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KEY WORDS Abstract A resurging interest in targeted covalent inhibitors (TCIs) focus on compounds capable of
irreversibly reacting with nucleophilic amino acids in a druggable target. p97 is an emerging protein

p97.; . . target for cancer therapy, viral infections and neurodegenerative diseases. Extensive efforts were devoted
Activity-based protein . s . .. .
profiling; to the development of p97 inhibitors. The most promising inhibitor of p97 was in phase 1 clinical trials,
Targeted covalent but failed due to the off-target-induced toxicity, suggesting the selective inhibitors of p97 are highly
inhibitor; needed. We report herein a new type of TClIs (i.e., FL-18) that showed proteome-wide selectivity towards
Chemical proteomics p97. Equipped with a Michael acceptor and a basic imidazole, FL-18 showed potent inhibition towards

US87MG tumor cells, and in proteome-wide profiling, selectively modified endogenous p97 as confirmed
by in situ fluorescence scanning, label-free quantitative proteomics and functional validations. FL-18
selectively modified cysteine residues located within the D2 ATP site of p97. This covalent labeling of
cysteine residue in p97 was verified by LC-MS/MS-based site-mapping and site-directed mutagenesis.
Further structure—activity relationship (SAR) studies with FL-18 analogs were established. Collectively,
FL-18 is the first known small-molecule TCI capable of covalent engagement of p97 with proteome-wide
selectivity, thus providing a promising scaffold for cancer therapy.
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1. Introduction

Many cellular proteins, including cysteine proteases’ and kinases”,
participate in essential biological functions by using nucleophilic
active-site residues such as cysteine and lysine. Drug discovery
scientists over the years have been able to take advantage of such
nucleophiles by developing highly selective targeted covalent in-
hibitors (TCIs) that incorporate corresponding electrophiles via
rational design’. Despite initial concerns of promiscuity and off-
targeting, many of these TCIs have shown good on-target selec-
tivity and some are already being used in the clinic*. As such, there
has been a resurgence of interests in the development of TCIs with
novel electrophiles™. The «,8-unsaturated Michael acceptors are
amongst the most commonly used electrophiles employed in TClISs,
capable of selectively targeting cysteine residues in a protein target’.

VCP/p97 AAA ATPase (henceforth named p97) is a homo-
hexameric enzyme in mammalian cells that works as a molecular
engine to extract ubiquitinated proteins from protein complexes
and organelles, and facilitates their subsequent degradation by
ubiquitin proteasome system (UPS)*. It consists of three domains,
the N-terminal domain, D1 and D2 domains'*'". Recent studies
have shown that inhibition of p97 provides excellent therapeutic
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Figure 1

effect in hematological and solid tumor models'*'?. A number of

promising p97 inhibitors have been reported, capable of inhibiting
the enzyme either reversibly'*'*'® or irreversibly'®>'. The most
promising inhibitor of p97 was in phase 1 clinical trials, but failed
due to the off-target-induced toxicity>>, suggesting the selective
inhibitors of VCP/p97 are highly needed. Herein, we report the
first-ever covalent inhibitor (i.e., FL-18) that shows proteome-wide
selectivity towards endogenous p97. Notably, FL-18 covalently
labeled cysteine residues in the catalytic domain of p97 and showed
potent enzymatic inhibition. The discovery process of TCI FL-18
and its unique mode of action with its protein target will provide
a new design paradigm to develop other TClIs in future.

2. Materials and methods

The detailed description of materials and methods except the
following two methods is provided in the Supporting Information.

2.1.  Validation of the labeling between p97 and J-1 probe

U87MG cells were grown to 70% confluency in 10-cm dishes and
incubated with 1 pmol/L probe J-1 at 37 °C with 5% CO, for 1 h.
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FL-18 effectively kills U87MG glioma cells. (A) The chemical structures of FL-18. (B) Viability of US§7MG cells upon incubation

with FL-18 for 48 h. (C) The synthetic route of J-1 probe. a) trimethyl orthoformate, PTSA, MeOH, rt, 5 h; b) propynol ethoxylate, NaOH, 70 °C,
8 h; c) HCI, acetone, 1t, 2 h; d) ethylene diamine, +-BuOH, rt, 1 h, then K,COs3, I, 70 °C, 3 h; e) iodobenzene diacetate, K,CO3, DMSO, rt; f) Zn,
NH,4CI, MeOH, H,O0, reflux, 1 h; g) 3-phenylpropargyl chloride, pyridine, THF, rt, 3 h. (D) Viability of U87MG cells upon incubation with J-1

probe for 48 h.
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Cells were harvested, lysed in 0.1% NP-40/PBS using a probe
sonicator, and centrifuged at 15,000 rpm for 30 min to remove cell
debris. The concentrations of the whole proteome were deter-
mined by BCA protein assay and normalized to 2 mg/mL. Click
chemistry was performed on each sample by using final concen-
trations of 5 pmol/L TAMRA-biotin-azide and other reagents (Tris
(2-carboxyethyl) phosphine (TCEP, Sigma—Aldrich), Tris [(1-
benzyl-1H-1,2,3-triazol-4-yl) methyl] amine (TBTA, Sigma-
—Aldrich) and CuSQy) in a final volume of 1 mL for 1 h. After
click chemistry, the proteins were precipitated at 6500 xg for
5 min. Then the cold methanol was used to wash the precipitated
sample and the lysate was fractionated by centrifugation at 6500
xg for 5 min at 4 °C. The precipitated protein pellets were
resuspended and dissolved in 1.2% SDS/PBS (1 mL final volume).
The proteomes were boiled at 90 °C for 5 min, and after centri-
fugation at 1400 xg for 1 min at room temperature, the super-
natant was diluted to 0.2% SDS/PBS. Streptavidin beads were
washed with PBS for 3 times and the above supernatant was
enriched with beads for 3 h at 29 °C. The beads were washed with
PBS for 3 times, and washed with H,O for 3 times. The beads
were boiled in 50 pL of 1x gel-loading buffer at 95 °C for 20 min,
which resulted in successful elution of the bead-bound proteins.

In pull-down experiments, the eluted samples were separated
on a 10% SDS-PAGE gel and immunoblotted with anti-p97
antibody (ab111740).

In gel LC-MS/MS experiments, the eluted samples were
separated on a 10% SDS-PAGE gel, followed by in-gel trypsin
digestion. The resulting peptides were extracted and desalted for
downstream LC—MS/MS analysis.

2.2.  Mapping inhibitor-reactive amino acid by LC—MS/MS

Recombinant p97 protein (50 pL, 10 pmol/L) in PBS buffer (pH
7.4) was incubated with the corresponding inhibitor (FL-18,
WK3429 or WK3429, 1 pL, 10 pmol/L) for 1 h at room tem-
perature. To the resulting mixture was then added 150 pL of
8 mol/L urea and 100 mmol/L DTT, and the mixture was incu-
bated for 1 h at 35 °C. Then the sample was transferred to a
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30-kDa cut-off filter (Microcon-30 kDa Centrifugal Filter Unit
with Ultracel-30 membrane, Millipore). After centrifugation at
14,000 xg for 20 min, the sample was washed with 150 pL of
50 mmol/L. NH4HCOj; at 14,000 x g for 20 min. Then 20 mmol/L
IAA (150 pL) was added to the filter, followed by further incu-
bation for 1 h in dark. After centrifugation at 14,000 xg for
20 min, the sample was washed with 150 pL of 50 mmol/L
NH4HCO; for three times. Next, 150 uL of 10 mmol/L NH4HCO;
and trypsin (trypsin:protein = 1:100, w/w) to the sample, fol-
lowed by further incubation at 37 °C for 17 h. The resulting
peptides were extracted and desalted for downstream LC—-MS/MS
analysis.

3. Results and discussion

3.1.  FL-18 and its activity-based probe showed potent inhibition
towards US7MG glioma cancer cells

Our study started from a random high-throughput screening
campaign that led to the serendipitous discovery of FL-18 (Fig. 1A,
see Supporting Information Scheme S1 for synthesis) with low
nanomolar inhibition towards U87MG glioma cancer cells
(ICso = 31 nmol/L; Fig. 1B). We were excited by this discovery as
FL-18 may have potential therapeutic benefit to human gliomas (a
lethal neoplasm with a poor prognosis)>’. However, the exact pro-
tein targets of FL-18 was not clear. We thereby synthesized a ter-
minal alkyne-containing clickable molecular probe (J-1; Fig. 1C),
which could be employed to capture the probe-modified proteins
from live mammalian cells via copper (I)-catalyzed alkyne—azide
cycloaddition (CuAAC)—a process that is now commonly
referred to as activity-based protein profiling (ABPP)**°.

The probe J-1 was synthesized in 7 steps (Scheme S1), and
unequivocally verified by HRMS and NMR. Similar to FL-18,
probe J-1 possessed potent inhibition toward US7MG cells
(ICsp 27 nmol/L, Fig. 1D), indicating the introduction of an
alkyne handle had negligible effect on the biological activity of
FL-18. Thus, J-1 could serve as a molecular probe to reveal po-
tential endogenous protein targets of FL-18.
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Figure 2

The three approaches employed to identify the true cellular protein target of FL-18.
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3.2.  Protein target identification of FL-18 via activity-based
protein profiling

We next employed three chemical proteomic approaches to
examine potential protein targets of FL-18 in live mammalian
cells with J-1 (Fig. 2). First, we treated live U87MG cells with J-1
for 1 h, followed by lysis and click reaction with rhodamine-azide

(Fig. 2, top approach). Upon SDS-PAGE and in-gel fluorescence
scanning of the labeled proteomes, a highly selectively labeled
band at ~100 kDa emerged when the concentration of J-1 was
<1 pmol/L (Fig. 3A); at higher probe concentrations (>5 pumol/
L), other labeled bands started to appear, indicating off-targeting.
Given the fact that this 100-kDa probe-labeled band could be
successfully blocked by preincubation of FL-18 with live cells
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identification

FL-18 selectively targeted p97 in U87MG cancer cells. (A) In situ concentration-dependent ABPP labeling of US7MG cells with J-1

probe. (B) Competitive labeling of J-1 probe with FL-18 in U87MG cells. (C) Time-dependent labeling of J-1 in U7MG cells. (D) Volcano plot
of gel-free quantitative LC—MS experiments of proteomes labeled with J-1 (1 pmol/L) or DMSO (negative control). (E) In situ labeling of
U87MG cells with J-1, followed by CuAAC with a trifunctional reporter, pull-down (PD) and in-gel digestion of J-1-enriched 100-kDa labeled
band, and finally LC-MS/MS analysis.
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(Fig. 3B), and both FL-18 and J-1 possessed submicromolar
U87MG-killing activities, our results thus indicate the 100-kDa
band likely represented the genuine cellular target of FL-18. In
addition, J-1-induced fluorescence labeling was shown to follow a
time-dependent manner with saturated labeling at 4 h (Fig. 3C).

Subsequently, two additional chemical proteomic approaches
were employed to accurately elucidate the identity of the 100-kDa
labeled protein. First, we treated the J-1-labled proteome with a
biotin-azide reporter via CuAAC, followed by affinity enrichment
(i.e., pull-down) and label-free quantification (Fig. 2, middle
approach). By comparing the fold changes between the J-1-
captured and vehicle-captured proteomes, we found that,
amongst all captured proteins identified, the p97 protein showed
the largest log, (fold change) (8.3) (Fig. 3D). With a molecular
weight of 89.3 kDa, a probe-labeled p97 would be expected to
show a similar migration pattern as the 100-kDa labeled band
from our earlier SDS-PAGE/in-gel fluorescence scanning. To
further confirm our label-free quantification results and assign the
100-kDa band unequivocally to p97, we next performed another

commonly used proteomic method. By treating the J-1-labeled
proteome via CuAAC with a trifunctional reporter containing
both biotin and rhodamine, followed by pull-down with avidin
beads (Fig. 2, bottom approach), the enriched proteome was
separated by SDS-PAGE. We then cut off the 100-kDa labeled
band and subsequently performed in-gel digestion and LC-MS/
MS analysis. As shown in Fig. 3E (right table), 21 unique peptides
covering 42% of the entire p97 protein sequence were detected in
the 100-kDa J-1-labeled band, whereas only one peptide was
detected in the control experiment. Thus, this result was consistent
with that of the label-free quantification approach, confirming that
endogenous p97 was indeed the genuine on-target of FL-18/J-1
under biologically relevant conditions.

3.3.  The functional validation of the interaction between p97
and FL-18

We next performed multiple biochemical assays to functionally
validate the proteomic results (Fig. 4). First, the pull-down
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FL-18 inhibited the p97 activity and induced aggregation of ubiquitinated proteins. (A) Competitive labeling of p97 by J-1 probe with

FL-18. The labeled proteomes were “clicked” with biotin reporter (‘input’), pulled down by avidin beads and eluted by boiling the beads
(‘output’). The input and output samples were analyzed by anti-p97 immunoblotting. (B) Labeling of endogenous p97 by J-1 in US87MG cells,
with or without small-interfering RNA (siRNA p97). CBB is shown as a loading control. (C) Concentration-dependent labeling of recombinant
p97 by J-1. (D) FL-18 efficiently inhibited the enzymatic activity of recombinant p97. (E) Endogenous p97 knockdown induced aggregation of
ubiquitinated proteins. (F) J-1 efficiently induced aggregation of ubiquitinated proteins. Cfz, carfilzomib (a proteasome inhibitor). CBB, Coo-

massie brilliant blue; UB, ubiquitinated proteins.
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analysis was done by using anti-p97 antibody, indicated that J-1
could efficiently enrich the p97 protein from the whole proteome
(Fig. 4A); this enrichment was abolished by preincubation of the
whole proteome in the presence of FL-18, consistent with the
above-mentioned in-gel fluorescence scanning. Furthermore,
knock-down of p97 with siRNA greatly decreased the fluores-
cence intensity of the J-1-labeled band (Fig. 4B and Supporting
Information Fig. S1). In addition, the recombinant p97 could be
efficiently labeled by J-1 in a concentration-dependent manner
(Fig. 4C). The direct biological function of p97 is to convert ATP
to ADP?’. We next checked the enzymatic activity of p97 in the
presence of FL-18, by measuring the concentration of byproduct
(phosphate) during the p97-catalyzed ATP-to-ADP conversion
(Supporting Information Fig. S2A). As shown in Fig. 4D, FL-18
could potently inhibit the activity of p97 with an ICsy value of
59.3 nM. The measured value of K;,,./K; was 0.0123 L/nmol -min
and 0.0098 L/nmol-min for FL-18 and J-1, respectively
(Supporting Information Fig. S3). In addition, FL-18 showed
better inhibition potency than NMS-873, a well-known p97 in-
hibitor (Fig. S2B)"”. The biological effect of p97 is to promote the
degradation of ubiquitinated proteins'®. And we found that the
knock-down of p97 with siRNA significantly induced the buildup
of ubiquitinated proteins (Fig. 4E). Notably, cells treated with J-1
had the same effect as those treated with p97 siRNA or a pro-
teasome inhibitor (Cfz; Fig. 4F). Next, we checked if J-1 could
label other ATPases. We selected and purified N-ethylmaleimide
sensitive factor (NSF), a close homologue of p97. As shown in
Supporting Information Fig. S4, J-1 could not label NSF, or FL-18
did not affect the activity of NSF (Supporting Information
Fig. S5). Together, these functional validation experiments un-
doubtedly supported the specific covalent interaction between FL-
18 and endogenous p97 from tumor cells.

3.4. FL-18 covalently modified C522 residue in p97

We subsequently analyzed the direct binding site of FL-18 in p97.
To do so, we carried out LC-MS/MS analysis of peptides gener-
ated by tryptic digestion of FL-18-treated recombinant p97. The

site-mapping results indicated that FL-18 could label Cys522 of p97
(Fig. 5A), which was consistent with molecular docking that is
suggestive of a close distance between Cys522 and the Michael
acceptor in FL-18 (Supporting Information Fig. S6). To further
confirm the targeting behavior of this novel probe, we next carried
out the labeling experiment using both wild-type and p97 mutants.
We first prepared recombinant C522S mutant of p97 by site-directed
mutagenesis and subsequently expressed/purified the resulting pro-
teins, followed by J-1 labeling. As shown in Fig. 5B and C, the la-
beling intensity of C522S mutant by J-1 decreased significantly
when compared to that of the wild-type p97 under identical labeling
conditions, only a faint band could be observed (Supporting
Information Fig. S7). Furthermore, similar labeling profiles, as
shown in Figs. 5B, C and S4, were observed for these p97 mutants
with WK3438, an analog of J-1. Together, these results clearly
demonstrated that FL-18 could label the C522 residue in p97.

3.5. Target-directed structure—activity-relationship studies

Finally, we carried out structure—activity relationship (SAR)
studies by generating FL-18 analogs with structural variations at
the flanking phenyl and imidazole rings. For the part of phenyl
ring, we also synthesized compound WK3429, in addition to
above-mentioned WK3438 (Scheme S1, Fig. 6A). WK3438 con-
tained an electron-donating methoxyl group while WK3429 con-
tained an electron-withdrawing trifluoromethyl group. The in-gel
fluorescence scanning showed that WK3429 labeled more proteins
than both WK3438 and J-1 (Fig. 6B). The site-mapping analysis
of recombinant p97 labeled by WK3438 and WK3429 indicated
that both compounds modified Cys522 in p97 (Supporting
Information Figs. S8 and S9). Together, these results indicated
that the additional electron-withdrawing group could render the
a,(-unsaturated amide more reactive, while the electron-donating
group had led to attenuation of reactivity. To our surprise, we
observed that WK3429, amongst the three tested compounds
(Fig. 6C), exhibited the worst growth inhibition of US7MG cells,
indicating that excessive reactivity or non-specific labeling could
have compromised the p97-targeting property of FL-18 analogs.
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Potential sites of p97 covalently engaged by FL-18. (A) Representative MS/MS site-mapping data showing the identification of

Cys522 as the main reacting site of FL-18 in recombinant p97. (B) The fluorescence labeling of wide-type and mutant p97 by J-1 and WK3438.
(C) The relative band intensity of labelled p97 by J-1 and WK3438 (n = 2 independent experiments).
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We also synthesized two analogs of FL-18, WK4119 and
WK4121, which contained a thiazole group and thiophene group,
respectively (Supporting Information Schemes S2 and S3,
Fig. 6D). As shown in Fig. 6E, both compounds had compara-
tively weaker inhibitory properties on p97 when compared to FL-
18. In these two compounds, the number of nitrogen atom in the
original imidazole ring of FL-18 was intentionally removed
sequentially (e.g., N = 1 in WK4119; N = 0 in WK4121).
Interestingly, we observed a corresponding decrease in the inhi-
bition of p97 activity implying the basicity of imidazole was
prefered for the ligand to bind and react with p97.

4. Conclusions

In summary, we have employed a plethora of chemical biology
experiments to confirm that FL-18 is a novel TCI that could
selectively label p97 covalently in live tumor cells, leading to
subsequent potent inhibition of cell growth of gliomas. Notably,
FL-18 and its analogs could label the key cysteine reside within
the same active site of p97. FL-18 is thereby a promising scaffold
for cancer therapy. In addition, our preliminary structure—activity

relationship studies with analogs of FL-18 may shed light for
further structural optimizations of this unique class of p97-
targeting inhibitors.
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