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Abstract:

Arterial thrombosis causes heart attacks and strokes and is the leading cause of morbidity and mortality
in the United States. However, there are only a few adequate therapies available for treating arterial
thrombosis. Thus, there is a clear need for new approaches and new targets in the prevention and
treatment of arterial thrombosis. Protein disulfide isomerase (PDI) is expressed on vascular cells
following injury and has been shown to be a critical regulator of thrombus formation in vivo. Since
inhibition of PDI prevents platelet accumulation and fibrin generation, it makes it a tractable target for
the development of new antithrombotics. A high throughput screen (HTS) was conducted to identify
potent and selective inhibitors of PDI. An insulin-based turbidometric assay was used to screen
348,505 compounds of the MLSMR library. Potential PDI inhibitors were further characterized via
additional specificity and cytotoxicity assays. We report the identification and characterization of a
small-molecule probe (ML359) shown to be a specific inhibitor of PDI. ML359 shows no cytotoxicity in
three human cell lines, and some activity in inhibiting platelet aggregation in vitro. ML359 will provide
more understanding of the mechanisms of PDI in platelet functions. It also could lead to the

development of a new class of antithrombotics that could establish PDI as suitable drug target.

MLPCN Probe Report Template V6.1



(\

A

//

=

Probe Structure & Characteristics:
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CID/ML Targets (uM) Anti-Target Anti-Target_inhibition Folc_i .
No. [SID, AID] (uM) Selective
’ [SID, AID]
23723882| Protein ICs0: 250.0 nM 1. Erp5 ICs¢: >30.0 >100x
ML359 Disulfide [160843258,
Isomerase | [160843258, 652270]
(PDI) 652146] 2. Thioredoxin
ICso: >30.0
3. Thioredoxin [61562028144?258’
reductase
ICso: >30.0
[160843258,
652269]

* Selectivity = Anti-target ICso/Target I1Csg
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Recommendations for scientific use of the probe:

Researchers studying arterial thrombosis mediated tissue infarction in coronary artery disease,
cerebrovascular disease, and peripheral vascular disease will find this probe useful to better
understand the role protein disulfide isomerase (PDI) plays in arterial thrombosis. Despite the
potential importance of PDI in these disease processes, potent and selective small molecule
inhibitors are not presently available. The probe, ML359 will be used to further deconvolute the
functions of PDI in the regulation platelet activation, fibrin formation and thrombus formation.
ML359 will also serve as a useful probe in evaluating the pharmacology of PDI, enabling
determination of which domains within enzyme are particularly susceptible to pharmacological
manipulation. As this probe is more selective than the prior art molecules, the probe will be
further analyzed for specific function in inhibiting PDI in biological assays and in vivo. Proposed
future target ID experiments, including examining the crystal structure of PDI in complex with
the probe will enlighten this area. The probe and additional analogs that will come from
additional medicinal chemistry efforts will also be used in advanced anti-thrombotic
investigations, which include in vivo mouse model studies. By gaining a better understanding of
the functions of PDI, it is possible that a novel PDI inhibitor could pave the way towards the
development of novel class of therapeutics that potentially would improve the therapeutic

outcomes with arterial thrombosis-related diseases.

Page 3 of 73



FZBROAD

INSTITUTE

1 Introduction

Protein disulfide isomerase (PDI, EC 5.3.4.1) is the founding member of a large family of
disulfide oxidoreductases (1). This family of enzymes catalyzes posttranslational disulfide
exchange, contributing to the proper folding of newly synthesized proteins. Gene knockdown of
PDI is lethal, thus preventing the use of standard genetic approaches to evaluate function and
selectivity. Specific functions of the 19 PDI disulfide oxidoreductase family members have been
difficult to study and the degree of redundancy between family members has been impossible to

evaluate due to the lack of selective small molecule inhibitors for thiol isomerases.

In addition to its function in protein folding, PDI can also be released into the extracellular
environment, where it functions in thrombus formation, cancer metastasis, and invasion of
infectious organisms. PDI secreted by cells can reattach to the plasma membrane, where it
functions as an extracellular oxidoreductase (2). In particular, PDI has been identified on the
surface of vascular cells. PDI is secreted by stimulated platelets, binds the extracellular
membrane, and functions in platelet activation (3-15). It has been shown that vascular PDI
serves a critical regulatory role in the control of thrombus formation following vessel injury (6,
16). Thrombus formation is the underlying pathology in myocardial infarction and stroke, the first
and third most common cause of death in the industrialized world. The critical role of PDI in
thrombus formation raises the possibility that PDI could represent an important target for the
inhibition of arterial thrombosis. In addition, extracellular PDI may function in modifying proteins
for endocytosis or membrane fusion (17). Entry of HIV into lymphophocytes is inhibited by
antibodies to PDI, bacitracin, or cell-impermeable sulfhydryl blockers (18-21). The cytotoxicity of
diphtheria toxin (2, 22), the attachment and entry of Chlamydia (23, 24), and phagocytosis of
Leishmania chagasi promastigotes (25) are blocked by inhibition of PDI. Extracellular PDI has
also been implicated in gamete fusion (26) and in insulin metabolism (27). A role for PDI in
cancer progression has been proposed and inhibition of PDI by irreversible inhibitors or
bacitracin interferes with tumor cell growth in vitro and in vivo (28). Thus, PDI is an important
target not only for biological probes designed to study thiol isomerase function, but also for

several life-threatening pathological processes.

Despite its potential importance in disease, potent, selective, and reversible small molecule
inhibitors of PDI with suitable stability and physicochemical characteristics are not presently

available. Three types of inhibitors constitute the vast majority of antagonists that have
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previously been used for studying PDI in cellular systems. These include sulfhydryl blockers,

antibodies, and the macrocyclic dodecapeptide antibiotic, bacitracin.

1. Sulfhydryl blockers are irreversible, non-specific, and demonstrate 1Css of 100-500 uM
against PDI (2). Poor selectivity and potency limits their use as probes to evaluate PDI function.
A series of propynoic acid carbamoyl methyl amides identified on the basis of their ability to
inhibit growth of ovarian cancer cells was recently described (28). These compounds have
improved potency over previous sulfydryl blockers. However, these are irreversible inhibitors
that react with the active site of PDI and would likely not be selective among thiol isomerases,

which share a common active site motif.

2. Antibodies to PDI have been developed. However, they cannot be used to study the function
of intracellular PDI. Antibodies have limitations as antithrombotics owing to their long half-lives,
as they are not easily reversed in the setting of hemorrhage. In addition, even antibodies widely
used in the field suffer from lack of selectivity in biological assays. For example, RL90 is a
widely used monoclonal antibody directed against PDI. It has recently been shown, however,

that RL90 also inhibits ERp57 activity, complicating interpretation of previous data (29).

3. Bacitracin (structure shown in Figure 6) is a widely used inhibitor of PDI (2). It is a 1423 Da
cyclic dodecapeptide that blocks PDI activity. However, it is non-selective, inhibiting many thiol
isomerases, and not potent, with an 1Cs, of approximately 150-200 uM (2, 30, 31). Furthermore,
bacitracin is extracted from Bacillus licheniformis and the product available through commercial
suppliers is a mixture of >30 different substances, including a subtilisin-type protease that
cleaves PDI (32). As a result of its impurity and protease contamination, investigators in the PDI
field have advised caution in the interpretation of results from studies using commercially

available bacitracin (32).

More recently, juniferdin (structure shown in Figure 6) was identified as an inhibitor of PDl in a
high throughput screen performed with the goal of identifying PDI inhibitors to block HIV
transmission (33). Since juniferdin was cytotoxic in a cell-based assay (33), the investigators
synthesized juniferdin epoxide, which was nearly as potent and did not show activity in their
cytotoxicity assay. In this report, we demonstrate the limitations of juniferdin epoxide and

identify ML359 as a superior probe for studying the biology of PDI.
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2 Materials and Methods
See subsections for a detailed description of the materials and methods used for each assay.

21 Assays

A summary listing of completed assays and corresponding PubChem AID numbers is provided

in Appendix A (Table A1). Refer to Appendix B for the detailed assay protocols.

2.1.1 Primary assay - Turbidometric HTS to detect the inhibition of insulin aggregation in the
presence of PDI (AID 588391, 602350, 624274, 624310, 652146, 652199)
To identify inhibitors of PDI, an assay was developed to analyze PDI-mediated aggregation of
insulin. The assay measured the aggregation of insulin chains by monitoring absorbance at
650nm. When PDI is inhibited, there is a decrease in aggregation, and therefore a decrease in
absorbance signal. Recombinant human PDI was expressed and purified from E. coli. (16),
mixed with bovine insulin (Sigma), and added to assay plates. For the primary HTS, 1536-well
assay ready plates (ARPs) were prepared prior to adding the assay components. ARPs were
prepared with 7.5 nL of 10 mM compounds for a final screening concentration of 10 uM. For
retests performed at Broad, the assay was performed in 1536-well and 384-well plates. For
384-well plates, compounds were added by pin transfer in a volume of 100 nL into an assay
volume of 30 uL. The final concentration of compounds per well started at 20uM and were
titrated 1:3. Following the addition of PDI, insulin, and compounds, DTT was added to initiate
the reaction. Following a 90-minute incubation, plates were read for absorbance at 650 nm.
The primary HTS data were analyzed using Genedata Screener Assay Analyzer. All values
were normalized against the neutral control (DMSO) and positive control (100 uM Rutin
Hydrate, CID 45479757) wells. The average of the two replicates was used to determine
activity and to choose compounds for retests. For dose studies, the percent activity for each
replicate, for each concentration was determined, and the concentration response curves were

generated using Genedata Screener Condoseo.

For the reconfirmation assays performed in D. Kennedy’s laboratory, the assay was performed
in 384-well plates, at a volume of 30 uL. To each well, the final concentration of the constituents
were 50 ug/mL purified human PDI, 0.4 mM insulin, and 2 mM EDTA in 100 mM potassium

phosphate, pH 7.4, at 25°C. The reaction was read initially and again after 15 minutes. The raw
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data was normalized by the following formula OD[smin] — OD[ omin] Enzyme inhibition was
subsequently calculated with the following formula: PDI activity (%) = (OD[compound + poi + DTT] —
ODI[pr1])/(ODIppi + pr7] — OD[p77]) X 100%.

21.2 Secondary assay — Cytotoxicity in HEK293 cells (AID 652119)

HEK293 cells were treated with compounds for 48 hours, and then measured for cell viability
using the CellTiter-Glo Assay (Promega), a luciferase-based reagent that measures cellular
ATP levels. The compounds were tested at concentrations ranging from 26 uM to 0.004 uM, to
determine ICs, values. Compounds that were inactive (ICso = 30 uM) in this assay were
considered for probe development. Data were normalized against the neutral control wells
(DMSO) and positive control wells (20 uM Staurosporine, CID 44259) in Genedata Screener

Assay Analyzer. Curves were generated with Genedata Screener Condoseo.

21.3 Secondary assay — Cytotoxicity in HepG2 cells (AID 652118)

This assay was performed in conjunction with assay 2.1.2. The same procedures were used

with the exception of cell type.

2.1.4 Secondary assay — Cytotoxicity in HeLa cells (AID 652117)

This assay was performed in conjunction with assay 2.1.2. The same procedures were used

with the exception of cell type.

21.5 Secondary assay — Selectively screen to determine compound activity against ERp5 (AID
624320, 652270)
Reductase activity was assayed measuring the ERp5-catalyzed reduction of insulin in the
presence of DTT. The reaction results in the aggregation of insulin chains, which can be
measured by absorbance at 650 nM. For the assay performed at Broad, ERp5 and insulin were
combined in an assay buffer (100 mM Potassium Phosphate, pH 7.0; 2 mM EDTA) at 26.5
ug/mL and 142 uM, respectively. The ErP5/insulin mixture was added to 384-well plates with a
liquid handler, at 30 uL. Compounds arrayed at dose were added via pin transfer (CyBiWell,
Cybio) in 100 nL. Bacitracin (CID 3083711), used as a positive control, was added to
designated positive control wells, at a final concentration of 1 mM. Following compound
addition, the reaction was catalyzed with the addition of 2 uL of 5.6 mM DTT to a final
concentration of 350 uM. The reaction was incubated for 120 minutes at room temperature.
After the incubation, the plates were read for absorbance at 650 nm. The data was analyzed

using Genedata Screener Assay Analyzer where the percent activity for each replicate, at each

Page 7 of 73



FZBROAD

INSTITUTE

concentration was determined, and the concentration response curves were generated using

Genedata Screener Condoseo.

For the assay performed in D. Kennedy’s laboratory, the reactions were performed in a 384-well
plate in 30 uL, in the presence of 100 ug/mL purified ERp5 (16), 0.4 mM insulin, and 2 mM
EDTA in 100 mM potassium phosphate, pH 7.4, at 30°C. DTT was added to initiate the
reaction. Absorbance at 650 nm was read at time = 0 and again after 20 minutes, with a
Spectra Max M3 (Molecular Devices). The data were normalized by subtracting the earlier time
points from the later. Enzyme inhibition was subsequently calculated with the following formula:
ERPS5 activity (%) = (OD[compound + ErPs + b17] — OD[p77])/(ODlERPS + DTT] — OD[p77]) * 100%.

2.1.6 Secondary assay — Selectively screen to determine compound activity against Thioredoxin
Reductase (AID 652269)

The disulfide reductase activity of thioredoxin-1/ thioredoxin reductase/NADPH (TRN) system

was assessed by the turbidometric insulin reduction assay (based on (34)). Reactions were

carried out in assay buffer consisting of 100 mM sodium phosphate, 2 mM EDTA (pH 7.4).

Compounds were prepared as a stock solution (1 mM) in 50% DMSO/50% H,O. A solution of

50% DMSO/50% H,O was prepared as control buffer.

Thioredoxin reductase (140 nM) was pre-incubated with compound (at concentrations of 0.005,
0.015, 0.046, 0.137, 0.411, 1.23, 3.7, 11.1 and 33.33 uM) or control buffer for 30 minutes at
room temperature. NADPH is then added at a concentration of 0.12 mM, followed by
thioredoxin at 0.83 uM, and insulin at 100 uM in a buffer containing 100 mM sodium phosphate
and 2 mM EDTA. The total reaction volume was 100 uL. The precipitation of insulin B chains is
monitored as at OD 650 nm in a 96-well plate. The percent (%) inhibition of insulin reduction is
expressed as (1-OD max of thioredoxin reductase in the presence of compound/OD max of
thioredoxin in the presence of buffer alone) x 100, Insulin reduction by thioredoxin/ DTT was

used as a positive control to gauge positive activity.

2.1.7 Secondary assay — Selectively screen to determine compound activity against Thioredoxin
(AID 652214)

Reductase activity was assayed by measuring the thioredoxin—catalyzed reduction of insulin in

the presence of DTT. The thioredoxin (TRX) assay was performed in a 384-well plate at 30 uL,

in the presence of 100 ug/mL purified human thioredoxin, 0.4 mM insulin, and 2 mM EDTA in

100 mM potassium phosphate, pH 7.4, at 25°C. DTT was added to initiate the reaction.
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Absorbance at 650 nm was read at time = 0 and again after 15 minutes, on a Spectra Max M3
(Molecular Devices). The raw data were normalized by subtracting the earlier time points from
the later. Enzyme inhibition was subsequently calculated with the following formula: TRX
activity (%) = (OD[compound + rp5 + bTT] — OD[p77])/(OD[ERPS + DTT] — OD[p77]) X 100%.

2.1.8 Secondary assay — Selectively screen to determine compound activity against ERp57 (AID
652266)

ERp57 reductase activity was assayed by measuring the reduction of insulin in the presence of
DTT. The ERp57 assay was performed in a 384-well plate at 30 uL, in the presence of 100
ug/mL purified human ERp57 (AbCam, Cambridge MA.), 0.4 mM insulin, and 2 mM EDTA in
100 mM potassium phosphate, pH 7.4, at 30°C. DTT was added to initiate the reaction.
Absorbance at 650 nm was read at time = 0 and again after 20 minutes, with a Spectra Max M3
(Molecular Devices). The raw data were normalized by subtracting the earlier time points from
the later. Enzyme inhibition was subsequently calculated with the following formula: ERp57
activity (%) = (OD[compound + erps7 + p17] — OD[p77])/(OD[ERPS7 + DTT] — OD[p77]) * 100%.

2.1.9 Secondary assay — Determination of platelet aggregation activity (AID 652249)

Platelet Rich Plasma (PRP) obtained from individual donors was treated with 10 U/mL hirudin
for 20 minutes at 37°C. Acid Citrate Dextrose (ACD) was added to 15% of total volume. PGE-1
was added to a final concentration of 0.15 uM. PRP was spun at 1000g x 10 minutes and the
supernatant was discarded. The platelet pellet was resuspended in Modified HEPES-Tyrodes
buffer pH 7.3. The 1X washed platelets were incubated for 20 minutes at 37°C until they were in
a quiescent state. The above washing procedure was then repeated. The 2X washed platelets
were allowed to rest for 20 minutes at 37°C. Platelets were then counted and the concentration
of platelets in suspension was adjusted to 200,000 platelets/uL. The 2X washed platelets were
treated with compounds at 30 uM, and were incubated for 30 minutes at 37°C. Following
incubation, platelets were added to a cuvette and stirred at 37°C in a Chrono-Log Platelet
Aggregometer. In order to initiate aggregation, a concentration of SFLLRN, the thrombin
receptor activating peptide, sufficient to elicit 60-70% light transmittance was added to the
cuvette. Therefore, a range of 2-3 uM SFLLRN was used in order to accommodate small
differences in sensitivity to SFLLRN between individual donors. Prior to reading, the
aggregometer was scaled so that unstimulated, washed platelets are set to 0% light
transmittance, and buffer alone with no platelets is set to 100% light transmittance. The light

transmittance of each sample was recorded as a measure of aggregation. Data were recorded
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as a single point representing maximum aggregation in the presence of compound and were

compared to samples exposed to vehicle (DMSO) alone.

2.1.10 Secondary assay — Determination of platelet aggregation reversibility (AID 652274)

Platelet Rich Plasma (PRP) obtained from individual donors was treated with 10 U/mL hirudin
for 20 minutes at 37°C. Acid Citrate Dextrose (ACD) was added to 15% of total volume. PGE-1
was added to a final concentration of 0.15 uM. PRP was spun at 1000g x 10 minutes and the
supernatant was discarded. The platelet pellet was resuspended in Modified HEPES-Tyrodes
buffer pH 7.3. The 1X washed platelets were incubated for 20 minutes at 37°C until they were in
a quiescent state. The above washing procedure was then repeated. The 2X washed platelets
were allowed to rest for 10 minutes at 37°C. After the resting, 0.1 mM CaCl, was then added,
and the platelets were further rested for another 10 minutes. Platelets were then counted and
the concentration of platelets in suspension was adjusted to 200,000 platelets/uL. The 2X
washed platelets were treated with compounds at 30 uM, and were incubated for 30 minutes at
37°C. Following incubation, platelets were added to a cuvette and stirred at 37°C in a Chrono-
Log Platelet Aggregometer. In order to initiate aggregation, a concentration of SFLLRN
sufficient to elicit 60-70% light transmittance was added to the cuvette. Therefore, a range of 2-3
uM SFLLRN was used in order to accommodate small differences in sensitivity to SFLLRN
between individual donors. Prior to reading, the aggregometer was scaled so that unstimulated,
washed platelets are set to 0% light transmittance, and buffer alone with no platelets is set to
100% light transmittance. An initial read of light transmittance was recorded as a measure of
aggregation. Data were recorded as a single point representing maximum aggregation in the
presence of compound and were compared to samples exposed to vehicle (DMSO) alone.
Following the initial read, the platelets were washed as before, and then resuspended with the
modified HEPES-Tyrodes buffer to the original volume. The 3X washed platelets were then
allowed to rest for 10 minutes at 37°C. After resting, 0.1 mM CaCl, was then added and the
platelets were further rested for another 10 minutes. Samples were then returned to a cuvette

for a second reading to measure for reversibility.

Page 10 of 73



FZBROAD

A INSTITUTE

2.2 Probe Chemical Characterization

The probe (ML359) was synthesized as described in Section 2.3. ML359 was subsequently
analyzed by 'H and *C NMR spectroscopy, and high-resolution mass spectrometry. The NMR
and mass spectroscopy data are consistent with the structure of the probe, and isolated purity
was determined to be greater than 95% by UPLC. The reaction schemes, complete synthetic
protocol and the relevant spectral data are provided in Appendix C and Appendix E. The
physical properties of the probe ML359 are summarized in Table 1. The solubility of ML359
was determined to be 62.7 uM in PBS with 1% (v/v) DMSO (PBS; pH 7.4, 23°C).

Table 1. Summary of Probe Properties Computed from Structure ML359

Description ML359

ethyl 1-(3-chloro-4-
IUPAC chemicalname* | _fydroxybenzyl)-4-(2-
phenoxyethyl)piperidine-
4-carboxylate
PubChem CID 23723882
Molecular Formula C23H28CINO4
Molecular Weight 417 92572
(g/mol)
Exact Mass (amu)* 417.17069
ClogP # 4.462
Topological Polar 2
Surface Area* 59A
H-Bond Donors# 1
H-Bond Acceptors? 5
Rotatable Bond Count* 9

#
* Generated or calculated with ChemBioDraw Ultra 12.0. Calculated with StarDrop 5.2

The stability of the probe ML359 was measured in the presence of PBS pH 7.4 with 1% DMSO.
ML359 was added (in triplicate at 1 uM) on six separate plates and allowed to equilibrate at

room temperature for 48 hours. At each time point (0, 2, 4, 8, 24, and 48 hours), one plate was
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removed and an aliquot was taken out from each well and analyzed by UPLC-MS (see
Appendix D for details). After 48 h, more than 70% of ML359 remained present (Figure 1).

Figure 1. Stability of the Probe (ML359, CID23723882) in PBS Buffer (pH 7.4, 23°C)
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The stability of the probe was also determined in the presence of 50 uM glutathione (in PBS pH
7.4 with 1% DMSO). ML359 was added (in duplicate at 1 uM) on six separate plates and
allowed to equilibrate at room temperature for 48 hours. At each time point (0, 2, 4, 8, 24, and
48 hours), one plate was taken out and an aliquot was removed from each well and analyzed by
UPLC-MS (Appendix D). ML359 is stable since more than 95% remained present (Figure 2).
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Figure 2. Stability of the probe (ML359, CID23723882) in presence of glutathione
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ML359 showed that it was 98.7% bound in human plasma and 96.5% bound in mouse plasma
(Table 2). The probe ML359 is stable in human plasma (>99% remaining after a 5 h incubation
period at 37°C) but unstable in murine plasma (entry 1; Table 2). Analogues designed to
improve the murine plasma stability of the series are discussed in Section 3.4 (SAR discussion
section). The probe (ML359) was found to be unstable to both mouse and human liver
microsomes (Table 2).

discussed in SAR discussion section (Section 3.4.2) in detail. Experimental procedures for all

analytical assays are provided in Appendix D.
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Table 2. Plasma Protein Binding, Plasma Stability and Microsomal Stability data of ML359

Plasma stability Plasn_Ia ;_)rotem Microsomal
Entry 0 nf binding o
cID Structure {2 DT ) E1I37 9 o) (% bound) Stability (%
No ru remaining at 1 h)
Human Murine Human Murine | Human | Murine
o CO,Et
1 23723882 ©/ \?ﬁ
N 100 B8 98.7 96.5 1.0 1.2
(hit) | ML359 C'D)
HO
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23 Probe Preparation

(/A

Probe ML359 was synthesized starting from 1-tert-butyl 4-ethyl piperidine-1,4-dicarboxylate (1)
in four-step as outlined below in Scheme 1. Deprotonation of 1-tert-butyl 4-ethyl piperidine-1,4-
dicarboxylate (1) in presence of sodium hexamethyldisilazide in tetrahydrofuran followed by
alkylation ~ with  2-bromoethoxybenzene (2) vyielded 1-tert-butyl 4-ethyl 4-(2-
phenoxyethyl)piperidine-1,4-dicarboxylate (3). Removal of the Boc-functionality with TFA
followed by alkylation of the secondary amine with 1-(allyloxy)-4-(bromomethyl)-2-
chlorobenzene (4) resulted in 5. Palladium (0) mediated allyl deprotection of the phenolic alkoxy
group yielded probe ML359. Full experimental details, analytical characterization and additional

synthetic protocol for the synthesis of 4 are provided in Appendix C and Appendix E.

Scheme 1.  Synthesis of the Probe ML359

0,_0O._Me o

P
5 ©/o\/\8r NaHMDS, THF ©/ ?ﬁko Me 4. TFA, DCM, 0 °C to rt
N J< -78°Ctort 2.MeCN, 'Pr,NEt, 60 °C

N
2 74% Y )< B~  36h,71%
0”0

1 3 cl 4
0\/\
o 9 o CO,Et
ey Sy
Pd(PPhs3),, triethylsilane N
N acetic acid, toluene, rt, 2h cl
29%
X0 HO
5 ML359
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3 Results

Probe attributes:

¢ Inhibits insulin aggregation in the presence of PDI with 1Csy < 0.25 uM

e Shows selectivity of >100x against other thiol isomerases (ERpS, thioredoxin reductase,
thioredoxin, ERp57)

¢ Non-toxic to HelLa, HEK293, and Hep G2 cells with IC5y >30 uM

This project utilized an insulin-based turbidometric assay to screen the MLSMR collection of
compounds to identify inhibitors to protein disulfide isomerase (PDI). In the presence of DTT,
PDI catalyzes the aggregation of insulin chains, which can be measured by absorbance at 650
nm. The assay was miniaturized for high throughput screening, which allowed for the

examination of 348,505 substances in duplicate from the MLSMR collection.

Analysis from the primary screen identified 181 active and 358 inconclusive compounds. From
these compounds, a list of approximately 400 compounds was assembled for re-evaluation in a
concentration-dependent manner. The list included those compounds from the screen that
were chemically tractable, along with additional analogs to provide some SAR insight. The
retest at dose verified the activity of 111 compounds that show at least a 30% decrease in
absorbance, in a dose-dependent manner. Upon a more stringent examination and
approaching the probe criteria, there were 12 of the 111 compounds that demonstrated an ICsq
<1 uM.

The 12 active compounds, along with the two prior art compounds were selected for further
examination as dry powders. Based on the performance of these powders in the primary assay
and selectivity assays, 2 distinct scaffolds (CID 23723882 and CID 1043221) were prioritized for
further development. The two lead compounds were analyzed in a series of secondary assays
that included specificity assays comparing activity in other thiol isomerases, cytotoxicity testing,
and mode of action studies looking at platelet aggregation inhibition. From the 2 compounds,
the piperdine compound, CID 23723882 demonstrated better potency against PDI with an
observed IC5, of 0.25 uM (Figure 4), showed no toxicity in a panel of mammalian cells, and
demonstrated >300-fold selectivity towards PDI over other thiol isomerases (Section 3.4) and

therefore was declared a probe, ML359.
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3.1 Summary of Screening Results

As discussed above, 348,505 compounds of the Molecular Libraries and Small Molecules
Repository (MLSMR) collection were tested at a single concentration (10 uM), in duplicate for
their ability to inhibit the aggregation of insulin in the presence of protein disulfide isomerase
(PDI). From the screen, 181 compounds were considered as actives representing a hit rate of
0.05%.

A list of compounds was assembled for retesting in a dose-response format, which was
composed of the most chemically tractable compounds from the compounds determined to be
active and inconclusive from the primary screen, along with additional analogs. From the
retests, only 12 compounds were to be procured as dry powders for additional testing. After
purity analysis and structural analysis by NMR spectroscopy, these compounds were screened
as outlined in the critical path for probe development in Figure 3. The analysis of the dry
powder compounds showed the emergence of a scaffold (ML359) that was a potent inhibitor to
PDI (Figure 4) that showed specificity to PDI over other thiol isomerases, and was not toxic to
three human cell lines. A number of analogs were synthesized, based on this lead compound,
and were tested in the assays outlined in Figure 3. The results of the SAR investigation are
detailed in Tables 3, 4, and 5 in Section 3.4.
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Primar

BIPDeC

Turbidometric HTS to detect the inhibition of
insulin aggregation in the presence of PDI

y Assay

——

\

r---»

Repeat of primary assay in 8-point dose

BIPDeC

Confirmatory Assay

Secondary Assay 1, 2, 3
Cytotoxicity (CellTiterGlo) in a mammalian cell
panel (HEK293, HepG2, HeLa) in 8 doses
BIPDeC

IC50 < 10 uM

Figure 3.

Non-toxic at > 1uM or
25X effective 1C50

Secondary

Assay 4 -7

Selectivity screen to determine compound
activity against other thiol isomerases (ERp5,
thioredoxin, thioredoxin reductase, ERp57)

Flaumenhaft Lab

IC50 > 10X CA IC50 or no
activity at single higher
dose

A

y

Flaumenhaft Lab

Secondary Assay 8
Determination of platelet aggregation activity

l Inhibit >50% aggregation

at 4 minutes

reversibility

Secondary Assay 9
Determination of platelet aggregation

Flaumenhaft Lab

A

Activity decreased by

i >50% post washina

Chemistry Optimization

A

y

Probe(s)

Critical Path for Probe Development
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3.2 Representative Dose Response Curve for Probe ML359

100~

% Inhibition

Concentration [M]

Figure 4. Dose-dependent Activity of the Probe (ML359) in the inhibition of PDI-induced insulin
aggregation

3.3 Scaffold/Moiety Chemical Liabilities

ML359 is stable in PBS and GSH stability assays. ML359 is stable in human plasma but not in murine

plasma (see Section 2.2). ML359 is not stable in human and mouse liver microsome (Section 2.2).
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3.4 SAR Tables

The hit compound ethyl 1-(3-chloro-4-hydroxybenzyl)-4-(2-phenoxyethyl)piperidine-4-
carboxylate (CID23723882) demonstrated a good PDI inhibitory profile in the primary
turbidometric assay with no cytotoxicity in mammalian cells. In order to establish minimum
pharmacophores and to study SAR, analogues were designed and tested. The summary of the
biological assay data of these analogues is described in Tables 3-4 (PubChem AIDs 652146,
652199, 652119, 652118, 652117). Proton NMR spectra and UPLC chromatograms of these
analogues are presented in Appendix F. None of the analogues represented in Tables 3-4
demonstrated any cytotoxicity against HepG2, HEK 293, and HeLa cell lines (PubChem AIDs
652119, 652118, 652117).

Table 3 depicts the effect on PDI inhibitory activity of various structural modifications of the hit
compound. Lack of activity of the piperidine ester (synthetic building block) and phenoxyethyl
piperidine ester (synthetic intermediate) proved the incapability of these cores alone to inhibit
PDI (Entries 2 and 3, Table 3). The influence of the substitution pattern in the 3-chloro-4-
hydroxybenzyl core was examined next. Complete loss in potency in the case of 4-alkoxy
analogues (Entries 4-6, Table 3) suggests that the 4-hydroxy substituent is essential for activity.
The presence of the meta-chloro substituent is also important, as the corresponding
unsubstituted compound has significantly diminished activity (Entry 7, Table 3). Efforts to
replace the phenolic hydroxyl moiety with various bioisosteres were undertaken as the hydroxyl
moiety might have detrimental effect in downstream in vivo ADME outcome. However, at the
time of this report we have only tested the oxazolidinone analogue (Entry 8, Table 3) and it was
determined to be inactive. Additionally, replacement of the 3-chloro-4-hydroxybenzyl core with a
3-chloro-4-hydroxybenzoyl moiety (Entry 9, Table 3) gave an active compound but it was
approximately ten fold less potent. Our early SAR studies suggest that the 2-phenoxyethyl side
chain at the upper left part of the molecule is important for potency as compounds with 2-
methoxyethyl or benzyl side chains lost all activity (Entries 10-12, Table 3). Next, modification of
the ester functionality was studied and the results are shown in Table 4. Sterically demanding
iso-propyl and tert-butyl ester groups were tolerated (Entries 2 and 3, Table 4). Diverse amide
derivatives were prepared and no improvements in potency were observed (Entries 4-8, Table
4). The hit compound CID23723882 and key analogues were subsequently evaluated for
selectivity over other thiol isomerases (Table 5). Gratifyingly, all the analogues were selective

and showed no inhibitory activity against thioredoxin, thioredoxin reductase and ERp57. A
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subset of compounds were evaluated against ERp5 and showed no activity. Based on the
available data, CID23723882 was the most potent (also selective and non-toxic) PDI inhibitor

and was nominated as the probe (ML359).

The probe ML359 and selected analogues were subjected to both mouse and human liver
microsome stability assays and was found to be unstable (Table 6). The only analogue that
demonstrates acceptable human liver microsome stability (albeit no PDI inhibitory activity; Table
3) was CID42515470 (Entry 8; Table 6). We evaluated murine plasma stability (and plasma
protein binding) of ML359 and sets of key analogues and the results are depicted in Table 7. It
was evident that presence of a-quaternary stereocenter was inadequate to prevent ethyl ester
from hydrolysis. Replacement of ester functionality with amide group improved murine plasma
stability across the board (Entries 2-6; Table 7) but without retaining PDI inhibitory activity.
Incremental increase in steric bulk across the ester carbonyl core has a positive outcome and
CID70701237 (Entry 8; Table 7) is stable in murine plasma. After nominating ML359 as the
probe we found out that replacing ethyl ester with iso-propyl or tert-butyl ester improved murine
plasma stability (with retention of activity and selectivity). Based on this very recent observation,
we are currently evaluating a small set of analogues for activity against PDI and other thiol

isomerases that will likely have better in vitro ADME profile.

Table 3. SAR Analysis: Attempt to identify minimum pharmacophores

Cytotoxicity
CID .
Entry ICs0 (UM)
No * SID Structure PBS
- Broad ID PDI_Inhibition |Solubility| HEK293/
_ICso (uM)’ HepG2/ Hela
(um)
23723882
o CO,Et
1 160843258 ©/ \?ﬁ
) 0.25 62.7 >26.0
(hit) BRD-K20754212-001-10-6 C'j@)
HO
ML359
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Cytotoxicity
cID .
Entry IC50 (uM)
No.* SID Structure PBS
: Broad ID PDI_Inhibition |Solubility|  HEK293/
_ICso (uM)* HepG2/ HeLa
(uM)
H_ _CO,Et
2758812 é
2 160843261 /’L >30 83.0 >26.0
O [e]
BRD-K18650194-001-02-9 4\
70701267 @O?jwzﬂ
3 160843257 /1 >30 0.3 >26.0
(o) [o]
BRD-K23121346-001-01-3 4\
o CO,Et
70701251 @ ?ﬁ
N
4 160843238 o >30 3.3 >26.0
BRD-K13659644-001-01-3
MeO
70701245 ©°?§°25‘
5 160843256 N >30 <0.1 >26.0
Cl
BRD-K85759585-001-01-5 \/\OD)
23723973 ©°?§°25‘
6 160843248 N >30 79.4 >26.0
BRD-K94439524-001-07-4 " Q)
eO
23723959 ©°VE§°2£‘
7 160843243 N 15.0 85.0 >26.0

BRD-K26639447-001-07-6

ey
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Cytotoxicity
cID .
Entry IC50 (uM)
No.* SID Structure PBS
: Broad I PDI_Inhibition |Solubility|  HEK293/
_ICso (uM)* HepG2/ HeLa
(uM)
o CO,Et
70701241 © ?ﬁ
N
8 160843263 @2 >30 63.1 >26.0
H.
N
BRD-K09284519-001-01-8 V4
(o]
70701238 ©°?ﬁ°°z£‘
9 160843250 N 2.25 20.8 >26.0
Cl
(o]
BRD-K31070838-001-01-7 Hoj@/&
42515470 Me°?ﬁ°°25t
10 160843253 N >30 99.7 >26.0
Cl
BRD-K53926605-001-02-2 Hoj@)
25298231 @?ﬁ“ﬁ
11 160843245 N >30 77.5 >26.0
Cl
BRD-K46746533-001-01-3 Hoj@)
25277312 Me°©?§°°zﬂ
12 160843240 N >30 67.9 >26.0
Cl
BRD-K07804329-001-01-5 HOD)

T Average of two independent experiments (PubChem AIDs 652146, 652199). *For each analogue, cytotoxicity was
measured against HEK293, HepG2 and Hela cell lines and ICso was determined to be >26.0 uM (highest concentration

measured) for each cell line (PubChem AIDs 652119, 652118, 652117). * Analogues in entries 2-3, 7, 10-12 were
commercially procured. All other compounds were synthesized.
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Table 4. SAR Analysis: Modification of ester functionality

Cytotoxicity
cip .
Entry IC50 (uM)
No SID Structure PBS
’ Broad ID PDI_Inhibition |Solubility| HEK 293/
_ICso (uM)* HepG2/ HelLa
(uM)
23723882
o CO,Et
1 160843258 @
0.25 62.7 >26.0
(hit) | BRD-K20754212-001-10-6 j@)
ML359
M
70701242 Q/O\?%\o Me
2 160843255 0.85 16.6 >26.0
BRD-K71569005-001-01-6 D)
70701237 @o?%\ %Me
3 160843264 0.65 45 >26.0
BRD-K31155394-001-01-2 D)
70701263 @O?%L o~
4 160843242 >30 95.7 >26.0
BRD-K59037718-001-01-8 j@)
70701262 Q/O\?%L —
5 160843259 3.0 84.8 >26.0
BRD-K10350688-001-01-9 D)
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Cytotoxicity
CID X
Entry IC50 (uM)
No SID Structure PBS
i Broad ID PDI_Inhibition | Solubility|  HEK 293/
_ICso (uM)? HepG2/ Hela
(um)

70701252 o \/E%\NQ
Sarel
6 160843244 4.0 78.2 >26.0

Cl

BRD-K18880881-001-01-2 D)
HO

70701258 @0?%%@

7 160843262 >30 76.6 >26.0
Cl

BRD-K26875871-001-01-4 j@)
HO

70701239 QOﬁH
8 160843247 225 12.0 >26.0
BRD-K78438862-001-01-9 c.D)
HO

T Average of two independent experiments (PubChem AlDs 652146, 652199). *For each analogue, cytotoxicity was
measured against HEK293, HepG2 and Hela cell lines and ICso was determined to be >26.0 uM (highest concentration

measured) for each cell line (PubChem AIDs 652119, 652118, 652117).
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Counter Screen: Selectivity against other

thiol isomerases

cID
PDI
Entry -
|Cso (UM)
No SID Structure Inhibition_
: Broad ID 1Cs5p (uM) Thioredoxin
ERp5* | Thioredoxin ERp57
reductase
23723882
o CO,Et
1 160843258 ©/ ?ﬁ
N 0.25 >30 >30 >30 >30
(hit) | BRD-K20754212-001-10-6 C'D)
ML359 HO
o Me Me
70701237 Q/O?%\O Me
2 160843264 N 0.65 >30 >30 >30 >30
Cl
BRD-K31155394-001-01-2 D)
HO
Me
(o]
70701242 @oﬁox\m
3 160843255 N 0.85 >30 >30 >30 >30
Cl
BRD-K71569005-001-01-6 j@)
HO
(o]
70701262 o N
e
4 160843259 N 3.0 N.D >30 >30 >30
Cl
BRD-K10350688-001-01-9 j@)
HO
70701238 Cf?ﬁwzﬂ
5 160843250 N 2.25 N.D >30 >30 >30
Cl
o
BRD-K31070838-001-01-7 Hoj©/§
23723959 ©/°?§°2E‘
6 160843243 N 15.0 N.D >30 >30 >30
BRD-K26639447-001-07-6 HOQ)
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Counter Screen: Selectivity against other
ciD thiol isomerases
Entry PDI_
ICso (UM)
No SID Structure Inhibition_
- Broad ID IC50 (uM) Thioredoxin
ERp5* | Thioredoxin ERp57
reductase
o ()
70701239 @0?%”
7 160843247 \ 22.5 N.D >30 >30 >30
BRD-K78438862-001-01-9 CID)
HO
o Q
70701252 Oﬁn
[ :] H
8 160843244 N 4.0 N.D >30 >30 >30
cl
BRD-K18880881-001-01-2 D)
HO
[¢) CO,Et
70701251 @ ?ﬁ
N
9 160843238 o >30 N.D >30 >30 >30
BRD-K13659644-001-01-3
MeO

*N.D: not determined. PubChem AIDs 652146, 652199, 624320, 652270. 652269, 652214, 652266

Table 6. Liver Microsome Stability of the Probe (ML359) and selected analogues

Microsomal Stability (% remaining at 1 h)

Clj@)
HO

Entry Structure PubChem CID
Human Murine
No.
Q/O?ﬁcoza
23723882
N (ML359) 1.0 1.2
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Microsomal Stability (% remaining at 1 h)

Entry Structure PubChem CID
Human Murine
No.
o CO,Et
©/ 23723959
2 N 43 2.2
(Analog)
HO
o CO,Et
©/ ?ﬁ 70701251
3 N 0.7 0.0
cl (Analog)
MeO
o CO,Et
©/ \?a 23723973
4 N 0.3 0.9
(Analog)
MeO
Q/O?ﬁcoza
N 70701241
5 2.7 1.0
(Analog)
Hn
o
Ve
o CO,Et
©/ ?ﬁ 70701238
6 N 0.5 0.0
mj@/& (Analog)
o
HO
o CO,Et
@f ?ﬁ 70701267
7 /1 (Analog/ Starting 0.8 0.0
J\ o material)
MeO CO,Et
?ﬁ 42515470
8 N 70.7 0.0
(Analog)
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Microsomal Stability (% remaining at 1 h)

Entry Structure PubChem CID
Human Murine
No.
CO,Et
@?ﬁ 25298231
9 N 2.0 0.0
(Analog)

CID)
HO

Table 7. Plasma Protein Binding and Plasma Stability of ML359 and selected analogues

Entry Plasma stability Plasma protein binding PDI Inhibition
0, .. 0, S —
cID Structure (% remaining after 5 hours) (% bound) ICso (UM)
No. (See Section
Human Murine Human Murine 3.4 for details)
o CO,Et
1 23723882 ©/ ?ﬁ
N 100 5.3 98.7 96.5 0.25
(hit) | ML359 C'D)
HO
0
o o
Sarel
2 70701263 N 100 97.5 79 87.2 >30
Bg
HO
0
o N
Ok
3 |70701262 N 100 5.4 98.5 96.8 3.0
aj@)
HO
o [
o\/f%\N
Shrel
4 70701252 N 100 98.4 92.5 95.3 4.0
Ret
HO
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Plasma stability

Plasma protein binding

Entry o i o PDI_Inhibition_
cID Structure (% remaining after 5 hours) (% bound) ICso (UM)
No. (See Section
Human Murine Human Murine 3.4 for details)
o
©°?§“NQ
5 |70701258 N 95.8 92.2 87.2 91.7 >30
o
HO
g ()
SRl
H
6 70701239 \ 89.5 93.5 98.1 97.8 225
RL
HO
o Me
Sarshl
7 |70701242 N 97.9 75.3 98.9 98.5 0.85
O
HO
o Me Me
Sareh
8 |70701237 N 98.7 95.6 99.7 99.7 0.65
o
HO
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3.5 Cellular Activity

A secondary assay utilizing three human cell lines (HeLa, HEK293, and HepG2) for evaluating
compounds for toxicity, and two additional phenotypic secondary assays using human platelets
from donors were performed. An overview of these assays is provided in Section 2.1 and full
experimental details can be found in Appendix B. The probe ML359 meets the cellular activity

criteria defined for this project.

3.6 Profiling Assays

The probe ML359 will be submitted to Eurofins lead profiling analysis assays against a broad

panel of enzymes, receptors and ion channels (67 targets) to evaluate off-target activities.

4 Discussion

An insulin-based turbiometric assay in the presence of PDI was used to screen 348,505
compounds in the MLSMR collection to identify inhibitors to PDI. Several compounds were
chosen for additional analysis, however after conformation of activity with dry powders and
several secondary assays, CID23723882 was advanced for chemical optimization and SAR
analysis. Three primary points of diversification (Figure 5; highlighted in green, purple and
blue) were identified to initiate the early medicinal chemistry optimization. The analogs

presented in Section 3.4 for each sub-core is shown in Figure 5.
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Figure 5. Summary of the SAR profile of hit CID23723882 (Key SAR findings for each site
of diversification are provided in italics)

2-phenoxyethyl core is

important for activity AEES A (6

o CO,Et tolerable; bulky
©/ ?ﬁ ester groups retain
4
potency and

N improve plasma
! stability
3-chloro-4-hydroxybenzy! Cl
substitution pattern is j@)
optimal HO

CID23723882: ethyl 1-(3-chloro-4-hydroxybenzyl)-
4-(2-phenoxyethyl)piperidine-4-carboxylate
The presence of the 3-chloro-4-hydroxybenzyl substitution pattern is essential for potency and
the 2-phenoxyethyl side chain is also necessary for activity against PDI. Sterically demanding
ester functionalities are tolerable and give an improved plasma stability profile. Replacement of
ester substituents with various amides proved to be detrimental towards PDI inhibitory activity.
In the end, ML359 was nominated as the probe as it was the most potent PDI inhibitor and
maintained excellent selectivity over other thiol isomerases. ML359 has been listed as active in
five other assays in PubChem and inactive in 410 bioassays. Hence, ML359 is not
promiscuous. Further, ML359 is not toxic to HEK 293, HepG2, or HeLa human cell lines. The
probe is also stable in PBS and GSH stability assays. Based on the available activity, selectivity,
toxicity data and stability profile, ML359 will serve as a suitable tool compound to study the role

of PDI in arterial thrombosis and other important biological processes.

A comparison of bioactivities, selectivity data and the toxicity profile of the probe (ML359) with
the predefined probe criteria specified in the chemical probe development plan is presented in
Table 8. Based on the available data summarized in Table 8, the probe, ML359, fulfills all the

goals set out at the beginning of the probe development program.
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Table 8. Comparison of the Probe ML359 to Project Criteria
No. Property CPDP Requirement Probe
Target Activity: Inhibition of PDI in
<
1 insulin-based turbidometric assay ICso<1 UM 0.25 uM
Selectivity: Inhibition over ERP5,
2 | Thioredoxin Reductase, >10X selective >100X
Thioredoxin anti-targets
Cellular toxicity (HeLa, HEK293, ,
>
3 HepG2) IC5021uM or 25X effective 1Csq >30 uM
4 | Biological mode of action Inhibitor to platele.ts aggregation, See section 4.2
reversible
Avoid functional groups which
4 | Functional aroups are chemically reactive, pH No reactive
group sensitive or hydrolytically functionality
unstable
o . 62.7 uM in PBS
5 | Solubility Soluble in aqueous buffer (pH 7.4, 23°C)
4.1 Comparison to existing art and how the new probe is an improvement

Investigation into relevant prior art entailed searching the following databases: SciFinder,

PubChem, PubMed, Patent Lens databases. The search terms applied and hit statistics for the

prior art search are provided in Table 9. Abstracts were obtained for all references returned

and were analyzed for relevance to the current project. The searches were performed on April

4, and are current as of April 4, 2013.
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Table 9: Prior Art Database Search

Search String (topic) Database Number of Hits
Found

“protein disulfide isomerase inhibitors” SciFinder 254

“PDI inhibitors” SciFinder 338

“inhibitors of protein disulfide isomerase” SciFinder 254

“protein disulfide isomerase inhibitors” PubMed 282

“PDI inhibitors” PubMed 280

“inhibitors of protein disulfide isomerase” PubMed 282

“protein disulfide 