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Abstract

Small-molecule inhibitors of p97 are useful toasstudy p97 function. Human p97 is an important
AAA ATPase due to its diverse cellular functionglamplication in mediating the turnover of proteins
involved in tumorigenesis and virus infections. kple p97 inhibitors identified from previous high-
throughput screening studies are thiol-reactive pmumds targeting Cys522 in the D2 ATP-binding
domain. Thus, these findings suggest a potentiaesty to develop covalent p97 inhibitors. We firséd
purified p97 to assay several known covalent kiriek#itors to determine if they can inhibit ATPase
activity. We evaluated their selectivity using alual reporter cells that can distinguish p97 depahd
and independent degradation. We selectpehirostyrene scaffold to further study the struetactivity
relationship. In addition, we used p97 structueglésign and synthesize analogues of pyrazolo[3,4-
d]pyrimidine (PP). We incorporated electrophilesoirst PP-like compound?7 (4-amino-1tert-butyl-3-
phenyl pyrazolo[3,4]pyrimidine) to generate eight compounds. A selectompoundl8 (N-(1-(tert-
butyl)-3-phenyl-H-pyrazolo[3,4d]pyrimidin-4-yl)acrylamide,PPA) exhibited excellent selectivity in an
invitro ATPase activity assay: cof 0.6uM, 300uM, and 100uM for wild type p97, yeast Cdc48, and
N-ethylmaleimide sensitive factor (NSF), respedtiv@ o further examine the importance of Cys522 on
the active site pocket during PPA inhibition, C522Ad C522T mutants of p97 were purified and shown
to increase Igy values by 100-fold, whereas replacement of Thr683east Cdc48 with Cysteine
decreased the lghby 10-fold. The molecular modeling suggested thdrégen bonds and hydrophobic
interactions in addition to the covalent bondingCats522 between WT-p97 and PPA. Furthermore,
tandem mass spectrometry confirmed formation abvalent bond between Cys522 and PPA. An anti-
proliferation assay indicated that the proliferatiof HCT116, HelLa, and RPMI8226 was inhibited by
PPA with 1G, of 2.7 uM, 6.1 uM, and 3.4uM, respectively. In addition, PPA is able to inhibi
proliferation of two HCT116 cell lines that are isant to CB-5083 and NMS-873, respectively.
Proteomic analysis of PPA-treated HCT116 revealede30ntology enrichment of known p97 functional
pathways such as the protein ubiquitination and Hie to Golgi transport vesicle membrane. In
conclusion, we have identified and characterized BP a selective covalent p97 inhibitor, which will
allow future exploration to improve the potencyp8f7 inhibitors with different mechanisms of action.
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1. Introduction

ATPases associated with diverse cellular activitfe8A+ proteins) are enzymes sharing a common
conserved module of approximately 230 amino ac&idres [1] and are functionally diverse protein
families belonging to the AAA+ protein superfamidy ring-shaped P-loop NTPases. AAA+ proteins
catalyze the hydrolysis of a phosphate bond in @slee triphosphate (ATP), releasing adenosine
diphosphate (ADP), inorganic phosphate, and entrdgcilitate a variety of cellular processes taedt
essential for life, including protein folding [2]ntracellular transport [3], protein degradation], [4
initiation of DNA replication [5], DNA repair [6]PNA remodeling [7], and ion transport [8].

p97, also known as valosin-containing protein (V@RY Cdc48 (cell division cycle protein 48) in
Saccharomyces cerevisiae, Ter94 (transitional endoplasmic reticulum ATPas@) Drosophila
melanogaster and VAT (VCP-like ATPase) ithermoplasma acidophilum, is a hexameric type || AAA+
ATPase. p97 is involved in a wide range of cellufanctions, including endoplasmic reticulum-
associated degradation (ERAD), membrane fusiorieaugactor kappa-light-chain-enhancer of activated
B cells (NF«xB) activation, and chromatin-associated processbsh are regulated by ubiquitination.
[9] p97 consists of two AAA ATPase domains in tamgdé®1, and D2, respectively. A short polypeptide
linker (D1-D2 linker) connects the two ATPase damsaivhile the N-D1 linker joins the D1 domain to a
large amino-terminal domain (N-domain). The carlbdgyminus of the D2 domain features a short tail
containing ~40 residues. Interaction of p97/CdcdtB vts partners is mostly mediated by the N-domain
although a few proteins bind p97/Cdc48p via thee@ninus [10, 11]. Both D1 and D2 domains are
homologous in sequence and in structure [12]. Theddmain has lower intrinsic ATPase activity than
does the D2 domain [13], while the D2 domain wasugiht to underlie p97 function as a
mechanochemical transducer, which contributed nbghe ATPase activity [14]. Protein substrates
released by p97 can be degraded by the 26S prategd®, 16]. In addition, p97 is involved in anathe
form of protein degradation and recycling, namelyophagy [17]. The expression levels of p97 are
upregulated in many cancers, such as colorect@lecapancreatic cancer, thyroid cancer, squamdus ce
carcinoma, breast cancer, osteosarcoma, gastriincara, and lung cancer [18]. Therefore, p97 is
considered a potential anticancer target.

Currently, there are several p97 inhibitors rembfteg. 1), classified as either ATP-competitive or
allosteric inhibitors. The ATP-competitive inhibit®BeQ (N°, N*-Dibenzylquinazoline-2,4-diamine)
mainly targets the D2 domain. DBeQ blocks many dgalal processes, including degradation of
ubiquitin-fusion degradation and ERAD pathway stdisst, as well as autophagosome maturation [19-
21]. Two DBeQ derivatives with ig values of ~100 nM, ML240 and ML241, have been tmed.
ML240 stimulates the accumulation of LC3-1I and iciy mobilizes the executioner caspases 3 and 7.
ML240 also has broad antiproliferative activity tmd the NCI-60 panel of cancer cell lines and
synergizes with the proteasome inhibitor MG 132ilonkultiple colon cancer cell lines. Both ML240cn
ML241 have low off-target activity toward a panélprotein kinases and central nervous system target
[22] CB-5083, derived by structure-activity relatship of the ML240 scaffold, is a selective, ATP-
competitive, and orally bioavailable p97 inhibitavhich activates the apoptotic arm of the unfolded
protein response and exhibits antitumor activitys@veral hematological and solid tumor models. CB-
5083 entered phase | clinical trials for multipleyeitoma in 2015 [23, 24]. However, the trial was
terminated due to toxicity caused by an off-taggfétct. Its successor CB-5339, as the second-gimera
clinical-grade inhibitor of p97, is in phase | dtial trials for Acute Myeloid Leukemia or
Myelodysplastic Syndrome [25]. One of the majorligmges of targeted cancer therapy is the emergence
of drug-resistant mutations in tumor cells leadimdpss of treatment effectiveness. Mutations i gt
cause resistance to CB-5083 have been identifi@}l Rvailability of different p97 inhibitors with
various binding modes may help overcome this isReeently, LC-1028 was reported as a covalent p97
inhibitor with a Michael acceptor consisting of arlwonyl group conjugated with a methyl-capped
acetylene group [26]. LC-1028 showed antiprolifieatctivity in MIA PaCa-2 cells with an E¢value
of 0.436 pM. LC-MS/MS suggested LC-1028 conjugate€522, indicating that LC-1028 binds to the



D2 domain by a covalent bond; the docking model wassistent with this result. However, the

selectivity of LC-1028 against WT-97 over other AAATPases remains unclear. Although there is a
much research on the inhibition of p97 and clinici@ls are ongoing to evaluate CB-5339, no drug ha
been approved by the FDA to target p97.

Nerviano Medical Sciences and Genentech discovehed allosteric inhibitor NMS-873, an
alkylsulfanyl-1,2,4-triazole analog that binds ituanel between the D1 and D2 domains [27, 28]. NMS
873 inhibited the ERAD pathway and led to the aadation of misfolded proteins in the ER. [29]
UPCDC30245 is another allosteric p97 inhibitor wath 1G, of 27 nM, which reversibly binds at the
interface of the D1 and D2 domains as determinechy-electron microscopy [30]. Eeyarestatin | (Eer
serves as a prodrug to convert the 5-nitrofurah-@N¥C) group into a reactive metabolite involved i
inhibition of p97-dependent protein degradatiorcétis even though the exact mechanism of the active
metabolite still remains unknown [31, 32]. NMS-85% covalent p97 inhibitor, featuring an electribph
a-chloroacetamide, which selectively modifies Cysi2the D2 active site with an §gof 0.37 uM [28].

MSC1094308 [33] and 2-aminopyridine indole amidel][&re reported as two allosteric p97
inhibitors with 1G, values of 7.2u1M and 0.5uM, respectively. MSC10944308, with low biochemical
potency, showed cellular efficacy at 1®1. The 2-aminopyridine indole amide exhibited elem
physicochemical properties, including solubility3@BuM in PBS), bidirectional permeability (710 and
460 nm/s), and microsomal stability (humam, ™ 60 min). A(10,11)-Dehydrocurvularin [35] and
Withaferin A 27-Acetate [36] covalently modify p9%(10,11)-Dehydrocurvularin inhibited p97 with an
ICso value of 15.3 £ 9.9M by covalent bond with Cys522 of p97. Withaferin2X-Acetate exhibited
inhibitory activity against wild-type p97 with a4, value of 21uM, but it didn’t show inhibition against
the C522A mutant. However, Withaferin A 27-Acetatehibited anti-proliferative effects in cancer cell
lines at 10-fold lower concentration, suggestinditohal modes of action. Clotrimazole [37], Oxaspi
B [38], and 5'-I-Fuligocandin B [39] exhibited p®@hibition activity with 1G, values of 12uM, 31.2 +
3.0uM and 7.0uM, respectively. However, their mechanisms of actioe unclear. Herein, we report the
design, optimization, and biological evaluationafovalent p97 inhibitor with the potential to be a
specific and useful tool to uncover p97’s functéond to be further developed to treat cancers.

2. Results and Discussion
2.1 Search for potential irreversible kinase inhibitors to inhibit p97 in vitro and in cells

High throughput (HTS) screens identified multipléshcontaining electrophilic groups with sub-
micromolar G, values for inhibiting ATPase activity of purifiggb7 in vitro and turnover of a p97-
dependent cellular reporter [21]. C522A p97 is Issssitive to these electrophilic compounds [2], 40
One of the hits, an aryl alkynyl ketone (CompoundFD02342), inhibited ATPase activity with J(0f
0.2 uM. However, it also inhibited the turnover of bqiB7-dependent (U5°¥-GFP) and independent
reporters (ODD-Luc) Table 1). To search for irreversible p97 inhibitors, wealenated several
characterized kinase inhibitors with aurvitro and cell-based p97 HTS assays [41]. Compdligia
spleen tyrosine kinase (Syk) inhibitor [42, 43]ygmounds4 (cmk), and5 (fmk) are halomethylketone
pyrrolopyrimidine-based p90 ribosomal protein S@akkie (RSK) inhibitors [44], and compou@ds a 6-
acrylamido-4-anilinoguinazoline-based inhibitor mga epidermal growth factor receptor (EGFR) [45].
Compounds1-3 demonstrated submicromolar sfC compound5 was 10-fold less active than the
corresponding chloro-substituted compouhdand compound exhibited 1G, values about 10-18M
(Table 1). Compound2 (3,4-methylenedioxy-nitrostyrene)[41] was chosen for more detail analysis
due to its lower |G, values in botlin vitro ATPase and in cell J®'-GFP degradation assays.
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Figure. 1 Chemical Structure of Known p97 Inhibitors



Table 1 Apparent IGyvalues of known irreversible inhibitors against @ its reporters

Apparent IG (UM)?

Compounds Structures
Ub®®Y.GFP  ODD-Luc p97
(0]
1° P
(JFD02342) O % CH 34+10  52+18 0.2+0.02
3
2 © "o 6+0
+
(B-nitrostyrene) <o]©N 16=04 S
[0}

C
(Eerl) HO- N}\ @/ 3.7£0.4 ND > 30
o]

CHs
4 NH,
(i) e e 5.8+ 1.1 442 3.9+09
N N o
o,
CHs
5 NH,
(fmk) S 47+ 10 39:t3  >30
N N @)

Aﬂ

@ Measurements were carried out in trlpllcate, aaribwice is expressed as the standard
deviation.

® Data for compounds 1 and 2 were adapted fromeeées [21] and [41], respectively.
“ ND: Not Determined




Table 2 Apparent 1G, values of compound 2 analogs against p97 andptsrters

Apparent 1Go (UM)

Compounds  Structures
Ub®®.GFP  ODD-Luc p97

o]
7 @@A\*w > 30 > 30 >30
o]

HaCO SN0,
8 ol 1909 1809 3118
HaCO. ~NO,
9 O 6.8+ 2.5 5+ 0.8 13+ 5
HaCO. SN0,
10 LI 57+15  23:09  3.6+28
HaC
HaCO N0,
o}
u S0 4316 16:08  34:18
KO S NO,
12 ©)Lo 5.7+2.8 10+ 3 2.0£0.4
NNNO;
13 S 29+07  30£10 0.7%03
14 o 1.7+0.7  40:14 12:03
F. i - NO,
15 Bod 27+1.0  21+03 24%06
Br. ) o NO,
16 18408 2009 17405

-

To examine structure-activity relationships of tBanitrostyrene scaffold, we obtained five and
prepared five analogues (compourn®d$6, Table 2). Replacing the nitro group with carboxylic acid
(compound?) led to complete loss of activity, therefore swsigey the nitro group is critical for the
observed inhibition. The only other modificatiorattaffected both assays by more than 3-fold was the
placement of a hydroxyl group ipara-substitution to the nitro styrene moiety (compoud)d The
requirement for the nitro group and the relativeeimsitivity of the remainder of the scaffold to
modification suggested that the primary mechani§action was a covalent reaction with Cys522 in the
D2 domain active site. The poor activity of Compd@towards the C522A mutant and its sensitivity to
DTT indicated that the electrophilic attack of C385wvas indeed critical for the potency of Compo@nd
[41] Compound2 was first reported to be a selective Syk inhibifé8] with submicromolar Ig;
however, our results indicated that it is a pofE¥ inhibitorin vitro and in cells, but we were unable to
obtain a selective analogue for inhibiting p97 ells; which is likely due to the high reactivity tfe
electrophilic moiety. We then sought to designraeversible scaffold by using x-ray crystal struegiof
p97 (PDB codele3?2).

2.2 Structure based drug design to devel op a covalent inhibitor of p97

To develop covalent inhibitors of p97, we focused attention on the D2 ATPase domain. This
domain has a cysteine residue at position 522sittechain of which projects into the active sigany
the amino group (Nh attached at the C6 position of the purine of anabADP-aluminum fluoride
complex Fig. Sla) [46]. We reasoned that an ATP analog carryingelaetrophilic substitution at C6
might react with this cysteine residue and inatg\@7. It is noteworthy that a cysteine at posiB@2 is



not essential for p97 ATPase activity, and in faetbudding yeast ortholog of p97, Cdc48, doedhawve
cysteine in this position. Indeed, the presenogysfeine at this position in members of the AAA /A&ER
family is variable: the D1 domain of NSF has a eist in the equivalent position, whereas five ef $ix
AAA ATPase subunits of the 26S proteasome do Raj. (S1b). To develop an inhibitor capable of
reacting with this cysteine, we selected PP (com@adly¥) as the starting point and optimized this
scaffold in a variety of ways in terms of the bimglimode of the Src inhibitor pyrazolopyrimidine$&p
(Fig. 2) [47, 48]. Specifically, we attached various dlephilic groups to the C4 position, including
acrylamides (compound#8, 19, 22, 23, 24, 27, and 28), and a chloroacetamide (compou2@. As
negative controls, we prepared compounds thatnedaan amino group attached at C4 (compouiids
21, 25, and 26). All compounds demonstrated inhibitory activity both ATPase and UF'-GFP
turnover assays except for the control compoumdblé 3). The most potent inhibitor was compout&l
(PPA), which contains benzene at C3 and a singi@amide at C4. PPA was 20-fold less potent at
inhibiting the p97-independent reporter. Therefare selected PPA for a more detailed study.

()

21: Ry=Ry=H 0
17 Ry=R=H o M O 26: Ry=Rp=H o
NR/R; - 22Ri=H.R= % NR/R; %L)K/
18:Ry=H, Rp= % o . 27:R=H,R= <
N ‘ >N P 23: Ry=R,= % N ‘ >N )K/
N N/) 19:Ri=Ry= % 0 \ N/) 28 Ri=Rp= %

. \

7& o 7& 24: Ry=CHj, Rp= E)K/CI 7&
20 Romh, R K)K/Cl 25 Ry=H, R,=CHj

Figure. 2 Structures of the pyrazolo[3d}pyrimidine analogs designed for p97 inhibition

Table 3 Apparent IGyvalues of the pyrazolo[3,dlpyrimidine analogs against p97, T532C-Cdc48, and
the cellular reporters.

Apparent 1G, (UM)*

Compound
Ub®’®Y.GFP ODD-Luc p97 T532C-Cdc48

17 > 30 > 30 > 100 > 100

18 (PPA) 1.6+ 05 35+10 0.6x0.2 14+5
19 5.4+ 1.6 >30 1.1+0.7 26+ 6
20 31+3 >30 45%35 35+8
21 > 30 > 30 > 100 > 100
22 2.0£0.9 > 30 3x1 24+ 7
23 2.5+0.3 >30 1.3x0.7 22+11
24 3.6+05 > 30 10+6 ND
25 > 30 > 30 > 50 ND
26 > 30 > 30 > 50 ND
27 2.1+0.6 >30 28+1.2 ND
28 6.1+0.7 >30 09x0.2 ND

*Measurements were carried out in triplicate, sadance is expressed as the standard deviation.
ND: not determined.



2.3 Biochemical characterization of PPA (18)

To determine if inhibition by PPA requires a reeetithiol, we determined inhibition of ATPase
activity in the presence of dithiothreitol (DTT)dnysteine during the preincubation. The datRigure
Slc demonstrated that the inhibitory effect of PPA Idobe counteracted by the inclusion of either
cysteine or DTT. To evaluate whether PPA modifigsteine 522, inhibited p97 was digested with
trypsin, and peptides were fractionated by HPLC amalyzed by tandem mass spectrometry. The PPA-
modified peptide (N14) from the digested p97 sampbs eluted using PPA-modified N15-labeled
peptide (HN-GVLFYGP*P*GCGK-OH, where * indicates N15 labelegsidues) as an internal control
(Fig. S2). Tandem mass spectrometry identified Cys522 esitie of modification, thus confirming the
formation of a covalent bond between PPA and p®@viufther address whether Cys522 is necessary for
inhibition of p97 by PPA, we constructed two mugaim which Cys522 was converted to either alanine
or threonine. Furthermore, we constructed a muthryeast Cdc48 in which the residue analogous to
Cys522, Thr532, was converted to cysteine. Mutatibi€ys522 in p97 to either alanine or threonine
decreased sensitivity to PPA by more than 100-fdlable 4). On the other hand, yeast Cdc48, which
normally is quite resistant to PPA, became neaflyfadd more sensitive to the compound upon the
introduction of cysteine in place of Thr532. Togeththese data indicate that Cys522 is both negessa
and sufficient to confer sensitivity to PPA.

Table 4 Cys522-mediated p97 inhibition by PPZ8J in vitro

Enzyme Apparent 1Gg (UM)
WT-p97 0.62+ 0.25
C522A-p97 11G- 33
C522T-p97 82 45
Yeast Cdc48 376 95
T532C-yeast Cdc48 145
Hamster NSF 10% 31
Human 19S ATPase* %19

*Human Rpt3 contains a cysteine in Walker A motif.
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Figure. 3 The docking study of PPA into WT-p97. (A) Two-dinsgonal presentation of the potential
interactions between PPA and WT-p97. (B) Three-dsianal presentation of PPA in the active site.
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2.4 Docking study of PPA (18)

Although we have confirmed the covalent bindingP®fA to Cys522 in Domain 2, it is still unclear
whether other interactions between PPA and WT-p€ro In order to understand the binding mode of
PPA in the active site, we performed the covaleukihg study by AutoDock 4.2.6. [49] In addition to
the covalent bonding to Cys522 between the terndagbon atom from the acryl amido group and the
thiol group, there were two hydrogen bond intematibetween Gly480 and 7-NH, and Gly521 and the
amido NH, respectivelyHg. 3A and 3B). In addition, some residues in the active sitehsas lle479,
Leu526, Gly684, Ala685, and Thr688 showed hydrophtieractions with PPAHig. 3A).

2.5 PPA does not inhibit NS and 26S proteasome and blocks degradation of p97 substrate irreversibly

To further address the specificity of PPA, we tédte activity against two other AAA ATPases,
NSF, and the 19S regulatory particles. Although NeSKhown to be sensitive to thiol-reactive ageiits,
was more than 100-fold less sensitive to PPA ti@h(@ig. 4A, Table 4). Likewise, inhibition of ATP
hydrolysis by the 19S regulatory particles was oles only at high concentrations of PPA {{G 75
UM). The results with NSF and the 19S regulatomtiglas are noteworthy because both the active D1
domain of NSF and the Rpt3 subunit of the 19S wguy particles have cysteine in the position
analogous to cysteine 522 of p9¥id. Slb). Moreover, PPA did not inhibit the hydrolysis af
fluorogenic proteasome substrate, LLVY-AMC, witte thffinity-purified 26S proteasome from Hek293
cells [50] Fig. 4B). We used previously established washout assaygusiy®’®-GFP reporter to
demonstrate PPA irreversibly block degradation bf®-GFP in cells [41]. UB"®'-GFP was degraded
after washing out MG132 but it remains stable VRtPA treated cellsH{g. 4C). Similarly, we showed
that PPA block degradation of an ERAD substrateRGGFP @-chain of the T-cell receptor fused to
GFP) [51]. We included MG132 (a reversible proteasanhibitor), YU101 (a covalent proteasome

inhibitor) [52], PYR41(a ubiquitin E1 inhibitor) §§, and DBeQ (a reversible p97 inhibitor) [21] as
positive controls.

A B
ATPase Activity 120 20S proteasome assay
140 q —p97 §
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Figure 4. PPA inhibits p97 ATPase activity selectively anckwersibly. (A) Titration curves of thie
vitro ATPase assays for PPA inhibition of p97, NSF, @uit48. (B) PPA did not inhibit human 26S
proteasome activity. (C) Reversibility of PPA inititn was determined using G6Y-GFP by washing
out test compound and monitoring decay of GFP s$ignthe presence of cycloheximide for additional
17 h. (D) PPA block degradation of an ERAD substralCRx-GFP stably expressed in HEK293 cells.
Cells were incubated with MG132, washed and treaf#td cycloheximide plus compound for 60 min or
120 min. Samples were immunoblotted with anti-p87oading control and anti-GFP antibody to detect
TCRa-GFP.

2.6 Anti-proliferative effect of PPA in cancer cellsand in CB-5083, NMS-873 resistant colorectal cancer

To explore anti-proliferative effects of these campds, we used three cancer cell lines and
evaluated PPA together with three known p97 inbibit CB-5083, NMS-873, and DBeQ. As shown in
Fig. 5A, all compounds inhibited proliferation of all tiereancer lines. CB-5083 showed the most potent
anti-proliferative activity. The I§; of PPA to HCT116, HeLa, and RPMI8226 were M, 6.1 uM, and
3.4 uM respectively. PPA has comparable potency as DBeless potent compared to CB-5083 and
NMS-873. PPA’s cellular activity was consistenthwiits enzymatic activity against p97. Furthermave,
evaluated its potency toward CB-5083 resistant Bxnd NMS-873 resistant (NMS-R) HCT116 cell
lines [24], as shown ifrig. 5B, PPA and DBeQ have similar anti-proliferative wities for all three
HCT116 lines. CB-5083 is 72-fold less effectivedB-R, whereas NMS-873 is 4.5-fold less effective in
NMS-R. The two NMS-873 resistant cell lines we étetl are A530T heterozygous, so the fold resistance
is not as high as the homozygous A530T made usRIGER as described previously [54].

A B
10 40
Il CB-5083 I CB-5083
g] M NMs-873 351 M nwms-e73
I DBeQ 301 WM DBeQ
E 61 I PPA 325 I PPA
8 820
Q Qs
4
3
2
1
0

HCT116 HelLa RPMI8226 HCT116 CB-R NMS-R1  NMS-R2

Figure. 5 Anti-proliferation activity of p97 inhibitors agast (A) HCT116, HelLa, and RPMI8226 cell

lines. (B) HCT116, CB-5083 resistant HCT116 calkliharboring D649A, T688A p97 mutant (CB-R)
and NMS-873 resistant HCT116 cell line harboring38% p97 mutant (NMS-R). Data are shown as
Mean + SEM taken from four replicate experiments.

2.7 Quantitative Proteomic Analysis of PPA treated HCT116 human colon cancer cells

Label-free quantification using the Orbitrap EcidsC-MS/MS was employed to evaluate the effect
of PPA (15uM or 30 uM for 6 hours) on the protein level changes in HCA tells. Two independent
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biological replicates were performed for each grollhe proteome analysis using PD 2.4 software
identified a total of 5924 proteins from all coritemd PPA-treated groups. The normalized abundance
was used for the following analysiBi¢§. S3). We identified 291 proteins change in i PPA-treated
samples Fig. 6A), and 553 proteins change in @80 PPA-treated sample&iQ. 6B and7A) by limma
analysis jp < 0.05). The Venn diagram shows that the leveb®fproteins significantly increasegig.

6C, Table S3A) and 46 significantly decreaseHBig. 6D, Table S3B) in both treatment groups. By
overlapping with known p97 interaction data frono8RID database, we found 33 of them significantly
increasedKig. 6C) and 42 of them significantly decreasédg( 6D) in either 15 or 3QuM treatment
groups. Notably, there are 15 known p97 interactimgfeins also showed differentially change in both
treatment groups and the log2 fold change valueshown in Table 5. For example, SQSTML1 (also
known as p62) [55]a ubiquitin binding protein involved in autophagntioxidant response, apoptosis,
and regulation of endosomal trafficking, is incex a concentration-dependent manner (logFC k42
0.97, 15uM vs 30uM). Another protein GOLGA3 [56]participating in transport of protein, apoptosis,
and positioning of the Golgi, is dose-dependentgrdased (logFC -0.36 vs -0.70, 1@ vs 30 uM).
These results provide valuable insights for furttmestigation into the mechanisms by which PPA
affects p97 function.

The 30uM PPA-treated group had more significantly changeateins (~2 fold more than jiBl
PPA-treated group), which suggests that this grought be more informative as to PPA induced
proteomic changes. Therefore, subsequent analgsegared DMSO and 30M PPA-treated groups. A
set of 110 proteins identified in this analysis wassified as the final fiérentially expressed proteins
(DEPSs) between the control and 38 PPA-treated groups (listed in Table S2), withalue<0.05 and
fold change >2 (up-regulated) or <0.5 (down-regdat Subsequently, the 110 DEWsre uploaded to
the DAVID Database, and the annotation enrichmeatyais was carried out with the complete human
gene set as the background. We investigated thlginial process, molecular function, cellular
component, and functional pathways in the signifigaenriched GO terms. The top fourteen relevant
changed biological processes are presentdegn7B. The analysis showed these DEPs are primarily
related to protein binding, DNA binding and damageponse, and mitochondrion. Some p97-related
processes, such as protein ubiquitination and ERGdtgi transport vesicle membrane, were also
identified, with other processes linked to PPA’si-proliferation activity, such as p53 regulatiaell
proliferation, and negative regulation of apoptoBisrthermore, protein-protein interaction (PP Ialgsis
was performed using the STRING database to undhetstae interactions between these DEPs in
response to treatment with PPA in HCT116 cell lifieig). $4). For all PPI networks, the minimum
required interaction score was set at medium cenfid (0.400). The PPI networks showed that the DEPs
have several interactions among themselves, suggesiese proteins are biologically connected. For
example, the protein HMOX significantly up-regulhten both 15 and 3@M PPA-treated groups, was
shown to interact with many proteins, such as KEARERA, MKLN1, CDKN1A, and FTHL1.
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A Volcano plot (PPA 15uM vs DMSO)

B Volcano plot (PPA 30puM vs DMSO)
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Figure. 6 Proteomic analysis of PPA treated HCT116 cell [#&d3) Volcano plots illustrate significantly
differentially expressed protein in 15/ (A) and 30uM (B) PPA treated HCT116 cells (fold change:
PPA/DMSO) . C-D) Venn diagrams of up-regulated @iro{C) and down-regulated (D) proteins<
0.05) between 1pM, 30uM PPA-treated groups and p97 interactors. The I@y2ige of 1M is -
5.56 to -0.26 and 0.26 to 3.24 and the log2FC raf@®uM are -5.03 to -0.26 and 0.27 to 8.85.
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Figure. 7 A) Heatmap presentation offfiirentially regulated proteing & 0.05) of DMSO vs. 3@M
PPA-treated groups. B) The biological process amlyf 30 uM PPA-treated group differentially
expressed proteinp K 0.05, and log(FC) > 1 or < -1].

Table 5. Overlapped protein list of differentially expresgwdteins by 1M and 30uM PPA-treatment
known to be regulated by p9p € 0.05)

Gene log2 (Fold Change)

Accession Description
Symbol 15uM 30 pM
Q1514¢ PLEC Isoform 3 of Plectin 0.3¢ 0.5¢
P5810° EPPKI Epiplakin 0.3¢ 0.64
Q1350: SQSTMI  Sequestosome-1 0.4z 0.97
Q8TCFI ZFAND1 AN1-type zinc finger protein 1 0.4¢ 0.4z
Q8TDNE BRIX1  Ribosome biogenesis protein BRX1 homolog 0.5Z 0.7C
04342. PRKRIR 52 kDa repressor of the inhibitor of the proteindge  0.6¢ 0.6¢
P4673I BRCC:  Lys-63-specific deubiquitinase BRCC36 0.94 0.8:
Q1358¢ STIM1  Stromal interaction molecule 1 1.4¢ 1.6
P1127! LAMP1 Lysosome-associated membrane glycoprotein 1 -0.5¢ -0.6¢
01451 CDK2AP1 Cyclin-dependent kinase 2-associated protein 1 -0.4¢ -0.4%
Q1414¢ KEAP1  Kelch-like ECH-associated protein 1 -0.4¢ -1.0¢
P5074: KNTC1 Kinetochore-associated protein 1 -0.4: -0.87
Q9Y67¢ AUP1 Ancient ubiquitous protein 1 -0.3¢ -0.4z
Q0837¢ GOLGA3  Golgin subfamily A member 3 -0.3¢ -0.7¢
AOA087WY71 AP2M1  AP-2 complex subunit mu -0.3¢ -0.3¢

3. Conclusion

To develop irreversible p97 inhibitors, we screesidwell-characterized kinase inhibitors by onr
vitro and cell-based p97 HTS assays. Compoudratsd2 were chosen to further optimize their structures
to provide 10 compounds (compourii46). Intrigued by the p97 inhibition result of thesempounds,
we designed and synthesized a series of irreverp®l inhibitors by introducing a Michael Accepbor
the N-6 position of ADP after analysis of the caystructure of the p97 complex with ADP-AIF3 (PDB
code 1e32). PPA showed potent inhibition again3twi®h 1Cs, of 0.6+ 0.2 uM. Its irreversible mode of
action was confirmed by tandem mass spectrometdy aanvashout experiment in a p97 dependent
degradation assay. Am-silico docking study was performed to validate the fakisibof covalent
binding to Cys522. In a panel of Cys522-mediated ip@ibition assay vitro, PPA showed up to 100-
fold selectivity on wild-type vs. Cys522-mutated/p®ith 1Cs, of 0.62+ 0.25uM. In addition, PPA did
not show inhibition against NSF and 26S proteasdmeaddition, PPA showed potent anti-proliferative
effects on HCT116, HelLa, and RPMI8226 cells withyl@alues of 2.7uM, 6.1 uM, and 3.4uM,
respectively. Moreover, PPA can inhibit growth oB-6083 and NMS-873 resistant HCT116 cells.
Furthermore, proteomic analysis revealed PPA réggdilhona fide p97 interacting proteins involved in
known p97 functional pathways such as protein ubitation and ER to Golgi transport vesicle
membranes. Taken together, these observations SUgB& could serve as a promising starting point to
develop an irreversible p97 inhibitor to treat canand can be a valuable tool to overcome resistinc
other p97 inhibitors with different mode of actiansch as ATP competitive and allosteric mechanisms.

4, Materialsand Methods
4.1. Chemical Synthesis
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4.1.1 Material

Reactions were performed in flame-dried glasswadeuan argon or nitrogen atmosphere. Solvents
were dried by passage through an activated alumahamn under argon. Triethylamine (NEwas
distilled from sodium hydride immediately prioruse. Other commercial reagents were used as relceive
Thin-layer chromatography (TLC) was performed usihgMerck silica gel 60 F254 precoated plates
(0.25 mm) and visualized by UV fluorescence quemghSilicaFlash P60 Academic Silica gel (particle
size 0.040-0.063 mm) was used for flash chromapyraH and*C NMR spectra were recorded on
either a Varian Mercury 500 spectrometer at 500 MHd 125 MHz, respectively, or a Varian Mercury
300 spectrometer at 300 or 75 MHz, respectivéy.spectra are referenced to residual GOTT.2)."F
NMR spectra were recorded on a Varian 300 (at 28%)Mand are reported relative to CEC 0.0).
Data for'H and*®F NMR spectra are reported as follows: chemicat $Bippm) (multiplicity, coupling
constant (Hz), integration). MS were acquired usingAgilent 6200 Series TOF with an Agilent G1978A
Multimode source in electrospray ionization (E@mospheric pressure chemical ionization (APCI) or
mixed (MM) ionization mode. Some compounds werelsysized in this work and others were obtained
from the in-house compound library.

4.1.2 Synthesis @-Nitro styrenes

B-Nitro styrenes were prepared according to a liteesprocedure [57] with minor modifications. See
below for a representative procedure.

H3CO@O MeNO, HSCOJQ/\/NOZ
HsCO NH4OAc HsCO
Scheme 1 Synthesis of compourtd

E-1,2-dimethoxy-4-(2-nitrovinyl)benzend)( A round-bottom flask fitted with a magnetic shiar
and a reflux condenser was flame-dried under vacu\fter cooling to ambient temperature under dry
nitrogen, 3,4-dimethoxybenzaldehyde (0.419 g, 2mBoin 1.0 equiv), ammonium acetate (0.170 g, 2.2
mmol, 0.9 equiv), and nitromethane (12.5 mL) weldeal, and the resulting mixture was heated toxeflu
and maintained with stirring for 14 hours. The temacmixture was concentrated under reduced pressur
and the residue was recrystallized from ethangietn (8) (0.362 g, 69% yield) as yellow-green flakes:
'H NMR (300 MHz, CDC}) 8 7.97 (d,J = 13.5 Hz, 1 H), 7.53 (d,= 13.5 Hz, 1 H), 7.18 (dd,= 8.7, 2.1
Hz, 1 H), 7.01 (dJ) = 2.1 Hz, 1 H), 6.92 (d] = 8.7 Hz, 1 H), 3.94 (s, 3 H) 3.93 (s, 3 H); MSH{En/z
210.0 (M + HJ.

E-3-(2-nitrovinyl)pyridine (3). Prepared by the above procedure (3-pyridylcaatatphyde, 0.25 mL,
2.7 mmol). Purified by filtration through a shorlug (Si0,, 50% EtOAc in hexanes) followed by
recrystallization from ethanol to yield3) (0.112 g, 28% yield) as orange needfésNMR (300 MHz,
CDCl) 68.80 (d,J=2.1Hz, 1 H), 8.72 (d=4.8, 1.5 Hz, 1 H), 8.01 (d,= 13.8 Hz, 1 H), 7.87 (ddd,
=7.8,21,15Hz 1H), 7.62 (d=135Hz, 1 H), 7.41 (dd,= 7.8, 4.8 Hz, 1 H); HRMS (MM: ESI-
APCI) calc’d for GH;N,0; [M + H]™: 151.0502, found 151.0503.

E-1-nitro-3-(2-nitrovinyl)benzeneld). Prepared by the above procedure (3-nitrobenkgtie 0.389
g). Purified by flash chromatography (SiQ7% EtOAc in hexane), followed by recrystallipatifrom
ethanol to yield 14) (0.228 g, 46% yield) as pale yellow powdiét:NMR (300 MHz, CDCJ) 5 8.42 (t,J
= 1.8 Hz, 1 H), 8.35 (ddd,= 8.1, 1.8, 1.2 Hz, 1 H), 8.05 (@= 13.5 Hz, 1 H), 7.87 (d§ = 7.5, 1.2 Hz, 1
H), 7.68 (t,J= 7.8 Hz, 1 H) 7.66 (d] = 13.8 Hz, 1 H).

E-pentafluoro(2-nitrovinyl)benzene 1%). Prepared by the above procedure (pentafluoro
benzaldehyde, 0.538 g, 2.7 mmol). Purified by dtibn through a short plug (Si050% EtOAc in
hexanes) followed by flash chromatography (Sih% EtOAc in hexanes) to yields) (0.142 g, 22%
yield) as yellow oil:'H NMR (300 MHz, CDCY) 5 8.04 (d,J = 13.8 Hz, 1 H), 7.82 (d| = 13.8 Hz, 1 H);

%F NMR (282 MHz, CDGJ) 5 135.8 (m, 2 F), 146.6 (t,= 20.7, 4.6 Hz, 1 F), 159.7 (m, 2 F).
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E-2-bromo-1-fluoro-4-(2-nitrovinyl)benzenel®). Prepared by the above procedure (3-bromo-4-
fluorobenzaldehyde, 0.500 g, 2.5 mmol). Purifiedilisation through a short plug (S¥250% EtOAc in
hexanes) followed by recrystallization from ethanol yield (6) (0.311 g, 51% yield) as yellow
microcrystals.lH NMR (300 MHz, CDCJ) 6 7.91 (d,J = 13.5 Hz, 1 H), 7.77 (dd,= 6.6, 2.4 Hz, 1 H),
7.51 (d,J = 13.8 Hz, 1 H), 7.49 (m, 1 H), 7.21 Jt= 8.4 Hz, 1 H);®*C NMR (125 MHz, CDGJ) 5 161.1
(d,J =255 Hz), 137.7 (d) = 2.9 Hz), 136.4, 134.2, 129.9 @z 10.6 Hz), 127.8 (d] = 3.4 Hz), 117.6
(d,J =22.9 Hz), 110.6 (d] = 21.9 Hz);*F NMR (282 MHz, CDGCJ)) 5 100.3 (dd,J = 11.8, 7.1 Hz, 1 F).

4.1.3 Synthesis of Pyrazolopyrimidine analogues

R R NH2
Q1. Malononitrile, NaH, THF j~CN HCONH, SN
A= S N — N | J
R™ cl g 180 N7

2. SO,(OMe), N™ “NH, #\ N

+ _
3. NHNH; CI #\

17 R = Phenyl

21 R = 2-naphthyl

Q O:g 0
Q R HN)H R N)H
—C|> 7 N 7 SN
Nl J Nl )
EtsN, CH,Cl, N~ N7
18 R = Phenyl 19 R = Phenyl

22 R = 2-naphthyl 23 R = 2-naphthyl
Scheme 2 Synthetic Route of Pyrazolopyrimidine analogues
Pyrazolopyrimidined7, 21, and26 were synthesized from the corresponding acid alddd 7, 58].

4.1.3.1 Synthesis of Compount®and19

0
NH, 0 HNH
N/ ‘ N N \ACl N/ ‘ \J\l "
7‘& N/) EtsN, CH,Cly 72 N7
17 18 19

Scheme 3 Synthesis of compound8 and19

Representative Procedure for Acylation of Pyrazolopyrimidines. To a solution of 4-amino-f-butyl-
3-phenylpyrazolo[3,4-d] pyrimidinel?) (0.103 g, 0.387 mmol) in C&l, (4 mL, 0.1 M) was added &t
(0.043 mL, 0.31 mmol). The solution was cooled mnige water bath, and acryloyl chloride (0.027 mL,
0.314 mmol) was added dropwise. After stirring 36r minutes while warming to room temperature, the
solution was partially concentrated and purifiecdily by silica gel column chromatography (10%yéth
acetate/hexanes). In addition to recovered startiatgrial (0.0306 g, 0.1145 mmol, 29.6 % yieldje¢h
products were isolated:

N-(1-(tert-butyl)-3-phenyl-H-pyrazolo[3,4d]pyrimidin-4-yl)acrylamide {8) as white solid (0.015 g,
0.046 mmol, 14.5 % yieldfH NMR (300 MHz,ds-DMS0): 5 11.04 (s, 1 H), 8.81 (s, 1 H), 7.61-7.56 (m,
2 H), 7.41-7.29 (m, 3 H), 6.37 (dd= 17.2, 10.2 Hz, 1 H), 5.86 (dd= 17.2, 1.6 Hz, 1 H), 5.65 (dd=
10.2, 1.6 Hz, 1 H), 1.82 (s,9 H). HRMS (Eijz calc’d for GgH1gNsO [M]™: 321.1590, found 321.1598.
The®C NMR data with good quality could not be obtairke: to poor signal-to-noise as a result of a
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peak broadening presumed to be a result of thendignprocess that was not investigated further due t
the high reactivity of8.

N-acryloyl-N-(1-(tert-butyl)-3-phenyl-H-pyrazolo[3,4€]pyrimidin-4-yl)acrylamide 19) as white
solid (0.019 g, 0.051 mmol, 16.2% yieldj NMR (300 MHz, CDC)): & 8.94 (s, 1 H), 7.50-7.45 (m, 2
H), 7.40-7.35 (m, 3 H), 6.31 (dd~= 16.7, 2.3 Hz, 2 H), 6.22 (dd~= 16.7, 9.3 Hz, 2 H), 5.63 (dd= 9.3,

2.3 Hz, 2 H), 1.9 (s, 9 H}*C NMR (75 MHz, CDCJ): § 167.2, 155.4, 154.0, 153.5, 142.7, 132.1, 131.0,
129.8, 129.1, 129.0, 128.9, 110.2, 61.4, 29.3. HREIS) mVz calc’d for GiH»NsO, [M]™: 375.1695,
found 375.1695.

4.1.3.2 Synthesis of compougd

(0]
NH, o HN%
) oo, TN )
N N

N\/
72 EtsN, THF 7& N
17 20

Scheme 4 Synthesis of compourizd

To a THF (10 mL, 0.1 M) solution of phenyl pyrazojoimidine (7) (0.25 g, 0.94 mmol) was &t
(0.17 mL, 1.2 mmol). Chloroacetic chloride (0.1 mL2 mmol) was added dropwise. After 12 hr at
ambient temperature, the mixture was quenched kgt (10 mL) and extracted with CHQI3x10 mL).
The combined organic layers were dried with MgSfitered, and concentrated. The crude oil was
purified by silica gel column chromatography (1l:édxanes/ethyl acetate) to provide@ as white solid
(0.18 g, 56 % yield)H NMR (300 MHz, CDC}): 5 8.65 (br s, 2 H), 7.69 (br s, 2 H), 7.56-7.42 h),
4.37 (s, 2 H), 1.84 (s, 9 H). Many of the peakshie®*C NMR spectrum were broadened by a dynamic
process that was not investigated further. Poara$itp-noise prevented acquisition of godeé NMR
spectral data. HRMS (FAB+)Wz calc’d for G/H;gONsCI [M + H]: 344.1273, found 344.1270.

4.1.3.3 Synthesis of compoun2izand23

21
Scheme 5 Synthesis of compoun@2 and23

2-Naphthyl pyrazolopyrimidine2q) (0.1134 g, 0.357 mmol) was acylated as desciibéde above
representative procedure using £H (3 mL), EtN (0.1 mL, 0.72 mmol) and acryloyl chloride (0.05
mL, 0.547 mmol). Water (10 mL) and NaHg(Q0 mL, saturated, ag.) were added and extractéd w
CH.CI, (3 x 10 mL). The combined organic layers were dirigth NaSQ,, filtered, and concentrated
under reduced pressure. The crude yellow oil wasigad by silica column chromatography (1:9->1:3-
>1:0 ethyl acetate/hexanes) to provide three ptsdoncaddition to recovered starting material (891,
0.0466 mmol, 13% vyield).

N-(1-(tert-butyl)-3-(naphthalen-2-yl)H-pyrazolo[3,4d]pyrimidin-4-yl)acrylamide 22) as white
solid (0.026 g, 0.069 mmol, 19 % Yieldd NMR (300 MHz, DMSO) 11.23 (br s, 1 H), 8.82 (s, 1 H),
8.20 (s, 1 H), 7.91 (m, 3 H), 7.82 = 8 Hz, 1 H), 7.50 (m, 2 H), 6.32 (d#i= 10, 17 Hz, 1 H), 5.73(d,
=17 Hz, 1 H), 5.51 (d) = 10 Hz, 1 H), 1.86 (s, 9 H). Many of the peaksh@'*C NMR spectrum were
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broadened by a dynamic process that was not igadst further. Poor signal-to-noise prevented
acquisition of good°C NMR spectral data. HRMS (FAB+)z calc’d for G,H»,N:O [M + H]: 372.1819;
found 372.1811.

N-acryloyl-N-(1-(tert-butyl)-3-(naphthalen-2-yl)Hi-pyrazolo[3,4d]pyrimidin-4-yl)acrylamide  23)
as white solid (0.066 g, 0.16 mmol, 43 % Yielt).NMR (500 MHz, CDCJ) & 8.94 (s, 1 H), 7.92 (s, 1
H), 7.84 (dJ=8.4 Hz, 1 H), 7.81 (m, 1 H), 7.76 (m, 1 H), 7(@#,J = 8.4, 1.2 Hz, 1 H), 7.48 (m, 2 H),
6.18 (ABX quartet, 4 H), 5.46 (dd,= 9.1, 2.8 Hz, 2 H), 1.9 (s, 9 H'C NMR (125 MHz, CDG)) 5
167.3, 155.6, 154.1, 153.6, 142.7, 133.5, 133.4,113129.7, 129.5, 128.8, 128.7, 128.4, 127.9,9,26.
126.8, 126.4, 110.3, 61.8, 29.5. HRMS (FABw} calc’'d for GsH.sNsO, [M + H]: 426.1925; found
426.1930.

4.1.3.4 Synthesis of compoun2éand?25 [59]

Scheme 6 Synthesis of compoun@4d and25

To solution of NaH (0.0055 g, 0.1375 mmol, 1.4 ejuand pyrazolopyrimidin®1 (0.0277 g, 0.1
mmol) in THF (3 mL, 0.03 M) was added ¢IH0.006 mL, 0.096 mmol). The solution was heateé@
°C for 5 hr. The solution was purified without wagk by silica gel column chromatography (5% ethyl
acetate / hexanes) to yield the monomethylatedzpyoayrimidine 25) as white solid (0.0277 g, 0.0836
mmol, 87% vyield)'H NMR (500 MHz, CDCJ): & 8.47 (s, 1 H), 8.11 (s, 1 H), 8.01 (b= 8.4 Hz, 1 H),
7.93 (m, 2 H), 7.78 (dd} = 8.4, 1.6 Hz, 1 H), 7.56 (m, 2 H), 5.36 (br ¢}l 3.05 (d,J = 4.9 Hz, 3 H),
1.86 (s, 9 H)*C NMR (125 MHz, CDC)): & 158.0, 154.8, 153.9, 141.7, 133.7, 133.4, 1312B,4]
128.4, 128.1, 128.0, 127.0, 126.9, 126.4, 100.4,6.4, 28.0. HRMS (FAB+)V/z calc’d for GoH,2Ns
[M + H]: 332.1870; found 332.1885.

To a solution of methylated pyrazolopyrimidi@g (0.0277 g, 0.0836 mmol) in GBI, (5 mL, 0.02
M) was added BN (0.022 mL, 0.16 mmol). The solution was cooledimice water bath and to it added
acryloyl chloride (0.012 mL, 0.14 mmol). The sotutiwas purified without workup by silica gel column
chromatography (5% ethyl acetate/ benzene) to yélds colorless oil (0.0015 g, 0.0039 mmol, 4.7%
yield) along with recovered starting material (I.Qf, 62.4%)H NMR (500 MHz, CDC})): & 8.88 (s, 1
H), 8.05 (dJ=1.6 Hz, 1 H), 7.91 (dJ= 8.5 Hz, 1 H), 7.86 (m, 2 H), 7.74 (dbi= 8.5, 1.8 Hz, 1 H), 7.52
(m, 2 H), 6.20 (ddJ = 10.1, 1.9 Hz, 1 H), 6.10 (dd= 16.7, 1.9 Hz, 1 H), 5.46 (dd,= 16.7, 10.1 Hz, 1
H), 3.20 (s, 3 H), 1.93 (s, 9 H'C NMR (500 MHz, CDCJ): § 166.4, 157.7, 155.9, 153.8, 142.6, 133.5,
133.5, 130.0, 128.8, 128.8, 128.7, 128.7, 128.8.012127.0, 126.9, 125.9, 108.4, 61.7, 36.3, 29.4.
HRMS (FAB+)m/z calc’'d for GaH,4NsO [M + H]: 386.1975; found 386.1969.

4.1.3.5 Synthesis of compoud and28
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Scheme 7 Synthesis of compourtV and28

Biphenyl pyrazolopyrimidine 26) (0.2 g, 0.58 mmol) was acylated as describedhi &bove
representative procedure using £ (10 mL, 0.06 M), BEN (0.104 mL, 0.75 mmol), and acryloyl
chloride (0.04 mL, 0.44 mmol). Purification by e#di gel column chromatography (1:3 ethyl
acetate/hexanes) yielded two products in additae¢overed starting material (0.042 g, 0.12 m2d¥
yield). Data for starting pyrazolopyrimidingg): *H NMR (300 MHz, CDCJ):  8.37 (s, 1 H), 7.77 (m, 4
H), 7.65 (m, 2 H), 7.48 (m, 2 H), 7.39 (m, 1 H)6&.(br s, 2 H), 1.85 (s, 9 H)’C NMR (125 MHz,
CDCl): 6 158.0, 154.7, 154.5, 141.9, 141.8, 140.6, 1328,2 129.1, 128.2, 127.9, 127.3, 100.0, 60.7,
29.4. HRMS (FAB+)m/z calc’d for GiH2Ns [M + H]: 344.1870; found 344.1866.

N-(3-([1,1'-biphenyl]-4-yl)-1-{ert-butyl)-1H-pyrazolo[3,4d]pyrimidin-4-yl)acrylamide 27) as white
solid (0.022 g, 0.055 mmol, 9.5% yieldH NMR (300 MHz,d;-DMSO): 5 11.10 (br s, 1 H), 8.80 (s, 1
H), 7.68 (br m, 6 H), 7.48 (m, 2 H), 7.37 (m, 1 B¢ (dd,J=17.1, 10.3 Hz, 1 H), 5.89 (d=17.1 Hz, 1
H), 5.66 (dd,J = 10.3, 1.6 Hz, 1 H), 1.83 (s, 9 H). Many of theaks in thé*C NMR spectrum were
broadened by a dynamic process that was not igedstl further. Poor signal-to-noise prevented
acquisition of good*C NMR spectral data. HRMS (FAB+Nz calc’d. for GsH.aNsO [M + HJ:
398.1975; found 398.1962.

N-(3-([1,1'-biphenyl]-4-yl)-1-{ert-butyl)-1H-pyrazolo[3,4€]pyrimidin-4-yl)-N-acryloylacrylamide
(28) as white solid (0.030 g, 0.066 mmol, 11.5% yietd) NMR (300 MHz, CDCJ) § 8.95 (s, 1 H), 7.54-
7.64 (m, 6 H), 7.47 (m, 2 H), 7.38 (m, 1 H), 6.BA quartet,Jag = 16.6 Hz,Jax = 3.2 Hz,Jgx = 8.5 Hz,
4 H), 5.63 (ddJ = 8.5, 3.2 Hz, 2 H), 1.91 (s, 9 HJC NMR (125 MHz, CDG)) § 167.23, 155.4, 154.0,
153.5, 142.4, 141.9, 140.7, 131.0, 131.0, 129.8,51229.1, 127.8, 127.6, 127.3, 110.1, 61.8, 29.5.

4.2. Protein purification

Plasmids and primers used in this study are listeBable S1. Proteins were purified as previously
described [21, 41].E. coli BL21 (DE3) containing the plasmid was grown in bi&dium containing 50
ng/L ampicillin, which was shaken at 37 °C to an f 0.5. The cell culture was cooled down to 22
°C and induced with 1 mM isopropyl-beta-D-thiogatguyranoside (IPTG) and harvested 8-10 h later by
centrifugation. The cell pellet6 g from 2 L) was suspended in the 30 mL lysisdnff00 mM Tris (pH
7.4), 500 mM KCI, 5 mM MgGl 20 mM imidazole, 5% glycerol, 2 mBtmercaptoethanol, and protease
inhibitor tablet (Roche)]. The cells (held in are ibath) were lysed by six 30-s pulses of sonication
separated by 2-min intervals. The lysate was daged at 20,000 x g for 45 min at 4 °C, and the
resulting supernatant was loaded onto a Ni-NTA molU5-mL suspension, preequilibrated with wash
buffer (50 mL, 50 mM HEPES [pH 7.4], 150 mM KCI,rBM MgCl,, and 20 mM imidazole)] and
incubated at 4 °C with rotation for 30 min. Thewuh was then flushed with wash buffer (100 mL), and
His6-tagged p97 was eluted by stepwise applicaifohO0 mL of imidazole elution buffer (50 mM, 100
mM, 150 mM, 200 mM, or 250 mM imidazole in washfeudf. Fractions from the 200-mM and 250-mM
imidazole steps were combined and concentratedasitAmicon Ultra-15 centrifugal filter unit (nomina
molecular weight limit = 100 kDa). The mixture (Ori. of 20 mg/mL) was then fractionated with a gel
filtration column (Tricorn Superdex 200; GE Healhg), eluted with GF buffer [20 mM HEPES (pH
7.4), 250 mM KCI, and 1 mM Mgg]l at 0.5 mL/min flow rate, and fractions correspimgdto an
apparent molecular weight of 500— 600 kDa wereectdld and analyzed by 4-12% SDS/PAGE to
evaluate purity (Invitrogen). Fractions that conéa p97 0£95% purity were concentrated to 5 mg/mL,
exchanged into storage buffer [20 mM HEPES (pH, 28D mM KCI, 1 mM MgCJ, 5% glycerol, and 1
mM DTT], aliquoted, frozen in liquid nitrogen, astbred at-80 °C.

4.3. ATPase activity

The purified protein was assayed inf@BOATPase assay buffer (50 mM Tris pH 7.4, 20 mM MgC
1mM EDTA, 0.5 mM TCEP, and 0.01% Triton X-100) caining 200uM ATP. After a 60 min-
incubation at room temperature, pl0 Biomol Green reagent (Enzo Life Sciences) waseddd stop the
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reaction, and the absorbance at 635 nm was meagsiregl a BioTek Synergy Neo 2 plate reader. The
eight-dose titrations were performed of the comgbtmthe reaction to determine the;d®@alues of the
compounds. The results were calculated from sikaates using GraphPad Prism 7.0.

4.4. Ub®"-GFP and ODD-Luc degradation

This assay was described previously [41h°"®-GFP/ODD-Luc HeLa cells were seeded as 5000
cells per well per 3QL in 384 well plate (Greiner 781091). Clear DMEMntaining 2.5% FBS, 1% L-
Glutamine, and 1% Penicillin-Streptomycin (Thernishier) was used as an assay medium. Tikl &f
MG132 (50uL of 4 mM MG132 into 50 mL pre-warmed clear DMEMpsvprepared, added into each
well (25 uL), and incubated at 3C for 60 min. Each well was washed with 3,00 PBS twice using a
Biotek MultiFlo Microplate dispenser and 3. CHX/clear DMEM solution (50uL of 50 mM
cycloheximide into 50 mL pre-warmed clear DMEM) wadded. 1QuL of compound was added and
incubated for 120 min at 3Z. Then each well was washed with 100 PBS, and 2QuL of assay
medium was dispensed per well. ImageXpress HightébwiConfocal Screening System was used to read
the GFP signal. Next, 1L D-luciferin (2.5 mg/mL in PBS) was added, shaken5 sec, and incubated
at r.t. for 10 min. Synergy NEO multi-mode micrafgl reader was used to read the Luciferase signal.
Data was calculated from quadruplicate to obtaénl@, using GraphPad Prism 7.0.

4.5 Human 26S Proteasome Activity Assay

Human 26S proteasome complex was affinity purifreth HEK293 cells that stably express tagged
human Rpn 11, as described [50]. Purified human@é&asome (19 nM) was incubated with 5, 25, or
50 uM of MG132 or PPA in assay buffer [50 mM Tris (pHt), 20 mM MgC}, 1 mM EDTA, 0.5 mM
TCEP, and 10uM ATP] for 30 min at room temperature and the fagenic proteasome substrate
(succinyl-Leu-Leu-Val-Tyr-AMC, 60uM; Boston Biochem) was added to initiate the remcti
Fluorescence intensity was monitored every 3 miar®0 min. 1G, values of the compounds were
calculated from sextuplicate using GraphPad Prigm 7

4.6.\Western blot

TCRa-GFP i-chain of the T-cell receptor fused to GFP) 293scefkre treated with 4M MG132
for 1 h, washed, and then incubated in the presehb0 uM cycloheximide plus 1@M test compound
or MG132 (as a positive control) for 60 min or It prior to harvest. Samples were immunoblotted to
detect p97, and TGRGFP. The level of p97 served as a loading conRomary antibodies used were
anti-p97 (MA3-004, Thermo Scientific), and anti-GFPY1030, 2BScientific), ECL reagent
(WBKLS0500, MilliporeSigma) and ChemiDoc MP ImagiSystem (Bio-Rad) was used to image the
blots.

4.7. Docking study

The structure of PPA was prepared using Chem3D dml€idgeSoft. The geometry and energy of
the structure were optimized using MM2 force fiedditoDock 4.2 was used to identify the binding mode
of PPA responsible for the activity. The receptof¥07 in PDB format (PDB code: 5FTK) was
obtained from the RCSB protein data bank (httpswiwcsb.org/), which was treated by the removal of
water and the addition of hydrogen. The dockingiltesvere visualized using Ligplof60] and PyMol
(version 0.99; Delano Scientific, San Carlos, CSA).

4.8. Anti-proliferative assay

Anti-proliferative activity was measured using BellTiter Glo® Luminescent Cell Viability Assay
(Promega G7572) according to the manufacturer'sqaore. RMPI1640 or DMEM containing 5% FBS
and 1% Penicillin-Streptomycin was used as the w&bility assay medium. To find the linear
relationship between the relative luminescence amit the number of viable cells, a standard cuove f
each cell line was generated. GenerallyuB0of cell suspension was plated in 384-well pla@seiner
781080) with serial 2-fold dilutions (from 30000284 cells per well). Twenty-four hours after seggli
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8 uL of assay media containing 5% DMSO was addedeatth well, and the plates were incubated for an
additional 48 hr at 37 °C in a 5% Gdcubator. To test the anti-proliferative activif/p97 inhibitors,
cells were seeded at 750 or 3000 cells per wetirdong to the linear range determined from the diath
curve of each cell line. Twenty-four hours afteediag, cells were treated with the compounds (three
fold dilution, eight concentrations). After 48 hewof treatment, cell viability was measured by Tigdir
Glo, and IG, values were calculated using the percentage ofitgrof treated cells versus the DMSO
control. The results were analyzed using GraphPathF7.0.

4.9. Proteomics

HCT116 cells were treated with DMSO, 1B or 30 uM PPA for 6 h, and pellets were harvested.
The LC-MS samples were prepared by following trerirctions of Thermo EasyPep Mini MS Sample
Prep Kit (REF A4006) and peptide concentration vesded through Pierce Quantitative Fluorometric
Peptide Assay (cat# 23290).

The LC-MS/MS experiments were performed using arSEALC 1000 (ThermoFisher Scientific,
San Jose, CA) connected to an Orbitrap Eclipseid@iribass spectrometer (Thermo Fisher Scientifio, Sa
Jose, CA). The sample () in 0.1% FA solution was loaded onto an AuroraRliE Column (25 cm x
75 pum, 1.6 um C18, AUR2-25075C18ldn Optickg and separated over 136 min at a flow rate of 0.35
uL/min with the following gradient: 2-6% Solvent B.6 min), 6-25% B (82.5 min), 25-40% B (30 min),
40-98% B (1 min), and 98% B (15 min). Solvent A sisted of 97.9% kD, 2% ACN, and 0.1% formic
acid, and solvent B consisted of 19.9%0H 80% ACN, and 0.1% formic acid. An MS1 scan was
acquired in the Orbitrap at 120,000 resolution veitecan range of 350-1500 m/z. The AGC target was
4x10, and the maximum injection time was 50 mins. Dyitagxclusion was set to exclude features after
1 time for 60 s with a 10-ppm mass tolerance. Higimergy collisional dissociation (HCD)
fragmentation was performed with 35% collision gyeafter quadruple isolation of features using@ 1.
m/z isolation window, 5x10AGC target, and 35 ms maximum injection time. M8ans were then also
acquired by the Orbitrap with 50,000 resolutiom kpurce settings were as follows: ion source type,
NSI; spray voltage, 2400 V; ion transfer tube terapge, 275 °C. System control and data collection
were performed by Xcalibur software.

The proteomic analysis was performed through Proge®iscoverer 2.4 (Thermo Scientific) using
the Uniprot human database and the Byonic seagchitiim (Protein Metrics). Percolator FDRs were set
at 0.001 (strict) and 0.01 (relaxed). Peptide FWse set at 0.001 (strict) and 0.01 (relaxed), with
medium confidence and a minimum peptide length .oN6rmalization was performed on the total
peptide amount. The limma analysis was performeéaguR studio following the user guide [61]. The
volcano figures were plotted by GraphPad Prism TH& Venn diagram was performed using FunRich
3.1. The heatmap figure was plotted by heatmapipitp:{/www.heatmapper.ca/). The gene ontology
analysis was performed by DAVID 6.8 (https://dadiscifcrf.gov/). [62] The enrichment dot bubble
figure was plotted by http://www.bioinformatics.cam. And the protein-protein interaction analysassw
performed using the STRING database (http://wwingtth.org/). [63]
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Highlights

» Designed covalent p97 ATPase inhibitors to target the D2 active site.

» Identified PPA as a selective p97 covalent inhibitor.

» PPA can block growth of CB-5083 and NMS-873 resistant cancer cells.
» Proteomic analysis revealed PPA-induced protein level changes.



1. Conflict of Interest

We wish to confirm that there are no known conflicts of interest associated with this
publication and there has been no significant financial support for this work that could
have influenced its outcome.



