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My graduate research focuses on the development of small molecule probes or inhibitors
that can be used in diverse sets of applications.

In chapter 1, I present a new biochemical probe called AP3B that crosslinks and
biotinylates nucleic acids. The compound was inspired by a commercially available
probe but designed to have better affinity for and reactivity with DNA double helixes. |
show that the new crosslinker is more efficient at crosslinking DNA in vitro. AP3B also
biotinylates nucleic acids in cells better than the commercially available alternative.

In chapter 2, | synthesized a new APT2 inhibitor KW5129. Our lab had previously
shown APT2 to be a potential therapeutic target for treating colitis. In this work |
attempted to synthesize an APT2 selective covalent inhibitor. Though was met limited
success, | synthesized the non-covalent inhibitor KW5129 and show that it is nearly 9
times more potent in vitro than the compound it was inspired by, ML349. KW5129 also
alleviates dextran sodium sulfate induced inflammation in mice.

The Lin lab has previously synthesized the highly potent SIRT2 selective inhibitor, TM.
However, TM’s utility is limited by its poor water solubility. | synthesized thioamide
and thiourea derivatives of TM that have benzodiazepinedione moieties which improve
the water solubility of these compounds. In chapter 3, I present the compound NH-C1-
10 as our latest generation SIRTZ2 inhibitor. I show that NH-C1-10 is an effective SIRT2

selective inhibitor that has broad cytotoxicity in cancer cells and hinders pancreatic



cancer tumor progression in mouse xenografts.

In chapter 4, | present the design and synthesis of several quaternary ammonium
containing protein crosslinkers that can be applied for crosslinking mass spectrometry.
| identify multiple ways in which using quaternary ammoniums could overcome some
of the short comings associated with the well-known crosslinker DSBSO. | show that
my crosslinkers work well to both crosslink proteins and identify crosslinked peptides
using mass spectrometry. Since this project is still ongoing, future directions are
presented including how the crosslinkers are being applied in collaborative projects and

how we aim to develop a method for removing dead end crosslinks prior to MS analysis.
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CHAPTER 1

An Improved 4’-Aminomethyltrioxsalen-Based DNA
Crosslinker for Biotinylation of DNA?

Abstract

Nucleic acid crosslinkers that covalently join complementary strands of DNA have
applications as both pharmaceuticals and biochemical probes. Psoralen is a popular
crosslinking moiety that reacts with double stranded DNA and RNA upon exposure to
long wave UV light. The commercially available compound EZ-Link Psoralen-PEG3-
Biotin has been used in numerous studies to crosslink DNA and double stranded RNA
for genome-wide investigations. Here we present a new probe, AP3B, which uses the
psoralen derivative, 4'-aminomethyltrioxsalen, to crosslink and biotinylate nucleic
acids. We show that AP3B is 4 to 5 times more effective at labeling DNA in cells and
produces a comparable number of crosslinks with over 100 times less compound and

less exposure to UV light in vitro than EZ-Link Psoralen-PEG3-Biotin.

4 This is a revised version of our published paper: Wielenberg, K, et. al. An Improved 4’-
Aminomethyltrioxsalen-Based DNA Crosslinker for Biotinylation of DNA. RSC Adv., 2020,10,
39870-39874



Introduction

Nucleic acid crosslinkers are important in nucleic acid research and come in many
varieties™ 2. These range from simple molecules such as formaldehyde to inorganic
complexes® and have been combined with moieties that can preferentially bind to a
target DNA sequence?. Crosslinkers can covalently bond to nucleotides by reacting with
nucleophilic regions of the bases or the double bonds of the bases. In the latter case,
activation of the compound by exposure to light is frequently required to induce
pericyclic reactions® ©.

Photoactivable DNA and RNA crosslinkers are particularly useful for genomic studies
as they allow for spatial and temporal control of the crosslinking reactions by controlling
the light source’. Psoralen is one such photoactivatable moiety and has natural affinity
for DNA due to the compound’s planar multicyclic structure which allows it to
intercalate nucleotide base pairs. Upon exposure to UV light, psoralen undergoes 2+2
cycloaddition to the 5,6 double bond of pyrimidines; however, it reacts best with
thymine bases of complementary 5°-TA-3" dinucleotide stretches®. This forms mono
and bifunctional adducts,® with bifunctional adducts making interstrand crosslinks with

the two complementary strands (Figure 1.1).
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Figure 1.1. Psoralen crosslinking. Psoralen undergoes 2+2 cycloaddition reactions to
form mono and bifunctional adducts with DNA.
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EZ-Link Psoralen-PEG3-Biotin (PP3B, Figure 1.2 A) is a commercially available probe
that utilizes psoralen to biotinylate nucleic acids. Such crosslinkers enable cost effective
biotinylation of double-stranded DNA (dsDNA) and dsRNA for experiments including
sequencing of psoralen crosslinked, ligated, and selected hybrids (SPLASH), studying
RNA interactions, and Chem-seq to study the accessibility of DNA%!3, Despite the
prevalent use of PP3B for these applications, we noticed that other psoralen derivatives
such 4’-aminomethyltrioxsalen (AMT) are more effective nucleic acid crosslinkers than
the derivative used in PP3B. In this paper, we present the synthesis of a new psoralen
derivative-biotin compound, AMT-PEG3-biotin (AP3B, Figure 1.2 B), and show that it
is more efficient at both labeling and crosslinking DNA than the commercially available

PP3B.
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Figure 1.2. Structure of PP3B (A) and synthesis of AP3B (B).



Results and Discussion

Design and Synthesis of AP3B

AMT was used as the reactive group in our probe as it has several advantages over other
psoralen derivatives. Firstly, AMT has increased affinity for DNA due in part to an
amino group which becomes protonated in vivo and interacts with the negatively
charged phosphate backbone of DNA and RNA™®. The amino group also improves water
solubility which we further enhanced in our new compound by including a PEG3 chain.
Finally, AMT has a broader range of UV absorbance near 360 nm which allows the
compound to absorb more photons near this wavelength compared to other psoralens.
This results in increased probability that cycloaddition reactions will occur with AMT?,
To complete the probe, biotin is used as the affinity tag since biotin streptavidin
interaction is the best affinity reagent, with 101* M affinity and tolerance to harsh
conditions such as high temperature (up to 65 °C) and denaturing conditions (up to 0.5%
SDS). The resulting compound is AMT-PEG3-Biotin (AP3B, Figure 1.2B).

AP3B was synthesized from commercially available starting materials (Figure 1.2B).
Briefly, 4'-chloromethyl-4,5',8-trimethylpsoralen was reacted with 1,3,5 trioxane in
concentrated HCI to functionalize the five-member ring with a chloromethyl group. The
alkyl chloride was then substituted with propargyl amine to attach a terminal alkyne

which was then reacted with biotin PEG3 azide via click chemistry to produce AP3B.



AP3B has increased crosslinking efficiency in vitro

We examined the efficiency of AP3B to form interstrand crosslinks in purified DNA
with that of the commercially available PP3B. For this purpose, we used a denaturing
agarose gel mobility shift assay. The use of high pH of the gel prevents base pairing by
disrupting hydrogen bonding, there by producing single stranded DNA (ssDNA)Y.
Interstrand crosslinks formed with AP3B or PP3B prevent strands from separating,
producing up shifted, higher molecular weight dsSDNA bands. We compared the in vitro
efficiency of AP3B and PP3B and confirmed that the reaction of both compounds with
DNA is UV light dependent as expected. The results showed that 800 nM AP3B and

100 uM PP3B were the two most comparable samples, producing similar amounts

dsDNA (Figure 1.3).
Vehicle PP3B AP3B
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uv -+ - + + + - 4+ + 4+

Figure 1.3. Detecting DNA interstrand crosslinks with a denaturing agarose gel.
Interstrand crosslinks result in shifting from low mass sSDNA to higher mass dsSDNA
bands. Both compounds show dependence on exposure to UV light. AP3B shows
significant signal depletion of sSDNA bands at concentrations where PP3B has no
apparent activity.



The relative rates of interstrand crosslink formation for the two compounds were also
compared using the mobility shift assay (Figure 1.4A). In this case, the UV exposure
time was varied while the concentrations of PP3B and AP3B were fixed at the highest
concentration previously tested (2.5 mM and 20 uM, respectively). These
concentrations produced the maximal amount of dsSDNA which serves as a reference
point for the end of the reaction. As expected, AP3B requires less time to reach

completion (5-10 min) compared to PP3B (20-30 min) (Figure 1.4B).
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Figure 1.4. Reaction rate comparison of PP3B and AP3B. (A) The concentrations of

PP3B and AP3B in the treated samples were fixed at 2.5 mM and 20 uM respectively.
6 UV exposure times between 1 and 30 min were compared. (B) Quantification of



reaction progress. The integral of the fluorescent intensities of the sSDNA and dsDNA
bands were calculated to determine the precent of the total signal for each time point
that is in the dsDNA band. 100% dsDNA indicates a complete reaction.

AP3B shows higher labeling efficiency in cells than PP3B

We next determined how the DNA labeling efficiency (measuring both mono-adducts
and interstrand crosslinks) of AP3B compares to PP3B in cells. An immunofluorescence
assay was developed to compare the two compounds. Hela cells were treated with PP3B,
AP3B, or DMSO and exposed to UV light. Unreacted compound was washed away, and
the bound probes were recognized by a Streptavidin-rhodamine conjugate which was in
turn detected by florescence microscopy. Colocalization of DAPI and rhodamine signals
in a cell’s nuclei were taken to result primarily from DNA biotinylation, while
cytoplasmic staining is due to the probes reacting with dsSRNA and possibly proteins.
Visual examination of the merged DAPI and rhodamine channels (Figure 1.5A) shows
increased biotinylation in the AP3B treated cells compared to the same concentration of
PP3B. This observation is confirmed by quantification of the signal intensity of
rhodamine in cell’s nuclei (Figure 1.5B). In all cases treated cells had higher rhodamine
signal intensities than the vehicle treated, or non-UV exposed cells treated with the same
concentration of compound. By comparing the signal intensities with the same
concentrations of PP3B and AP3B or by comparing the concentrations of PP3B and
AP3B that produced similar signal intensities, we concluded that the in-cell labeling

efficiency of AP3B is 4 to 5 times that of PP3B.



Figure 1.5. Evaluation of the relative labeling efficiency of PP3B and AP3B in cells.
(A) In cell fluorescence detection of biotinylation in Hela cells incubated with the
indicated concentration of PP3B, AP3B or vehicle (10 uL DMSO). (B) Quantification
of the intergal of nuclear rhodamine singal intensity with bars normalized the vehicle
+UV intensity.
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The in-cell results indicate the biotinylation efficiency increase for AP3B is lower than
that seen in the gel shift assay. This is due at least in part to the fact that the two assays
detect different adducts. While the in-cell experiment reports both mono and
bifunctional adducts, the in vitro assay detects bifunctional adducts. The discrepancy in
the results suggest that AP3B is moderately better than PP3B reacting with nucleic acids
in general, however, when focusing on bifunctional adducts, the reaction efficiencies
skew heavily in favor of AP3B. This is likely due in part to the increased reaction rate
of AP3B with DNA as demonstrated (Figure 1.4B). Since both ends of the crosslinking
moiety must react to form interstrand crosslinks, the effect of the increased reaction rate
is compounded when only bifunctional adducts are examined. Other factors such as the
accessibility of DNA to the crosslinkers in these assays may also account for some of
the difference in labeling efficiency reported by the two assays. In cells, DNA is highly

compacted in heterochromatin and wrapped around histones in euchromatin. It is
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possible that the proteins associated with DNA interfere with the reaction of AP3B more
than with the reaction of PP3B, and thus decrease the labeling efficiency of AP3B more.
With the in vitro assay however, naked DNA was used, and no proteins were present to
hinder the reaction.

In summary, we have synthesized a more efficient nucleic acid crosslinking probe
containing a photoactivable AMT moiety. Our experiments have shown that AP3B is
more reactive with DNA than the currently available product PP3B in terms of both the
amount of compound and UV exposure time required to produce similar result.
Fluorescent detection of the compounds in cells shows a 5-fold increase in biotinylation
for our compound compared to PP3B. The fold-increase is even higher (over 100 times)
in vitro with naked DNA. These results suggest that AP3B is a highly efficient tool for
DNA biotinylation and could potentially be used to improve the efficiency of

SPLASH??, Chem-seq’, and other experiments.

Materials and Methods

All solvents and reagents were purchased from commercial vendors as analytical or
higher-grade purity. Flash chromatography was done using SiliaFlash Irregular Silica
Gel, P60, 40 — 63 um, 60 A. NMR spectra were collected at the Cornell NMR Facility
using a Brucker 500 spectrometer. HRMS data was collected at the Cornell Chemistry

Mass Spectrometry Facility using a Thermo Exactive Orbitrap ESI mass spectrometer.
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In-cell fluorescence assay

Hela cells were plated on 35 mm imaging petri dishes in DMEM supplemented with
10% FBS and grown for 24 h at 37 °C with 5% CO.. The next day the media was
removed followed by a PBS wash (1 mL). Cells were then incubated at 37 °C with 1
mL of blocking solution (1X PBS, 5% BSA, .1% Saponin) for 30 min. PP3B, AP3B, or
vehicle (10 uL DMSO) was added and incubated for 10 min at 37 °C. The solution was
removed, and the cells were washed once with PBS to remove excess compound. The
dishes that needed to be exposed to UV light were placed on ice and exposed to 368 nm
light (5, 1.2 W bulbs) at a distance of 6 cm for 30 min using a UV oven during which
time cell death occurred. The unexposed samples were kept under ambient light for 30
min. All dishes were then washed with 40% formamide, PBS, and blocking solution to
remove unreacted molecules at which point cell death occurred for the non-UV exposed
cells. The cells were then incubated with a streptavidin-rhodamine conjugate
(TheremoFisher Scientific, catalog number 21724) solution (1 pg/mL in blocking
solution) at 4 °C for 1 h. Unbound conjugate was removed by 3 washes with blocking
solution (1 mL each). Anti-fade reagent containing DAPI (30 pL) was added to each
dish and the fluorescent intensities of the DAPI and rhodamine signals were quantified
using a Cytation 5 cell imaging multi-mode reader. Integrals of nuclear rhodamine
intensity were calculated by taking the integral of the rhodamine signal that overlapped

with DAPI signals.

12



DNA electrophoretic mobility shift assay

A DNA fragment (~500bp) was purified after PCR amplification for this experiment. A
denaturing agarose gel (2% agarose, 30 mM NaOH, 2 mM EDTA, pH 8) was prepared.
Reaction solutions were prepared by mixing purified DNA (20 uL, 30 ng/uL), 1 uL of
the crosslinker solutions (prepared at different concentrations in DMSQO) or DMSO
(control without crosslinker). The reaction solutions were placed on ice and exposed to
a 368 nm light source (5, 1.2 W bulbs) 6 cm away for 30 min using a UV oven. Then
10x running buffer was added to make the samples a 1x solution. The samples heated
to 95 °C for 3 min prior to loading onto the gel. The gel was run for 180 min at 45 V

then stained with a solution of 1X SYBR Gold in 0.5 M Tris at pH 7.5 for 18 h prior to

imaging.
e} @) (0]
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3-(chloromethyl)-2,5,9-trimethyl-7H-furo[3,2-g]Jchromen-7-one (S1). To a solution
of 1,3,5 Trioxane (0.71g, 7.9 mmol) in concentrated HCI (45 mL) was added 2,5,9-
trimethyl-7H-furo[3,2-g]chromen-7-one (2.05g 9.0 mmol). The reaction mixture was
stirred at room temperature for 16 h then diluted with water (50 mL) and extracted three
times with chloroform (100 mL each). The organic layers were combined, washed with
brine (100 mL), dried with Na2SOg, then concentrated with a rotary evaporator. The
crude product was recrystallized from ethyl acetate to yield the final compound (1.19g,

4.3 mmol, 54%).*H NMR (500 MHz, Chloroform-d) & 7.59 (s, 1H), 6.26 (s, 1H), 4.74
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(s, 2H), 2.57 (s, 3H), 2.52 (s, 6H); *C NMR (126 MHz, Chloroform-d) & 161.3, 155.2,

154.6, 153.12, 149.5, 123.9, 116.4, 113.2, 112.2, 111.2, 109.6, 36.2, 19.4, 12.3, 8.5.

e) (@] o

N\ _

NH g

N
2,5,9-trimethyl-3-((prop-2-yn-1-ylamino)methyl)-7H-furo[3,2-g]Jchromen-7-one
(S2). S1 (0.90g, 0.36 mmol) and propargylamine (0.23 mL, 36 mmol) were combined
in toluene (50 mL). The reaction mixture was refluxed for 16 h after which the solution
was cooled to room temperature and concentrated with a rotary evaporator. The crude
residue was then purified by column chromatography (Hexane: EtOAc 1:1 — 1:2) to
give the final product (0.80g 76%). *H NMR (500 MHz, DMSO): § 7.79 (s, 1H), 6.31
(s, 1H), 3.87 (s, 2H), 3.27 (s, 2H), 3.14 (s, 1H) 2.47 (s, 6H) 2.44 (s,3H); 13C NMR (126
MHz, DMSO) 6 160.1, 154.1, 153.9, 153.7, 148.3, 125.3, 115.5, 112.8, 112.5, 112.0,

107.5, 82.9, 73.8, 36.2, 18.7, 11.9, 8.2;

OyNHH 0 " o) 0._0
=N
HN ‘\\\\/\)J\ /\/O\/\ /\/O\/\ [ H \
N o} N _A N >
H s :

AP3B
5-((3aS,4S,6aR)-2-oxohexahydro-1H-thieno[3,4-d]imidazol-4-yl)-N-(2-(2-(2-(2-(4-
((((2,5,9-trimethyl-7-oxo-7H-furo[3,2-g]Jchromen-3-yl)methyl)amino)methyl)-1H-

1,2,3-triazol-1-yl)ethoxy)ethoxy)ethoxy)ethyl)pentanamide (AP3B). S2 (0.16g, .54
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mmol) and Biotin-PEG3-Azide (0.24g, 0.54 mmol) were dissolved in a solution of
methanol and water (1:1, 14 mL). NaHCO3 (64 mg, 0.76 mmol), Cu.SO4 -5H20 (14
mg, .054 mmol) and sodium ascorbate (21 mg, 0.11 mmol) were added to the reaction
vessel. This solution was stirred at room temperature for 16 h. The solution was
extracted three times with DCM (14 mL). The pooled organic layers were washed with
brine (30 mL), dried with Na,SO4, and then the solvent was removed with a rotary
evaporator. The crude was purified by column chromatography (DCM: MeOH 10:1,
8:1, and then 6:1) to give the final product (0.37g, 0.50 mmol, 93%) *H NMR (500
MHz, Methanol-d4) & 7.98 (s, 1H), 7.82 (s, 1H), 6.28 — 6.22 (m, 1H), 4.60 (t, J = 5.0
Hz, 2H), 4.49 (dd, J = 7.9, 4.9 Hz, 1H), 4.29 (dd, J = 7.9, 4.5 Hz, 1H), 3.97 (s, 4H), 3.91
(t, J = 5.1 Hz, 2H), 3.65 — 3.58 (m, 4H), 3.58 — 3.52 (m, 4H), 3.49 (t, J = 5.5 Hz, 2H),
3.22 - 3.14 (m, 1H), 2.92 (dd, J = 12.8, 4.9 Hz, 1H), 2.70 (d, J = 12.8 Hz, 1H), 2.56 (s,
3H), 2.49 (d, J = 13.7 Hz, 6H), 2.18 (t, J = 7.4 Hz, 2H), 1.78 — 1.51 (m, 4H), 1.41 (p, J
= 8.7, 8.1 Hz, 2H); *C NMR (126 MHz, Methanol-ds) § 174.6, 164.7, 162.1, 155.3,
155.2,154.5,148.7,145.1,125.4,123.8, 115.9, 112.2,112.0, 111.5, 108.2, 70.13, 70.08,
70.02, 69.8, 69.2, 69.0, 62.0, 60.2, 55.6, 50.0, 42.7, 40.7, 39.6, 38.9, 35.3, 28.3, 28.1,
25.4,18.1,10.8, 7.0. HRMS (ESI) m/z: calculated for C3sH190sN7S [M+H]* : 740.3436,

found 740.3413.
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CHAPTER 2

Boronic Acid-Containing Acyl Protein Thioesterase
Inhibitors Protect Mice in an Inflammatory Bowel Disease
Model?

Abstract

Acyl Protein Thioesterase 2 (APT2) is a serine hydrolase that removes palmitoyl groups
from acylated cysteine residues. Recently, the proinflammatory transcription factor
STAT3 was reported to be depalmitoylated by APT2, which promotes the translocation
of phosphorylated STAT3 to the nucleus where it can promote the expression of RORC
and IL17A genes which induces the differentiation of CD4* T cells into T helper 17
cells. The activation of STAT3 contributes to the development of inflammatory bowel
diseases (IBD) and APT2 is considered a therapeutic target for IBD treatment. To this
end, we have synthesized a series of new APT2 inhibitors based on the APT2 selective
inhibitor ML349. One of these compounds, KW5129, which contains a boronic acid
moiety, is about nine times more potent than ML349 in vitro but inhibits both APT1 and
APT2. KW5129 increases the level of STAT3 palmitoylation in cells and alleviates the
symptoms of colitis in mice. Our study provides important insights for the development
of better APT1/2 inhibitors and further supports APT2 as a potential target for

inflammatory and autoimmune diseases that involve STAT3 activation.

2This is a revised version of our submitted manuscript: Boronic Acid-Containing Acyl Protein
Thioesterase Inhibitors Protect Mice in an Inflammatory Bowel Disease Model. Wielenberg,
K.; Liu, Y.; Hong, J. Y. ; Yang, M.; Anmangandla, A.; Lu, X,; Lin, H.
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Introduction

Cysteine palmitoylation (S-palmitoylation) is a post-translational modification wherein
cysteine residues are acylated with palmitic acid. Since the acyl group is attached
through a labile thioester bond, the modification is readily enzymatically reversible
allowing for dynamic control of the modification®. S-palmitoylation is installed by about
two dozen zinc finger aspartate-histidine-histidine-cysteine containing proteins
(DHHC) and removed by several serine hydrolyzes, including acyl protein thioesterase
1 (APT1 or LYPLAL), APT2 (or LYPLA2), ABHD17A/B/C, and ABHD10?% S-
palmitoylation can affect protein membrane localization, trafficking, activity, stability,
and protein-protein interactions 3.

While many reports point to the S-palmitoylation of immune signaling proteins, such as
NOD2 and STING, the molecular understanding of the function of S-palmitoylation in
immune signaling remains limited® 7. Recently, a palmitoylation-depalmitoylation
cycle catalyzed by DHHC7 and APT?2 is reported to regulate STATS3, providing a new
model for how dynamic palmitoylation could regulate immune signaling®. The
transcription activator STAT3 aids the differentiation of CD4* T cells into T Helper 17
(TH17) cells by promoting the transcription of certain genes, such as RORC and IL17A
910 STAT3 is activated by the phosphorylation of Y705 by Janus kinase 2 (JAK2) in
response to certain cytokine stimulation, such as IL-6. STAT3 C108 palmitoylation
catalyzed by DHHC7 promotes the membrane targeting of STAT3, where JAK2 is
localized, thus promoting phosphorylation by JAK2. However, subsequent nuclear
translocation requires the depalmitoylation by APT2. Thus, the palmitoylation-

depalmitoylation cycle together promotes STAT3 activation. Therefore, breaking this
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palmitoylation cycle by either disrupting DHHC7 or APT2 could inhibit STAT3 and
suppress Twl7 differentiation®. Increased Twl7 cell differentiation contributes to
inflammatory bowel disease (IBD)*. Hence, inhibiting DHHC7 or APT2 could help to
treat IBD, as demonstrated in an IBD mouse model®. Additionally, APT2 inhibitors
have been reported to have potential to treat melanoma®2,

APT1 and 2 share 65% sequence identity and several small molecule inhibitors have
been developed for them# . The B-lactone Palmostatin B was developed as a covalent
APT inhibitor and blocks the catalytic serine by esterifying it. Though very potent,
Palmostatin B is not APT1/2 selective and inhibits many serine hydrolasest® 1718, More
recently, aided by high-throughput screening studies, certain piperazine amides have
been found to be effective inhibitors of APT1 and APT2. Specifically, ML348 and
ML349 have been identified as selective, noncovalent inhibitors of APT1 and APT2,
respectively. However, neither is as potent in vitro as Palmostatin B8, Together
Palmostatin B, ML348, and ML349 have proven to be highly useful for examining
numerous cellular functions of APT1 and APT2, including regulating Scribble
localization and protumor signaling, regulating Ras signaling, and regulating MC1R
palmitoylation in melanoma'® %21, The identification of APT2 as a promising target for
treating IBD further emphasizes the potential utility of APT2 inhibitors. Similarly, the
APT1-selective inhibitor ML348 has been reported to rescue behavior and
neuropathology in Huntington disease mice?’. Given these promising reports,
developing more and improved APT1 and APT2 inhibitors will be critical to further test

the therapeutic potential of inhibiting APT1 and APT2.
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Here we present new covalent and noncovalent APT1 and APT2 inhibitors that are
derived from ML349. We show that these compounds are more potent APT1 and APT2
inhibitors in vitro and in cells, more effectively prevent STAT3 depalmitoylation, and

alleviate the inflammation of Dextran Sodium Sulfate (DSS) induced colitis in mice.

Results and Discussion

New APT2 inhibitor design based on ML349

Currently the most potent APT2-selective inhibitor is ML349. Thus, we used ML349 as
the starting point to design and synthesize new APT2 inhibitors. An X-ray crystal
structure of APT2 in complex with ML349 showed that the methoxy group of ML349
is located near a relatively hydrophobic channel (Figure 2.1 A)?3. Thus, we designed
MY1 and MY?2 (Figure 2.2) to determine whether elongating the methoxy group could

enhance APT2 inhibition. MY3 — MY7 (Figure 2.2) were designed to replace the

benzene ring or the piperazine ring to see whether they are critical for APT2 inhibition.

Figure 2.1. Crystal structure for APT2 crystallized with ML349. The para methoxy
group of ML349 points toward an unoccupied channel in APT2 (A). The sulfone
oxygens of ML349 interact with two structural water molecules located near the APT2
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active site and are positioned equally near to the catalytic S122 (B). The indicated
distances are measured in angstroms.

The structure of APT2 in complex with ML349 also showed that the sulfone moiety is
positioned near the catalytic serine (S122) and hydrogen bonds to two water molecules
near the oxyanion hole (Figure 2.1 B) 2. We explored whether changing the sulfone
moiety could affect APT2 inhibition (Figure 2.2). In MY8, we changed the sulfone in
ML349 to a sulfoxide. In KW5108 and KW5116, we used a diethylphosphonate and an
ethyl fluorophosphonate, respectively. With the ethyl fluorophosphonate, we
hypothesized that it may become a covalent inhibitor by reacting with the catalytic
serine residue. In KW5129, we used a boronic acid to mimic the sulfone moiety of
ML349. In KW5175 and KW5192, we kept the boronic acid group but modified the
ML349 tricyclic ring. In KW5130 and KW5191, we used a hydroxyl group and a

sulfonyl fluoride to mimic the sulfone in ML349.
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Figure 2.2. The designs of the new inhibitors were derived from ML349. Warheads and
long alkyl chains were incorporated better to engage the APT2 binding pocket and the
catalytic residue S122. In vitro ICsg values for APT1 (red) and APT2 (blue) are listed
with standard deviations. Inhibition of APT2 with KW5116 increased when the
preincubation (PI) time was increased to 30 min.

The MY series of compounds were synthesized based on the established synthesis of
ML349%%, KW5108, KW5116, KW5129, KW5130, and KW5191 followed similar
synthetic routes except the initial starting material used was a-tetralone (Figure 2.3).
After constructing the thiophene ring, the middle ring was oxidized to make a fully
conjugated system by NBS bromination followed by HBr elimination in the same pot.
The naphtho[1,2-b]thiophene product readily underwent electrophilic aromatic

substitution with bromine or chlorosulfonic acid selectively at the 5 position. The aryl

bromide product was cross-coupled with palladium to attach a boronic acid (KW5129),
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or diethyl phosphonate which was hydrolyzed and fluorinated to produce KW5116. The

remaining compounds in the KW series required their own unique synthetic routes.
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Figure 2.3. Synthesis of KW5108, KW5116, KW5129, KW5130 and KW5191 a)
POCIs;, DMF, b) Sodium, EtOH, ethyl thioglycolate, c) NBS, benzoyl peroxide, d) Br,
acetic acid, e) NaOH, f) EDC, DMAP, 1-(4-methoxyphenyl)piperazine, @)
chlorosulfonic acid, h) NaOH, POCls, i) KHF, j) bis boronic acid, Xphos, Xphos-Pd-
G2, KOAC. k) Pd(OAc)2 PPhs, DIPEA, Diethyl Phosphonate, I) LiBr, m) Diethylamino
Sulfur trifluoride, KW5130 was isolated as a side product of reaction j.
KW5129 and KW5116 are more potent APT2 inhibitors than ML349
The potency of the new compounds against APT1 and APT2 was measured in vitro with
a fluorogenic assay. Resorufin acetate was used as a fluorogenic substrate to monitor
reaction progressi®. Deacetylation of resorufin acetate by APT1/APT2 produces
resorufin which is strongly fluorescent at 584 nm, allowing the reaction to be easily
monitored over time to calculate the I1Cso values of each compound (Figure 2.2).

Extending the para methoxy group with longer alkyl chains (MY1 and MY?2) did not

improve the potency. Even a short extension as in MY1 was detrimental. Replacing the
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benzene or piperazine ring (MY 3-MY7) demonstrated that the piperazine amide moiety
is critical for APT2 inhibition as its removal abolishes APT2 inhibition while the
benzene ring is not as critical.

Modification of the sulfone group in the KW compounds provided better results. The
boronic acid-containing KW5129 is ~9 times more potent at inhibiting APT2 compared
with ML349 (Figure 2.2). The other two boronic acid compounds (KW5175 and
KW5192) without the full tricyclic ring in ML349, were still able to inhibit APT2.
KW5192 has an ICso (1.1 uM) that is only slightly worse than that of ML349, while
KWH5175 is much less potent.

The ethyl fluorophosphonate compound KW5116 gave an ICso value (1.4 uM) slightly
worse than that of ML349. However, when the preincubation period was doubled from
15 minutes to 30 minutes, its ICso dropped to 620 nM, which is slightly better than that
of ML349, suggesting that KW5116 is a covalent inhibitor. Similarly, the sulfonyl
fluoride compound KW5191 inhibits APT2 with an ICso value of 1.8 uM, which is
slightly worse than KW5116. Additionally, other compounds that remove the sulfone
moiety of ML349 (MY8, KW5108, and KW5130) can inhibit APT2 with ICso of ~5
uM.

We also tested the compounds’ inhibition effects on the close homolog, APT1. Although
ML349 is selective for APT2, many of the new inhibitors lost APT2 selectivity and start
to inhibit APT1 (Figure 2.2). These include the phosphonate compounds KW5108 and
KW5116, as well as the boronic acid compound KW5129. KW5129 inhibits APT1 with
an 1Csg value of 0.41 uM, which is about 5.2-fold higher than that (0.079 uM) for APT2

and similar to the reported APT1 selective inhibitor ML348, which we found to have an
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APT1 ICsg value of 0.82 uM. The fact that these compounds can inhibit both APT1 and
APT2 raises an interesting question of how selectivity is achieved, which requires future
investigations. Being dual APT1/APT2 inhibitors, some of these compounds could
allow us to test whether inhibiting both APT1/APT2 could be problematic or beneficial
in later cellular and animal studies.

For further characterization, we decided to focus on two compounds, KW5116 and
KW5129, which showed the best APT2 inhibition potency, with KW5116 being
potentially a covalent inhibitor. We first determined if KW5116 and KW5129 were
covalent or noncovalent inhibitors of APT2. We used a gel filtration assay adapted from
a previous paper® (Figure 2.4 A). A cell lysate containing APT2 was treated with the
APT2 inhibitors and then passed over a size exclusion column multiple times to remove
unbound small molecules. The samples were then incubated with tetramethyl rhodamine
fluorophosphonate (TAMRA-FP), which can covalently label the active site serine
residue of APT2. In the presence of an inhibitor, APT2 will not be fluorescently labeled
with TAMRA-FP. If the inhibitor is a non-covalent inhibitor, after passing over the
column, the inhibitor will be lost and APT2 will be fluorescently labeled with TAMRA-
FP. In contrast, with a covalent inhibitor, APT2 will remain unlabeled by TAMRA-FP
even after multiple gel filtrations. KW5129 showed almost complete fluorescent
labeling after just one gel filtration while KW5116 showed none after three passes,
indicating the fluorophosphonate moiety allowed it to become a covalent inhibitor. In
contrast, the boronic acid-containing compound KW5129 is a non-covalent inhibitor of

APT2.
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Figure 2.4. TAMRA-FP ABPP shows the mode of action and potency of ML349,
KWS5116, and KW5129. The fluorescent intensities were normalized using the loading
intensity of each lane. After treatment with inhibitor the protein solution was passed
over a size exclusion column multiple times then treated with TAMRA-FP (A). A cell
lysate solution spiked with APT2 (B) or APT1 (C) was treated with inhibitor for 15 min
then TAMRA-FP for 30 min.

We next used in vitro competitive activity-based protein profiling (ABPP) to determine
the relative potency of KW5116 and KW5129 to that of ML349. A cell lysate containing
APT2 was treated with different concentration of ML349, KW5116, or KW5129 and
labeled with TAMRA-FP. In this case, compounds with higher binding affinities would
better out compete TAMRA-FP for the active site and lower intensity bands would be
observed with more potent compounds (Figure 2.4 B). Quantification of the fluorescent

intensities of the bands showed that addition of ML349 at 90 uM or 270 uM was only
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able to inhibit ~70% of fluorescent labeling intensity. KW5129 almost completely
abolished TAMRA-FP fluorescence labeling of APT2 at 270 uM. At 90 uM, KW5129
inhibited APT2 labeling by about 90%. The covalent inhibitor KW5116 produced 70%
signal reduction even at a 10 uM and thus was the strongest among the three. In addition,
consistent with the ICso values measured with purified proteins (Figure 2.2), KW5116
and KW5129 could also inhibit APT1 in a similar competitive ABBP assay (Figure 2.4
C). All the results indicate that KW5129 and KW5116 are more potent APT2 inhibitor

than ML349 but can also inhibit APT1.

KW5116 and KW5129 increase STAT3 palmitoylation

To test whether KW5116 and KW5129 can inhibit APT2 in cells, we detected the S-
palmitoylation of STAT3 in HEK 293T cells. Based on previous studies, STAT3 is
palmitoylated mainly by DHHC7 on C108 and is depalmitoylated by APT2 especially
for phosphorylated STAT3 (pSTAT3). To visualize the palmitoylation level of STAT3,
HEK 293T cells were co-transfected with Flag-tagged STAT3 and HA-tagged DHHC7
to increase STAT3 palmitoylation. The cells were treated with different APT2 inhibitors
and incubated with alkyne-14 (Alk14), which allowed for later fluorescent detection of
STATS3 palmitoylation with click chemistry.

Since only STAT3 and DHHC7 were expressed, this method allowed us to inhibit the
endogenous APT2. The overall increase of the palmitoylated STAT3 signal was not
dramatic, partially because APT2 prefers to depalmitoylate pSTAT3. With a fixed 16-
hour treatment of the inhibitors, we compared KW5116 and KW5129 to ML349. By

quantification, 50 uM of ML349 slightly increased the palmitoylation signal of STAT3.
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At the same concentration, KW5116 and KW5129 were more potent (Figure 2.5). In
addition, we observed a significant increase of palmitoylated STAT3 with only 25 uM
of KW5116 and KW5129. Overall, KW5129 and KW5116 showed similar effects, and

both appeared to be stronger than ML349 at increasing STAT3 palmitoylation.
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Figure 2.5. KW5116 and KW5129 increased STAT3 palmitoylation in cells. HEK
293T cells expressing flag-tagged STAT3 and HA-tagged DHHC7 were treated with
APT2 inhibitors, and metabolically labeled with Alk14 for 6 hours. After obtaining the
cell lysate, STAT3 was immunoprecipitated and fluorescently labeled via click
chemistry to detect its acylation level. The acylation level was normalized by the protein
level as measured by coomassie brilliant blue (CBB) staining.

KW5129 reduces the symptoms of colitis in mice

We then tested the ability of KW5116 and KW5129 to alleviate the symptoms of IBD
in mice. The mice were grouped by sex and supplied with dextran sodium sulfate (DSS)
in their drinking water to induce colitis. Simultaneously, they were treated with APT2
inhibitors (50 mg/kg) by intraperitoneal injection for 11 days after which the colons

were removed and measured. Before testing the compounds in the DSS model, we first

carried out an initial toxicity assessment of KW5116 and KW5129. While KW5129 is
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well tolerated at 50mg/kg daily injection, KW5116 appears to be toxic. This could be
due to KW5116 reacting with off target proteins as was seen with the ABPP experiments

(Figure 2.6). Thus, in the DSS model, we only compared KW5129 to ML349.

+APT2 KW5116

[Inhibitor] (uM) 270 90 30 10

Figure 2.6. TAMRA-FP ABPP with KW5116. Significant fluorescent intensity is lost
in bands not corresponding to APT2.

In all cases, treatment with ML349 or KW5129 showed a significant increase in the
lengths of the colons compared to the control groups (Figure 2.7 A). However, while
KW5129 appeared to be slightly better than ML349, there was no statistically
significant difference between the groups treated with ML349 and KW5129. Female
groups responded better to treatment than did the male groups. Body weight loss was
less severe in females treated with ML349 and KW5129 and the colons were an average
of 1.4 cm longer than the control group. In contrast, the colon length difference was
only ~ 0.5 cm and there was no statistically significant difference in body weight in the

male mice (Figure 2.7 B). The results indicate that KW5129 is at least as effective at
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attenuating the symptoms of colitis in mice as ML349 which has been previously shown

to treat DSS included colitis in mice 8.
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Figure 2.7. DSS mouse colitis model experiment  with ML349 and KW5129.
Groups of female (A) (** P value = .0022), and male (B) (* P value = 0.166) mice were
treated with 2.5% DSS in their drinking water and injected with ML349 or KW5129
starting on the same day as DSS treatment started. Body weights were tracked
throughout the experiment. After sacrificing the mice, their colons were removed and
measured.

In summary, our study further confirmed the previous finding that APT2 inhibitors have
the potential to function as IBD therapeutics. We synthesized 15 new compounds based
on the APT2 inhibitor ML349 and their potency was tested in vitro. From these, we
selected KW5116 and KW5129 as our lead compounds based on their 1Cso values.
Competitive ABPP showed KW5116 and KW5129 to be a covalent and a noncovalent
inhibitor, respectively, and can inhibit APT2 more potently than ML349. Experiments

in HEK 293T cells showed a better increase of STAT3 palmitoylation level compared
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to ML349. In mouse studies, the covalent inhibitor KW5116 appears to be toxic, likely
because it targets proteins other than APT1/APT2, while KW5129 is well tolerated. In
the DSS-induced colitis mouse model, treatment with ML349 or KW5129 resulted in a
reduction in colon shrinkage indicating a reduction in colitis symptoms. We have
therefore demonstrated that our new APT2 inhibitor KW5129 is more potent in vitro
than ML349 and that KW5129 also inhibits STAT3 depalmitoylation and alleviates
symptoms of colitis in mice.

Our results highlight several interesting issues. First, the selectivity between APT1 and
APT2 can be affected by very small changes in the inhibitor structure. Even though we
started with the APT2-selective inhibitor ML349, many of the changes to the inhibitor
structure led to dual inhibitors instead of APT2 selective inhibitors. Thus, future
investigations are warranted to understand how the selectivity is determined. Second,
our studies identified several warhead structures (boronic acid and phosphonate), which
are different from the original sulfone group that interacts with the catalytic serine
residue. These findings will be very helpful for future APT1/APT2 inhibitor
development. On the therapeutic front, our studies suggest that a dual APT1/APT2
inhibitor KW5129 is well tolerated and did not cause obvious toxicity, which is similar
to the APT2-selective inhibitor ML349. Furthermore, our studies here underscore the
potential for the use of APT2 inhibitors as IBD therapeutics. The results also hint that
sex may affect how well the mice respond to treatment with APT2 inhibitors though

more experiments are required to validate this observation.

Materials and Methods
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General methods

All solvents and reagents were purchased from commercial vendors as analytical grade
or higher purity. Flash chromatography was done using SiliaFlash Irregular Silica Gel,
P60, 40 — 63 um, 60 A. NMR spectra were collected at the Cornell NMR Facility using
a Brucker 500 spectrometer. HRMS data was collected at the Cornell Chemistry Mass
Spectrometry Facility using a Thermo Exactive Orbitrap ESI mass spectrometer. For in
vitro ICso assays, a Cytation 5 cell imaging multi-mode reader was used to monitor the
fluorescent intensities with excitation and emission wavelengths set to 535 nm and 590
nm respectively. ActivX TAMRA-FP serine hydrolase probe was purchased from
Thermo Fisher Scientific (catalog number 88318). PD-10 Columns prepacked with

Sephadex G-25 M for gel filtration assays were purchased from Cytiva.

Cell culture and transfections.

HEK 293T cells were cultured in Dulbecco's Modified Eagle Medium (DMEM)
supplemented with 10% fetal bovine serum (FBS) and kept in an incubator set to 37°C
with 5% CO>. To express ZDHHC7 and STAT3, plasmids with the corresponding gene
inserts were transfected into 293T cells using polyethylenimine (PEI) (24765,
Polysciences) according to the manufacturer’s protocol. Flag immunoprecipitation was
done with Anti-Flag M2 affinity gel (Millipore Sigma) according to the manufacturer’s

protocol.

Expression and purification of APT1 and APT2

Human APT1 and APT2 containing a C-terminal 6xHis tag in pQE60 vector were
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transformed into BL21(DE3) chemically competent E. coli. Typically, 6-8 L of LB
broth with 100 pg/mL Ampicillin was inoculated with an overnight starter grown at
30°C. Cultures were grown at 30°C for ~4 hours until the ODeoo reached 0.6-0.8, then
induced with 1 mM IPTG and incubated at 18° C overnight to allow protein expression.
Cells were harvested by centrifugation at 6000 g. Cell pellets were frozen at -80°C or
immediately used for purification. Pellets were resuspended in lysis buffer (50 mM
phosphate buffer, pH 8.0, 100 mM NacCl, 10% glycerol, 0.5 mg/mL lysozyme, 100 uM
leupeptin, and Pierce universal nuclease). Following a 30 min incubation, cells were
sonicated on ice with an ultrasonic liquid processor (Fisherbrand Sonic Dismembrator,
FB-505 equipped with a 0.5-inch diameter probe, FB4220) for 4 min total at 60%
amplitude. Lysate was clarified by centrifugation at 4°C and 30,000 g for 35 min.
Clarified lysate was incubated with Ni-NTA resin, washed with 50 mL of wash buffer
(50 mM phosphate buffer, pH 8.0, 100 mM NaCl, 10% glycerol, 10 mM imidazole),
and eluted in 2 mL of elution buffers containing a 30 — 500 mM imidazole. Fractions
containing APT1 or APT2 were pooled, concentrated to 3 mL, and desalted using an
Econo-Pac 10DG desalting column equilibrated in the final protein storage buffer (50
mM phosphate buffer pH 8.0, 100 mM NaCl, 10% glycerol). The protein was aliquoted,

flash-frozen in liquid nitrogen, and stored at -80°C for future use.

APT1 and APT2 enzymatic assays
This protocol was adapted from a previous paper'8. Reaction buffer (1X PBS, 0.01%
pluronic) was prepared and adjusted to pH 6.5 with HCI. Compounds were dissolved in

DMSO to 10 different concentrations, with each being 48.4x of the final concentration
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to be used in the enzymatic assay. Purified APT1 or APT2 was diluted in reaction buffer
(450 pL) to give 10.8 nM solution. The inhibitor solution (10 puL) was added and
incubated at room temperature for 15 min. During the incubation period, a resorufin
acetate solution (5 pL, 1 mM in DMSO) was added to wells of a black, flat bottom 96
well plate. Then the enzyme solution (95 uL.) was added to each well and the fluorescent
intensity of each well was recorded (ex. = 571 nm, em. = 584 nm) at 70 sec. intervals
for 30 min. Three biological replicates were performed for each concentration.
Fluorescent intensities were plotted against time to calculate vo which was then plotted
against concentration using GraphPad Prism to calculate 1Cso values for each

compound.

Gel Filtration Assay to identify covalent inhibitors

This assay was adapted from a previous paper*®. A cell lysate was made from 293T cells
transfected to express APT2. This solution was diluted in 1x PBS to give 2 mL of a 1
mg/mL solution. A 50x solution of the inhibitor in DMSO was made, added to the
protein solution, and incubated at 37 °C for 30 min. An aliquot (60 pL) was taken, and
the remaining sample was loaded onto a Sephadex G-25m column and eluted with PBS
(2.5 mL). This process was repeated two more times. The protein concentration of each
aliquot was calculated by a BCA assay and adjusted to equalize the protein
concentration. 25 pL of each aliquot was taken, combined with an ActivX TAMRA-FP
solution (0.5 pL, 250 uM in DMSO) and incubated at room temperature for 30 min.
Samples were quenched with 6x loading dye then run on a 12% polyacrylamide gel.

Gels was imaged with a Typhoon 7000 variable mode imager to determine the
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fluorescent intensity of the APT2 bands (~ 25 kDa).

Competitive in vitro ABPP assay

A cell lysate (0.5 mg/ml) was spiked with purified APT1 or APT2 and 25 pL aliquots
were taken. The indicated concentrations of the inhibitor (1 pL of a 25x stock) were
added to each aliquot and incubated at room temperature for 15 min. ActivX TAMRA-
FP (0.5 pL of a 50x stock) was added and the samples were incubated at room
temperature for 30 min. The reaction was quenched with 6x loading dye and the
resulting samples were run on a 12% polyacrylamide gel. The fluorescent intensities of
the APT1 or APT2 bands were then examined (550 nm ex., 570 nm em. filter) with a

Typhoon 7000 variable mode imager.

Detection of STAT3 palmitoylation in cells

HEK 293T cells were transfected with STAT3-Flag and ZDHHC7-HA plasmids for 36
h, and were treated with 25 uM ML349, KW5116, KW5129 for 16 h and 50 uM Alk14
(hexadec-15-ynoic acid) for 6 h before collecting. Cells were collected and lysed in the
1% NP-40 lysis buffer (25 mM Tris-HCI pH 8.0, 10% glycerol, 150 mM NaCl, 1%
Nonidet P-40) with protease inhibitor cocktail (P8340, Sigma). STAT3-Flag was
purified by anti-Flag agarose beads. Click chemistry was done by adding a mixture of
50 pL IP wash buffer (25 mM Tris-HCI pH 8.0, 150 mM NaCl, 0.2% Nonidet P-40), 3
uL of 2 mM TAMRA-azide (#47130, Lumiprobe), 3.6 uLL of 10 mM tris[(1-benzyl-1H-
1,2,3-triazol-4-yl)methyl]Jamine (TBTA), 3 uL of 40 mM CuSOg, 3 pL of 40 mM tris(2-

carboxyethyl)phosphine HCI (TCEP hydrochloride) to each sample. The mixtures were

36



mixed by vortex and incubated in the dark at room temperature for 30 min. To each
reaction mixture, 20 pL of 6x loading buffer was added and the mixture was boiled at
95 °C for 10 min to denature. The mixture was then separated by SDS-PAGE gel. The
gel was scanned by the Typhoon 7000 Variable Mode Imager to visualize the fatty
acylation of STAT3 and was stained with Coomassie Brilliant Blue (B7920, Sigma) to
confirm protein loading. Relative fluorescent/protein quantification was done by

ImageJ.

Mouse studies

Experiments using live mice were conducted with approval of the Cornell Institutional
Animal Care and Use Committee (IACUC) and complied with the laws, policies, and
animal care and use procedures that govern the use of live vertebrates in research. 10-
week-old C57BL/6J mice (5 males or 5 females per group) were treated with 2.5% DSS
in their drinking water for 8 days. On the same day as DSS treatment was started, the
mice were injected interperitoneally with a 50 mg/kg does of compound. Injections
continued every other day for 11 days. On day 12 the mice were sacrificed, and the
colons were removed and measured. Body weights and the health of the mice were

tracked throughout the experiment.

Synthetic Methods
Procedure 1, Amide couplings. The corresponding carboxylic acid (1 eq.) and amine
(1 eq.) starting materials were dissolved in DCM. 1-ethyl-3-(3-dimethylaminopropyl)

carbodiimide (EDC, 3 eq.) was added to the solution followed by 4-
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dimethylaminopyridine (DMAP, 0.11 eq.). The solution was stirred at room temperature
for 16 h then washed with HCI (0.1 M), water, and brine. The organic layer was then
dried over anhydrous sodium sulfate and concentrated under reduced pressure. The

resulting crude product was purified by flash chromatography to give the final product.

Procedure 2, Suzuki couplings. An aryl halide (1 eq.), 2-bromophenyl boronic acid (1
eq.), and Pd (PPhs)s (0.04 eq) were combined in a in a screw cap vial which was
degassed and charged with N». 1,4-Dioxane was added to the vial. In a separate vial,
sodium carbonate (3 eq.) was dissolved in water (0.25 volume eq. of the dioxane). The
water solution was degassed, charged with N2, and added to the first vial. The mixture
was then stirred at 100 °C. When the aryl halide starting material was completely
consumed as determined by liquid chromatography-mass spectrometry (LC-MS), the
reaction mixture was cooled to room temperature. Dioxane was removed under reduced
pressure. The resulting crude was diluted with water and extracted three times with an
equal volume of DCM. The organic layers were pooled and dried over sodium sulfate.
Solvent was removed under reduced pressure to give the second crude material which

was purified by flash chromatography to give the final product.

Procedure 3, Borylations. An aryl halide (1 eq.), bis boronic acid (3 eg.), XPhos-Pd-
G2 (0.01 eq.), XPhos (0.02 eq.) and KOACc (3 eg.) were combined in a screw cap vial,
degassed, and charged with N». Ethanol was added to the vial. The mixture was heated
to 80 °C. LC-MS was used to monitor the reaction progress. When the aryl halide had

been completely consumed, the reaction mixture was cooled to room temperature and
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the solvent was removed under reduced pressure. The crude product was taken up in
water then extracted three times with an equal volume of DCM. The organic layers were
collected, pooled, and dried over sodium sulfate. The solvent was removed under
reduced pressure to yield the second crude which was purified by flash chromatography

to give the final product.

HN N-—< :}—02 : n
__/
S1 n=2
S2 n=5

1-(4-Propoxyphenyl)piperazine (S1) & 1-(4-(hexyloxy)phenyl)piperazine (S2).
Tert-butyl 4-(4-hydroxyphenyl) piperazine-1-carboxylate (1 eq.) and the corresponding
bromoalkane (3 eq.) were dissolved in acetone. Potassium carbonate (1.5 eq.) was then
added, and the mixture was heated to reflux and stirred for 16 h. Solvent was removed
under reduced pressure and the residue was taken up into DCM and washed with 1 M
aqueous NaOH, water, and brine. The organic layer was dried over sodium sulfate and
concentrated under reduced pressure. The resulting solid was dissolved in DCM to
which was added trifluoracetic acid (TFA, 0.4 eqg. by volume of DCM). This solution
was stirred at room temperature for 2 h. Solvent was removed under reduced pressure
and the crude product was dissolved in DCM, washed with 1 M sodium carbonate,
water, and brine. The organic layer was dried over sodium sulfate and concentrated
under reduced pressure. The crude product was purified by flash chromatography to

give compounds S1 and S2 (58% and 50% vyield, respectively).

39



Cl

COy
S

S3

4-Chloro-2H-thiochromene-3-carbaldehyde (S3). POCIs (0.57 mL, 6.1 mmol) was
added dropwise to DMF (6 mL). The solution was chilled to 0 °C and thiochroman-4-
one (1 g, 6.1 mmol) was added drop wise. The solution was warmed to room
temperature and stirred for 16 h. The solution was poured into ice cold water (100 mL)
to quench the reaction. This solution was extracted 3 times with DCM (100 mL each).
The organic layers were pooled and dried over sodium sulfate. Solvent was removed
under reduced pressure and the resulting product was taken to the next step without

further purification (1.1 g, 82% yield).
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Ethyl 4H-thieno[3,2-c]thiochromene-2-carboxylate (S4). Sodium metal (0.16 g, 6.9
mmol) was slowly added to EtOH (20 mL) and dissolved completely before chilling the
solution to 0 °C. Ethyl thioglycolate (0.28 mL, 6.6 mmol) was added dropwise followed
by compound S3 (1.1g, 5.0 mmol). The solution was warmed to room temperature while
stirring for 16 h. The solution was then heated to 70 °C for 2 h. The solvent was removed

under reduced pressure and the resulting crude was dissolved in EtOAc (50 mL), washed
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with water and brine (50 mL each), and dried over sodium sulfate. The second crude
product was concentrated under reduced pressure and purified by flash chromatography

. exane:.Et c) to obtain compoun . g, o yIeld).
(6:1h EtOAC) to obtai d S4 (0.85 g, 60% yield)

(@] Vo
(0]
P\
X
||\\O
S5

Ethyl 4H-thieno[3,2-c]thiochromene-2-carboxylate 5,5-dioxide (S5). Compound S4
(2.4 g, 8.8 mmol) was dissolved in acetic acid (24 mL) and heated to 60 °C. NaBO3
-4H,0 (6.8 g, 44 mmol) was added slowly. The solution was stirred at 60 °C for 5 h.
The solution was cooled to room temperature, and solvent was removed under reduced
pressure. The residue was washed with water and dried to obtain compound S5 which

was taken to the next step without further purification (1.8 g, 65% yield)

OH

4H-Thieno[3,2-c]thiochromene-2-carboxylic acid 5,5-dioxide (S6). To a solution of
compound S5 (1.2 g, 3.9 mmol) in THF (30 mL) was added water (10 mL) and NaOH

(1.2 g, 29 mmol). The resulting solution was heated to 80 °C and stirred for 3 h. THF
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was removed under reduced pressure and the aqueous solution was acidified with 6 M
HCI (7 mL). The precipitated solid was collected by vacuum filtration and air dried to

obtain compound S6 (1.1 g, 99% yield).

OO,

MY1 n=2
H\\O MY2 n=5

(5,5-Dioxido-4H-thieno[3,2-c]thiochromen-2-yl)(4-(4-propoxyphenyl)piperazin-1-
yl)methanone (MY1) & (5,5-dioxido-4H-thieno[3,2-c]thiochromen-2-yl)(4-(4-
(hexyloxy)phenyl)piperazin-1-yl)methanone (MY2). MY1 and MY2 were
synthesized from S6 and S1 and S2 respectively by procedure 1 (52% and 86% vyield
respectively). (MY1) 1H NMR (500 MHz, CDCI3) § 8.05 (dd, J = 7.8, 1.3 Hz, 1H),
7.71 - 7.60 (m, 2H), 7.54 (td, J = 7.5, 1.3 Hz, 1H), 7.21 (s, 1H), 6.94 — 6.88 (m, 2H),
6.88 — 6.84 (M, 2H), 4.44 (s, 2H), 3.95 — 3.91 (m, 4H), 3.88 (t, J = 6.6 Hz, 2H), 3.18 —
3.04 (m, 4H), 1.87 — 1.71 (m, 2H), 1.03 (t, = 7.4 Hz, 3H). 3C NMR (126 MHz, CDCl5)
o 162.16, 154.17, 144.89, 137.41, 136.23, 133.98, 133.62, 130.10, 129.82, 129.27,
127.85, 125.87, 124.29, 119.06, 115.30, 69.93, 51.27, 51.22, 22.67, 10.55. HRMS (ESI)
calc. for [M+H]* CasH27N204S; 483.14068, obs. 483.41061. (MY2) *H NMR (500
MHz, CDCls) & 8.06 (dd, J = 7.8, 1.2 Hz, 1H), 7.66 (ddd, J = 18.3, 7.7, 1.3 Hz, 2H),
7.55 (td, J = 7.5, 1.4 Hz, 1H), 7.24 (s, 1H), 6.96 — 6.90 (m, 2H), 6.90 — 6.85 (m, 2H),
4.46 (s, 2H), 3.94 (td, J = 6.7, 5.9, 2.7 Hz, 6H), 3.19 — 3.09 (m, 4H), 1.84 — 1.71 (m,

2H), 1.47 (ddd, J = 8.2, 5.3, 2.7 Hz, 2H), 1.35 (ddd, J = 7.2, 4.6, 3.3 Hz, 4H), 0.96 —
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0.87 (m, 3H). °C NMR (126 MHz, CDCls) § 162.1, 154.2, 144.9, 137.4, 136.2, 134.0,
133.6, 130.1, 130.0, 129.3, 127.9, 125.9, 124.3, 119.0, 115.3, 68.4, 51.2, 51.2, 31.6,

29.3, 25.8, 22.6, 14.1. HRMS (ESI) calc. for [M+H]" C2sH33sN204S> 525.18763, obs.

525.18730.
(@)
NH
A\ \
AN
MY3

N-Propyl-4H-thieno[3,2-c]thiochromene-2-carboxamide 5,5-dioxide (MY3). MY3
was synthesized from propylamine and S6 by procedure 1 (70% yield). *H NMR (500
MHz, DMSO) & 8.72 (t, J = 5.7 Hz, 1H), 7.96 (dd, J = 7.6, 1.1 Hz, 1H), 7.83 —7.78 (m,
2H), 7.77 (s, 1H), 7.65 (ddd, J = 8.5, 6.8, 2.0 Hz, 1H), 4.94 (s, 2H), 3.27 — 3.19 (m, 2H),
1.54 (9, J = 7.2 Hz, 2H), 0.90 (t, J = 7.4 Hz, 3H). ¥C NMR (126 MHz, DMSO) § 160.7,
140.6, 135.9, 134.7, 134.2, 130.8, 130.3, 129.9, 129.7, 126.5, 123.8, 50.9, 41.5, 22.8,

11.9. HRMS (ESI) calc. for [M+H]* C1sH26NOsS; 322.05661, obs. 322.05640.

J_/_/
HN N
__/
S7

1-hexylpiperazine (S7). A solution of piperazine (1.2 g, 14 mmol) and 1-bromohexane

(0.50 mL, 3.6 mmol) in EtOH (30 mL) was heated to reflux for 16 h. Solvent was
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removed under reduced pressure. The residue was re-dissolved in DCM (50 mL) and
washed with saturated aqueous sodium bicarbonate and brine (50 mL each). The organic
layer was dried over sodium sulfate and concentrated under reduced pressure. Crude
material was purified by flash chromatography to give compound S7 (0.51 g, 85%

yield).

O / \
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(5,5-dioxido-4H-thieno[3,2-c]thiochromen-2-yl)(4-hexylpiperazin-1-yl)methanone
(MY4). MY4 was synthesized from S6 and S7 by procedure 1 (82% vyield). *H NMR
(500 MHz, CDCls) & 8.04 (dd, J = 7.9, 1.3 Hz, 1H), 7.66 (dd, J = 7.4, 1.3 Hz, 1H), 7.62
(dd, 3 =7.9, 1.3 Hz, 1H), 7.54 (td, J = 7.5, 1.3 Hz, 1H), 7.18 (s, 1H), 4.44 (s, 2H), 3.79
(t, J = 5.0 Hz, 4H), 2.50 (t, J = 4.9 Hz, 4H), 2.44 — 2.31 (m, 2H), 1.51 (t, J = 7.5 Hz,
2H), 1.40 — 1.21 (m, 6H), 0.96 — 0.83 (m, 3H). 3C NMR (126 MHz, CDCl3) & 162.0,
137.6, 136.0, 133.9, 133.6, 130.1, 129.7, 129.2, 127.8, 125.8, 124.2, 58.6, 53.2, 51.2,
31.8, 27.2, 26.7, 22.6, 14.1. HRMS (ESI) calc. for [M+H]* C22H29N203S; 433.16141,

obs. 433.16133

44



NH
P
X
||\\O
MY5

N-(p-tolyl)-4H-thieno[3,2-c]thiochromene-2-carboxamide 5,5-dioxide (5). MY5
was synthesized from p-toluidine hydrochloride and S6 by procedure 1 (91% yield). 'H
NMR (500 MHz, DMSO) & 10.41 (s, 1H), 8.03 (s, 1H), 7.98 (dd, J = 7.9, 1.2 Hz, 1H),
7.86 (dd, J = 7.9, 1.2 Hz, 1H), 7.81 (td, J = 7.6, 1.3 Hz, 1H), 7.67 (td, J = 7.6, 1.3 Hz,
1H), 7.64 — 7.60 (m, 2H), 7.18 (d, J = 8.2 Hz, 2H), 5.00 (s, 2H), 2.29 (s, 3H). 3.C NMR
(126 MHz, DMSO) & 159.4, 140.5, 136.9, 136.4, 134.7, 134.3, 133.6, 130.9, 130.7,
130.1, 129.6, 126.6, 123.8, 120.8, 50.9, 21.0. HRMS (ESI) calc. for [M+H]*

C19H15NO3S, 370.05661, obs. 370.05646

1\

0O
N-(4-octylphenyl)-4H-thieno[3,2-c]thiochromene-2-carboxamide 5,5-dioxide
(MY6). MY6 was synthesized from 4-octylaniline and compound S6 by procedure 1
(85% yield). *H NMR (500 MHz, CDCl3) & 8.23 (s, 1H), 7.97 (dd, J = 7.7, 1.2 Hz, 1H),
7.53 —7.45 (m, 2H), 7.45 — 7.37 (m, 4H), 7.08 — 7.02 (m, 2H), 4.34 (s, 2H), 2.54 (dd, J

= 8.8, 6.7 Hz, 2H), 1.56 (d, J = 7.2 Hz, 2H), 1.36 — 1.20 (m, 10H), 0.89 (t, J = 6.9 Hz,
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3H). 3C NMR (126 MHz, CDCls) & 158.8, 140.2, 139.5, 137.9, 134.9, 134.1, 133.0,
130.0, 129.3, 128.8, 128.6, 128.2, 126.1, 124.1, 120.1, 51.2, 35.4, 31.9, 31.6, 29.5, 29.4,

29.3, 22.7, 14.2. HRMS (ESI) calc. for [M+H]" C2sH30NOsS, 468.16616, obs.

468.16606.
O /\/\/\/\
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N-octyl-4H-thieno[3,2-c]thiochromene-2-carboxamide 5,5-dioxide (MY7). MY7
was synthesized from octylamine and compound S6 by procedure 1 (77% yield). H
NMR (500 MHz, CDCl3)  8.04 (dd, J = 7.8, 1.3 Hz, 1H), 7.70 — 7.61 (m, 2H), 7.54 (td,
J=75,1.4Hz, 1H), 7.34 (s, 1H), 6.09 (dt, J = 11.5, 6.0 Hz, 1H), 4.42 (s, 2H), 3.40 (td,
J=7.2,5.8Hz, 2H), 1.64 — 1.51 (m, 3H), 1.40 — 1.19 (m, 12H), 0.88 (t, J = 6.8 Hz, 3H).
13C NMR (126 MHz, CDCls) § 160.7, 139.6, 137.1, 134.0, 133.7, 130.3, 129.3, 128.4,
128.3, 125.9, 124.3, 51.3, 40.3, 31.8, 29.6, 29.3, 29.2, 27.0, 22.7, 14.1. HRMS (ESI)

calc. for [M+H]" C20H26NO3S, 392.13486, obs. 392.13462.
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Ethyl 4H-thieno[3,2-c]thiochromene-2-carboxylate 5-oxide (S8). To a solution of
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compound S4 (1.0 g, 3.6 mmol) in DCM (40 mL) was added meta-chloroperoxybenzoic
acid (m-CPBA, 0.81 g, 3.6 mmol). The reaction mixture was stirred at room temperature
for 1 h then washed twice with saturated aqueous sodium bicarbonate and brine (15 mL
each). The organic layer was dried over sodium sulfate and concentrated under reduced
pressure. Crude product was purified by flash chromatography (1:1 — 5:6

hexane:EtOAC) to give compound S8 (78% yield).
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4H-Thieno[3,2-c]thiochromene-2-carboxylic acid 5-oxide (S9). Compound S8 (0.20
g, 0.68 mmol) was dissolved in MeOH (7 mL) and 1 M aqueous NaOH (3 mL) was
added. The mixture was stirred at room temperature for 2 h then heated to 60 °C for 1
h. MeOH was removed under reduced pressure and the crude material was diluted with
water (5 mL). The solution was acidified with 6 M HCI (1 mL) and the resulting

precipitate was collected by vacuum filtration to give compound S9 (0.18 g, 99% yield).
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(4-(4-Methoxyphenyl)piperazin-1-yl)(5-oxido-4H-thieno[3,2-c]thiochromen-2-
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yl)methanone (MY8). MY8 was synthesized from 1-(4-methoxypheneyl)piperazine
and compound S9 by procedure 1 (43% yield). *H NMR (500 MHz, CDCls) & 7.88 (dd,
J=176, 1.3 Hz, 1H), 7.67 — 7.59 (m, 2H), 7.52 (td, J = 7.4, 1.6 Hz, 1H), 7.28 (s, 1H),
6.97 — 6.92 (m, 2H), 6.91 — 6.86 (m, 2H), 4.49 (d, J = 15.3 Hz, 1H), 4.00 — 3.92 (m,
5H), 3.80 (s, 3H), 3.14 (t, J = 5.1 Hz, 4H). 3C NMR (126 MHz, CDCls) 5 162.5, 154.6,
145.1,137.9,136.9, 135.3, 133.1, 130.8, 129.4, 129.3, 128.1, 125.6, 125.5, 119.0, 114.6,
55.6, 51.2, 47.4. HRMS (ESI) calc. for [M+H]* CasH23sN20sS; 439.11446, obs.

439.11415.

1-chloro-3,4-dihydro-2-naphthaldehyde (S10). POCIs (0.67 mL, 7.3 mmol) was
added dropwise to DMF (6 mL). The solution was chilled to 0 °C and alpha tetralone
(0.91 mL, 6.8 mmol) was added drop wise. The solution was warmed to room
temperature then heated to 80 °C for 1.5 h. Heating was removed and the solution was
cooled to room temperature then poured slowly into 1 M aqueous sodium acetate (50
mL) to quench the reaction. This solution was extracted 3 times with DCM (50 mL
each). The organic layers were pooled and dried over sodium sulfate. The solvent was
removed under reduced pressure and the resulting product was taken to the next step

without further purification.
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S11

Ethyl 4,5-dihydronaphtho[1,2-b]thiophene-2-carboxylate (S11). Sodium metal
(0.20 g, 8.7 mmol) was slowly added to ethanol (20 mL) and dissolved completely
before chilling the solution to 0 °C. Ethyl thioglycolate (0.83 mL, 7.5 mmol) was added
dropwise followed by compound S10 from the previous reaction. The solution was
warmed to room temperature while stirring for 16 h. The solution was then heated to 70
°C for 2 h. Solvent was removed under reduced pressure after cooling and the resulting
crude was dissolved in DCM (15 mL), washed with water and brine (15 mL each), and
dried over sodium sulfate. The second crude product was concentrated under reduced
pressure and purified by flash chromatography (hexane — 3:2 hexane:DCM) to give
compound S11 (1.0 g, 3.9 mmol, 57% yield over two steps). *H NMR (500 MHz,
CDCls) & 7.62 (s, 1H), 7.45 (dt, J = 6.1, 1.7 Hz, 1H), 7.29 — 7.22 (m, 3H), 4.39 (q, J =
7.1 Hz, 2H), 2.99 (dd, J = 8.8, 6.5 Hz, 2H), 2.86 (dd, J = 8.6, 6.3 Hz, 2H), 1.42 (t, J =
7.2 Hz, 3H). *C NMR (126 MHz, CDCls) & 162.5, 143.1, 137.7, 135.4, 133.6, 130.7,

130.5, 128.3, 128.3, 127.2, 123.6, 61.1, 28.9, 23.8, 14.4.

(0] S
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Ethyl naphtho[1,2-b]thiophene-2-carboxylate (S12). Compound S11 (1.0 g, 3.9
mmol), N-bromosuccinimide (NBS, 0.69 g, 3.9 mmol) and benzoyl peroxide (BPO, 1.0
mg, 0.041 mmol) were dissolved in CCls (30 mL) and heated to reflux for 2 h.
Additional NBS and BPO (0.69 g, 3.9 mmol and 1.0 mg, 0.041 mmol respectively) were
added and the mixture refluxed again for 2 h. The mixture was cooled, and vacuum
filtered to remove suspended solids. The filtrate was concentrated under reduced
pressure and the crude material was purified by flash chromatography (hexane — 3:17
EtOAc:hexane) to give compound S12 (0.88 g, 3.4 mmol, 89% yield). *H NMR (500
MHz, CDCls) § 8.21 — 8.10 (m, 2H), 7.92 (dd, J = 6.1, 3.7 Hz, 1H), 7.80 (dd, J = 8.7,
2.3 Hz, 1H), 7.74 (dd, J = 8.8, 2.2 Hz, 1H), 7.60 (qd, J = 7.2, 4.9 Hz, 2H), 4.52 — 4.40
(m, 2H), 1.48 (t, J = 7.2 Hz, 3H). 13C NMR (126 MHz, CDCl3) 5 162.8, 141.2, 136.6,

132.6, 131.8, 131.3, 128.9, 128.7, 127.0, 127.0, 126.2, 123.9, 122.7, 61.6, 14.4.

@) Vo
(0]
P
S13 Br

Ethyl 5-bromonaphtho[1,2-b]thiophene-2-carboxylate (S13). Compound S12 (0.88
g, 3.4 mmol) was dissolved in the acetic acid (17 mL) and bromine was added (0.2 mL,
3.9 mmol). The solution was heated to reflux for 4 h. After cooling to room temperature,
the liquid was poured into water (100 mL) and extracted three times with EtOAc (100
mL each). The organic fractions were pooled, dried over anhydrous sodium sulfate, and

concentrated under reduced pressure. The crude product was purified by flash
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chromatography (hexane — 2:3 DCM:hexane) to give compound S13 (0.52 g, 1.6
mmol, 47% yield). *H NMR (500 MHz, CDCls) & 8.37 (dd, J = 8.3, 1.4 Hz, 1H), 8.21
—8.12 (m, 2H), 8.09 (s, 1H), 7.75 — 7.65 (m, 2H), 4.47 (q, J = 7.1 Hz, 2H), 1.47 (t, J =
7.1 Hz, 3H). ®°C NMR (126 MHz, CDCls) § 162.4, 140.8, 136.7, 133.5, 130.2, 130.0,

129.3, 128.6, 128.1, 128.0, 126.4, 124.3, 120.8, 61.8, 14.4.

S14 bBr

5-Bromonaphtho[1,2-b]thiophene-2-carboxylic acid (S14). Compound S13 (0.52 g,
1.6 mmol) was dissolved in tetrahydrofuran (THF, 7 mL) to which was added a 2 M
aqueous NaOH (7 mL). The mixture was heated to reflux for 16 h. After cooling, THF
was removed under reduced pressure. The remaining aqueous solution was acidified
with 6 M HCI (5 mL). The precipitated compound S15 was collected by vacuum
filtration and taken to the next step without further purification (0.46 g, 1.5 mmol, 94%
yield). 'H NMR (500 MHz, DMSO) § 13.63 (s, 1H), 8.45 — 8.40 (m, 1H), 8.30 — 8.23
(m, 2H), 8.23 — 8.19 (m, 1H), 7.83 — 7.75 (m, 2H). 3C NMR (126 MHz, DMSO) &

163.5,140.3,137.4,135.2,131.0, 129.5,129.2,129.1, 129.0, 128.3, 127.3, 125.0, 120.2.
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(5-Bromonaphtho[1,2-b]thiophen-2-yl)(4-(4-methoxyphenyl)piperazin-1-
yl)methanone (S15). Compound S15 was synthesized from compound S14 and 1-(4-
methoxypheneyl)piperazine by procedure 1 (47% yield). *H NMR (500 MHz, CDCls)
§ 8.43 — 8.33 (m, 1H), 8.16 — 8.11 (m, 2H), 7.73 — 7.65 (m, 2H), 7.60 (s, 1H), 6.99 —
6.94 (m, 2H), 6.91 — 6.87 (m, 2H), 4.07 — 3.95 (m, 4H), 3.81 (s, 3H), 3.18 (t, J = 5.1 Hz,
4H). 3C NMR (126 MHz, CDCls) & 163.3, 154.6, 145.1, 138.4, 136.5, 136.5, 129.6,

129.6, 128.6, 127.9, 127.7, 126.0, 125.6, 124.2, 120.7, 119.1, 114.6, 55.6, 53.5, 51.3.
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Diethyl (2-(4-(4-methoxyphenyl)piperazine-1-carbonyl)naphtho[1,2-b]thiophen-5-
yl)phosphonate (KW5108). Compound S15 (0.51 g, 1.1 mmol), diethyl phosphonate
(0.20 mL, 1.5 mmol), N,N-diisopropylethylamine (DIPEA, 0.36 mL, 2 mmol),
Pd(OAc)2 (11 mg, 0.049 mmol) and triphenyl phosphine (33 mg, 0.13 mmol) were
combined in ethanol (44 mL). The mixture was heated to reflux for 16 h. The reaction

was cooled, and the solvent was removed under reduced pressure. The crude material

was purified by flash chromatography (1:1 EtOAC:hexane, then 3:97 methanol:DCM)
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to give KW5108 ( 0.534 g, 0.99 mmol, 93% yield). *H NMR (500 MHz, CDCl3) & 8.66
(d, J = 17.1 Hz, 1H), 8.62 — 8.58 (m, 1H), 8.21 (dt, J = 7.1, 2.4 Hz, 1H), 7.71 (s, 1H),
7.70 — 7.66 (m, 2H), 6.99 — 6.93 (m, 2H), 6.92 — 6.86 (m, 2H), 4.26 (dp, J = 10.2, 7.2
Hz, 2H), 4.12 (ddq, J = 10.1, 8.3, 7.1 Hz, 2H), 4.04 — 3.97 (m, 4H), 3.80 (d, J = 0.9 Hz,
3H), 3.18 (t, J = 5.0 Hz, 4H), 1.34 (t, J = 7.0 Hz, 6H). 3C NMR (126 MHz, CDCls) 5
163.2,154.6, 145.1, 143.5, 143.5, 136.7, 134.9, 134.8, 132.0, 131.9, 129.8, 129.7, 129.0,
128.9,128.0,128.0,127.6,127.5,126.8, 126.8, 124.4,124.4,123.6, 122.2, 119.1, 114.6,
62.4, 62.3, 55.6, 51.3, 16.4, 16.4. 1P NMR (202 MHz, CDCls) & 19.2. HRMS (ESI)

calc. for [M+H]" C2gH32N20sPS 539.17641, obs. 539.17735.
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Ethyl hydrogen (2-(4-(4-methoxyphenyl)piperazine-1-carbonyl)naphtho[1,2-
b]thiophen-5-yl)phosphonate (S16). KW5108 (0.50 g, 0.92 mmol) and LiBr (0.951 g,
11 mmol) were combined in acetone (9 mL) and heated to reflux for 3 days. Solvent
was removed under reduced pressure. The crude material was purified by flash
chromatography (DCM — 1:9 MeOH:DCM) to give compound S16 (0.168 g, 0.33
mmol, 36% vyield). *H NMR (500 MHz, DMSO) & 8.64 (dt, J = 6.4, 3.5 Hz, 1H), 8.57
(d, J = 16.5 Hz, 1H), 8.27 (dt, J = 6.0, 2.5 Hz, 1H), 8.12 (s, 1H), 7.73 (dt, J = 6.9, 3.5

Hz, 2H), 7.00 — 6.93 (m, 2H), 6.89 — 6.83 (m, 2H), 3.99 — 3.82 (m, 6H), 3.70 (s, 3H),
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3.14 (t, J = 5.2 Hz, 4H), 1.17 (t, J = 7.0 Hz, 3H). 3C NMR (126 MHz, DMSO) § 162.4,
153.9,145.5, 141.8, 137.3, 135.7, 135.6, 130.8, 130.1, 128.6, 128.5, 128.2, 128.1, 124.7,

118.6, 114.8, 61.3, 55.7, 50.6, 16.8. 3'P NMR (202 MHz, DMSO) § 6.3.
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Ethyl (2-(4-(4-methoxyphenyl)piperazine-1-carbonyl)naphtho[1,2-b]thiophen-5-
yl)phosphonofluoridate (KW5116). Compound S16 (42 mg, 0.082 mmol) was
dissolved in DCM (25 mL) to which (diethylamino)sulfur trifluoride (22 pL, 0.17
mmol) was added drop wise. The solution was stirred at room temperature for 3 h.
Solvent was removed under reduced pressure. The resulting material was purified by
flash chromatography (1:49 methanol:DCM) to give KW5116 (16 mg, 0.031 mmol,
38% vyield). 'H NMR (500 MHz, CDCl3) & 8.61 (d, J = 18.5 Hz, 1H), 8.45 (dg, J = 7.9,
2.8 Hz, 1H), 8.22 (dt, J = 7.2, 2.4 Hz, 1H), 7.74 — 7.68 (m, 3H), 6.97 — 6.91 (m, 2H),
6.90 — 6.85 (m, 2H), 4.50 — 4.36 (m, 2H), 3.98 (t, J = 5.1 Hz, 4H), 3.78 (s, 3H), 3.17 (t,
J=5.0 Hz, 4H), 1.45 (t, J = 7.1 Hz, 3H). 3C NMR (126 MHz, CDCls) & 162.9, 154.6,
145.1,144.4,144.4,137.2,134.6,134.5,131.9, 131.8, 131.8, 129.2, 129.1, 128.9, 128.8,
128.2, 128.0, 127.3, 127.3, 126.6, 124.6, 124.6, 119.1, 114.6, 77.3, 77.0, 76.8, 76.8,
64.4, 64.3, 55.6, 51.3, 29.7, 16.4, 16.4. °F NMR (470 MHz, CDCls) § -60.3, -62.5. 31
NMR (202 MHz, CDCls) & 20.2, 15.1. HRMS (ESI) calc. for [M+H]* C2sH27FN204PS

513.14077, obs. 513.14041.
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(2-(4-(4-Methoxyphenyl)piperazine-1-carbonyl)naphtho[1,2-b]thiophen-5-

yl)boronic acid (KW5129). KW5129 was synthesized from compound S15 by
procedure 3 (34% vyield). KW5129 was converted to the corresponding aryl
trifluoroborate salt to obtain NMR spectra due the compound having poor solubility in
CD3sOD and forming a mixture of dehydrated adducts in other solvents. *H NMR (500
MHz, DMSO) & 8.53 (d, J = 8.0 Hz, 1H), 8.03 — 7.99 (m, 1H), 7.95 (d, J = 3.7 Hz, 1H),
7.83 (s, 1H), 7.51 — 7.41 (m, 1H), 6.97 (d, J = 6.6 Hz, 2H), 6.86 (d, J = 8.6 Hz, 2H),
3.89 (s, 4H), 3.70 (s, 3H), 3.14 (t, J = 5.0 Hz, 4H). 3C NMR (126 MHz, DMSO) §
163.3,137.2,136.2,135.7,134.8,131.9, 128.3, 128.0, 125.8, 125.4, 125.4, 125.2, 123.5,
118.6, 114.8, 55.7, 50.7, 46.2. 1°F NMR (470 MHz, DMSO) § -135.6. !B NMR (160
MHz, DMSO) 6 3.3. HRMS data was obtained from KW5129 directly. HRMS (ESI)

calc. for [M+H]" C24H22N204BS 447.15499, obs. 447.15580
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(5-Hydroxynaphtho[1,2-b]thiophen-2-yl)(4-(4-methoxyphenyl)piperazin-1-
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yl)methanone (10A). KW5130 was isolated as a side product of the synthesis of
KW5129 (9% vyield). 'H NMR (500 MHz, DMSO) & 10.34 (s, 1H), 8.27 (dd, J = 8.2,
1.4 Hz, 1H), 8.07 (d, J = 8.0 Hz, 1H), 7.81 (s, 1H), 7.66 (ddd, J = 8.2, 7.0, 1.4 Hz, 1H),
7.60 (ddd, J = 8.3, 6.9, 1.3 Hz, 1H), 7.27 (s, 1H), 6.96 (d, J = 8.8 Hz, 2H), 6.91 — 6.80
(m, 2H), 3.87 (t, J = 5.0 Hz, 4H), 3.70 (s, 3H), 3.12 (t, J = 5.0 Hz, 4H). 3C NMR (126
MHz, DMSO) 6 162.9, 153.9, 152.1, 145.5, 137.5, 136.4, 129.3, 128.9, 128.0, 127.1,
126.3, 125.0, 124.0, 124.0, 118.6, 114.8, 103.6, 55.7, 55.4, 50.7. HRMS (ESI) calc. for

[M+H]" C24H23N203S 419.14239, obs. 419.14238

S
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S17

Ethyl 5-(chlorosulfonyl)naphtho[1,2-b]thiophene-2-carboxylate (S17).
Chlorosulfonic acid (78 pL, 1.2 mmol) was added to chloroform (6 mL) and chilled to
0 °C. In a sperate vessel, compound S12 (0.10 g, 0.38 mmol) was dissolved in
chloroform (3 mL) and added dropwise to the solution on ice. The solution was warmed
gradually to room temperature and stirred for 4 h. The mixture was poured into ice cold
water (50 ml) and stirred for 30 min. The water was saturated with NaCl and the
precipitate that formed was decanted into a vacuum filter apparatus to collect the solid.
This solid was purified by flash chromatography (acetone — 1:9 MeOH:acetone) to

give compound S17 (30 mg, 0.83 mmol, 22% yield). 'H NMR (500 MHz, DMSO) §
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9.01 — 8.96 (m, 1H), 8.45 (s, 1H), 8.39 (s, 1H), 8.24 — 8.19 (m, 1H), 7.68 — 7.65 (m,
2H), 4.39 (g, J = 7.1 Hz, 2H), 1.37 (t, J = 7.1 Hz, 3H). ¥*C NMR (126 MHz, DMSO) §
162.3,143.3,141.5,135.6,133.1, 132.6,129.7, 128.7, 128.4, 127.6, 127.4, 124.1, 121.8,

62.0, 14.7.
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5-sulfonaphtho[1,2-b]thiophene-2-carboxylic acid (S18). Compound S17 (0.16 g,
0.44 mmol) was added to a 2M aqueous NaOH solution (8 mL) and stirred and room
temperature for 16 h. The solution was acidified with 6 M HCI (5 mL) and saturated
with NaCl to precipitate compound S18. The solid was collected by vacuum filtration
and taken to the next step without further purification (0.053 g, 0.17 mmol, 39% yield)
'H NMR (500 MHz, DMSO) & 9.00 — 8.95 (m, 1H), 8.44 (s, 1H), 8.31 (s, 1H), 8.22 —
8.16 (M, 1H), 7.70 — 7.62 (m, 2H). 3C NMR (126 MHz, DMSO) § 163.8, 143.0, 141.5,
135.7,134.4, 132.6, 129.6, 128.7, 128.2, 127.6, 127.2, 124.1, 121.9.
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2-(4-(4-methoxyphenyl)piperazine-1-carbonyl)naphtho[1,2-b]thiophene-5-
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sulfonic acid (S19). Compound S19 was synthesized from compound S18 and 1-(4-
methoxypheneyl)piperazine by procedure 1 (25% yield). *H NMR (500 MHz, CDCls) &
8.88 (d, J = 8.5 Hz, 1H), 8.74 (d, J = 2.0 Hz, 1H), 8.29 (dd, J = 8.1, 1.5 Hz, 1H), 7.85
(ddd, J=8.6, 7.1, 1.4 Hz, 1H), 7.80 (ddd, J = 8.1, 7.0, 1.2 Hz, 1H), 7.76 (d, J = 2.1 Hz,
1H), 6.96 — 6.91 (m, 2H), 6.90 — 6.85 (M, 2H), 3.99 (t, J = 5.1 Hz, 4H), 3.78 (s, 3H),
3.17 (t, J = 5.1 Hz, 4H). 13C NMR (126 MHz, CDCI13) & 162.4, 154.7, 146.0, 145.0,
138.6, 138.0,133.2,129.4,129.1, 128.8, 126.7, 126.6, 125.7, 124.8, 124.4, 119.1, 114.6,

55.6, 53.4, 50.9.
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2-(4-(4-Methoxyphenyl)piperazine-1-carbonyl)naphtho[1,2-b]thiophene-5-

sulfonyl chloride (S20). Compound S19 (0.24 g, 0.49 mmol) was dissolved in water (3
mL) and 2M aqueous NaOH (270 puL) was added. The solution was stirred at room
temperature for 15 min then evaporated to dryness under reduced pressure. POCIs (5
mL) was added to the resulting solid and the mixture was stirred at room temperature
for 16 h. The solution was concentrated under reduced pressure and the resulting product

was taken to the next step without further purification.
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2-(4-(4-Methoxyphenyl)piperazine-1-carbonyl)naphtho[1,2-b]thiophene-5-

sulfonyl fluoride (KW5191). Compound S20 (30 mg, 0.06 mmol) was dissolved in a
1:1 solution of acetonitrile and water (0.6 mL). In a separated vessel, KHF. (52 mg, 0.67
mmol) was dissolved in water (0.6 mL) and added to the first solution drop wise. The
resulting solution was stirred at room temperature. The progress of the reaction was
monitored by LC-MS. When all the starting material had been consumed, the solution
was diluted with water (10 mL) and extracted with EtOAc 3 times (10 mL each). The
organic fractions were pooled, dried over sodium sulfate, and concentrated under
reduced pressure to give KW5191 (11 mg, 0.023 mmol, 38% yield). *tH NMR (500
MHz, CDCl3) § 8.74 (d, J = 1.6 Hz, 1H), 8.62 (dt, J = 8.1, 2.2 Hz, 1H), 8.28 (ddd, J =
8.5,5.3,1.7 Hz, 1H), 7.88 — 7.77 (m, 2H), 7.76 (d, J = 2.3 Hz, 1H), 6.97 — 6.91 (m, 2H),
6.90 — 6.85 (m, 2H), 4.02 — 3.96 (m, 4H), 3.79 (s, 3H), 3.17 (t, J = 5.0 Hz, 4H). 13C
NMR (126 MHz, CDCI3) 6 162.4, 154.7, 146.0, 145.0, 138.5, 133.5, 133.2, 129.2,
128.8,128.3,126.5, 125.7, 124.8, 119.1, 114.6, 55.6, 51.3. °F NMR (470 MHz, CDCls)

8 62.8. HRMS (ESI) calc. for [M+H]" C24H22N204S2F 485.09995, obs. 485.09997.
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Methyl 5-iodo-2-thiophenecarboxylate (S21). Methyl-2-thiophenecarboxylate (0.18
g, 1.3 mmol), [bis(trifluoroacetoxy)iodo]benzene (0.32 g, 0.73 mmol), and iodine (0.17
g, 0.67 mmol) were dissolved in CCls (1.8 mL) and stirred at room temperature for 2 h.
The solvent was removed under reduced pressure. The crude product was purified by
flash chromatography (hexane — 1:3 DCM:hexane) to give compound S21 (0.20 g,
0.76 mmol, 58% yield). *H NMR (500 MHz, CDCls) & 7.45 (d, J = 3.9 Hz, 1H), 7.28 (d,
J=3.9Hz, 1H), 3.89 (s, 3H). 3C NMR (126 MHz, CDCl3) 5 161.3, 139.2, 137.8, 134.5,

82.8,52.3.

s 0
)<
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S22
5-lodo-2-thiophenecarboxylic acid (S22). LiOH (0.152 g, 3.6 mmol) was dissolved in
water (5.7 mL) to which was added a solution of compound S21 (0.20 g, 0.76 mmol) in
THF (0.76 mL). The mixture was stirred at room temperature for 4 h. The solution was
acidified with 6 M HCI to pH 4 and then extracted with EtOAc three times (10 mL
each). The organic fractions were pooled, dried over sodium sulfate, and concentrated
under reduced pressure to give compound S22, which was taken to the next step without
further purification (0.131 g, 0.52 mmol, 68% yield). tH NMR (500 MHz, DMSO) §
13.29 (s, 1H), 7.42 (d, J = 3.8 Hz, 1H), 7.40 (d, J = 3.8 Hz, 1H). *C NMR (126 MHz,

DMSO) 6 162.1, 140.6, 138.5, 135.1, 86.3.
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(5-lodothiophen-2-yl)(4-(4-methoxyphenyl)piperazin-1-yl)methanone (523).
Compound S23 was synthesized from 1-(4-methoxypheneyl)piperazine and compound
S22 by procedure 1 (60% yield). *H NMR (500 MHz, CDCl3) & 7.21 (d, J = 3.8 Hz, 1H),
6.99 (d, J = 3.8 Hz, 1H), 6.93 — 6.88 (m, 2H), 6.87 — 6.83 (M, 2H), 3.91 — 3.84 (m, 4H),
3.77 (s, 3H), 3.13 — 3.05 (m, 4H). 13C NMR (126 MHz, CDCl3) & 162.2, 154.5, 145.1,

143.0, 136.7, 130.5, 119.0, 114.6, 55.6, 51.2, 45.5.
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(5-(2-Bromophenyl)thiophen-2-yl)(4-(4-methoxyphenyl)piperazin-1-

yl)methanone (S24). Compound S24 was synthesized from compound S23 by
procedure 2 (92% yield). *tH NMR (500 MHz, CDCls) § 7.69 (dd, J = 8.1, 1.2 Hz, 1H),
7.49 (dd, J = 7.7, 1.7 Hz, 1H), 7.35 (td, J = 7.5, 1.2 Hz, 1H), 7.33 (s, 1H), 7.24 (d, J =
3.8 Hz, 1H), 7.22 (ddd, J = 8.0, 7.5, 1.8 Hz, 1H), 6.95 — 6.90 (m, 2H), 6.88 — 6.83 (m,
2H), 3.95 (dd, J = 6.0, 4.1 Hz, 4H), 3.78 (s, 3H), 3.17 — 3.08 (m, 4H). 3C NMR (126
MHz, CDCls) 6 163.3, 154.5, 145.2, 145.1, 137.2, 134.3, 133.9, 131.9, 129.7, 129.0,

127.6, 127.4, 122.7, 119.0, 114.6, 55.6, 51.3, 45.1.
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(2-(5-(4-(4-methoxyphenyl)piperazine-1-carbonyl)thiophen-2-yl)phenyl)boronic

acid (KW5175). KW5175 was synthesized from compound S23 by procedure 3 (45%
yield). 'H NMR (500 MHz, MeOD) & 7.58 (dt, J = 7.6, 1.0 Hz, 1H), 7.48 — 7.38 (m,
4H), 7.14 (d, J = 3.8 Hz, 1H), 7.01 - 6.96 (m, 2H), 6.89 — 6.84 (m, 2H), 3.98 — 3.89 (m,
4H), 3.75 (s, 3H), 3.17 — 3.08 (m, 4H). 13C NMR (126 MHz, MeOD) § 163.7, 154.7,
1495, 145.2,136.1, 135.9, 132.0, 130.3, 129.1, 127.8, 127.7, 124.2, 118.8, 114.1, 54.5,
51.0, 48.5. !B NMR (160 MHz, MeOD) § 31.2. HRMS (ESI) calc. for [M+H]*

C22H24N204BS 423.1550 obs. 423.1150

Br 325

4-bromo-2-thiophenecarboxylic acid (S25). LiOH (0.48 g, 11 mmol) was dissolved
in water (18 mL) to which was added a solution of methyl 4-bromo-2-
thiophenecarboxylate (0.55 g, 2.5 mmol) in THF (2.5 mL). The mixture was stirred at
room temperature for 4 h. The liquid was acidified to pH 4 with 6 M HCI and extracted
three times with EtOAc (20 mL each). The organic fractions were pooled, dried over
sodium sulfate, and concentrated under reduced pressure to give compound S25 which
was taken to the next step without further purification (0.44 g, 2.1 mmol, 84% vyield).

'H NMR (500 MHz, DMSO) § 13.49 (s, 1H), 8.01 (s, 1H), 7.69 (s, 1H). *C NMR (126
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MHz, DMSO) 6 162.3, 136.6, 135.1, 131.3, 110.0.
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(4-Bromothiophen-2-yl)(4-(4-methoxyphenyl)piperazin-1-yl)methanone (526).
Compound S26 was synthesized from compound S25 and 1-(4-
methoxypheneyl)piperazine by procedure 1 (73% yield). *H NMR (500 MHz, CDCls)
§7.37 (s, 1H), 7.21 (s, 1H), 6.94 — 6.89 (m, 2H), 6.88 — 6.83 (m, 2H), 3.91 — 3.85 (m,
4H), 3.77 (s, 3H), 3.13 — 3.07 (m, 4H). 3C NMR (126 MHz, CDCls) & 162.0, 154.5,

145.1, 138.3, 130.9, 126.2, 119.0, 114.6, 109.4, 55.6, 51.2, 46.0.
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(5-(4-(4-Methoxyphenyl)piperazine-1-carbonyl)thiophen-3-yl)boronic acid
(KW5192). KW5192 was synthesized by procedure 3 from compound S25 (59% yield).
IH NMR (500 MHz, MeOD) & 8.05 (s, 1H), 7.64 (s, 1H), 7.01 —6.91 (m, 2H), 6.90 —
6.81 (m, 2H), 3.89 (t, J = 5.1 Hz, 4H), 3.74 (s, 3H), 3.08 (t, J = 5.1 Hz, 4H). 13C NMR
(126 MHz, MeOD) ¢ 164.2, 154.7, 145.1, 137.7, 136.1, 134.1, 118.8, 114.1, 54.5, 51.0,
485. "B NMR (160 MHz, MeOD) & 26.3. HRMS (ESI) calc. for [M+H]*

C16H20N204BS 347.1237, obs. 347.1235.
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CHAPTER 3

SIRT2 Inhibitors with Benzodiazepinedione Cores Have
Improved Water Solubility, Bioavailability, and Anticancer
Activity?

Abstract

SIRT2 is a class Il histone deacetylase that has been shown to promote tumor
progression though multiple mechanisms. Our lab has previously synthesized and tested
the mechanism based SIRTZ inhibitor TM and shown it be effective at reducing tumor
burden in mice. TM contains a thiomyrisoyl lysine core and its poor water solubility has
been a major limiting factor for its therapeutic development. Here we present a new
SIRT2 selective inhibitor, NH-C1-10, which replaces the thiomyristoyl lysine with a
benzodiazepinedione. We show NH-C1-10 is more water soluble and more potent in

cells than TM and deters pancreatic tumor progression in mice.

2 This project was done in collaboration with a former lab member, Dr. Jun Young (Nick) Hong. Dr. Hong
synthesized the NH series compounds, and collected the data presented in figures 3.2 and 3.3 B as well
as Figure 3.5 with the help of Irma Fernandez.
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Introduction

Sirtuins are the class 111 histone deacetylases of which there are seven in human (SIRT1-
7)%. Though classified as deacetylases, sirtuins can remove numerous acyl groups from
acylated lysine residues®®. SIRT2 can remove acetyl, myristyl, 4-oxononaoyl, and
benzoy! groups from acylated lysine residues!. Sirtuins use of nicotinamide adenine
dinucleotide (NAD") as a co-substrate for the deacylation reaction®. SIRT2 has been
shown to regulate many cellular functions including mitosis, oxidative stress response,
and autophagy among others, by regulating the activity of numerous enzymes through
lysine deacetylation? 10,

Deacetylation of proteins by SIRT2 is also known to promote tumorigenesis through
multiple mechanisms. SLUG is stabilized by SIRT2 deacetylation which promotes
breast cancer metastasis't. c-Myc is a transcription factor which promotes transcription
proliferation genes. It is a frequently overexpressed oncoprotein in many cancers, and
like SLUG, deacetylation hinders its degradation?. SIRT?2 also increases the metabolic
rate of cancer cells by increasing the activity of lactate dehydrogenase A (LDH-A),
As a result, inhibitors of SIRT2 have been pursued as anti-cancer agents. Our lab has
previously developed a mechanism-based SIRT2 selective inhibitor, a thiomyristoyl
lysine compound called TM (Figure 3.1). TM treatment promotes c-Myc degradation
and shows broad anti-cancer effects in mice!*.

A major factor that has limited TM as a possible cancer therapeutic is its poor water
solubility due to the 14-carbon acyl chain. Attempts were made to improve water
solubility by replacing the thioamide moiety with thioureas and attaching a quaternary

ammonium or glucose to the lysine core. Thioureas did not significantly improve the
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water solubility and the inhibitors containing quaternary ammonium or glucose had very
poor membrane permeability’>'’. To improve water solubility while maintaining
membrane permeability, here we synthesized thioamides and thioureas with
benzodiazepinediones to replace the lysine core structure. We show that one of the new
inhibitors, NH-C1-10, has greatly improved water solubility compared to TM. We also
show that this compound inhibits SIRT2 in vitro and in cells and reduces growth of

pancreatic tumors in mice.

Results and Discussion

Design and Synthesis of Benzodiazepinedione SIRT2 Inhibitors

To make more water soluble SIRTZ2 inhibitors we first changed the cbz protected lysine
core of TM to a benzodiazepinedione (BDD) core containing a 5-member aliphatic ring
derived from L-proline. We used the program DataWarrior to simulate the octanol water
partition coefficients (cLogP) for TM and the new BDD compounds. Lower cLogP
values indicate better water solubility. For TM this value is 9.25. Several BDD core
structures were synthesized to further improve water solubility by shorting the aliphatic
ring or by incorporating a morpholine or piperazine moiety. A BDD made from D-
proline was synthesized to examine the effects of reversing the chirality of the core
structure. Thiourea and thioamide derivatives with shortened acyl chains were also
targeted to decrease hydrophobicity. Lastly, NH-C3-10 was synthesized without a BDD

to confirm the BDD structure is required for SIRT2 inhibition (Figure 3.1).
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Figure 3.1. SIRT2 inhibitor structures. Derivatives were synthesized to examine how
the acyl chain length, sulfur containing functional group, BDD structure, and chirality
effected SIRTZ2 inhibition. NH-C3-10 and NH-C1-10-O were synthesized as controls to
confirm the necessity of the BDD core and thiourea\thioamide for SIRT2 inhibition.
Thioureas and Thioamides are Equally Potent Inhibitors

The ability of the new compounds to inhibit SIRT2 was tested with a sirtuin
deacetylation enzymatic assay to calculate half maximal inhibition concentrations
(Table 3.1). In vitro ICso values were determined for SIRT1, 2, 3, and 5 to confirm
selectivity for SIRT2. Acyl chain lengths ranging between 8 and 18 carbons were
synthesized and tested. Thioamides derived from palmitic acid, such as KW6118, were
the most potent with the DBB cores whereas previous inhibitors with lysine-based cores,
such as TM, had the greatest inhibition with myristic thioamides. This suggests the

BDDs may be positioned slightly differently in the SIRT2 binding pocket. Reversing

the chirality of the enantiomeric carbon in KW6137 reduced the potency 4-fold as well

69



as the selectivity for SIRT2, indicating SIRT2 prefers BDDs derived from L amino
acids. There was a small increase in ICso values between the thioamides and thioureas
of the same chain length as seen with NH-C1-10 and KW6120 having 1Cso values of
6.09 and 5.88 uM respectively. However, thioureas produced the same trend of
decreased I1Csp values with increasing chain length.

SIRT2 inhibition increased with increasing acyl chain length up to 16 carbons with
KW6118 being the most potent compound in vitro having an 1Cso value of 0.037 uM.
Neither NH-C3-10 nor NH-C1-10-O inhibit SIRT2 below 83 uM, indicating the BDD
core and the sulfur in the thioamide\thiourea groups are critical components of the new
inhibitors. The size of the aliphatic ring, between 4 and 6 members, did not have a major
impact on the on the potency of the compounds, nor did removing the ring completely
as was done with NH-C4-6 and NH-C4-10. KW6138 with a 6-member aliphatic ring
containing 5 carbons had and 1Cso value of 0.147 uM, 4-fold higher than KW6118.
However, when the larger ring BDDs contain a second heteroatom as is the case with
KW6140 and KW6173, the loss in potency is only 2-3-fold and cLogP is reduced from

8.31in KW6118 to ~7.5.
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Table 3.1. In Vitro ICso Values for SIRT2 Inhibitors (uM)

Compound SIRT1 SIRT2 SIRT3 SIRT5
NH-C3-10 >83 >83 >83 >83
NH-C1-10-O >83 >83 >83 >83
NH-C4-6 >83 >83 >83 >83
NH-C4-10 >83 7.86+3 >83 >83
NH-C1-6 >83 >83 >83 >83
NH-C1-8 >83 49.7 + 20 >83 >83
NH-C1-10 >83 6.09+3 >83 >83
KW6158 >83 0.035+0.009 544+20 >83
KW6137 216+£6 0.159+0.06 23.0+9 >83
KW6127 >83 18.1+4 >83 >83
KW6128 >83 142 +7 >83 >83
KW6120 >83 5884 >83 >83
KW6115 >83 1.75+0.8 >83 >83
KW6118 >83 0.037 £0.01 >83 >83
KW6133 382+9 0.180%0.1 359+10 >83
KW6153 >83 0.083 +£0.03 42.6 + 20 >83
KW6138 33.6+10 0.147+0.06 185+8 >83
KW6140 65.9+20 0.060+0.04 60.1 + 20 >83
KW6173 >83 0.098 + 0.01 >83 >83
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NH-C1-10 is Cytotoxic in Cancer Cells and Forms Stalled Covalent Intermediates
SIRT2 is a known tumor activator and treatment with SIRT2 inhibitors reduces the
proliferation of cancer cells. Cell survival assays were done to determine the
cytotoxicity of the compounds in MFC7 (estrogen receptor and progesterone receptor
positive breast cancer), MDA-MB-231 (triple negative breast cancer), BxPC-3
(pancreatic cancer), and Hela (cervical carcinoma) cells. (Table 3.2). Overall, the
compounds ranged from nontoxic to mildly cytotoxic. Only a few compounds were able
to produce a cytotoxic effect in all the tested cell lines, and of these NH-C1-10 and
KW6158 were the most toxic. Only two thioamides showed toxicity in all cell lines
which were the ones containing a unique BDD designed to further enhance water
solubility (KW6153 and KW6140). This could be because increased solubility leads to
increased bioavailability. Based on the in vitro results, NH-C1-10 was selected as the
lead compound as a compromise between in vitro potency, cytotoxicity, and water
solubility. Though 16 carbon acyl chain thioamides were more potent in vitro, they also
had much higher cLogP values ranging between 8.3 and 7.5 compared to 5.64 for NH-
C1-10. Furthermore, decreased in vitro ICso values had not resulted in greater
cytotoxicity. Thus, we decided to move forward with NH-C1-10 as it was expected to

have better bioavailability due to being smaller and having better aqueous solubility.
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Table 3.2 Glsg values (uM) of SIRT2 Inhibitors in Four Different Cancer Cell Lines

Compound MCF7 MDA-MB-231 BxPC-3 Hela
NH-C3-10 17.7+1 305+3 - 248+4

NH-C1-10-O >50 >50 - >50
NH-C4-6 >50 >50 - >50
NH-C4-10 >50 >50 - >50
NH-C1-6 >50 >50 - >50
NH-C1-8 >50 >50 - >50
NH-C1-10 14.0+3 19.2+3 439+ 10 120+1
KW6158 956+1 121 +1 17.7+4 16.8+3
KW6137 13.9+2 158+1 >50 >50
KW6127 324+10 >50 >50 >50
KW6128 23.1+4 >50 >50 225+3
KW6120 13.6 £ 0.5 19.3+2 >50 183+2
KW6115 12.6+2 186+ 1 >50 126+1
KWe6118 145+1 1782 >50 248+6
KW6133 2767 29.0+6 >50 >50

KW6153 158+2 21.2+10 4568 151 +3

KW6138 176 +2 1735 >50 3415
KW6140 144+1 172+1 48.7 £ 10 252+3
KW6173 43.5+6 349+8 - >50
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Lysine-based thioureas and thioamides have been shown to inhibit SIRT2 by forming a
covalent intermediate with NAD* ¥, We confirmed that NH-C1-10 also formed a
covalent intermediate with NAD™ and that the new core structure had not changed the
mode of inhibition. This was done by LC-MS analysis of the products that formed after
SIRT2 was treated with NH-C1-10 and NAD* (Figure 3.2). We identified the stalled
covalent intermediate, which is similar to that previously observed with TM. This
indicates NH-C1-10 is a mechanism-based inhibitor and works by the mechanism

previously established for our lysine-based thioamide inhibitors.

[M+2]* m/z (514.0-515.0) Trace

o, OH

® I&ADP
2 s 0
‘“ ®
2 +SIRT2 WN*NH
- 8 H
<
U, 8 9 10 H\
1]
2
o O N
>
< ~-SIRT2 g

111 N
o A

8 9 10 0
time (min) Molecular Weight: 1029.03

Figure 3.2. Stalled covalent intermediate trapping with NH-C1-10. Products of SIRT2
enzymatic reactions were detected by LC-MS. The NH-C1-10/NAD* conjugate is
observed only in the presence of SIRT2 indicating the thiourea inhibitor undergoes a
reaction with SIRT2 similar to TM, forming a stalled covalent intermediate.

NH-C1-10 Increases Alpha Tubulin Acetylation and Deters Tumor Progression

We confirmed the new BDD compounds could inhibit SIRTZ2 in cells with an acetyl a
tubulin immunofluorescence assay. SIRT2 deacetylates a tubulin so its inhibition results

in higher fluorescent intensities when cells are imaged with an acetyl a tubulin antibody.
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NH-C1-10, KW6118, and KW6140 were compared using 100 uM concentrations
(Figure 3.3 A). Testing these compounds allowed us to compare the effect of changing
sulfur containing group, the DBB, and the cLogP values of the inhibitors. The
compounds all increased tubulin acetylation to different extents. NH-C1-10 showed the
largest increase, doubling the amount of tubulin acetylation. KW6140 produced a 72%
increase while KW6118 treatment only resulted in 21% increase in acetylation over the
untreated control. These results again show that the most potent inhibitors in vitro do
not produce the most SIRT2 inhibition in cells and that increasing water solubility has

the desired effect of increasing bioavailability.
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Figure 3.3. Acetyl a tubulin immunofluorescence imaging with SIRT2 inhibitors.
MCEF7 cells were incubated with SIRTZ2 inhibitors for 6 h then fixed and incubated with
anti-acetyl a tubulin rabbit monoclonal antibody then a TAMRA conjugated anti-rabbit
antibody. TAMRA signal intensity was integrated to determine tubulin acetylation. (A)
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Cells were treated with 100 uM of NH-C1-10, KW6118, and KW6140. (B) NH-C1-10
and TM were used to treat cells at the indicated concentrations.

NH-C1-10 was also compared with TM (Figure 3.3 B). Lower concentrations were used
due to TM’s poor water solubility. Both compounds produced increased fluorescent
levels over the vehicle treated samples, though for NH-C1-10 the increase was 5-fold at
50 uM compared to only about 3-fold with TM at the same concentration. TM did not
show any significant increase in fluorescence when the inhibitor concentration was
increased from 25 uM to 50 uM which likely resulted from its poor water solubility.
NH-C1-10 was then tested in mice to determine how well it prevents solid tumor
growth. We grafted the pancreatic cancer cell line BXPC-3 into immunocompromised
male mice. BxPC-3 cells used because while SIRT2 inhibitors were tested in several
tumor models, they have not been tested in pancreatic cancer mouse models. After
tumors were established, the mice were treated with 50 mg/kg of NH-C1-10 by
intraperitoneal injection every day for 15 days. The health of the mice, relative tumor
volumes, and body weights were tacked over the course of the experiment. After 15
days the mice were sacrificed, and tumors were massed.

NH-C1-10 reduced tumor volume consistently during the experiment (Figure 3.4 A).
NH-C1-10 also significantly hindered tumor growth and resulted in an average tumor
mass of 1030 mg compared to 1550 mg in vehicle treated mice (Figure 3.4 B). No
significant changes were observed in body weight (Figure 3.4 C) or health status during

the experiment indicating the compound is well tolerated by mice.
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Figure 3.4. NH-C1-10 decreases tumor growth in BXPC-3 tumor xenografts. (A) Tumor
volume over time for NH-C1-10 (50 mg/kg) or vehicle (10% DMSO, 90% PBS) treated
mice. NSG mice injected with BXPC-3 human pancreatic cancer cells were treated every
day for 15 days. (*** P value = 0.0005, Two-tailed Student’s t-test, n=10 tumors for
vehicle, n=14 tumors for NH-C1-10). (B) Tumor weights and representative tumor
images of BXPC-3 xenograft mice treated with NH-C1-10 (50 mg/kg) or vehicle for 15
days (** P value = 0.0096, Two-tailed Student’s t-test, n = 10 tumors for vehicle, n =
14 tumors for NH-C1-10). (C) Average body weight of mice treated with NH-C1-10
(50 mg/kg) or vehicle for 15 days. No difference in body weight was observed between
the groups. N =5 mice for vehicle and n = 7 mice for NH-C1-10. Data shown in Figures
A, B, and C are the mean values + standard deviation.

In summary, we synthesized 20 new thioamide and thiourea SIRT2 inhibitors
containing BDD cores with the aim of improving the water solubility and bioavailability
of the inhibitors. We showed these compounds remain highly potent in vitro and

cytotoxic in breast, pancreatic, and cervical cancer cells. The thiourea NH-C1-10

selectively inhibits SIRT2 in vitro and in cells by forming stalled covalent intermediates
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with NAD". NH-C1-10 inhibits SIRT2 in cells better than TM indicating the BDD core
structure improves inhibitor bioavailability. Tumor Xxenograft experiments in mice
showed that NH-C1-10 greatly impairs the growth of BXPC-3 derived tumors and that
treatment with this compound is well tolerated by mice. Taken together, these results
show we have synthesized an effective SIRT2 selective inhibitor with greatly improved
water solubility and that SIRT2 remains a promising target for developing cancer

therapeutics.

Materials and Methods

All solvents and reagents were purchased from commercial vendors as analytical or
higher-grade purity. Flash chromatography was done using SiliaFlash Irregular Silica
Gel, P60, 40 — 63 um, 60 A. NMR spectra were collected at the Cornell NMR Facility
using Brucker 400 and 500 spectrometers. HRMS data was collected at the Cornell
Chemistry Mass Spectrometry Facility using a Thermo Exactive Orbitrap ESI mass
spectrometer. For the enzymatic assays a Shimadzu HPLC LC20-AD connected to
Kinetex 5u EVO C18 100 A column (100 mm x 4.60 mm, 5 pm) and a Shimadzu SPD-
20AV UV detector were used. The UV detector was set to monitor 215 nm and 280 nm
absorbance to detect acetylated and deacetylated H3K9 peptides. HPLC grade water and
acetonitrile with 0.1% HPLC grade TFA were used as mobile phases for the separations
with a flow rate of 0.5 mL/min.

All animals used in this study were handled in accordance with federal and institutional
guidelines, under a protocol approved by the Cornell University Institutional Animal

Care and Use Committee (IACUC). Mice were housed under specific pathogen-free

78



conditions in an Association for the Assessment and Accreditation of Laboratory
Animal Care International accredited facility and cared for in compliance with the Guide
for the Care and Use of Laboratory Animals. Mice were on a 12:12 light:dark cycle in
individually ventilated cages and received irradiated food and reverse osmosis, hyper-

acidified water ad libitum.

Cell cultures and cytotoxicity assays

MCF7, MDA-MB-231, and Hela cells were cultured in Dulbecco's Modified Eagle
Medium (DMEM) supplemented with 10% fetal bovine serum (FBS). BXPC-3 cells
were cultured in RPMI-1640 media supplemented with 10% FBS. All cells were kept
in an incubator at 37 °C and 5% CO.. For cytotoxicity assays, 3000 cells in 100 uL of
media were added to each well of a 96 well plate. Plates were incubated for 24 h. 100
uL of 2X stock solutions of inhibitor in media was added to each well. Plates were
incubated for an additional 3 days. 100 pL of media was removed from the treated wells
and replaced with 20 pL of Cell Titer Blue (Promega G8080). Cells were incubated at
37 °C with the fluorescent intensities recorded after 2, 3, and 4 h to determine cell

survival.

Expression and purification of SIRT1, 2, 3, &5

These enzymes were purified following previously reported procedures.'®°

Enzymatic Assays for SIRTL, 2, 3, & 5 1Csp deacetylation activity

These assays were performed as reported in pervious papers.*81°
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Acetyl a tubulin immunofluorescence imaging

This protocol was performed as reported in a previous paper.®

Treatment of human pancreatic cancer xenograft mice with NH-C1-10
Xenotransplantation studies were performed as previously described. Briefly, five
million BXPC-3 human pancreatic cancer cells suspended in 100 puL of PBS were
injected subcutaneously bilaterally on the flanks of male NOD.Cg-
Prkdcs®112rg™%il/SzJ (NSG) mice from the Jackson Laboratory. When tumor size
reached 1 cm® mice were euthanized, and their primary tumors used to implant into
more NSG mice for subsequent cohorts for drug testing. BXPC-3 tumors were minced
into 1-2mm pieces under sterile conditions. One tumor piece was then implanted per
mouse subcutaneously bilaterally on the flanks of male NSG mice. Once the tumor size
grew to 100-200 mm?, mice were treated daily by intraperitoneal injection for 15 days
with either NH-C1-10 (50 mg/kg) or vehicle control (10% DMSO, 10% Kolliphor, in
1X PBS). Overall health, body weight, and tumor development were monitored every
other day with measurements of body weight and tumor volume using a caliper. After
2 weeks of treatment or if mice met humane endpoint criteria, mice were sacrificed by
CO- asphyxiation and necropsied. The tumors were weighed for the data collection and

processed/stored for subsequent analyses.

Synthetic Protocols
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Procedure 1, benzodiazepinediones. An amino acid (1.3 eq.) and isatoic anhydride (1
eq.) were combined in DMSO (1M) and heated to 140 °C for 16 h. The solution was
cooled to room temperature then poured into ice water. This aqueous solution was
allowed to warm to room temperature and extracted 3 times with EtOAc. The organic
layers were combined dried over sodium sulfate and concentrated. The resulting crude
solid was stirred in Et2O for 12 h. Vacuum filtration was used to collect the resulting

solid which was taken to the next step without further purification.

Procedure 2, benzodiazepinedione nitriles. A benzodiazepinedione (1 eg.) was
dissolved in THF (0.15M) and hexamethylphosphoramide (6 eq.) and chilled to 0 °C.
Sodium hydride (2 eq.) was added portion-wise, and the reaction was stirred at 0 °C for
1 h. 4-Bromobutyronitrile (2 eg.) was added dropwise. The reaction was allowed to
warm to room temperature and stirred for 16 h. Solvent was removed under reduced
pressure. The resulting crude material was diluted with DCM and washed with water
and brine. The organic layer was dried over sodium sulfate and concentrated under
reduced pressure. The second crude was purified by flash chromatography (97:3, DCM

: MeOH).

Procedure 3, Boc amino benzodiazepinediones. A benzodiazepinedione nitrile was
dissolved in MeOH (0.15M) and chilled to 0 °C. Nickel chloride hexahydrate (0.2 eq.)
and Boc20O (2 eq.) were added to the solution followed by portion wise addition of
NaBHs (6 eq.). The solution was allowed to warm to room temperature and stirred for

16 h. Water (1.5 volumes) and ammonia (0.2 volumes, 7M in MeOH) were added to the
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reaction vessel and stirred for 1 h. The solution was extracted 3 times with EtOAc.
Organic layers were combined dried over sodium sulfate and concentrated under
reduced pressure. The crude material was purified by flash chromatography (3:2 — 4:1,

EtOAC : Hexane).

Procedure 4, thioamide benzodiazepinediones. A Boc protected amino
benzodiazepinedione (1 eq.) was dissolved in DCM (0.3M) and TFA (0.2 volumes). The
solution was stirred at room temperature for 2 h then concentrated under reduced
pressure. The resulting solid was dissolved in EtOH (0.1M) to which was added EtzN
(3 eg.) and a methyl dithioate (1 eq.). This solution was heated to 60 °C and stirred for
16 h. Solvent was removed under reduced pressure. The crude material was diluted with
water and extracted 3 times with EtOAc. Organic layers were combined, washed with
brine, dried over sodium sulfate, and concentrated under reduced pressure. The second
crude material was purified by flash chromatography (2:3 — 3:2, EtOAc : Hexane) to

yield thioamide products.

Procedure 5, thiourea benzodiazepinediones. A boc amino benzodiazepinedione (1
eq.) was dissolved in DCM (0.3M) and TFA (0.2 volumes). The solution was stirred at
room temperature for 2 h then concentrated under reduced pressure. The resulting
material was dissolved in DCM (0.1M) and EtsN (3 eq.) and chilled to 0 °C. The
corresponding isothiocyanate (1 eq.) was added slowly with stirring. This solution was
allowed to warm to room temperature and stirred for 16 h. DCM was added to dilute the

reaction which was then washed with water and brine and dried over sodium sulfate.
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Solvent was removed under reduced pressure and the crude material was purified by

flash chromatography (3:1, EtOAc : Hexane) to yield thiourea products.

W&S/
n

methyl octanedithioate (n = 6), methyl decanedithioate (n = 8), methyl

dodecanedithioate (n = 10), methyl tetradecanedithioate (n 12), methyl

16). Octanoic

hexadecanedithioate (n = 14), and methyl octadecanedithioate (n
acid, decanoic acid, dodecanoic acid, tetradecanoic acid, hexadecenoic acid, or
octadecanoic acid (1 eq.) was dissolved in toluene (0.1M) and Davy Reagent Methyl
(0.5 eqg.) was added. The solution was heated to reflux for 1 h. The reaction mixture
cooled to room temperature and solvent was removed under reduced pressure. Crude
material was purified by column chromatography (100% hexane) to give the
corresponding methyl dithioate (36%, 44%, 37%, 26%, 38%, and 37% yield
respectively). methyl octanedithioate *H NMR (400 MHz, CDCl3) § 3.00 — 2.93 (m,
2H), 2.54 (s, 3H), 1.83 — 1.69 (m, 2H), 1.36 — 1.12 (m, 8H), 0.86 — 0.75 (m, 3H). 3C
NMR (101 MHz, CDClz3) 6 240.1, 52.0, 31.7, 31.4, 29.0, 28.8, 22.7, 20.0, 14.1. methyl
decanedithioate *H NMR (400 MHz, CDCls) § 3.01 — 2.93 (m, 2H), 2.55 (s, 3H), 1.81
—1.69 (M, 2H), 1.34—1.12 (m, 12H), 0.86 — 0.73 (m, 3H). 13C NMR (101 MHz, CDCl3)
o 240.3, 52.1, 31.9, 31.4, 29.5, 29.3, 29.3, 28.8, 22.7, 20.0, 14.1. methyl
dodecanedithioate 'H NMR (400 MHz, CDCl3) § 3.02 — 2.92 (m, 2H), 2.54 (s, 3H),
1.82 — 1.70 (m, 2H), 1.32 — 1.12 (m, 16H), 0.88 — 0.74 (m, 3H). 3C NMR (101 MHz,
CDCls) 6 240.3, 52.1, 31.9, 31.4, 29.6, 29.5, 29.4, 29.3, 28.8, 22.7, 20.0, 14.4. methyl

tetradecanedithioate *H NMR (400 MHz, CDCls3) § 3.01 — 2.92 (m, 2H), 2.55 (s, 3H),

83



1.83—1.72 (m, 2H), 1.32 — 1.10 (m, 20H), 0.81 (td, J = 6.9, 1.4 Hz, 3H). 3C NMR (101
MHz, CDCls) 6 240.3, 52.1, 31.9, 31.6, 31.4, 29.7, 29.7, 29.6, 29.5, 29.4, 29.3, 28.8,
22.7,22.7,20.0, 14.1. methyl hexadecanedithioate *H NMR (400 MHz, CDCls) § 3.04
—2.91 (M, 2H), 2.54 (s, 3H), 1.81 — 1.70 (M, 2H), 1.18 (s, 26H), 0.81 (t, J = 6.7 Hz, 3H).
13C NMR (101 MHz, CDCl3) § 240.2, 52.1,32.0, 31.4,29.7,29.7,29.7,29.7, 29.7, 29.6,
29.5, 29.4, 29.3, 28.8, 22.7, 20.0, 14.1. methyl octadecanedithioate *H NMR (400
MHz, CDCls) § 3.00 — 2.93 (m, 2H), 2.55 (s, 3H), 1.81 — 1.69 (m, 2H), 1.18 (s, 27H),
0.81 (t, J = 6.8 Hz, 3H). 3C NMR (101 MHz, CDCls) § 240.3, 52.1, 32.0, 31.4, 29.7,

29.7,29.7, 29.6, 29.5, 29.4, 29.3, 28.8, 22.7, 20.0, 14.1.

e

l-isothiocyanatohexane (n = 4) 1l-isothiocyanatooctane (n = 6) 1-
isothiocyanatodecane (n = 8), and 1-isothiocyanatotetradecane (n = 12). 1-
hexylamine, 1-octylamine, 1-decylamine or 1-tetradecylamine (1 eq.), EtsN (1.5 eq.)
and THF (0.1M) were combined. 1,1'-Thiocarbonyldiimidazole (1.5 eq.) was added, and
the solution was stirred at room temperature for 16 h. The solution was diluted with
water (2 volumes) and extracted 3 times with EtOAc. Organic layers were combined,
washed with brine (1 volume), dried over sodium sulfate, and concentrated under
reduced pressure. The resulting material was purified by flash chromatography (82% &
63% yield respectively). 1-isothiocyanatohexane *H NMR (500 MHz, MeOD) § 3.57
(t, J = 6.5 Hz, 2H), 1.79 — 1.65 (m, 2H), 1.52 — 1.42 (m, 2H), 1.37 (dtd, J = 9.1, 6.1, 4.0

Hz, 4H), 1.01 — 0.89 (m, 3H). 13C NMR (126 MHz, MeOD) & 44.6, 30.7, 29.7, 26.0,
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22.2,12.9. 1-isothiocyanatodecane *H NMR (500 MHz, MeOD) § 3.57 (t, J = 6.5 Hz,
2H), 1.80 — 1.64 (m, 2H), 1.53 — 1.42 (m, 2H), 1.42 — 1.29 (m, 8H), 1.03 — 0.82 (m, 3H).
13C NMR (126 MHz, MeOD) § 44.5, 31.5, 29.7, 28.9, 28.5, 26.3, 22.3, 13.0. 1-
isothiocyanatodecane *H NMR (400 MHz, CDCls) & 3.50 (t, J = 6.7 Hz, 2H), 1.75 —
1.62 (m, 2H), 1.41 (p, J = 6.9 Hz, 2H), 1.36 — 1.20 (m, 12H), 0.88 (t, J = 6.7 Hz, 3H).
13C NMR (101 MHz, CDCls) § 45.1, 31.9, 30.0, 29.5, 29.4, 29.3, 28.8, 26.6, 22.7, 14.1.
1-isothiocyanatotetradecane *H NMR (400 MHz, CDCls) § 3.43 (t, J = 6.6 Hz, 2H),
1.62 (p, J = 6.8 Hz, 2H), 1.34 (dd, J = 12.9, 5.4 Hz, 2H), 1.20 (d, J = 9.0 Hz, 20H), 0.81
(t, J = 6.7 Hz, 3H). 13C NMR (101 MHz, CDCls) § 68.0, 45.1, 31.9, 30.0, 29.7, 29.7,

29.6, 29.5, 29.4, 29.4, 28.8, 26.6, 22.7, 14.1.

Y
8

1-isocyanatodecane. Decylamine (1 mL, 5.00 mmol) and TEA (2.1 mL, 15.0 mmol)
were combined in THF (40 mL). Triphosgene (1.78 g, 6.00 mmol) was slowly added at
room temperature. After stirring for 16 h, the solvents were removed by rotary
evaporation. The residue was re-dissolved in ethyl acetate (100 mL) and washed with
water (90 mL) and brine (90 mL). The collected organic layer was dried over Na>SO4
and concentrated by rotary evaporation. The crude residue was further purified by silica
gel column chromatography (Hexane: EtOAc = 4:1) to afford the final product (0.797
g, 87% vyield). 'H NMR (500 MHz, MeOD) § 3.09 (t, J = 7.1 Hz, 2H), 1.49 (p, J = 6.9
Hz, 2H), 1.32 (d, J = 4.1 Hz, 14H), 0.92 (t, J = 6.8 Hz, 3H).3C NMR (126 MHz, MeOD)

0 158.2,40.5,31.7,29.6, 29.3,29.3, 29.1, 26.4, 22.3, 13.0, 13.0.
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O
X = CH, S1
= CHchz S2
= CH20H2CH2 S3
= CH,OCH, s4

= CHzN(BOC)CHz S5

(S)-1,10a-dihydroazeto[1,2-a]benzo[e][1,4]diazepine-4,10(2H,9H)-dione (S1), (S)-
1,2,3,11a-tetrahydro-5H-benzo[e]pyrrolo[1,2-a][1,4]diazepine-5,11(10H)-dione

(S2), (S)-7,8,9,10-tetrahydrobenzo[e]pyrido[1,2-a][1,4]diazepine-6,12(5H,6aH)-
dione (S3), (S)-1,3,4,12a-tetrahydro-6H-benzo[e][1,4]oxazino[4,3-a][1,4]diazepine-
6,12(11H)-dione (S4), and tert-butyl (S)-6,12-diox0-3,4,6,11,12,12a-
hexahydrobenzo[e]pyrazino[1,2-a][1,4]diazepine-2(1H)-carboxylate (S5) S1-S5
were synthesized from (S)-azetidine-2-carboxylic acid, L-proline, (S)-piperidine-2-
carboxylic acid, (S)-morpholine-3-carboxylic acid, and (S)-4-(tert-
butoxycarbonyl)piperazine-2-carboxylic acid respectively by procedure 1 (69%, 54%,
61%, 38%, 42% yield respectively). (S1) *H NMR (400 MHz, CDCls) § 8.63 (s, 1H),
8.03 (dd, J = 7.9, 1.7 Hz, 1H), 7.49 (td, J = 7.7, 1.7 Hz, 1H), 7.27 (dd, J = 15.2, 1.1 Hz,
1H), 7.05 (dd, J = 8.0, 1.1 Hz, 1H), 4.72 (dd, J = 8.9, 5.8 Hz, 1H), 4.30 — 4.10 (m, 2H),
2.99 — 2.83 (m, 1H), 2.58 (ddt, J = 12.0, 8.6, 4.5 Hz, 1H). 3C NMR (101 MHz, CDCl5)
5172.6,165.6,135.4,132.9, 131.0, 125.2, 124.6, 121.6, 59.3, 46.9, 18.6. (52) *H NMR
(400 MHz, CDCl3) § 9.01 (s, 1H), 7.92 (dd, J = 7.8, 1.6 Hz, 1H), 7.45 (td, J = 7.7, 1.6

Hz, 1H), 7.31 - 7.19 (m, 1H), 7.02 (dd, J = 8.1, 1.1 Hz, 1H), 4.53 (dq, J = 13.6, 4.2 Hz,
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1H), 4.16 (dd, J = 6.4, 3.0 Hz, 1H), 3.00 (ddd, J = 13.6, 12.2, 4.0 Hz, 1H), 2.34 — 2.18
(m, 1H), 1.96 (dtt, J = 12.4, 10.0, 4.8 Hz, 1H), 1.84 (dp, J = 12.5, 4.1 Hz, 1H), 1.78 —
1.50 (m, 3H). 13C NMR (101 MHz, CDCls) § 172.1, 168.6, 136.0, 132.1, 131.2, 127.6,
125.1, 120.4, 51.2, 40.4, 23.2, 22.8, 19.2. (S3) *H NMR (400 MHz, CDCls) & 9.50 (s,
1H), 7.91 (dd, J = 7.9, 1.6 Hz, 1H), 7.43 (td, J = 7.7, 1.6 Hz, 1H), 7.23 (td, J = 7.6, 1.2
Hz, 1H), 7.06 (dd, J = 8.1, 1.1 Hz, 1H), 4.51 (dt, J = 13.7, 4.0 Hz, 1H), 4.16 (dd, J =
6.4, 3.1 Hz, 1H), 2.99 (ddd, J = 13.6, 12.1, 3.9 Hz, 1H), 2.26 (ddt, J = 12.6, 8.0, 4.4 Hz,
1H), 2.03 - 1.89 (m, 1H), 1.82 (dp, J = 12.5, 3.9 Hz, 1H), 1.78 — 1.51 (m, 3H). *C NMR
(101 MHz, CDCls) § 172.2, 168.6, 136.1, 132.1, 131.1, 127.5, 125.0, 120.5, 51.2, 40.3,
23.2,22.8,19.2. (S4) *H NMR (400 MHz, CDCl3) & 8.29 (s, 1H), 7.85 (dd, J = 7.8, 1.6
Hz, 1H), 7.42 (td, J = 7.7, 1.6 Hz, 1H), 7.22 (td, J = 7.6, 1.1 Hz, 1H), 6.93 (dd, J = 8.0,
1.2 Hz, 1H), 4.42 (dq, J = 12.3, 1.7 Hz, 1H), 4.34 (ddd, J = 14.0, 3.4, 1.4 Hz, 1H), 4.09
—4.01 (m, 1H), 3.93 (dd, J = 4.6, 1.4 Hz, 1H), 3.64 (dd, J = 12.3, 4.6 Hz, 1H), 3.57 (td,
J =119, 3.3 Hz, 1H), 3.21 (ddd, J = 13.9, 12.1, 4.4 Hz, 1H). *C NMR (101 MHz,
CDCl3) & 170.4, 168.6, 135.5, 132.6, 131.3, 126.8, 125.6, 120.7, 65.7, 62.9, 50.8, 39.8.
(S5) *H NMR (400 MHz, CDCl3) § 8.92 (s, 1H), 7.98 (dd, J = 7.9, 1.6 Hz, 1H), 7.48
(td, J=7.7, 1.6 Hz, 1H), 7.29 (t, J = 7.5 Hz, 1H), 7.01 (d, J = 8.0 Hz, 1H), 4.39 — 4.26
(m, 1H), 4.25 — 4.05 (m, 3H), 3.74 — 3.44 (m, 3H), 1.47 (s, 9H). *°C NMR (126 MHz,
CDCl3) § 170.9, 170.6, 167.2, 155.1, 154.9, 135.4, 132.8, 131.8, 126.2, 126.0, 125.4,

120.9, 80.4, 52.7, 43.3, 42.5, 38.7, 37.8, 28.2.
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X
I
X
\/N
(0]
X = CH, S6
= CHchz S7

= CHQCH2CH2 S8
= CH,0CH,  S9

(S)-4-(4,10-dioxo-1,2,10,10a-tetrahydroazeto[1,2-a]benzo[e][1,4]diazepin-9(4H)-
yl)butanenitrile (S6), (S)-4-(5,11-diox0-2,3,11,11a-tetrahydro-1H-
benzo[e]pyrrolo[1,2-a][1,4]diazepin-10(5H)-yl)butanenitrile  (S7), (S)-4-(6,12-
dioxo-6,6a,7,8,9,10-hexahydrobenzo[e]pyrido[1,2-a][1,4]diazepin-5(12H)-
ylbutanenitrile (S8), and (S)-4-(6,12-dioxo-3,4,12,12a-tetrahydro-1H-
benzo[e][1,4]oxazino[4,3-a][1,4]diazepin-11(6H)-yl)butanenitrile (S9). S6-S9 were
synthesized from S1-S4 by procedure 2 (61%, 85%, 76%, & 53% vyield respectively)
(S6) *H NMR (400 MHz, CDCls) & 7.90 (dd, J = 7.8, 1.7 Hz, 1H), 7.57 (ddd, J = 8.8,
7.4, 1.7 Hz, 1H), 7.37 (td, J = 7.6, 1.1 Hz, 1H), 7.31 (d, J = 8.2 Hz, 1H), 4.55 (dd, J =
8.7, 4.8 Hz, 1H), 4.44 (ddd, J = 14.5, 8.3, 6.6 Hz, 1H), 4.21 (td, J = 9.5, 6.4 Hz, 1H),
4.10 (td, 3= 9.5, 5.9 Hz, 1H), 3.77 (ddd, J = 13.9, 8.2, 5.7 Hz, 1H), 3.03 — 2.89 (m, 1H),
2.56 (dtd, J = 11.9, 9.1, 6.4 Hz, 1H), 2.41 — 2.20 (m, 2H), 2.05 — 1.92 (m, 1H), 1.92 —
1.80 (m, 1H). 3C NMR (101 MHz, CDCls) 6 170.4, 165.3, 138.8, 132.5, 130.0, 128.6,
126.7,123.4, 118.6, 60.3, 47.5, 46.8, 23.9, 18.2, 14.8. (S7) *H NMR (400 MHz, CDCls)
§7.86 (dd, J = 7.8, 1.7 Hz, 1H), 7.49 (ddd, J = 8.2, 7.4, 1.7 Hz, 1H), 7.28 (td, J = 7.5,

1.0 Hz, 1H), 7.21 (dd, J = 8.3, 1.1 Hz, 1H), 4.30 (ddd, J = 14.0, 8.4, 6.5 Hz, 1H), 3.98
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(dd, J = 7.8, 2.3 Hz, 1H), 3.79 — 3.65 (m, 2H), 3.55 — 3.43 (m, 1H), 2.64 (dddd, J = 9.6,
5.0, 4.0, 1.9 Hz, 1H), 2.31 — 2.14 (m, 2H), 2.07 (tddt, J = 11.1, 8.1, 5.6, 1.9 Hz, 1H),
2.01 - 1.86 (m, 3H), 1.86 — 1.74 (m, 1H). 3C NMR (101 MHz, CDCls) § 169.6, 164.8,
138.8, 132.4, 131.0, 130.5, 126.4, 122.3, 118.6, 57.3, 46.8, 46.6, 36.9 26.6, 24.1, 23.8,
14.8. (S8) *H NMR (400 MHz, CDCls) § 7.85 (dd, J = 7.7, 1.7 Hz, 1H), 7.55 (ddd, J =
8.2,7.4, 1.7 Hz, 1H), 7.35 (td, J = 7.6, 1.1 Hz, 1H), 7.25 (dd, J = 8.2, 1.1 Hz, 1H), 4.53
(dddd, J = 13.6, 5.0, 2.8, 1.1 Hz, 1H), 4.44 — 4.32 (m, 1H), 4.19 (dd, J = 6.7, 2.6 Hz,
1H), 3.77 (ddd, J = 13.9, 8.1, 5.7 Hz, 1H), 2.90 (ddd, J = 13.7, 12.6, 3.9 Hz, 1H), 2.37
—2.23 (M, 2H), 2.23 — 2.17 (m, 1H), 2.07 — 1.92 (m, 2H), 1.92 — 1.81 (m, 2H), 1.77 —
1.50 (M, 3H). 3C NMR (101 MHz, CDCl3) 5 169.9, 168.3, 139.0, 132.1, 130.7, 130.4,
126.4, 121.2, 118.6, 53.5, 51.2, 45.5, 40.2, 24.1, 23.4, 23.2, 19.2, 14.7. (S9) 'H NMR
(400 MHz, CDCl3) § 7.85 (dd, J = 7.8, 1.6 Hz, 1H), 7.58 (ddd, J = 8.3, 7.4, 1.7 Hz, 1H),
7.38 (td, J = 7.6, 1.0 Hz, 1H), 7.30 — 7.25 (m, 1H), 4.50 — 4.29 (m, 3H), 4.18 — 4.07 (m,
1H), 4.00 (dd, J = 4.8, 1.4 Hz, 1H), 3.79 (ddd, J = 13.9, 8.0, 5.8 Hz, 1H), 3.69 (dd, J =
12.3, 4.7 Hz, 1H), 3.60 (td, J = 12.0, 3.3 Hz, 1H), 3.22 (ddd, J = 13.8, 12.2, 4.4 Hz, 1H),
2.41-2.21 (m, 2H), 2.09 — 1.83 (m, 2H). 13C NMR (101 MHz, CDCls) & 168.6, 168.5,

139.0, 132.6, 130.5, 129.6, 126.7, 121.5, 118.5, 65.4, 63.4, 50.8, 45.8, 39.8, 24.1, 14.8.
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= CH20H2CH2 S12
=CH,OCH,  S13

tert-butyl (S)-(4-(4,10-dioxo-1,2,10,10a-tetrahydroazeto[1,2-
a]benzo[e][1,4]diazepin-9(4H)-yhbutyl)carbamate (S10) tert-butyl (S)-(4-(5,11-
dioxo-2,3,11,11a-tetrahydro-1H-benzo[e]pyrrolo[1,2-a][1,4]diazepin-10(5H)-

yDbutyl)carbamate (S11), tert-butyl (S)-(4-(6,12-dioxo-6,6a,7,8,9,10-
hexahydrobenzo[e]pyrido[1,2-a][1,4]diazepin-5(12H)-yl)butyl)carbamate (12), &
tert-butyl (S)-(4-(6,12-dioxo-3,4,12,12a-tetrahydro-1H-benzo[e][1,4]oxazino[4,3-
a][1,4]diazepin-11(6H)-yh)butyl)carbamate (S13). S10-S13 were synthesized from
S6-S9 by procedure 3 (37%, 60%, 52% & 48% yield respectively). (5S10) *H NMR (400
MHz, DMSO) 6 7.72 (dd, J = 7.8, 1.7 Hz, 1H), 7.61 (ddd, J = 8.7, 7.2, 1.8 Hz, 1H), 7.52
(dd, J = 8.4, 1.1 Hz, 1H), 7.36 (td, J = 7.5, 1.1 Hz, 1H), 6.73 (t, J = 5.7 Hz, 1H), 4.65
(dd, J = 8.6, 4.8 Hz, 1H), 4.30 — 4.18 (m, 1H), 4.10 — 3.89 (m, 2H), 3.64 (ddd, J = 13.6,
8.0, 5.0 Hz, 1H), 2.82 (g, J = 6.2 Hz, 2H), 2.68 (ddt, J = 11.0, 9.1, 6.0 Hz, 1H), 2.55 —
2.40 (M, 1H), 1.35 (s, 14H). 3C NMR (101 MHz, DMSO) § 170.6, 165.1, 139.4, 132.7,
129.5, 128.9, 126.4, 124.8, 77.8, 60.3 47.7, 46.6, 28.7, 27.0, 25.1, 18.3. (S11)*H NMR

(400 MHz, CDCls) & 7.84 (dd, J = 7.9, 1.7 Hz, 1H), 7.48 — 7.41 (m, 1H), 7.25 (dd, J =
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7.6, 1.0 Hz, 1H), 7.22 (d, J = 4.4 Hz, 1H), 4.52 (s, 1H), 4.16 (ddd, J = 13.8, 8.9, 6.5 Hz,
1H), 3.96 (dd, J = 7.8, 2.3 Hz, 1H), 3.73 (ddd, J = 11.6, 8.0, 2.8 Hz, 1H), 3.58 (ddd, J =
13.8, 8.5, 5.0 Hz, 1H), 3.49 (ddd, J = 11.6, 9.4, 6.6 Hz, 1H), 2.98 (q, J = 6.6 Hz, 2H),
2.64 (ddd, J = 11.5, 7.8, 2.9 Hz, 1H), 2.06 (dtd, J = 20.1, 9.0, 4.5 Hz, 1H), 1.97 — 1.85
(m, 2H), 1.76 — 1.67 (m, 1H), 1.54 (tdd, J = 11.5, 7.6, 3.1 Hz, 1H), 1.34 (s, 12H). 13C
NMR (101 MHz, CDCl3) § 169.3, 165.1, 156.0, 139.3, 132.1, 131.1, 130.3, 126.0, 122.5
57.4,47.9, 465, 28.4, 27.2, 26.6, 25.2, 23.9. (S12) 'H NMR (400 MHz, CDCls) § 7.83
(dd, J=7.8, 1.7 Hz, 1H), 7.51 (ddd, J = 8.9, 7.4, 1.7 Hz, 1H), 7.31 (td, J = 7.6, 1.1 Hz,
1H), 7.24 (dd, J = 8.2, 1.0 Hz, 1H), 4.62 (s, 1H), 4.58 — 4.50 (m, 1H), 4.26 (ddd, J =
13.8, 8.3, 6.9 Hz, 1H), 4.20 — 4.15 (m, 1H), 3.62 (ddd, J = 13.5, 8.0, 5.0 Hz, 1H), 3.05
(g, J = 6.5 Hz, 2H), 2.90 (td, J = 13.2, 3.8 Hz, 1H), 2.19 (ddg, J = 14.0, 4.3, 2.7 Hz, 1H),
2.09 — 1.96 (m, H), 1.91 — 1.77 (m, 2H), 1.76 — 1.30 (m, 19H). 3C NMR (101 MHz,
CDCls)  169.6, 168.6, 156.0, 139.4, 131.8, 130.8, 130.1, 126.0, 121.5, 79.0, 51.2, 46.4,
40.3, 39.8, 28.4, 27.0, 25.2, 23.5, 23.3, 19.3. (S13) 'H NMR (400 MHz, CDCls) § 7.74
(dt, J = 7.8, 2.0 Hz, 1H), 7.50 — 7.42 (m, 1H), 7.26 (t, J = 7.6 Hz, 1H), 7.18 (d, J = 8.2
Hz, 1H), 4.54 (s, 1H), 4.34 (d, J = 12.2 Hz, 1H), 4.24 (d, J = 14.0 Hz, 2H), 4.04 (ddd, J
= 9.9, 4.9, 2.5 Hz, 1H), 3.90 (d, J = 4.6 Hz, 1H), 3.65 — 3.46 (m, 3H), 3.21 — 3.08 (m,
1H), 2.96 (q, J = 6.6 Hz, 2H), 1.53 (dqd, J = 13.9, 8.8, 6.2 Hz, 1H), 1.46 — 1.23 (m,
13H). 3C NMR (101 MHz, CDCls) § 168.7, 168.3, 156.0, 139.3, 132.2, 130.1, 129.9,

126.3, 121.8, 79.0, 65.4, 63.4, 50.9, 46.5, 39.7, 28.4, 27.0, 25.0.

91



0]
0
X\/N
0]
X= CH2CH2 n=14
n==6 KW6127 X =CH, KW6153
8 KW6128 = CH,CH,CH, KW6138
10 KW6120 = CH,0OCH, KW6140
12 KW6115
14 KwW6118
16 KW6133

(S)-N-(4-(5,11-diox0-2,3,11,11a-tetrahydro-1H-benzo[e]pyrrolo[1,2-
a][1,4]diazepin-10(5H)-yh)butyl)octanethioamide (KW6127), (S)-N-(4-(5,11-dioxo-
2,3,11,11a-tetrahydro-1H-benzo[e]pyrrolo[1,2-a][1,4]diazepin-10(5H)-
yl)butyl)decanethioamide (KW6128), (S)-N-(4-(5,11-dioxo-2,3,11,11a-tetrahydro-
1H-benzo[e]pyrrolo[1,2-a][1,4]diazepin-10(5H)-yl)butyl)dodecanethioamide
(KW6120), (S)-N-(4-(5,11-dioxo-2,3,11,11a-tetrahydro-1H-benzo[e]pyrrolo[1,2-
a][1,4]diazepin-10(5H)-y)butyl)tetradecanethioamide (KW6115), (S)-N-(4-(5,11-
dioxo-2,3,11,11a-tetrahydro-1H-benzo[e]pyrrolo[1,2-a][1,4]diazepin-10(5H)-
yl)butyl)hexadecanethioamide (KW6118), (S)-N-(4-(5,11-dioxo0-2,3,11,11a-
tetrahydro-1H-benzo[e]pyrrolo[1,2-a][1,4]diazepin-10(5H)-
yl)butyl)octadecanethioamide (KW6133), (S)-N-(4-(4,10-dioxo-1,2,10,10a-
tetrahydroazeto[1,2-a]benzo[e][1,4]diazepin-9(4H)-yl)butyl)hexadecanethioamide

(KW6153), (S)-N-(4-(6,12-dioxo-6,6a,7,8,9,10-hexahydrobenzo[e]pyrido[1,2-
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a][1,4]diazepin-5(12H)-yl)butyl)hexadecanethioamide (KW6138), & (S)-N-(4-
(6,12-dioxo-3,4,12,12a-tetrahydro-1H-benzo[e][1,4]oxazino[4,3-a][1,4]diazepin-

11(6H)-yl)butyl)hexadecanethioamide (KW6140). The compounds were synthesized
from the corresponding Boc amino benzodiazepinediones (S10-S13) and dithioates by
procedure 4 (59%, 30%, 52%, 41%,11%, 29%, 15%, 53%, & 48% yield respectively).
KW6127 'H NMR (400 MHz, CDCls) & 7.95 — 7.85 (m, 1H), 7.80 (dd, J = 7.8, 1.7 Hz,
1H), 7.47 (ddd, = 8.9, 7.4, 1.7 Hz, 1H), 7.27 (dd, J = 7.6, 1.1 Hz, 1H), 7.23 - 7.19 (m,
1H), 4.24 (dt, J = 14.5, 7.7 Hz, 1H), 4.01 (dd, J = 7.4, 2.1 Hz, 1H), 3.72 (ddd, J = 12.0,
8.1, 2.9 Hz, 1H), 3.60 (dddd, J = 18.0, 10.7, 7.5, 5.4 Hz, 2H), 3.53 — 3.41 (m, 2H), 2.70
—2.59 (m, 1H), 2.52 (tt, J = 8.3, 6.3 Hz, 2H), 2.18 — 2.01 (m, 1H), 2.01 — 1.89 (m, 3H),
1.72 — 1.44 (m, 4H), 1.37 (ddt, J = 14.6, 11.4, 7.8 Hz, 2H), 1.20 (dt, J = 11.3, 4.7 Hz,
10H), 0.86 — 0.74 (m, 3H). 13C NMR (101 MHz, CDCl3) § 206.1, 169.5, 165.5, 138.8,
132.3, 131.4, 129.9, 126.3, 123.0, 57.6, 47.2, 47.0, 46.5, 44.9, 31.7, 29.5, 29.0, 29.0,
26.5, 25.2, 24.5, 23.9, 22.61, 14.1. HRMS (ESI) calc. for [M+H]* C24H3sN302S
430.25282, obs. 430.25257. KW6128 ‘*H NMR (400 MHz, CDCl3) & 7.82 (ddd, J =
13.5, 6.6, 2.6 Hz, 2H), 7.47 (td, J = 7.8, 1.7 Hz, 1H), 7.26 (d, J = 7.6, 1H), 7.21 (dd, J =
8.2, 1.1 Hz, 1H), 4.25 (ddd, J = 14.5, 8.2, 6.5 Hz, 1H), 4.01 (dd, J = 7.7, 2.2 Hz, 1H),
3.78 — 3.69 (m, 1H), 3.59 (tdd, J = 13.8, 7.3, 3.1 Hz, 2H), 3.54 — 3.41 (m, 2H), 2.65
(tdd, J= 9.5, 3.4, 2.0 Hz, 1H), 2.52 (ddd, J = 8.8, 6.9, 2.2 Hz, 2H), 2.16 — 2.01 (m, 1H),
2.01 — 1.88 (m, 2H), 1.73 — 1.44 (m, 4H), 1.44 — 1.28 (m, 2H), 1.28 — 1.12 (m, 13H),
0.80 (t, J = 6.7 Hz, 3H). 3C NMR (101 MHz, CDCls) § 206.2, 169.6, 165.5, 138.8,
132.3, 131.5, 129.9, 126.3, 123.0, 57.6, 47.2, 47.0, 46.5, 44.9, 31.9, 29.5, 29.5, 29.4,

29.3, 29.0, 26.5, 25.1, 245, 23.9, 22.7, 14.1. HRMS (ESI) calc. for [M+H]"

93



CasH40N30,S 458.28412, obs. 458.28370. KW6120 *H NMR (400 MHz, CDCls) § 7.82
(ddd, J=9.5,5.8, 1.9 Hz, 2H), 7.47 (ddd, J = 8.2, 7.4, 1.7 Hz, 1H), 7.29 — 7.19 (m, 2H),
4.25 (ddd, J = 14.5, 8.2, 6.6 Hz, 1H), 4.01 (dd, J = 7.6, 2.1 Hz, 1H), 3.76 — 3.68 (m,
1H), 3.68 — 3.54 (m, 2H), 3.54 — 3.41 (m, 2H), 2.65 (tdd, J = 9.6, 3.4, 2.1 Hz, 1H), 2.52
(tt, J = 8.6, 6.4 Hz, 2H), 2.08 (dddd, J = 16.3, 11.0, 7.1, 2.3 Hz, 1H), 2.01 — 1.88 (m,
3H), 1.72 — 1.44 (m, 4H), 1.44 — 1.29 (m, 2H), 1.20 (dd, J = 9.4, 2.2 Hz, 18H), 0.86 —
0.75 (m, 3H). 3C NMR (101 MHz, CDCl3) § 206.17, 169.6, 165.5, 138.8, 132.3, 131.5,
129.9, 126.3, 123.0, 57.6, 47.2, 47.0, 46.5, 44.9, 31.9, 29.6, 29.6, 29.5, 29.4, 29.3, 29.0,
26.5, 25.1, 24.5, 23.8, 22.7, 14.1. HRMS (ESI) calc. for [M+H]* CasHaaN30,S
486.31542, obs. 486.31528. KW6115 *H NMR (400 MHz, CDCls) & 7.90 — 7.83 (m,
1H), 7.80 (dd, J = 7.7, 1.7 Hz, 1H), 7.47 (td, J = 7.8, 1.7 Hz, 1H), 7.26 (td, J = 7.5, 1.1
Hz, 1H), 7.21 (dd, J = 8.3, 1.1 Hz, 1H), 4.24 (ddd, J = 14.5, 8.2, 6.6 Hz, 1H), 4.02 —
3.98 (m, 1H), 3.76 — 3.68 (m, 1H), 3.67 — 3.53 (m, 2H), 3.48 (dtd, J = 17.4, 8.7, 6.1 Hz,
2H), 2.65 (dddd, J = 11.6, 9.4, 3.3, 2.1 Hz, 1H), 2.52 (ddd, J = 8.7, 6.8, 2.2 Hz, 2H),
2.08 (dddd, J = 15.7, 7.4, 4.5, 2.2 Hz, 1H), 2.01 — 1.88 (m, 2H), 1.72 — 1.44 (m, 4H),
1.42 —1.29 (m, 2H), 1.28 — 1.11 (m, 22H), 0.86 — 0.75 (m, 3H). HRMS (ESI) calc. for
[M+H]* CsoHasN30,S 514.34672, obs. 514.34662. KW6118 'H NMR (400 MHz,
CDCl3) 8 7.81 (dd, J = 7.8, 1.7 Hz, 1H), 7.76 (d, J = 5.8 Hz, 1H), 7.47 (td, J = 7.7, 1.7
Hz, 1H), 7.26 (td, J = 7.5, 1.1 Hz, 1H), 7.23 — 7.19 (m, 1H), 4.26 (ddd, J = 14.5, 8.3,
6.3 Hz, 1H), 4.01 (dd, J = 7.7, 2.2 Hz, 1H), 3.77 — 3.69 (m, 1H), 3.69 — 3.52 (m, 2H),
3.52 —3.41 (m, 2H), 2.65 (dddd, J = 11.7, 9.6, 3.4, 2.0 Hz, 1H), 2.52 (ddd, J = 8.9, 6.8,
2.5 Hz, 2H), 2.08 (dddd, J = 21.4, 10.9, 6.2, 2.2 Hz, 1H), 2.01 — 1.88 (m, 2H), 1.72 —

1.44 (m, 4H), 1.44 — 1.28 (m, 2H), 1.28 — 1.11 (m, 26H), 0.87 —0.77 (m, 3H). 13C NMR
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(101 MHz, CDCls) § 206.2, 169.6, 165.6, 138.8, 132.3, 131.6, 129.9, 126.4, 123.0, 57.6,
47.1, 47.1, 46.5, 44.9, 31.9, 29.7, 29.7, 29.7, 29.6, 29.5, 29.4, 29.4, 29.1, 26.5, 25.1,
24.4, 23.9, 22.7, 14.1. HRMS (ESI) calc. for [M+H]* CazHs2N30,S 542.37802, obs.
542.37778. KW6133 *H NMR (400 MHz, CDCl3) § 7.81 (dd, J = 7.8, 1.7 Hz, 2H), 7.47
(td, J=7.8, 1.7 Hz, 1H), 7.26 (t, J = 7.5 Hz, 1H), 7.21 (d, J = 8.2 Hz, 1H), 4.26 (ddd, J
=14.4,8.2, 6.4 Hz, 1H), 4.01 (dd, J = 7.8, 2.3 Hz, 1H), 3.72 (ddd, J = 11.6, 8.1, 2.8 Hz,
1H), 3.68 — 3.53 (M, 2H), 3.53 — 3.41 (M, 2H), 2.71 — 2.60 (M, 1H), 2.51 (ddt, J = 13.1,
8.6, 4.4 Hz, 2H), 2.17 — 2.02 (m, 1H), 2.02 — 1.88 (m, 2H), 1.71 — 1.44 (m, 4H), 1.36
(dg, J = 14.2, 8.1 Hz, 2H), 1.18 (s, 32H), 0.81 (t, J = 6.8 Hz, 3H). 13C NMR (101 MHz,
CDCls) §206.2, 169.6, 165.5, 138.8, 132.3, 131.5, 129.9, 126.3, 123.0, 57.6, 47.1, 47.0,
465, 44.9, 31.9, 29.7, 29.7, 29.7, 29.6, 29.6, 29.4, 29.4, 29.1, 26.5, 25.1, 24.5, 23.9,
22.7, 14.1. HRMS (ESI) calc. for [M+H]* CasHssN30,S 570.40932, obs. 570.40908.
KW6153 *H NMR (400 MHz, CDCls) § 7.78 (dd, J = 7.8, 1.7 Hz, 1H), 7.66 (d, J = 5.7
Hz, 1H), 7.48 (td, J = 7.8, 1.7 Hz, 1H), 7.28 (td, J = 7.6, 1.1 Hz, 1H), 7.23 (d, J = 8.2
Hz, 1H), 4.48 (dd, J = 8.6, 4.5 Hz, 1H), 4.33 (ddd, J = 14.2, 8.1, 6.4 Hz, 1H), 4.16 (td,
J=9.4,6.6 Hz, 1H), 4.02 (td, J = 9.6, 5.5 Hz, 1H), 3.69 — 3.43 (m, 3H), 2.89 (ddt, J =
13.4,9.5, 4.7 Hz, 1H), 2,51 (dtd, J = 9.1, 6.8, 2.6 Hz, 3H), 1.74 — 1.47 (m, 4H), 1.47 —
1.30 (m, 2H), 1.30 — 1.11 (m, 23H), 0.81 (t, J = 6.7 Hz, 3H). *C NMR (101 MHz,
CDCls) §206.2, 170.3, 166.0, 138.7, 132.5, 129.5, 129.2, 126.8, 124.1, 60.7, 48.1, 47.1,
46.9, 45.0, 31.9, 29.7, 29.7, 29.6, 29.5, 29.4, 29.4, 29.0, 25.1, 24.6, 22.7, 18.2, 14.1.
HRMS (ESI) calc. for [M+H]* Ca:HsoN3O,S 528.36237, obs. 528.36234. KW6138 'H
NMR (400 MHz, CDCls) § 7.87 (d, J = 5.6 Hz, 1H), 7.71 (dd, J = 7.8, 1.6 Hz, 1H), 7.45

(td, J = 7.8, 1.7 Hz, 1H), 7.29 — 7.23 (m, 1H), 7.17 (d, J = 8.2 Hz, 1H), 4.45 (dt, J =
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13.6, 4.2 Hz, 1H), 4.31 (ddd, J = 14.2, 9.3, 5.3 Hz, 1H), 4.15 (dd, J = 6.8, 2.3 Hz, 1H),
3.65 (ddt, J = 14.0, 7.9, 5.6 Hz, 1H), 3.52 (ddd, J = 14.1, 6.1, 3.9 Hz, 1H), 3.38 (dg, J =
13.6, 5.3 Hz, 1H), 2.81 (td, J = 13.2, 3.8 Hz, 1H), 2.55 — 2.41 (m, 2H), 2.17 — 2.08 (m,
1H), 1.96 (dtt, J = 13.9, 9.5, 4.8 Hz, 2H), 1.80 (dt, J = 13.1, 4.0 Hz, 1H), 1.71 - 1.41
(m, 7H), 1.19 (s, 27H), 0.81 (t, J = 6.7 Hz, 3H). 3C NMR (101 MHz, CDCls) & 206.3,
169.8, 169.3, 138.8, 132.1, 131.1, 129.6, 126.4, 122.0, 51.3, 46.9, 45.3, 44.9, 40.6, 31.9,
29.7,29.7, 29.7, 29.6, 29.4, 29.4, 29.1, 25.0, 24.2, 23.5, 23.2, 22.7, 19.2, 14.1. (ESI)
calc. for [M+H]* CasHsaN2O2S 556.39367, obs. 556.39362. KW6140 *H NMR (400
MHz, CDCl3) § 7.72 (dd, J = 7.7, 1.7 Hz, 2H), 7.49 (td, J = 7.8, 1.7 Hz, 1H), 7.28 (td, J
= 7.5, 1.0 Hz, 1H), 7.20 (d, J = 8.2 Hz, 1H), 4.39 — 4.28 (m, 2H), 4.27 — 4.19 (m, 1H),
4.05 (qd, J = 6.0, 2.9 Hz, 1H), 3.96 — 3.92 (m, 1H), 3.69 — 3.38 (m, 5H), 3.12 (ddd, J =
13.8, 12.3, 4.4 Hz, 1H), 2.56 — 2.42 (m, 2H), 1.97 (s, 1H), 1.71 — 1.43 (m, 4H), 1.19 (d,
J=7.0 Hz, 27H), 0.81 (t, J = 6.7 Hz, 3H). 13C NMR (101 MHz, CDCls) § 206.2, 169.3,
168.5, 138.9, 132.5, 130.1, 129.8, 126.6, 122.2, 65.3, 63.4, 51.0, 47.0, 45.8, 44.8, 40.0,
31.9,29.7,29.7, 29.7, 29.6, 29.5, 29.4, 29.4, 29.0, 25.0, 24.4, 22.7, 14.1. (ESI) calc. for

[M+H]" C32Hs2N303S 558.37294, obs. 558.37287.
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NH-C1-6
NH-C1-8
NH-C1-10
KW6158
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(S)-1-(4-(5,11-dioxo-2,3,11,11a-tetrahydro-1H-benzo[e]pyrrolo[1,2-
a][1,4]diazepin-10(5H)-yl)butyl)-3-hexylthiourea (NH-C1-6), (S)-1-(4-(5,11-dioxo-
2,3,11,11a-tetrahydro-1H-benzo[e]pyrrolo[1,2-a][1,4]diazepin-10(5H)-yl)butyl)-3-
octylthiourea (NH-C1-8), (S)-1-decyl-3-(4-(5,11-diox0-2,3,11,11a-tetrahydro-1H-
benzo[e]pyrrolo[1,2-a][1,4]diazepin-10(5H)-yl)butyl)thiourea (NH-C1-10) & (S)-
1-(4-(5,11-dioxo-2,3,11,11a-tetrahydro-1H-benzo[e]pyrrolo[1,2-a][1,4]diazepin-
10(5H)-yl)butyl)-3-tetradecylthiourea (KW6158). These compounds were
synthesized from S11 and the corresponding isothiocyanates by procedure 5 (72% &
59% yield respectively). NH-C1-6, tH NMR (500 MHz, MeOD) § 7.84 (dd, J=7.8, 1.7
Hz, 1H), 7.65 (ddd, J = 8.8, 7.4, 1.7 Hz, 1H), 7.53 (dd, J = 8.3, 1.1 Hz, 1H), 7.40 (td, J
= 7.6, 1.1 Hz, 1H), 4.38 (dt, J = 14.2, 7.2 Hz, 1H), 4.20 — 4.14 (m, 1H), 3.77 (dtd, J =
11.8, 8.0, 3.5 Hz, 2H), 3.54 (qd, J = 8.3, 3.3 Hz, 1H), 3.38 (d, J = 14.3 Hz, 2H), 2.70 —
2.61 (m, 1H), 2.19 — 2.01 (m, 3H), 1.57 (tdd, J = 14.8, 9.0, 4.8 Hz, 3H), 1.52 — 1.40 (m,
3H), 1.40 — 1.28 (m, 6H), 0.97 — 0.88 (m, 3H). 3C NMR (126 MHz, MeOD) & 169.8,

166.0, 139.3, 132.4, 130.7, 129.3, 125.8, 123.2, 57.6, 46.3, 31.3, 26.3, 26.1, 24.7, 23 .4,
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22.3,13.0. (ESI) calc. for [M+H]* C23HssN4O2S 431.24807, obs. 431.24681 NH-C1-8,
IH NMR (500 MHz, MeOD) § 7.84 (dd, J = 7.8, 1.6 Hz, 1H), 7.65 (ddd, J = 8.7, 7.3,
1.7 Hz, 1H), 7.53 (dd, J = 8.3, 1.0 Hz, 1H), 7.39 (td, J = 7.6, 1.1 Hz, 1H), 4.37 (dt, J =
14.2,7.2 Hz, 1H), 4.20 — 4.14 (m, 1H), 3.77 (ddt, J = 14.6, 7.8, 4.2 Hz, 2H), 3.54 (qd, J
= 8.3, 3.3 Hz, 1H), 3.39 (s, 3H), 2.68 — 2.55 (m, 1H), 2.18 — 1.98 (m, 3H), 1.57 (ddd, J
=15.4,7.7, 4.1 Hz, 3H), 1.51 — 1.39 (m, 3H), 1.34 (q, J = 5.3 Hz, 10H), 0.98 — 0.85 (m,
3H). 3C NMR (126 MHz, MeOD) & 169.7, 165.9, 139.3, 132.4, 130.7, 129.3, 125.8,
123.2,57.6 31.6, 29.1, 29.0, 26.6, 26.1, 24.7, 23.4, 22.3, 13.1. (ESI) calc. for [M+H]*
CasH3oN4O2S 459.27937, obs. 459.27795. NH-C1-10 'H NMR (400 MHz, CDCls) &
7.84(d, J=7.7 Hz, 1H), 7.55 (t, J = 7.8 Hz, 1H), 7.35 — 7.27 (m, 2H), 6.32 (s, 1H), 6.03
(d, J = 7.5 Hz, 1H), 4.35 (dt, J = 14.6, 6.8 Hz, 1H), 4.07 (d, J = 6.9 Hz, 1H), 3.78 (ddd,
J=117,8.4,3.0 Hz, 1H), 3.71 - 3.21 (m, 6H), 2.71 (dg, J = 10.1, 2.8 Hz, 1H), 2.25 —
2.08 (M, 1H), 2.01 (h, J = 7.0 Hz, 2H), 1.67 — 1.47 (m, 4H), 1.29 (d, J = 18.9 Hz, 16H),
0.88 (t, J = 6.6 Hz, 3H). 3C NMR (101 MHz, CDCls) & 182.2, 169.5, 165.7, 138.8,
132.5, 131.4, 129.7, 126.3, 123.1, 57.6, 47.1, 46.5, 44.4, 43.5, 31.9, 29.6, 29.4, 29.3,
29.1, 27.0, 26.5, 26.1, 25.0, 23.8, 22.7, 14.1. (ESI) calc. for [M+H]* Ca7HasN4O2S
487.31067, obs. 487.31040. KW6158 'H NMR (400 MHz, CDCls) § 7.76 (dd, J = 8.1,
1.7 Hz, 1H), 7.47 (td, J = 7.8, 1.7 Hz, 1H), 7.24 (dd, J = 8.2, 5.9 Hz, 2H), 6.42 (s, 1H),
6.24 (t, J = 5.5 Hz, 1H), 4.22 (dt, J = 14.4, 7.2 Hz, 1H), 4.00 — 3.96 (m, 1H), 3.70 (ddd,
J=115,7.9, 2.8 Hz, 1H), 3.61 — 3.43 (m, 2H), 3.42 — 3.16 (M, 4H), 2.63 (ddt, J = 8.9,
6.5, 2.4 Hz, 1H), 2.07 (dtd, J = 15.1, 7.6, 3.9 Hz, 1H), 1.96 (s, 3H), 1.44 (dtd, J = 22.4,
12.1, 6.1 Hz, 5H), 1.31 — 1.10 (m, 25H), 0.80 (t, J = 6.7 Hz, 3H). 3C NMR (101 MHz,

CDCls) 6 182.1, 169.3, 169.3, 165.6, 165.3, 138.9, 138.9, 132.4, 132.2, 131.1, 131.0,
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130.0, 129.7, 126.1, 126.1, 123.0, 122.7, 57.5, 57.4, 47.3, 47.1, 46.5, 44.3, 43.5, 38.9,
31.8, 29.6, 29.6, 29.6, 29.6, 29.5, 29.3, 29.3, 29.1, 26.9, 26.5, 26.2, 25.4, 25.0, 24.8,

23.8,23.8,22.6, 14.1. (ESI) calc. for [M+H]" Ca1Hs1N40,S 543.37327, obs. 543.37336.

o)
/\2—NH
N
\\/Nm/z)
O
S14

(S)-2-methyl-1,3,4,12a-tetrahydrobenzo[e]pyrazino[1,2-a][1,4]diazepine-
6,12(2H,11H)-dione (S14). S5 (0.44 g, 1.3 mmol) was dissolved in DCM (5 mL) and
TFA (1 mL). The solution was stirred at room temperature for 2 h then concentrated
under reduced pressure. The resulting material was dissolved in acetonitrile (13 mL).
K2COs (0.56 g, 4.1 mmol) and methyl iodide (0.11 mL, 1.8 mmol) were added, and the
mixture was stirred at 60 °C for 16 h. The mixture was cooled to room temperature and
solvent was removed under reduced pressure. Crude solid was diluted with water (20
mL) and extracted with EtOAc (20 mL) three times. Organic layers were combined,
washed with brine, dried over sodium sulfate, and concentrated under reduced pressure.
The second crude was purified by flash chromatography (DCM — 1:9 DCM : MeOH)
to give compound S14 (0.18 g, 0.73 mmol, 55% yield). *H NMR (400 MHz, DMSO) §
10.34 (s, 1H), 7.70 (dd, J = 7.8, 1.6 Hz, 1H), 7.49 (td, J = 7.7, 1.6 Hz, 1H), 7.21 (td, J =
7.5,1.1 Hz, 1H), 7.12 - 7.05 (m, 1H), 4.28 (ddd, J = 13.3, 3.6, 1.9 Hz, 1H), 4.18 — 4.08
(m, 1H), 3.22 — 3.05 (m, 1H), 2.92 (td, J = 12.7, 3.9 Hz, 1H), 2.80 (ddt, J = 11.5, 4.1,

2.0 Hz, 1H), 2.23 (s, 3H), 2.06 (dd, J = 12.1, 5.5 Hz, 1H), 1.96 (td, J = 11.8, 3.6 Hz,
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1H). 3C NMR (101 MHz, DMSO) § 171.0, 168.1, 137.5, 132.4, 130.8, 127.1, 124.4,

120.9, 53.2, 52.1, 51.2, 46.3.

N
N

0
~r
N
N
¢
S$15
(S)-4-(2-methyl-6,12-dioxo-1,2,3,4,12,12a-hexahydrobenzo[e]pyrazino[1,2-
a][1,4]diazepin-11(6H)-yl)butanenitrile (S15). S15 was synthesized from S14 by
procedure 2 (47% yield). *H NMR (400 MHz, CDCls) & 7.88 — 7.80 (m, 1H), 7.60 —
7.52 (m, 1H), 7.39 — 7.31 (m, 1H), 7.26 (dd, J = 8.2, 3.0 Hz, 1H), 4.52 — 4.32 (m, 2H),
4.13 (t, J = 4.3 Hz, 1H), 3.75 (ddd, J = 13.8, 8.5, 5.9 Hz, 1H), 3.27 (dd, J = 12.2, 3.5
Hz, 1H), 3.16 (td, J = 12.9, 4.1 Hz, 1H), 2.99 — 2.90 (m, 1H), 2.41 (d, J = 3.7 Hz, 3H),
2.34 — 2.17 (m, 3H), 2.11 (td, J = 12.0, 3.7 Hz, 1H), 1.94 (ddt, J = 42.2, 14.0, 6.9 Hz,
2H). 13C NMR (101 MHz, CDCl3) § 169.2, 168.1, 139.1, 132.3, 130.2, 130.0, 126.4,

121.3, 118.5, 53.1, 52.3, 51.3, 46.4, 45.9, 40.8, 24.1, 14.7.
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S16

tert-butyl (S)-(4-(2-methyl-6,12-dioxo-1,2,3,4,12,12a-
hexahydrobenzo[e]pyrazino[1,2-a][1,4]diazepin-11(6H)-yl)butyl)carbamate (S16).
S16 was synthesized from S15 by procedure 3 (27% yield). *H NMR (400 MHz, CDCls)
67.81(dd,J=7.7,1.7 Hz, 1H), 7.51 (ddd, J = 8.7, 7.6, 1.7 Hz, 1H), 7.31 (t, J = 7.5 Hz,
1H), 7.23 (d, J = 8.2 Hz, 1H), 4.55 (s, 1H), 4.44 (ddd, J = 13.6, 3.7, 2.0 Hz, 1H), 4.31
(dt, J = 13.6, 7.6 Hz, 1H), 4.12 — 4.07 (m, 1H), 3.61 (ddd, J = 13.5, 7.8, 5.0 Hz, 1H),
3.27 (dt, J =12.0, 1.7 Hz, 1H), 3.17 (td, J = 12.9, 4.0 Hz, 1H), 3.01 (p, J = 7.1 Hz, 2H),
2.93 (ddt, J = 11.6, 4.0, 2.0 Hz, 1H), 2.40 (s, 3H), 2.17 (dd, J = 12.0, 5.5 Hz, 1H), 2.10
(td, J = 11.9, 3.6 Hz, 1H), 1.67 — 1.54 (m, 1H), 1.40 (s, 13H). 3C NMR (101 MHz,
CDClI3) 6 169.0, 168.45, 156.0, 139.5, 132.0, 130.3, 130.0, 126.1, 121.7, 79.0 53.2, 52.5,

51.5, 46.6, 46.4, 40.8, 39.7, 28.4, 27.0, 25.0.
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KW6173

(S)-N-(4-(2-methyl-6,12-dioxo-1,2,3,4,12,12a-hexahydrobenzo[e]pyrazino[1,2-

a][1,4]diazepin-11(6H)-yl)butyl)hexadecanethioamide (KW6173). KW6173 was
synthesized from S16 by procedure 4 (17% yield). *H NMR (400 MHz, CDCl3) § 7.78
(dd, J = 7.7, 1.6 Hz, 1H), 7.70 (t, J = 5.7 Hz, 1H), 7.54 (td, J = 7.8, 1.7 Hz, 1H), 7.33
(td, J = 7.6, 1.0 Hz, 1H), 7.25 (d, J = 8.2 Hz, 1H), 4.50 — 4.31 (m, 2H), 4.14 (dd, J =
6.2, 4.6 Hz, 1H), 3.65 (dddd, J = 29.8, 14.0, 7.1, 3.6 Hz, 2H), 3.49 (dq, J = 13.8, 5.2 Hz,
1H), 3.33 — 3.24 (m, 1H), 3.18 (td, J = 12.9, 4.0 Hz, 1H), 2.95 (ddt, J = 11.7, 4.1, 2.2
Hz, 1H), 2.61 — 2.47 (m, 2H), 2.41 (d, J = 4.1 Hz, 3H), 2.25 — 2.17 (m, 1H), 2.17 — 2.06
(m, 1H), 1.62 (dddd, J = 36.3, 19.8, 8.1, 5.8 Hz, 4H), 1.48 — 1.17 (m, 27H), 0.88 (t, J =
6.8 Hz, 3H). 3C NMR (101 MHz, CDCls) § 206.3, 169.1, 139.0, 132.3, 130.5, 129.6,
126.5,122.1, 53.0, 52.4,51.6, 47.0, 46.4, 45.67,44.7,41.1, 31.9, 29.7, 29.7, 29.7, 29.6,
29.5, 29.4, 29.4, 29.1, 24.8, 24.4, 22.7, 14.1. (ESI) calc. for [M+H]* Ca3HssN102S

571.40457, obs. 571.40441.
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S17
(R)-1,2,3,11a-tetrahydro-5H-benzo[e]pyrrolo[1,2-a][1,4]diazepine-5,11(10H)-
dione (S17). S17 was synthesized from D-proline by procedure 1 (62% yield). *H NMR
(400 MHz, CDCl3) § 9.11 (d, J = 10.7 Hz, 1H), 8.00 (d, J = 7.8 Hz, 1H), 7.47 (td, J =
7.8,1.7 Hz, 1H), 7.26 (t, J = 7.7 Hz, 1H), 7.06 (d, J = 8.0 Hz, 1H), 4.08 (d, J = 6.3 Hz,
1H), 3.82 (ddt, J = 12.1, 5.6, 2.9 Hz, 1H), 3.69 — 3.53 (m, 1H), 2.87 — 2.67 (m, 1H), 2.13
—1.89 (m, 3H). 3C NMR (101 MHz, CDCl3) § 171.5, 171.5, 165.5, 135.4, 132.4, 131.1,

127.2,125.0, 121.1, 56.7, 47.4, 26.3, 23.6.

N
N

0
NN
CN% D
0

S18
(R)-4-(5,11-dioxo-2,3,11,11a-tetrahydro-1H-benzo[e]pyrrolo[1,2-a][1,4]diazepin-
10(5H)-ylbutanenitrile (S18). S18 was synthesized from S17 by procedure 2 (99%
yield). 'H NMR (400 MHz, CDCls) & 7.94 (dd, J = 7.8, 1.7 Hz, 1H), 7.62 — 7.52 (m,
1H), 7.35 (td, J = 7.6, 1.1 Hz, 1H), 7.28 (dd, J = 8.8, 1.6 Hz, 1H), 4.37 (ddd, J = 14.5,
8.4, 6.5 Hz, 1H), 4.12 — 3.99 (m, 1H), 3.87 — 3.70 (m, 2H), 3.64 — 3.43 (m, 1H), 2.65

(m, 1H), 2.41 — 2.20 (m, 2H), 2.20 — 2.08 (m, 1H), 2.08 — 1.94 (m, 3H), 1.94 — 1.80 (m,
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1H). BC NMR (101 MHz, CDCls) § 169.6, 164.9, 138.8, 132.4, 131.0, 130.5, 126.4,

122.3, 118.5, 57.3, 46.8, 46.6, 26.6, 24.1, 23.8, 14.8.

Boc
NH

SN
C"HD
0
S19

tert-butyl (R)-(4-(5,11-dioxo0-2,3,11,11a-tetrahydro-1H-benzo[e]pyrrolo[1,2-
a][1,4]diazepin-10(5H)-yl)butyl)carbamate (S19). S19 was synthesized from S18 by
procedure 3 (45% yield). 'H NMR (400 MHz, CDCls) & 7.88 — 7.75 (m, 1H), 7.52 —
7.36 (M, 1H), 7.22 (t, J = 7.8 Hz, 2H), 4.64 (s, 1H), 4.23 — 4.07 (m, 1H), 4.02 - 3.91 (m,
1H), 3.73 (ddd, J =11.7, 8.1, 2.8 Hz, 1H), 3.58 (ddd, J = 13.8, 8.4, 4.9 Hz, 1H), 3.53 —
3.42 (m, 1H), 2.97 (q, J = 6.6 Hz, 2H), 2.70 — 2.57 (m, 1H), 2.12 — 1.99 (m, 1H), 1.92
(h, J = 7.4 Hz, 2H), 1.54 (dtt, J = 12.5, 8.5, 4.5 Hz, 1H), 1.33 (s, 13H). 3C NMR (101
MHz, CDCl3) 6 169.3, 165.1, 156.0, 139.2, 132.1, 131.1, 130.2, 125.9, 122.6, 79.0, 57.3,

47.8, 46.5, 39.8, 39.8, 28.4, 27.1, 26.6, 25.1, 23.8.
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KW6137

(R)-N-(4-(5,11-diox0-2,3,11,11a-tetrahydro-1H-benzo[e]pyrrolo[1,2-

a][1,4]diazepin-10(5H)-yh)butyl)hexadecanethioamide (KW6137). KW6137 was
synthesized from S19 by procedure 4 (34% yield). *H NMR (400 MHz, CDCls) & 7.80
(dd, J = 7.8, 1.7 Hz, 2H), 7.47 (ddd, J = 8.8, 7.5, 1.7 Hz, 1H), 7.26 (td, J = 7.6, 1.1 Hz,
1H), 7.21 (d, J = 8.2 Hz, 1H), 4.26 (ddd, J = 14.5, 8.2, 6.4 Hz, 1H), 4.01 (dd, J = 7.7,
2.2 Hz, 1H), 3.72 (ddd, J = 11.7, 8.2, 2.8 Hz, 1H), 3.67 — 3.42 (m, 4H), 2.70 — 2.60 (m,
1H), 2.51 (ddt, J = 13.2, 8.6, 4.5 Hz, 2H), 2.16 — 2.02 (m, 1H), 1.96 (tdd, J = 11.9, 7.6,
4.9 Hz, 3H), 1.71 — 1.44 (m, 4H), 1.43 — 1.28 (m, 2H), 1.27 — 1.13 (m, 25H), 0.81 (t, J
= 6.7 Hz, 3H). 13C NMR (101 MHz, CDCl3) § 206.2, 169.6, 165.5, 138.8, 132.3, 131.5,
129.9, 126.4, 123.0, 57.6,47.1, 47.0, 46.5, 44.9, 31.9, 29.7, 29.7, 29.7, 29.6, 29.4, 29.4,
29.0,26.5,25.1,24.5,23.9,22.7, 14.1. (ESI) calc. for [M+H]" C32Hs2N30,S 542.37802,

obs. 542.37802.
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4-methyl-3,4-dihydro-1H-benzo[e][1,4]diazepine-2,5-dione  (S20). S20 was
synthesized from methyl glycine by procedure 1 (32% yield) *H NMR (500 MHz,
DMSO) § 10.46 (s, 1H), 7.75 (dd, J = 7.8, 1.6 Hz, 1H), 7.50 (ddd, J = 8.1, 7.2, 1.6 Hz,
1H), 7.22 (ddd, J = 8.1, 7.3, 1.2 Hz, 1H), 7.10 (dd, J = 8.2, 1.2 Hz, 1H), 3.85 (s, 2H),
3.12 (s, 3H). 3C NMR (126 MHz, DMSO) 5 170.3, 167.0, 137.4, 132.5, 131.3, 126.7,

124.4,121.2, 52.6, 36.3.

0
N
/ 0]
s21

4-(4-methyl-2,5-dioxo-2,3,4,5-tetrahydro-1H-benzo[e][1,4]diazepin-1-

yl)butanenitrile (S21). S21 was synthesized from S20 by procedure 2 (54% yield). *H
NMR (500 MHz, MeOD) § 7.82 (dd, J = 7.8, 1.7 Hz, 1H), 7.66 (ddd, J = 8.8, 7.3, 1.7
Hz, 1H), 7.51 (dd, J = 8.2, 1.1 Hz, 1H), 7.42 (td, J = 7.5, 1.1 Hz, 1H), 4.44 — 4.35 (m,
1H), 4.14 (d, J = 14.8 Hz, 1H), 3.87 (ddd, J = 13.9, 8.0, 5.4 Hz, 1H), 3.74 (d, J = 14.8
Hz, 1H), 3.26 (s, 3H), 2.42 — 2.33 (m, 2H), 1.93 (ddt, J = 15.0, 12.9, 6.2 Hz, 1H), 1.88
—1.78 (m, 1H). 3C NMR (126 MHz, MeOD) & 168.8, 167.9, 139.3, 132.4, 129.9, 129.6,

126.1, 122.0, 118.8, 52.6, 45.0, 34.6, 23.5, 13.4.
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tert-butyl (4-(4-methyl-2,5-dioxo-2,3,4,5-tetrahydro-1H-benzo[e][1,4]diazepin-1-
ylhbutyl)carbamate (S22). S22 was synthesized from S21 by procedure 3 (61% vyield).
'H NMR (500 MHz, MeOD) & 7.80 (dd, J = 7.8, 1.7 Hz, 1H), 7.64 (ddd, J = 8.7, 7.4,
1.7 Hz, 1H), 7.51 (d, J = 8.3 Hz, 1H), 7.48 — 7.33 (m, 1H), 4.34 (dt, J = 14.6, 7.7 Hz,
1H), 4.12 (d, J = 14.6 Hz, 1H), 3.80 — 3.68 (m, 2H), 3.25 (s, 3H), 2.97 (t, J = 6.8 Hz,
2H), 1.56 (dt, J = 8.2, 5.5 Hz, 1H), 1.42 (s, 10H), 1.38 — 1.27 (m, 3H). 3C NMR (126
MHz, MeOD) 6 170.1, 169.5, 141.0, 133.7, 131.2, 131.1, 127.3, 123.7, 79.8, 54.1,47.2,

40.6, 36.0, 28.8, 27.9, 26.0.

n=4 NH-C4-6
=8 NH-C4-10

1-hexyl-3-(4-(4-methyl-2,5-diox0-2,3,4,5-tetrahydro-1H-benzo[e][1,4]diazepin-1-

yDbutyl)thiourea  (NH-C4-6) &  1-decyl-3-(4-(4-methyl-2,5-dioxo-2,3,4,5-
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tetrahydro-1H-benzo[e][1,4]diazepin-1-yl)butyl)thiourea (NH-C4-10). NH-C4-6 &
NH-C4-10 were synthesized from S22 by procedure 5 (42% & 50% yield respectively).
NH-C4-6 'H NMR (500 MHz, MeOD) § 7.80 (dd, J = 7.8, 1.7 Hz, 1H), 7.65 (ddd, J =
8.8,7.3,1.7 Hz, 1H), 7.52 (dd, J = 8.3, 1.1 Hz, 1H), 7.40 (td, J = 7.6, 1.1 Hz, 1H), 4.36
(dt, J = 14.3, 7.2 Hz, 1H), 4.13 (d, J = 14.7 Hz, 1H), 3.81 — 3.68 (m, 2H), 3.40 (s, 3H),
3.26 (s, 3H), 1.57 (tt, J = 14.4, 7.4 Hz, 3H), 1.52 — 1.39 (m, 3H), 1.39 — 1.29 (m, 6H),
1.01 — 0.87 (m, 3H). 13C NMR (126 MHz, MeOD) & 168.7, 168.1, 139.5, 132.3, 129.7,
129.7,125.9,123.0,52.7, 45.8, 34.6, 31.3, 26.2, 24.6, 22.3, 13.0. (ESI) calc. for [M+H]*
C21H33N40,S 405.23242, obs. 405.2313 NH-C4-10 *H NMR (500 MHz, MeOD) § 7.80
(dd, J=7.9, 1.7 Hz, 1H), 7.65 (ddd, J = 8.7, 7.3, 1.7 Hz, 1H), 7.52 (dd, J = 8.4, 1.1 Hz,
1H), 7.40 (td, J = 7.6, 1.1 Hz, 1H), 4.36 (dt, J = 14.4, 7.3 Hz, 1H), 4.13 (d, J = 14.7 Hz,
1H), 3.84 — 3.69 (m, 2H), 3.40 (s, 3H), 3.26 (s, 3H), 1.69 — 1.24 (m, 20H), 0.92 (t, J =
6.9 Hz, 3H). 3C NMR (126 MHz, MeOD) & 168.7, 168.1, 139.5, 132.3, 129.7, 129.7,
125.9, 122.3, 52.7, 45.8, 34.6, 31.7, 29.3, 29.3, 29.1, 26.6, 24.6, 22.3, 13.0. (ESI) calc.

for [M+H]" C2sH41N402S 461.29502, obs. 461.29374

ﬁ:HJ\NH

_N
NH-C3-10

~

1-decyl-3-(4-(dimethylamino)butyl)thiourea (NH-C3-10). To a stirred solution of 4-

dimethylaminobutylamine (0.150 mL, 1.08 mmol) in THF (10 mL), was added 1-
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isothiocyanatodecane (0.259 g, 1.30 mmol) and DIPEA (0.377 mL, 2.17 mmol) at room
temperature. After stirring for 16 h, the solvents were removed by rotary evaporation.
The crude residue was re-dissolved in ethyl acetate (30 mL) and washed with water (25
mL) and brine (25 mL). The collected organic layer was dried over Na>SO4 and
concentrated by rotary evaporation. The crude residue was further purified by silica gel
column chromatography (DCM: MeOH = 8:2 - 75:25) to afford the final product NH-
C3-10 (0.176 g, 77%). *H NMR (500 MHz, CDCl3) & 7.14 (s, 1H), 5.94 (s, 1H), 3.42
(d, J = 41.5 Hz, 4H), 2.36 (td, J = 6.6, 2.3 Hz, 2H), 2.27 (d, J = 2.5 Hz, 6H), 1.71 (h, J
= 5.1 Hz, 2H), 1.66 — 1.56 (m, 4H), 1.41 — 1.22 (m, 10H), 0.90 (dt, J = 7.6, 4.4 Hz, 3H).
13C NMR (126 MHz, CDCl3) 5 181.3, 58.8,45.3, 31.8,29.3,29.2, 27.0, 26.7, 24.9, 22.6,

14.1. (ESI) calc. for [M+H]* C17HssN3S 316.27864, obs. 316.27747.

NH-C1-10-0
(S)-1-decyl-3-(4-(5,11-dioxo-2,3,11,11a-tetrahydro-1H-benzo[e]pyrrolo[1,2-
a][1,4]diazepin-10(5H)-yDbutyl)urea (NH-C1-10-O). NH-C1-10-O was synthesized
from S11 by procedure 5 using 1-isocyanatodecane instead of an isothiocyanate (28%

yield) *H NMR (500 MHz, MeOD) & 7.84 (dd, J = 7.8, 1.7 Hz, 1H), 7.65 (ddd, J = 8.8,
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7.3, 1.7 Hz, 1H), 7.52 (dd, J = 8.3, 1.1 Hz, 1H), 7.39 (td, J = 7.5, 1.0 Hz, 1H), 4.37 (dl,
J=13.9, 7.6 Hz, 1H), 4.20 — 4.14 (m, 1H), 3.75 (dtt, J = 11.7, 7.9, 4.0 Hz, 2H), 3.54
(dddd, J = 12.0, 6.8, 5.1, 2.1 Hz, 1H), 3.05 (dt, J = 18.3, 6.8 Hz, 4H), 2.69 — 2.60 (m,
1H), 2.16 — 2.00 (m, 3H), 1.56 (dddt, J = 11.9, 9.0, 7.2, 5.0 Hz, 1H), 1.48 — 1.23 (m,
20H). 3C NMR (126 MHz, MeOD) & 169.7, 166.6, 159.8, 139.3, 132.4, 130.7, 129.3,
125.8, 123.2, 57.5, 47.0, 46.3, 39.6, 38.9, 31.7, 29.9, 29.4, 29.3, 29.1, 29.1, 27.0, 26.6,
26.1, 24.7, 23.4, 22.3, 13.0. (ESI) calc. for [M+H]" C27HasN4Os 471.33352, obs.

471.3323.
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CHAPTER 4

Synthesis of Quaternary Ammonium Containing

Crosslinkers for Crosslinking Mass Spectrometry

Abstract

Protein crosslinkers used in for crosslinking mass spectrometry must be able to react
easily with amino acids, fragment predicably during MS ionization, and in some cases
be purified by affinity chromatography while remaining as small as possible. Balancing
all these requirements can be difficult. One prominent crosslinker is DSBSO, which
sacrifices size and fragmentation simplicity to become affinity enrichable which can
increase the rate of both false negatives and false positive hits. Here we present several
quaternary ammonium containing protein crosslinkers that we are developing to solve
some of the problems associated with DSBSO. We show that the new compounds
crosslink proteins as well as DSSO, a simplified version of DSBSO, and report a similar
number of GDH1 crosslinks when crosslinked peptides are identified with mass

spectrometry.

Introduction

Protein-protein interactions (PPIs) are a crucial for cellular processes. As a natural
consequence of their ubiquity, dysregulated PPIs have been implicated in numerous
diseases including Huntington’s disease, cancer, and diseases which stem from

pathogenic infection including SARS-CoV-215. Though progress has been made in
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developing small molecule drugs to inhibit specific interactions, PPIs are generally
much less druggable targets than enzymes with defined binding pockets’®. By
identifying new PPIs and mapping interactomes, a better understanding of normal
cellular functions and diseases can be achieved.

Numerous studies have mapped myriad interactomes resulting in the construction of
multiple databases to compile and organize PPI networks'%?, Multiple approaches have
been taken to identify PPIs on a proteome wide scale. Of these methods, two that have
found a great deal of success are yeast 2 hybrid (Y2H) and affinity purification mass
spectrometry (AP-MS). However, both these methods have limitations that prevent
them from becoming a truly proteome wide scale approach for PPI detection® 213, Both
require choosing specific proteins of interest for which interactors are identified. For
Y2H, both proteins must be modified thus requiring the tedious and laborious process
of generating fusion proteins for all interactor candidates. With AP-MS, only a single
protein of interest needs to be modified with a purification tag and the use of mass
spectrometry allows for extremely high-through put detection of PPIs. However, since
this method requires the binding affinity to be high enough for copurification of the
interacting partners, transiently associated proteins and weakly interacting PPIs can be
lost during the purification process.

Crosslinking mass spectrometry (XL-MS) does not have the same drawbacks of Y2H
or AP-MS and has the potential to be a truly proteome wide approach for identifying
PPIs'® 16, XL-MS can be applied to any cell or protein solution without the need for
engineered proteins. A specially designed bifunctional chemical crosslinker with a MS

labile bond is used to crosslink interacting proteins thereby stabilizing even weaker
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interactions’. The crosslinker fragments in a predicable way during MS ionization
producing peptide/linker fragments with a signature mass difference that is used to
identify peptides that originated from interacting partners (Figure 4.1)!. This means
that by simply crosslinking a cell lysate and analyzing the sample with tandem MS,
potentially an entirely complete interactome can be mapped with a single experiment.
In practice however, there are several limitations holding back XL-MS from attaining

its full potential.
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Figure 4.1. Crosslink detection with Disuccinimidyl Sulfoxide. Disuccinimidyl
Sulfoxide (DSSO) is used to demonstrate the how crosslinks are identified with XL-
MS. Succinimide esters form amide bonds with lysine side chains producing crosslinks.
Both C-S bonds in the compound are equally likely to fragment during MS ionization
producing pairs of peptide linker fragments that differ in mass by 32 Da. Crosslinks can
therefore be identified by searching for doublets split by a difference of 32 Da.

The most common modification of a crosslinking reaction results in only one end of the
linker reacting with a protein, which is referred to as a dead end (DE) modification*.
Intraprotein crosslinks are very common but can only give structural information about

a single protein?®. Interprotein crosslinks that result from PPIs are the least common. As

a result, the signal from interprotein crosslinks can be easily drowned out by the noise

114



of intraprotein links, DEs, and non-crosslinked peptides®® 2. Moreover, the crosslinker
itself can be a source of problems since the larger the mass difference of the crosslinker,
the higher the rate of false positive hits detected??.

A XL-MS crosslinker that has become very widely used is disuccinimidyl sulfoxide
(DSSO) (Figure 4.1)%26, This compound uses succinimide esters to crosslink lysine
residues and can produce linker peptide fragments with a 32 Da mass difference®®. A
major limitation of DSSO is that it cannot be enriched by affinity purification and
therefore cannot be used in complex samples for proteome-wide PPI identification. To
address this issue, a DSSO derivative, (DSBSO) (Figure 4.2 A) was synthesized to
include azide or alkyne click chemistry handles which are attached to the linker through
acid cleavable bonds. This allows for elution of crosslinked peptides after affinity
enrichment by treatment with an acidic buffer. To accommodate this design, a second
sulfoxide group was added, which in turn introduced an over fragmentation problem
wherein the linker can fragment twice, eliminating any mass difference and rendering

crosslinked peptides undetectable?” 28,
A B
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Figure 4.2 Structure of Azide-A-DSBSO and quaternary ammonium crosslinkers.
Azide-A-DSBSO (A) is the azide containing version of DSSO which allow for click
conjugation to biotin alkyne. DSBSO has 2 fragmentable bonds which can produce
fragments with no mass difference. The design for our quaternary ammonium
crosslinkers (B) contains 3 alkyl chains. The chains that terminate in succinimide esters
are referred to as the spacer arms. The remaining chain we refer to as the linker body
and is where we will incorporate an alkyne or azide group to allow for click chemistry
attachment of biotin.
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In this work we aim to create an affinity purifiable crosslinker that does not have the
over fragmentation problem of DSBSO. We use gquaternary ammoniums as the source
of the MS liable bonds in our crosslinkers (Figure 4.2 B). During ionization quaternary
ammoniums will undergo Hofmann elimination to produce alkene and tertiary amine
fragments, neither of which can fragment further?®. Quaternary ammoniums also allow
click chemistry handles to be attached to the linker body. This simplifies the synthesis
of the crosslinker and should allow us to minimize the mass difference of our probes.
We will also utilize multiple amino acid modification reactions to achieve a broad

coverage of PP1s30-3,

Results and Discussion

Quaternary Ammonium Crosslinker Design and Synthesis

Despite the apparent simplicity, the use of quaternary ammoniums salts in our
crosslinkers presented some synthetic challenges. To maximize fragmentation within
the spacer arm, probes were designed to not have hydrogens on carbons  to the nitrogen
in the linker body. We also aimed to minimize the mass of the linker body to reduce the
mass difference of the linker fragments, thereby reducing the rate of false positive hit
detection. These constrains greatly limited the amines that could be used to form the
linker body. Succinimide esters proved to be unstable with 2 carbons in the spacer arms
unless electron deficient amines were used. These amines required harsh electrophiles
to alkylate, which required linkers to be designed to avoid incorporating other
nucleophilic moieties.

Non-enrichable guaternary ammonium crosslinkers were initially synthesized, tested,
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and iteratively improved. This resulted in KW133, 3024A, 3023B, and 3024B (Figure
4.3). Crosslinkers with clickable handles, such as KW5003 and 5101, were made after

fragmentation issues with the simpler probes had been addressed (Figure 4.3).
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Figure 4.3. Structure of non-enrichable and enrichable quaternary ammonium
crosslinkers.

KW133 was the first successful attempt at synthesizing a non-enrichable crosslinker.
This compound did not crosslink as well as DSSO though it was able to crosslink
proteins to a small degree (Figure 4.4). Fragmentation problems arose when attempting
to detect PPIs with MS using KW133. Firstly, the crosslinker fragmented in MS1
instead of only fragmenting when the ionization energy is increased in MS2. This
significantly reduced the rate of crosslink detection. KW133 also fragmented at the
benzylic position rather than in the spacer arm. To address these problems, we made a
derivative from aniline instead of benzyl amine. However, this compound also
fragmented at MS1, though only in the spacer arm. We reasoned that since the

hydrogens in the spacer arms that were 3 with respect to the nitrogen were also a to the

carbonyl carbons, these protons were likely very acidic making the quaternary
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ammonium too unstable and causing it to fragment early. To address this, the spacer
arm was extended by an additional methylene group resulting in the crosslinkers
KW3023B, KW3024A, and KW3024B. These compounds were more stable

fragmented only in MS2 as desired.

Extended Spacer Arms Improved Crosslinking Reactions

Before the linkers could be used in a XL-MS experiment we first confirmed they were
able to crosslink proteins. To do this, a gel mobility shift assay was used to visualize the
crosslinking of glutamate dehydrogenase 1 (GDH1). GDH1 is a hexameric protein.
Lysine crosslinking can stabilize the hexameric structure and allows the detection of the
complex on denaturing gel electrophoresis. As a result, in SDS-PAGE gel, crosslinked
GDH1 shifts to higher molecular weight bands in intervals of roughly 50 kDa
(molecular weight of GDH1 monomer) as the amount of crosslinking increases. This
allows for a rough comparison of the crosslinking efficiencies of our new molecules
(Figure 4.4). KW133 only has a small amount of crosslinking. When the spacer arms
were extended by adding an addition methylene group, the amount of crosslinking
significantly increased. KW323B, 324A, 5003, and 5101 all crosslinked GDH1 about

as well as DSSO.
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Figure 4.4. GDH1 crosslinking with new protein crosslinkers. KW133 showed only
minor crosslinking, however, extending the spacer arm greatly improved the
crosslinking efficiency of the subsequent compounds.

Nonenrichable Crosslinkers Report a Similar Number of Crosslinks as DSSO

We examined how well our new probes could detect PPIs compared to DSSO by
crosslinking GDH1 and identifying the linked peptides with MS. We found that the

quaternary ammoniums reported ~80% the number of unique crosslinks as DSSO,

nearly 40% of which were not detected by DSSO (Figure 4.5).

20

DSSO KW3023B

DSSO KW3024A DSSO Kw3024B

Figure 4.5. Crosslinker comparison by identifying peptide crosslinks. The sequences
of crosslinked peptides were determined from MS3 data to identify unique crosslinks
for each crosslinker. The identity of crosslinks in overlap and non-overlap regions of
each Ven diagram do not necessarily correspond to crosslinks in the same sections of
the other diagrams.
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From here, KW5003 and KW5101 (Figure 4.3) were made with handles to allows for
click chemistry attachment of an affinity purification tag. The protocols for using these
crosslinkers to enrich and identity crosslinked peptides in a whole cell lysate are
currently being optimized. Attempts were made to synthesize crosslinkers with
chemically cleavable bonds in the linker body between the quaternary ammonium and
the click chemistry moiety, however none of synthetic routes attempted proved viable

due mainly to issues that arose during the alkylation step.

Future Directions

The designs of the crosslinkers can be further refined to minimize their mass differences.
One way of achieving this is to place a chemically cleavable moiety between the
clickable handle and quaternary nitrogen. The attempts that had been made to this end
usually failed due to the need to use harsh electrophiles during the methylation step
which often destroyed the cleavable group. To avoid this problem, we could instead
remove the requirement for no hydrogens on the B carbon of the linker body which
would allow for more electron rich amines to be used. These amines could be
methylated with methyl iodide instead of methyl triflate as was used for all but one of
the new crosslinkers.

Collaborative projects with other labs will apply our crosslinkers to identify new PPlIs.
One such project is in progress and will use XL-MS and KW5101 to identify proteins
that regulate RNA polymerase Il transcription. As part of another collaboration with the
Yu lab, we are attempting to use the crosslinkers to build a HRas interactome.

Finally, a method for purifying crosslinked peptides from DEs is being developed. A
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lysine/KW5101/lysine conjugate that can be attached to a solid support is being
synthesized. The lysine/KW5101 conjugate will serve as a mimic for crosslinked
peptides. Immobilizing this molecule on agarose beads should allow for high-
throughput selection of DNA aptamers with high affinity for crosslinked peptides.
These aptamers will then be used to positively select crosslinks from DEs, thereby

reducing unwanted signals during MS analysis and improving crosslink detection.

Materials and Methods

All solvents and reagents were purchased from commercial vendors as analytical or
higher-grade purity. Flash chromatography was done using SiliaFlash Irregular Silica
Gel, P60, 40 — 63 um, 60 A. NMR spectra were collected at the Cornell NMR Facility
using Brucker 400 and 500 spectrometers. Disuccinimidyl sulfoxide (DSSO) was

purchased from Thermo Fisher Scientific (catalog number A33545).

GDHL1 expression and purification

10G E. coli cells containing pET28a plasmids with yeast glutamate dehydrogenase 1
(GDH1) gene inserts were grown in LB (10 mL, 50 pg/mL kanamycin) at 37 °C for 16
h. Cells were harvested by centrifugation (4500 xG for 5 min). Plasmids were collected
and purified by miniprep. The plasmids were then used to transform BL21 E. coli.
Transformed bacteria were selected by growing the transformed LB on an agar plate
containing kanamycin (50 pg/mL) for 16 h. A single colony was selected and used to
inoculate a starter culture (10 mL LB, 50 pg/mL kanamycin) which was grown for 16

h. This culture was then used to inoculate 2L of LB (with 50 pg/mL kanamycin). Cells
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were grown at 37 °C to OD600 of 0.6 then cooled to 16 °C. Protein expression was
induced by addition of isopropyl B-D-1-thiogalactopyranoside (IPGA, 0.15mM) and
grown at 16 °C for 16 h. Cells were harvested by centrifugation and lysed with an
EmulsiFlex-C3 cell disruptor. The lysate was centrifugated to pellet cellular debris.
Supernatant was added to a column which was loaded with Ni-NTA resin (1.2 mL) that
had been washed with lysis buffer (500 mM NaCl, 50 mM Tris-HCI at pH 8.0, 5%
glycerol, 1 mM TCEP, 5 mL). After the supernatant had flowed through, the column
was washed with lysis buffer containing 30 mM imidazole (50 mL). Protein was eluted
by passing solutions of increasing concentration of imidazole in lysis buffer (50, 75,
100, 150, 200, and 250, mM, 10mL each) over the column. 12 fractions (5 mL each)
were collected during elution. SDS-PAGE was performed on the fractions to determine
which contained GDH1. GDH1 containing fractions were pooled and desalted by
dialysis. The protein concentration of the resulting solution was determined by BCA

assay.

GDH1 gel shift assay

Purified yeast glutamate dehydrogenase 1 (GDH1) was diluted to 0.5 mg/mL in PBS
(20 pL, pH 7.4). Crosslinker (1 uL, 2 mM in DMSO) was added and the solution was
kept at room temperature for 1 h. The reaction was quenched with 6X gel loading dye
and the samples were heat denatured and run on a SDS PAGE gel. The gel was stained

with Coomassie.

GDHU1 crosslinking for XL-MS
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A solution of GDH1 (100 pL, Img/mL in HEPES 20 mM, pH 7.5) was combined with
a crosslinker solution (2 L, 50 mM in DMSO), and incubated at room temperature for
30 min. The reaction was quenched by addition of Tris-Cl (2 pL, pH 7.5) followed by
at 15 min incubation at room temperature. A 5 pL aliquot was taken for SDS-PAGE
analysis to confirm crosslinking had occurred. SDS was added to the remaining sample
to 1% followed by a 15 min incubation at 65 °C. DTT was added (1 pL, 1M) and the
sample was incubated at room temperature for 15 min. Alkylating solution (20X stock
solution, 0.5M iodoacetamide, 1M Tris, pH 8.0) was added, followed by another 15
min. incubation. A 3X volume of PPT solution (50% acetone, 49.9% ethanol, 0.1%
acetic acid) was added and the samples were incubated on ice for 30 min then
centrifuged at 16,100 g (10 min., 4 °C). Supernatant was discarded, the pellet was
washed with PPT solution (3X volume) then sonicated in a water bath for 10 seconds.
The sample was centrifuged again, supernatant was discarded, and the pellet was to air
dried for 5 min. The pellet was redissolved in a Urea/Tris solution (50 pL, 8M urea, 50
mM Tris) and NaCl/Tris solution (150 uL, 50 mM Tris, 150 mM NacCl, pH 8.0). Trypsin
Gold (1 uL, 1 pg/uL) was added and the sample was incubated at 37 °C for 16 h. TFA
and formic acid (5 pL and 10% by volume each) were added to the digested protein
solution which was centrifuged at 16,100 g for 1 min. A C18 Sep-Pac column (50 mg)
was washed (1 volume 80% acetonitrile, 29.9 % water, 0.1% acetic acid) and
equilibrated (1 volume 0.1% TFA). The protein solution was loaded on the column and
allowed to enter by gravity. The column was washed twice (0.1% acetic acid, 1 volume

each time). Peptide was eluted with 80% acetonitrile, 29.9 % water, 0.1% acetic acid
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(200 pL) and solvent was removed by Speed Vac (45 °C for 40 min). .1P angio solution
(.1P angiotensin in 0.1% TFA, .5 uL/ug) was added and the sample was taken for XL-

MS analysis.

Synthetic Methods
Procedure 1, sodium dicarboxylates. A diester (1 eq.) and NaOH (2 eq.) were
combined in EtOH (0.2M) and stirred at room temperature for 16 h. Solid product was

collected by vacuum filtration and taken to the next step without further purification.

Procedure 2, succinimide esters. A sodium dicarboxylate (1 eq.), EDC (2.5 eq.), and
N-Hydroxyl succinimide (NHS, 2.2 eq.) were combined in DCM (0.1M) and stirred at
room temperature for 16 h. The mixture was diluted with DCM (1 volume), washed
with water and brine, and dried over sodium sulfate. Solvent was removed under

reduced pressure. The resulting crude solid was purified by flash chromatography.
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diethyl 3,3'-(benzylazanediyl)dipropionate (S1). Benzylamine (1mL, 9.1 mmol) and
ethyl acrylate (2.1 mL, 23 mmol) were combined in EtOH (30 mL) and heated to reflux
for 16 h. After cooling, solvent was removed under reduced pressure. Crude liquid was
purified by flash chromatography (1:3, EtOAc : hexane ) to give product S1 (1.0g 4.2

mmol, 47% yield).
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sodium 3,3'-(benzylazanediyl)dipropionate (S2). S2 was synthesized from S1 by

procedure 1 (53% yield).
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bis(2,5-dioxopyrrolidin-1-yl) 3,3'-(benzylazanediyl)dipropionate (S3). S3 was

synthesized from S2 by procedure 2 (34% yield).
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N-benzyl-3-((2,5-dioxopyrrolidin-1-yl)oxy)-N-(3-((2,5-dioxopyrrolidin-1-yl)oxy)-

3-oxopropyl)-N-methyl-3-oxopropan-1-aminium trifluoromethanesulfonate
(KW133). S3 (0.60g, 1.4 mmol) was dissolved in DCM (5 mL). Methyl triflate (0.22
mL 2 mmol) was added dropwise and the reaction was stirred at room temperature for
16 h. Solvent was removed under reduced pressure. Crude material was purified by flash

chromatography (EtOAc - 1:3 MeOH : EtOAc) to give the final product.
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N-benzyl-3-((2,5-dioxopyrrolidin-1-yl)oxy)-N-(3-((2,5-dioxopyrrolidin-1-yl)oxy)-
3-oxopropyl)-N-methyl-3-oxopropan-1-aminium trifluoromethanesulfonate
dimethyl 4,4'-(phenylazanediyl)dibutyrate (S4), dimethyl 4,4'-(p-
tolylazanediyl)dibutyrate (S5), and dimethyl 4,4'-((4-
methoxyphenyl)azanediyl)dibutyrate (S6). Aniline, toluidine, or p-anisidine (1 eq.)
were combined with methyl 4-bromobutanoate (4 eg.), Nal (1.5 eq.), and N, N-
diisopropylethylamine (8 eq.) in acetonitrile (0.5 M). The reaction mixture was heated
to reflux for 16 h. After cooling to room temperature, the mixture was poured into water
and extracted 3 times with DCM. Organic layers were combined, dried over sodium
sulfate, and concentrated under reduced pressure. The crude material was purified by
flash chromatography (1:9 — 2:3, EtOAc : hexane) to give S4-S6 (59%, 52%, and 55%

yield respectively)
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sodium 4,4'-(phenylazanediyl)dibutyrate (S7), sodium 4,4'-(p-
tolylazanediyl)dibutyrate (S8), and sodium 4,4'-((4-
methoxyphenyl)azanediyl)dibutyrate (S9). S7-S9 were synthesized from S4-S6 by

procedure 1 (74%, 39%, and 55% yield respectively).
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bis(2,5-dioxopyrrolidin-1-yl)  4,4'-(phenylazanediyl)dibutyrate (S10), bis(2,5-
dioxopyrrolidin-1-yl)  4,4'-(p-tolylazanediyl)dibutyrate (S11), and bis(2,5-
dioxopyrrolidin-1-yl) 4,4'-((4-methoxyphenyl)azanediyl)dibutyrate (S12). S10-S12

were synthesized from S7-S9 by procedure 2 (36%, 39%, and 49% yield respectively).

127



l@ow

SUOMNWOSU

O O

R
R=H KW3024A
Me KW3023B
OMe KW3024B

N,N-bis(4-((2,5-dioxopyrrolidin-1-yl)oxy)-4-oxobutyl)-N-methylbenzenaminium

trifluoromethanesulfonate  (KW3024A), N,N-bis(4-((2,5-dioxopyrrolidin-1-
yl)oxy)-4-oxobutyl)-N,4-dimethylbenzenaminium trifluoromethanesulfonate
(KW3023B), and N,N-bis(4-((2,5-dioxopyrrolidin-1-yl)oxy)-4-oxobutyl)-4-
methoxy-N-methylbenzenaminium trifluoromethanesulfonate (KW3024B). S10,
S11, or S12 (1 eq.) was dissolved in DCM and methyl triflate (2 eq.) was added
dropwise. The reaction was stirred at room temperature for 16 h. Precipitate was
collected by vacuum filtration and washed with DCM to give highly pure products
(68%, 37% and 90% yield respectively). KW3024A *H NMR (400 MHz, MeOD) § 7.83
(dd, J = 6.4, 4.0 Hz, 2H), 7.76 — 7.62 (m, 4H), 4.16 (tt, J = 13.2, 6.5 Hz, 2H), 3.96 (td,
J=12.4, 4.7 Hz, 2H), 3.69 (s, 3H), 2.87 (s, 8H), 2.77 (t, J = 6.9 Hz, 4H), 2.15 (tq, J =
12.2,6.8 Hz, 2H), 1.70 (tq, J = 11.7, 6.6 Hz, 2H). 3C NMR (126 MHz, MeOD) § 173.5,
172.5, 141.5, 130.5, 130.4, 121.4, 121.4, 67.7, 67.2, 29.1, 24.9, 18.0. °F NMR (376
MHz, MeOD) & -80.1. KW3023B 'H NMR (400 MHz, MeOD) § 7.73 — 7.65 (m, 2H),
7.51 (d, J = 8.5 Hz, 2H), 4.13 (td, J = 12.5, 4.6 Hz, 2H), 3.93 (td, J = 12.4, 4.7 Hz, 2H),
3.65 (s, 3H), 2.86 (s, 8H), 2.76 (t, J = 6.9 Hz, 4H), 2.46 (s, 3H), 2.14 (tq, J = 12.1, 6.5
Hz, 2H), 1.79—1.61 (m, 2H). 3C NMR (101 MHz, MeOD) § 170.4, 167.8, 141.4, 131.0,

121.1, 67.0, 26.7, 25.1, 19.4, 18.0. °F NMR (376 MHz, MeOD) § -80.1. KW3024B H
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NMR (400 MHz, DMSO) § 7.79 (d, J = 8.9 Hz, 2H), 7.20 (d, J = 8.9 Hz, 2H), 4.50 (ddd,
J=145,10.2, 5.2 Hz, 2H), 4.31 (td, J = 11.7, 5.4 Hz, 2H), 3.86 (s, 3H), 3.66 (s, 3H),
3.51-3.26 (m, 6H), 2.96 — 2.63 (m, 10H). *C NMR (101 MHz, DMSO) & 170.4, 166.2,
160.7, 133.1, 123.8, 116.1, 63.1, 56.2, 48.0, 25.9, 25.8. °F NMR (376 MHz, DMSO) &

-77.8.

S13
dimethyl 4,4'-(prop-2-yn-1-ylazanediyl)dibutyrate (S13). Propargyl amine (0.52g,
9.4 mmol), KHCOs (2.99, 29 mmol), KI (0.15g, 0.9 mmol), and methyl 4-
bromobutanoate (2.4 mL, 19 mmol) were combined in acetonitrile (30 mL) and heated
to reflux for 16 h. The mixture was cooled to room temperature and solvent was
removed under reduced pressure. The resulting crude was taken up into water (30 mL)
and extracted 3 times with EtOAc (30 mL each time). Organic layers were pooled, dried
over sodium sulfate, and concentrated under reduced pressure. The second crude was
purified by flash chromatography (1:4 — 2:3, EtOAc : hexane) to give the final product

(1.5g, 5.7 mmol 60% yield).

sodium 4,4'-(prop-2-yn-1-ylazanediyl)dibutyrate (S14). S14 was synthesized from

S13 by procedure 1 (51 % vyield).
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bis(2,5-dioxopyrrolidin-1-yl) 4,4'-(prop-2-yn-1-ylazanediyl)dibutyrate (S15). S15

was synthesized from S14 by procedure 2 (47% yield).

| ©

SUOMIL/\/\H/OSU
o \% o

KW5101
4-((2,5-dioxopyrrolidin-1-yl)oxy)-N-(4-((2,5-dioxopyrrolidin-1-yl)oxy)-4-
oxobutyl)-N-methyl-4-oxo-N-(prop-2-yn-1-yl)butan-1-aminium iodide (KW5101).
S15 (0.60g 1.4 mmol) and methyl iodide (0.44 mL 7.1 mmol) were combined in
acetonitrile and stirred at room temperature overnight. Solvent was removed under
reduced pressure. The resulting material was purified by flash chromatography (DCM
— 1:9, MeOH : DCM) to give KW5101 (48% yield). 'H NMR (400 MHz, DMSO) &
4.45 (d, J = 2.5 Hz, 2H), 4.07 (d, J = 2.4 Hz, 1H), 3.51 — 3.39 (m, 4H), 3.11 (s, 3H),
2.86 (d, J = 17.3 Hz, 12H), 2.07 (p, J = 7.4 Hz, 4H). *3C NMR (101 MHz, DMSO) &

170.6, 168.7, 83.8, 72.4, 60.0, 52.5, 48.5, 27.4, 25.9, 17.6.
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S16

tert-butyl (4-hydroxyphenyl)carbamate (S16). 4-aminophenol (0.99¢g, 9.1 mmol) was
dissolved in THF (30 mL). Boc2O (2.5 mL, 11 mmol) was added drop wise. The solution
was heated to reflux and stirred for 16 h. After cooling, solvent was removed under
reduced pressure. The crude material was taken up in EtOAc (30mL), washed with
water, saturated aqueous NaHCOz3, and brine (30 mL each), and dried over sodium
sulfate. Solvent was removed under reduced pressure. The resulting solid was stirred in
hexane for 4 h then solid product was collected by vacuum filtration and taken to the

next step without further purification (1.4g, 6.7 mmol, 74% yield).

_Boc
HN

O\/\/OH

tert-butyl (4-(3-hydroxypropoxy)phenyl)carbamate (S17). S16 (2.5g, 12 mmol),
K2COs (0.50g, 3.6 mmol) and 3-bromopropan-1-ol (2 mL, 23 mmol) were combined in
acetonitrile (40 mL) and heated to reflux for 16 h. After cooling solvent was removed
under reduced pressure and the resulting material was taken up in water (50 mL). This
mixture was extracted 3 times with DCM. Organic layers were pooled, dried over

sodium sulfate, and concentrated under educed pressure. The crude then purified by
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flash chromatography (2:3 — 1:1, EtOAc : hexane) to give S17 (2.4g, 9.1 mmol, 76%

yield).

.Boc
HN

OWN3
S18

tert-butyl (4-(3-azidopropoxy)phenyl)carbamate (S18). S17 (1.9g, 7.1 mmol) and
EtsN (0.22 mL, 14 mmol) were dissolved in DCM (50 mL) and chilled to 0 °C. MsClI
(0.83 mL, 11 mmol) was added dropwise. The solution was stirred at 0 °C for 30 min
then warmed to room temperature and stirred for an additional 5 h. Water (50 mL) was
added followed by DCM (50 mL). The organic layer was washed with water, and brine
(50 mL each), dried over sodium sulfate and concentrated under educed pressure. The
resulting material was redissolved in DMF (50 mL) and sodium azide (0.92g, 14 mmol)
was added. This mixture was heated to 70 °C for and stirred for 16 h. After cooling
solvent was removed under reduced pressure. The crude material was added to water
(25 mL) and extracted 3 times with EtOAc (25 mL each). Organic layers were pooled,
dried over sodium sulfate, and concentrated under reduced pressure. The final crude was
purified by flash chromatography (hexane — 1:4 EtOAc : hexane) to give S18 (2.0g,

6.8 mmol, 96% yield)

132



/OWNWO\
0] 0]

O~ N3
S19

dimethyl 4,4'-((4-(3-azidopropoxy)phenyl)azanediyl)dibutyrate (S19). S18 (2.3g,
7.7 mmol) was dissolved in DCM (25 mL) and TFA (5 mL) and stirred at room
temperature for 4 h. Solvent was removed under reduced pressure. This material was
combined in acetonitrile (16 mL) with methyl 4-bromobutanoate (3.9 mL, 31 mmol),
Nal (1.7g, 12 mmol), and N, N-diisopropylethylamine (12 mL, 70 mmol). The reaction
mixture was heated to reflux and stirred for 16 h. After cooling to room temperature,
the mixture was poured into water and extracted 3 times with DCM. Organic layers
were combined, dried over sodium sulfate, and concentrated under reduced pressure.

The crude material was purified by flash chromatography (1:20 — 3:7, EtOAc : hexane)

to give S19 (1.6g, 54% yield).

NaO ON
ajo}/\/\N/\/\g( a

O\/\/N3
S20

sodium 4,4'-((4-(3-azidopropoxy)phenyl)azanediyl)dibutyrate (S20). S20 was

synthesized from S19 by procedure 1 (80% yield).
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bis(2,5-dioxopyrrolidin-1-yl) 4.4'-((4-(3-
azidopropoxy)phenyl)azanediyl)dibutyrate (S21). S21 was synthesized from S20 by

procedure 2 (29% yield).

OO0Tf

Squow/\/g,\ll/\/\fo(OSu

O~ Ns
KW5003

4-(3-azidopropoxy)-N,N-bis(4-((2,5-dioxopyrrolidin-1-yl)oxy)-4-oxobutyl)-N-

methylbenzenaminium trifluoromethanesulfonate (KW5003). S21 (0.10g, 0.17
mmol) was dissolved in DCM (2 mL) and chilled to 0 °C. Methyl triflate (22 uL, 0.19
mmol) was added dropwise. The solution was slowly warmed to room temperature and
stirred for 16 h. Solvent was removed under reduced pressure. The crude material was
purified by flash chromatography (DCM — 1:4 MeOH : DCM) to give KW5003
(0.053g, 0.073 mmol, 43% yield). *H NMR (400 MHz, DMSO) & 7.84 — 7.70 (m, 2H),
7.19 (d, 3 = 9.2 Hz, 2H), 4.14 (t, J = 6.1 Hz, 2H), 4.00 (qd, J = 12.2, 5.8 Hz, 2H), 3.82
(qd, J = 12.0, 4.5 Hz, 2H), 3.56 — 3.49 (m, 4H), 2.77 (m, 15H), 2.00 (m, 4H), 1.50 (m,

2H).
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