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Covalent Ligand Discovery Against Druggable Hotspots
Targeted by Anti-Cancer Natural Products

Elizabeth A. Grossman!:2, Carl C. Ward12, Jessica N. Spradlinl, Leslie A. Bateman?, Tucker
R. Huffman?, David K. Miyamoto?, Jordan I. Kleinman?, and Daniel K. Nomura™!

1Departments of Chemistry, Molecular and Cell Biology, and Nutritional Sciences and Toxicology,
127 Morgan Hall, University of California, Berkeley, Berkeley, CA 94720 USA

Summary

Many natural products that show therapeutic activities are oftentimes difficult to synthesize or
isolate and have unknown targets, hindering their development as drugs. Identifying druggable
hotspots targeted by covalently-acting anti-cancer natural products can enable pharmacological
interrogation of these sites with more synthetically tractable compounds. Here, we used
chemoproteomic platforms to discover that the anti-cancer natural product withaferin A targets
C377 on the regulatory subunit PPP2R1A of the tumor suppressor protein phosphatase 2A (PP2A)
complex leading to activation of PP2A activity, inactivation of AKT, and impaired breast cancer
cell proliferation. We developed a more synthetically tractable cysteine-reactive covalent ligand,
JNS 1-40, that selectively targets C377 of PPP2R1A to impair breast cancer signaling,
proliferation, and /n vivo tumor growth. Our study highlights the utility of using chemoproteomics
to map druggable hotspots targeted by complex natural products and subsequently interrogating
these sites with more synthetically tractable covalent ligands for cancer therapy.

eTOC Blurb

Many natural products that exhibit therapeutic activity, but translating these molecules into drugs
is hindered by difficulty in their synthesis and isolation. Grossman and Ward et al. show that
chemoproteomic technologies can be used to discover simpler molecules that react with the same
sites as those targeted by natural products.

“Lead Contact: Daniel K. Nomura, University of California, Berkeley, 127 Morgan Hall, Berkeley, CA 94720, Correspondence to:
gnomura@berkeley.edu.

these authors contributed equally to this manuscript
Author Contributions. EAG and CCW are co-first authors and contributed equally to this paper; EAG, CCW, JNS, JIK, and DKN
performed experiments, analyzed and interpreted data, and wrote the paper. JNS, LAB, TRH, DKM synthesized compounds and
chemical reagents for this study.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.



1duosnue Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Grossman et al. Page 2

PPP2R1A C377 .
activates PP2A
" Withaferin A in the PP2A complex activity
EDJ@\ o : inhibits AKT
cl ; N signaling
o N g TSy
DKM 2-90 Yl = 8 aed impairs breast
VO g cancer
(om o pathogenicity
& pAc
JNS 1-40

Introduction

There are countless natural products that have been isolated from microbes, plants, and other
living organisms that demonstrate diverse biological action, including antibiotic, anti-
inflammatory, and anti-cancer activities (Drahl et al., 2005). Among these natural products
are agents that contain potential reactive electrophilic centers that can covalently react with
nucleophilic amino acid hotspots on proteins to modulate their biological action (Drahl et
al., 2005). Examples include natural product scaffolds such as p-lactones and p-lactams,
many of which show antibiotic activity through covalent modification and inhibition of the
catalytic serines of transpeptidases. However, there are many more reactive natural products
that bear other reactive moieties such as Michael acceptors, epoxides, and aldehydes which
may react with other nucleophilic side chains such as cysteines and lysines (Drahl et al.,
2005). However, the reactivity and direct targets of most of these natural products that bear
reactive centers remain poorly understood. Traditional approaches for target identification of
natural products entail synthesis or derivatization of the natural products so that they can be
appended to enrichment handles or beads for subsequent isolation and chemoproteomic
studies. However, many natural products are incredibly complex to synthesize or may not
necessarily have appropriate sites for derivatization, hindering the ability to develop natural
product analogs to allow traditional chemoproteomic target identification.

Isotopic tandem orthogonal proteolysis-enabled activity-based protein profiling (isoTOP-
ABPP) has arisen as a complementary chemoproteomic approach for target discovery of
covalently-acting small molecules. 1soTOP-ABPP uses reactivity-based chemical probes to
map proteome-wide reactive, functional, and ligandable hotspots directly in complex
proteomes. When used in a competitive manner, covalently-acting small molecules can be
competed against the binding of reactivity-based probes directly in complex proteomes to
map their proteome-wide reactivity and targets (Backus et al., 2016; Counihan et al., 2016;
Roberts et al., 2016; Wang et al., 2014). While the disadvantages of this isoTOP-ABPP
strategy include biasing oneself to profiling of sites targeted by reactivity-based probes and
the indirect nature of the assay inherent to competing small molecules against probe binding,
a major advantage of this method is that it enables identification of the specific amino acids
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targeted by covalently-acting small molecules. Furthermore, this type of competitive
isoTOP-ABPP strategy can be performed with the original parent molecule without having
to synthesize analogs or derivatize the molecule. Several recent studies have used ABPP
strategies to identify direct targets of reactive natural products such as licochalcone A,
celastrol, and curcumin (Abegg et al., 2015; Roberts et al., 2017b; Zhou et al., 2016).

The advantage of identifying the direct targets and druggable hotspots targeted by
covalently-acting anti-cancer natural products is that these sites can subsequently be
deconvoluted to identify the specific target(s) responsible for the bioactivity; the identified
targets can then be further pharmacologically interrogated with other chemical scaffolds to
advance drug discovery efforts. This method contrasts with having to perform medicinal
chemistry efforts on natural product scaffolds that are oftentimes synthetically challenging,
with readouts based on their bioactivity rather than affinity to specific protein targets.
Furthermore, identifying the nucleophilic amino acid hotspots targeted by reactive natural
products enables covalent ligand discovery against these sites toward developing more
potent and selective covalent inhibitors; these targets may also be more synthetically
accessible compared to the oftentimes more complex structures of natural products. Recent
studies have shown that covalent ligand discovery can be used to identify selective lead
ligands against unique nucleophilic druggable hotspots in proteins (Backus et al., 2016;
Bateman et al., 2017a; Roberts et al., 2017a).

Here, we have used the isoTOP-ABPP platform to couple target identification of a
covalently-acting anti-cancer natural product with covalent ligand screening to identify a
lead ligand that selectively interacts with the same target of interest. For this study, we have
chosen to investigate the proteome-wide reactivity and targets of the natural product
withaferin A, a steroidal lactone from the Ayurvedic plant Withania somnifera, which has
been shown to possess anti-inflammatory, anti-diabetic, and anti-cancer activity (Dar et al.,
2015; Lee and Choi, 2016; Lee et al., 2016; M et al., 2016). Withaferin A bears a Michael
acceptor that may react with cysteine nucleophilic hotspots in protein targets (Fig. 1A).
Previous studies have shown that withaferin A binds to functional cysteines in targets such
as vimentin and NF-xB which have been postulated to account for its cancer and anti-
inflammatory activities, respectively (Bargagna-Mohan et al., 2007; Heyninck et al., 2014).
However, these studies either used a derivatized form of withaferin A, which could have
missed targets that did not interact with this derivatized form, or performed experiments with
specific proteins. Thus, withaferin A may potentially interact with additional targets that
may be responsible for its anti-cancer activity. We have determined that withaferin A targets
a particular cysteine on a regulatory subunit of the tumor suppressor protein phosphatase 2A
(PP2A) to activate PP2A activity and inactivate multiple oncogenic signaling pathways
which contributes to impairments in breast cancer pathogenicity and metabolism. We have
also identified a significantly more synthetically tractable covalent ligand that selectively
targets this same site to recapitulate the effects observed with withaferin A.
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Results and Discussion

Anti-Cancer Activity of Withaferin A in Breast Cancer Cells

We first tested the anti-cancer activity of withaferin A across several breast cancer cell lines
including the receptor-positive MCF7 cells and triple-negative breast cancer (TNBC) cells
231MFP and HCC38 devoid in estrogen, progesterone, and HER2 receptors. TNBCs are
highly aggressive breast cancers that show the worst prognosis with little to no targeted
therapies (Bianchini et al., 2016). Identifying agents and new druggable hotspots in anti-
cancer targets that are capable of impairing TNBC pathogenicity would contribute
significantly towards combatting breast cancer. Consistent with previous studies, we show
that withaferin A impairs serum-free cell survival and proliferation in MCF7, 231MFP, and
HCC38 breast cancer cells (Fig. 1B—1D). We show that withaferin A impairs 231MFP cell
proliferation in a dose-dependent manner with a 50 % effective concentration (EC50) of 7.5
UM (Fig. S1A).

Mapping Withaferin A Targets with IsoTOP-ABPP

We next used competitive isoTOP-ABPP platforms to map the proteome-wide cysteine-
reactivity of withaferin A in 231MFP breast cancer cell proteomes. While previous studies
have demonstrated biological effects of withaferin A at lower concentrations (Bargagna-
Mohan et al., 2007), in this study, we used the minimum concentration of withaferin A (10
uM) that yielded the maximal anti-proliferative effect. To ascertain the direct targets of
withaferin A without potential confounding effects from protein expression changes, we
initially performed isoTOP-ABPP studies /in vitro, in which we competed withaferin A
against the reactivity of a broadly cysteine-reactive iodoacetamide-alkyne (1Ayne) probe in
231MFP breast cancer cell proteomes. We subsequently appended isotopically light (for
vehicle-treated) or heavy (for withaferin A-treated) enrichment handles by copper-catalyzed
azide-alkyne cycloaddition (CUAAC), followed by combining vehicle and withaferin A-
treated proteomes in a 1:1 ratio, and enrichment and isolation of probe-modified tryptic
peptides for quantitative proteomic analysis (Fig. 2A). Out of the >3000 total probe-
modified peptides identified, we only interpreted those peptides that were present in at least
2 out of 3 biological replicates. Through this analysis, we identified C377 of PPP2R1A, a
regulatory subunit of PP2A, as the primary and only target that showed a light to heavy ratio
>5 across all three biological replicates (Fig. 2B). We also confirmed that C377 of PPP2R1A
was the primary /n situ target of withaferin A in 231MFP cells showing an isotopically light
to heavy ratio of 4.0. (Fig. S1B).

Previous studies have uncovered several targets of withaferin A, including C328 on vimentin
as well as several cysteines on Keapl (Bargagha-Mohan et al., 2007; Heyninck et al., 2016).
In our study, we identified C328 on vimentin as a site of 1Ayne labeling, but this site was not
a target of withaferin A, as evidenced by a light to heavy ratio of 1.0 from Jin vitro treatment
of 231MFP breast cancer cell proteomes with withaferin A (10 uM) (Table S1) as well as a
lack of competition observed between withaferin A and 1Ayne labeling of pure human
vimentin by gel-based ABPP (Fig. S1C). While we did not observe 1Ayne labeled KEAP1
peptides in our isoTOP-ABPP studies, we also showed no competition between withaferin A
and 1Ayne labeling of pure human KEAP1 by gel-based ABPP studies (Fig. S1C). These
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results do not negate the possibility that withaferin A may still interact with these targets
under other conditions, but suggest that these proteins are likely not the primary targets of
withaferin A in 231MFP breast cancer cells. We thus focused on further investigating the
role of withaferin A interactions with PPP2R1A and its influence on PP2A activity and
breast cancer pathogenicity.

Withaferin A Interactions with PPP2R1A

PP2A is a tumor suppressor that dephosphorylates and inactivates oncogenic signaling
pathways such as AKT. There has been considerable interest in developing direct or indirect
activators of PP2A for cancer therapy (Sangodkar et al., 2016). While our 1Ayne probe
labeled both C377 and C390 on PPP2R1A, withaferin A specifically targets C377 but not
C390 on PPP2R1A (Fig. 2B). We confirmed this interaction as demonstrated by competition
of withaferin A against 1Ayne labeling of pure human PPP2R1A protein using gel-based
ABPP methods (Fig. 2C). In these gel-based studies, we used a lower concentration of 1Ayne
than our isoTOP-ABPP studies, which may explain why we observe full competition of
withaferin A against 1Ayne labeling. C377 sits at an interface between three subunits of the
core PP2A complex based on previously solved crystal structures of the PP2A heterotrimeric
holoenzyme complex (Fig. 2D) (Cho and Xu, 2007). We postulated that withaferin A
activates PP2A activity through targeting C377 on PPP2R1A to impair 231MFP breast
cancer cell proliferation. Consistent with this premise, we showed that withaferin A
activated PP2A activity in a reconstituted /n vitro biochemical assay with purified human
wild-type PPP2R1A protein and the regulatory and catalytic subunits PPP2R2A and
PPP2CA, respectively, but not with the PPP2R1A C377A mutant protein (Fig. 2E).
Treatment of 231MFP cells with withaferin A also reduced phosphorylated AKT levels and
this effect was rescued by co-treatment with the PP2A-selective inhibitor cantharidin (Fig.
2F). Further confirming that targeting of PPP2R1A is involved in withaferin A effects,
PPP2R1A knockdown with short interfering RNA (siPPP2R1A) significantly attenuated the
anti-proliferative effects observed with withaferin A treatment in 231MFP breast cancer
cells (Fig. S1D, S1E). The lack of complete attenuation of withaferin A-induced anti-
proliferative effects in SiPPP2R1A cells may be due to residual PPP2R1A protein expression
in the knockdown cells or the contribution of additional withaferin A targets to the anti-
proliferative effects. Nonetheless, our data indicate that withaferin A targeting of C377 of
PPP2R1A and activation of PP2A activity is in-part involved in the observed anti-
proliferative effects.

Screening Cysteine-Reactive Fragment Libraries to Reveal PPP2R1A Ligands

To identify more synthetically tractable covalent ligands against C377 of PPP2R1A, we next
screened a library of cysteine-reactive small molecule ligands in 231MFP breast cancer cells
to identify any compounds that recapitulated the phenotypes of withaferin A in impairing
231MFP cell proliferation (Fig. 3A, 3B; Table S2). The top hit that arose from this screen
was the chloroacetamide DKM 2-90 (Fig. 3B-3C, 4A).

We next performed competitive isoTOP-ABPP experiments to identify the targets of DKM
2-90 through competition of this lead fragment against 1Ayne labeling of 231MFP
proteomes. While this ligand was not potent, only showing anti-proliferative effects at 100
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UM, we found that DKM 2-90 showed considerable selectivity in targeting C377 of
PPP2R1A /n vitro (Fig. 4B; Table S1). We also confirmed this through gel-based ABPP
methods, showing significant competition of DKM 2-90 against 1Ayne labeling of pure
human PPP2R1A protein with a 50 % inhibitory concentration (1C50) of 10 uM. (Fig. 4C).
We also show that other chloroacetamide ligands of similar structures do not bind to
PPP2R1A, suggesting that DKM 2-90 interacts with PPP2R1A in vitro relatively
specifically, despite its simple structure (Fig. S1F). IsocTOP-ABPP analysis of DKM 2-90
treatment in 231MFP cells /n situ also showed targeting of C377 of PPP2R1A with an
isotopically light to heavy ratio of 5.9. However, four additional targets were also evident
that showed an isotopically light to heavy ratio >5, including TXNDC17 C43, CLIC4 C35,
ACAT1 C196, and SCP2 C307 (Fig. S1G). Nonetheless, while DKM 2-90 was a very simple
and non-potent covalent ligand, it showed remarkable overall selectivity with only 5 total
sites showing >5 ratio out of >1000 cysteines profiled (Fig. S1G; Table S1). Despite
additional targets of DKM 2-90, we still observed an attenuation of DKM 2-90-mediated
anti-proliferative effects in siPPP2R1A 231MFP cells compared to DKM 2-90-treated
siControl cells (Fig. S1H). We also recapitulated the reduced levels of phosphorylated AKT
and cantharidin rescue with DKM 2-90 treatment in 231MFP cells (Fig. 4D).

JNS 1-40: An Optimized Covalent Ligand Targeting C377 of PPP2R1A

While DKM 2-90 was not a potent ligand against PPP2R1A, we showed that much simpler
covalent ligands could be identified that hit the same druggable hotspots targeted by
complex natural products like withaferin A with decent selectivity and cell penetration. We
next sought to optimize the potency of DKM 2-90. We found that replacing the benzodioxan
ring with a tetralin with JNS 1-37 dramatically reduced potency with an 1C50 value of 300
UM (Fig. S2A) compared to 10 uM with DKM 2-90. Adding an N-benzyl group to DKM
2-90 with JNS 1-40 improved potency towards PPP2R1A by 16-fold with an 1C50 of 630
nM (Fig. 5A). We thus moved forward with further characterization of JINS 1-40. Both /in
vitroand in situ isoTOP-ABPP analysis showed that JNS 1-40 selectively targets C377 of
PPP2R1A in both 231MFP complex proteome and cells, and is the only target exhibiting an
isotopically light to heavy ratio >5 (Fig. 5B; Fig. S2B; Table S1). Much like withaferin A,
JNS 1-40 activated PP2A activity /n vitro with purified PP2A complex proteins with wild-
type PPP2R1A, but not with the PPP2R1A C377A mutant protein (Fig. 5C). Similarly, JINS
1-40 treatment in 231MFP cells significantly reduced phosphorylated AKT levels and
impaired proliferation and survival (Fig. 5D-5F). The anti-proliferative effects observed
with JNS 1-40 were also attenuated in siPPP2R1A 231MFP cells compared to siControl
cells (Fig. S2C).

With the improved potency and selectivity observed with JNS 1-40, we next sought to
determine whether JNS 1-40 targeting of PPP2R1A could reduce breast cancer tumor
growth /n vivo. Daily treatment of mice with JNS 1-40 (50 mg/kg ip) /n vivo began 15 days
after 231MFP tumor xenograft initiation and significantly attenuated tumor growth (Fig.
5G). Daily treatment with JNS 1-40 for >30 days did not cause any overt toxicity or body
weight loss, suggesting that this compound is well tolerated /n vivo (data not shown). To
confirm target engagement, we also performed ex vivo isoTOP-ABPP analysis of 231MFP
tumor xenografts from /n vivo JNS 1-40 treated mice. We demonstrated that JNS 1-40
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selectively targeted C377 of PPP2R1A /n vivoin 231MFP tumors showing an isotopically
light to heavy ratio of 5.7 (Fig. 5H, Table S1). Collectively, our data indicated that the
improved covalent ligand JNS 1-40 selectively targeted C377 of PPP2R1A to activate PP2A
activity and impair breast cancer cell proliferation and /n vivo tumor growth.

Conclusion

In conclusion, we showed here that isoTOP-ABPP platforms can be used to identify the
druggable hotspots targeted by bioactive covalently-acting natural products, which can in-
turn be pharmacologically interrogated with more synthetically tractable covalent ligands. In
this study, we revealed that withaferin A targets C377 of PPP2R1A, a unique druggable
hotspot within the PP2A tumor suppressor complex, to activate PP2A activity, inhibit AKT
signaling, and impair breast cancer cell proliferation. Through screening a library of
fragment-based covalent ligands, we identified a much simpler covalent ligand DKM 2-90
that also targeted the same site as withaferin A. We further optimized this hit to generate
JNS 1-40, a lead covalent ligand with nanomolar potency that selectively targets C377 of
PPP2R1A in vitro, in situ, and in vivoto recapitulate the effects observed with withaferin A:
activating PP2A, inactivating AKT signaling, and impairing breast cancer pathogenicity.
Previous studies have identified various additional targets of withaferin A, including
vimentin, KEAP1, Hsp90, and IKKB (Bargagna-Mohan et al., 2007; Heyninck et al., 2014,
2016; Yu et al., 2010). Withaferin A has also been shown to affect important processes such
as proteostasis (Tao et al., 2015). Our studies do not rule out that these and other protein
targets may also play important roles in the anti-proliferative and pathogenic impairments
observed with withaferin A, but instead reveal C377 of PPP2R1A as an additional target of
this natural product and a unique druggable hotspot that can be targeted to activate PP2A
and impair breast cancer pathogenicity. While we and many other groups have used ABPP
platforms to identify targets of covalently-acting natural products (Abegg et al., 2015;
Bateman et al., 2017a; Blewett et al., 2016; Roberts et al., 2017b; Wang et al., 2014; Zhou et
al., 2016), we show here that this process can be coupled with covalent ligand discovery
approaches, yielding much more synthetically tractable small molecules that do not require
significant synthetic or isolation efforts, which recapitulate the effects observed with
complex natural products. Overall, our study demonstrates the utility of using isoTOP-ABPP
platforms to map the reactivity and targets of covalently-acting natural products towards
identifying their therapeutic mechanism of action and discovering druggable hotspots that
can be interrogated by alternative pharmacological scaffolds for future drug discovery
efforts.

Significance

While there are countless natural products that exhibit therapeutic activity, translating these
natural products into drugs has been hindered by difficulty in synthesis and isolation of these
compounds. Here, we show that isoTOP-ABPP based chemoproteomic platforms and
covalent ligand discovery approaches can be coupled to discover synthetically tractable
covalent ligands that target druggable hotspots targeted by more complex covalently-acting
natural products. In this study, we discovered that withaferin A specifically targets C377 of
PPP2R1A, a regulatory subunit within the tumor suppressor PP2A, to activate PP2A activity,
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inactivate AKT signaling, and impair breast cancer pathogenicity. Through covalent ligand
screening and optimization, we identify a synthetically accessible small-molecule that
targets the same site as withaferin A and produces identical effects. Overall, our study
provides an alternative strategy for translating natural products into therapeutics, by
developing simpler covalent ligands that hit the same druggable hotspots targeted by natural
products using chemoproteomics-enabled covalent ligand discovery platforms.

STAR Methods

Contact for Reagent and Resource Sharing

Further information and requests for resources and reagents should be directed to and will be
fulfilled by the Lead Contact, Daniel K. Nomura (dnomura@berkeley.edu).

Experimental Model and Subject Details

Chemicals—Withaferin A was obtained from Sigma. 1Ayne was obtained from CHESS
Gmbh. Heavy and light TEV-biotin tags were synthesized per previously described methods
(Weerapana et al., 2010). The synthesis for most of our cysteine-reactive ligand library has
been described previously (Bateman et al., 2017b). New ligands screened in this paper that
were not previously described are in Supplemental Methods. All compounds in our library
were confirmed to be >95 % pure. The structures of the covalent ligand library screened in
this paper are all listed in Table S2.

In Vivo Animal Studies—Animal experiments were conducted in accordance with the
guidelines of the Institutional Animal Care and Use Committee of the University of
California, Berkeley. Female immune-deficient SCID mice (6 weeks old) purchased from
Taconic laboratories were used for tumor xenograft studies. Tumor xenograft and
pharmacology studies were performed as previously described (Benjamin et al., 2013;
Nomura et al., 2010).

Cell Culture—The 231MFP cells were obtained from Prof. Benjamin Cravatt and were
generated from explanted tumor xenografts of MDA-MB-231 cells. These cells have been
previously characterized as a more aggressive variant of the MDA-MB-231 cells (Jessani et
al., 2004, 2005). HCC38 and MCF7 cells were obtained from the American Type Culture
Collection. 231MFP cells were cultured in L15 medium containing 10% FBS, supplemented
with 1% glutamine (200 mM stock), and maintained at 37°C with 0% CO,. HCC38 and
MCF7 cells were cultured in RPMI medium containing 10% FBS, supplemented with 1%
glutamine (200 mM stock), and maintained at 37°C with 5% CO». Unless otherwise
specified, all cell culture materials were purchased from Gibco. Withaferin A, DKM 2-90,
JNS 1-40, and all other covalent ligands were dissolved in DMSO and final DMSO
concentrations in cells were 0.1%.

Method Details

Cellular Phenotype Studies—Cell survival and proliferation assays were performed as
previously described using Hoechst 33342 dye (Invitrogen) according to manufacturer’s
protocol (Louie et al., 2016). Cells were seeded into 96-well plates (40,000 for survival and
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20,000 for proliferation) in a volume of 150 ul and allowed to adhere overnight. Cells were
treated with an additional 50 uL of media containing 1:250 dilution of 1000x compound
stock in DMSO. Medium was removed from each well and 100 pl of staining solution
containing 10% formalin and Hoechst 33342 dye was added to each well and incubated for
15 min in the dark at room temperature. After incubation, staining solution was removed and
wells were washed with PBS before imaging. Studies with HCC38 cells were also
performed as above but were seeded with 20,000 cells for survival and 10,000 cells for
proliferation.

Western Blotting—Antibodies to vinculin, phospho-Akt (Ser473), and Akt were obtained
from Cell Signaling Technology and proteomes were blotted per recommended
manufacturer’s’ procedure. Cells were lysed in lysis buffer (containing the following: 20
mM Tris pH 7.5, 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1% Triton X-100, 2.5 mM
pyrophosphate, 50 mM NaF, 5 mM B-glycero-phosphate, 1 mM NazVOy4, 50 nM calyculin A
(EMD Millipore), and protease inhibitors (Roche)). Lysate was incubated on a rotator at 4°C
for 30 min, and insoluble material was removed via centrifugation at max speed for 10 min.
Proteins were resolved by SDS/PAGE and transferred to nitrocellulose membranes using the
iBlot system (Invitrogen). Blots were blocked with 5% nonfat milk in Tris-buffered saline
containing Tween 20 (TBST) solution for 1 hour at room temperature, washed in TBST, and
probed with primary antibody diluted in recommended diluent per manufacturer overnight at
4°C. Following washes with TBST, the blots were incubated in the dark with secondary
antibodies purchased from Rockland and used at 1:10 000 dilution in 5% nonfat milk in
TBST at room temperature. Blots were visualized using an Odyssey Li-Cor scanner after
additional washes.

Purification of PPP2R1A and PPP2R2A Subunits—Wild-type mammalian
expression plasmids with C-terminal FLAG tag were purchased from Origene (PPP2R1A:
RC200056; PPP2R2A, MR207137). The PPP2R1A C337A mutant was generated with
Agilent QuickChange Lightning site-directed mutagenesis kit according to manufacturer’s
instructions. HEK293T cells (ATCC CRL-11268) were grown to 60% confluency in DMEM
(Corning) supplemented with 10% FBS (Corning) and 2mM L-glutamine (Life
Technologies) and maintained at 37°C with 5% CO,. Immediately prior to transfection,
media was replaced with DMEM + 5% FBS. Each plate was transfected with 20 g of
overexpression plasmid with 100 ug PEI (Sigma). After 48hrs cells were collected in TBS,
lysed by sonication, and batch bound with anti-DYKDDDDK resin (GenScript) for 1hr.
Lysate and resin was loaded onto a gravity flow column and washed, followed by elution
with 250ng/uL 3xFLAG peptide (ApexBio A6001). Purity and concentration were verified
by PAGE, UV/Spectroscopy, and BCA assay.

In Vitro PP2A Activity Assay—Recombinant PPP2CA (40 nM, Origene TP301334) was
combined with pulled-down WT or mutant PPP2R1A (50 nM) as well as PPP2R2A (50 nM)
and incubated with 10 uM withaferin A, JS 1-40, or vehicle for 30 min at RT in TBS.
Activity was assayed by addition of 60 uM Thr phosphopeptide (KRpTIRR, Millipore,
12-219) at 37° C for 25 min, and free phosphate was detected colorimetrically by malachite
green kit (Cayman 10009325) per manufacturer’s instructions.
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PPP2R1A Knockdown Studies—PPP2R1A was transiently knocked down with siRNA
using previously described methods (Benjamin et al., 2014). siRNA for a scrambled RNA
oligonucleotide control and pooled RNA oligonucleotides targeting PPP2R1A were
purchased from Dharmacon.

IsoTOP-ABPP—IsoTOP-ABPP studies were done as previously reported (Backus et al.,
2016; Bateman et al., 2017a; Weerapana et al., 2010). Cells were lysed by probe sonication
in PBS and protein concentrations were measured by BCA assay. Proteome samples diluted
in PBS (4 mg of proteome per biological replicate) were treated with a covalently-acting
small molecule or vehicle for 30 min at 37°C. Then, 1Ayne labeling (100 uM) was
performed for 1 h at room temperature. CUAAC was used by sequential addition of tris(2-
carboxyethyl)phosphine (1 mM, Sigma), tris[(1-benzyl-1H-1,2,3-triazol-4-yl)methyl]amine
(34 uM, Sigma), copper (1) sulfate (1 mM, Sigma), and biotin-linker-azide, the linker
functionalized with a TEV protease recognition sequence along with an isotopically light or
heavy valine for treatment of control or treated proteome, respectively. After click reactions,
proteomes were precipitated by centrifugation at 6500 x g, washed in ice-cold methanol,
combined in a 1:1 control/treated ratio, washed again, then denatured and resolubilized by
heating in 1.2% SDS/PBS to 80°C for 5 minutes. Insoluble components were precipitated by
centrifugation at 6500 x g and soluble proteome was diluted in 5 ml 0.2% SDS/PBS.
Labeled proteins were bound to avidin-agarose beads (170 ul resuspended beads/sample,
Thermo Pierce) while rotating overnight at 4°C. Bead-linked proteins were enriched by
washing three times each in PBS and water, then resuspended in 6 M urea/PBS (Sigma) and
reduced in TCEP (1 mM, Sigma), alkylated with iodoacetamide (18 mM, Sigma), then
washed and resuspended in 2 M urea and trypsinized overnight with 0.5 pg/ul sequencing
grade trypsin (Promega). Tryptic peptides were eluted off. Beads were washed three times
each in PBS and water, washed in TEV buffer solution (water, TEV buffer, 100 uM
dithiothreitol) and resuspended in buffer with Ac-TEV protease and incubated overnight.
Peptides were diluted in water and acidified with formic acid (1.2 M, Spectrum) and
prepared for analysis.

MS Analysis—Peptides from all proteomic experiments were pressure-loaded onto a 250
um inner diameter fused silica capillary tubing packed with 4 cm of Aqua C18 reverse-phase
resin (Phenomenex # 04A-4299) which was previously equilibrated on an Agilent 600 series
HPLC using gradient from 100% buffer A to 100% buffer B over 10 min, followed by a 5
min wash with 100% buffer B and a 5 min wash with 100% buffer A. The samples were then
attached using a MicroTee PEEK 360 pum fitting (Thermo Fisher Scientific #p-888) to a 13
cm laser pulled column packed with 10 cm Aqua C18 reverse-phase resin and 3 cm of
strong-cation exchange resin for isoTOP-ABPP studies. Samples were analyzed using an Q
Exactive Plus mass spectrometer (Thermo Fisher Scientific) using a 5-step Multidimensional
Protein Identification Technology (MudPIT) program, using 0 %, 25 %, 50 %, 80 %, and
100 % salt bumps of 500 mM aqueous ammonium acetate and using a gradient of 5-55 %
buffer B in buffer A (buffer A: 95:5 water:acetonitrile, 0.1 % formic acid; buffer B 80:20
acetonitrile:water, 0.1 % formic acid). Data was collected in data-dependent acquisition
mode with dynamic exclusion enabled (60 s). One full MS (MS1) scan (400-1800 m/z) was
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followed by 15 MS2 scans (ITMS) of the nth most abundant ions. Heated capillary
temperature was set to 200° C and the nanospray voltage was set to 2.75 kV.

Data was extracted in the form of MS1 and MS2 files using Raw Extractor 1.9.9.2 (Scripps
Research Institute) and searched against the Uniprot mouse database using ProLuCID search
methodology in IP2 v.3 (Integrated Proteomics Applications, Inc) (Xu et al., 2015). Cysteine
residues were searched with a static modification for carboxyaminomethylation (+57.02146)
and up to two differential modifications for methionine oxidation and either the light or
heavy TEV tags (+464.28596 or +470.29977, respectively). Peptides were required to have
at least one tryptic end and to contain the TEV modification. ProLUCID data was filtered
through DTASelect to achieve a peptide false-positive rate below 1%. Only those probe-
modified peptides that were evident in two out of three biological replicates were interpreted
for their isotopic light to heavy ratios. MS1 peak shapes were confirmed to be of good
quality for interpreted peptides. Targets of covalently-acting molecules are defined here as
targets that showed >4 light to heavy ratios across all three biological replicates.

Gel-Based ABPP—Gel-based ABPP methods were performed as previously described
(Bateman et al., 2017b; Medina-Cleghorn et al., 2015). Recombinant pure human proteins
were purchased from Origene. Pure proteins (0.2 ug) were pre-treated with DMSO or
covalently-acting small molecules for 30 min at 37°C in an incubation volume of 50 pL
PBS, and were subsequently treated with IAyne (10 uM final concentration) for 30 min at
room temperature. CUAAC was performed to append rhodamine-azide (1 uM final
concentration) onto 1Ayne probe-labeled proteins. The samples were separated by SDS/
PAGE and scanned using a ChemiDoc MP (Bio-Rad Laboratories, Inc). Inhibition of target
labeling was assessed by densitometry using ImageJ.

General synthetic methods

Chemicals and reagents were purchased from major commercial suppliers and used without
further purification. Reactions were performed under a nitrogen atmosphere unless
otherwise noted. Silica gel flash column chromatography was performed using EMD or
Sigma Aldrich silica gel 60 (230-400 mesh). Proton and carbon nuclear magnetic resonance
(*H NMR and 13C NMR) data was acquired on a Bruker AVB 400, AVQ 400, or AV 600
spectrometer at the University of California, Berkeley. High resolution mass spectrum were
obtained from the QB3 mass spectrometry facility at the University of California, Berkeley
using positive or negative electrospray ionization (+ESI or —ESI). Yields are reported as a
single run.

General Procedure A—The amine (1 eg.) was dissolved in DCM (5 mL/mmol) and
cooled to 0°C. To the solution was added acryloyl chloride (1.2 eq.) followed by
triethylamine (1.2 eq.). The solution was warmed to room temperature and stirred overnight.
The solution was then washed with brine and the crude product was purified by silica gel
chromatography (and recrystallization if necessary) to afford the corresponding acrylamide.

General Procedure B—The amine (1 eg.) was dissolved in DCM (5 mL/mmol) and
cooled to 0°C. To the solution was added chloroacety! chloride (1.2 eq.) followed by
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triethylamine (1.2 eq.). The solution was warmed to room temperature and stirred overnight.
The solution was then washed with brine and the crude product was purified by silica gel
chromatography (and recrystallization if necessary) to afford the corresponding
chloroacetamide.

Quantification and Statistical Analysis

Microsoft Excel and Graphpad Prism software were used for statistical analysis. Statistical
and quantification details of experiments can be found in the figure legends. Significance
was defined a p<0.05 between comparison groups.

Data and Software Availability
N/A

Additional Resources
N/A

Key Resources Table

REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

Rabbit anti-Vinculin Abcam ab129002
Rabbit anti-p-Akt (S473) csT D9E

Mouse anti-total Akt CST 40D4

Bacterial and Virus Strains

Biological Samples

Chemicals, Peptides, and Recombinant Proteins

Withaferin A Sigma W4394
N-Hex-5-ynyl-2-iodo-acetamide (1Ayne) Chess Gmbh 3187
Sequencing grade trypsin (porcine) Promega V5111
ACTEV protease Invitrogen 12575015
1,4-benzodioxan- 6-amine Sigma 193232
Chloroacetyl chloride Sigma 104493
Triethylamine Sigma T0886
Sodium Hydride Sigma 452912
Benzyl Bromide Sigma B17905
5,6,7,8-Tetrahydro-2-napthylamine Sigma 678864
Biotin-TEV-azide (Weerapana et al., 2010)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Critical Commercial Assays

Malachite Green Phosphate Assay Kit Cayman 10009325

Hoechst 33342 dye Invitrogen H3570

Deposited Data

Experimental Models: Cell Lines

231MFP (Jessani et al., 2004)

HCC38 ATCC CRL-2314
MCF7 ATCC HTB-22
MCF10A ATCC CRL-10317
HEK293T/17 ATCC CRL-11268

Experimental Models: Organisms/Strains

C.B17 SCID mice Taconic CB17SC-F

Oligonucleotides

PPP2R1A SMARTPOOL siRNA Dharmacon L-010259-00-0005

Recombinant DNA

PPP2R1A (Myc-DDK-tagged) expression plasmid | Origene RC200056

PPP2R2A (Myc-DDK-tagged) expression plasmid | Origene MR207137

Software and Algorithms

1P2 proteomics pipeline 4.1.1 Integrated Proteomics Applications
Other
Streptavidin agarose ThermoFisher 20347

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

. We used chemoproteomics to discover druggable hotspots targeted by
withaferin A

. Withaferin A targets C377 of PPP2R1A, a regulatory subunit of the PP2A
complex

. Withaferin A activates PP2A, inhibits AKT, and impairs breast cancer
pathogenicity

. We developed a more synthetically tractable covalent ligand that targets
PPP2R1A
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Figure 1. Withaferin A impairs breast cancer cell pathogenicity
(A) Structure of withaferin A. Reactive Michael acceptor is indicated in red. (B) Withaferin

A (10 uM) impairs cell proliferation and serum-free cell survival after 48 h in MCF7,
231MFP, and HCC38 cells compared to DMSO-treated controls. Data are presented as mean
+ sem, n=>5. Significance is shown as *p<0.05 compared to vehicle-treated controls.
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A competitive isoTOP-ABPP to identify withaferin A targets
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Figure 2. Using isoTOP-ABPP platforms to map proteome-wide targets of withaferin A in breast
cancer cells

(A) Competitive isoTOP-ABPP method. We mapped the cysteine-reactivity of withaferin A
by pre-incubating withaferin A (10 pM) for 30 min in 231MFP breast cancer cell proteomes,
prior to labeling with the cysteine-reactive iodoacetamide-alkyne (1Ayne) probe (100 uM, 30
min). Probe labeled proteins were then tagged with an isotopically light (for control) or
heavy (for withaferin A-treated) biotin-azide tag bearing a TEV protease recognition site by
CuAAC. Control and treated proteomes were then mixed in a 1:1 ratio, probe labeled
proteins were avidin-enriched and tryptically digested, probe-labeled tryptic peptides were
avidin-enriched again, and released by TEV protease and analyzed by quantitative proteomic
methods and light to heavy peptide ratios were quantified. (B) Competitive isoTOP-ABPP
analysis of withaferin A cysteine-reactivity in 231MFP breast cancer cell proteomes /n vitro.
Light to heavy ratios of ~1 indicate peptides that were labeled by 1Ayne, but not bound by
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withaferin A. We designate light to heavy ratios of >5 as targets that were bound by
withaferin A. Also shown are the peptide sequences and sites of modification of probe-
modified peptides identified for PPP2R1A and the light to heavy ratios of C377 and C390 on
PPP2R1A. (C) Validation of PPP2R1A as a target of withaferin A. Withaferin A was pre-
incubated with pure human PPP2R1A protein followed by 1Ayne. Probe-labeled proteins
conjugated to rhodamine-azide by CUAAC and analyzed by SDS/PAGE and in-gel
fluorescence. Shown above is fluorescence detection of 1Ayne labeling and shown below is
silver staining of the gel showing PPP2R1A protein expression. (D) Crystal structure of
PP2A complex showing C377 of PPP2R1A (shown in white), the catalytic subunit shown in
blue, and another regulatory subunit shown in green. PDB structure used is 21AE. (E) PP2A
activity assay with PP2A complex proteins PPP2R1A wild-type (WT) or C377A mutant and
PPP2R2A and PPP2CA subunits measuring phosphate release from a PP2A substrate
phosphopeptide. This PP2A complex was treated /7 vitro with DMSO or withaferin A (10
uM) for 30 min prior to initiation of the assay. (F) Withaferin A (10 uM, 4 h) treatment
significantly reduces phospho-AKT levels in 231MFP breast cancer cells and this reduction
is rescued by cotreatment with cantharidin (10 uM, 4 h). Data in (B) is average ratios from
n=3. Gel in (C) is a representative gel from n=3. Data in (E-F) are presented as mean + sem,
n=3. Significance expressed as *p<0.05 compared to vehicle-treated controls and #p<0.05
compared to withaferin A-treated control. NS refers to not significant compared to the
vehicle-treated C377A PPP2R1A group. Raw isoTOP-ABPP proteomic data can be found in
Table S1. Withaferin A /n situisoTOP-ABPP analysis can be found in Fig. S1. Figure 1 is
related to Figure S1 and Table S1.
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Figure 3. Screening of covalent ligand libraries in breast cancer cells
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(A) Coupled screening of a cysteine-reactive covalent ligand library in 231MFP breast
cancer cells with competitive isoTOP-ABPP platforms to identify anti-cancer lead
compounds, targets, and ligandable hotspots within these targets. (B) We screened a
cysteine-reactive fragment library consisting of acrylamides and chloroacetamides in
231MFP breast cancer cells (100 uM) to identify any leads that significantly impaired
231MFP breast cancer cell proliferation. Cell viability was assessed 48 h after treatment by
Hoescht staining. (C) Shown is the structure of the lead covalent ligand DKM 2-90. Reactive
chloroacetamide warheads are designated in red. Data in (B) are presented as mean + sem,
n=3. Significance expressed as *p<0.05 compared to vehicle-treated controls. Figure 3 is

related to Table S2.
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Figure 4. Target identification of DKM 2-90 using competitive isoTOP-ABPP platforms
(A) Dose-responsive effects of DKM 2-90 on cell proliferation in 231MFP breast cancer

cells. 231MFP cells were treated with DMSO or DKM 2-90 and proliferation was assessed
48 h after treatment by Hoechst staining. (B) IsocTOP-ABPP analysis of DKM 2-90 in
231MFP cell proteomes /in vitro. 231MFP proteomes were pre-treated with DMSO or DKM
2-90 (100 pM) for 30 min prior to labeling proteomes with 1Ayne (100 uM) and subjected to
the isoTOP-ABPP method. A light to heavy ratio of 1 indicates that the probe-labeled
cysteine-bearing peptide was not bound by the covalent ligand, whereas a ratio >5 indicates
bound sites. (C) Competition of DKM 2-90 against 1Ayne labeling of pure human PPP2R1A
protein. DKM 2-90 was pre-incubated with pure PPP2R1A protein for 30 min prior to
labeling with 1Ayne (100 uM) for 30 min. Rhodamine-azide was appended on by copper-
catalyzed azide-alkyne cycloaddition and proteins were separated by SDS/PAGE and
analyzed by in-gel fluorescence. (D) Levels of total and phosphorylated AKT (p-AKT) and
vinculin as a loading control in 231MFP breast cancer cells. 231MFP cells were treated with
vehicle, DKM 2-90 (100 uM), or cantharidin (10 uM) and DKM 2-90 (100 uM) for 5 h.
Proteins were blotted for p-AKT, total AKT, and vinculin loading control. All data shown
represents n=3-5/group. Raw data for (B) can be found in Table S1. IsocTOP-ABPP analysis
of DKM 2-90 /n situ can be found in Figure S1. Figure 2 is associated with Figure S1 and

Table S1.
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Figure 5. Optimized covalent ligand JNS 1-40 selectively targets C377 of PPP2R1A to activate
PP2A activity and impair breast cancer pathogenicity

(A) Structure of JNS 1-40 and gel-based ABPP analysis of its potency against PPP2R1A.
Reactive chloroacetamide is shown in red. Pure human PPP2R1A was pre-treated with
DMSO or JNS 1-40 for 30 min at 37 °C prior to 1Ayne labeling for 30 min at room
temperature. Probe-labeled proteins were appended to rhodamine-azide by CUAAC and
analyzed by SDS/PAGE and in-gel fluorescence. Shown above is fluorescence detection of
IAyne labeling and shown below is silver staining of the gel showing PPP2R1A protein
expression. (B) 1soTOP-ABPP analysis of JNS 1-40 treatment in 231MFP cells. 231MFP
proteomes were treated /n vitro with DMSO or JNS 1-40 (100 pM) for 30 min prior to 1Ayne
labeling for 1 h and subjected to the isoTOP-ABPP method. Light to heavy ratios of probe-
modified peptides are shown. (C) PP2A activity assay with PP2A complex proteins
PPP2R1A wild-type (WT) or C377A mutant and PPP2R2A and PPP2CA subunits
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measuring phosphate release from a PP2A substrate phosphopeptide. This PP2A complex
was treated /n vitro with DMSO or JNS 1-40 (100 uM) for 30 min prior to initiation of the
assay. (D) Levels of total and phosphorylated AKT (p-AKT) and vinculin as a loading
control in 231MFP breast cancer cells. 231MFP cells were treated with vehicle or JNS 1-40
(100 uM) for 75 min. (E, F) JS 1-40 (100 uM) impairs cell proliferation and serum-free cell
survival after 48 h in 231MFP cells. (G) 231MFP tumor xenograft growth in immune-
deficient SCID mice. 231MFP cells were subcutaneously injected into mice. Daily once per
day treatment with vehicle or JNS 1-40 (50 mg/kg ip) was initiated 15 days after tumor
implantation. (H) isoTOP-ABPP analysis of 231MFP tumor xenografts from JNS 1-40-
treated mice /n vivo. Tumors harvested from the end of the study shown in (G) were labeled
with [Ayne ex vivo and subjected to the isoTOP-ABPP methodology. Data in (C-G) are
presented as mean £ sem, n=3-7/group. Data in (B, H) is average ratios from n=3.
Significance is shown as *p<0.05 compared to vehicle-treated controls. NS indicates not
significant (p>0.05) compared to the vehicle-treated C377A PPP2R1A group. Raw
proteomic data can be found in Table S1. IsoTOP-ABPP analysis of INS 1-40 /n situ can be
found in Figure S2. Figure 5 is associated with Figure S2 and Table S1.
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