number of roles in cell cycle regulation and this may be in part

through FADD.

There are currently no reports of compounds that specifically

inhibit PP5 function within cells.48–50 Zhang et al. designed a

bifunctional molecule phosphatase recruiting chimera (PHORC)

to specifically activate PP5 phosphatase activity toward the sub-

strate Ask1.51 As PP5 is upregulated in a wide variety of cancers,

a similar approach such as using proteolysis targeting chimeras

(PROTACs) to specifically degrade PP5 may be beneficial for

cancer therapy. Interestingly, LB-100, which has been devel-

oped as a specific PP2A inhibitor and is now in both phase 1

and phase 2 clinical trials for various cancers, has also been

shown to inhibit PP5 and PP1.52–54 There are numerous reports

highlighting the role of PP5 in cancer progression and survival

due to its functions in cell cycle regulation, DNA damage

response, and signaling pathways.3 These observations suggest

a therapeutic benefit of PP5 inhibitors for the clinical treatment of

wide variety cancers. Furthermore, the detailedmolecular mech-

anism of the prosurvival role of PP5 in renal cancer prompted us

to screen for and identify a small molecule inhibitor for this phos-

phatase. We took advantage of available X-ray crystal structures

of the PP5 active site and performed 3-fold docking due to the

promiscuity of PP5 to the metal ion in the active site, which

can be a Zn, Mn, or an Fe ion. We chose residues D271, N303,

H304, M309, and W386 to define the ‘‘active site’’ for docking,

as these residues are near the metal ions in the active site of

PP5.6 Our in silico screen and further cell-based assays led us

to the identification of two compounds, P5 and P13. We further

developed and synthesized the P053 compound based on

P13. These inhibitors have high affinity (nM range) toward PP5

and appear to make contact with the active-site residues

H304, M309, W386, and R400 within the substrate-binding

pocket. We also found these compounds can bind to PP5 from

VHL-null ccRCC and cause apoptosis in these cells. Interest-

ingly, although the PP5 active-site residues are conserved in
(E) RIPK1-HA and death domain deleted RIPK1 (RIPK1-HA-DDD) were transiently

FADD and PP5 was examined by immunoblot. GAPDH was used as a loading c

(F) HEK293 cells were treatedwith 2mMSNX-2112 for the indicated times. FADD a

Tsc2, Akt and phos-Ser473-Akt were used as a positive control. GAPDH was us

(G) FADD was IP from 786-O cells. Co-IP of PP5 and Hsp90 was evaluated by im

control.

(H) Schematic illustration of PP5-mediated downregulation of the extrinsic apop

death receptors and complex II formation, caspase-8 is cleaved resulting in ac

dephosphorylates FADD on S194, the downstream apoptotic pathway is suppre
other phosphatases such as PP2A, we did not observe any bind-

ing of our compounds to PP2AC, which is the catalytic subunit

of PP2A, from cell lysate at the concentration at which they

bound PP5.

The role of PP5 in cancer cell proliferation and survival as well

as its unique structure make it an attractive therapeutic target.

Important next steps for further evaluation of these PP5 inhibitors

are to examine their pharmacokinetic and pharmacodynamic

parameters as well as their effect on VHL-null ccRCC xenograft

models. Examination in other cancers in which PP5 has been

seen to play a pro-tumorigenic role is also warranted. Further

refinement may be needed to optimize their on-target effects,

but ultimately this work reveals a potential for small molecule

PP5 inhibition in the clinic.

Limitations of the study
The PP5 inhibitors designed in this study bind specifically to and

inhibit PP5 in vitro at nM range. However, in the cellular context,

we used these PP5 inhibitors at low mM in order to achieve

apoptosis in ccRCC cell lines. Although we do not currently

have experimental evidence, there are a number of reasons

that can potentially explain this phenomenon. For instance,

these drugs must cross the plasma membrane to enter the cell

and inhibit the target, and therefore higher amounts are needed

to achieve a potent inhibitory effect. Additionally, the PP5 protein

used in our biochemical analysis was expressed and purified

from bacteria, and therefore it is devoid of any posttranslational

modifications. However, PP5 targeted in ccRCC cells is sub-

jected to various posttranslational modifications2 and this may

potentially impact the binding affinity to the small molecule inhib-

itors of PP5.

SIGNIFICANCE

Protein phosphatase 5 is a serine/threonine phosphatase

and a co-chaperone of Hsp90 that helps regulate an array

of cellular functions including stress response, proliferation,

apoptosis, and DNA repair.3 PP5 plays a significant role in

survival and propagation of multiple cancers, which makes

it a promising target for cancer therapy. Though there are

several naturally occurring phosphatase inhibitors, none

are specific for PP5. Additionally, the detailed molecular

mechanism of PP5 prosurvival role in cancer has remained

elusive. In this manuscript we have addressed these two

overarching gaps in our knowledge. We previously solved

the X-ray crystal structure of PP5 bound to its substrate pep-

tide Cdc37.6 We used this information as well as other X-ray

crystal structures of PP5 to conduct an in silico drug screen.

This led to identification and development of selective and
transfected and isolated fromHEK293 cells. EVwas used as a control. Co-IP of

ontrol.

nd RIPK1 protein levels were examined by immunoblot.Bona fideHsp90 clients

ed as a loading control.

munoblot. IgG was used as a negative control. GAPDH was used as a loading

totic pathway. On the left, in the absence of PP5, following activation of the

tivation of apoptosis. On the right, when PP5 associates with complex II and

ssed and leads to ccRCC cell survival.
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competitive inhibitors of PP5. To our knowledge, this is the

first known compound that specifically targets only the

PP5 phosphatase. The second part of this story focuses on

dissecting the molecular mechanism of PP5 in cancer cell

survival. We previously reported the prosurvival role of PP5

in kidney cancer.2 In this study we provide amechanistic un-

derstanding of PP5 role in cells. We demonstrated that PP5

interacts with FADD, RIPK1, and caspase-8, components

of the extrinsic apoptotic pathway complex II. Specifically,

PP5 dephosphorylates and inactivates the death effector

protein FADD in an Hsp90 independent manner, therefore

preserving complex II integrity and regulating extrinsic

apoptosis. Small molecule inhibition of PP5 activates this

pathway, presenting a viable therapeutic strategy for renal

cancer.
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Materials availability
Plasmids generated in this study will be made available on request following a completed material transfer agreement.

Data and code availability
d The 200 compounds identified by the initial in silico screen reported in this paper will be shared by the lead contact upon

request.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cell lines
Cultured human embryonic kidney (HEK293), (Human, uknown) and human kidney 2 (HK2), (Human, Male) cells were grown in

Dulbecco’s Modified Eagle Medium (DMEM, Sigma-Aldrich), 786-O cells (Human, Male) in Roswell Park Memorial Institute (RPMI)

1640 Medium (Sigma-Aldrich), A498 cells (Human, Female) in Minimum Essential Medium (MEM, Sigma-Aldrich), Caki-1 (Human,

Male) and Caki-2 cells (Human, Male) in McCoy’s 5AMedium (Sigma-Aldrich) andWT HAP1 (Human, Male) and knock-out (KO) cells

(Human, Male) in Isocove’s Modified Dulbecco’s Medium (IMDM, Gibco), all supplemented with 10% fetal bovine serum (FBS,

Sigma-Aldrich). WT-HAP1 and KO cell lines were acquired from Horizon Discovery. All other cell lines were obtained from (American

Type Culture Collection, ATCC). Cells were maintained in a CellQ incubator (Panasonic Healthcare) at 37�C in an atmosphere

containing 5% CO2.

Plasmids
For mammalian expression, pcDNA3-PP5-FLAG and the M309C and W386F point mutations were created previously.2,6 Site-

directed mutagenesis was performed to mutate R275A, H304Q, R400A, and Y451F residues (see Table S1) and confirmed by

DNA sequencing. The pcDNA3-FLAG-FADD and pcDNA3-HA-RIPK1 were purchased from Addgene. FLAG-FADD-DDD as well

as HA-RIPK1-DDD constructs were subcloned using the primers listed in Table S1. For bacterial expression, we used our previously

reported human PP5 gene in pGEX6P1 plasmid with an N-terminal GST tag and C-terminal His6 tag.
6

METHOD DETAILS

Cell transfection and treatment
Cultured cells were split and then transfected the following day when about 40% confluent with each construct using Mirus TransIT-

2020 (MirusBio) according tomanufacturer’s protocol. Cells were incubated at 37�C and then extracted or collected for analysis after

24hrs (HEK293) or 72hrs (ccRCCcell lines). Short interfering RNA (siRNA) scramble control and PPP5C (PP5) targeting duplexeswere

purchased from OriGene (SKU: SR321403A, SR321403B, and SR321403C). Indicated cells were transiently transfected with the

siRNA using Mirus TransIT-2020. For PP5 knock-down, either 30 nM of control siRNA or 10 nM of each PP5 siRNA duplex (A, B

and C) were mixed prior to transfection. Cells were incubated at 37�C for 72hrs, then harvested for protein extraction. To inhibit

PP5 activity, 786-O cells were incubated with indicated amount of IC261 (Abcam) for 16hrs. Blockage of caspase activity was per-

formed by treatment with 10mM of z-VAD-fmk (Enzo Life Sciences) for 1 h followed by IC261 treatment with the indicated amount for

16hrs. Cells were then harvested for protein extraction.

Protein extraction, immunoprecipitation, and immunoblotting
Protein extraction frommammalian cells was carried out using methods previously described.55,56 Cell lysates were quantified using

1X Bradford reagent (Biorad). For immunoprecipitation, cell lysates were incubated with anti-FLAG antibody conjugated beads

(Sigma) or anti-HA conjugated beads (ThermoFisher Scientific) at 4�C for 2hrs. Endogenous IPs were achieved by incubating lysate

with anti-PP5 antibody (Cell Signaling), anti-FADD antibody (Cell Signaling), or anti-RIPK1 antibody (Cell Signaling) overnight followed

by protein G agarose (Invitrogen) at 4�C for 2hrs. Immunopellets were washed 4 times with fresh lysis buffer (20 mMTris-HCl (pH 7.4),

100 mM NaCl, 1 mM MgCl2, 0.1% NP40, protease inhibitor cocktail (Roche), and PhosSTOP (Roche)) and eluted in 53 Laemmli

buffer. Precipitated proteins were separated by SDS-PAGE and transferred to nitrocellulose membranes. Co-immunoprecipitated

proteins or proteins from cell lysate were detected with antibodies recognizing FLAG, 6x-His (ThermoFisher Scientific), GAPDH

(ENZO Life Sciences), Cdc37 (StressMarq), GR, phospho-GR (S211), PP5, caspase-3, cleaved caspase-3, caspase-8, cleaved

caspase-8, cleaved caspase-7, cleaved-PARP, phospho-RIPK1 (S166), phospho-FADD (S194), PP2A-C, VHL (Cell Signaling), phos-

pho-RIPK1 (S161) (Invitrogen), PP5 and phospho-Cdc37 (S13) (Abcam). Secondary antibodies raised against mouse and rabbit (Cell

Signaling) were used (See key resources table).

Bacterial expression and protein purification of PP5
Human PPP5cwas cloned into pGEX6P1 with an N-terminal GST tag and C-terminal His6 tag. Transformed cells were grown at 37�C
in LB with 100 mg/L ampicillin until OD600 = 0.6 and induced with 1 mM IPTG. Cells were harvested by centrifugation and lysed by
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ll
Article

Please cite this article in press as: Ahanin et al., Catalytic inhibitor of Protein Phosphatase 5 activates the extrinsic apoptotic pathway by disrupting
complex II in kidney cancer, Cell Chemical Biology (2023), https://doi.org/10.1016/j.chembiol.2023.06.026
sonication in lysis buffer (50 mM HEPES (pH 8.0), 150 mM NaCl, 0.5 mM TCEP and EDTA-free protease inhibitor cocktail tablet

(Roche)). Lysate was incubated with talon resin (Takara Bio) for 1 h at 4�C. The resin was washed three times with lysis buffer and

PP5 was eluted with lysis buffer containing 250 mM imidazole. Precision protease was added to the elution overnight to cleave

the GST tag and the sample was then mixed with Glutathione Sepharose resin (Cytiva) to remove the free GST and un-cleaved pro-

tein. The sample was applied to a Superdex S75 16/60 size exclusion column (GE Healthcare) and eluted in 100 mM NaCl, 20 mM

HEPES pH 8, 02 mM TCEP.

Cell viability assay
Renal cancer cell lines 786-O, Caki-2, Caki-1, and A498 as well as the normal renal cell line HK-2 were plated at 10,000 cells per well

in 96-well plates. Cells were treated with different amounts of inhibitors (P075, P059, P058, P13, P053) and DMSOwas used as con-

trol (0 mM). After 24 or 48hrs, cell viability assay was performed using the Quick Cell Proliferation Kit Plus (BioVision) according to the

manufacturer’s protocol. The absorbance at 450 nm was measured on a Tecan Infinite M200 Pro and proliferation rate was

calculated.

In silico docking
Virtual high throughput docking simulations were carried out using Dockblaster30 with the Zinc library of drug like compounds

(�3.7 million compounds).28,29 PDB structures of PP5 (PDB: 3H60 and 3H66) were used as receptor structures. In preparation for

docking the water molecules were eliminated, and any missing hydrogens and charges were added to the system to generate the

receptor input file. The active site residues of D271, N303, H304, M309 and W386 were chosen to define the active site for docking,

as these residues are nearby the active site. Once biological activity was of an inhibitor was confirmed, docking was performed again

using Autodock Vina (57 to generate docking poses which were used to guide synthetic efforts. The Autodock docking calculation

was carried out using a grid per map with 403 403 40 Å points of (PDB: 3H60) in addition to a grid-point spacing of 0.375 Å, which

was centered on the metals in the active site.

Synthesis of small molecules
General experimental information for the synthesis of small molecules

All anhydrous reactions were run under a positive pressure of argon. Dichloromethane (DCM) was dried by passage through an

alumina column. 1,2-Dichloroethane (DCE) was freshly distilled from calcium hydride before use. Tetrahydrofuran (THF) was freshly

distilled from Na/benzophenone still before use. DMF was distilled from calcium hydride under reduced pressure. Ethyl acetate (EA)

and hexanes were purchased from commercial sources and used as received. Silica gel column chromatography was performed

using 60 Å silica gel (230�400 mesh). Melting points were obtained on crystalline compounds and are uncorrected. The BODIPY

acid 13 was prepared as reported previously.58

Methyl 3-aminobenzoate 2 (4.23 g, 28.1 mmol) was dissolved in 52 mL DMF and cooled to 0�C. Pyridine (4.1 mL, 51 mmol) was

then added and the mixture stirred for 10 min. 3,5-Dimethyl-isoxazole-4-sulfonyl chloride 1 (5.00 g, 25.5 mmol) was then added in

portions over 1 h. The reaction was then allowed to warm to room temperature (RT) and stirred for 16 h. The reaction was

quenched by adding 1M HCl until the pH remained below 2 (�60 mL). The reaction mixture was then taken up in EA (400 mL)

and washed with 1M HCl (2 3 200 mL) and brine (2 3 200 mL). The organic layer was dried (MgSO4) and concentrated

to give a yellow solid. Purification using silica gel chromatography (50% EA/50% hexanes) provided pure 3 (5.65 g, 72%) as a

yellow solid.

Methyl m-(3,5-dimethyl-4-isoxazolylsulfonylamino)benzoate 3 (P5)

mp = 140–142�C; TLC Rf = 0.45 (50% EA/50% hexanes); IR (ATR) 3226, 2970, 2359, 2341, 1692, 1588, 1339, 1306 cm�1; 1H NMR

(400 MHz, CDCl3) d 7.84–7.81 (m, 2H), 7.79 (bs, 1H), 7.43–7.36 (m, 2H), 3.93 (s, 3H), 2.52 (s, 3H), 2.30 (s, 3H); 13C NMR (100 MHz,

CDCl3) d 174.4, 166.6, 157.6, 136.5, 131.5, 129.9, 126.8, 125.7, 122.3, 115.4, 52.8, 12.7, 10.8; HRMS (ESI+) m/z calculated (calcd)

for C13H14N2O5S [M + Na]+: 333.0516, found: 333.0515.
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Potassium hydroxide (8.5 g, 152 mmol) was dissolved in 40 mL of water and MeOH (160 mL) was added. The ester 3 (P5) (5.2

g, 16.9 mmol) was then added and the reaction mixture was stirred for 16 h at RT. The reaction mixture was then quenched by

slowly adding 1M HCl until the pH remained below 2 (�180 mL). The methanol was then removed in vacuo and the residue was

taken up in water (200 mL). This mixture was extracted with EA (3 3 150 mL), and the combined organic extracts were dried

(MgSO4) and concentrated to provide carboxylic acid 4 (4.82 g, 96%) as an off white solid which was used without further

purification.

m-(3,5-Dimethyl-4-isoxazolylsulfonylamino)benzoic acid 4

mp = 184–187�C; TLC Rf = 0.51 (100% EA); IR (ATR) 3157, 2980, 2359, 1694, 1590, 1408, 1118 cm�1; 1H NMR (400 MHz, CD3OD)

d 7.80–7.78 (m, 2H), 7.42–7.38 (m, 1H), 7.33–7.30 (m, 1H), 2.49 (s, 3H), 2.26 (s, 3H); 13C NMR (100MHz, CD3OD) d 175.3, 168.8, 158.9,

138.6, 133.2, 130.6, 127.4, 126.7, 123.1, 116.8, 12.5, 10.7.

Carboxylic acid 4 (1.0 g, 3.37mmol) was dissolved in 25mLDMF and EDCI (0.79 g, 5.05mmol), HOBt (80%, 0.95 g, 6.31mmol) and

diisopropylethylamine (0.88 mL, 5.05 mmol) were added. After aging for 30 min, tert-butyl piperazine-1-carboxylate (0.94 g,

5.05 mmol) was then added in one portion. The reaction mixture was stirred at RT for 3 h, and then quenched by the addition of brine

(30 mL). The mixture was then taken up in EA (100 mL) and washed with water (2 3 60 mL) and brine (2 3 60 mL). The organic layer

was then dried (MgSO4) and concentrated. Purification of the residue using silica gel chromatography (60% EA/40% hexanes) gave

amide 5 as a white solid (1.62 g, 94%).

tert-Butyl 4-[m-(3,5-dimethyl-4-isoxazolylsulfonylamino)benzoyl]-1-piperazine carboxylate 5

mp = 187–189�C; TLC Rf = 0.61 (80% EA/20% hexanes); IR (ATR) 3080, 2974, 2359, 2341, 1618, 1614, 1165, 1120 cm�1; 1H NMR

(400 MHz, CDCl3) d 8.59 (bs, 1H), 7.32–7.30 (m, 2H), 7.15–7.12 (m, 2H), 3.76–3.37 (m, 8H), 2.49 (s, 3H), 2.28 (s, 3H), 1.47 (s, 9H); 13C

NMR (100MHz, CDCl3) d 173.7, 169.7, 157.6, 154.5, 137.1, 136.2, 129.5, 123.8, 123.3, 121.4, 115.6, 80.6, 47.7, 47.6, 43.5, 42.5, 28.4,

12.6, 10.8.
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The Boc protected amine 5 (0.95 g, 20.43 mmol) was dissolved in 1:1 DCM:TFA (60 mL) and stirred for 1 h. The solvent was then

evaporated, and the crude TFA salt was used in the next step without further purification. Biotin (1.01 g, 2.19 mmol), EDCI (0.51 g,

3.3 mmol), HOBt (0.62 g, 4.1 mmol) were dissolved in 20 mL of DMF and diisopropylethylamine (0.77 mL, 4.4 mmol) was then added.

After stirring for 10min the crude TFA salt (0.80 g) was then added to the reactionmixture in portions. The reaction was then stirred for

16 h at RT. The reaction mixture was then taken up in brine (30 mL) and extracted with EA (33 30 mL). The combined organic layers

were washed with water (2 3 30 mL) and brine (2 3 30 mL), dried (MgSO4) and concentrated. Purification using silica gel chroma-

tography (5% MeOH/95% DCM) gave the biotin-P5 6 as a white solid (0.53 g, 40%).

N-[3-(4-(4-[(3aS,4S,6aR)-2-Oxo-hexahydro-1H-thieno[3,4-day]imidazol-4-yl]butanoyl) piperazine-1-carbonyl)phenyl]-

3,5-dimethyl-1,2-oxazole-4-sulfonamide 6 (biotin-P5)

TLC Rf = 0.40 (30% EA/70% toluene); IR (ATR) 3083, 2978, 2359, 2341, 1686, 1614, 1406, 1120 cm�1; 1H NMR (400 MHz, CDCl3)

d 7.43 (t, J = 7.9 Hz, 1H), 7.27–7.24 (m, 2H), 7.19–7.18 (m, 1H), 4.49 (dd, J = 7.8, 4.7 Hz, 1H), 4.31 (dd, J = 7.8, 4.4 Hz, 1H), 3.67–

3.37 (m, 8H), 3.24–3.20 (m, 3H), 2.93 (dd, J = 12.7, 4.9 Hz, 1H), 2.70 (d, J = 12.7 Hz, 1H), 2.48–2.47 (m, 5H), 2.25 (s, 3H), 1.78–

1.57 (m, 4H), 1.51–1.46 (m, 2H); 13C NMR (100 MHz, CDCl3) d 175.2, 174.2, 171.5, 166.0, 158.9, 138.7, 137.7, 131.0, 125.0,

124.5, 116.9, 63.3, 61.6, 57.0, 46.4, 46.3, 42.8, 42.6, 41.0, 33.6, 29.8, 29.5, 26.2, 12.6, 10.8; HRMS (ESI+) m/z calcd for

C26H34N6O6S2 [M + Na]+: 613.1879, found: 613.1872.

3,4-Dimethylaniline 7 (1.36 g, 11.2 mmol) was dissolved in 20 mL DMF and cooled to 0�C. Pyridine (1.7 mL, 20.4 mmol) was then

added and the mixture stirred for 10 min 3,5-Dimethyl-isoxazole-4-sulfonyl chloride 1 (2.00 g, 10.2 mmol) was then added in portions

over 1 h. The reaction was then allowed to warm to RT and stirred for 16 h. The reaction was quenched by adding 1M HCl until the

pH remained below 2 (�25mL). The reaction mixture was then taken up in EA (80 mL) and washed with 1MHCl (23 50mL) and brine

(23 50 mL). The organic layer was then dried with MgSO4. Filtration and evaporation of solvent yielded a red-brown solid which was

further purified using silica gel chromatography (40% EA/60% hexanes) to provide sulfonamide 8 as a beige solid (2.04 g, 73%).

(3,5-Dimethyl-4-isoxazolylsulfonyl)(3,4-xylyl)amine 8 (P13)

mp = 90–92�C; TLC Rf = 0.48 (50% EA/50% hexanes); IR (ATR) 3250, 2920, 1591, 1327, 1118 cm�1; 1H NMR (400 MHz, CDCl3)

d 7.06–7.01 (m, 2H), 6.87–6.86 (m, 1H), 6.81 (dd, J = 8.0, 2.4 Hz, 1H), 2.42 (s, 3H), 2.27 (s, 3H), 2.20 (s, 3H), 2.19 (s, 3H); 13C NMR

(100 MHz, CDCl3) d 174, 157.8, 138.2, 135.3, 133, 130.6, 124.4, 120.5, 115.5, 19.8, 19.3, 12.6, 10.9. HRMS (ESI+) m/z calcd for

C13H16N2O3S [M + H]+: 281.0954, found: 281.0955.

The sulfonamide 8 (P13) (1.80 g, 6.42 mmol) and K2CO3 (1.95 g, 14.12 mmol) were suspended in 22 mL DMF and stirred for 15 min

at RT. 3-Chloropropyl p-toluenesulfonate (2.39 g, 9.63 mmol) was then added and the reaction was heated to 80�C (oil bath temper-

ature). After 20 h, the reaction mixture was allowed to cool to RT and 30 mL water was added. The reaction mixture was then ex-

tracted with EA (3 3 30 mL). The combined organic layers were washed with brine (100 mL), dried with MgSO4 and filtered. After

evaporating the solvent, the residue was purified using silica gel chromatography (5% EA/95% hexanes) to provide alkyl chloride

9 as a pale yellow solid (1.89 g, 83%).
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(3-Chloropropyl)(3,5-dimethyl-4-isoxazolylsulfonyl)(3,4-xylyl)amine 9

mp = 90–93�C; TLC Rf = 0.68 (30% EA/70% hexanes); IR (ATR) 2923, 2358, 1587, 1346, 1121, 689 cm�1; 1H NMR (400 MHz, CDCl3)

d 7.09 (d, J = 8.0 Hz, 1H), 6.94 (d, J = 2.0 Hz, 1H), 6.85 (dd, J = 8.4, 2.4 Hz, 1H), 3.75 (t, J = 6.7 Hz, 2H), 3.57 (t, J = 6.3 Hz, 2H), 2.27

(s, 3H), 2.26 (s, 3H), 2.23 (s, 3H), 1.96–1.90 (m, 2H); 13C NMR (100MHz, CDCl3) d 173.6, 158, 138.1, 137.5, 135.5, 130.5, 129.9, 125.6,

114.8, 47.7, 41.6, 31.2, 19.8, 19.4, 12.5, 11.0.

The alkyl chloride 19 (0.85 g, 2.2 mmol) was dissolved in 7 mL of DMF. Sodium azide (0.4 g, 6.6 mmol) was then added and the

reaction mixture was heated to 80�C (oil bath temperature). After 16 h the mixture was allowed to cool to RT and 30 mL water

was added. The reaction mixture was then extracted with EA (23 50 mL). The combined the organic layers were washed with brine

(100 mL), dried with MgSO4, filtered and concentrated in vacuo. This gave azide 10 as a yellow foam (0.80 g, 92%) which was used

without further purification.

(3-Azidopropyl)(3,5-dimethyl-4-isoxazolylsulfonyl)(3,4-xylyl)amine 1

TLC Rf = 0.46 (30% EA/70% hexanes); IR (ATR) 2938, 2358, 2096, 1587, 1346, 1180 cm�1; 1H NMR (400 MHz, CDCl3) d 7.09 (d, J =

8.0 Hz, 1H), 6.93 (d, J = 2.1 Hz, 1H), 6.83 (dd, J = 10.2, 2.2 Hz, 1H), 3.68 (t, J = 6.6 Hz, 2H), 3.38 (t, J = 6.6 Hz, 2H), 2.25–2.24 (m, 6H),

2.22 (s, 3H), 2.09 (s, 3H), 1.79–1.72 (m, 2H); 13C NMR (100MHz, CDCl3) d 173.6, 158, 138.2, 137.6, 135.4, 130.5, 129.8, 125.6, 114.9,

48.4, 47.6, 27.8, 19.7, 19.4, 12.5, 11.0.

The azide 10 (1.00 g, 2.75 mmol) was dissolved in 20 mL of THF. Water (4 mL) was then added followed by triphenyl phosphine

(0.79 g, 3.03 mmol). After 16 h at RT the solvent was evaporated and excess triphenyl phosphine was removed by passing the

residue through a short plug of silica gel (20% EA/80%hexanes). This provided the amine product containing some triphenyl phos-

phine oxide, which was used without further purification. Biotin (1.32 g, 5.4 mmol), EDCl (0.84 g, 5.4 mmol) and diisopropylethyl-

amine (0.95 mL, 5.4 mmol) were dissolved in 27 mL of DMF and stirred for 10 min. The crude amine (0.91 g) was then added to the

reaction mixture. After 16 h at RT brine (30 mL) was added and the reaction mixture was extracted with EA (3 3 30 mL). The com-

bined organic layers washed with water (1 3 30 mL) and brine (2 3 30 mL), dried (MgSO4), filtered and concentrated. The residue

was purified using silica gel chromatography (15% MeOH/85% DCM) to provide the amide 11 (biotin-P13) as a waxy yellow solid

(0.30 g, 20%).

4-[(3aS,4S,6aR)-2-Oxo-hexahydro-1H-thieno[3,4-day]imidazol-4-yl]-N-(3-[N-(3,4-dimethylphenyl)3,5-dimethyl-1,2-

oxazole-4-sulfonamido]propyl}butanamide 11 (biotin-P13)

TLC Rf = 0.32 (10% MeOH/90% DCM); IR (ATR) 3208, 2923, 2359, 2341, 1696, 1641, 1342, 1116, 688 cm�1; 1H NMR (400 MHz,

CDCN3) d 7.14 (d, J = 8.4 Hz, 1H), 7.00–6.99 (m, 1H), 6.92 (dd, J = 8.0, 2.2 Hz, 1H), 6.47 (bs, 1H), 5.55 (bs, 1H). 5.23 (bs, 1H),

4.42–4.39 (m, 1H), 4.23–4.20 (m, 1H), 3.61 (t, J = 5.1 Hz, 2H), 3.17–3.12 (m, 3H), 2.87 (dd, J = 12.7, 4.9 Hz, 1H), 2.63 (d, J =

12.7 Hz, 1H), 2.27 (s, 3H), 2.25 (s, 3H), 2.21 (s, 3H), 2.08 (t, J = 7.4 Hz, 3H), 1.99 (s, 3H), 1.71–1.48 (m, 6H), 1.39–1.31 (m, 2H); 13C

NMR (100 MHz, CDCN3) d 174.7, 173.7.9, 163.9, 158.8, 138.8, 138.3, 136.5, 131.0, 130.7, 127.0, 115.5, 62.3, 60.7, 56.3, 48.7,

41.1, 36.9, 36.3, 29, 28.9, 28.8, 26.4, 19.7, 19.4, 12.8, 11.1; HRMS (ESI+) m/z calcd for C26H37N5O5S2 [M + Na]+: 586.2134, found:

586.2119.
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The azide 12 (1.00 g, 2.75mmol) was dissolved in 20mL of THF.Water (4mL) was then added followed by triphenyl phosphine (0.79

g, 3.03 mmol). After 16 h at RT the solvent was evaporated and excess triphenyl phosphine was removed by passing the residue

through a short plug of silica gel (20% EA/80%hexanes). This provided the amine product containing some triphenyl phosphine ox-

ide, which was used without further purification. 4,4-Difluoro-5,7-dimethyl-4-bora-3a, 4a-diaza-s-indacene-3-propionic acid

(BODIPY Acid 13) (0.043 g, 0.148 mmol) was dissolved in DMF (2 mL) and HATU (0.112 g, 0.296 mmol) was added. After 5 min

the amine from the previous step (0.050 g, 0.148 mmol) was added followed by addition of diisopropylethylamine (0.05 mL,

0.296 mmol). The reaction mixture was stirred at RT for 16 h, and was then quenched by addition of sat. NH4Cl (10 mL) and then

extracted with DCM (3 3 5 mL). The combined organic layers washed with water (1 3 5 mL) and brine (2 3 5 mL), dried (MgSO4),

filtered and concentrated. Purification of the residue by column chromatography (30% DCM/EA) yielded the amide 14 (BODIPY-

P13) as dark red crystals (0.078 g, 87%).

12-[2-((3-[N-(3,4-Dimethylphenyl)3,5-dimethyl-1,2-oxazole-4-sulfonamido]propyl} carbamoyl)ethyl]-2,2-difluoro-4,6-

dimethyl-1l⁵,3-diaza-2-boratricyclo[7.3.0.03,⁷]dodeca 1(12), 4,6,8,10-pentaen-1-ylium-2-uide 14 (BODIPY-P13)

mp = 175–177�C; TLC Rf = 0.68 (30%DCM/EA); 1H NMR (400MHz, CDCl3) d 7.08 (s, 1H), 7.06 (s, 1H), 6.91 (s, 1H), 6.85 (d, J = 3.7 Hz,

1H), 6.81 (d, J = 7.9 Hz, 1H), 6.27 (d, J = 3.7 Hz, 1H), 6.13 (s, 1H), 5.99 (bs, 1H), 3.57 (t, J = 6.4 Hz, 2H), 3.33–3.24 (m, 4H), 2.62 (t, J =

7.5 Hz, 2H), 2.56 (s, 3H), 2.26 (s, 3H), 2.24 (s, 6H), 2.22 (s, 3H), 2.06 (s, 3H), 1.61–1.54 (m, 2H); 13C NMR (100 MHz, CDCl3) d 173.4,

171.8, 160.3, 158, 157.4, 143.9, 138, 137.4, 135.3, 135.1, 133.3, 130.4, 129.9, 128.1, 125.7, 123.8, 120.4, 117.4, 115, 47.8, 36, 35.9,

27.8, 24.8, 19.8, 19.4, 14.9, 12.5, 11.3, 11.0.

4-Phenoxy aniline 15 (1.00 g, 5.4 mmol) was dissolved in 15 mL DMF and cooled to 0�C. Pyridine (0.90 mL, 10.8 mmol) was then

added. After 10 min, 3,5-dimethyl-isoxazole-4-sulfonyl chloride 1 (1.16 g, 5.94 mmol) was added in portions over 15 min. After the

addition was complete the ice bath was removed and the reaction mixture was allowed to warm to RT. After 16 h the reaction was

quenched by adding 1M HCl until the pH remained below 2 (�15 mL). The reaction mixture was then extracted with EA (23 20 mL).

The combined organic layers were washed with 1M HCl (2 3 20 mL) and brine (2 3 20 mL), dried (MgSO4) and concentrated. The

residue was purified using silica gel chromatography (40% EA/60% hexanes) that provided sulfonamide 16 as an off-white powder

(1.58 g, 91%).

(3,5-Dimethyl-4-isoxazolylsulfonyl)(p-phenoxyphenyl)amine 16 (P052)

mp = 106–109�C; TLC Rf = 0.30 (50% EA/hexanes); 1H NMR (400 MHz, CDCl3) d 7.35 (t, J = 7.5 Hz, 2H), 7.14 (t, J = 7.4 Hz, 1H), 7.05

(d, J = 7.4, 2H), 6.98 (d, J = 8.3 Hz, 2H), 6.93 (d, J = 9.0 Hz, 2H), 6.44 (bs, 1H), 2.42 (s, 3H), 2.29 (s, 3H); 13C NMR (100 MHz, CDCl3)

d 173.9, 157.6, 156.6, 156.5, 129.9, 129.8, 126, 123.9, 119.4, 119.2, 115.2, 12.5, 10.8; Anal. Calcd for C17H16N2O4S: C, 59.29; H, 4.68;

N, 8.13. Found: C, 59.23; H, 4.78; N, 8.17.
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The sulfonamide 16 (0.2 g, 0.58mmol) andK2CO3 (0.24 g, 1.74mmol) were suspended in 25mL ofMeCNand stirred for 15min at rt.

3-Chloropropyl p-toluenesulfonate (0.29 g, 1.16mmol (prepared as described in59) was then added and the reactionmixture warmed

to reflux. After 20 h the reaction was allowed to cool to RT and 30 mL water was added. The reaction mixture was the extracted with

EA (3 3 30 mL). The combined organic extracts were washed with brine (100 mL), dried (MgSO4), filtered and concentrated. Purifi-

cation of the residue using silica gel chromatography (50% EA/50% hexanes) gave alkyl chloride 17 as an off-white powder

(0.190 g, 77%).

(3-Chloropropyl)(3,5-dimethyl-4-isoxazolylsulfonyl)(p-phenoxyphenyl)amine 17 (P059)

mp = 95–98�C; TLC Rf = 0.21 (50% DCM/hexanes); 1H NMR (400 MHz, CDCl3) d 7.38 (t, J = 7.8 Hz, 2H), 7.17 (t, J = 7.4 Hz, 1H), 7.11

(d, J = 8.8 Hz, 2H), 7.01 (d, J = 7.8 Hz, 2H), 6.96 (d, J = 8.8 Hz, 1H), 3.77 (t, J = 6.8 Hz, 2H), 3.59 (t, J = 6.3 Hz, 2H), 2.32 (s, 3H), 2.15

(s, 3H), 2.00–1.94 (m, 2H); 13C NMR (100 MHz, CDCl3) d 173.7, 157.9, 156, 132.5, 130.2, 130, 124.3, 119.5, 118.9, 114.7, 47.9, 41.5,

31.3, 12.5, 11.0; Anal. Calcd for C20H21ClN2O4S: C, 57.07; H, 5.03; N, 6.66. Found: C, 56.98; H, 5.10; N, 6.60.

The alkyl chloride 17 (0.100 g, 0.24 mmol) was dissolved in 1 mL of DMF. Sodium azide (0.050 g, 0.71 mmol) was then added and

the reaction mixture was warmed to 80�C. After 16 h the reaction mixture was allowed to cool to RT and 10mLwater was added. The

reaction mixture was extracted with EA (33 5 mL). The combined organic extracts were washed with brine (10 mL), dried (MgSO4),

filtered and concentrated. This provided the azide 18 a tan solid (0.090 g, 87%).

(3-Azidopropyl)(3,5-dimethyl-4-isoxazolylsulfonyl)(p-phenoxyphenyl)amine 18 (P062)

mp = 72–76�C; TLC Rf = 0.63 (30%EA/70% hexanes); IR (ATR) 3076, 2935, 2091, 1585, 1484, 1345 cm�1; 1H NMR (400MHz, CDCl3)

d 7.37 (t, J = 7.7 Hz, 2H), 7.17 (t, J = 7.4 Hz, 1H), 7.11 (d, J = 8.8 Hz, 2H), 7.01 (d, J = 8.2 Hz, 2H), 6.97 (d, J = 8.7 Hz, 2H), 3.71 (t, J =

6.7 Hz, 2H), 3.34 (t, J = 6.6 Hz, 2H), 2.31 (s, 3H), 2.15 (s, 3H), 1.79–1.72 (m, 2H); 13C NMR (100MHz, CDCl3) d 173.6, 157.9, 157.8, 156,

132.4, 130.2, 130, 124.3, 119.5, 118.9, 114.7, 48.4, 47.8, 27.9, 12.5, 11.0; Anal. Calcd for C20H21N5O4S: C, 56.19; H, 4.95; N, 16.38.

Found: C, 56.15; H, 4.87; N, 16.45.

The azide 18 (0.55 g, 1.29 mmol) was dissolved in 10 mL of THF and water (2 mL) was added followed by triphenyl phosphine (0.38

g, 1.42 mmol). After 16 h at RT the solvent was evaporated and the residue was put through a plug of silica gel (20% EA/80%hex-

anes). This gave the amine product containing small amounts of triphenyl phosphine oxide. This amine (0.05 g, 0.12 mmol) was
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dissolved in 0.5 mL of DCM and cooled to 0�C. Pyridine (0.06 mL, 0.07 mmol) was then added, followed by acetic anhydride

(0.013 mL, 0.14 mmol). After 3 h at RT 5 mL water was added and the reaction mixture was extracted with DCM (3 3 5 mL).

The combined organic extracts were washed with sat. aq. NaHCO3 (5 mL) and brine (5 mL), dried (MgSO4), filtered and

concentrated. Purification of the residue using silica gel chromatography (10% MeOH/DCM) provided acetamide 19 as a white

foam (0.040 g, 73%).

1-(3-[(3,5-Dimethyl-4-isoxazolylsulfonyl)(p-phenoxyphenyl)amino]propylamino)-1-ethanone 19 (P070)

TLC Rf = 0.44 (100% EA); IR (ATR) 3265, 3097, 2936, 1629, 1502, 1343, 1246 cm�1; 1H NMR (400 MHz, CDCl3) d 7.36 (t, J = 7.6 Hz,

2H), 7.16 (t, J = 7.4 Hz, 1H), 7.36 (d, J = 8.8 Hz, 2H), 6.93 (d, J = 7.8 Hz, 2H), 6.95 (d, J = 8.8 Hz, 1H), 3.67 (t, J = 6.3 Hz, 2H), 3.36 (q, J =

6.2 Hz, 2H), 2.30 (s, 3H), 2.14 (s, 3H), 1.99 (s, 3H), 1.69–1.62 (m, 2H); 13C NMR (100 MHz, CDCl3) d 173.5, 170.5, 157.9, 157.7, 156,

132, 130.3, 130, 124.3, 119.6, 118.9, 114.8, 47.9, 36, 27.5, 23.2, 12.5, 11.0; Anal. Calcd for C22H25N3O5S: C, 59.58; H, 5.68; N, 9.47.

Found: C, 59.63; H, 5.74; N, 9.26.

4-Benzylaniline (0.5 g, 2.73 mmol) was dissolved in 10 mL of DMF and cooled to 0�C. Pyridine (0.44 mL, 5.46 mmol) was then

added. After 10 min, 3,5-dimethyl-isoxazole-4-sulfonyl chloride 1 (0.59 g, 3 mmol) was added in portions over 15 min. After 16 h

the reaction was quenched by adding 1M HCl until the pH was maintained below 2. The reaction mixture was then taken up in EA

(50 mL) and washed with 1M HCl (23 20 mL) and brine (23 20 mL). The organic layer was then dried (MgSO4), filtered and concen-

trated. The residue was purified using silica gel chromatography (10% EA/90% hexanes) to obtain sulfonamide 20 as a light brown

foam (0.482 g, 47%).

(3,5-Dimethyl-4-isoxazolylsulfonyl)(p-benzylphenyl)amine 20 (P053)

mp = 111–115�C; IR (ATR) 3227, 2951, 1588, 1490, 1337, 1179 cm�1; 1H NMR (400 MHz, CDCl3) d 7.28 (t, J = 7.2 Hz, 2H), 7.20 (t, J =

7.3 Hz, 1H), 7.14–7.11 (m, 4H), 6.99 (d, J = 8.4 Hz, 2H), 6.8 (bs, 1H), 3.94 (s, 2H), 2.39 (s, 3H), 2.25 (s, 3H); 13C NMR (100 MHz, CDCl3)

d 173.9, 157.6, 140.4, 140.1, 133.2, 130, 128.8, 128.6, 126.3, 123.6, 115.3, 41.3, 12.5, 10.7; Anal. Calcd for C18H18N2O3S: C, 63.14; H,

5.30; N, 8.18. Found: C, 63.19; H, 5.27; N, 7.99.

The sulfonamide 16 (0.2 g, 0.58 mmol) and K2CO3 (0.18 g, 1.28 mmol) were suspended in 2.5 mL of MeCN and stirred for 15 min at

RT. 3-Chloropropanol (0.082 g, 0.087 mmol) was then added and the reaction mixture was heated to reflux. After 20 h the reaction

mixture was allowed to cool to RT and 30 mL water was added. The reaction mixture was extracted with EA (3 3 10 mL) and the

combined organic layers were washed with brine (20 mL), dried (MgSO4), filtered and concentrated. Purification of the residue using

silica gel chromatography (10% EA/90% hexanes) yielded alcohol 21 as a white powder (0.09 g, 39%).

3-[(3,5-Dimethyl-4-isoxazolylsulfonyl)(p-phenoxyphenyl)amino]propanol 21 (P129)

TLC Rf = 0.90 (50% EA/50% hexanes); 1H NMR (400 MHz, CDCl3) d 7.37 (t, J = 7.6 Hz, 2H), 7.17 (t, J = 7.4 Hz, 1H), 7.12 (d, J = 9.1 Hz,

2H), 6.96 (d, J = 8.9 Hz, 2H), 3.79–3.75 (m, 4H), 2.33 (s, 3H), 2.16 (s, 3H), 1.72–1.66 (m, 4H); 13C NMR (100MHz, CDCl3) d 173.5, 157.8,

157.7, 156.1, 132.4, 130.4, 130, 124.2, 119.5, 118.9, 114.9, 58.8, 47.3, 30.7, 12.6, 11.1; Anal. Calcd for C20H22N2O5S: C, 59.69; H,

5.51; N, 6.96. Found: C, 59.61; H, 5.63; N, 6.79.
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The sulfonamide 16 (0.2 g, 6.42mmol) and K2CO3 (0.24 g, 1.74mmol) were dissolved in 20mL ofMeCN and stirred for 15min at RT.

1-Bromobutane (0.12 mL, 1.16 mmol) was then added and the reaction was heated to 80�C. After 20 h, 30 mL water was added and

reaction mixture was extracted with EA (3 3 10 mL). The combined organic layers were washed with brine (50 mL) dried (MgSO4),

filtered and concentrated. Purification of the residue with silica gel chromatography (10% EA/90% hexanes) gave sulfonamide 22 as

an off-white foam (0.19 g, 83%).

N-Butyl(3,5-dimethyl-4-isoxazolylsulfonyl)(p-phenoxyphenyl)amine 22 (P058)

TLC Rf = 0.61 (30% EA/70% hexanes); IR (ATR) 3065, 2951, 2868, 1588, 1503, 1340, 1180 cm�1; 1H NMR (400 MHz, CDCl3) d 7.41

(t, J = 7.6 Hz, 2H), 7.19 (t, J = 7.4 Hz, 1H), 7.12 (d, J = 8.9 Hz, 2H), 7.04 (d, J = 7.7 Hz, 2H), 6.98 (d, J = 8.9 Hz, 2H), 3.63 (t, J = 6.8 Hz, 2H),

2.32 (s, 3H), 2.18 (s, 3H), 1.50–1.34 (m, 4H), 0.92 (t, J = 7.2 Hz, 2H); 13C NMR (100 MHz, CDCl3) d 173.4, 157.9, 157.6, 156.2, 132.6,

130.4, 130, 124.1, 119.4, 118.8, 115.0, 50.1, 30.2, 19.5, 13.5, 12.5, 11.0; Anal. Calcd for C21H24N2O4S: C, 62.98; H, 6.04; N, 6.99.

Found: C, 62.90; H, 6.14; N, 6.85.

Alkyl chloride 17 (0.70 g, 1.67 mmol) was dissolved in DMF (15 mL) and NaCN (0.25 g, 5 mmol) was added. The reaction was then

heated to 85�C (oil bath temperature). After 18 h the reaction mixture was allowed to cool to RT and poured into water (50 mL).

The resulting mixture was extracted with EA (33 30 mL). The combined organic extracts were washed with water (50 mL) and brine

(23 50 mL), dried (MgSO4), filtered and concentrated. The residue was purified using silica gel chromatography (30% EA/70% hex-

anes) to obtain nitrile 23 as an off-white crystalline solid (0.62 g, 91%).

4-[(3,5-Dimethyl-4-isoxazolylsulfonyl)(p-phenoxyphenyl)amino]butyronitrile 23 (P075)

mp = 78–83�C; TLC Rf = 0.32 (30% EA/70% hexanes); IR (ATR) 3384, 3225, 2938, 2246, 1732, 1586, 1487 cm�1; 1H NMR (400 MHz,

CDCl3) d 7.41 (t, J = 7.6 Hz, 2H), 7.20 (t, J = 7.4 Hz, 1H), 7.13 (d, J = 8.9 Hz, 2H), 7.04 (d, J = 7.7 Hz, 2H), 6.99 (d, J = 8.9 Hz, 1H), 3.76

(t, J = 6.5 Hz, 2H), 2.51 (t, J = 7.3 Hz, 2H), 2.33 (s, 3H), 2.16 (s, 3H), 1.93–1.87 (m, 2H); 13CNMR (100MHz, CDCl3) d 173.8, 158.1, 157.8,

155.9, 132, 130.2, 130, 124.4, 119.7, 118.9, 118.7, 114.5, 49.2, 24.5, 14.4, 12.5, 11.0; Anal. Calcd for C21H21N3O4S: C, 61.30; H, 5.14;

N, 10.21. Found: C, 61.25; H, 5.17; N, 10.06.

Binding measurements and anisotropy
Recombinant PP5-His6 at the indicated concentrations was incubated on ice in 100 mM NaCl, 20 mM HEPES pH 8.0, 1% glycerol,

0.2mM tris(2-carboxyethyl)phosphine (TCEP) and 0.5mMMnCl2 with 10 nMBODIPY-labeled P13 in 2%DMSO for 30min in opaque

black 96 well plates (Corning). Uncalibrated fluorescence anisotropy was then measured using a SpectraMax i3 equipped with fluo-

rescein anisotropy module (Molecular Devices). Curves were fit to a one-site binding equation using GraphPad Prism version 9.5.0.

y = y0 + A * x/(Kd + x) where y is measured uncalibrated anisotropy, y0 is the y intercept, A is the amplitude of the curve, x is the con-

centration of PP5 used, and Kd is the measured dissociation constant. Data are presented as mean ± SEM.

PP5 phosphatase activity and inhibition assay
The phosphatase activity of the recombinant PP5-His6 wasmeasured using the PiPer Phosphate AssayKit (Thermo Fisher Scientific) as

described in the manufacturer’s protocol. Standard curve with linear fit line was created from 0 to 1 nM Pi final concentration reactions.

1 nM of PP5-His6 was added to each reaction with indicated amounts of custom synthesized substrate phospho-S211-glucocorticoid
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receptor (PhosS211-GR) peptide (see key resources table) as specific substrate (Thermo Fisher Scientific). Reactions were run in trip-

licate and incubated at 37�C for over 10 min. Reaction was also performed in the presence of different amounts (100–1200 nM) of PP5

inhibitors (P5, P13 and P053). Enzyme kinetics were calculated and plotted using Lineweaver Burk plot and web-based tool (https://

www.aatbio.com/tools/ic50-calculator) for calculating IC50 and (https://bioinfo-abcc.ncifcrf.gov/IC50_Ki_Converter/index.php) for

converting IC50 to Ki values for inhibitors of enzyme activity and ligand binding.60

Flow cytometric analysis
Fluorescence-activated cell sorting (FACS) analysis was performed according to the protocol in the Annexin V:FITC kit (Bio-Rad). In

brief, cells were plated in 10 cm dish at 0.53 106 and incubated at 37�C for 18hrs. Cells were subsequently treated with compound

P053 at the indicated concentrations for 18hrs. Cells were trypsinized, collected andwashed oncewith 13 binding buffer (included in

the kit). PI was added, then the cells were immediately run on a Becton Dickinson LSRFortessa instrument (BD Biosciences). Data

were analyzed using FlowJo software version 10.7.1 for Windows (BD Biosciences).

Biotin-P5 and biotin-P13 pulldown
HEK293 cells were transiently transfected with PP5-FLAG or active site point mutants and protein lysate extracted. Lysate was incu-

bated with 0.01–10 mM biotin-P5 or biotin P-13 as indicated at 4�C for 1 h then added to streptavidin-conjugated agarose and incu-

bated at 4�C for 1 h. Following three washes with fresh extraction buffer bound proteins were eluted in 53 Laemmli buffer and

analyzed by Western blot. Competition experiment with P053 was conducted with protein lysate from untreated 786-O cells. Lysate

was incubated with 1mM biotin-P5 or biotin-P13 for 1 h followed by competition with 1mMP053 at 4�C for 30 min This was then incu-

bated with streptavidin-conjugated agarose at 4�C for 1 h prior to washing 33 with fresh extraction buffer and elution in 53 Laemmli

buffer. Samples were run by SDS PAGE, transferred to nitrocellulose membrane, and analyzed by Western blot.

QUANTIFICATION AND STATISTICAL ANALYSIS

The data presented are representative of three biological replicates, unless otherwise specified. All statistics were performed using

GraphPadPrism version 9.5.0 forWindows (GraphPadSoftware, https://www.graphpad.com). Statistical significancewas ascertained

between individual samples using a parametric unpaired t-test. Significance is denoted by asterisks in each figure: *p < 0.05; **p < 0.01;

***p < 0.001; ****p < 0.0001. Error bars represent the standard deviation for three independent experiments, unless otherwise indicated.
e12 Cell Chemical Biology 30, 1–12.e1–e12, October 19, 2023

https://www.aatbio.com/tools/ic50-calculator
https://www.aatbio.com/tools/ic50-calculator
https://bioinfo-abcc.ncifcrf.gov/IC50_Ki_Converter/index.php
https://www.graphpad.com

	CCBIO3945_proof.pdf
	Catalytic inhibitor of Protein Phosphatase 5 activates the extrinsic apoptotic pathway by disrupting complex II in kidney c ...
	Introduction
	Results
	Characterization of PP5 specific inhibitors
	PP5 inhibitors specifically bind to the phosphatase-catalytic domain
	Design, synthesis, and characterization of a more potent PP5 inhibitor
	PP5 attenuation induces extrinsic apoptosis in clear cell renal cell carcinoma
	PP5 dephosphorylates FADD
	PP5 associates with intact complex II

	Discussion
	Limitations of the study

	Significance
	Supplemental information
	Acknowledgments
	Author contributions
	Declaration of interests
	Acknowledgments
	References
	STAR★Methods
	Key resources table
	Resource availability
	Lead contact
	Materials availability
	Data and code availability

	Experimental model and study participant details
	Cell lines
	Plasmids

	Method details
	Cell transfection and treatment
	Protein extraction, immunoprecipitation, and immunoblotting
	Bacterial expression and protein purification of PP5
	Cell viability assay
	In silico docking
	Synthesis of small molecules
	General experimental information for the synthesis of small molecules
	Methyl m-(3,5-dimethyl-4-isoxazolylsulfonylamino)benzoate 3 (P5)
	m-(3,5-Dimethyl-4-isoxazolylsulfonylamino)benzoic acid 4
	tert-Butyl 4-[m-(3,5-dimethyl-4-isoxazolylsulfonylamino)benzoyl]-1-piperazine carboxylate 5
	N-[3-(4-(4-[(3aS,4S,6aR)-2-Oxo-hexahydro-1H-thieno[3,4-day]imidazol-4-yl]butanoyl) piperazine-1-carbonyl)phenyl]-3,5-dimeth ...
	(3,5-Dimethyl-4-isoxazolylsulfonyl)(3,4-xylyl)amine 8 (P13)
	(3-Chloropropyl)(3,5-dimethyl-4-isoxazolylsulfonyl)(3,4-xylyl)amine 9
	(3-Azidopropyl)(3,5-dimethyl-4-isoxazolylsulfonyl)(3,4-xylyl)amine 1
	4-[(3aS,4S,6aR)-2-Oxo-hexahydro-1H-thieno[3,4-day]imidazol-4-yl]-N-(3-[N-(3,4-dimethylphenyl)3,5-dimethyl-1,2-oxazole-4-sul ...
	12-[2-((3-[N-(3,4-Dimethylphenyl)3,5-dimethyl-1,2-oxazole-4-sulfonamido]propyl} carbamoyl)ethyl]-2,2-difluoro-4,6-dimethyl- ...
	(3,5-Dimethyl-4-isoxazolylsulfonyl)(p-phenoxyphenyl)amine 16 (P052)
	(3-Chloropropyl)(3,5-dimethyl-4-isoxazolylsulfonyl)(p-phenoxyphenyl)amine 17 (P059)
	(3-Azidopropyl)(3,5-dimethyl-4-isoxazolylsulfonyl)(p-phenoxyphenyl)amine 18 (P062)
	1-(3-[(3,5-Dimethyl-4-isoxazolylsulfonyl)(p-phenoxyphenyl)amino]propylamino)-1-ethanone 19 (P070)
	(3,5-Dimethyl-4-isoxazolylsulfonyl)(p-benzylphenyl)amine 20 (P053)
	3-[(3,5-Dimethyl-4-isoxazolylsulfonyl)(p-phenoxyphenyl)amino]propanol 21 (P129)
	N-Butyl(3,5-dimethyl-4-isoxazolylsulfonyl)(p-phenoxyphenyl)amine 22 (P058)
	4-[(3,5-Dimethyl-4-isoxazolylsulfonyl)(p-phenoxyphenyl)amino]butyronitrile 23 (P075)

	Binding measurements and anisotropy
	PP5 phosphatase activity and inhibition assay
	Flow cytometric analysis
	Biotin-P5 and biotin-P13 pulldown

	Quantification and statistical analysis




