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ABSTRACT

Disulfide bond formation is a critical post—translational modification of newly synthesized
polypeptides in the oxidizing environment of the endoplasmic reticulum and is mediated by protein
disulfide isomerase (PDIAT). In this study, we report a series of a-aminobenzylphenol analogues
as potent PDI inhibitors. The lead compound, AS1S, is a covalent nanomolar inhibitor of PDI and
the combination of AS15 analogues with glutathione synthesis inhibitor BSO leads to synergistic
cell growth inhibition. Using a nascent RNA sequencing we show that an AS1S analogue triggers
the unfolded protein response in glioblastoma cells. A BODIPY—labeled analogue binds proteins
including PDIA1, suggesting the compounds are cell-permeable and reach the intended target.
Taken together, these findings demonstrate an extensive biochemical characterization of a novel

series of highly potent reactive small molecules that covalently bind to PDI.
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INTRODUCTION

Glioblastoma (GBM) is the leading primary brain cancer diagnosed in adults.' GBM

is an aggressive, high—grade glioma with a low 5.6% five—year survival rate. Current

standard—-of-care - radiation and temozolomide chemotherapy — prolong survival by a

few months, but even after remission, the cancer recurs. Thus, innovative therapies are

needed to effectively treat GBM.? GBM cells survive by upregulating the protein folding

oxidoreductase protein disulfide isomerase (PDIA1, also known as PDI). PDI reduces,

oxidizes, and isomerizes disulfide bonds in nascent polypeptides and other substrates via two
catalytic CGHC active sites that sit 15-30 A apart in two homogenous domains.> PDI is

overexpressed in several cancers to meet the increased demands in protein synthesis.*¢

The a and a’ domains of PDI are connected by b and b’ domains, which share identity with
the a and a’ domains, but do not contain the CGHC active sites. As evidenced by the pK, values,
the N—terminal cysteine in each a and a’ domain active site (Cys53 and Cys397) is stabilized in
the thiolate form, while the C—terminal cysteine thiolate is destabilized. This allows the
nucleophilic N—terminal cysteines to attack substrates and form mixed disulfides. The C—terminal
cysteines more selectively react with the N—terminal cysteines, mediated in the a domain by the
pK, of Cys56 that is lowered by the local environment, containing a conserved Argl120.” This

reaction generates a reduced substrate and disulfide in PDI.
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The thiolate form of the redox active N—terminal cysteines reacts with electrophilic
compounds. Thus, many electrophilic compounds have been identified as covalent PDI inhibitors,
including PACMA31%, KSC-34°, 3,4-methylenedioxy-B-nitrostyrene (MNS)!°, and 16F16!'
(Figure 1). PACMAZ31, an irreversible inhibitor of PDI, demonstrated in vivo efficacy in a mouse
model of ovarian cancer.!? Furthermore, PACMA31 synergized with the multi—kinase inhibitor
sorafenib in a mouse model of hepatocellular carcinoma.!*> One of the main challenges of
characterizing the many PDI inhibitors identified to date, recently emphasized by Foster, et al., is
competition with endogenous levels of glutathione.!# Active site PDI inhibitors, especially reactive
electrophiles such as PACMAZ31, may compete with glutathione for binding the cysteine thiols of
PDI. This strategy is further confounded by the fact that several PDI family members share similar
active site motifs, and although the CGHC active site is one of the most reactive of the thioredoxin
superfamily, electrophiles that bind this site may also bind to other CxxC—containing PDI family
members. One strategy to mitigate off—target toxicity of cysteine—reactive active site inhibitors is

to develop more selective inhibitors.!>
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Figure 1. Previously reported PDI inhibitors studied in the context of ovarian cancer (PACMA31),
Huntington’s disease (LOC14), brain cancer (BAP2 and 35G8), thrombosis (Bepristat 1a and
isoquercetin), and multiple myeloma (CCF642). KSC—-34 is an a-site selective probe and estradiol is an

endogenous ligand of PDIA1.

In addition to the increased PDI expression, GBM cells upregulate the antioxidant

defense system and are increasingly dependent on glutathione as the tumor grows.®

Glutathione is one of the most abundant molecules in the cell, with concentrations of reduced
glutathione (GSH) estimated to reach up to 10 mM in cellular compartments. The tripeptide
composed of glutamic acid, glycine, and cysteine is a key redox buffer and antioxidant molecule
involved in many cellular processes including reactive oxygen species removal, signal
transduction, and protein synthesis.!” Although the total glutathione concentration is similar in the
cytosol and ER, the ratio of reduced to oxidized glutathione dictates its role in each compartment.
In the cytosol, glutathione is present mainly in its reduced form, with a ratio of GSH:GSSG of
~50,000:1; the ER is a more oxidizing compartment, with an estimated GSH:GSSG ratio of less
than 7:1.'% Because of this environment, PDIA1 is present in its disulfide form, poised to accept
electrons from the reduced thiols in nascent polypeptides. The oxidizing environment of the ER

aids in protein folding and disulfide bond formation.

The initial goal of this study was to characterize a new class of PDI inhibitors in the context

of GBM. Via a medium—throughput biochemical screen, we identified a series of a-
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aminobenzylphenols as inhibitors of PDI that possibly target the active site cysteines of PDI via a
retro—Michael addition reaction. Similar compounds have been reported for multiple targets,
including HDACs!, MIF tautomerase?’-23, STAT3/5%4, and frataxin?’, among others. This finding
suggested that these inhibitors may not be selective for a single protein in the cells. However, we
synthesized a BODIPY—labeled analogue that did not bind any of the previously published targets.
Binding was enhanced when the cells were pre—treated with BSO, suggesting that the efficacy
may be lowered by intracellular glutathione. Additionally, potency in cells increased with BSO
treatment. Thus, the compounds are cell-permeable, and cytotoxicity is enhanced with glutathione
depletion. In all, this study represents the importance of validating in—cell target engagement early
in the drug discovery process and provides extensive characterization of a class of thiol-reactive

small molecules.

RESULTS

Chemistry. Most of the compounds in the present study were synthesized via a well—established
Betti reaction employing a phenolic compound, an aldehyde, and an amine in a one—pot fashion.?%
27 Reactions were either heated in toluene at 100 °C or in EtOH under microwave irradiation at

120 °C for 30 min depending on the electronic nature of the phenolic starting material. Typically,

simple phenols, hydroxy naphthalenes, and hydroxy quinolones can be used in such reactions,
whereas the reactivity of other hydroxy heterocyclic structures remains uncertain. In our study,
depending on the substitution pattern and electronic properties of the starting materials, three
different types of products were generated (Scheme 1). For starting materials represented by 3,
Type I compounds were obtained unambiguously, while with 4a/4b, electrophilic replacement

could occur at two distinct ortho positions of the hydroxy, leading to either Type II or Type III
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compounds. We found that regioselectivity was strongly related to the electronic properties of the
bicyclic heterocycles: electron—efficient compounds tend to generate Type II compounds, and

electron—deficient compounds generate Type III compounds.

Scheme 1. Synthesis of the compounds with modified Betti reaction.”
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“Reagents and conditions: a) Toluene, 100 °C; b) EtOH, 120 °C microwave or conventional

heating.

Compound 8 was prepared by direct methylation of 5g with dimethyl sulfate (Scheme 2).
Compound 13, with a cyclohexane in place of the piperidine moiety, was synthesized by a

four—step strategy (Scheme 3). Benzo[d][1,3]dioxol-5-0l (9) was reacted with benzoyl chloride by
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an ortho—selective electrophilic attack facilitated by a highly coordinating metal phenolate
intermediate generated in situ.?® ?° The diaryl ketone 10 was reacted with cyclohexylmagnesium
bromide to give tertiary alcohol 11. A TsOH—catalyzed elimination afforded 12, and 12 was

subjected to catalytic hydrogenation to give 13.

Scheme 2. Synthesis of compound 8.4
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“Reagents and conditions: a) Me,SO4, K,CO3, acetone.

Scheme 3. Synthesis of compound 13.¢
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“Reagents and conditions: a) i, Mel, Mg, Et,0, ii, benzoyl chloride; b) cyclohexylmagnesium

bromide, THF, rt—50 °C; ¢) p-TsOH, toluene, rt; d) Pd/C, H,, EtOH, 60 °C.
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Lead Compound AS15 Is a Nanomolar Inhibitor of PDI. A screening campaign of 1000 highly
diverse compounds from the National Cancer Institute at 40 uM in the PDI reductase assay
afforded almost 200 compounds that inhibited 50% of PDI activity (Figure 2A). Those compounds
were screened for cytotoxicity in U—87 MG and MIA PaCa-2 cell lines, and compounds with >
40% inhibition of cell growth at 30 uM were subjected to dose response assays in both the 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) and PDI reductase assays. AS15
and CD343 emerged as lead scaffolds with ICs, values in the PDI reductase assay of 300 + 90 nM
and 170 + 50 nM, respectively (Figure 2B—C). When a residue in the b’ domain of PDI important
for substrate binding, Histidine 256, was mutated to an alanine residue, both AS15 and CD343
retained their activity (Figure S1A). This result suggested AS15 and CD343 activity was not
dependent on the substrate—binding domain. Thus, we focused on determining whether inhibition
was based on the interaction between AS15 and CD343 and the active—site cysteines. AS15 and
CD343 inhibited activity of PDIA2 and, to a lesser extent, PDIA3 (Figure S1B). The lead
compounds decreased viability of U-87 MG cells with ICs, values of 18.3 £9.2 uM for AS15 and
10.6 = 0.7 uM for CD343 (Figure S1C). Interaction with oxidized PDI was further probed with
the thermal shift assay; however, AS1S and CD343 did not stabilize PDI to thermal degradation,
similar to PACMAZ31 (Figure 2D). These initial results suggested that the compounds inhibit PDI

as thiol-reactive compounds and not via the substrate—binding domain like estradiol or BAP2.3°
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Figure 2. (a) Screening approach leading to the discovery of AS15 and CD343. (b) Structures of AS15 and

CD343, and ICs, values calculated in the PDI reductase assay. (c) Dose-response curves of PACMA31,

AS15, and CD343 in the PDI reductase assay. (d) Shifts in the melting temperatures of PACMA31, AS15,

and CD343 in the thermal shift assay. SAR: structure—activity relationship.
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Structure—Activity Relationships Reveal AS15 Analogues Are Not Substrate—Binding
Domain Inhibitors. To further assess the mechanism of inhibition of AS15 and CD343 and
determine the structural requirements for their activity, we obtained 89 analogues from Chem Div
libraries and the NCI Developmental Therapeutics Program and tested their potency in the PDI
reductase assay (Tables 1—4). Compounds were tested for purity, and only compounds with purity
> 95% were used for structure—activity relationship analysis. Generally, all AS15 and CD343
analogues possess an a-aminobenzylphenol core that consists of phenolic, amino, and phenyl
moieties. While the phenolic moiety is limited to 5-hydroxybenzo[d][1,3]dioxole (AS15
analogues) or 8-hydroxyquinoline (CD343 analogues), the amino and phenyl moieties are
diversified. For compounds with the 5-hydroxybenzo[d][1,3]dioxole moiety, a variety of cyclic
amines including morpholine, piperidine, piperazine, and pyrrolidine were incorporated. Most of
the compounds inhibited PDI with ICsy values below 1 uM, and different halogens and
electron—donating groups such as chloro, fluoro, methoxy, amino, and hydroxy on the phenyl ring
were well-tolerated. Some of the compounds showed moderate cytotoxicity with ICsy values of
10—30 uM; however, correlation with PDI inhibition was not observed (Table 1). Aromatic amines
such as aminopyridine, aminopyrimidine, and imidazole were generally tolerated, and PDI
inhibition was comparable to those with saturated cyclic amines. Ureas were not tolerated and led
to a complete loss of activity, possibly because of their loss of basicity that contributed to PDI
binding (Table 2). Compounds without the bicyclic aromatic core or hydroxy group were inactive
against PDI and non—toxic (Figure S2). Furthermore, compounds without the tertiary amine were
inactive against PDI and were non—toxic, with the exception of tri—-methoxy substituents on the
aromatic ring (Table S1). CD analogues possess the 8-hydroxyquinoline core along with an

aromatic amine such as 2-aminopyridine or aniline, and their ability to inhibit PDI activity was

11
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comparable to the AS15 analogues, except that the 4-methyl substitution of the pyridine was not
compatible when methyl or chloro was present on the phenyl moiety. Interestingly, many of these
compounds showed stronger cytotoxicity with ICsy values as low as 2.1 + 0.1 uM (Tables 3 and

4).

Table 1. SAR of Compounds with 5-Hydroxybenzo[d][1,3]dioxole and Saturated Cyclic Amine

Page 12 of 80

Moieties
| \_Rz
=
R 0
HO 0>
compound Nflflger R, R, PDI 1(250 MTT ICs,
(nM) (uM)?
AS15/NC014 368252 3,4-di-OCH; 0.30 £ 0.09 183+9.2
NC016 368260 3,4,5-tri-OCHj 0.64 +0.31 > 10
NC133 381577 2,4,6-tri-OCHj 0.98 +0.30 13.6+ 1.7
NC107 368248 3,4-OCH,0- <02 > 30
NC108 368256 2-OH, 3-OCH; 0.90 +0.75 >10
NC110 368261 Q}L 3-OCHs, 4-OH 0.23+0.11 27.1+2.4
NC161 364724 4-OCH; 0.13+0.06 >10
NC134 381579 2-OCH; 0.33 +0.05 27.7+2.7
NC115 368275 4-Cl 0.092 £ 0.023 > 30
NC117 368277 4-F 0.23+0.06 > 30
NC141 667921 2-OH 0.34 +0.09 > 30
NC018 368267 3,4-di-OCH; 0.96 + 1.08 248+1.2
NC015 368253 o 3, 4, 5-tri-OCH, 0.70 +0.13 >10
NC022 368274 O 4-OCH; 0.88+0.36 283+ 1.6
NC020 368273 4-N(CHs), 1.27 +0.34 24.7+2.4

12
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NCo024 370278 2,4-di-OCH; 2.59+1.84 >30
NC162 368254 3,4-OCH,0- 0.35+0.11 > 10
NC116 368276 4-F 0.27 £0.04 >30
NC120 369090 K\N}z 4-OH 0.68 £0.35 >30
HN\)
NC025 370279 2,4-di-OCH; 0.36 £0.05 >30
NCo026 370281 4-OCH; 1.52+£0.02 22.6+59
NC027 370283 4-N(CHj;), <0.20 >30
NCO028 370285 O\l}l 2-OH, 3-OCH; 1.65£0.65 > 10
NC122 370280 4-F <0.20 > 30
NC123 370282 3,4-OCH,0- 0.023 +0.017 > 30
NC124 370284 3,4,5-tri-OCH; 0.18 £0.02 242+17.1

Inhibition of PDI was assessed by PDI reductase assay. ICs, values are indicated as the mean + SD (standard deviation) of

at least three independent experiments. “"MTT cytotoxicity ICs, values were determined in U-87 MG cells.

Table 2. SAR of Compounds with 5-Hydroxy benzo[d][1,3]dioxole and Other Amine Moieties

X
| /_Rz
R1 O>
HO 0
PDIIC
compound NNSE R, R, aso DEARS s
umber (M) (uM)?
NC163 368255 @ 3,4-OCH,0- 0.072+0.017 > 10
X o
NC300 368281 ” 3,5-di-OCH;, 4-OH 0.17+0.04 > 10
NCo017 368265 3,4-OCH,0- 1.18+0.11 > 10
NCo019 368270 K\N 4-OCH; 1.30+0.39 >10
\NJ\N;ZL
NC165 368268 H 2-OH, 3-OCH; 9.02 +4.61 >10
NC299 368279 3,5-di-OCH;, 4-OH 2.20+0.53 > 10
13
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NC166 368278 4F 1272 4+ 3.47 > 10
NC118 368280 ( 5 4F 0.67+0.14 > 10
/N
NC119 369087 = 4-OCH, 0.62 +0.04 > 10
(0]
NC023 369678 Py 4-OH > 40 > 10
HN" N
H
NC029 371006 3,4-OCH,O- > 40 > 10
(@)
NC030 371007 \NJ\N}L 3,4,5-tri-OCH; > 40 > 10
H H
NC168 371005 4F > 30 > 10

“Inhibition of PDI was assessed by PDI reductase assay. ICs, values are indicated as the mean + SD (standard deviation) of

at least three independent experiments. “MTT cytotoxicity ICs, values were determined in U-87MG cells.

Table 3. SAR of compounds with 8-Hydroxyquinoline and 2-Aminopyridine Moieties

PDI ICs, MTT ICs,
compound ID R, R, .
(M) (kM)
~N 3,5-di-OCHs, 4
CD528 G856-2528 P . l'OH » 0.18 +0.06 74412
H
CD343 4896-2958 4-Cl 0.17 +0.05 10.6 £ 0.7
CD345 4896-3004 2,6-di-Cl 1.89 +0.31 6.9+ 1.6
CD639 7706-0076 2-Cl 0.50 +0.17 9.4+ 0.6
CD611 4896-3086 4-CH, 0.46 £ 0.07 >10
Z\
CD344 4896-3003 U 9 4-CH,CH; 0.17+0.12 93+59
H
CD346 4896-3082 2,5-di-CH; 0.73+0.12 13.845.9
CD355 4896-4013 2,4,6-tri-CH; 0.19 + 0.09 10£0.6
CD638 48963084 3-OCH,4 2.86+2.37 11.9+04
CD626 G856-2546 2-F 0.47+0.17 > 10
14
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1
2
3
4 CD613 5994—-0466 2-Cl, 3-OH 0.37+0.03 >10
Z NC272 1014 - <0.20 >10
7 CD354 4896-4000 2-CH; > 40 >10
8
9 CD361 5994—-0131 2,5-di-CHj; > 40 >10
10
11 CD350 4896—3501 4-F 0.14 +£0.06 >10
o CD377  7706-0074 2-F 0.88 +0.23 131435
14 CD341 4896—0018 2-F, 6-Cl > 40 20.6+7.8
15
16 CD373 7033-0321 = IN 3-F 0.35+0.07 92+04
17 N
18 CD348 4896—3250 H 2-Cl > 40 99+14
o CD349  4896-3254 2,6-di-Cl > 40 72422
21 CD352 4896-3773 4-OBn 0.62 +0.29 93+0.9
22
23 CD362 5994-0331 4-CH,CH; 5.39+0.68 89+22
24
25 CD601 G856—2531 4-CF; 26.50 £19.15 2.1+0.1
;? CD363 5994-0397 4-NO, 0.53+£0.15 34+0.6
;g CD594 5704-0657 3-OH, 4-OCHj 0.15+0.02 > 10
30 “Inhibition of PDI was assessed by PDI reductase assay. ICs, values are indicated as the mean + SD (standard deviation) of
g; at least three independent experiments. “MTT cytotoxicity ICs, values were determined in U-87MG cells.
33
34
35 . . . eqe . .
36 Table 4. SAR of Compounds with 8-Hydroxyquinoline and Aniline Moieties
37
38
: &
40 = | OH
41 AN N
42 N O h
H

43 =
44
45
46 compound IRIC R L ICaS“ MTT ICs,

Number (pM) M)
47 (uM)
48 NC266 1008 - 0.11 +£0.04 >10
49
50 NC268 1010 4-NO, 0.15+0.05 >10
. NC269 1011 4-COOH 0.30 = 0.05 > 10
53 NC270 1012 2-COOH 1.48 £1.52 >10
54
55 NC273 1015 2-COOC,H; <0.20 >10
56
57
58 15
59
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NC282 84087 2-OCH; 0.39+0.11 > 10

Inhibition of PDI was assessed by PDI reductase assay. ICs, values are indicated as the mean + SD (standard deviation) of

at least three independent experiments. ®MTT cytotoxicity ICs, values were determined in U U-87MG cells.

Having explored the SAR around the amino and phenyl moieties, which generally had a
nominal impact on PDI inhibition, we synthesized and tested an additional 38 compounds to
diversify the phenolic moiety and probe the impact on PDI inhibition. Notably, this is also the first
exploration of the reactivity and regioselectivity of a variety of hydroxy bicyclic heterocycles in
Betti-style reactions and the biological activity of their products. Compounds were classified into
three types based on the substitution pattern on the phenolic moiety. Type I compounds have a
similar substitution pattern as CD343 (Table 5). The results indicated that 8-hydroxyquinazoline
(Sc-d), 5-hydroxyquinoxaline (Se), 4-hydroxybenzothiazole (5f), 7—hydroxybenzofuran (5g),
5—hydroxy—1,4—benzodioxane  (5h), 4—hydroxybenzo[d][1,3]dioxole  (5i), and 5-
hydroxyisoquinoline (5j) are all well tolerated. Sh has the highest potency with an ICs, value of
290 + 120 nM. The incorporation of 4-indanol (5k) led to a complete loss of the potency, indicating
a H-bond acceptor might be essential. The fact that Sl lost activity despite containing a H—bond
acceptor suggests a bicyclic structure is necessary to fulfill the steric requirement around this
moiety. Using 5g as a model compound, different substituents were introduced. All substituents
were well—tolerated, and Sp and 5q exhibited 1Cs, values below 0.2 uM. For Type II compounds
with a similar substitution pattern as AS15 (Table 6), both 5-hydroxybenzo[d][1,3]dioxole and 6-
hydroxy-1,4-benzodioxane are preferred, with 6-hydroxyindoline leading to a moderate loss of
activity (6d). Similar to Sk in the CD series, compounds 6f and 6g completely lost activity. Type
III compounds with substitution patterns different from AS15 and CD343 were also synthesized

by incorporating different phenolic moieties (Table 7). The majority of the compounds lost their

16
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activity, suggesting an unfavorable binding mode. The exceptions included compounds containing
a 5-hydroxyindole or 5-hydroxyindazole, with the latter leading to comparable inhibition of PDI
at sub—micromolar ICs, values for all of its analogues. It is possible that in this case the -NH group
of indole/indazole forms additional interactions with PDI as a H—bond donor. Most of the
synthesized a-aminobenzylphenols were not cytotoxic at 30 uM, which was similar to the trend

observed with the NC and CD series (Tables 5-7).

Table 5. SAR of Type I Compounds

R OH
RZ\N N N
II?1 N ,"
PDI IC MTT
R -N-R i 50
compound R 1 ) phenol moiety M) (% inhibition at 30 M)’
}Z ;: OH
N N\
5a 2,3-OMe-Ph o@ b 0.39+0.03 74 (ICsy: 33 uM)
OH
A, £
N N\ .
5b 4-F-Ph O b 0.69+0.13 54 (ICsp: 37 uM)
OH
A ES
N N
5¢ 4-F-Ph O \jN 4.86+2.04 32
OH
A £
N N\
5d 4-F-Ph H@ ?\1 1.20 £ 0.51 44
OH
A £ N
N N
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“Inhibition of PDI was assessed by PDI reductase assay. ICs, values are indicated as the mean + SD (standard deviation) of

at least three independent experiments. “MTT cytotoxicity determined in U-87 MG cells.
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Table 6. SAR of Type II Compounds
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“Inhibition of PDI was assessed by PDI reductase assay. ICs, values are indicated as the mean + SD (standard deviation) of

at least three independent experiments. “"MTT cytotoxicity determined in U-87 MG cells. “MTT cytotoxicity determined in

A—172 cells.
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Table 7. SAR of Type III Compounds
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- { N\> /jéNH 0.29 +0.13 0
VJN HO
—N
NN ‘
- L " 0.83%0.29 0
HO

Inhibition of PDI was assessed by PDI reductase assay. ICs, values are indicated as the mean + SD (standard deviation) of

at least three independent experiments. “"MTT cytotoxicity determined in U-87 MG cells.

AS15 Analogues Covalently Bind to PDI. We addressed the importance of the phenolic hydroxy
and amine moieties of the series with two compounds; 8 lost activity with the replacement of the
phenolic hydroxy (5g) with a methoxy (Figure 3A). Similarly, replacing the piperidine in 6b with
a cyclohexane abolished its PDI inhibition (13) (Figure 3B). Both compounds demonstrated the
importance of the a-aminobenzylphenol core to the potency of this series of compounds.

Due to the nature of disulfide bonds, we hypothesized that the AS15 analogues may be
attacked by the nucleophilic cysteine thiols in the active sites of reduced PDI, as is the case for
other electrophilic PDI inhibitors. Upon a reaction that exposes the Michael acceptor, the free thiol
on PDI could react and form a covalent adduct (Figure 3C). This type of retro Michael addition
to protein thiols has been observed with hydroxyquinolines like CD343.!° A zinc—dependent
mechanism opened a quinone methide for selective reaction with HDAC5 and HDAC9'?, another
quinone methide intermediate was found to react with protein thiols over forming DNA adducts?!,
and co—crystallization confirmed pyridinylmethyl quinoline fragment binding to MIF tautomerase
via a proline residue.?? In the case of the pyridinylmethyl quinoline fragment, the compound bound
via a retro Michael addition reaction that formed the quinone methide intermediate. This
intermediate was primed to undergo the aza—Michael addition to covalently link to a proline
residue in MIF tautomerase.
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To confirm AS1S analogues covalently label PDI, we incubated 10 uM PDI with 100 uM
DTT and 100 uM 6a or 6f and monitored adduct formation with quadrupole time—of—flight mass
spectrometry (QTOF). We found that the fragment matching the proposed mechanism of action
was apparent rapidly after the compound was added (Figure 3D). 6a bound reduced PDI at three
sites. Recombinant PDI contains six cysteines, four of which form disulfide bonds when oxidized.
When 6a was incubated in a mixture of 1:1:1 PDI:GSTO1:GRP78, the mass of PDI increased by
two equivalents of the fragment, demonstrating that 6a can bind PDI in the presence of competing
proteins (Figure 3E, Figure S3A). An inactive analogue of 6a without the aromatic benzoxole
(6f) did not demonstrate covalent binding to PDI under the same conditions (Figure S3B).

To assess the covalent binding nature, we measured the k;,,./K; of the lead compounds in
the PDI reductase assay with reduced PDI. For covalent inhibitors, the k;,../K; is the ratio of the
observed rate of inactivation after a reversible reaction to form a protein—inhibitor (P—I) complex
with all the protein molecules (ki,act) to the concentration of inhibitor required to reach half of the
maximum rate of covalent bond formation (Kj). The kinetics of covalent PDI inhibitors 16F16,
PACMA31, and AS15 were measured by assessing activity in the PDI reductase assay at
incubation times from 5 to 60 minutes. AS15 inhibited PDI with a Kj,./K; of 2.6 x 10> M5!
(Figure 3F). Ki,,./K; for PACMA31 was 2.0 x 10> M !s™! and ki,./K; for 16F16 was 1.7 x 10?
M~ Is7l. Thus, AS15 was more efficient at inhibiting PDI than both covalent inhibitors PACMA31
and 16F16. Furthermore, a gel-based competition assay with the fluorescent probe of PACMA31,
PACMAS7, confirmed AS1S analogues could compete with PACMAS7 to bind PDI (Figure
3G).!12 Because PACMAST7 binds PDI at either Cys397 or Cys400, this suggests that AS15 can
also bind one of these cysteines. Inactive analogue 6f did not compete with PACMAS7 for binding

to PDI.
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44 Figure 3. Structure—activity relationship indicates that compounds are covalent PDI inhibitors. (a)
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compounds with piperidine or cyclohexane moiety. (¢) Proposed mechanism of inhibition via retro—Michael
32 addition reaction. (d) 6a covalently binds to PDI. 100 uM 6a was incubated with 10 uM PDI and 100 yM

55 DTT for 30 min prior to injection. (€) 6a binds to PDI preferentially over GSTO1. 100 pM 6a was incubated
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with a mixture of 10 yM PDI, 10 yM GSTO1, and 10 yM GRP78 as a non-specific binding control for 30 min
prior to injection. (Close-up of GRP78 trace in Supplementary Figure S3.) (f) Concentration— and
time—dependent PDI inhibition curves for k;,,./K; determination of PACMA31, 16F16, and AS15. Activity
was measured using the PDI reductase assay. Absorbance was monitored over time at various
concentrations and preincubation times with indicated compounds. (g) Gel-based competition with

recombinant PDI, PDI inhibitors or inactive analogue 6f at 100 uM, and PACMAS57.

To address whether the AS15 analogues targeted PDI irreversibly, like PACMA31, we
performed washout experiments with the PDI reductase assay. AS15 (50 uM) was incubated with
40 uM PDI for 3 hours at room temperature. After 3 hours, the PDI-AS15 complex was diluted
100—fold into reaction buffer, the reaction was incubated another hour at 37 °C, and insulin was
added as a substrate to initiate the reaction. PACMAZ31 (an irreversible inhibitor) at 1 and 100 uM
(Figure 4A) and BAP2 (areversible inhibitor) at 0.5 and 50 uM (Figure 4B) were used as controls.
We found that both AS15 and CD343 did not maintain the characteristics of the high concentration
of inhibitor after dilution to the low concentration (Figures 4C—D). However, when we tested
enzyme activity recovery with compound concentrations 10 times that of the protein to mimic the
mass spectrometry conditions, AS15 behave like the expected irreversible inhibitor (Figure S4).
CD343 and 6a were too active at this ratio. We further tested whether the compounds were binding
in the b’ domain of oxidized PDI with the ANS (anilinonaphthalene sulfonic acid) spectral scan.3?
ANS is a dye that fluoresces upon binding hydrophobic pockets and specifically targets the b’
domain in PDI. B’ domain—selective inhibitors of PDI such as estradiol and bepristat 1a compete

with ANS.32 AS15 and CD343 did not lower the fluorescence of ANS (Figure 4E). Our combined
24
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results from the thermal shift assay, washout experiment, and ANS spectral scan demonstrated that

AS15 and CD343 are likely not substrate—binding domain inhibitors like estradiol and BAP2, but
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may be covalent inhibitors of PDI.
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50 uM AS15, or 50 uM CD343 for 3 h at rt before dilution. (f) ANS spectral scan with 5 uM PDI and 100 uM

PACMA31, BAP2, AS15, or CD343.

AS15 Analogues Compete with Glutathione. Because the AS15 analogues seemed highly
reactive toward nucleophilic attack, we hypothesized that glutathione may also react with the
compounds. Glutathione is present in high concentrations in the cytoplasm and is an important
redox regulator in the ER.3? The oxidizing environment of the ER is maintained by the ratio of
reduced to oxidized glutathione, which is lower than the ratio in the cytoplasm. Incubating the
compounds with N—acetyl cysteine (NAC) before adding them to the PDI reductase assay rendered
the compounds inactive (Figure SA). Although both the AS1S series and PACMA31 are
irreversible PDI inhibitors, the differing characteristics in the NAC competition assay, as well as
differing kinetics, suggest that the compounds may have different mechanisms of action. AS15
analogues were also inactivated with competing glutathione at physiological concentrations (5
mM) in the PDI reductase assay (Figure SB). The compounds retained activity when incubated
with PDI before adding GSH or NAC, providing further evidence of potential thiol reactivity

(Figure SS).

To assess trends in the glutathione sensitivity of the AS15 series, we screened all the
analogues in the PDI reductase assay in the presence of 5 mM GSH. The high concentrations of
glutathione in the cytoplasm may inactivate the compounds in vivo; thus, the in vitro 1Cs, value
may not be a reliable indicator of in vivo activity.'* Although the PDI reductase assay is performed
at a relatively high concentration of DTT (500 uM), we added 5 mM glutathione to mimic a more

physiological environment (Table S2). This issue is particularly relevant because the analogues
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behave as reversible thiol adducts. Substrate—binding domain inhibitors isoquercetin and BAP2

remained active in the presence of high GSH concentrations. Most of the AS15 analogues were

oNOYTULT D WN =

inactive in the presence of competing GSH. These results provided further support that the AS15
10 analogues may act via addition to PDI. We found two AS15 analogues that maintained potency in

the presence of competing glutathione: 14 and 5d (Figure 5C).
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38 Figure 5. N-Acetyl cysteine and glutathione inactivate AS15 analogues. (a) N-Acetyl cysteine (NAC)

41 competition in PDI reductase assay. Compounds were incubated with NAC prior to addition to a final

44 concentration of 10 uM in the PDI reductase assay with PDIA1. (b) Glutathione competition in PDI reductase

assay. GSH was added to the PDI reaction buffer prior to 10 uM compound addition. (c) Top two AS15

analogues that are least sensitive to competition with 5 mM GSH in the PDI reductase assay.
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After our GSH screen, we retested the purity of 14 and Sd and observed that Sd
spontaneously formed a dimer after long—term storage. As a result, we re-purified the monomeric
and dimeric forms of 5d and tested each form in the PDI reductase assay in the presence of
glutathione (Figure 6A). The dimeric form of 5d was less sensitive to glutathione competition
than the monomer (Figure 6B). Furthermore, we found that both the monomer and dimer of 5d
bound to PDI (Figure 6C). Incubation with the a’c domain gave a species with two fragments of
5d monomer bound (Figure S6A). When we incubated the monomer and dimer of 5d with a C53S

mutant of PDI, we observed one and two species bound, respectively (Figure S6B).

Although the PDI disulfides are 500—fold more reactive than glutathione®*, we
hypothesized that glutathione may be inactivating the AS15 analogues and contributing to lower
their potency in cells. Pretreatment of GBM cells with BSO for 24 hours before adding the
compounds increased potency in the colony formation assay (Figure 6D—H, Figure S7). While
the monomer of 5d was more sensitive to BSO addition, the 5d dimer was more potent and its
potency was not dependent on BSO addition. These results support the hypothesis that glutathione

depletion sensitizes GBM cells to PDI inhibition.
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monomer (g), and 5d dimer (h) in the colony formation assay in the absence or presence of BSO. U—118 MG cells

were pretreated with BSO for 24 h prior to compound addition.

AS15 Analogue Target Identification. We sought to confirm whether the AS15 analogues could
target PDI in the cells by synthesizing two analogues of 6b with a BODIPY fluorescent tag on the
phenyl ring (Scheme 4, Figure 7A). The BODIPY—labeled compounds differed in the linker
length between the parent compound and the tag. One compound was directly attached to BODIPY
with an amide linkage on the phenyl ring (15), while the other (16) contained a two—carbon linker
separating the amide groups on the BODIPY structure. 15 did not inhibit PDI activity in the PDI
reductase assay (Figure S8). However, it did covalently bind proteins around 55—70 kDa when
added to cells (Figure 7B). This prompted us to perform in—gel digestion and mass spectrometry
of the proteins at this size (Table 8). Albumin, the most abundant plasma protein, was identified
as one of the proteins in the band, and incubation of both 15 and 16 with cell-free medium
supplemented with fetal bovine serum demonstrated that the compounds bound to serum albumin
(Figure 7C). Although 16 bound to serum albumin, it inhibited PDI activity with an ICsy value
comparable to the parent compound of 1.37 = 0.23 uM (Figure 7D). To verify the band from 15
was not PDI, a Western blot was performed with cells treated with 15 and 16. The GFP band from
the 15—treated cells runs closer to the molecular weight of albumin (69 kDa) than the PDI band
around 55 kDa (Figure S9A). Additionally, when the cells were treated with 15 after serum
starvation, the band disappeared (Figure S9B). With recombinant PDI, 16 covalently binds, and
binding can be blocked with DTT, further supporting the mechanism of inhibition of this series

(Figure S10).
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Table 8. Most Abundant Proteins around 55—70 kDa in U-118 MG Cells

accession description # cysteines location coverage [%]  # peptides # PSMs f):;ltll((lll;: MW [kDa]
P14618  Pyruvate kinase PKM (PKM) 10 nucleus 70 33 181 33 57.9
P10809 60 kDa heat shock protein, mitochondrial (HSPD1) 3 mitochondria 72 34 104 34 61
P07237  Protein disulfide—isomerase (P4HB) 7 ER/membrane 70 31 70 31 57.1
P31948  Stress—induced—phosphoprotein 1 (STIP1) 11 nucleus 57 29 63 29 62.6
P48643  T—complex protein 1 subunit epsilon (CCTS) 8 cytoplasm 68 30 62 29 59.6
P17987  T—complex protein 1 subunit alpha (TCP1) 9 cytoplasm 68 27 57 27 60.3
Q16555 Dihydropyrimidinase—related protein 2 (DPYSL) 8 cytoplasm 70 27 57 24 62.3
P49368  T—complex protein 1 subunit gamma (CCT) 10 cytoplasm 69 31 56 31 60.5
P02768  Serum albumin (ALB) 35 extracellular 12 7 55 7 69.3
Serine/threonine—protein phosphatase 2A 65 kDa
P30153  regulatory subunit A alpha isoform (PPP2R1A) 14 nucleus 60 27 47 20 65.3
Heterogeneous nuclear ribonucleoprotein K
P61978  (HNRNPK) 5 nucleus 56 20 46 20 50.9
P50990 T-—complex protein 1 subunit theta (CCTS8) 10 cytoplasm 56 28 45 28 59.6
P54577  Tyrosine—tRNA ligase, cytoplasmic (YARS) 6 cytoplasm 60 28 38 28 59.1
268 proteasome non—ATPase regulatory subunit 3 extracellular, nucleus,
043242 (PSMD3) 2 cytoplasm 51 24 36 24 60.9
075083 WD repeat—containing protein 1 (WDR1) 12 cytoskeleton 53 21 35 21 66.2
P36871  Phosphoglucomutase—1 (PGM1) 5 extracellular, cytoplasm 55 23 34 23 61.4
Q99832  T—complex protein 1 subunit eta (CCT7) 9 cytoplasm 55 22 32 22 59.3
P02545  Prelamin—A/C (LMNA) 5 nucleus 36 25 32 25 74.1
P40227  T-complex protein 1 subunit zeta (CCT6A) 8 cytoplasm 56 21 32 21 58
QI9H4M9 EH domain—containing protein 1 (EHD1) 1 membrane, endosome 58 21 31 21 60.6
043776  Asparagine—tRNA ligase, cytoplasmic (NARS) 15 cytoplasm 38 18 30 18 62.9
extracellular, nucleus,
P29401  Transketolase (TKT) 12 cytoplasm 43 17 28 17 67.8
P68363  Tubulin alpha—1B chain (TUBA1B) 12 cytoskeleton 65 19 28 2 50.1
32
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1

2

2 Scheme 4. Synthetic route for compounds 15 and 16.¢
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22 “Reagents and conditions: a) toluene, 100 °C; b) 4-(5,5-difluoro-1,3,7,9-tetramethyl-5H-4\* 5)4-
24 dipyrrolo[1,2-c:2',1'-f][1,3,2]diazaborinin-10-yl)aniline (BODIPY aniline), EDCI, HOBt, DMF,
57 rt; ¢) tert-butyl (2-aminoethyl)carbamate, HATU, DIEA, DMF, rt; d) TFA, DCM, rt; e) 4-(5,5-
29 difluoro-1,3,7,9-tetramethyl-5H-4A% 5A*-dipyrrolo[ 1,2-¢:2',1'-f][1,3,2]diazaborinin-10-yl)benzoic

31 acid, HATU, DIEA, DMF, rt.

38 To further investigate whether the BODIPY—labeled AS1S analogues target PDI, we
40 treated cell lysates with the compounds for 24 hours. 15 did not covalently label proteins in the
cell lysate; however, 16 bound in two major bands around 55 and 40 kDa, and a minor band below
45 55 kDa (Figure 7E, Figure S11). In addition, the parent compound competed for labeling both
47 bands in a dose—dependent manner but seemed to compete off the 55 kDa band at a lower
49 concentration (5x [probe]) than the 40 kDa band (20x [probe]) (Figure 7F). In addition to
57 inhibiting PDIA1 activity, AS15 could also inhibit PDIA3 activity; thus, the band around 55 kDa

54 could contain both PDIA1 and PDIA3. Compound 16 bound PDIA1, PDIA2, and PDIA3, in
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addition to BSA, and was competed off by the parent compound. Competition was not observed
for binding to BSA, likely due to multiple binding sites for 16 on BSA (Figure S12). 6b
dose—dependently competed off 16 for binding PDIA2 and PDIA3 (Figure S13). Combining BSA
with PDIA1 for 24 hours with 15 or 16 did not improve binding to PDIA1 (Figure S14). Because
glutathione inactivated the compounds in vitro, cells were pre—incubated with BSO prior to
BODIPY-labeled compound treatment to determine whether depleting the cells of glutathione
would improve on—target binding. BSO addition improved binding for 15, however, binding was
non—selective. Furthermore, addition of 10% FBS decreased binding, further confirming the

interaction between this series and serum albumin (Figure S15A).
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and 5 uM 15 or 16 for 24 h at room temperature after cell lysis. (f) Cell lysates treated with increasing

concentrations of parent compound 6b before addition of BODIPY-labeled 16.

Incubation of the cell lysate with 16 consistently resulted in multiple bands (Figure S16B).
Proteomic analysis of each of the bands revealed PDIA1 among other targets in the cell lysate
(Table S3—S4; Supplemental File 1). Because of the reactivity of these compounds, it is possible
that they bind to proteins besides PDIAT1 in the cell lysate. Reported targets of similar scaffolds
include MIF tautomerase, HDACS5/9, and BRAFVE, However, we did not observe bands at the
molecular weights of those three targets, suggesting the AS15 analogues do not bind these proteins,
or the proteins have low abundance in the cell lines tested. Furthermore, those known targets, as
well as STAT3, STATS, Mcl—1, frataxin, and P2Y 12, were not found in the bands analyzed with
the proteomics experiment. In addition, confocal microscopy revealed that the BODIPY—labeled

analogues mainly reside in the cytoplasm and ER, not in the nucleus with HDACS5/9 and BRAF

.

(Figure 8).
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Figure 8. Confocal microscopy images at 60X magnification of A-172 cells treated with 10 uM 15 (a) or 2

pMM 16 (b) for 24 h prior to fixation and staining for PDI.

AS15 Analogue Activates the Unfolded Protein Response. We performed nascent RNA

sequencing of one of the most potent analogues of AS15, 5p, to analyze changes in gene

transcription in U-87 MG cells (Figure 9A).3% Four hours after 20 uM 5p treatment, 68

genes were upregulated at least two-fold and 12 genes were downregulated at least

two-fold (Tables S5-S12; Supplemental File 2). We performed Gene Set Enrichment

Analysis on the pre-ranked gene list of 7907 genes and identified that 5p upregulates

transcription of genes involved in the unfolded protein response (Figure 9B, Figure S16).
STRING (Search Tool for the Retrieval of Interacting Genes/Proteins) interactions of significant
genes in the 5p Bru—seq dataset also demonstrated genes affected were involved in protein folding,
ER stress, and response to ER stress (Figure 9C, Table S13). Affected UPR genes included CALR
(Figure 9D), HSPAS5 (Figure 9E), MYZAP (Figure 9F), NOO! (Figure 9G), and SLC7A411
(Figure 9H). Calreticulin (CALR) is an ER chaperone like PDI, specifically folds glycoproteins to
be secreted, and mediates calcium homeostasis in the organelle.?¢ Calreticulin acts as a sensor of
ER stress because ER Ca?* depletion triggers ER stress. Calreticulin has been demonstrated to bind

to ERp57 and regulate glycoprotein isomerization.’” However, 5p treatment did not increase total
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cellular CALR expression in brain cancer cells (Figure 91). HSPAS5 encodes for GRP78/BiP, an
important chaperone responsible for promoting tumor growth.3® Nascent polypeptides enter the
ER and interact with GRP78/BiP to initiate protein folding. Increased transcription of GRP78/BiP
indicates the cells are undergoing an unfolded protein stress response. NAD(P)H Quinone
Dehydrogenase 1 (NQOI) is a cytosolic quinone reductase that promotes quinone—glutathione
conjugation and removal from the cells. It is generally highly expressed in cancers and allows the
tumor to cope with increased cytotoxic stress.’® SLC7A411 encodes for a cystine/glutamate
antiporter protein that resides on the cell membrane. SLC7A11 is part of the system x.~ antiporter
system that uptakes extracellular cystine as a precursor for GSH biosynthesis in exchange for
glutamate.*? Interestingly, we observed upregulated transcription of SLC7A41 1 upon treatment with
PDI inhibitor 35G8 as well.*! Our results indicate that PDI inhibition may be synthetically lethal
with system x.~ inhibition. Myocardial zonula adherens (MYZAP) is part of a transcriptional unit
containing downstream gene POLR2M (polymerase (RNA) II (DNA directed) polypeptide M).
MYZAP protein is expressed in cardiac tissue and is involved in signaling via Rho—related
GTP-binding proteins. The Bru—seq RNA sequencing genes affected support Sp—mediated PDI

inhibition in U—-87 MG cells.
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Figure 9. 5p upregulates transcription of genes involved in the unfolded protein response. (a) Structure of 5p. (b) Sp

promoted gene set enrichment related to the unfolded protein response. NES: normalized enrichment score. FDR q

SLC7A11 (h). (i) U—118 MG cells were treated with 20 uM 5p for 12, 24, or 48 h and probed for calreticulin protein
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We further analyzed the Bru—seq signature of Sp with the Connectivity Map (Tables
S14—S20).#> Because less than ten genes were significantly downregulated upon 5p treatment, the

Connectivity Map analysis included only upregulated genes. Sp had a similar gene expression

signature as the seleno—organic glutathione peroxidase mimetic ebselen.*® Ebselen is an

antioxidant that is known to react with cysteines, and it targets GTPase protein Rac1 in

humans.** 45 Interestingly, ebselen inhibits MIF tautomerase activity as well.??2 This

indicates that the signature of 5p may be an artifact of global cysteine reactivity rather

than selective target inhibition. Furthermore, the signature of 5p demonstrated similarity with

knockdown of KDELR3 (KDEL endoplasmic reticulum protein retention receptor 3). KDELR3
contains four cysteines and is upregulated as part of the unfolded protein response.*® The protein
is in a family of three KDEL receptors localized to the ER and Golgi complex. These results

confirm that Sp exhibits a cysteine—reactive signature in brain cancer cells.

DISCUSSION

Target engagement in cells is a critical aspect of preclinical targeted drug development. It
is important to understand and verify that the compound can reach the target, and that the
interaction causes the observed phenotype. There are multiple techniques used to assess target
engagement, including direct assays such as the cellular thermal shift assay (CETSA), drug affinity
responsive target stability (DARTS), the NanoLuc thermal shift assay, and bioluminescence
resonance energy transfer (BRET), or indirect methods such as knockdown effects or biomarker

expression.*’ In order to determine on—target labeling of PDI in cells, we synthesized two
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variations of BODIPY—labeled AS15 analogues. Our initial discovery upon treating cells with
these compounds was that the compounds bind to serum albumin, an abundant protein containing
35 cysteine residues. When the AS15 analogues were incubated with the cell lysates, we observed
binding in three major bands, indicating that the compounds bound to proteins around 57 and 40
kDa. While plasma protein binding is a consideration for improvement of potency of this series,
proteomics analysis demonstrated that the BODIPY—labeled AS15 analogues reach and bind
covalently to PDIA1 in the cells. Several PDI family members have a molecular weight around 40
kDa, including ERp44, PDIA6, and TXNDCS5, which could be responsible for the lower band

(Table 9).

Table 9. PDI Family Members and Molecular Weights

gene name size (kDa) gene name size (kDa)

P4HB 55 PDIA12 (TMX2) 34
PDIA2 55 PDIA13 (TMX3) 52
PDIA3 (ERp57) 54 PDIA14 (TMX4) 39

PDIA4 (ERp72) 71 (TMXS5) not reported
PDIAS (PDIR) 57 PDIA1S5 (ERp46) 48
PDIAG6 (P5) 46 PDIA16 (ERp19, AGR1) 18
PDIA7 (PDILT) 67 PDIA17 (AGR2, HAG—2) 20
PDIAS (ERp27) 30 PDIA18 (AGR3, HAG-3) 19
PDIA9 (ERp29) 29 PDIA19 (ERdj5) 91
PDIA10 (ERp44) 44 PDIB1 (CASQI) 45
PDIA11 (TMX1) 32 PDIB2 (CASQ2) 46
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These results corroborate previous findings with this Mannich base series. Targets
identified for this series of compounds are summarized in Table S21. The frataxin inhibitor, which
differs from AS15 by only an ortho methoxy in place of the para methoxy, was non—toxic up to
100 uM in cells and dose—dependently prevented the ubiquitination of frataxin. The authors did
not perform selectivity experiments since they were measuring a cellular protein function;
however, they did show that the compound did not bind denatured protein. In the same year,
another group reported a series of hydroxyquinolines similar to CD343 as selective Mcl—1
inhibitors. With an SAR campaign, they demonstrated that the hydroxyl group and nitrogen were
important for Mcl—1 activity. While we did not test their reported Compound 9, 5a and 5b were
similar compounds, with the piperazine replaced by a morpholino group or pyrazine group. These
compounds had submicromolar ICs, values in the PDI reductase assay, similar to the ICsy value
against Mcl—1 in the fluorescence polarization assay.*® In terms of selectivity, the researchers were
able to demonstrate a correlation between a downstream response to Mcl—1 inhibition, cytochrome
c release, and the extent of mitochondrial priming in cells.*® Further targets of this series include
HDAC5/9, STAT3/5, BRAFV6%E and P2Y12. NC124 was highly potent against leukemia cell
lines (THP—1 and KASUMI-1), though it was much less potent against U-87 MG cells (ICsy =
24.2 £ 7.1 uM), possibly because TET1 expression is relatively lower in the U-87 MG cells.*®

Interestingly, several groups reported that this series of compounds passed protein reactivity filters.

Because the analogues we tested were inactivated by GSH addition in the PDI reductase
assay, we tested whether GSH depletion in a cell-based assay would influence potency. The
compounds were more potent when cells were treated with non—toxic concentrations of BSO, the
glutathione synthesis inhibitor. This result suggests that either the compounds are being

sequestered by GSH in the cytoplasm and unable to reach the target protein, or that GSH depletion
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prevents PDI from rescue. Thus, a potential strategy for further modification would include

decreasing GSH reactivity of the series. The glutathione-mediated antioxidant defense

system is upregulated in cancer cells compared to normal cells to mitigate the harmful

byproducts of increased cell metabolism.? Increased concentrations of GSH are

responsible for resistance to anti—cancer therapy. Temozolomide-resistant GBM tumors

rely on glutathione antioxidant signaling pathways for survival.®! Glutathione promotes

metastasis in liver cancer, and overexpression of glutathione synthesis enzymes has

been linked with drug resistance.5? 53 Thus, glutathione depletion, in particular with the

irreversible glutamate cysteine ligase (GCL) inhibitor buthionine sulfoximine (BSO), may

be a promising combinatorial approach with this series. Additionally, it should be noted

that PDI is present in a mixed population in the cells under physiological conditions.

Therefore, cell-based experiments have been performed with the endogenous population

of PDI.

CONCLUSIONS

Starting from a lead compound containing a benzobenzoxole scaffold and

morpholine moiety, we investigated modifications around the core. The trends in the
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structure—activity relationships of the analogues that a tertiary amine and hydroxyl group

were critical for activity suggest that the potency of the inhibitors likely relies on the thiol-

reactive characteristics. Protein mass spectrometry analysis further identified that AS15

analogues bound covalently to PDI after displacement of the amine group. Though the

compounds were potent /n vifro inhibitors of PDI, glutathione inactivated the compounds,

and BODIPY—labeled analogues bound serum albumin. Because of the binding pattern of the

AS15 analogues and reactivity with glutathione, they have the potential to be optimized

as /n vivo thiol-reactive inhibitors. Notably, this study is the first to explore the reactivity and

regioselectivity of a variety of hydroxy bicyclic heterocycles in Betti-style reactions and the
biological activity of their products. Furthermore, our in-depth mechanistic studies demonstrate

their mechanism of action is directly related to PDI inhibition.

EXPERIMENTAL SECTION

General Methods. All commercial reagents and anhydrous solvents were purchased and used
without purification, unless specified. Column chromatography was performed on a Biotage
Isolera flash chromatography system on Biotage normal phase Silica Gel columns. Analytical thin
layer chromatography was performed on Merck pre—coated plates (Silica Gel 60 F,s4). NMR
spectra were recorded on a Bruker Ultrashield 300 MHz or Bruker Ascend 400 MHz spectrometer
using deuterated CDCIl; or CD3;OD as solvents. Chemical shifts for proton magnetic resonance

spectra ("H NMR) are listed in parts per million (ppm) referenced to the appropriate solvent peak
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or 0.0 ppm for tetramethylsilane (TMS). The following abbreviations are used to describe the
peak—splitting patterns when appropriate: br, broad; s, singlet; d, doublet; t, triplet; q, quartet; m,
multiplet; and dd, doublet of doublets. Coupling constants, J, are reported in hertz (Hz). Mass
spectra were recorded on a Shimadzu LCMS—2020 system using the electro spray ionization (ESI)
ion source. HPLC was used to determine the purity of biologically tested compounds using

Shimadzu LC —2030C 3D system on Kinetex XB —C18 column (2.6 pm, 4.6x75 mm) under the

following gradient elution conditions: acetonitrile/water (10-95%) or methanol/water (10-95%).
The purity was established by integration of the areas of major peaks detected at 254 nm, and all
tested compounds including the NC and CD series compounds have >95% purity.

General Synthesis Procedure A.

Phenolic compound, amine, and aldehyde were dissolved in toluene. The mixture was heated at
100 °C for specified time and monitored by TLC. After completion of the reaction, the mixture
was concentrated, and the residue was purified by flash chromatography to give the target
compound.

General Synthesis Procedure B.

Phenolic compound, amine, and aldehyde were dissolved in EtOH. The mixture was heated at 120
°C for 0.5 h under microwave or refluxed overnight. After completion of the reaction, the mixture
was concentrated, and the residue was purified by flash chromatography or recrystallized from
methanol/acetone to give the target compound.
7-((2,3-Dimethoxyphenyl)(morpholino)methyl)quinolin-8-0l (5a). Prepared from 2,3-
dimethoxybenzaldehyde, (85 mg, 0.51 mmol), 8-hydroxyquinoline (50 mg, 0.34 mmol), and
morpholine (44 mg, 0.51 mmol) in toluene at 100 °C overnight. After concentration, the residue

was purified by silica column chromatography (EtOAc : MeOH = 10:1) to give compound Sa as a
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pale yellow solid (16% yield). '"H NMR (300 MHz, CDCls): 12.13 (s, 1H), 8.89 (dd, /=4.2, 1.7
Hz, 1H), 8.05 (dd, J = 8.3, 1.7 Hz, 1H), 7.38 (dd, J = 8.3, 4.2 Hz, 1H), 7.35 —7.18 (m, 4H), 6.99
(t, J= 8.0 Hz, 1H), 6.81 (dd, J= 8.2, 1.4 Hz, 1H), 5.33 (s, 1H), 3.94 (s, 3H), 3.87 (s, 4H), 3.86—
3.72 (m, 4H), 2.82-2.53 (m, 6H); MS (ESI) m/z=381.2 [M + H]*. Purity 97.7%.
7-((4-Fluorophenyl)(piperidin-1-yl)methyl)quinolin-8-01  (5b). Prepared  from  4-
fluorobenzaldehyde (103 mg, 0.83 mmol), 8-hydroxyquinoline (80 mg, 0.55 mmol), and piperidine
(70 mg, 0.83 mmol) in toluene at 100 °C overnight. After concentration, the residue was purified
by silica column chromatography (DCM : EtOAc : NH4,OH = 5:1:0.1) to give compound 5b as a
pale yellow solid (98 mg, 53% yield). '"H NMR (300 MHz, CDCls): 12.82 (s, 1H), 8.90 (d, J=4.1
Hz, 1H), 8.04 (d, J = 8.3 Hz, 1H), 7.47 (dd, J = 8.3, 5.3 Hz, 2H), 7.37 (dd, J = 8.3, 4.2 Hz, 1H),
7.18 (s, 2H), 6.98 (t, J = 8.5 Hz, 2H), 4.66 (s, 1H), 2.76-2.35 (m, 4H), 1.84-1.39 (m, 6H); MS
(ESI) m/z=337.2 [M + H]". Purity 96.6%.
7-((4-Fluorophenyl)(piperidin-1-yl)methyl)quinazolin-8-0l ~ (Sc¢).  Prepared from 4-
fluorobenzaldehyde (39 mg, 0.32 mmol), 8-hydroxyquinazoline (30 mg, 0.21 mmol), and
piperidine (27 mg, 0.32 mmol) in toluene at 100 °C overnight. After concentration, the residue was
purified by silica column chromatography (EtOAc : MeOH = 100:1) to give compound Sc¢ as a
white solid (30 mg, 42% yield). 'H NMR (300 MHz, CDCls) 0 13.68 (s, 1H), 9.33 (s, 1H), 9.28 (s,
1H), 7.43 (t,J= 6.5 Hz, 2H), 7.32-7.18 (m, 2H), 7.01 (t, J= 8.5 Hz, 2H), 4.67 (s, 1H), 2.78-2.22
(s, 4H), 1.84-1.48 (m, 6H); MS (ESI) m/z =338.5 [M + H]". Purity 98.4%.
7-((4-Fluorophenyl)(piperazin-1-yl)methyl)quinazolin-8-o1 ~ (5d). = Prepared from 4-
fluorobenzaldehyde (51 mg, 0.41 mmol), 8-hydroxyquinazoline (40 mg, 0.28 mmol), and
piperazine (36 mg, 0.41 mmol) in toluene at 100 °C overnight. After concentration, the residue

was purified by silica column chromatography (EtOAc : MeOH = 100:1) to give compound 5d as
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a white solid (6 mg, 6% yield). '"H NMR (300 MHz, CDCl;) 6 9.31 (d, J= 6.2 Hz, 2H), 7.52-7.31
(m, 4H), 7.01 (t,J= 8.4 Hz, 2H), 4.76 (s, 1H), 3.07 (d, J= 11.5 Hz, 4H), 2.62 (d, J = 23.5 Hz, 4H);
MS (ESI) m/z =339.0 [M + H]". Purity 97.3%.
6-((4-Fluorophenyl)(piperidin-1-yl)methyl)quinoxalin-5-o1  (5e¢).  Prepared from 4-
fluorobenzaldehyde (102 mg, 0.82 mmol), quinoxalin-5-ol (80 mg, 0.55 mmol), and piperidine
(71 mg, 0.82 mmol) in toluene at 100 °C overnight. After concentration, the residue was purified
by silica column chromatography (DCM : MeOH = 100:1) to give compound 5e as a pale yellow
solid (46 mg, 25% yield). 'H NMR (300 MHz, CDCl3) 6 8.84-8.77 (m, 2H), 7.44 (q, J= 8.0, 7.0
Hz, 3H), 7.34-7.28 (m, 1H), 7.00 (t, J = 8.4 Hz, 2H), 4.69 (s, 1H), 2.97-2.13 (m, 4H), 1.86-1.41
(m, 6H); MS (ESI) m/z =338.1 [M + H]*. Purity 100.0%.
5-((4-Fluorophenyl)(piperidin-1-yl)methyl)benzo|d|thiazol-4-01 (5f). Prepared from 4-
fluorobenzaldehyde (50 mg, 0.40 mmol), benzo[d]thiazol-4-ol (50 mg, 0.33 mmol), and piperidine
(34 mg, 0.40 mmol) in toluene at 100 °C overnight. After concentration, the residue was purified
by silica column chromatography (hexane : EtOAc = 1:1) to give compound S5f as a white solid
(46% yield). 'H NMR (300 MHz, CDCl;) o 8.89 (s, 1H), 7.43 (t,J= 6.9 Hz, 2H), 7.27 (d, /= 8.3
Hz, 1H), 6.99 (q, J = 8.7 Hz, 3H), 4.63 (s, 1H), 2.80-2.32 (m, 4H), 1.79-1.40 (m, 6H); MS (ESI)
m/z=343.5 [M + H]J". Purity 96.3%.
6-((4-Fluorophenyl)(piperidin-1-yl)methyl)benzofuran-7-ol  (5g). Prepared from 4-
fluorobenzaldehyde (32 mg, 0.26 mmol), benzofuran-7-ol (35 mg, 0.26 mmol), and piperidine (27
mg, 0.31 mmol) in toluene at 100 °C overnight. After concentration, the residue was purified by
silica column chromatography (hexane : EtOAc = 10:1) to give compound 5g as a white solid (12

mg, 14% yield). "H NMR (300 MHz, CDCL3) 6 7.63 (s, 1H), 7.42 (s, 2H), 7.07-6.91 (m, 3H), 6.76
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(d, J= 8.2 Hz, 1H), 6.69 (s, 1H), 4.62 (s, 1H), 3.01-2.24 (m, 4H), 1.83—1.40 (m, 7H); MS (ESI)
m/z=326.1 [M + H]J". Purity 95.6%.
6-((4-Fluorophenyl)(piperidin-1-yl)methyl)-2,3-dihydrobenzo[b][1,4]dioxin-5-ol (5h).
Prepared from 4-fluorobenzaldehyde (62 mg, 0.50 mmol), 2,3-dihydrobenzo[b][1,4]dioxin-5-0l
(50 mg, 0.33 mmol), and piperidine (43 mg, 0.50 mmol) in toluene at 100 °C overnight. After
concentration, the residue was purified by silica column chromatography (hexane : EtOAc = 5:1)
to give compound 5h as a white solid (84 mg, 74% yield). 'H NMR (300 MHz, CDCl;) ¢ 7.44—
7.30 (m, 2H), 6.99 (t, J = 8.5 Hz, 2H), 6.39-6.22 (m, 2H), 4.44 (s, 1H), 4.29 (ddd, J = 26.8, 6.1,
3.3 Hz, 4H), 2.98-2.18 (m, 4H), 1.77-1.36 (m, 6H); MS (ESI) m/z =344.4 [M + H]". Purity 99.4%.
5-((4-Fluorophenyl)(piperidin-1-yl)methyl)benzo|d][1,3]dioxol-4-0l (5i). Prepared from 4-
fluorobenzaldehyde (67 mg, 0.54 mmol), benzo[d][1,3]dioxol-4-0l (50 mg, 0.36 mmol), and
piperidine (47 mg, 0.54 mmol) in toluene at 100 °C overnight. After concentration, the residue
was purified by silica column chromatography (hexane : EtOAc = 1:1) to give compound 5i as a
white solid (82 mg, 69% yield). "H NMR (300 MHz, CDCls) & 7.38 (t, J= 6.6 Hz, 2H), 7.01 (t,J
=8.7 Hz, 2H), 6.41-6.21 (m, 2H), 5.97 (dd, /=9.9, 1.4 Hz, 2H), 4.49 (s, 1H), 2.93-2.18 (m, 4H),
1.75-1.38 (m, 6H); MS (ESI) m/z =330.5 [M + H]". Purity 97.8%.
6-((4-Fluorophenyl)(piperidin-1-yl)methyl)isoquinolin-5-01 ~ (5j). @ Prepared from 4-
fluorobenzaldehyde (64 mg, 0.52 mmol), 5-hydroxyisoquinoline (50 mg, 0.34 mmol), and
piperidine (44 mg, 0.52 mmol) in EtOH under microwave at 120 °C for 45 min. After
concentration, the residue was purified by silica column chromatography (hexane : EtOAc = 5:1)
to give compound 5j as a white solid (37 mg, 32% yield). "H NMR (300 MHz, CDCl3) 6 9.12 (s,

1H), 8.52 (d, J = 5.9 Hz, 1H), 8.08 (d, J = 5.8 Hz, 1H), 7.39 (t, J= 7.1 Hz, 2H), 7.33 (d, J = 8.4
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Hz, 1H), 7.10 (d, J = 8.4 Hz, 1H), 7.01 (t, J = 8.7 Hz, 2H), 4.60 (s, 1H), 3.15-2.11 (m, 4H), 1.86—
1.40 (m, 6H); MS (ESI) m/z=337.1 [M + H]". Purity 95.7%.

5-((4-Fluorophenyl)(piperidin-1-yl)methyl)-2,3-dihydro-1H-inden-4-o0l (5k). Prepared from 4-
fluorobenzaldehyde (74 mg, 0.60 mmol), 2,3-dihydro-1H-inden-4-ol (80 mg, 0.60 mmol), and
piperidine (74 mg, 0.60 mmol) in toluene at 100 °C overnight. After concentration, the residue was
purified by silica column chromatography (hexane : EtOAc = 5:1) to give compound Sk as a white
solid (49 mg, 17% yield). "H NMR (300 MHz, CDCls): 6 12.49 (s, 1H), 7.40 (t, J = 6.7 Hz, 2H),
7.01 (t, J = 8.8 Hz, 2H), 6.74-6.59 (m, 2H), 4.48 (s, 1H), 2.91 (dt, J=19.3, 7.4 Hz, 4H), 2.42 (s,
4H), 2.11 (p, J = 7.4 Hz, 2H), 1.75-1.39 (m, 6H); MS (ESI) m/z=326.6 [M + H]*. Purity 100.0%.
2-(Dimethylamino)-6-((4-fluorophenyl)(piperidin-1-yl)methyl)phenol (51). Prepared from 4-
fluorobenzaldehyde (68 mg, 0.55 mmol), 2-(dimethylamino)phenol (50 mg, 0.36 mmol), and
piperidine (47 mg, 0.55 mmol) in toluene at 100 °C overnight. After concentration, the residue
was purified by silica column chromatography (hexane : EtOAc = 5:1) to give compound 5l as a
white solid (20 mg, 17% yield). '"H NMR (300 MHz, CDCl;) 6 12.73 (s, 1H), 7.42 (t, J= 6.7 Hz,
2H), 6.99 (t, J= 8.5 Hz, 2H), 6.84 (d, /= 7.8 Hz, 1H), 6.68 (t, J = 7.7 Hz, 1H), 6.60 (s, 1H), 4.44
(s, 1H), 2.84 (s, 6H), 2.73-2.19 (m, 4H), 1.80-1.35 (m, 6H). MS (ESI) m/z = 329.0 [M + H]".

Purity 100.0%.

1-(6-((4-Fluorophenyl)(piperidin-1-yl)methyl)-7-hydroxybenzofuran-2-yl)ethanone  (5m).
Prepared from 4-fluorobenzaldehyde (112 mg, 0.90 mmol), 1-(7-hydroxybenzofuran-2-
yl)ethanone (160 mg, 0.90 mmol), and piperidine (92 mg, 1.10 mmol) in toluene at 100 °C
overnight. After concentration, the residue was purified by silica column chromatography (hexane

: EtOAc = 5:1) to give compound 5m as a white solid (110 mg, 33% yield). '"H NMR (400 MHz,
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CDCl3) 6 7.43 (s, 3H), 7.08-6.95 (m, 3H), 6.84 (s, 1H), 4.64 (s, 1H), 2.68 (s, 3H), 2.63-2.27 (m,
4H), 1.82—-1.37 (m, 6H); MS (ESI) m/z = 368.3 [M + H]*. Purity 96.1%.

6-((4-Fluoro-2-hydroxyphenyl)(piperidin-1-yl)methyl)benzofuran-7-ol (Sn). Prepared from 4-
fluoro-2-hydroxybenzaldehyde (57 mg, 0.41 mmol), benzofuran-7-ol (50 mg, 0.37 mmol), and

piperidine in toluene at 100 °C overnight. After concentration, the residue was purified by silica

column chromatography (hexane : EtOAc = 5:1) to give compound 5n as a white solid (26 mg,

21% yield). '"H NMR (300 MHz, CDCl3) 6 7.62 (d, J = 2.0 Hz, 1H), 7.03 (d, J= 7.8 Hz, 3H), 6.73
(d, J=2.0 Hz, 1H), 6.62 (dd, J = 10.5, 2.5 Hz, 1H), 6.44 (dd, J=9.6, 7.3 Hz, 1H), 5.22 (s, 1H),
3.05-2.35 (s, 4H), 1.79-1.41 (m, 6H); MS (ESI) m/z = 342.2 [M + H]". Purity 95.6%.
6-((2,3-Dihydro-1H-inden-5-yl)(piperidin-1-yl)methyl)benzofuran-7-ol (50). Prepared from
2,3-dihydro-1H-indene-5-carbaldehyde (82 mg, 0.56 mmol), benzofuran-7-ol (50 mg, 0.37 mmol),
and piperidine (47 mg, 0.56 mmol) in toluene at 100 °C overnight. After concentration, the residue
was purified by silica column chromatography (hexane : EtOAc = 5:1) to give compound So as a
white solid (52 mg, 41% yield). "H NMR (300 MHz, CDCl;) ¢ 7.61 (d, J= 1.9 Hz, 1H), 7.35 (s,
1H), 7.24 (d, J = 8.0 Hz, 1H), 7.16 (d, J = 7.6 Hz, 1H), 6.99-6.82 (m, 2H), 6.68 (d, J = 2.0 Hz,
1H), 4.69 (s, 1H), 3.04-2.24 (m, 8H), 2.13—1.98 (m, 2H), 1.86-1.36 (m, 6H); MS (ESI) m/z =
348.2 [M + H]". Purity 96.8%.

6-(Piperidin-1-yl(pyridin-4-yl)methyl)benzofuran-7-ol (5p). Prepared from isonicotinaldehyde
(36 mg, 0.34 mmol), benzofuran-7-ol (30 mg, 0.22 mmol), and piperidine (29 mg, 0.34 mmol) in
toluene at 100 °C overnight. After concentration, the residue was purified by silica column
chromatography (hexane : EtOAc = 1:1) to give compound Sp as a white solid (36 mg, 53% yield).

'H NMR (300 MHz, CDCl;) 6 8.55 (d, J = 5.2 Hz, 2H), 7.63 (d, J = 2.0 Hz, 1H), 7.41 (d, J= 5.0
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Hz, 2H), 6.96 (d, /= 8.0 Hz, 1H), 6.77 (d, J = 8.0 Hz, 1H), 6.69 (d, J = 2.0 Hz, 1H), 4.55 (s, 1H),
2.91-2.36 (m, 4H), 1.81-1.43 (m, 7H); MS (ESI) m/z =309.2 [M + H]". Purity 99.8%.
6-((2,2-Difluorobenzo|d][1,3]dioxol-5-yl)(piperidin-1-yl)methyl)benzofuran-7-ol (59).
Prepared from 2,2-difluorobenzo[d][ 1,3]dioxole-5-carbaldehyde (49 mg, 0.26 mmol), benzofuran-
7-0l (30 mg, 0.22 mmol), and piperidine (29 mg, 0.34 mmol) in toluene at 100 °C overnight. After
concentration, the residue was purified by silica column chromatography (hexane : DCM =9:1) to
give compound 5q as a white solid (16 mg, 19% yield). "H NMR (300 MHz, CDCl) 6 7.64 (d, J
=2.2 Hz, 1H), 7.27 (d, /= 4.5 Hz, 1H), 7.14 (d, J = 8.4 Hz, 1H), 7.03—6.91 (m, 2H), 6.76 (d, J =
7.9 Hz, 1H), 6.70 (d, J = 2.1 Hz, 1H), 4.58 (s, 1H), 2.95-2.22 (s, 4H), 1.81-1.43 (m, 6H); MS
(ESI) m/z =388.2 [M + H]". Purity 99.6%.
6-(Piperidin-1-yl(4-(trifluoromethyl)phenyl)methyl)benzofuran-7-ol (5r). Prepared from 4-
(trifluoromethyl)benzaldehyde (59 mg, 0.34 mmol), benzofuran-7-ol (30 mg, 0.22 mmol), and
piperidine (29 mg, 0.34 mmol) in toluene at 100 °C overnight. After concentration, the residue
was purified by silica column chromatography (hexane : EtOAc = 5:1) to give compound Sr as a
white solid (28 mg, 34% yield). "H NMR (400 MHz, CDCl;) 6 7.67-7.49 (m, 5H), 6.93 (d, J= 8.0
Hz, 1H), 6.74 (d, /= 8.0 Hz, 1H), 6.67 (d, /= 2.1 Hz, 1H), 4.63 (s, 1H), 3.08-2.18 (m, 4H), 1.78—
1.39 (m, 6H); MS (ESI) m/z=376.1 [M + H]". Purity 99.8%.
6-((2,3-Dimethoxyphenyl)(morpholino)methyl)benzo[d][1,3]dioxol-5-0l (6a). Prepared from
2,3-dimethoxybenzaldehyde (5.00 g, 30.1 mmol), benzo[d][1,3]dioxol-5-0l (4.16 g, 30.1 mmol),
and morpholine (2.62 g, 30.1 mmol) in EtOH reflux overnight, and recrystallized from
MeOH/acetone to give compound 6a as a white solid (6.40 g, 57% yield). '"H NMR (300 MHz,

CDCLy): 6 11.75 (s, 1H), 7.13 (d, J = 8.0 Hz, 1H), 7.00 (t, J = 8.0 Hz, 1H), 6.81 (d, J= 8.1 Hz,
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1H), 6.42 (d, J=11.5 Hz, 2H), 5.81 (dd, J = 13.0, 1.3 Hz, 2H), 4.98 (s, 1H), 3.99-3.83 (m, 6H),
3.79-3.64 (m, 4H), 2.83-2.36 (m, 4H); MS (ESI) m/z=374.0 [M + H]*. Purity 95.5%.
6-(phenyl(piperidin-1-yl)methyl)benzo|d][1,3]dioxol-5-01 (6b). Prepared from benzaldehyde
(115 mg, 1.09 mmol), benzo[d][1,3]dioxol-5-0l (100 mg, 0.72 mmol), and piperidine (93 mg, 1.09
mmol) in toluene at 100 °C overnight. After concentration, the residue was purified by silica
column chromatography (hexane : EtOAc = 5:1) to give compound 6b as a white solid (120 mg,
54% yield). '"H NMR (300 MHz, DMSO-d6) 6 11.12 (s, 1H), 7.39 (d, J= 7.6 Hz, 2H), 7.30 (t, J =
7.5 Hz, 2H), 7.27-7.15 (m, 1H), 6.65 (s, 1H), 6.36 (s, 1H), 5.84 (d, /= 3.3 Hz, 2H), 4.50 (s, 1H),
2.47-2.21 (m, 4H), 1.60-1.33 (m, 6H). MS (ESI) m/z = 312.0 [M + H]". Purity 99.6%.
7-((4-Fluorophenyl)(piperidin-1-yl)methyl)-2,3-dihydrobenzo[b][1,4]dioxin-6-ol (6¢).
Prepared from 4-fluorobenzaldehyde (45 mg, 0.36 mmol), 2,3-dihydrobenzo[b][1,4]dioxin-6-0l
(50 mg, 0.33 mmol), and piperidine (31 mg, 0.36 mmol) in toluene at 100 °C overnight. After
concentration, the residue was purified by silica column chromatography (hexane : EtOAc = 5:1)
to give compound 6¢ as a white solid (40 mg, 35% yield). '"H NMR (300 MHz, CDCl3) ¢ 12.04 (s,
1H), 7.37 (t, J = 6.8 Hz, 2H), 7.01 (t, J = 8.5 Hz, 2H), 6.41 (s, 2H), 4.40 (s, 1H), 4.26—4.10 (m,
4H), 2.80-2.21 (m, 4H), 1.78-1.39 (m, 6H); MS (ESI) m/z = 344.2 [M + H]". Purity 100.0%.
6-((4-Fluorophenyl)(piperidin-1-yl)methyl)indolin-5-ol (6d). Starting from 4-
fluorobenzaldehyde (29 mg, 0.23 mmol), fert-butyl 5-hydroxyindoline-1-carboxylate (50 mg, 0.21
mmol), and piperidine (20 mg, 0.23 mmol) in toluene at 100 °C overnight. After concentration,
the residue was purified by silica column chromatography (hexane : EtOAc = 1:1) to give tert-
butyl 6-((4-fluorophenyl)(piperidin-1-yl)methyl)-5-hydroxyindoline-1 -carboxylate (34 mg, 38%
yield), which was directly dissolved in DCM (3 mL), and a solution of HCI in dioxane (4N, 0.6

mL) was added. The mixture was stirred at room temperature for 3h, concentrated and purified by
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silica column chromatography (DCM : MeOH = 30:1) to give 6d as a white solid (12 mg, 46%
yield). '"H NMR (300 MHz, MeOD) ¢ 7.97 (s, 1H), 7.87 (t, J = 6.6 Hz, 2H), 7.20 (t, J = 8.3 Hz,
2H), 7.06 (s, 1H), 5.83 (s, 1H), 3.92-3.46 (m, SH), 3.26-3.32 (m, 1H), 3.18-2.99 (m, 2H), 2.10—

1.79 (m, 5H), 1.68-1.53 (m, 1H); MS (ESI) m/z = 327.1 [M + HJ". Purity 96.6%.

6-((2,3-Dimethoxyphenyl)(morpholino)methyl)-2,2-difluorobenzo|d][1,3]dioxol-5-0l (6e).
Prepared from 2,3-dimethoxybenzaldehyde (52 mg, 0.32 mmol), 2,2-difluorobenzo[d][ 1,3 |dioxol-
5-ol (55 mg, 0.32 mmol), and morpholine (27 mg, 0.32 mmol) in toluene at 100 °C overnight.
After concentration, the residue was purified by silica column chromatography (hexane : EtOAc
= 1:1) to give compound 6e as a white solid (18 mg, 14% yield). "H NMR (300 MHz, CDCls): o
12.23 (s, 1H), 7.15-7.08 (m, 1H), 7.04 (t,J=7.9 Hz, 1H), 6.86 (dd, J= 7.9, 1.7 Hz, 1H), 6.70 (s,
1H), 6.60 (s, 1H), 5.10 (s, 1H), 3.93 (s, 3H), 3.90 (s, 3H), 3.82-3.73 (m, 4H), 2.91-2.45 (m, 6H);
MS (ESI) m/z=410.5 [M + H]*. Purity 95.9%.
6-((4-Fluorophenyl)(piperidin-1-yl)methyl)-2,3-dihydro-1H-inden-5-ol (6f). Prepared from 4-
fluorobenzaldehyde (89 mg, 0.72 mmol), 2,3-dihydro-1H-inden-5-ol (80 mg, 0.60 mmol), and
piperidine (61 mg, 0.72 mmol) in toluene at 100 °C overnight. After concentration, the residue
was purified by silica column chromatography (hexane : EtOAc = 10:1) to give compound 6f as a
white solid (94 mg, 48% yield). '"H NMR (300 MHz, CDCl;) 6 12.23 (s, 1H), 7.42 (t, J= 6.6 Hz,
2H), 7.01 (t, J= 8.5 Hz, 2H), 6.76 (d, J = 8.2 Hz, 2H), 4.41 (s, 1H), 2.84 (t, J = 7.5 Hz, 2H), 2.74
(t,J=17.7 Hz, 2H), 2.40 (s, 4H), 2.10-1.96 (m, 2H), 1.76—1.40 (m, 6H); MS (ESI) m/z = 326.1 [M
+ H]*. Purity 98.3%.
3-((4-Fluorophenyl)(piperidin-1-yl)methyl)-5,6,7,8-tetrahydronaphthalen-2-ol (6g). Prepared
from 4-fluorobenzaldehyde (63 mg, 0.51 mmol), 5,6,7,8-tetrahydronaphthalen-2-ol (50 mg, 0.34

mmol), and piperidine (44 mg, 0.51 mmol) in EtOH under microwave at 120 °C for 45 min. After
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concentration, the residue was purified by silica column chromatography (hexane : EtOAc = 5:1)
to give compound 6g as a white solid (10 mg, 9% yield). "H NMR (300 MHz, CDCl3) ¢ 7.40 (s,
2H), 7.01 (t, J = 8.5 Hz, 2H), 6.59 (s, 2H), 4.39 (s, 1H), 2.80-2.26 (m, 8H), 1.78-1.42 (m, 10H);
MS (ESI) m/z =340.2 [M + H]". Purity 96.4%.
5-((4-Fluorophenyl)(piperidin-1-yl)methyl)quinolin-6-ol (7a). Prepared from  4-
fluorobenzaldehyde (53 mg, 0.62 mmol), 6-hydroxyquinoline (60 mg, 0.41 mmol), and piperidine
(77 mg, 0.62 mmol) in toluene at 100 °C overnight. After concentration, the residue was purified
by silica column chromatography (hexane : EtOAc = 5:1) to give compound 7a as a white solid
(30 mg, 22% yield). '"H NMR (300 MHz, CDCl3) ¢ 13.99 (s, 1H), 8.64 (dd, J=4.1, 1.4 Hz, 1H),
8.11 (d, J= 8.6 Hz, 1H), 7.94 (d, J = 9.1 Hz, 1H), 7.54-7.43 (m, 2H), 7.38 (d, J = 9.1 Hz, 1H),
7.24 (dd, J=8.7,4.2 Hz, 1H), 6.95 (t, J= 8.5 Hz, 2H), 5.00 (s, 1H), 3.33—1.48 (s, 10H); MS (ESI)
m/z =337.2 [M + H]". Purity 97.4%.
4-((4-Fluorophenyl)(piperidin-1-yl)methyl)benzo|d]|thiazol-5-01 (7b). Prepared from 4-
fluorobenzaldehyde (50 mg, 0.40 mmol), 5-hydroxybenzothiazole (50 mg, 0.33 mmol), and
piperidine (34 mg, 0.40 mmol) in EtOH under microwave at 120 °C for 45 min. After
concentration, the residue was purified by silica column chromatography (hexane : EtOAc = 5:1)
to give compound 7b as a white solid (60 mg, 53% yield). 'H NMR (300 MHz, CDCls) 6 12.77 (s,
1H), 8.68 (s, 1H), 7.88 (d, /= 8.8 Hz, 1H), 7.49 (t, /= 6.8 Hz, 2H), 7.11 (d, J = 8.8 Hz, 1H), 6.99
(t, J=28.6 Hz, 2H), 4.45 (s, 1H), 2.78-2.19 (s, 4H), 1.80—1.32 (m, 6H); MS (ESI) m/z =343.1 [M
+ H]". Purity 96.4%.

5-((4-Fluorophenyl)(piperidin-1-yl)methyl)quinoxalin-6-01 ~ (7c¢).  Prepared from 4-
fluorobenzaldehyde (64 mg, 0.52 mmol), quinoxaline-6-ol (50 mg, 0.34 mmol), and piperidine (44

mg, 0.52 mmol) in EtOH under microwave at 120 °C for 45 min. After concentration, the residue
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was purified by silica column chromatography (hexane : EtOAc = 5:1) to give compound 7c as a
white solid (32 mg, 28% yield). 'H NMR (300 MHz, CDCl;) 6 8.66 (d, J= 1.9 Hz, 1H), 8.59 (d, J
= 1.9 Hz, 1H), 7.90 (d, J=9.1 Hz, 1H), 7.61 (dd, J = 8.5, 5.5 Hz, 2H), 7.48 (d, /= 9.2 Hz, 1H),
6.94 (t,J=28.6 Hz, 2H), 5.84 (s, 1H), 3.61-1.21 (m, 10H); MS (ESI) m/z = 338.4 [M + H]". Purity
98.6%.

8-((4-Fluorophenyl)(piperidin-1-yl)methyl)isoquinolin-7-o1 ~ (7d). Prepared from 4-
fluorobenzaldehyde (89 mg, 0.72 mmol), isoquinolin-7-o0l (80 mg, 0.48 mmol), and piperidine in
toluene at 100 °C overnight. After concentration, the residue was purified by silica column
chromatography (hexane : EtOAc = 3:1) to give compound 7d as a white solid (94 mg, 58% yield).
'H NMR (300 MHz, CDCl5) 6 14.24 (s, 1H), 9.31 (s, 1H), 8.33 (d, /= 5.4 Hz, 1H), 7.67 (d, J =
8.8 Hz, 1H), 7.53 (t, /= 8.0 Hz, 3H), 7.38 (d, J = 8.8 Hz, 1H), 6.98 (t, J = 8.1 Hz, 2H), 5.24 (s,
1H), 3.30 (s, 1H), 2.76—1.52 (m, 9H); MS (ESI) m/z = 337.1 [M + H]". Purity 97.4%.
5-((4-Fluorophenyl)(piperidin-1-yl)methyl)isoquinolin-6-01 ~ (7e). = Prepared from 4-
fluorobenzaldehyde (89 mg, 0.72 mmol), isoquinolin-6-ol (80 mg, 0.48 mmol), and piperidine (62
mg, 0.72 mmol) in toluene at 100 °C overnight. After concentration, the residue was purified by
silica column chromatography (hexane : EtOAc = 3:1) to give compound 7e as a white solid (103
mg, 64% yield). "H NMR (300 MHz, CDCl;) ¢ 14.59 (s, 1H), 9.00 (s, 1H), 8.33 (d, /= 6.1 Hz,
1H), 7.80 (d, J= 8.9 Hz, 1H), 7.58-7.43 (m, 3H), 7.24 (d, J=9.0 Hz, 1H), 6.99 (t, /= 8.5 Hz, 2H),
5.02 (s, 1H), 3.28 (s, 1H), 2.88-1.32 (m, 9H); MS (ESI) m/z =337.1 [M + H]". Purity 100.0%.
4-((4-Fluorophenyl)(piperidin-1-yl)methyl)-1H-indol-5-01 (7). Prepared  from  4-
fluorobenzaldehyde (112 mg, 0.90 mmol), 1H-indol-5-ol (80 mg, 0.60 mmol), and piperidine (77
mg, 0.90 mmol) under microwave at 120 °C for 45 min. After concentration, the residue was

purified by silica column chromatography (hexane : EtOAc = 5:1) to give compound 7f as a white
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solid (26 mg, 13% yield). '"H NMR (300 MHz, CDCl3) ¢ 8.07 (s, 1H), 7.55 (s, 2H), 7.18 (d, J =
8.5 Hz, 1H), 7.11 (d, /= 2.8 Hz, 1H), 7.01-6.84 (m, 3H), 6.38 (s, 1H), 4.81- 4.71 (m, 1H), 3.12—
2.11 (m, 4H), 1.78-1.46 (m, 6H); MS (ESI) m/z = 325.1 [M + H]". Purity 96.5%.

4-((4-Fluorophenyl)(piperidin-1-yl)methyl)-1H-indazol-5-01  (7g). Prepared from 4-
fluorobenzaldehyde (69 mg, 0.56 mmol), 1 H-indazol-5-o0l (50 mg, 0.37 mmol), and piperidine (48

mg, 0.56 mmol) in EtOH under microwave at 120 °C for 45 min. After concentration, the residue

was purified by silica column chromatography (hexane : EtOAc = 3:1) to give compound 7g as a
white solid (32 mg, 27% yield). '"H NMR (300 MHz, CDCls) ¢ 12.24 (s, 1H), 7.85 (s, 1H), 7.49 (t,
J=6.7Hz, 2H), 7.26 (d, J=10.0 Hz, 1H), 6.99 (dt, J=17.0, 8.7 Hz, 3H), 4.74 (s, 1H), 2.94-2.20
(m, 4H), 1.83-1.37 (m, 6H); MS (ESI) m/z =326.2 [M + H]". Purity 95.2%.
4-(Piperidin-1-yl(4-(trifluoromethyl)phenyl)methyl)-1 H-indazol-5-0l (7h). Prepared from 4-
(trifluoromethyl)benzaldehyde (97 mg, 0.56 mmol), 1H-indazol-5-o0l (50 mg, 0.37 mmol), and
piperidine (48 mg, 0.56 mmol) under microwave at 120 °C for 45 min. After concentration, the
residue was purified by silica column chromatography (hexane : EtOAc = 3:1) to give compound
7h as a white solid (90 mg, 65% yield). '"H NMR (300 MHz, CDCls) 6 7.88 (s, 1H), 7.68 (d, J =
7.7 Hz, 2H), 7.55 (d, J = 8.0 Hz, 2H), 7.32-7.23 (m, 1H), 7.11-6.99 (m, 1H), 4.81 (s, 1H), 2.78—
2.11 (m, 4H), 1.83—-1.41 (m, 6H). ; MS (ESI) m/z =376.1 [M + H]". Purity 99.6%.
4-((4-Nitrophenyl)(piperidin-1-yl)methyl)-1H-indazol-5-01  (7i). @ Prepared from 4-
nitrobenzaldehyde (85 mg, 0.56 mmol), 1H-indazol-5-o0l (50 mg, 0.37 mmol), and piperidine (48
mg, 0.56 mmol) under microwave at 120 °C for 45 min. After concentration, the residue was
purified by silica column chromatography (hexane : EtOAc = 3:1) to give compound 7i as a white

solid (87 mg, 67% yield). 'H NMR (300 MHz, CDCls) 6 8.20-8.11 (m, 2H), 7.89 (s, 1H), 7.74 (d,
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J=28.2 Hz, 2H), 7.31 (s, 2H), 7.05 (d, J=9.1 Hz, 1H), 4.85 (s, 1H), 2.87-2.25 (m, 4H), 1.82—-1.33
(m, 6H); MS (ESI) m/z =353.2 [M + H]". Purity 96.5%.
4-(Piperidin-1-yl(4-(thiazol-2-yl)phenyl)methyl)-1 H-indazol-5-0l (7j). Prepared from 4-
(thiazol-2-yl)benzaldehyde (84 mg, 0.44 mmol), 1H-indazol-5-ol (50 mg, 0.37 mmol), and
piperidine (48 mg, 0.56 mmol) in toluene at 100 °C overnight. After concentration, the residue
was purified by silica column chromatography (hexane : EtOAc = 5:1) to give compound 7j as a
white solid (102 mg, 70% yield). '"H NMR (300 MHz, CDCl;) ¢ 7.93-7.79 (m, 4H), 7.60 (d, J =
8.0 Hz, 2H), 7.27 (d, J = 3.5 Hz, 1H), 7.23 (d, J = 8.8 Hz, 1H), 7.01 (d, J = 8.8 Hz, 1H), 4.79 (s,
1H), 3.12-2.08 (m, 4H), 1.83-1.39 (m, 6H); MS (ESI) m/z=391.5 [M + H]". Purity 95.2%.
4-((4-(1H-Pyrrol-1-yl)phenyl)(piperidin-1-yl)methyl)-1 H-indazol-5-0l (7k). Prepared from 4-
(1H-pyrrol-1-yl)benzaldehyde (96 mg, 0.56 mmol), 1H-indazol-5-o0l (50 mg, 0.37 mmol), and
piperidine (48 mg, 0.56 mmol) in toluene at 100 °C overnight. After concentration, the residue
was purified by silica column chromatography (hexane : EtOAc = 5:1) to give compound 7k as a
white solid (86 mg, 62% yield). '"H NMR (300 MHz, CDCl3) ¢ 7.90 (s, 1H), 7.58 (d, /= 7.9 Hz,
2H), 7.29 (t,J = 8.3 Hz, 3H), 7.10-6.99 (m, 3H), 6.32 (d, /= 2.3 Hz, 2H), 4.79 (s, 1H), 3.33-2.16
(m, 4H), 1.88-1.42 (m, 6H); MS (ESI) m/z=373.1 [M + H]". Purity 98.9%.
4-(Piperidin-1-yl(4-(pyrimidin-5-yl)phenyl)methyl)-1H-indazol-5-0l (71). Prepared from 4-
(pyrimidin-5-yl)benzaldehyde (103 mg, 0.56 mmol), 1H-indazol-5-ol (50 mg, 0.37 mmol), and
piperidine (48 mg, 0.56 mmol) in toluene at 100 °C overnight. After concentration, the residue
was purified by silica column chromatography (hexane : EtOAc = 5:1) to give compound 71 as a
white solid (52 mg, 37% yield). 'H NMR (300 MHz, CDCl;) 6 9.19 (d, J= 1.6 Hz, 1H), 8.89 (d, J

= 1.6 Hz, 2H), 7.92 (s, 1H), 7.70 (d, J = 7.8 Hz, 2H), 7.49 (d, J= 7.9 Hz, 2H), 7.27 (d, J= 7.9 Hz,
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1H), 7.05 (dd, J=8.9, 1.6 Hz, 1H), 4.82 (s, 1H), 3.12-2.23 (m, 4H), 1.84-1.39 (m, 6H); MS (ESI)
m/z=386.1 [M + H]J". Purity 97.3%.
6-((4-(Dimethylamino)phenyl)(pyrimidin-2-ylamino)methyl)benzo[d][1,3]dioxol-5-0l (14).
Prepared from 4-(dimethylamino)benzaldehyde (149 mg, 1.00 mmol), benzo[d][1,3]dioxol-5-0l
(138 mg, 1.00 mmol), and 2-aminopyrimidine (95 mg, 1.00 mmol) in toluene at 100 °C overnight.
After concentration, the residue was purified by silica column chromatography (hexane : EtOAc
= 2:1) to give compound 14 as a white solid (73 mg, 20% yield). "H NMR (300 MHz, CDCls): 6
10.11 (s, 1H), 8.30 (d, /= 4.9 Hz, 2H), 7.25 (d, J = 8.5 Hz, 2H), 6.60 (t, J=4.9 Hz, 1H), 6.50 (d,
J=43 Hz, 2H), 6.44-6.31 (m, 2H), 5.89-5.79 (m, 2H), 2.96 (s, 6H); MS (ESI) m/z =365.2 [M +
H]". Purity 96.6%.

1-((4-Fluorophenyl)(7-methoxybenzofuran-6-yl)methyl)piperidine (8). 5g (32 mg, 0.098
mmol) was dissolved in acetone (3 mL), and K,CO; (41 mg, 0.294 mmol) and Me,SO4 (19 mg,
0.148 mmol) were added. The mixture was stirred at room temperature for 6 h and concentrated.
The residue was purified by silica column chromatography (hexane : EtOAc = 5:1) to give 8 as a
white solid (10 mg, 30% yield). 'H NMR (300 MHz, CDCl3) 6 7.57 (d, J= 2.2 Hz, 1H), 7.51-7.40
(m, 3H), 7.24 (d, J= 8.1 Hz, 1H), 6.95 (t, /= 8.7 Hz, 2H), 6.71 (d, J = 2.2 Hz, 1H), 4.87 (s, 1H),
4.11 (s,3H), 2.45-2.25 (m, 4H), 1.66—1.42 (m, 6H). MS (ESI) m/z=340.3 [M + H]". Purity 98.2%.
(6-Hydroxybenzo|d][1,3]dioxol-5-yl)(phenyl)methanone (10). Mel (1.29 g, 9.05 mmol) was
added to a suspension of Mg beads (130 mg, 5.43 mmol) in dry Et,O (3 mL) at 35 °C under argon.
When the Mg beads were dissolved, a solution of benzo[d][ 1,3]dioxol-5-0l (9, 511 mg, 3.62 mmol)
in Et,0O (2 mL) was added, and the resulting solution was stirred at room temperature for 1 h. The
solvent was then evaporated, and toluene (3 mL) was added. Benzoyl chloride (511 mg, 3.62

mmol) in toluene was added dropwise at 0 °C. The mixture was stirred at room temperature for 12
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h and quenched with sat. NH4Cl. The product was extracted with EtOAc, and the organic layer
was washed with brine and dried over anhydrous Na,SO,4. The crude product was purified with
flash chromatography (10% EtOAc in hexane) to give 10 as a white solid (570 mg, 65%). '"H NMR

(300 MHz, CDCly) 6 13.03 (s, 1H), 7.67-7.47 (m, 5H), 6.97 (s, 1H), 6.57 (s, 1H), 6.01 (s, 2H).

6-(Cyclohexyl(hydroxy)(phenyl)methyl)benzo|d][1,3]dioxol-5-01 (11). To an ice—cooled
solution of 10 in Et,0 was added cyclohexylmagnesium bromide (0.58 mL, 0.58 mmol, 1 M in
THF) dropwise under argon. The mixture was heated at 50 °C for 3 h and cooled. Saturated NH4CI
was added to quench the reaction, and the mixture was extracted by EtOAc. The organic layer was
washed with brine and dried over anhydrous Na,SO,. The crude product was purified with flash
chromatography (20% EtOAc in hexane) to give 11 as a white solid (30 mg, 54%). '"H NMR (300
MHz, MeOD) 0 7.42 (d, J= 7.8 Hz, 2H), 7.27 (t, J= 7.6 Hz, 2H), 7.16 (t, J= 7.3 Hz, 1H), 6.71 (s,
1H), 6.23 (d, J= 1.0 Hz, 1H), 5.83 (d, J = 6.6 Hz, 2H), 2.33 (t, /= 10.3 Hz, 1H), 1.91-1.65 (m,
4H), 1.43-1.10 (m, 6H). 3C NMR (101 MHz, CDCls) 6 152.00, 147.24, 144.44, 140.46, 128.20,
126.95, 125.61, 119.53, 106.48, 101.00, 99.60, 84.04, 46.18, 27.47, 26.65, 26.59, 26.54, 26.42.
MS (ESI) m/z=3253 [M —H]J".

6-(Cyclohexylidene(phenyl)methyl)benzo|d][1,3]dioxol-5-0l (12). To a solution of 11 (12 mg,
0.037 mmol) in toluene was added TsOH (1 mg) and stirred at room temperature for 2 h. The
mixture was concentrated and purified with flash chromatography (10% EtOAc in hexane) to give
12 as a light—yellow solid (11 mg, 96%). 'H NMR (300 MHz, MeOD) ¢ 7.30-7.09 (m, 5H), 6.38
(s, 2H), 5.82 (d, J = 5.5 Hz, 2H), 2.40-2.27 (m, 1H), 2.27-2.08 (m, 3H), 1.78-1.44 (m, 6H). 3C
NMR (101 MHz, CDCl;) ¢ 147.29, 147.12, 147.03, 143.89, 141.34, 141.13, 129.24, 128.22,

126.68, 120.30, 109.24, 100.95, 97.17, 32.64, 31.93, 28.79, 28.41, 26.55.
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6-(Cyclohexyl(phenyl)methyl)benzo[d][1,3]dioxol-5-0] (13). To a solution of 8 (46 mg, 0.15
mmol) in EtOH (5 mL) was added Pd/C (9.2 mg). The mixture was heated at 60 °C under H, for
3 h, cooled, and filtered. The filtrate was concentrated and purified with flash chromatography (20%
EtOAc in hexane) to give 13 as a white solid (36 mg, 77%). '"H NMR (400 MHz, CDCl3) ¢ 7.29
(d,J=4.3 Hz, 4H), 7.18 (p, J=4.4 Hz, 1H), 6.86 (s, 1H), 6.33 (s, 1H), 5.89 (dd, /= 16.8, 1.4 Hz,
2H), 4.59 (s, 1H), 3.87 (d,J=10.8 Hz, 1H), 2.12-2.00 (m, 1H), 1.85-1.64 (m, 3H), 1.61-1.53 (m,

1H), 1.36-1.13 (m, 4H), 1.03-0.86 (m, 2H). MS (ESI) m/z = 311.0 [M — H]". Purity 97.3%.

Synthesis of BODIPY-labeled compounds

4-((6-Hydroxybenzo[d][1,3]dioxol-5-yl)(piperidin-1-yl)methyl)benzoic acid (S4). A mixture of
benzo[d][1,3]dioxol-5-0l (1.00 g, 7.25 mmol), 4-formylbenzoic acid (1.09 g, 7.25 mmol), and
piperidine (0.62 g, 7.25 mmol) were heated in toluene at 100 °C overnight. The precipitate
generated was filtered, washed with toluene three times, and dried to give S4 as a white solid (2.10
g, 82%). 'H NMR (300 MHz, MeOD) 6 7.89 (d, J= 7.9 Hz, 2H), 7.42 (d, J= 7.9 Hz, 2H), 6.45 (d,
J=1.8 Hz, 1H), 6.34 (d, /= 1.9 Hz, 1H), 5.79 (d, J = 9.1 Hz, 2H), 4.49 (s, 1H), 2.73-2.31 (m,

4H), 1.68-1.39 (m, 6H). MS (ESI) m/z = 356.1 [M + HJ".

N-(4-(5,5-Difluoro-1,3,7,9-tetramethyl-5H-4)4,5)*-dipyrrolo[1,2-c:2',1'-
fl11,3,2]diazaborinin-10-yl)phenyl)-4-((6-hydroxybenzo|d][1,3]dioxol-5-yl)(piperidin-1-
yl)methyl)benzamide (15). To a solution of S4 (30 mg, 0.085 mmol) in DMF (2 mL) was added
EDCI (13 mg, 0.085 mmol) and HOBt (11 mg, 0.085 mmol) followed by 4-(5,5-difluoro-1,3,7,9-
tetramethyl-5H-41* 5)*-dipyrrolo[1,2-¢:2',1'-f][1,3,2]diazaborinin-10-yl)aniline (BODIPY aniline,
29 mg, 0.085 mmol). The mixture was stirred at room temperature overnight and partitioned

between EtOAc and water. The organic layer was washed with water twice, brine once and dried
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over anhydrous Na,SOy4. The mixture was then filtered and concentrated. The residue was purified
with prep-HPLC (acetonitrile/water (10-95%) over 25 min at an 8 mL/min flow rate at room
temperature) to give 15 as a red solid (8.6 mg, 15%). '"H NMR (300 MHz, DMSO) ¢ 9.51 (s, 1H),
7.40 (d, J = 7.9 Hz, 2H), 7.31 (d, J = 7.8 Hz, 2H), 6.95 (d, J = 8.1 Hz, 2H), 6.83-6.71 (m, 3H),
6.63 (d, J="7.5 Hz, 1H), 6.46 (s, 1H), 6.13 (s, 2H), 5.89 (dd, /= 15.7, 6.4 Hz, 3H), 3.31-3.19 (m,

4H), 2.42 (s, 6H), 1.66-1.46 (m, 6H), 1.41 (s, 6H). MS (ESI) m/z = 675.5 [M - H-. Purity 98.1%.

tert-Butyl (2-(4-((6-hydroxybenzo[d][1,3]dioxol-5-yl)(piperidin-1-
yl)methyl)benzamido)ethyl)carbamate (S5). To a solution of S4 (200 mg, 0.56 mmol) and zerz-
butyl (2-aminoethyl)carbamate (108 mg, 0.68 mmol) in DMF (1 mL) was added HATU (319 mg,
0.84 mmol) and DIEA (217 mg, 1.68 mmol). The mixture was stirred at room temperature
overnight and partitioned between EtOAc and water. The organic layer was washed with water
twice, brine once, and dried over anhydrous Na,SO,. The mixture was then filtered and
concentrated. The residue was purified with flash chromatography (30% EtOAc in hexane) to give
S5 as a light yellow solid (168 mg, 60%). 'H NMR (300 MHz, DMSO-d6) ¢ 10.82 (s, 1H), 8.38
(d, J=5.5Hz, 1H), 7.75 (d, J = 8.0 Hz, 2H), 7.45 (d, J = 8.1 Hz, 2H), 6.89 (t, J = 5.7 Hz, 1H),
6.68 (s, 1H), 6.37 (s, 1H), 5.84 (s, 2H), 4.59 (s, 1H), 3.26 (d, J = 6.1 Hz, 2H), 3.07 (d, J= 6.2 Hz,

2H), 2.46-2.18 (m, 4H), 1.59-1.41 (m, 6H), 1.36 (s, 9H). MS (ESI) m/z = 498.4 [M + H]".

N-(4-(5,5-Difluoro-1,3,7,9-tetramethyl-5H-4)4,5)*-dipyrrolo[1,2-c:2',1'-
f111,3,2]diazaborinin-10-yl)-N-(2-(4-((6-hydroxybenzo|d][1,3]dioxol-5-yl)(piperidin-1-
yl)methyl)benzamido)ethyl)benzamide (16). To a solution of S5 (11 mg, 0.022 mmol) in DCM
(0.5 mL) was added TFA (0.05 mL), and the mixture was stirred at room temperature for 3 h. The

mixture was concentrated and dissolved in DMF (0.5 mL). 4-(5,5-Difluoro-1,3,7,9-tetramethyl-
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5H-4\4 50 4-dipyrrolo[1,2-¢:2',1'-f][1,3,2]diazaborinin-10-yl)benzoic acid (8 mg, 0.022 mmol,
synthesized by reported method), HATU (12.5 mg, 0.033 mmol), and DIEA (8.5 mg, 0.066 mmol)
were added subsequently. The mixture was stirred at room temperature overnight and partitioned
between EtOAc and water. The organic layer was washed with water twice, brine once, and dried
over anhydrous Na,SOy. The mixture was then filtered and concentrated. The residue was purified
with prep-HPLC (acetonitrile/water (10-95%) over 25 min at an 8 mL/min flow rate at room
temperature) to give 16 as a red solid (3.0 mg, 18%). '"H NMR (400 MHz, DMSO-d6) ¢ 8.75 (s,
1H), 8.55 (s, 1H), 8.02 (d, J = 8.0 Hz, 2H), 7.77 (d, J = 8.0 Hz, 2H), 7.48 (dd, J = 12.5, 8.1 Hz,
4H), 6.68 (s, 1H), 6.37 (s, 1H), 6.20 (s, 2H), 5.83 (d, /= 1.2 Hz, 2H), 4.59 (s, 1H), 2.70— 2.66 (m,
2H), 2.46 (s, 3H), 2.35-2.32 (m, 2H), 2.28 (dd, J=11.9, 5.2 Hz, 4H), 1.55-1.38 (m, 6H), 1.33 (s,

3H). MS (ESI) m/z = 748.2 [M + H]*. Purity 96.1%.

Cell Culture. Human glioblastoma cells U-87 MG, U—-118 MG, A—172, and MIA PaCa—2 were
obtained from the ATCC (Manassas, VA), and U-118 MG, A—172, and MIA PaCa—2 were
maintained in RPMI-1640 (Thermo Fisher Scientific, Waltham, MA) supplemented with 10%
fetal bovine serum (FBS) (Thermo Fisher Scientific). Dulbecco’s phosphate—buffered saline
(DPBS) was purchased from Thermo Fisher Scientific. U-87 MG cells were maintained in DMEM
supplemented with 10% FBS. Cells were grown as monolayer cultures at 37 °C in a humidified
atmosphere of 5% CO; and tested for Mycoplasma contamination with the Mycoplasma detection
kit, PlasmoTest (InvivoGen, San Diego, California). All cell lines were authenticated with STR
DNA profiling (University of Michigan, Michigan, USA) and matched to reference profiles from
the ATCC database. 3-(4,5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide (MTT) was
purchased from Amresco (Solon, OH). Small molecule screening libraries were purchased from
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ChemDiv (San Diego, CA) or obtained from the National Cancer Institute through the
Developmental Therapeutics Program.

PDI Protein Purification. The expression vector of recombinant human wild—type PDI protein
with N—terminal His tag was a gift from Dr. Lloyd W. Ruddock (University of Oulu, Oulu,
Finland). Full-length recombinant PDI and the a’c domain (residues V360 — L499) were expressed
and purified as previously described® with slight modifications. In brief, protein production was
carried out in Escherichia coli strain BL21 (DE3) grown in LB medium with 200 pg/ml ampicillin
(EMD Biosciences, La Jolla, CA) at 37 °C and incubated at an Agy of 0.5 for 4 h with 1 mM
isopropyl B-D-1-thiogalactopyranoside (GoldBio, St. Louis, MO). Cells were harvested by
centrifugation (2500¢ for 15 min) and were resuspended in 20 mM sodium phosphate, pH 7.3
buffer. Cells were lysed by sonication and the cell debris was removed by centrifugation (17000g
for 45 min). The supernatant was applied to a bed of Ni-nitrilotriacetic acid in a histidine—binding
column (Qiagen, Hilden, Germany), equilibrated with 10 ml of 20 mM sodium phosphate, pH 7.3
and incubated at 4 °C, overnight. After incubation, the column was washed in 20 mM sodium
phosphate, pH 7.3 and then in 20 mM sodium phosphate, 0.5 M sodium chloride and 20 mM
imidazole, pH 7.3. His—tagged proteins were eluted with a buffer containing 20 mM sodium
phosphate and 500 mM imidazole, pH 7.3, and eluent was dialyzed in 100 mM sodium phosphate

buffer (pH 7.0) with 2 mM EDTA. PDIA2 and PDIA3 were purified as described previously.3°

Site—directed Mutagenesis. H256A and C53S mutants of PDI were obtained using wild—type
PDI as the DNA template with the QuikChange II XL Site Directed Mutagenesis kit (Agilent
Technologies, Santa Cruz, CA). Procedure was performed according to the manufacturer’s

protocol. All constructs were sequenced for verification and no additional mutations were
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observed. Mutant PDI constructs were transformed into BL21 DE(3) cells and purified according

to the wild—type PDI purification protocol.

PDI Reductase Assay. PDI activity was assessed by measuring the PDI—catalyzed reduction of
insulin as described previously.!” In brief, recombinant PDI protein (0.4 uM or 50 nM for PDIAI,
1.6 uM PDIA2 or PDIA3) was incubated with indicated compounds at 37 °C for 1 h in sodium
phosphate buffer (100 mM sodium phosphate, 2 mM EDTA, 8 uM DTT, pH 7.0). A mixture of
sodium phosphate buffer, DTT (500 uM or 125 uM for 50 nM PDI reaction), and bovine insulin
(130 uM; Gemini BioProducts, West Sacramento, CA) was added to the incubated PDI protein.
The reduction reaction was catalyzed by PDI at room temperature, and the resulting aggregation
of reduced insulin B chains was measured at 620 nm. PDI activity was calculated with the formula,
PDI activity (%) = [(OD1oippi+DTT+compound] — ODro[ppi+DTT+compound]) ~ (ODteoprr) — ODro[DTT))] /
[(ODrsorpor+nrT) — OD10pPDI+DTT) — (ODT60[DTT] — ODTo[DTT))] % 100 (OD19 and OD760 Were the
absorbance values at 0 and 60 min after the reduction reaction, respectively). For reactions

containing 50 nM PDI, PDI activity was measured at T180, or 180 min after insulin was added.

To determine the k;,,./K; of covalent PDI inhibitors, the published procedure was adapted
with the following modifications.” Compounds were incubated at 13.2 uM, 19.8 uM, 29.6 uM,
44.4 uM, 66.7 uM, 100 uM, and 150 uM for 5, 15, 30, 45, or 60 min before addition of the insulin
solution. The linear portions of the slopes of each kinetic curve obtained were used to calculate
the K,ps in GraphPad Prism. The ks at each concentration was plotted to obtain the slope of the

linear portion of the line as Kjn,./K.

Growth Inhibition Assay. Cell growth inhibition was assessed by MTT assay as previously

described.®! Cells were seeded in duplicate in 96—well plates at 3000 — 5000 cells/well. After
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overnight incubation at 37 °C and 5% CO,, cells were treated with indicated compounds for 72 h.
For glutathione depletion experiments, cells were pretreated for 24 h with buthionine sulfoximine
(1 mM in A—172 or 4 uM in U—-118 MGQG) before compound addition. MTT solution (20 pL 3
mg/mL) was added to the wells, and the cells were incubated for 4 h at 37 °C. Supernatant was
removed and DMSO (100 ul) was added to each well. The plates were shaken for 15 min at room
temperature and absorbance of the formazan crystals was measured at 570 nm. Cell growth
inhibition was assessed by the cell viability rate as [ 1 —(A—Ap)/(Ac— Ap)]*x100 (A, Acand A, were
the absorbance values from cells treated with compound, cells not treated with compound, and

blank, respectively).

Colony Formation Assay. Briefly, 600 U-118 MG or A—172 cells were seeded per well in
96—well plates and allowed to attach. After 24 h, serial dilutions of buthionine sulfoximine (Sigma)
were added. Cells were incubated overnight, and serial dilutions of experimental compounds were
added to the culture medium. Cells were cultured until colonies formed (10—14 days), stained with
crystal violet solution (0.25% crystal violet, 10% formaldehyde (37% v/v), 80% methanol) for 1

h, and thoroughly washed with water before imaging.

Thermal Shift Assay. Thermal shift of purified PDI (0.3 mg/ml in 100 mM NaPQOy, pH 7.0) in
the presence or absence of indicated compounds was determined as described.!® Briefly, PDI, 100
uM compound or DMSO as a vehicle control, 1 X ROX dye, and 5 pl Protein Thermal Shift Buffer
were mixed to a 20 pl total volume in a 384—well microplate. Each reaction was repeated in
quadruplicate and reactions were mixed before measurements were taken. The plate was heated
from 25 to 90 °C at 0.05 °C/second with the ViiA 7 Real-Time PCR System (Thermo Fisher
Scientific, Waltham, MO). Melt curves were analyzed with the Protein Thermal Shift software

(Thermo Fisher Scientific) and Boltzmann melting temperatures were reported.
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Reversibility Assay. PDI activity was assessed by measuring the PDI—catalyzed reduction of
insulin as described previously.!” In brief, 0.4 uM recombinant PDI was incubated with

compounds at indicated concentrations at 37 °C for 1 h in sodium phosphate buffer (100 mM

sodium phosphate, 2 mM EDTA, 8 uM DTT, pH 7.0). For samples containing diluted

protein—compound complexes, 40 yM PDI was incubated with 100 yM PACMA31, 50 uM

BAP2, 50 uM AS15, or 50 uM CD343 for 3 h at room temperature, or was incubated with

400 uM AS15, 400 uM CD343, or 400 pM 6a for 30 min at room temperature. The mixtures

were diluted 100-fold into buffer (100 mM sodium phosphate, 2 mM EDTA, 8 uM DTT, pH

7.0) and added to the 384-well, black, clear-bottom plate. A mixture of sodium phosphate

buffer, DTT (500 uM), and bovine insulin (130 uM; Gemini BioProducts, West Sacramento, CA)
was added to the incubated PDI—compound samples. The reduction reaction was catalyzed by PDI
at room temperature, and the resulting aggregation of reduced insulin B chains was measured at

620 nm. Absorbance at 620 nm was measured in a 384—well black—walled, clear—bottom plate.

1-Anilinonaphthalene-8-sulfonic acid (ANS) spectral scan. The ANS spectral scan was
performed as previously described.?? Briefly, 5 uM PDI was incubated in the presence 100 uM
compounds or equivalent DMSO concentration in 50 uL of TBS at 37 °C for 1 h. Subsequently,
50 mM ANS was added and the mixture was incubated in the dark at 25 °C for 20 min.
Fluorescence spectrum (Ex: 370 nm, Em: 400—700 nm) was measured in a 384—well black—walled,

clear—bottom plate.
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Bromouridine RNA sequencing (Bru—seq). Bru—seq was performed as previously described.>*
U—87MG cells were treated with DMSO or 5p (20 uM) for 4 h. Then 2 mM Bru was added in
the last 30 min of treatment. Cells were collected, and total RNA was isolated with TRIzol
reagent. Bru—labeled RNA was captured from total RNA by incubation with anti—BrdU
antibodies (BD Biosciences) conjugated to magnetic beads (Dynabeads, goat antimouse IgG;
Invitrogen). Bru—containing RNA population was isolated and sequenced. Sequencing reads
were mapped to the hg38 reference genome. Preranked gene lists were generated for each
treatment ranking genes by fold change in transcription compared to control. Sequencing results

were filtered using cutoff value of gene size > 300 bp and mean RPKM > 0.5.

The data sets were interrogated with Gene Set Enrichment Analysis (GSEA).>> A log2(fold
change) preranked gene list of 7,908 genes was analyzed for gene enrichment using GSEA gene
sets based on the Kolmogorov—Smirnov statistic. For each gene set, an enrichment score (ES) was
normalized to account for the difference in gene set size, and the false discovery rate (FDR) was

calculated based on the normalized enrichment score (NES) values.

The  datasets  were  also  interrogated  with ~ Connectivity = Map  (CMap,
https://www.broadinstitute.org/connectivity—map—cmap). Bru—seq gene sets were used with a cut
off of > 2—fold change in transcription. Some genes were omitted from analysis because there was

no connection in CMap.

Western  blot.  Cells were harvested with a lysis buffer (25 mM
tris(hydroxymethyl)aminomethane, 150 mM NaCl, 17 mM Triton X—100, 3.5 mM SDS, pH 7.4),
lysed via sonication, and spun in a centrifuge at 13,500g at 4 °C for 10 min. Supernatant was

collected and protein concentration determined with the BCA assay (Thermo Fisher Scientific,
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Waltham, MO). Samples were prepared with 30 pg protein and loaded onto 10% acrylamide
(Bio—Rad, Hercules, CA) gels. Protein from gels was electrotransferred to methanol—activated
immobilon—FL PVDF membranes (EMD Millipore, La Jolla, CA). Membranes were blocked for
1 h with Odyssey blocking buffer (LI-COR Biosciences, Lincoln, NE). Membranes were probed
for proteins using primary antibodies (PDI, Cell Signaling, Danvers, MA, 1:1000) overnight at 4
°C. Membranes were incubated with secondary antibodies (antirabbit, Cell Signaling, 1:7500, or
antimouse, Cell Signaling, 1:7500), and fluorescence was imaged by Odyssey imaging system

(LI-COR Biosciences).

Proteomics. U—-118 MG cells were seeded in a 6—well plate at 0.5 x 10° cells/well in RPMI
supplemented with 10% FBS and allowed to attach overnight. Cells were treated with DMSO or
40 uM 15 overnight. Cells were washed with PBS and harvested with CelLytic M buffer (Sigma).
The cells were lysed by incubation for 1 h on ice and spun in a centrifuge at 13,500¢ at 4 °C for
10 min. Supernatant was collected and protein concentration determined with the BCA assay
(Thermo Fisher Scientific, Waltham, MO). Samples were prepared with 50 pg protein boiled with
Laemmli sample buffer and loaded onto 1 mm 10% acrylamide gels. The gel was immediately
imaged on the iBright with the GFP channel and stained with Coomassie. The band containing the
BODIPY-labeled compound was cut out, digested, and analyzed at the University of Michigan

Proteomics Resource Facility in the Department of Pathology.

Confocal Imaging. A—172 cells were treated with 10 uM 15 or 2 uM 16 overnight. Cells were
fixed in 4% paraformaldehyde for 15 min at room temperature and washed with 1X PBS before
blocking in 10% fetal bovine serum for 60 min. PDI antibody (Cell Signaling; 3501S) was applied
at 1:100 dilution in overnight at 4 °C. ProLong Diamond with DAPI (Invitrogen) was used to

prepare the slides for analysis on the ZEISS Laser Scanning Microscope.
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Gel-based Binding Assays. Gel—based binding assays were performed with recombinant protein
and cell lysate, as indicated. Briefly, cells were coated in 6—well or 12—well plates. After overnight
attachment, cells were either serum—starved, treated with BSO, or treated with test compounds at
indicated concentrations overnight at 37 °C, 5% CO,. Cells were then washed with PBS and lysed
using CelLytic M buffer (Sigma) for 60 min on ice. A unit of 30—50 pg of whole—cell protein was
boiled with Laemmli sample buffer or non—reducing sample buffer (62.5 mM Tris—HCI, pH 6.8,
10% glycerol, 2% SDS, 0.05% bromophenol blue) and resolved on a 10% polyacrylamide gel.
Gels were immediately imaged on an iBright imaging system (Thermo Fisher Scientific). For cell
lysates, cells were harvested as above prior to compound treatment, then incubated with
compounds overnight at room temperature before subjecting to SDS PAGE. Similarly, in vitro
binding assays with recombinant PDIA1, PDIA2, PDIA3, and BSA were performed using 3.5 uM

protein in CelLytic M buffer incubated with compounds overnight at room temperature.

Statistical analysis. The ICs, values were calculated using GraphPad Prism 7 software (GraphPad
Software, Inc.). The error bars indicate mean + standard deviation. Bru—seq experiments were

performed once.
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