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Einar K. Krogsaeter*, Anna Scotto Rosato*, Carla Abrahamian, Dawid Jaslan, Julia Bock,
Chiara Soldati, Barbara Spix, Amanda Wyatt, Daniela Borchert, Marcel Passon, Marc
Stieglitz, Guido Hermey, Sandra Markmann, Doris Gruber-Schoffnegger, Susan Cotman,
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3. SHORT SUMMARY OF MANUSCRIPTS

I. Selective agonist of TRPML2 reveals direct role in chemokine release from innate
immune cells
Eva Plesch*, Cheng-Chang Chen*, Elisabeth Butz*, (...), Einar K. Krogsaeter, (...), &
Christian Grimm
eLIFE. 2018;7:€39720. *these authors contributed equally to this work

The intracellular TRPML2 ion channel likely represents one of the least characterized known
intracellular ion channels, as do the consequences of its activity remain enigmatic. While some
previous efforts implicated TRPML2 activity to regulate trafficking of recycling endosomes (RE) and
modulate immune-cell recruitment, the lack of pharmacological tools to activate the ion channels has
rendered scientists reliant on slower genetic methods to investigate the channel function. Resultantly,
the consequences of genetic TRPML2 modulation have not been directly linked to TRPML2 activity, as
overexpression, mutation, or silencing of genes often brings about long-term adaptations to the
cellular manipulations.

In this publication, we developed a selective TRPML2 agonist (ML2-SA1) that acts only on the TRPML2
isoform, but not the TRPML1 nor TRPML3 counterparts. This development allowed us to address the
acute consequences of modulating TRPML2 activity, without interference of TRPML1 and TRPML3.
Resultantly, we could localize the activity of TRPML2 on early and recycling endosomes. Furthermore,
based on docking studies, mutagenesis and validation by calcium imaging and endolysosomal patch-
clamp, we identified the binding site of ML2-SA1, selectively abolishing ML2-SA1 activity upon
mutating the binding pocket. Using ML2-SA1, we demonstrate that acute TRPML2 activation results
in early and recycling endocytic trafficking of transferrin. Finally, we show that LPS-stimulated
macrophages utilize TRPML2 to accelerate the release of chemokines, which can be further
accelerated by stimulating the macrophages with ML2-SA1.

Declaration of contribution: For this manuscript, | contributed by assessing the subcellular localization
of TRPML2, isolating bone marrow-derived macrophages that were used in patch-clamp and functional
assays, performing docking analyses to identify ML2-SA1 binding sites (not shown in the article),
mutating amino acids interacting with ML2-SA1 based on docking studies, and validating these
interactions by calcium imaging. | furthermore performed immunocytochemistry of CCL2 to assess
trafficking of the chemokine, but due to unspecific labelling also observed in CCL2 knockout cells, this
data was not used in the article.

Declaration: | agree that the reported contributions are correctly listed.

Supervisor: Christian Grimm
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Il. Agonist-mediated switching of ion selectivity in TPC2 differentially promotes lysosomal
function
Susanne Gerndt*, Cheng-Chang Chen*, Yu-Kai Chao*, Yu Yuan*, (...), Einar K. Krogsaeter,
(...), & Christian Grimm.
eLIFE. 2020;9:e54712. *these authors contributed equally to this work

The two-pore channels have been a contentious topic in ion channel biology for the last decade, with
two opposing bases claiming that they are either NAADP-activated calcium channels or PI(3,5)P»-
activated sodium channels. The lack of pharmacological modulators selectively activating the channels
have rendered the membrane impermeant, endogenous agonists NAADP and PI(3,5)P; the only
available tools to characterize the channels. Adding another layer of complexity to the debate, it
appears that NAADP requires a co-factor to activate the channel, rendering isolated lysosomes
irresponsive to the otherwise highly potent TPC activator. The membrane impermeant nature of
NAADP and PI(3,5)P; furthermore occludes possibilities of assessing TPC function in cellular assays,
necessitating genetic manipulation or non-selective channel blockers to investigate the channel’s
impact on cell biology.

In this publication, we developed two classes of membrane-permeable TPC2-selective agonists. On
one hand, the TPC2-A1-N class compounds rendered the channel highly calcium-permeable akin to
the NAADP-activated channel. The agonists resultantly quickly mobilized a global calcium wave,
halting endosomal movement and alkalinizing endosomes. The TPC2-A1-P class compounds contrarily
rendered the channel principally sodium-permeable akin to the PI(3,5)P,-activated channel. The very
localized calcium efflux evoked by TPC2-A1-P had completely different effects on cell biology than its
TPC2-A1-N counterpart, seemingly mobilizing endosomes and resulting in lysosomal exocytosis.

Declaration of contribution: For this manuscript, | contributed by isolating primary macrophage cells
(alveolar macrophages) for endolysosomal patch-clamp analysis and analysing putative agonist
binding sites using docking. | next mutated the identified putative agonist-interacting residues to
abolish their activity, which was later validated by endolysosomal patch-clamp and calcium imaging
experiments. | furthermore generated the dominant-negative TPC2 construct which was used to assess
TPC2 function in regulating endosomal motility and endosomal acidification. Finally, | performed a
series of high-resolution confocal calcium imaging experiments in WT and KO human fibroblasts using
the TPC2 agonists * electroporated TPC2, which were not included in the paper.

Declaration: | agree that the reported contributions are correctly listed.

Supervisor: Christian Grimm
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Ill. TRPML2 is an osmo/mechanosensitive cation channel in endolysosomal organelles
Cheng-Chang Chen*, Einar K. Krogsaeter*, (...), & Christian Grimm.
Science Advances. 2020;6:eabb5064. *these authors contributed equally to this work

Having previously characterized how acute TRPML2 activation can accelerate chemokine release, the
mechanistic principles governing such acceleration remained enigmatic. Calcium fluxes are widely
appreciated to facilitate endosomal trafficking, and ionic fluxes are understood to relieve membrane
tension and permit endosomal tubulation and vesicular fusion/fission events, yet the existence of a
mechanosensitive ion channel directly responding to stressors manifesting during endosomal
trafficking has only been speculated about. Similar ion channels have previously been described on
the plasma-membrane, but in these cases their involvement has either been proven to be indirect, or
their mechanic regulation is not completely understood.

In this publication, we describe TRPML2 to constitute an osmo/mechanosensitive cation channel
present on endosomes, and demonstrate the mechanisms underlying TRPML2 mechanosensitivity.
Specifically, we illustrate that membrane stretch leads to TRPML2 activation, and membrane curvature
inhibits channel activity. The TRPML2 counterparts TRPML1 and TRPML3 on the other hand do not
respond to mechanic stimuli. Reasoning that membrane stretch can exert its effects on TRPML2
through the membrane-bound endogenous agonist PI(3,5)P,, we mutated the TRPML2-unique residue
L314 in the PI(3,5)P; binding pocket to its TRPML1/TRPML3 counterpart arginine. Upon doing so, we
found that TRPML2 does no longer respond to mechanic stimuli. On one hand, this finding illustrates
why TRPML?2 is mechanosensitive, on the other the finding justifies why TRPML1 and TRPML3 are
not. Consistent with high TRPML2 expression in fast recycling endosomes, we finally demonstrated
that TRPML2 present on fast-recycling endosomes accelerates cargo (transferrin) recycling, while the
mechano-insensitive TRPML2 shows comparatively slower recycling rates within the fast-recycling
time-frame. Taken together, this publication shows that the mechanosensitive TRPML2 channel senses
membrane stretch through its phospholipid binding pocket, activating the channel and accelerating
endosomal trafficking.

Declaration of contribution: For this manuscript, | contributed by generating the TRPML2-mutant
plasmids used in the study based on bioinformatic alignments of TRPML channels across isoforms and
species, generating TRPML2 homology models, performing docking analysis of PI(3,5)P; against wild-
type and L314R mutant TRPML2 homology models, and performing live-cell and fixed-cell transferrin
trafficking assays to assess the functional relevance of TRPML2 mechanosensitivity. | also isolated
primary cells used in this study (bone marrow-derived and alveolar macrophages), performed
immunocytochemistry to assess TRPML2 localization in bone-marrow derived macrophages, and
performed high-resolution calcium imaging to assess TRPML2 activity in smaller vs larger vesicles
(the latter not being included in the publication).

Declaration: | agree that the reported contributions are correctly listed.

Supervisor: Christian Grimm Shared first author: Cheng-Chang Chen
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IV. Human genome diversity data reveal that L564P is the predominant TPC2 variant and a
prerequisite for the blond hair associated M484L gain-of-function effect
Julia Bock*, Einar K. Krogsaeter*, (...), & Christian Grimm
PLOS Genetics. 2021;17(1):e1009236 *these authors contributed equally to this work

When developing TPC2 agonists to treat disease phenotypes, it is important to understand how TPC2
can act differently in various populations. Indeed, it is widely appreciated within the field of
pharmacogenomics that distinct populations can respond variably to pharmacological interventions
due to simple genetic differences of the drug targets or the drug-metabolizing enzymes. A recent
article described how two prevalent TPC2 polymorphisms result in its gain-of-function: While the
TPCN2M484L mutation results in pore dilation and increased conductivity, the TPCN26734E mutation
desensitizes the channel to mTORC1-dependent inhibition. These two different mutations conferring
increased channel conductivity cause the same measurable outcome: An increased prevalence of blond
hair colour. Perhaps more importantly however, these mutations dictate how responsive a treated
individual would be to TPC2 agonists. As Paracelsus once stated: “All things are poison and nothing is
without poison. Solely the dose determines that a thing is not a poison”. Characterizing such gain-of-
function polymorphisms could therefore be crucial in informing what would constitute an effective or
toxic dose of a compound in a given population.

We built upon the previous publication describing gain-of-function polymorphisms of TPC2, and
characterized all of the frequently occurring TPC2 polymorphisms. Compared to the other
endolysosomal cation channels, TPC2 appears a highly polymorphic gene. The TPCN2%4F substitution
is a dramatic example of this, occurring in nearly all sequenced Caucasians, and more than half of all
sequenced native Africans and Asians. Only in the native American population, the wild-type TPCN2564
allele predominates. We demonstrate that this major polymorphic allele is a prerequisite for the gain-
of-function exerted by the TPCN2M484 polymorphism. Furthermore, we map the distribution of the
newly described polymorphisms, and functionally assess their impact on channel function. We find
two other prevalent polymorphisms, TPCN2376R and TPCN26387P, to confer mild increases in channel
conductivity when stimulated with PI(3,5)P,, highlighting the spectrum of TPC2 activity. We finally
perform a GWAS meta-analysis to assess linkage between TPC2 polymorphisms and phenotypes,
finding the mutations to predominantly impact hair colour, risks for developing type 2 diabetes, and
the bone mineral density.

Declaration of contribution: For this manuscript, | contributed by data-mining sequencing datasets in
different populations, and performing calculations relating to the obtained results. | furthermore
sequenced fibroblasts and generated mutant TPC2 plasmids for electrophysiological characterization,
and performed the meta-analysis of GWAS datasets to assess phenotypes linked to TPC2
polymorphisms.

Declaration: | agree that the reported contributions are correctly listed.

Supervisor: Christian Grimm Shared first author: Julia Bock
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V. Repurposing of tamoxifen ameliorates CLN3 and CLN7 disease phenotype
Chiara Soldati*, Irene Lopez-Fabula*, (...), Einar K. Krogsaeter, (...), & Diego L. Medina.
EMBO Molecular Medicine. Accepted. *these authors contributed equally to this work

Batten disease, also known as childhood dementia or juvenile neuronal ceroid lipofuscinosis (JNCL),
is a lysosomal storage disease caused by mutations in the lysosomal transmembrane protein CLN3.
JNCL disease is marked by blindness manifesting around the age of 5, followed by delayed
development, progressive neurodegeneration and dementia, and later often fatal seizures. The affected
children rarely survive beyond the age of 20 years. Similar presentations occur upon mutations in
CLN7, which encodes another lysosomal membrane SLC transporter. Critically, the neuronal ceroid
lipofuscinoses (NCLs) currently lack treatment options. While enzyme replacement therapies have
been pioneered for CLN2 disease (caused by defects in the soluble lysosomal protein TPP1), similar
strategies are unavailable for JNCL, partially due to the transmembrane protein defects (complicating
protein supplementation), partially due to the systemic disease phenotypes observed. Resultantly,
recent scientific ventures have focused on restoring function to dysfunctional cellular pathways, such
as autophagy, lipid/toxin trafficking, and organellar degradation. The hope is that small molecules
correcting such defects can globally restore the normal physiology of the affected individuals, and
represent therapeutic alternatives for these currently uncurable diseases.

In this work cell-based phenotypic screening was performed to identify new assays to investigate JNCL
disease, alongside screening FDA-approved drugs for potential rescue effects in JNCL disease. An
assay for staining Gb3 globosides in JNCL disease was developed using fluorescently labelled
shigatoxin, and upon employing this it was found that the FDA-approved compound tamoxifen rescues
Gb3 accumulation in NCL-affected cells. Upon its administration, tamoxifen activates the lysosomal
biogenesis regulator TFEB, likely leading to lysosomal clearance of accumulated storage material,
including Gb3 globosides and subunit C of the mitochondrial ATPase. Administration of tamoxifen to
NCL-affected mice furthermore corrected motor defects in the animals, outlining that this FDA-
approved compound could be repurposed to treat CLN3 and CLN7 disease.

Declaration of contribution: For this manuscript, | contributed by generating three novel iPSC models
for juvenile neuronal ceroid lipofuscinosis, namely CLN3%847, CLN3R4W and CLN3P41¢6, Following
extensive quality control, | differentiated these cells into cortical neurons, and supplied them for
assessing storage pathology during the revision process of this publication.

Declaration: | agree that the reported contributions are correctly listed.

Supervisor: Christian Grimm
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VI. Targeting TPC2 rescues lysosomal storage in mucolipidosis type 1V, Niemann-Pick type
C1 and Batten disease
Einar K. Krogsaeter*, Anna Scotto Rosato?*, (...), & Christian Grimm.
Manuscript in preparation. *these authors contributed equally to this work

The lysosomal storage diseases (LSDs) comprise a group of more than 50 inherited rare metabolic
disorders, of which several affect children. Their name hails from accumulation of storage materials
within the lysosomes, caused by either impaired trafficking within the cell, dysfunctional degradation
of cargo, or defective expulsion of waste material by exocytosis. To date, treatment options for
lysosomal storage diseases are in high demand. Resultantly, mucolipidosis type IV (MLIV) is a highly
interesting LSD. Similar to LSDs like Niemann-Pick type C1 (NPC1) and Batten disease (JNCL; CLN3),
MLIV causes childhood neurodegeneration, motor defects, and early-onset neurodegeneration. Unlike
NPC1 and CLN3 however, TRPML1 is a druggable ion channel, with several agonists described to date.
TRPML1 activity enhances several processes that appear impaired in LSDs such as autophagy and
lysosomal exocytosis. Indeed, activation of TRPML1 has been shown capable to rescue MLIV, NPC1
and Fabry disease phenotypes, underscoring the benefit of lysosomal cation channels. Unfortunately,
LSDs often exhibit impaired or absent TRPML1 activity. Thus, we focused on the ion channel TPC2.
TPC2 is similarly to TRPML1 localized on lysosomal membranes, facilitates endolysosomal trafficking,
and its activation boosts autophagy and results in lysosomal exocytosis. We hypothesized that TPC2
activation can rescue MLIV by compensating for lacking TRPML1 activity, and ameliorate NPC1 and
Batten disease phenotypes, diseases where TRPML1 activity appears impaired.

During our studies, we developed cell-based assays to assess LSD pathology in patient fibroblasts,
finding them to represent a good model for MLIV and NPC1. Batten disease fibroblasts were healthier
in comparison, but upon cell-cycle arrest, these fibroblasts also developed storage defects. We found
that TPC2 supplementation and/or activation largely restored normal physiology, rescuing trafficking
defects, alleviated autophagic blockade, cleared accumulating cholesterol and storage material, and
improved the cellular ultrastructure. While fibroblasts are a useful tool to assess disease mechanisms,
our approach is highly dependent on TPC2 expression in relevant cell-types. Generating a reporter-
mouse expressing GFP under control of the TPC2 promoter, we assessed TPC2 expression throughout
the central nervous system. We found TPC2 to be expressed in neurons, astrocytes, and microglia,
both in the disease-relevant hippocampus and cerebellum. Having determined TPC2 to be present in
the right cell-types, we generated new iPSC-based models for MLIV and Batten disease with isogenic
controls. The novel LSD models were differentiated into neurons, and neuronal pathology assessed.
MLIV and Batten disease neurons suffered from lysosomal alkalinization, and MLIV neurons exhibited
cathepsin B hyperactivity, endolysosomal expansion, and ultrastructural defects. Treatment with the
TPC2 agonists restored almost all the investigated disease phenotypes, highlighting the potential for
TPC2 activation to restore function in lysosomal storage diseases in the primary affected cell types.

Declaration of contribution: For this manuscript, Dr. Scotto Rosato and | collaborated in performing
cell-based assays in patient fibroblasts, including the lactosylceramide trafficking assay, filipin staining
for cholesterol, and rescue assays including compound treatment and drug target overexpression. |
furthermore isolated organs, sliced, stained, and analyzed reporter mouse samples to assess TPC2
expression, and performed RT-qPCR to assess channel expression in human brain samples. | designed
the strategy for gene-editing the novel CLN3 LSD iPSCs and carried out the gene-editing and quality
control for all iPSCs. | differentiated these cells into cortical neurons, and assessed disease pathology
including cathepsin B activity, assessing the size of the endolysosomal compartment by lysotracker
staining, and measuring the lysosomal pH. | prepared samples for electron microscopy (but did not
perform the electron microscopy myself) and performed the blinded analyses of these.

Declaration: | agree that the reported contributions are correctly listed.

Supervisor: Christian Grimm Shared first author: Anna Scotto Rosato
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4. ABSTRACT

The project presented herein addresses our limited understanding of organellar pharmacology.
Specifically, the work was conceived to elucidate the biological relevance of the endolysosomal cation
channels (mucolipins/TRPMLs and two-pore channels/TPCs) using novel, selective pharmacological
modulators. On one hand, we developed a first-in-field selective TRPML2 agonist, ML2-SA1, which
activates the TRPML2 ion channel on early endosomes, recycling endosomes, and lysosomes. We
demonstrate how TRPML2 accelerates endosomal traffic, enhancing chemokine secretion and
macrophage chemoattraction. TRPML2 activity is particularly important in the rapidly recycling
pathway, where it mediates cargo transit directly from sorting endosomes to the plasma membrane.
This function is largely conferred by its unqiue activation by membrane stretching, a feature we have
shown to rely on a single amino acid in the TRPML2 phosphoinositide binding-pocket (L314). Mutation
of L3714 into its TRPML1/TRPML3 counterpart (L314R) abrogates TRPML2 osmosensitivity, and
impedes the rapidly recycling pathway. These findings provide biological and structural information
about TRPML2 function, laying the foundation for future endeavors modulating immune cell response
and inflammation through the immune cell-restricted, druggable ion channel.

Our primary motivation for investigating the endolysosomal ion channels is development of new
treatments for diseases currently lacking therapies. The lysosomal storage diseases (LSDs) represent
one such family of diseases, where endolysosomal protein defects result in lysosomal dysfunction and
(often) neurodegeneration. Mucolipidosis type IV (MLIV) is caused by dysfunction of the lysosomal
TRPML1 ion channel, causing blindness and early-onset neurodegeneration. Aiming to treat LSDs
such as MLIV, we investigated the related lysosomal ion channel TPC2. We characterized various TPC2
polymorphisms that increase its activity, and developed agonists for TPC2 that either facilitate high
Ca?* fluxes arresting endosomal motility or Na* fluxes facilitating lysosomal exocytosis and enhancing
autophagy. We used CRISPR/Cas9 to develop new induced pluripotent stem cell (iPSC) models for
Neuronal Ceroid Lipofuscinosis (colloquially termed “childhood dementia”) and MLIV, differentiating
these into cortical neurons. We used the diseased human neurons to investigate treatments for LSDs,
finding the autophagic enhancer tamoxifen and the two-pore channel 2 agonist TPC2-A1-P to
counteract LSD phenotypes. TPC2-A1-P restored excessive lysosomal proteolysis, storage defects, and
trafficking abnormalities in human MLIV neurons and patient fibroblasts. Similarly, TPC2-A1-P
ameliorated LSD phenotypes in Niemann-Pick Disease type C1 fibroblasts (NPC1, also known as
childhood Alzheimer’s Disease), another LSD marked by impaired activity of lysosomal cation
channels. We finally performed a proof-of-concept in vivo investigation, treating MLIV mice with TPC2-
A1-P. While DMSO-treated MLIV mice exhibited gliosis of the cerebellum and hippocampus, TPC2-
A1-P-injected mouse brains featured much fewer glial cells, akin to the wild-type controls. These
findings demonstrate that pharmacological modulation of the endolysosomal system can restore
physiology in a variety of lysosomal storage diseases in vitro and in vivo.
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5. INTRODUCTION
5.1 The Endolysosomal System
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Figure 1: The endolysosomal system and its trafficking routes

The organelles and trafficking routes of the endosomal system are shown, as are some of their characteristic
membrane markers, the small GTPases of the Rab family (orange). SNARE proteins involved in the trafficking steps
are depicted (yellow), as are key players regulating organellar acidity (v-type ATPase) and mobility (kinesin for
anterograde movement, dynein for retrograde movement) (blue).

The endolysosomal system comprises a diverse group of different larger organelles and smaller
vesicles. Some vesicles are more static, such as the sorting endosome, a larger organized early
endosome (EE). In the sorting endosome, cargo is sorted and packed into smaller intermediate
compartments, which shuttle cargo to other compartments such as the recycling endosome (RE), or
directly to the plasma membrane (PM). The EE itself may also mature, acidifying and forming
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multivesicular bodies (MVB). Over time, the MVB develops into a late endosome (LE), at the boundary
between the endosomal system and the degradative lysosomes. The LE can deliver its cargo either to
the trans-Golgi network (TGN) or pass it on to lysosomes (LY) for degradation. The LY can either
undergo exocytosis to recycle degraded material, expel pathogens, or repair the plasma membrane,
or it can fuse with other intracellular organelles such as phagosomes or autophagosomes. These
organelles contain endocytosed or intracellular material destined for degradation, respectively'. These
organelles conveniently express distinct markers allowing their identification, with the markers often
conferring characteristic traits to the respective compartment (Figure 1).

5.1.1 The Early Endosome

The early endosomes (EE; also known as sorting endosomes) are the point of entry for internalised,
extracellular cargo. Upon endocytosis, vesicles release their luminal Ca?* and CI', and slowly start to
accumulate K* and H* while trafficking to the EE?. This is in part mediated by the endolysosomal cation
channel TRPML3, which facilitates cation fluxes upon endocytosis®>®. The compartment takes a
tubulovesicular form, which through numerous sorting proteins coordinates vesicular trafficking and
decides the fate of its contents. The classical EE marker and GTPase, Rab5, is in its active GTP-bound
form situated on the plasma membrane (PM), endocytic vesicles, and the EE. Here, the active Rab5
orchestrates early endosomal fusion events, recruiting the cytosolic membrane fusion machinery
through the scaffolding protein Rabaptin-5, which in turn recruits among others Rabex5, a Rab5-
specific guanine nucleotide exchange factor (GEF). Thus, Rab5 initiates a positive feedback loop,
recruiting more Rab5 protein alongside effector proteins for membrane fusion, such as early endosome
autoantigen 1 (EEA1). The focal recruitment of EEA1 leads to endosomal docking, which in turn
permits membrane fusion. Over time, Rab5 slowly hydrolyses its bound GTP, thereby limiting its own
activity. In its GDP-bound state, Rab5 dissociates from the membrane, binding a guanine dissociation
inhibitor (GDI) instead®. The EE can either sort its cargo for direct recycling to the plasma membrane
via Rab4+ fast recycling vesicles, indirect recycling through the Rab7* recycling endosome (RE) or keep
its cargo while the endosome matures towards the Rab7* late endosomal (LE) lineage. Within a few
minutes, the EE becomes unavailable for internalised cargo delivery as it matures’. Endosomal
maturation is marked by a dramatic remodelling of the endosomal lipids, proteins, and luminal ions.
The PM-associated lipid P1(4,5)P; is being replaced by PI(3)P and PI(3,5)P,, Rab5 is shed and replaced
by the LE-associated Rab78, and the vesicular proton pump (v-type ATPase) drives luminal acidification
from 6.2 in the EE to 5.5 in the LE'. These compositional changes carry substantial implications for
the downstream function of the endosomal compartment.

5.1.2 The Recycling Endosome

Compared to the peripheral early endosomes, the recycling endosome (RE) sits deeper in the cells.
Frequently, the RE takes a highly reticulated form, consisting of an extensive network of tubules. In
some cell-types this network branches out from the microtubule organizing centre (MTOC)?, while in
other cell-types it is dispersed throughout the cell’®. The RE serves important functions in coordinating
which PM-destined proteins are returned where, often in a site-directed manner. The perhaps most
obvious relevance of the RE is reflected in polarized cells, where the protein compositions of the apical
and basolateral membranes can largely differ, requiring the RE to direct specific proteins for recycling
to their respective membranes' "2, While many players coordinating these complex recycling
processes remain uncharacterized, some crucial recycling mediators have been revealed. One of the
most characteristic proteins of the recycling endosome is the GTPase Rab11. Beyond associating with
the RE, Rab11 also appears directly involved in cellular recycling processes. Alike Rab5, Rab11 exists
in two states: It exists either on endosomal membranes in its GTP-bound active state, or in the cytosol
in its GDP-bound form. When associating with endosomal membranes, Rab11 recruits membrane
trafficking machinery (e.g. FIP2 and myosin Vb), facilitating plasma membrane recycling’®,
Furthermore, it also appears that Rab11 associates with recycled cargo, thereby implicating it in
sorting processes'®. Such cargo includes presenilin 1 (PSEN1), a key driver for familial early-onset
Alzheimer’s Disease (AD)", and the B-secretase (BACE1), another AD-implicated protein. BACE1
forms the catalytic subunit of the y-secretase, a plasma membrane-resident protease exporting and
cleaving B-amyloid (AB). In Alzheimer’s disease, AB accumulates and forms extracellular plaques. Loss
of Rab11 activity prevents the plasma membrane localization of BACE1 and secretion of the plaque-
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forming AB'®. While the functions of Rab11 reflects the varied roles of the RE, they also reveal that
targeting endosomal trafficking pathways could have a modifying effect on the progression of such
diseases.

5.1.3 The Late Endosome

Maturation of the early endosome sees the EE-associated Rab5 being replaced by the late-endosome
(LE)-associated Rab7%'?. During this time, the endosome undergoes dramatic changes, most strikingly
marked by the formation of intraluminal vesicles. For this reason, late endosomes are often referred to
as multivesicular bodies (MVB)?%2', The formation of luminal vesicles is largely governed by the LE
lipid LBPA, which creates limiting membrane invaginations that bud off into the LE lumen??. These
LBPA-rich intraluminal vesicles can again fuse with the limiting membrane, releasing their contents.
Normally, the formation of intraluminal vesicles represents a mechanism for sorting cargo for
lysosomal degradation?’?3. However, upon infection, this process is hijacked by viruses and toxins,
permitting their endosomal escape before reaching the degradative lysosomes?2%, Alternatively,
intraluminal vesicles can also be released by exocytosis, being released into the extracellular space as
exosomes?’. These exosomes can fulfil a variety of roles, including antigen presentation and target cell
killing, extracellular matrix remodelling, and transferring nutrients and signalling molecules between
cells?’-28, Similarly to how viruses can hijack intraluminal vesicles to escape the endosomal system and
enter the cytosol, viruses can also enter intraluminal vesicles to exit the cells through the exosome
secretion pathway?".

The late endosome furthermore importantly orchestrates the cargo exchange between the Golgi
apparatus and the endolysosomal system, with the mannose-6-phosphate receptor (MPR) for example
clustering acid hydrolases in the Golgi for collection and delivery to the LE. Upon reaching the LE, the
acidic luminal pH causes the MPR to dissociate from its cargo. The MPR is subsequently recycled to
the Golgi apparatus, while the dissociated acid hydrolases are trafficked onwards from the LE into
lysosomes??30, The retromer, which shuttles contents from the LE to the Golgi apparatus, has come
under scrutiny as mutations in its constituent CLN3 and CLN5 proteins can cause the childhood
neurodegenerative disease neuronal ceroid lipofuscinosis (NCL). CLN3 and CLNS5 proteins together
scaffold the characteristic LE marker Rab7 with the retromer, thereby facilitating cargo traffic between
the LE and the Golgi apparatus. Loss of either CLN3 or CLN5 abrogates such traffic, preventing
delivery of lysosomal proteins and enzymes, and results in the severe lysosomal storage disease NCL3™~
34, Taken together, defects in LE function can lead to a variety of disorders ranging from infectious
diseases to neurodegeneration, warranting identification of druggable targets and novel therapies to
slow disease progression.

5.1.4 The Lysosome

The lysosome was discovered by Christian de Duve et al. in 1955 as a membrane-bound structure
containing various acid hydrolases®. It soon became obvious that the initially discovered lysosomes
comprise a wide variety of acidic organelles with distinct functions: While some lysosomes could be
seen to contain cytoplasmic contents (termed autophagic vacuoles), others sported an electron-dense
interior (termed cytosomes)3¢. The initial observations of lysosomal heterogeneity have recently gained
traction as individual lysosomes can be scrutinized by endolysosomal patch-clamp to assess channel
and transporter activity’’, metabolomics to assess metabolite content®®, or nanoprobes to detect their
ionic composition3*3, Based on such investigations, estimates have been made that around five
distinct lysosomal functional clusters exist, each with distinct functional roles®. On one hand, the cell
can engulf extracellular particles by phagocytosis to kill invading microbes or clear extracellular
debris, delivering the particles to the phagolysosome for degradation3®44. Other lysosomes are filled
with protons and chloride, rendering them highly acidic and degradative. Decreases in the luminal
chloride concentration, as is seen in certain lysosomal storage diseases (LSDs), concomitantly
alkalinizes the luminal pH and reduces the lysosomal degradative capacity’3. The lysosomal sub-
groups can themselves transition into other lysosomal types, with Zhu et al. noting a branch point
where lysosomes either transition into lysosomes that degrade autophagic cargo, the autolysosomes,
or endolysosomes which degrade endocytosed material delivered through the endosomal system3.
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While altered lysosomal function contributes to widespread disorders such as Alzheimer’s disease*~
47 Parkinson’s disease*>*50 and various cancers®'™, the lysosomal storage diseases (LSDs) likely
constitute the most obvious link between lysosomal dysfunction and disease®. The LSDs comprise
roughly 50 inherited metabolic disorders, of which several are caused by mutations in lysosomal
enzymes and membrane proteins. As the name suggests, the dysfunction of these lysosomal proteins
result in the lysosomal accumulation of products, which ultimately causes lysosomal dysfunction and
impairs cellular viability. For example, mutations in the proteolytic enzymes cathepsin D and F cause
the neurodegenerative disorder neuronal ceroid lipofuscinosis®’-°8, mutations in the lipid-metabolizing
B-galactosidase causes GM1 gangliosidosis marked by ataxia and parkinsonism®?, and mutations in
the lysosomal cation channel TRPML1 leads to the similarly neurodegenerative disorder mucolipidosis
type IV (MLIV)-¢2 LSDs are not limited to the central nervous system however, with the heart and
liver also frequently being affected. Tragically, only palliative therapy is available for most of the LSDs,
although substrate reduction and enzyme replacement therapies have been pioneered for a few
disorders®3, It is however feasible that small-molecule modulators of lysosomal function can
ameliorate a wide range of LSDs due to their shared aetiologies. For example, cellular processes such
as lysosomal trafficking, exocytosis, and autophagy appear common denominators across a variety of
LSDs5¢:626469 raising hope that small molecule-mediated activation of such processes can prove
effective therapies. Resultantly, the intracellular ion channels have been increasingly investigated,
mediating the aforementioned processes. The discovery of small molecule endolysosomal ion channel
modulators has proven effective in boosting endolysosomal transport and autophagy®'7%79.7178 setting
the stage for further applications in LSDs.
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5.2 The Endolysosomal Channelome

Historically, new drugs were discovered following their application in disease. Traditional remedies
such as heterogeneous plant extracts were progressively purified to isolate the active ingredients
responsible for the observed effects. Towards the end of the 20" century and later spurred on by the
sequencing of the human genome®, this paradigm largely shifted towards a more molecular approach.
Instead of identifying the active drugs in already existing remedies, dysregulated disease pathways
were identified alongside implicated, druggable proteins®'. This approach renders the endolysosomal
cation channels highly relevant, being both physiologically important and, when lacking or impaired,
drivers of disease pathology. Furthermore, ligand-gated and voltage-gated ion channels appear viable
drug targets, comprising 13% of all identified drug targets®?. Additionally, their residency on
endosomal membranes suggests that channel modulation could selectively ameliorate aberrant
endosomal disease processes. The last decade brought about the identification of new endosomal
channel modulators®¢171.74758385 \which will prove of paramount importance when modifying
dysregulated endosomal pathways.

5.2.1 The Mucolipins

The mucolipins (TRPMLs) comprise a family of intracellular transient receptor potential (TRP)
channels, of which there are three isoforms in mammals’®8¢. While the strictly lysosomal isoform
TRPML1 is ubiquitously expressed in human tissues®®, the EE/RE/LY-resident TRPML2 and EE/LY-
resident TRPML3 isoforms appear restrictively expressed in immunogenic tissues, with some
exceptions®”. The TRPML family members are at negative membrane potentials activated by the
endolysosomal phosphoinositide PI(3,5)P,, permeating fluxes of calcium and sodium from the
endolysosomal lumen into the cytosol3#°_ On one hand, such fluxes allow remodelling of the luminal
ionic content (e.g. exchanging cations for protons to facilitate endosomal acidification?"), on the other
hand lysosomal calcium release facilitates signalling and endosomal trafficking events. Evidently, the
appropriate function of TRPML channels is crucial in such processes, as their loss or aberrant
activation can lead to detrimental outcomes$%79:2,

5.2.1.1 TRPML1 and Lysosomal Homeostasis

The lysosomal ion channel TRPML1 forms the most extensively characterized link between
endolysosomal ion channel dysfunction and disease. Mutations in this protein cause mucolipidosis
type IV (MLIV), a debilitating disease marked by infantile-onset visual impairment, motor dysfunction,
and neurodegeneration. Following the identification of the gene underlying MLIV in the early
2000's%03-% jts encoded protein was demonstrated to constitute a lysosomal inwardly rectifying
cation channel®™?. Since its discovery, the TRPML1 ion channel has been implicated in a number of
crucial processes maintaining lysosomal homeostasis. The consequences of TRPML1-mediated
calcium release unquestionably represent the best characterized signalling pathways of the ion
channel.

On one hand, TRPML1 is situated at a crossroad regulating autophagy and nutrient availability.
TRPML1-mediated calcium release directly activates transcription factor EB (TFEB), the master
regulator of lysosomal biogenesis''92, Under resting conditions, TFEB is phosphorylated by the
mechanistic target of rapamycin complex 1 (mTORC1), facilitating its association with the 14-3-3
protein (14-3-3) and retention in the cytosol and on lysosomal membranes'®. In this state TFEB is
rendered inactive, unable to associate with its regulated genes to facilitate their transcription’0"102,
TRPML1-mediated calcium release however activates the calcium-sensitive phosphatase calcineurin,
dephosphorylating TFEB. Subsequently, TFEB dissociates from 14-3-3 and is released from lysosomal
membranes, permitting its nuclear translocation and transcription of genes implicated
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in lysosomal biogenesis’>'%, Beyond its
role in autophagy through facilitating
lysosomal biogenesis, Scotto-Rosato et al.
elegantly demonstrated how TRPML1-
mediated calcium signals can facilitate
autophagic biogenesis. Calcium released
by  TRPML1 activates  both  the
calcium/calmodulin-dependent protein
kinase kinase (CaMKKB) and AMP-
activated protein kinase  (AMPK).
CaMKKB/AMPK first activate the ULK1
complex, in turn activating the VPS34-
complex to initiate phagophore formation.
ULK1 and VPS34 elevate the
phosphoinositide PIsP levels, recruiting the
phagophore-resident double FYVE-  |[tysosomaf genss
containing protein (DFCP1) and WD-repeat [cTsp

domain phosphoinositide-interacting  [=—==

(WIEIZ) prote.ins77. Conversely, TRPMU- L,\:\
mediated calcium release can also activate
mTORC1 via the calcium sensor
calmodulin  (CaM)™®, yet it remains
unexplored whether TRPML1-mediated
mTORC1 activation also affects TFEB
phosphorylation. Instead, Sun et al.
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Figure 2: TRPML1-regulated pathways

TRPML1-mediated lysosomal calcium efflux appears
crucially involved in numerous pathways required for
cellular and lysosomal homeostasis. On one hand,
released calcium initiates autophagy through

suggest this pathway of TRPML1-mediated
mTORCT1 activation to crucially re-activate
mTORC1 after autophagy, preventing cell

stimulating CaMKKp and AMPK, or enhances autophagy
upon activating TFEB, triggering its nuclear translocation.
Following autophagy, TRPML1-mediated mTOR reactivation

death due to mTORC1 inactivation'. through calmodulin shuts down the autophagic
mTORCT1, in turn, can phosphorylate and pathways. TRPML1 can also facilitate lysosomal
inactivate TRPML1 and shut down exocytosis to support membrane repair or expulsion of
autophagic  progression'”.  Evidently, lysosomal contents via the calcium-sensitive SYT7 or

regulate lysosomal positioning upon recruiting the
calcium-sensor ALG-2 and its associated motor
proteins.

TRPML1 appears poised in the centre of
both positive and negative feedback loops
regulating autophagic progression’879:108,

TRPML1 furthermore appears crucially involved in regulating lysosomal exocytosis® 199110 and
positioning™". LaPlante et al. first noted that TRPML1-deficient fibroblasts possess several perinuclear
lysosomes, unlike the scattered lysosomes observed in healthy fibroblasts. Transfection of TRPML1
however caused relocation of these lysosomes towards peripheral regions, suggesting that TRPML1
might be involved in anterograde lysosomal movement (from the nucleus towards the periphery).
Suspecting that the perinuclear retention of lysosomes might affect their expulsion, the authors
assessed lysosomal exocytosis in TRPML1-deficient cells. Strikingly, TRPML1-deficient cells
stimulated with the calcium ionophore ionomycin released less of the lysosomal enzyme N-acetyl-beta-
D-glucosaminidase (NAG). Furthermore, ionomycin-induced translocation of lysosomal membrane
proteins to the plasma membrane appeared impeded'®. Evidently, TRPML1 seemed necessary to
facilitate lysosomal exocytosis. Since then, other groups have supported these findings. TFEB-
mediated lysosomal exocytosis (and release of lysosomal contents) strictly depends on TRPML1 and
calcium release'?. The implications of TRPML1 in regulating exocytosis are vast. On one hand, the
impaired gastric acid secretion observed in mucolipidosis type IV (MLIV)'"2, a disease marked by
TRPML1 dysfunction, has been attributed to dysfunctional exocytosis of parietal cell tubulovesicles.
In macrophages, ingestion of large particles triggers production of the endogenous TRPML1 agonist
P1(3,5)P,. TRPML1 activation subsequently causes calcium release, which in turn activates the SNARE-
binding synaptotagmin 7 (SYT7) to facilitate membrane fusion and lysosomal exocytosis®. In an iPSC-
derived neuronal model of Parkinson’s disease (PD), TRPML1 activation and lysosomal exocytosis
appear sufficient to reduce the accumulation of cytotoxic a-synuclein'. Dysfunctional lysosomal
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exocytosis can also lead to muscle dystrophy. Sarcolemmal injuries are normally repaired upon
lysosomal exocytosis in skeletal muscle cells, mediated by TRPML1 and calcium-sensing proteins.
When TRPML1 is lost however, sarcolemmal membrane repair is impaired, and the skeletal muscle
degenerates. Conversely, genetic TRPML1 supplementation is sufficient to correct muscle dystrophy,
enhancing lysosomal exocytosis'"®. Recently, novel TRPML1 agonists were found to ameliorate muscle
degeneration in a mouse model of Duchenne muscular dystrophy (DMD)'¢, underscoring the
physiological relevance of TRPML1 function and its regulation of lysosomal exocytosis.

Beyond its importance in lysosomal exocytosis, TRPML1 also regulates lysosomal positioning. Using
pharmacological modulators, Li et al. found TRPML1 activation to facilitate retrograde trafficking of
lysosomes (periphery to perinucleus), alike what is observed upon starvation. Genetic overexpression
of TRPML1 led to similar observations, suggesting its direct involvement in lysosomal motility.
TRPML1-mediated calcium release had previously been shown to recruit the calcium sensor Alpha-
1,3/1,6-mannosyltransferase (ALG2)'", which in turn recruits dynein motor proteins to facilitate
retrograde lysosomal movement or lysosomal tubulation™. While these results contrast findings of
perinuclear lysosome accumulation in TRPML1-deficient cells, it should be noted that the short-term
effects observed by Li et al. upon pharmacological modulators likely differ from the long-term
adaptations taking place in the case of LaPlante et al., investigating chronically TRPML1-deficient
cells'®. Taken together, it appears unquestionable that lysosomal calcium released from TRPML1
drastically impacts lysosomal movement and expulsion (Figure 2)7879,

5.2.1.2 TRPML2 and Immune Surveillance

TRPML2 likely represents the least
investigated TRPML ion channel to
date. TRPML2 was first discovered
by Di Palma et al. while attempting
to identify causative alleles
underlying the TRPML3-
associated varitint-waddler
phenotype (see section 6.2.1.3). By
means of a positional cloning
strategy, the authors isolated
transcripts for both TRPML2 and
TRPML3, noting their similarities
to TRPML13. Unlike TRPMLA1,
TRPML2 is mainly found in early

endosomes (EE), recycling
endosomes (RE), and lysosomes
(LY)74118123, The channel

constitutes a non-selective cation
channel, partially inhibited by
luminal protons (low pH)'2"124,
The implications of TRPML2 in
immune cells was first noted by =
Song et al, observing high
TRPML2 expression in the B-

% —

X 118 Figure 3: TRPML2-mediated trafficking

lymphocyte cell line DT4O cand - TRPML2 is particularly involved in trafficking through the early
later supported by Samie etal. who  53n4 recycling endosomal compartments (EE/RE). Transferrin
highlighted its particularly high  (Tfn) and its receptor (TfR) are recycled through TRPML2*
expression in the thymus and endosomes and fast recycling endosomes (FRE). The
spleen®. Intriguingly, the latter chemokine CCL2 is likely also released through similar
found TRPML2 expression to be pathways upon macrophage activation. In lysosomes, TRPML2
intricately linked to TRPML1 is likely inactive, due to the high luminal content of protons.
expression, observing reduced

TRPML2 expression in TRPML1 KO mice in tissues otherwise rich in TRPML2. This finding was
attributed to TRPML1-dependent calcium release likely inducing TRPML2 transcription®”. Of note,
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calcium release is a crucial component of lipopolysaccharide (LPS)-induced gene expression in
stimulated macrophages'®. Accordingly, LPS appears a potent inducer of macrophage TRPML2
expression. Upon stimulation, the newly produced TRPML2 rapidly migrates to transferrin receptor
(TfR)* structures'??, likely corresponding to early and recycling endosomes'?®. Here, TRPML2 appears
to serve an important role in secreting pro-inflammatory chemokines, such as the macrophage
chemoattractant protein CCL2. Accordingly, macrophage recruitment is markedly reduced in TRPML2
knock-out mice'?, while pharmacological TRPML2 activation enhances macrophage
chemoattraction’®. Thus, TRPML2 appears to fulfil the role of an inducible mediator of intracellular
trafficking pathways, accommodating the need for a rapid response to infectious stimuli (Figure 3)'%7.

5.2.1.3 TRPML3 and Endolysosomal Cation Channel Activation

TRPML3 was first identified by Di Palma et al. in an effort to identify the causative allele underlying
the murine, dominant varitint-waddler (Va) phenotype?. In its homozygous most severe form, the Va
locus causes deafness, a nearly entirely white coat colour, and reduced viability. Heterozygous Va
carriers, or carriers of the variant Va’ locus, exhibit a milder phenotype, marked by residual hearing
and coat colour dilution and variegation, with vestibular function and viability remaining normal312%-
132 The varitint-waddler mouse, which carries a constitutively activating TRPML3 mutation (A419P)3,
exhibits prenatal cochlear melanocyte death, followed by postnatal cochlear hair cell degeneration,
secondary to unchecked calcium influx and cytosolic calcium overload*. The finding that TRPML3 can
be activated by proline substitutions in its fifth transmembrane domain (TM5) would prove
tremendously important in investigating channel function and gating. First of all, the realization that a
helix-breaking proline insertion is sufficient to render the channel constitutively active has supported
later structural investigations into TRPML3 channel conduction*. Hirschi et al. and Zhou et al. recently
outlined the gating mechanism of TRPML3 based on cryo-EM investigations, finding TMé movement
to be crucial for ion conduction. Upon channel gating by its endogenous agonist PI(3,5)P,, the
intimately coupled TM5 and TMé pore-lining helices swerve outwards, opening the otherwise narrow
pore region'33134 The helix-breaking proline insertion likely carries similar consequences on the pore-
lining helices, rendering the channel constitutively active. Secondly, the discovery that helix-induced
links render TRPML3 constitutively active provided means of investigating TRPML activity in the
absence of known channel modulators, spurring research extrapolating these findings to TRPML1%8
and TRPML2'?", Finally, the discovery supported ventures to develop TRPML activators, leading to the
identification of drugs binding and activating TRPMLs’®. These drug scaffolds were developed to
provide more selective mucolipin activators, facilitating development of the mucolipin agonists ML-
SA17" and MK6-83%", the TRPML2-selective ML2-SA174, and TRPML3-selective EVP2174.

Functionally, TRPML3 appears to regulate membrane trafficking, where its knockdown causes
intracellular transferrin and EGF accumulation, and overexpression decreases transferrin and EGF
accumulation®. The authors’ speculations that TRPML3 is preventing endocytosis were however
refuted by Martina, Lelouvier and Puertollano (2009), who assessed EGF internalization in TRPML3-
transfected cells. The authors found no difference between wild-type and TRPML3 overexpressing
cells, indicating that the observed changes in EGF accumulation must be due to other factors than
endocytosis. Instead, the authors found TRPML3 to prevent lysosomal delivery of EGFR, with the
channel likely promoting other trafficking pathways instead'. Beyond trafficking, TRPML3 also
regulates autophagic progression. Overexpressed TRPML3 highly localizes to autophagosomes, with
its overexpression increases the number of autophagosomes®>’7135, The channel itself interacts with
the autophagy inducer GATE-16, particularly during autophagic induction. Functionally, the authors
speculated that TRPML3 could provide the calcium required for autophagosome biogenesis and its
involved membrane fusion events'%'% |t also appears that the presence of TRPML3 on
autophagosomes prevents cargo degradation, with EGF (as previously mentioned) and ubiquitinylated
proteins accumulating in TRPML3* endosomal compartments. Potentially, this appears a consequence
of the observed endosomal pH elevation upon TRPML3 expression, as the endosomal pH increases by
1-2 units upon TRPML3 overexpression'®. Effects on endolysosomal pH have however, until now, not
been verified with in endogenous expression systems with appropriate knock-out controls. The
intricacies of TRPML3-mediated regulation of endocytosis and autophagy are still being disentangled,
but the channel certainly appears a crucial mediator in these processes.
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5.2.2 The Two-Pore Channels

The two-pore channels (TPCs) comprise a family of intracellular voltage-gated ion channels (VIC),
consisting of two to three isoforms in mammals, of which humans encode two functional transcripts
(TPC1 and TPC2)8¢138140 TPC activity was first observed in plants, where Hedrich and Neher used
patch-clamp to characterize calcium-induced currents on sugar beet vacuoles™'. Ishibashi, Suzuki,
and Imai would later clone the homologous TPC1 transcript from rat kidney cells, noting its similarity
to voltage-gated sodium and calcium channels, besides encoding two sets of pore helices™82 The
connection between the enigmatic vacuolar calcium channel and the TPC1 gene was drawn by Peiter
et al. a few years later, who overexpressed TPC1 and noted the currents associated with it"*. The field
of mammalian TPC research saw its dawn in 2009, as three groups described the TPC channels to
constitute the elusive Ca?-mobilizing NAADP receptors'4'47. Soon after, descriptions would follow
claiming the channels to instead be activated by the endosomal phosphoinositide PI(3,5)P,, alike the
mucolipins, facilitating sodium release’~'%°, Furthermore, it was discovered that ATP and mTORC1
completely block TPC activity, indicating that the channels inactivate in nutrient-rich environments™#,
The contentious debate of whether TPCs are PI(3,5)P;-activated sodium channels or NAADP-activated
calcium channels continued for nearly a decade, largely due to the seemingly indirect binding mode
of NAADP at the TPCs'™0%™1, First in 2021, two direct NAADP receptors were identified, scaffolding
NAADP and binding TPCs to facilitate calcium release’?>5, Simultaneously, it was shown that TPC2
could be gated by two distinct means depending on the agonist, facilitating calcium- or sodium-
dominant ion fluxes that result in distinct consequences’"¢. It is now appreciated that the TPCs
constitute highly context-dependent signalling mediators, either triggering global calcium-release and
downstream signalling pathways upon NAADP binding, or releasing much smaller amounts of calcium
locally upon PI(3,5)P; binding and favouring other signalling pathways.

5.2.2.1 The voltage-sensitive two-pore channel TPC1

The mammalian TPC1 channel was first described by Ishibashi, Suzuki, and Imai in 2000, being cloned
from rat kidney cells. At the time, the authors noted its similarity to voltage-gated sodium and calcium
channels, a parallel which would only become more relevant in the years to come'®. The next few
years largely focused on the role of TPCs in plants, until the 2009 breakthrough in mammalian TPC
biology came. In 2009, Braliou et al. described how TPC1 expression mediates the NAADP response
upon its microinjection through a whole-cell calcium imaging approach, and used shRNAs against
TPC1 or pore-dead TPC1 overexpression (TPC1-273F) to abrogate NAADP-induced calcium signals'™>.
TPCs would subsequently garner substantial research interest, and descriptions soon followed about
how TPC1 constitutes a voltage-dependent endosomal ion channel’™ %8 regulated by the luminal
pH™8, calcium™16° and cytosolic ATP/mTORC1'8. The voltage-dependent activity of TPC1 was
rationalized by She et al. in 2018, who described the second-domain transmembrane helix (11S4)
voltage-sensing domain (VSD) to confer voltage sensitivity. Using cryo-EM, the authors showed how
membrane hyperpolarization causes an arginine (R540) to slide into the gating-charge transfer centre,
where R540 halts and forces the pore shut'®’. A similar mechanism for voltage-dependence does in
contrast not occur in TPC2, which encodes an isoleucine at the equivalent position. When mutated into
an arginine however (1551R), the substitution renders TPC2 voltage-sensitive'®?.

Functionally, Cang et al. reasoned that the high voltage-dependent activity of TPC1 can drive
endosomal acidification through releasing cations, allowing the v-type ATPase to more efficiently
pump in protons'®. Pitt et al. complemented these findings through single-channel recordings,
showing cytosolic calcium and NAADP to activate the channel, but also demonstrating proton
permeability — The latter finding complicating interpretations of TPC1 function on endosomal
acidification'™. Indeed, both findings might hold true, as Cang et al. investigated the channel under
P1(3,5)P;-stimulated conditions'™8, and Pitt et al. used NAADP to activate the channel™. Indeed,
double TPC knockout lysosomes alkalinize upon starvation compared to wild-type controls (but not
during basal/fed conditions)'?, supporting speculations that TPC1 can drive endosomal acidification.
While single-TPC knockout cells do not show any change in the endolysosomal pH under basal
conditions3, similar investigations upon starvation are lacking. Beyond regulating endosomal
acidification, endosomal transport also appears crucially regulated by TPC1, with the plasma
membrane (PM)-to-Golgi trafficking of cholera toxin (CTx) being mediated by TPC1'63164, Accordingly,
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genetic ablation of TPC1 impairs bacterial toxin trafficking and prevents toxin-induced cell death™4,
Similarly, TPC1 is required for the endosomal transport and infectivity of Ebola virus'> and Middle
East Respiratory Syndrome-Coronavirus (MERS-CoV)%%1¢61¢7 This function is likely mediated by the
channel releasing cations that promote endosomal fusion. Indeed, the channel itself associates with
numerous SNAP receptor (SNARE) proteins and Rab GTPases that mediate endosomal traffic!>1.164168,
although an interacting, calcium-dependent SNARE protein has not yet been identified. The field of
TPC-mediated endosomal trafficking however remains a young one, and hopefully the intricacies of
these trafficking events will be revealed soon.

5.2.2.2 Physiology and Pathophysiology of the Controversial TPC2
Mammalian cells utilize three principal second messengers for intracellular calcium release: Inositol
triphosphate (IP3), cyclic ADP ribose (cADPR), and nicotinic acid-adenine dinucleotide phosphate
(NAADP). The mechanisms underlying IP3- and cADPR-mediated calcium signalling preceded the
discovery of NAADP and its receptor, with the IP3 receptor (IP3R) being discovered in 1988"¢°, and
the cADPR receptor better known as the ryanodine receptor (RyR) being discovered in 199177°, Both
IP3R and RyR are situated on the endoplasmic reticulum (ER), propagating global calcium signals
when stimulated. NAADP on the other hand liberates calcium from acidic stores''73, which in turn
triggers calcium-induced calcium release (CICR) via the calcium-sensitive RyR and IP3R"4. Calcraft et
al. and Zong et al. later discovered TPC2 to constitute the lysosomal NAADP receptor, a lysosome-
resident ion channel™4'¢ Upon generating a Tpcn2 knock-out mouse, the authors showed that the
NAADP-dependent calcium oscillations previously described in pancreatic B-cells'’>"7¢ were absent in
cells from animals lacking TPC2'. A few years later however, Wang et al. used the endolysosomal
patch-clamp technique to assess NAADP-responsive currents acting on TPC2 in situ, reporting that
“surprisingly, no measurable NAADP-activated whole-endolysosomal current was seen”. Instead,
Wang et al. reported TPC2 to constitute a sodium-permeable channel activated by PI(3,5)P,
speculating that the released sodium could act in a fusogenic manner to promote membrane
trafficking™®. Initial suspicions that the difficulties measuring NAADP-evoked currents on lysosomal
preparates could arise from an indirect binding of NAADP to the channels™"7 were confirmed in
2021, as three groups independently characterized JPT2'2753 and LSM12'* to constitute accessory
NAADP binding proteins (NAADP-BP), TPC2-interacting proteins required for NAADP-induced
calcium release. Curiously, neither of these proteins had been previously identified to interact with
either TPC protein™"168178 raising the possibility that the NAADP:NAADP-BP:TPC complex forms
transiently in the presence of NAADP. Such a mode of action would explain why NAADP
responsiveness is not seen on isolated lysosomal membranes, as the NAADP-BP would be lost during
the isolation process. PI(3,5)P, sensitivity on the other hand appears an intrinsic property of the
channel, not lost upon endolysosomal isolation™8149.162179  Resultantly, the following years would see
TPC2 function being explored either on the side of NAADP-mediated calcium release, or focusing on
the preferential sodium release accompanying PI(3,5)P; activation.

TPC2 in the brain has primarily been recognized by virtue of its implications in NAADP signalling.
Pandey et al. first discovered that neuronal glutamatergic signalling depends on NAADP'. This
discovery would put TPC2 into the context of neuronal excitatory signal transduction, with glutamate
marking the principal excitatory neurotransmitter in the central nervous system. These findings were
later confirmed by Foster et al., showing that glutamate signals through NAADP and TPCs to release
calcium from acidic stores, triggering CICR and promoting long-term potentiation (LTP)'8'. Beyond its
roles in synaptic transmission, TPCs also appear to have a role in glutamate-induced autophagy of glial
cells. Here, glutamate triggers an increase in the number of autophagosomes, which is prevented upon
addition of the NAADP antagonist Ned19, overexpression of dominant negative TPC2 (TPC2265F), or
knock-down of TPC2'8218  Garcia-Rua et al. similarly observed that TPC2 in cardiomyocytes is
upregulated during energy depletion to accommodate to starvation conditions and accelerate the
autophagic flux'®. Other groups have countered this claim, arguing that NAADP-induced TPC2
activation alkalinizes the lysosomal pH, preventing autophagosome/lysosome fusion and arresting
autophagy'®'8, Evidently, the topic of TPC2 involvement in autophagy is contentious and the debate
is far from settled, but it should be appreciated that the channel activity appears highly context-
dependent, which could underlie the seemingly contradicting results.
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The function of TPC2 in endolysosomal transport appears of particular interest, as the channel directly
interacts with numerous SNARE proteins'" 16817818 The SNAP Receptors (SNARESs) represent a large
protein family forming crucial mediators of regulated membrane fusion'. The interaction between
SNAREs and the calcium-permeable TPC2 is largely more than coincidental, as calcium release
triggers SNAREs to facilitate membrane fusion. Accordingly, TPC2 knock-out mice exhibit endosomal
trafficking defects, marked by an endosomal accumulation of cholesterol, EGF, and LDL'8. Similarly,
TPC2 is indispensable for viral trafficking through the endosomal compartments, with its blockade
resulting in endosomal accumulation and reduced infectivity of Ebola virus'®®, Middle East Respiratory
Syndrome-Coronavirus (MERS-CoV)'%1%7, and Severe Acute Respiratory Syndrome-Coronavirus 2
(SARS-CoV-2)¢2191192 Beyond endosomal trafficking, TPC2 mediates endolysosomal exocytosis,
regulating the release of cytolytic granules from cytotoxic T-lymphocytes (CTLs)'3'%4 glucagon
secretion from pancreatic a-cells’®®, and of insulin from pancreatic p-cells'¢17¢1%7 although the latter
is contested by other groups™1%8, Here, the signalling context again probably governs the differing
outcomes: Gerndt et al. recently demonstrated that TPC2 stimulation with a PI(3,5)P,-mimetic agonist
facilitates lysosomal exocytosis, while NAADP-mimicry rather arrests endosomal movement, with no
effect on exocytosis’. It therefore appears critical to discriminate between PI(3,5)P,- and NAADP-like
modes of action when addressing the functional relevance of TPC2 in different signalling pathways.

Beyond its aforementioned implications in neuronal and glial physiology, TPC2 has come under
scrutiny in the field of neurodegenerative diseases. Hockey et al. first reasoned that due to previous
reports of aberrant endolysosomal morphology in Parkinson’s disease (PD)*°, endolysosomal ion
channels regulating such processes could underlie the observed pathology'. Using fibroblasts
isolated from healthy and PD donors, the authors found that PD fibroblasts show an expansion of the
lysosomal compartment. Treatment of the cells with the NAADP antagonist Ned19, or genetic knock-
down of TPC2, ameliorated this lysosomal expansion'™’. Similarly, overexpression of dominant-
negative TPC2 or NAADP antagonism prevents the autophagic induction mediated by the PD-
associated LRRK2200201 ‘indicating that TPC2 might be a driving factor in PD pathology. Several open
questions however remain to this topic, perhaps most importantly, how the situation would look in
neural cells. While fibroblasts certainly appear a relevant cell-model for investigating PD?%, it goes
without saying that similar investigations in disease-relevant neural cells would be tremendously
interesting. In particular, the effect of TPC2 on PD-associated a-synuclein aggregation and inclusion
bodies — Lewy bodies — would prove vital in determining its effect on the principal PD hallmarks.
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5.3 The Lysosomal Storage Diseases

The lysosomal storage diseases (LSDs) comprise a group of over 70 inherited metabolic disorders
characterized by lysosomal dysfunction, often (but not always) caused defective lysosomal proteins.
While fortunately being rare, their clinical outcome is severe and typically manifest in childhood, thus
significantly impacting the quality of life of the affected children and relatives. The LSDs largely have
a progressive neurodegenerative phenotype, leading to loss of independence and necessity of care as
the disease develops. While significant advancements have been made to develop new therapies,
particularly through enzyme replacement therapy (ERT), effective small-molecule treatment strategies
remain elusive®®¢5, While proving more indirect means of treating disease than correcting the defective
gene or replacing a missing enzyme, small molecule treatments could hopefully ameliorate systemic
disease phenotypes and prove valuable stand-alone therapies or support gene/enzyme replacement
therapies. Therapeutic efforts aimed at tackling Niemann Pick Disease type C1 (NPC1) illustrate this:
AAV9-based gene delivery has recently been shown to deliver functional NPC1 genes to both the brain
and visceral organs, both upon intracerebral and intracardiac injection?032% Intriguingly,
intracerebral NPC1 delivery shifted the humane end-points from neurological dysfunction towards
peripheral organ failure®®®. The authors furthermore speculated that incomplete transduction could
leave untransduced neurons vulnerable, and this partial neurodegeneration proving sufficient to
trigger neuroinflammation and gliosis?®®. It therefore appears feasible that a combination of
gene/enzyme replacement and small molecules restoring function to disease pathways will prove the
optimal treatment.

5.3.1 Mucolipidosis Type IV

Mucolipidosis type IV (MLIV) was first described by Berman
et al. at the Hadassah University in Jerusalem, Israel. Berman
et al. described in 1974 a new systemic storage disease,

presented by an infant of European Jewish origin. The Progressive visual impairment

mother herself noticed that her child developed bilateral - Motor delay

corneal clou.diness at the age of six weeks. At 2.5 mgnths of S Spasticity, figidity

age, the child was examined at an outpatient clinic: Both S —_—
. . Q Developmental plateau

corneas were indeed opaque, but beyond this, no % ...... -—

abnormalities were apparent, and neurological function % R

appeared normal. At eight months of age however, mild Q .

motor retardation was observed for the first time. Biopsies A

revealed an accumulation of cytoplasmic granules and large o

fat droplets in hepatocytes. By electron microscopy, the 005 3 16 >0

authors found abnormal lysosomal organelles and Age (years)
heterogeneous cytoplasmic inclusion bodies. Kupffer cells ~Figure 4: Progression of Mucolipidosis
appeared as vacuolated foam cells, some vacuoles filled with type IV

fibrillogranular material or lamellar structures. Lamellar This figure is based on data presented by the
inclusion bodies were also observed in conjunctival epithelial indicated articles?*2%7.2%8 Qnset is marked by
cells and perinuclear regions of skin fibroblasts. Based on the red boxes, and continued disturbances by
congenital corneal clouding and the cells containing grey boxes. The dashed line displays delayed
multilamellar inclusion bodies and vacuoles filled with development until 6 years of age, reaching a
fibrillogranular material, the authors termed the disease plateau at the level of a 1-year-old.
mucolipidoses type IV. Still, the authors pointed out, the disease does differ from other forms of
mucolipidosis — Mucolipidosis type | (now termed sialidosis) manifests as a neurodegenerative disease
already in infanthood, mucolipidosis type Il causes psychomotor retardation early in life, and
mucolipidosis type Ill is comparatively milder, with corneal opacities first manifesting around three

years of age???. The typical progression of MLIV is summarized in Figure 4.

Page 24 of 49



5.3.2 Neuronal Ceroid Lipofuscinoses T

The neuronal ceroid lipofuscinoses (NCLs) comprise a Dementia

group of hereditary, progressive neurodegenerative —
Behavioural changes

diseases, of which most manifest in infancy or
childhood?™212, The first case of NCL was described in
1826 by the Norwegian physician Stengel, who
observed “highly notable illnesses” in four siblings that
appear particularly interesting “physiologically and
pathophysiologically”?'3.  Batten  (1903)?',  Vogt
(1905)2'5, and Spielmeyer (1905)2'® noted a similar
disorder a century later, characterized by cerebral
degeneration accompanied by blindness. This form
would later be known as juvenile-onset NCL, or Batten's Age (years)

disease?". The following years, similar descriptions of ~Figure 5: Progression of Juvenile NCL
late-infantile onset?'821? and adult onset?? forms of the ~ The figure is based on data presented by
disease surfaced, the latter adult-onset form not the NCL Stiftung*®. Onset is marked by
encompassing vision loss. Half a century later, a red boxes, continued symptoms by grey
infantile onset disease variant was described??'222, boxes. The dashed line displays how
Clearly, the NCLs encompassed a heterogeneous group ~ children normally develop until 8 years of
of diseases which could manifest at any point of life?’”.  age, then deteriorate as symptoms start to
The reasons for this heterogeneity would later be manifest.

partially revealed by the Human Genome Mapping Project and its associated technologies, leading to
the discovery of the (to date) 13 genes leading to different forms of NCL disease??%224,

Language loss

Epilepsy

Development

The most common form of NCL is caused by defects in the CLN3 gene, and underlies the classic
juvenile NCL (JNCL) disease marked by progressive dementia and blindness (Figure 5)?2¢. JNCL
manifests between the age of 5 and 10 years, where affected children lose their vision. In the second
to third decade, dementia and seizures ensue, with heart problems occurring following 14 years of age
(Fig. CLN3-P)21022¢-230 The cause of death varies, but appears to most prevalently result from epilepsy,
infection, or congestive heart failure??°. Nonetheless, the heterogeneity of JNCL disease itself should
be stressed. Recently, an Iraqi man was described who experienced visual loss from the age of 12, and
motor problems starting around the age of 30. The man was later found to homozygously carry the
CLN3R4%SW mutation?®!, which has previously been linked to development of blindness and retinitis
pigmentosa?32233, This is not an isolated case associated with a single mutation, as another similar
case has also been reported for a man carrying two missense mutations (CLN3H315Qfs767/0A349.1350)234

5.3.3 Niemann Pick C1 Disease

First described by Niemann in 191423 and later by Splenomegaly

Pick in 192623, essential lipoid histiocytosis (later Systemic
termed Niemann-Pick disease) has been ‘qc')'
recognized for nearly a decade®®. While initially g Hypotonia
being confused with the similar Gaucher’s disease, _8‘ Clumsiness
Niemann-Pick  disease  showed  prominent & R ataia O
. . . 3]

phosphatide storage in the spleen, contrasting the A :

. . , Ks ) Dystonia
kerasin storage normally observed in Gaucher’s . Neurologic
disease?¥238  Niemann-Pick Disease was later .
separated into four subgroups based on the age of o >
onset, clinical presentation, and the level of 00513 6 15
sphingomyelin  storage.22523  For  example, Age (years)

Niemann-Pick Disease Type A (NPA) causes severe Figure 6: Progression of NPC1
deterioration of the central nervous system (CNS), The figure is based on data presented by
alongside visceral and cerebral sphingomyelin Vanier et al.?*. Onset is marked by red boxes,
storage. Niemann Pick Disease Type C (NPC) onthe ~ continued disturbances by grey boxes. The
other hand causes sub-acute nervous system dashed line . simplifies the developmental
involvement, with a comparatively moderate course Ezgg?i%r;t?gr\:vggs;r:?;\;g?nsd:;r:(i)fzrsntént before
and a less pronounced degree of visceral storage
pathology??>24°. Importantly, NPA shows decreased sphingomyelinase activity, contrasting NPC1
where sphingomyelinase activity is normal??>241,
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Despite the stratification into four families, the clinical presentation of NPC1 is heterogeneous. The
age of onset ranges from the perinatal period until adulthood, and the lifespan can vary between a few
days until beyond 60 years of age. Most commonly, NPC1 presents as a progressive and fatal
neurological disease. If present, systemic phenotypes precede the neurological disease. The systemic
disease predominantly manifests as hepatosplenomegaly and problems with swallowing, while the
neurological disorders typically include cerebellar ataxia, dysarthria, dysphagia, and progressive
dementia, and occasionally seizures (Figure 6)225.

5.3.4 The Molecular Basis of Lysosomal Storage Diseases

As the name suggests, lysosomal storage diseases
result in the aberrant accumulation of lysosomal
storage material. In some cases, the basis for such
storage accumulation is rather direct: NPA for
example is caused by an enzymatic defect of acid
sphingomyelinase, which catalyses the break-down
of sphingomyelin to ceramide. Resultantly,
sphingomyelin accumulates, directly blocking the
lysosomal ion channel TRPML1 and its associated
downstream pathways’!. Similar manifestations
can be observed in NPC1 disease, which is caused
by loss-of-function mutations in the lysosomal
cholesterol exporter NPC1242243, Despite the acid
sphingomyelinase activity being preserved in
NPC1 cells, the accumulating cholesterol is
accompanied by sphingomyelin storage?**, which
blocks TRPML1 and downstream pathways’'. How

Lysosomal membrane

Lysosomal lumen

Autophagy

impaired cholesterol transport can lead to \
sphingomyelin storage remains enigmatic. One Y f’j
theory is that cholesterol accumulation can lead to
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downstream trafficking defects, and (o) B>
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apparatus to lysosomes, as evidenced by imp?1ir2(j5d Key drivers of lysosomal storage disease
trafficking of.Ialtc.tos.yIceramlde in N.PC1 cells’14%, pathology are highlighted in the diagram. In
Another possibility is that accumulating cholesterol  \pc disease (NPC1 or NPC2), the lysosomal

interacts with sphingomyelin®¢, which in turn i lesterol  (Ch)  efflux machinery s
could alter its availability to acid sphingomyelinase dysfunctional leading to ch and

and extend its lifetime. In either case, the sphingomyelin (SM) storage. In NPA, SM
concomitant primary storage of cholesterol and degradation is impaired. SM blocks TRPML1,
secondary storage of sphingomyelin appears a o channel impaired in MLIV disease. Loss of
prime driver for pathology in NPC1, leading to  TRpMm1 disrupts its downstream signalling
dovynstream blockade of TRPML1 and s pathways, such as enhancement of the v-type
maintenance  of  lysosomal  homeostasis”.  ATPase and lysosomal acidification, ALG2
Furthermore, f[he aberrant lysosomal recruitment ... itment of the lysosomal  motility
of the nutrient-sensing mTOR complex to  \achinery, and autophagic induction through
membrane cholesterol rafts also likely contributes 1 icineurin and CamKI1B.

to autophagic defects observed in NPC1?¥. In
MLIV, which is caused by defects in the lysosomal cation channel TRPML1, the connections between
protein dysfunction and storage pathology are more elusive. It is clear that TRPML1 acts as a driver
for lysosomal biogenesis’” 100192110 acidification?*®, trafficking™""7, autophagy*’.73:104.249-252,
degradation?32>*, and lipid handling®'2%>2%7, suggesting that impaired channel activity would directly
and diversely detriment lysosomal function. It appears that lysosomal Ca?* efflux is a crucial
component, for example recruiting Ca?*-sensitive adapter proteins for lysosomal movement''""7, or
inducing autophagy upon Ca?*-dependent activation of calcineurin and TFEB’2 and the calcium-
sensitive kinase CaMKKB”’. Furthermore, the efflux of cations (as mediated by e.g. TRPML1) has been
suggested to support lysosomal acidification by enhancing the lysosomal proton pump (v-type
ATPase), essentially exchanging luminal cations (Na*, Ca?*) for protons®' (Figure 7).

Figure 7: Molecular pathology in LSDs
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6. AIMS OF THE THESIS

Aim 1: Develop and characterize endolysosomal channel modulators

We developed a selective agonist for TRPML2 (ML2-SA1) and identified its binding-site. We applied
this compound to characterize the role of TRPML2 signalling in macrophages, demonstrating the
channel to accelerate endosomal trafficking and secretion of the chemokine CCL2 (Manuscript )74,
We furthermore developed two classes of selective agonists for TPC2 mimicking its endogenous
ligands PI1(3,5)P, (TPC2-A1-P) and NAADP (TPC2-A1-N), and identified the binding site of TPC2-A1-P
(Manuscript 11)7>136,

Aim 2: Identify cellular roles of mucolipins, TPCs, and CLN3

Having discovered TRPML2 to mediate chemokine secretion (Manuscript 1)’4, we elaborated upon the
mechanism underlying these effects. We found TRPML2 to uniquely sense membrane tension, unlike
its TRPML1 and TRPML3 counterparts. This function appeared conferred by the phosphoinositide-
binding pocket, resulting in channel activation upon membrane stretch. Loss of this sensitivity
impaired endosomal trafficking, suggesting TRPML2 mechanosensitivity to be intricately linked to
intracellular cargo transport (Manuscript 111)'232%8, We furthermore applied the novel TPC2 agonists
to demonstrate how TPC2-A1-P and its smaller calcium release mediates lysosomal exocytosis, while
the global calcium signals induced by TPC2-A1-N arrest lysosomal motility and cause luminal
alkalinization (Manuscript 11)”>. We also demonstrate how CLN3 deficiency results in the accumulation
of globosides (Gb), which can be stained for using fluorophore-labelled shigatoxin (Manuscript V)%,
We finally generate new iPSC-based models lacking TRPML1 and CLN3 activity. We find neurons
lacking TRPML1 to exhibit increased cathepsin B activity, while neurons lacking CLN3 exhibit
decreased cathepsin B activity. We also observe an autophagic blockade in TRPML1- and CLN3-
deficient cells, as well as lysosomal alkalinization (Manuscript V1).

Aim 3: Identify the role of endolysosomal channels in health and disease

Using our novel pharmacological tools, we demonstrate TRPML2 to be important for macrophage
recruitment in response to noxious stimuli, rendering channel modulation potentially beneficial in
immunological and infectious diseases (Manuscript I)7*. Similarly, we identify how TPC2 agonists can
prove beneficial in restoring lysosomal traffic through stimulating lysosomal exocytosis, which would
likely prove beneficial in lysosomal storage diseases (LSDs) (Manuscript 11)”>. We however stress that
caution should be taken upon TPC2 activation, as TPC2 polymorphisms altering channel function are
widespread. Resultantly, TPC2-activating compounds would likely necessitate dose adjustment based
on ancestry and/or genotype (Manuscript 1V)Z¢°,

Aim 4: Assess the efficacy of endolysosomal channel modulators in LSDs

Aiming to treat neurodegeneration upon intrinsically targeting neurons, activation of the
macrophage/microglia-restricted TRPML2 channel would likely not prove efficient in neuron-based
assays (Manuscript 1)74. Therefore, we rather focused on the novel TPC2 agonist TPC2-A1-P identified
in Manuscript Il to restore function in lysosomal storage diseases due to its efficacy in promoting
lysosomal exocytosis’®. Unlike TRPML2, we found TPC2 to be expressed in a variety of central nervous
system cell types. We found TPC2 activation to correct storage, autophagy, and trafficking defects in
various patient fibroblasts. We next developed iPSC-based models for the lysosomal storage diseases
mucolipidosis type |V and juvenile ceroid lipofuscinosis, and differentiated these into cortical neurons.
We thereby found TPC2 activation to reduce the lysosomal cathepsin accumulation observed in MLIV
neurons, reduce the pathogenic endosomal compartment expansion, and ameliorate ultrastructural
abnormalities in the endolysosomal system (Manuscript VI).
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7. DISCUSSION

The material presented herein lays the foundation for pharmacological studies and interventions
tackling endolysosomal dysfunction, with particular focus on disorders of endolysosomal trafficking
and degradative pathways. Such disorders would most predominantly comprise the lysosomal storage
diseases (LSDs), but the potential extent of the interventions go far beyond this. Cancers®':52:55261.262
infectious diseases'21657167.192263-265 = neyrodegenerative®#4%114199  disorders and metabolic
diseases'®178195196 haye all been shown to be affected by endolysosomal channel modulation,
highlighting the possible impact endolysosomal cation channel modulation might have.

A major objective in developing new therapies is ensuring high potency at the target receptor, without
interfering with unrelated biological pathways. Off-target effects can cause side effects and associated
toxicity, which of course is undesirable for the patient. Initial descriptions of TRPML agonists featured
compounds that activated all TRPML isoforms (TRPML1-TRPML3), of which each has distinct
roles®!7%71 |n effect, this would mean that a treatment with ML-SA1, aiming to activate TRPML1 to
rescue lysosomal storage disease phenotypes’?, also would activate the counterparts TRPML2 and
TRPMLS3, thereby activating the immune response’2. Similarly, a therapy activating TRPML2 to boost
the immune response would likely impact TRPML1 in different cell-types. We therefore developed a
new TRPML2 agonist, ML2-SA1, which showed high on-target activity with negligible activity at its
counterparts TRPML1 and TRPML3. Using molecular docking supported by mutagenesis, calcium
imaging and endolysosomal patch-clamp, we showed that TRPML2-specific residues supported
activation with ML2-SA1, with the mutation of these residues to the TRPML1/TRPML3 counterparts
abolishing ML2-SA1 activity. Having developed a selective TRPML2 agonist, we demonstrated that the
compound enhanced chemokine release from wild-type, but not TRPML2”" macrophages. These
findings marked the first description of a selective TRPML2 agonist, and highlighted how acute
TRPML2 activation facilitates chemokine release’.

While only unspecific agonists were available to investigate the function of TRPML channels, the TPC
channels for long lacked membrane-permeable pharmacological tools to study their function. While
the endogenous TPC agonists PI(3,5)P, and NAADP were to some extent successfully employed to
investigate the channels’ role™#4148.159.193.266 ‘mqst studies relied on genetic perturbations to assess the
physiological relevance of the TPCs'63178.267.268 The disagreements whether PI(3,5)P, or NAADP
represented the endogenous TPC ligand did not help either, spurred on by difficulties recording
NAADP-induced TPC currents from isolated lysosomes'™41482¢% The discovery of membrane-
permeable TPC agonists facilitating either P1(3,5)P2- or NAADP-like ion fluxes should hopefully resolve
this debate, indicating that the channel responds to either ligand. Upon performing a high-throughput
screen for agonists activating TPC2, two distinct agonists were discovered: TPC2-A1-P and TPC2-A1-
N. While TPC2-A1-P activated TPC2 with a high sodium > calcium permeability and resulted in
lysosomal exocytosis, TPC2-A1-N facilitated higher calcium permeability, resulting in lysosomal
alkalinization and arresting endolysosomal movement. Strikingly, the relative permeabilities mimicked
those induced by PI(3,5)P, (for TPC2-A1-P) and NAADP (for TPC2-A1-N), suggesting that the agonists
facilitated two different gating mechanisms. While providing new membrane-permeable tools for
pharmacological investigations of TPC2, these findings also resolved a decade-long debate of how the
TPC channels are activated”>>¢,

Having developed novel agonists to acutely regulate endolysosomal ion channel function, we set out
to investigate cellular processes regulated by the channels. Sun et al. previously described how
TRPML2 is acutely upregulated in macrophages stimulated with lipopolysaccharide (LPS), and how
this genetic upregulation is associated with chemokine release’??. A few years later, we described how
acute channel activation increases chemokine secretion from macrophages alongside descriptions of
the first specific TRPML2 agonist’4, but still the mechanistic question was left unanswered. How does
TRPML2 activity accelerate the release of chemokines? During electrophysiological measurements of
TRPML2 activity, we discovered the channel to be activated by membrane stretch: Application of
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hypotonic solutions leading to organellar swelling rapidly increased channel currents, while hypertonic
solutions conversely blocked the channel. Measurements where we altered the patch pipette pressure
confirmed our initial observations that TRPML2 could be mechanosensitive, leading us to investigate
its related TRPML1 and TRPML3 counterparts. Intriguingly, neither TPRML1 nor TRPML3 responded
to mechanic stimuli, despite their very similar architecture to TRPML2. Therefore, we hoped and
reasoned, the TRPML2 mechanosensitivity might be governed by simple differences in the primary
amino acid sequences. Considering that we were dealing with channel activation upon changes to the
membrane tension, we further investigated the membrane-interacting, phosphoinositide binding
domain of TPRML2. The endogenous ligand of TRPML?2 is PI(3,5)P,, thus we reasoned that changes
in membrane curvature could affect the recruitment of PI(3,5)P,, leading to channel activation. Upon
comparing the TRPML phosphoinositide binding pockets, we found that one of the phosphoinositide-
interacting arginines in TRPML1 and TPRML3 was substituted for a hydrophobic leucine in TRPML2.
Marking the principal difference between the TRPML2 and TRPML1/3 PI(3,5)P; binding site, we
mutated this leucine into an arginine (L314R), finding its mechanosensitivity to be abolished. This
finding would prove the first identification of a single residue conferring direct mechanosensitivity to
a TRP channel. We next assessed the functional relevance of this on endolysosomal trafficking using
a transferrin trafficking assay. While the wild-type TRPML2 rapidly shuttled transferrin through the
endolysosomal system, transferrin trafficking was much more delayed in cells encoding the
mechanosensitive TRPML2%"R variant. Thus, we could demonstrate that the accelerated cargo
trafficking mediated by TRPML2 relies on its mechanosensitivity'232%,

Before employing the novel TPC modulator TPC2-A1-P for assessing rescue of lysosomal storage
diseases, we observed a dramatic extent of polymorphisms in the human TPC2 gene. Such
polymorphisms had already been described to confer increased conductivity through the channel pore
(TPC2M484L) or alleviate inhibition by the endogenous regulator mTORC1 (TPC26734E)179, raising the
possibility that the responsiveness to TPC2-based therapies might depend on an individual’'s TPC2
genotype. While mapping the different high-frequency TPC2 polymorphisms, we noticed three striking
findings: Firstly, the wild-type TPC2 genotype nearly never occurred, being present primarily in native
south Americans. Instead, we noticed that the TPC2-%%4F substitution predominated on a global scale,
present in virtually all sequenced Caucasians, and more than 50% of all sequenced Asians, Africans,
and Oceanians. Secondly, we noticed that additional polymorphisms nearly exclusively took place on
the TPC2%¢4P background. This appeared of functional relevance, as the gain-of-function TPC2M484L
mutation had no effect on the wild-type background, only conferring increased conductivity when
present alongside TPC2¢*", Qur third major finding was that besides the previously characterized
TPC2M484L and TPC26734E genotypes, a set of other polymorphisms also occurred at a high frequency.
The TPC2"¥7R showed roughly 30% prevalence in Europeans and Asians, while the TPC26387D
mutation occurs in roughly 20% of all sequenced Asians. Both of these mutations moderately
increased the currents through TPC2, albeit not as dramatically as the TPC2M484L mutation?®?. These
findings highlight that TPC2 activity is highly variable depending on the TPC2 genotype, and that
treatments targeting TPC2 should be adjusted depending on the patient’s genotype.

Having developed TPC2 agonists and mapped TPC2 responsiveness in various populations, we set out
to apply the TPC2 agonists in lysosomal storage diseases (LSDs). We first assessed LSD pathology in
patient fibroblasts, observing lipid trafficking defects in LSDs such as Niemann Pick type A (NPA),
Niemann Pick type C1 (NPC1), and mucolipidosis type IV (MLIV). Supplementation of TPC2 alongside
the TPC2 agonist was able to restore trafficking defects in NPC1 and MLIV cells, but not in NPA cells.
We reasoned this might be due to NPC1 and MLIV encoding transmembrane proteins involved in
membrane trafficking, while NPA is caused by an enzymatic defect (acid sphingomyelinase). TPC2
blockade on the other hand worsened the lipid trafficking defects, indicative that channel activation
appears a feasible therapeutic strategy. Furthermore, we found TPC2 activation to reduce storage
deficits in NPC1 and MLIV cells, marked by correction of cellular ultrastructure and a reduction in the
lysosomal cholesterol content. Aiming to assess the potential of TPC2-mediated rescue in the most
severely affected cells, we used CRISPR/Cas9 to generate new iPSC models?’%27? for MLIV and CLN3
Batten’s disease/juvenile ceroid lipofuscinosis (JNCL). We next differentiated the iPSCs into cortical
neurons?’? and assessed LSD pathology. While lipid trafficking and cholesterol assays proved not
applicable to neurons, we confirmed previous reports of increased cathepsin activity in MLIV?%® and
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decreased cathepsin activity in CLN334 We also observed extensive endosomal expansion, and
lysosomal alkalinization in MLIV and CLN3 neurons. We could furthermore see an accumulation of
fingerprint inclusion bodies in the MLIV cells. Upon treating the cells with TPC2-A1-P, we reduced the
cathepsin activity, reversed the endosomal expansion, and cleared fingerprint inclusion bodies from
the cells, highlighting its potential to restore lysosomal homeostasis in LSDs.
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direct role in chemokine release from
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Abstract Cytokines and chemokines are produced and secreted by a broad range of immune
cells including macrophages. Remarkably, little is known about how these inflammatory mediators
are released from the various immune cells. Here, the endolysosomal cation channel TRPML2 is
shown to play a direct role in chemokine trafficking and secretion from murine macrophages. To
demonstrate acute and direct involvement of TRPML2 in these processes, the first isoform-selective
TRPML2 channel agonist was generated, ML2-SA1. ML2-SA1 was not only found to directly
stimulate release of the chemokine CCL2 from macrophages but also to stimulate macrophage
migration, thus mimicking CCL2 function. Endogenous TRPML2 is expressed in early/recycling
endosomes as demonstrated by endolysosomal patch-clamp experimentation and ML2-SA1
promotes trafficking through early/recycling endosomes, suggesting CCL2 being transported and
secreted via this pathway. These data provide a direct link between TRPML2 activation, CCL2
release and stimulation of macrophage migration in the innate immune response.

DOI: https://doi.org/10.7554/eLife.39720.001

Introduction

Cytokines/chemokines are released from a wide range of immune cells such as macrophages, B- and
T-lymphocytes, neutrophils, mast cells and dendritic cells. They are essential for intercellular commu-
nication in both innate and adaptive immunity. Remarkably, our knowledge of the function of cyto-
kines/chemokines in immunity is much more advanced than our knowledge about how they are
packaged and secreted from immune cells. Understanding how innate immune cells release cyto-
kines/chemokines is important, as these factors are indispensable for communication between
immune but also with non-immune cells to coordinate inflammatory responses (Lacy and Stow,
2011). Importantly, secretion pathways vary between different cell types. Macrophages for example
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lack typical secretory granules (Lacy and Stow, 2011). Thus, macrophage cytokine/chemokine
release is mediated either by direct transport to the cell surface from the trans-Golgi network (TGN)
(e.g. IL-10), by transport via recycling endosomes (RE) to the cell surface (e.g. TNF-o, IL-6, IL-10)
(Manderson et al., 2007, Murray and Stow, 2014), or via late endosomes/lysosomes (LE/LY),
for example IL-1B (Andrei et al., 1999, Lopez-Castejon and Brough, 2011).

We show here that the endolysosomal calcium-permeable cation channel TRPML2 plays a direct
role in chemokine secretion, thereby modulating the inflammatory response. Expression of TRPML2
in different immune cells and tissues has been demonstrated by several groups (Cuajungco et al.,
2016; Valadez and Cuajungco, 2015; Garcia-Afioveros and Wiwatpanit, 2014; Sun et al., 2015).
On the subcellular level, TRPML2 has been shown to be expressed primarily on RE and LE/LY by
immunocytochemistry experiments (Sun et al, 2015, Venkatachalam et al., 2006;
Karacsonyi et al., 2007). However, functional expression of TRPML2 in different intracellular vesicles
and organelles has not been confirmed yet by direct and selective patch-clamp analysis, that is
patch-clamping of RE, EE (early endosomes), LE/LY, or other endolysosomal vesicles. Furthermore, it
remains unclear whether direct and selective stimulation of TRPML2 leads to an increase in cytokine/
chemokine release from macrophages, and which intracellular trafficking pathways mediate the
release of these cytokines/chemokines.

One important impediment for the investigation of different endogenous TRPML-like currents
and their functional impact on secretion, endolysosomal trafficking, or autophagy, is the lack of iso-
form-selective agonists. Development of such agonists would allow demonstration of the TRPML iso-
form-specific contribution towards observed phenomena, for example chemokine secretion.
Currently available TRPML channel agonists belong to different chemotypes, including benzenesulfo-
namides (e.g. SN-1- or SF-21-type), thiophenesulfonamides (e.g. SF-22-type, including MKé6-83), iso-
indolediones (e.g. SF-51-type, including ML-SA1), isoxazolines (e.g. SN-2-type) and others
(Grimm et al., 2010; Yamaguchi and Muallem, 2010; Grimm et al., 2012b; Shen et al., 2012). Effi-
cacy, potency and selectivity of these compounds can vary between species. Furthermore, none of
the currently available TRPML agonists is selective for TRPML1 or TRPML2. ML-SA1 for example acti-
vates TRPML1 and TRPML3 in mouse, while it activates all three human isoforms (Shen et al., 2012;
Grimm, 2016). MK6-83 activates TRPML1 and TRPML3 in both mouse and human (Grimm, 2016;
Chen et al., 2014). The putative endogenous TRPML channel activator PI(3,5)P, activates all three
TRPML channel isoforms in both species and, in addition, also activates the endolysosomal cation
channels TPC1 and TPC2 (Chen et al., 2014; Wang et al., 2012, Cang et al., 2013; Grimm et al.,
2014). Through systematic chemical modification of known lead structures we have now generated
the first isoform-selective TRPML2 channel agonist, ML2-SA1.

We demonstrate that ML2-SA1 activates TRPML2 in EE and LE/LY as well as in Rab11+ and Tf+/
TfR+ (transferrin/transferrin receptor) vesicles. In macrophages, LPS (lipopolysaccharide) exposure
leads to a strong upregulation of TRPML2 expression, while TRPML1 and TRPML3 expression levels
remain unaffected by LPS (Sun et al., 2015). Importantly, activation by ML2-SA1 was not observed
in macrophages without LPS treatment which express TRPML2 only at very low levels, further con-
firming specificity of the compound. We also show that direct activation of TRPML2 by ML2-SA1
results in an increased release of the chemokine CCL2 from LPS-stimulated WT macrophages, while
TRPML2”" macrophages show no release increase, suggesting that TRPML2 channel activity is
directly linked to CCL2 trafficking and secretion. We further provide evidence that CCL2 is released
via the early/recycling endosomal pathway but not via LE/LY. Finally, we show that stimulation with
ML2-SA1 promotes macrophage migration, one of the major physiological functions of the chemoat-
tractant CCL2, one synonym of which is monocyte chemoattractant protein 1 (MCP-1).

Results

Development of a potent isoform-selective TRPML2 channel agonist

With the aim to further improve the characteristics of existing TRPML channel agonists, we gener-
ated more than 80 novel derivatives of recently reported lead activators of TRPML channels which
had been originally identified by random screening of the MLSMR small molecule library (Scripps
Research Institute Molecular Screening Center) (Grimm et al., 2010). Here, novel derivatives of the
lead compounds SN-2 and ML-SA1, a SF-51 analogue (Grimm et al., 2010; Shen et al., 2012;
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Grimm, 2016; Chen et al., 2014) were evaluated for their efficacy, potency, and selectivity profiles,
respectively.

We first synthesized and tested >50 chemically modified versions of the TRPML3 activator SN-2
(Figure 1; Figure 1—figure supplement 1, Supplementary file 1). These modifications comprise
systematic variations of the substitution pattern of the aryl ring, variations of the aliphatic norbor-
nane ring system, aromatisation of the isoxazoline to an isoxazole fragment, introduction of polar
substituents, as well as replacement of the isoxazol(in)e ring by other heterocycles. Crucial steps in
these syntheses were Huisgen-type 1,3-dipolar cycloaddition reactions of norbornene (for the closer
analogues) and other alkenes with nitrile oxides (Jawalekar et al., 2011; Huisgen, 1963) and related
1,3-dipoles. Related aromatic isoxazole analogues were prepared via cycloaddition of nitrile oxides
with ketone enolates (Vitale and Scilimati, 2013) or enamines (Fos et al., 1992). General synthesis
strategies for these modifications are shown in Figure 1A.

Derivatives of SF-51/ML-SA1 (Figure 1—figure supplement 2; Figure 1—figure supplement 3;
Supplementary file 1) were synthesized by combining appropriate amine building blocks (partially
hydrogenated quinolines and other cyclic and open-chain analogues) with N-acyl spacers and imide/
lactam-type residues following standard procedures (Figure 1—figure supplement 3A).

Following synthesis, we initially tested the compounds in HEK293 cells transiently transfected
with human TRPML1, TRPML2, or TRPML3 (C-terminally fused to YFP) by using the fura-2 calcium
imaging technique. When expressed in HEK293 cells, TRPML2 and TRPML3 but not TRPML1 sub-
stantially localize at the plasma membrane besides endolysosomes as described previously
(Grimm et al., 2010), enabling standard fura-2 calcium imaging experimentation. To evaluate effects
on TRPML1, a plasma membrane variant with mutated lysosomal targeting sequences in the N- and
C-termini (TRPML1(NC)) was used as reported previously (Grimm et al., 2010).

The majority of the SN-2 and SF-51/ML-SA1 derivatives were either inactive, non-selective like
ML-SAT1, or selective for TRPML3 like SN-2 (Figure 1B; Figure 1—figure supplement 3B). A subset
of molecules however displayed a strong preference for TRPML2: ML2-SA1 (=EVP-22), a derivative
of SN-2, as well as derivatives of SF-51/ML-SA1: EVP-198, EVP-207 and EVP-209. The latter three
SF-51/ML-SA1 derivatives however showed lower efficacy compared to ML2-SA1 (Figure 1B; Fig-
ure 1—figure supplement 3B).

TRPML2 activity is detectable in EE, LE/LY as well as Rab11+ and TfR

+ organelles

In endolysosomal patch-clamp experiments using transiently transfected HEK293 cells, we investi-
gated TRPML2 channel activity in wortmannin/latrunculin B (Wort./Lat.B)-enlarged EE (Chen et al.,
2017a), in YM201636-enlarged LE/LY (Chen et al., 2017a), as well as in vacuolin-enlarged Rab11
+ and TfR+ organelles (Figure 2; Figure 2—figure supplement 1). In LE/LY, both ML2-SA1
(Figure 2B; Figure 2—figure supplement 1A) and PI(3,5)P, (Figure 2—figure supplement 1A)
evoked TRPML2 activation while no or very little activation was detectable for TRPML1 and TRPML3.
In contrast, the latter ones were robustly activated by ML-SA1 as a positive control (Figure 2C-E).
The time course for activation of TRPML2 in LE/LY patch-clamp experiments and the relative Ca®*
permeability are shown in Figure 2G and Figure 2—figure supplement 1B. In addition to LE/LY,
TRPML2 channel activity was also detectable in EE after stimulation with ML2-SA1 (Figure 2H and
K). In order to patch-clamp discrete populations of vesicles involved in early/recycling endosomal
trafficking, cells were transfected with fluorophore-tagged Rab11 or TfR, and enlarged with vacuolin.
ML2-SA1 elicited significant currents in Rab11+ and in TfR+ vesicles (Figure 2I-K).

Furthermore, the effect of luminal pH on TRPML2 channel activity was evaluated (Figure 2—fig-
ure supplement 1A and C). TRPML2 activity (stimulated with PI(3,5)P, or with ML2-SA1) increases
with increasing, that is less acidic luminal pH. This differs from TRPML1 which shows maximal activity
in highly acidic luminal pH (Chen et al., 2017a; Dong et al., 2010). These findings argue TRPML2
channel function is adapted to vesicles of only slightly acidic or neutral pH such as EE/RE rather than
highly acidic LE/LY. The strong colocalization between TfR or Rab11 with TRPML2 confirms an
important functional role of TRPML2 in RE (Figure 2—figure supplement 2A-B).

In summary, ML2-SA1 was found to be a potent and efficacious activator of both hTRPML2 and
mTRPML2. The calculated ECsq values for human and mouse TRPML2 were 1.24 + 0.12 uM and
2.38 £+ 0.01 uM, respectively (Figure 2F; Figure 2—figure supplement 3A). ML2-SA1 shows high
selectivity over h/mTRPML1 and h/mTRPML3 in both calcium imaging and endolysosomal patch-
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Figure 1. Chemical synthesis strategies and functional evaluation of SN-2 analogous compounds using calcium imaging. (A) Shown are synthesis
strategies a and b used to generate most of the SN-2 analogous compounds shown in Suppl. Figure 1. R' = alkyl/ halogen/nitro/ methoxy; R? / R® =
(cyclo)alkyl/phenyl/ hydroxyalkyl; R*/ R5=a|ky|/ phenyl / (hetero)cycles; a) Ho,N-OH « HCI (1.5 eq.), NaOH (3 eq.), H,O:EtOH (1:1), 0°C - rt, 18 hr; b) PIFA
(1.2 eq.), alkene (1.5 eq.), H,O:MeOH (1:2), rt, 1-24 hr; ¢) ketone (2 eq.), LDA (2 eq.), THF, —78°C, 2 hr, mesitonitrile oxide, —78°C - rt, 2-15 hr; d)

Figure 1 continued on next page

Plesch et al. eLife 2018;7:€39720. DOI: https://doi.org/10.7554/eLife.39720

4 of 23


https://doi.org/10.7554/eLife.39720

LI F E Biochemistry and Chemical Biology

Figure 1 continued

NapyCO3, MeOH:H,0 (2:1), 95°C, 2 hr. (B) Cartoon showing schematically the fractions of inactive, non-selective TRPML activating, TRPML2-selective,
and TRPML3-selective agonists (total number = 55). (C) Fura-2 calcium imaging results showing the effect of SN-2 and its analogues (10 uM) on
hTRPML1(NC)-YFP, hTRPML2-YFP, and hTRPML3-YFP transfected HEK293 cells. Mean values normalized to basal (200 s after compound application)+
SEM of up to >100 independent experiments with 3-10 cells per experiment are shown.

DOI: https://doi.org/10.7554/eLife.39720.002

The following figure supplements are available for figure 1:

Figure supplement 1. Structures of SN-2 analogues.

DOI: https://doi.org/10.7554/eLife.39720.003

Figure supplement 2. Structures of SF-51/ML-SA1 analogues.

DOI: https://doi.org/10.7554/eLife.39720.004

Figure supplement 3. Chemical synthesis strategies and functional evaluation of SF-51/ML-SA1-analogous compounds using calcium imaging.
DOI: https://doi.org/10.7554/eLife.39720.005

clamp experiments and it does not activate TPC1 nor TPC2 (Figure 1; Figure 2; Figure 2—figure
supplement 3B-F).

Molecular modeling of ML2-SA1 binding

Several recent papers have provided in-depth information on the structures of TRPML1 and TRPML3
channels (Schmiege et al., 2017, Chen et al., 2017b; Hirschi et al., 2017). Schmiege et al., 2017
found that a hydrophobic cavity created by 1468 and F465 of PH1 (pore helix 1), F428, C429, V432
and Y436 of S5, F505 and F513 of S6, and Y499 and Y507 of Sé in the neighboring subunit, tightly
accommodates ML-SA1 (Figure 3A). In a molecular modeling approach using these recently pub-
lished structures of TRPML1 and TRPMLS3 as a basis, we simulated the binding of ML-SA1 as well as
ML2-SA1 to hTRPML1 and hTRPML2 (Figure 3; Figure 3—figure supplement 1). Complete 3D
models of the open conformation of hTRPML1 and hTRPML2 were constructed and used for ligand
docking analysis. Amino acids differing between hTRPML1 and hTRPML2 are colored green
(Figure 3B-D). Based on this model, ML2-SA1 (both enantiomers are described, one in Figure 3—
figure supplement 1) is predicted to bind to the same binding pocket as ML-SA1 as observed in
the cryo-EM structure of hTRPML1 (Figure 3A-B). Six amino acids (A422, A424, G425, A453, V460,
and 1498) in this pocket are unique to hTRPML2 (highlighted in green; Figure 3C-D). The orientation
of ML2-SA1 in the binding pocket of hTRPML2 with the highest docking score is shown in
Figure 3C. The dichlorophenyl ring shows favorable m-stacking interaction with F502 whereas the
polar isoxazole ring is located near the side chain OH-groups of Y428 and Y496. The hydrophobic
norbornane ring is interacting with G425 and Y428. Other possible orientations of ML2-SA1 binding
to hTRPML2 are shown in Figure 3—figure supplement 1C-D). The observed binding mode of
ML2-SA1 at hTRPML1 is different and appears to be energetically less favorable compared to
hTRPML2 due to the observed amino acid substitutions in the predicted binding cavity (Figure 3D).
We subsequently replaced each of the six amino acids that are unique to the predicted hTRPML2
binding pocket with the respective amino acids of hTRPML1. We analysed these mutant isoforms
first in calcium imaging experiments where we found the strongest reduction of the ML2-SA1 effect
in G425A (Figure 3E). In the next step, we performed endolysosomal patch-clamp experiments with
this mutant. Mutation of G425 to alanine was found to selectively abrogate the effect of ML2-SA1,
while ML-SA1 was still able to activate G425A to a degree not significantly different from WT
(Figure 3E-F). G425 is close to the norbornane ring of ML2-SA1 (minimum distance 3.6 A) docked
to hTRPML2 and substitution to alanine is unfavorable for this binding mode (Figure 3C). The exper-
imental data corroborate binding of ML2-SA1 to the ML-SA1 binding pocket and confirm a critical
role of G425 in mediating ML2-SA1 selectivity.

Effect of ML2-SA1 on endogenous TRPML2 channel activity in
organelles isolated from LPS-stimulated macrophages

In macrophages significant TRPML2 channel expression is found only after stimulation with LPS, as
demonstrated previously by qRT-PCR and western blot analysis (Sun et al., 2015). We confirmed
this finding by qRT-PCR and endolysosomal patch-clamping, revealing that only after several hours
of LPS treatment, robust endogenous TRPML2 channel expression and activity were detectable
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Figure 2. Effect of ML2-SA1 on TRPML channels. (A) Cartoon depicting chemical structures of SN-2 and ML2-SA1. (B) Representative ML2-SAT or ML-
SA1 (10 uM) elicited currents from YM201636-enlarged LE/LY isolated from hTRPML2 expressing HEK293 cells. (C-D) Representative ML2-SA1 or ML-
SA1 (10 uM) elicited currents from YM201636-enlarged LE/LY isolated from hTRPML1 or hTRPML3 expressing HEK293 cells. (E) Statistical summary of
ML2-SA1 data as shown in B-D as fold increase compared to the respective basal currents in LE/LY. Shown are mean values = SEM at —100 mV of n
Figure 2 continued on next page
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independent experiments as indicated, each. (F) Dose-response curves obtained from fura-2 calcium imaging experiments with h TRPML1(NC),
hTRPML2, and hTRPML3 expressed in HEK293 cells and elicited with ML2-SA1 at varying concentrations. The calculated ECsg value for hTRPML2 is:

1.24 £ 0.12 uM (mean + SEM). (G) Time course of TRPML2 activation by ML2-SA1 taken from experiments as shown in B. Black and red arrows indicate
time points for basal and ML2-SA1 induced TRPML2 activity that were used for the IV relationship. (H-J) Representative basal and ML2-SA1 (10 uM)
elicited currents from Wort./Lat.B-enlarged EE, from vacuolin-enlarged Rab11+, or form TfR+ vesicles isolated from hTRPML2 expressing HEK293 cells.
(K) Statistical summary of data as shown in G-I. * indicates p<0.05, ** indicates p<0.01, *** indicates p<0.001, Figure 2E, one-way ANOVA test followed
by Tukey's post-hoc test, Figure 2J, paired t-test.

DOI: https://doi.org/10.7554/eLife.39720.006

The following figure supplements are available for figure 2:

Figure supplement 1. Effect of ML2-SA1 on TRPML2 under different pH conditions.

DOI: https://doi.org/10.7554/eLife.39720.007

Figure supplement 2. Co-transfection of HEK293 cells with fluorescently labelled TRPML2 and vesicle-specific markers of the endolysosomal system.
DOI: https://doi.org/10.7554/eLife.39720.008

Figure supplement 3. DRC of ML2-SA1 effect on mTRPML2, effects of ML2-SA1, SN2, and ML-SA1 on mTRPML channel isoforms, and cytotoxicity of

ML2-SA1.

DOI: https://doi.org/10.7554/eLife.39720.009

(Figure 4A-G). In LPS-stimulated bone marrow-derived macrophages (BMDM®) ML2-SA1-induced
currents were detectable in Tf-Alexa555 loaded, vacuolin-enlarged vesicles, while no significant
TRPML2 channel activity could be detected in non-LPS stimulated BMDM® Tf+ vesicles (Figure 4A-
B). Currents measured in BMDM® LE/LY with ML2-SA1 after LPS-stimulation were smaller than cur-
rents measured in Tf+ loaded vesicles (Figure 4C-D). In contrast, in LE/LY isolated from alveolar
macrophages (AM®), TRPML2 currents elicited with ML2-SA1 were larger on average than in
BMDM® (Figure 4E-F). These data confirm that ML2-SA1 elicits robust TRPML2 currents in endoge-
nously expressing cells.

Effect of selective TRPML2 activation on CCL2 secretion

To evaluate effects of the novel TRPML2 channel agonist on chemokine secretion from macro-
phages, we performed experiments based on the results recently provided by Sun et al. (2015)
(Figure 5A). We found that incubation with ML2-SA1 significantly increased secretion of the chemo-
kine CCL2 from BMDM®, both after 4 hr and 8 hr of LPS treatment (Figure 5A). Importantly, ML2-
SA1 did not induce CCL2 secretion in unstimulated BMDM®. Furthermore, CCL2 secretion was
severely reduced in TRPML2”- BMDM® and ML2-SA1 showed no further increase of CCL2 secretion
in the TRPML2”- BMDM®, corroborating the specificity of the agonist (Figure 5A). To characterise
the pathway of ML2-SA1-induced CCL2 secretion from macrophages, we performed lysosomal exo-
cytosis and Tf trafficking experiments to distinguish between LE/LY and EE/RE as possible secretion
routes. Lysosomal exocytosis experiments revealed no significant effect of ML2-SA1 on lysosomal
enzyme (beta-hexosaminidase) release (Figure 5B). In accordance with this, ML2-SA1 application did
not result in translocation of LAMP1 to the plasma membrane (Figure 5C), arguing against LE/LY
being involved in CCL2 secretion in BMDM®. These findings are supported by the LE/LY environ-
ment being less favorable for TRPML2 activity as outlined above. More favorable conditions are
found in EE/RE compartments (less acid to neutral pH). In line with this, ML2-SA1 application
resulted in a significant enhancement of Tf trafficking and recycling through EE/RE (Figure 5D-E).
Taken together, these data argue for a TRPML2-dependent trafficking route of CCL2 from Golgi to
EE/RE (Figure 5F).

ML2-SA1 promotes macrophage migration

To assess effects of ML2-SA1 on cell migration, we performed migration assays in a modified Boy-
den chamber setup (Figure 6—figure supplement 1). BMDM® in the presence or absence of LPS
were seeded in the lower compartment of the chamber and exposed to different concentrations of
ML2-SA1. LPS-stimulated, ML2-SA1 pre-treated BMDM® were able to significantly increase migra-
tion of untreated BMDM® through the transwell chamber, while LPS-stimulated BMDM® without
ML2-SA1 pre-treatment (only DMSO) were not able to alter migration properties of untreated
BMDM®. (Figure 6A). This is in accordance with the enhanced release of CCL2 by ML2-SA1, which
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Figure 3. Molecular modeling of ML2-SA1 and ML-SA1 binding. (A) Binding mode of ML-SA1 (green colored carbon atoms) at hTRPML1, showing
residues within 5 A of ML-SA1, as observed in one of the four identical binding pockets of the cryo-EM structure (PDB ID: 5WJ9). The S6 helix of
monomer A of hTRPML1 is colored magenta, the PH1 and S5 helices of monomer B are colored cyan. (B) Binding mode of ML-SA1 (green colored

carbon atoms) at hTRPML2 (homology model generated with MODELLER) as predicted by the ligand docking. Only residues within 5 A of ML-SA1 in
Figure 3 continued on next page
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Figure 3 continued

one of the four identical binding pockets are displayed. The Sé helix of monomer A of hTRPML2 is colored petrol blue, the PH1 and S5 helices of
monomer B are colored salmon. Amino acid residues that are different in hTRPML1 and hTRPML2 are colored green (C) Binding mode of one ML2-SA1
enantiomer (cyan colored carbon atoms; 3a$, 4S, 7R, 7a$) at hTRPML2 as predicted by ligand docking. Only residues within 5 A of ML2-SA1 in one of
the four identical binding pockets are displayed (same coloring and representation style as in Figure 3B). Binding of the other ML2-SA1 enantiomer
(3aR, 4R, 7S, 7aR) resulted in a similar binding mode that is shown in Figure 3—figure supplement 1B (D) Binding mode of one ML2-SA1 enantiomer
(cyan colored carbon atoms; 3a$, 45, 7R, 7aS) at hTRPML1 as predicted by ligand docking. Only residues within 5 A of ML2-SA1 in one of the four
identical binding pockets are displayed (same coloring and representation style as in Figure 3a). (E) Fura-2 calcium imaging results showing the effect
of ML2-SAT (10 uM) on hTRPML2-YFP WT and mutant transfected HEK293 cells. Mean values normalized to basal (120 s after compound application)+
SEM of at least three independent experiments, each. * indicates p<0.05, one-way ANOVA, followed by Dunnet post-hoc test. (F) Representative ML2-
SA1 or ML-SAT (10 uM) elicited currents from YM201636-enlarged LE/LY isolated from hTRPML2(G425A) expressing HEK293 cells. (G) Statistical
summary of data as shown in F as fold increase compared to the respective basal currents in LE/LY. Shown are mean values = SEM at —100 mV of at n
independent experiments as indicated. * indicates p<0.05, unpaired t-test.

DOI: https://doi.org/10.7554/eLife.39720.010

The following figure supplement is available for figure 3:

Figure supplement 1. Additional molecular modeling of ML2-SA1 and ML-SA1 binding.
DOI: https://doi.org/10.7554/eLife.39720.011

serves as chemoattractant for untreated BMDM®. To exclude a chemotactic effect of the com-
pounds themselves, we used a classical Boyden chamber setup without cells in the lower compart-
ment. Yet, neither LPS nor ML2-SA1 alone were able to significantly enhance BMDM® migration,
while supplementation of recombinant CCL2 led to a substantial increase in BMDM® migration
(Figure 6B; Figure 6—figure supplement 2A-B). Overall, these data suggest that ML2-SA1 is able
to induce CCL2 secretion selectively in TRPML2-expressing macrophages, thus serving as chemoat-
tractant to recruit more macrophages.

Discussion

We describe here a novel, isoform-selective activator of the TRPML2 channel and describe how
TRPML2 activation enhances endosomal trafficking to induce inflammatory mediator release in LPS-
stimulated macrophages. Until now, selective activators for TRPML2 had not been available. In an
effort to identify such selective activators we synthesized >80 chemical compounds by systematic
variation of the known lead structures SN-2 and SF-51/ML-SA1 (Grimm et al., 2010; Shen et al.,
2012), generating a library of analogues of sufficient size to deduce structure-activity relationships.
In the ML-SA1 series, improved TRPML2 activation was achieved by modification of the length of
the acyl spacer, but the resulting selective activators were of only intermediate efficacy and potency.
By contrast, the activator ML2-SA1 from the series of norbornene-derived isoxazolines (based on
SN-2) is characterized by high TRPML2 subtype selectivity as well as high efficacy and potency, ren-
dering this new small molecule a valuable compound for future studies on this ion channel
(Supplementary file 2). Molecular modeling data support specific binding of ML2-SA1 to the pore
region of the channel, as observed for ML-SA1. The binding orientation of ML-SA1 at hTRPML2 was
found to be similar to the experimentally observed binding to hTRPML1 (Schmiege et al., 2017)
which is in agreement with nonselective activation. In contrast, the binding orientation of docked
ML2-SA1 at hTRPML1 differs from that found for hTRPML2, suggesting a plausible rationale for its
selectivity. In an experimental approach where we investigated the functional consequences of point
mutations in hTRPML2 with the endolysosomal patch-clamp technique we found that in mutant
G425A activation by ML2-SA1 is selectively lost, while activation by ML-SA1 is preserved, indicating
that this amino acid is highly critical for the selective effect of ML2-SA1 on TRPML2.

Sun et al. (2015) have recently shown that the levels of TRPML2 are strongly upregulated in mac-
rophages upon TLR4 (toll-like receptor) activation (Supplementary file 2). Thus, treatment with LPS
was found to lead to TRPML2 upregulation in, for example microglia, peritoneal macrophages, bone
marrow derived macrophages, or alveolar macrophages (Sun et al., 2015). The authors further
found that the translation and secretion of several chemokines such as CCL2 was reduced in
TRPML2”" mice, and concluded that TRPML2 might play a role in the regulation of trafficking and/or
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Figure 4. Effect of ML2-SA1 on channel currents in endolysosomal organelles isolated from different primary mouse macrophages. (A) Representative
currents from vacuolin-enlarged/Tf+ vesicles isolated from murine (LPS 6 hr or LPS O hr) primary WT BMDM®, basal or elicited by an application of 10
UM ML2-SA1. All currents are normalized to basal current without ML2-SA1. (B) Statistical summary of data shown in A. (C) Representative currents from
YM201636-enlarged LE/LY isolated from murine (LPS 6 hr or LPS O hr) primary WT bone marrow macrophages (BMDM®), basal or elicited by an
application of 10 UM ML2-SA1. (D) Statistical summary of data shown in C. (E) Representative currents from YM201636-enlarged LE/LY isolated from
murine (LPS 6 hr or LPS 0 hr) primary WT alveolar macrophages (AM®), basal or elicited by an application of 10 uM ML2-SA1. (F) Statistical summary of
data shown in E. * indicates p<0.05, ** indicates p<0.01, Student's t test, unpaired. (G) gPCR data showing levels of TRPML2 expression after 3, 6, and
24 hr LPS treatment compared to untreated (0 hr). * indicates p<0.05, ** indicates p<0.01, one-way ANOVA test followed by Tukey's post-hoc test.
Figure 4 continued on next page
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Figure 4 continued

DOI: https://doi.org/10.7554/elife.39720.012

secretion of these chemokines. However, it remained unclear whether TRPML2 is directly involved in
these processes and whether activation of TRPML2 channel activity would show increased release.

Here, we present data strongly supporting a direct involvement of TRPML2, as direct stimulation
of TRPML2 with ML2-SA1 leads to an increase in CCL2 secretion from macrophages. Using the spe-
cific TRPML2 agonist and the TRPML2”" knockout mouse model as control, we demonstrate a posi-
tive relationship between TRPML2 activity and CCL2 secretion. Using the endolysosomal patch-
clamp technique we demonstrate that TRPML2 is present in LE/LY and EE as well as in Rab11+ and
TfR+/Tf+ vesicles (Supplementary file 2). However, early endosomes including RE provide more
favorable activation conditions for TRPML2 than LE/LY due to their less acidic/neutral luminal pH. In
accordance with this, TRPML2 currents elicited with ML2-SA1 in LE/LY isolated from endogenously
expressing BMDM® were smaller than currents in Tf+ vesicles. In addition, no evidence was found
that ML2-SA1 can promote lysosomal exocytosis, while ionomycin or ML-SA1 were able to increase
the release of beta-hexosaminidase as previously reported (Samie et al., 2013). The subcellular dis-
tribution of LAMP1 did also not change during ML2-SA1 treatment and no translocation to the PM
was observed. In contrast, ML2-SA1 application was found to significantly promote Tf trafficking
through the early/recycling endosomal compartment, arguing for a role of TRPML2 in CCL2 release
via the early/recycling endosomal pathway (Figure 5F).

Loss of function mutations in the TRPML2-related channel TRPML1 result in lysosomal storage
and endolysosomal trafficking defects underlying the neurodegenerative disease mucolipidosis type
IV (Bach, 2001; Pryor et al., 2006; Chen et al., 2014). Mechanistically, it was postulated that loss of
TRPML1 impairs lysosomal exocytosis (LaPlante et al., 2006). It was also suggested that TRPML1 is
required for lysosomal pH regulation (Soyombo et al, 2006) and for vesicle fusion
(Venkatachalam et al., 2013) while, very recently, data have been presented, supporting that
TRPML1 may regulate lysosomal fission (Chen et al., 2017a). A further interesting finding has been
presented by Park et al. (2016), suggesting that, in secretory cells, a major role for TRPML1 is to
guard against unintended, pathological fusion of lysosomes with other intracellular organelles, for
example secretory vesicles. TRPML1 has also been attributed to mediate lysosomal trafficking via
Ca?*-dependent motor protein recruitment, its activity favoring retrograde lysosomal movement
(Vergarajauregui et al., 2009; Li et al., 2016).

Like TRPML1, TRPML3 was also suggested to regulate membrane trafficking. In particular, it was
found to regulate trafficking of early endosomes and to affect endocytosis (Kim et al., 2009).
Lelouvier and Puertollano (2011) further presented data showing that TRPML3 is required for
proper calcium homeostasis in the endosomal pathway and that impairment of TRPML3 function
leads to defective endosomal acidification and defective membrane trafficking. Surprisingly, the
authors found increased endosomal fusion after depletion of TRPML3. Recently, Miao et al. (2015)
showed that TRPML3 activation, upon neutralization of lysosomal pH, mediates efflux of Ca2* ions
from lysosomes, which in turn induces lysosome exocytosis. TRPML3 is normally inactive in highly
acidic lysosomes, in contrast to early/recycling endosomes with more neutral pH, but when the pH in
the lumen of the lysosome is neutralized, TRPML3 becomes activated, releases Ca?* into the cytosol,
which in turn triggers spontaneous exocytosis of the lysosome and its contents.

TRPML2 has been suggested to play a role in the regulation of the Arfé6-associated pathway and,
more specifically, in the trafficking of GPI-APs (Karacsonyi et al., 2007). Arfé has been implicated in
the regulation of endocytosis as well as endocytic recycling and cytoskeleton remodeling. More
recently, TRPML2 has been found to increase trafficking efficiency of endocytosed viruses
(Rinkenberger and Schoggins, 2018). Furthermore, we are showing here that TRPML2 is, like its rel-
atives TRPML1 and 3, Ca®* permeable (Figure 2—figure supplement 1C).

Taken together, these findings imply that all three TRPML channels can impact intracellular traf-
ficking processes while the mechanisms how they affect trafficking might differ. While it is likely,
based on the available data, that the effect of TRPML2 knockout/activation on CCL2 trafficking and
release is occurring at the level of EE/RE, it remains to be further established where along this path-
way the effect takes place. Possible scenarios might be: fusion of Golgi vesicles with RE, fission from
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Figure 5. Effect of ML2-SA1 on chemokine release from primary mouse macrophages. (A) Shown are data obtained from primary WT and TRPML27
mouse bone marrow macrophages (BMDM®) with and without LPS treatment for 4 hr and 8 hr, respectively. The fraction treated with LPS and 10 uM
ML2-SA1 showed significantly increased CCL2 secretion compared to WT controls treated with LPS only. TRPML2”" cells displayed strongly reduced
CCL2 secretion. Shown are normalized mean values + SEM of 5 mice each. * indicates p<0.05, Student’s t test, unpaired. (B) Lysosomal exocytosis assay
showing the increase in beta-hexosaminidase release upon stimulation with either ionomycin, ML-SA1, or ML2-SA1 (conc. as indicated) from LPS (6 hr)
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Figure 5 continued on next page

Plesch et al. eLife 2018;7:€39720. DOI: https://doi.org/10.7554/eLife.39720 12 of 23


https://doi.org/10.7554/eLife.39720

e LI F E Research article Biochemistry and Chemical Biology

Figure 5 continued

stimulated BMDM®. *** indicates p<0.001, one-way ANOVA test followed by Tukey's post-hoc test. (C) Lysosomal exocytosis assay by flow cytometry
showing the percentage of cells which show an increase in LAMP1 fluorescence on the plasma membrane. Cells were treated with DMSO, calcium
ionophore A23187 (calcimycin), and 30 pM ML2-SA1. (D-E) Recycling endosome assay showing the decrease of Tf mean fluorescence in LPS stimulated
RAW264.7 cells, treated with either DMSO or 30 uM ML2-SA1. Scale bar (identical for all images)=10 um. Plot shows the normalized Tf intensity (shown
is the average of 3 independent experiments, each). **p<0.01, two-way ANOVA, repeated measures, followed by Bonferroni post-hoc test. (F) Cartoon
showing organelles with functional TRPML2 expression as confirmed by endolysosomal patch-clamp analysis (EE, RE, LE/LY). CCL2 (MCP-1) is
hypothesized to be trafficked and secreted via the EE/RE pathway, based on the observation that ML2-SA1 promotes Tf trafficking in the EE/RE
compartment, while no effect on lysosomal exocytosis was found. No secretory vesicles are reported to exist in macrophages.

DOI: https://doi.org/10.7554/eLife.39720.013

RE, fusion of Golgi vesicles with EE, fission from EE, fusion of EE-derived vesicles with the RE
(Figure 5F).

Functionally, we found that ML2-SA1 promotes migration of untreated macrophages towards
LPS-treated macrophages. This suggests that TRPML2-dependent CCL2 release is enhancing the
inflammatory response by recruiting innate immune cells to the site of inflammation. This is in accor-
dance with the results presented by Sun et al. (2015) who found that macrophage migration is
impaired in vivo in the absence of TRPML2.

A +LPS/+DMSO -LPS/+DMSO

*k

w

+LPS/+10puM ML2-SA1 -LPS/+10uM ML2-SA1

Cell covered area (%)

+LPS/+30pM ML2-SA1 -LPS/+30pM ML2-SA1

Figure 6. Effect of ML2-SA1 on macrophage migration. (A) Shown are representative images obtained from a modified Boyden chamber experiment.
Images show fixed and crystal violet stained BMDM® after 3 hr migration through a transwell chamber along a chemotactic gradient created by
BMDM® in the lower compartment. Indicated treatments refer to treatment of the cells in the lower compartment. (B) Quantification of migration in the
modified Boyden chamber setup (A) shows a significant increase in migration when LPS pre-treated cells in the lower compartment were subjected to
10 or 30 uM ML2-SA1. Shown are mean values = SEM of 4 independent experiments. * indicates p<0.05, ** indicates p<0.01, repeated measures, one-
way ANOVA with Greenhouse-Geisser correction, followed by Dunnet post-hoc test.

DOV https://doi.org/10.7554/eLife.39720.014

The following figure supplements are available for figure é:

Figure supplement 1. Modified and classical Boyden chamber setup.

DOI: https://doi.org/10.7554/elife.39720.015

Figure supplement 2. Migration assay without cells in the lower compartment of the classical Boyden chamber.
DOI: https://doi.org/10.7554/eLife.39720.016
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Designation
HEK?293

HEK 293 stable stably
expressing TRPML3-YFP

Biochemistry and Chemical Biology

CCL2 is known to be a key chemokine regulating migration and infiltration of monocytes/macro-
phages (Deshmane et al., 2009). Since CCL2 is implicated in the pathogenesis of diseases charac-
terized by infiltrates containing macrophages like psoriasis, rheumatoid arthritis, multiple sclerosis,
and atherosclerosis (Deshmane et al., 2009; Xia and Sui, 2009; Daly and Rollins, 2003), we postu-
late that TRPML2 may be an attractive novel target for the treatment of such innate immunity-
related inflammatory diseases.

Materials and methods

Source or reference Identifiers Additional information
DSMZ ACC 305

Grimm et al. (2010),
PMID: 20189104

HEK 293 stable stably
expressing TRPML1-YFP

Chen et al. (2014),
PMID: 25119295

TRPML1 (encoded by
the McolnT gene) KO
mouse; Mcoln1tm1Sasl,
C57BL/6

Venugopal et al. (2007), MGI ID: 3794204
PMID: 17924347

TRPML2 (encoded by
the Mcoln2 gene) KO
mouse; C57BL/6

Sun et al. (2015); MGl: 1915529
PMID: 26432893

TRPML3 (encoded by the
Mcoln3 gene)

KO mouse; Mcoln3tm1.
1Hels, FVB/NJ

Jérs et al. (2010); MGl ID: 5319089
PMID: 21179200

anti-LAMP-1 (1D4B)
(rat monoclonal)

Goat anti-Rat IgG (H + L)
Secondary Antibody,
Alexa Fluor 488

mcherry-Transferrin
Receptor 20 (plasmid)

Santa Cruz Cat#A-11006; RRID: AB_2134495 (1:100)
ThermoFisher Cat#sc-19992; RRID: AB_2534074 (1:1000)
N/A Addgene Plasmid #55144

DsRed-Rab11 (plasmid)

TRPMLI1-YFP (plasmid)

Choudhury et al. (2002); Addgene Plasmid #12679
PMID: 12070301

Grimm et al. (2010),
PMID: 20189104

TRPML2-YFP (plasmid)

TRPML3-YFP (plasmid)

Grimm et al. (2010),
PMID: 20189104

Grimm et al. (2010),
PMID: 20189104

Quikchange primers for this paper forward: CTTCGG GTTGTTGTG
TRPML2:YFP A422C CTGGTATGATTTATCTGGG
reverse: CCCAGATAAATCATACCAGC
ACAACAACAAAACCGAAG
Quikchange primers for this paper forward: CGGTTTTGTGCTTG

TRPML2:YFP A424V

Quikchange primers for
TRPML2:YFP G425A

TGTTGGTATGATTTATCTGGGTTACAC
reverse: GTGTAACCCAGATAAATCAT
ACCAACACAAGCACAAAACCG

this paper forward: CGGTTTTGTGCTTGT
GCTGCTATGATTTATCTGGGTTACAC
reverse: GTGTAACCCAGATAAATCA
TAGCAGCACAAGCACAAAACCG

Quikchange primers for
TRPML2:YFP A453S

this paper forward: CTGAACACAGTTTCTG
AGTGTCTGTTTTCTCTGG
reverse: CCAGAGAAAACAGACA
CTCAGAAACTGTGTTCAG

Continued on next page
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Continued

Designation

Source or reference

Identifiers

Biochemistry and Chemical Biology

Additional information

Quikchange primers for this paper forward: TGTCTGTTTTCTCTGATCA
TRPML2:YFP V460l ACGGTGATGACATG
reverse: CATGTCATCACCGTTGATC
AGAGAAAACAGACA
Quikchange primers for this paper forward: CCTTCATCAGCCTTTTTATATATA
TRPML2:YFP 1498V TGGTTCTCAGTCTTTTTATTGC

gPCR Primer for TRPML1
(NM_053177)

www.pga.mgh.
harvard.edu/primerbank

PrimerBanklID: 16716462 c2

reverse: GCAATAAAAAGACTGAGAACCA
TATATATAAAAAGGCTGATGAAGG

forward: GCCTTGGGCCAATGGATCA
reverse: CCCTTGGATCAATGTCAAAGGTA

gPCR Primer for TRPML2
(NM_026656)

gPCR Primer for TRPML3
(NM_134160)

this paper

this paper

forward: AATTTGGGGTCACGTCATGC
reverse: AGAATCGAGAGACGCCATCG

forward: GAGTTACCTGGTGTGGCTGT
reverse: TGCTGGTAGTGCTTAATTGTTTCG

gPCR Primer for HPRT Hruz et al. (2011), N/A forward: GCTCGAGATGTCATGAAGGAGAT
(NM_013556) PMID: 21418615 reverse: AAAGAACTTATAGCCCCCCTTGA
Lipopolysaccharides (LPS) Sigma-Aldrich Cat#lL2762

from Escherichia coli O26:B6

Lipopolysaccharides (LPS) Sigma-Aldrich Cat#1.4391

from Escherichia coli O111:B4

Fura-2, AM, cell ThermoFisher Cat#F1201

permeant

Mouse M-CSF, Miltenyi Biotech Cat#130-101-703

premium grade

Transferrin from human TermoFisher Cat# T23364
serum, Alexa FluorTM

546-conjugated

Transferrin from human Thermo Fisher Cat#T35352

serum, Alexa FluorTM
555-conjugated

JE/MCP-1/CCL2 from Sigma-Aldrich Cat# SRP4207
mouse, recombinant

YM201636 Chemdea Cat#CDO0181
MLSA-1 Sigma-Aldrich Cat#SML0627
PI(3,5)P2 AG Scientific Cat#P-1123
Wortmannin Sigma-Aldrich Cat#W1628
LatrunculinB Sigma-Aldrich Cat#1.5288
Vacuolin Santa Cruz Cat# sc-216045
Calcium ionophore A23187 Sigma-Aldrich Cat#C7522
4-Methylumbelliferyl Sigma-Aldrich Cat#M2133
N-acetyl-b-D-glucosaminide

RNeasy Plus Mini Kit Qiagen Cat# 74134
RevertAid first strand ThermoScientific Cat# K1621

cDNA synthesis Kit

CD11b MicroBeads,
human and mouse

QuikChange Il
Site-Directed
Mutagenesis Kit

Miltenyi Biotech

Agilent

Cat#130-049-601

Cat#200523

Mouse/rat CCL2/
JE/MCP-1 Quantikine
ELISA Kit

BioLegend

Cat#432707

Origin8

OriginlLab

GraphPad Prism

GraphPad Software Inc.
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Endolysosomal patch-clamp and calcium imaging experiments

Whole-LE/LY and whole-EE recordings have been described previously in detail (Chen et al., 2017a;
Chen et al., 2017c¢). In brief, for whole-LE/LY manual patch-clamp recordings, cells were treated
with YM201636 (HEK293 cells: 800 nM o/n; macrophages: 800 nM 1 hr). For whole-EE manual
patch-clamp recordings, cells were treated with a combination of 200 nM wortmannin and 10 nM
latrunculin B (HEK293 cells: 10-15 min). Cells were treated with compounds at 37°C and 5% CO..
YM201636 was obtained from Chemdea (CD0181), wortmannin and latrunculin B from Sigma
(W1628 and L5288), and vacuolin from Santa Cruz (sc-216045). Compounds were washed out before
patch-clamp experimentation.

For other organelle patch-clamp recordings, HEK293 cells were transfected with the markers
Rab11-DsRed or TfR-mCherry, respectively, and treated with 1 M vacuolin o/n. Since macrophages
could not be transfected with standard transfection protocols or by electroporation, cells were
loaded with transferrin-Alexa555 and simultaneously treated with vacuolin for 1 hr to enlarge and
visualize vesicles for patch-clamp.

Isolation-micropipettes were used to open up the plasma membrane, and push the enlarged vesi-
cle of interest out of the cell. Afterwards, electrode-micropipettes were applied to patch-clamp the
isolated vesicles.

Macrophages were used for experiments within 2-10 days after isolation. Mean capacitance val-
ues for Rab11+ vesicles isolated from HEK293 cells was 0.7 £ 0.2 (n = 6), for TfR+ vesicles (n = 3)
1.4 £ 0.3 pF, for EE (n = 10) 0.4 + 0.1 pF, and for LE/LY (n = 51) 1.0 = 0.2 pF. For LE/LY isolated from
primary macrophages it was 0.8 + 0.1 pF (n = 41), for Tf-loaded vesicles 1.3 + 0.5 pF (n = 8). Currents
were recorded using an EPC-10 patch-clamp amplifier (HEKA, Lambrecht, Germany) and PatchMas-
ter acquisition software (HEKA). Data were digitized at 40 kHz and filtered at 2.8 kHz. Fast and slow
capacitive transients were cancelled by the compensation circuit of the EPC-10 amplifier. Recording
glass pipettes were polished and had a resistance of 4-8 MQ. For all experiments, salt-agar bridges
were used to connect the reference Ag-AgCl wire to the bath solution to minimize voltage offsets.
Liquid junction potential was corrected. For the application of the lipids (A.G. Scientific) or small
molecule agonists (ML2-SA1, ML-SA1), cytoplasmic solution was completely exchanged by cyto-
plasmic solution containing agonist. Unless otherwise stated, cytoplasmic solution contained 140
mM K-MSA, 5 mM KOH, 4 mM NaCl, 0.39 mM CaCl,, 1 mM EGTA and 10 mM HEPES (pH was
adjusted with KOH to 7.2). Luminal solution contained 140 mM Na-MSA, 5 mM K-MSA, 2 mM Ca-
MSA 2 mM, 1 mM CaCl,, 10 mM HEPES and 10 mM MES (pH was adjusted with NaOH to 7.2). For
optimal conditions of TRPML1, luminal pH was adjusted to 4.6 and Na-MSA was used in the luminal
solution. For optimal conditions of TRPML2, luminal pH was adjusted to 7.2 and Na-MSA was used
in the luminal solution. For optimal conditions of TRPML3, luminal pH was adjusted to 7.2 and
K-MSA was applied to replace Na-MSA in the luminal solution. In all experiments, 500 ms voltage
ramps from —100 to +100 mV were applied every 5 s, holding potential at 0 mV. The current ampli-
tudes at —100 mV were extracted from individual ramp current recordings. All statistical analysis was
done using Origin8 software.

Calcium imaging experiments were performed using fura-2 as described previously
(Grimm et al., 2012a). Briefly, HEK293 cells were plated onto glass coverslips, grown over night and
transiently transfected with the respected cDNAs using TurboFect transfection reagent (Thermo Sci-
entific). After 24-48 h cells were loaded for 1 hr with the fluorescent indicator fura2-AM (4 uM; Invi-
trogen) in a standard bath solution (SBS) containing (in mM) 138 NaCl, 6 KCl, 2 MgCl,, 2 CaCl,, 10
HEPES, and 5.5 D-glucose (adjusted to pH 7.4 with NaOH). Cells were washed in SBS for 30 min
before measurement. Calcium imaging was performed using a monochromator-based imaging sys-
tem (Polychrome IV mono-chromator, TILL Photonics).

Computational methods

Analysis of electron density map. The electron density maps for the cryo-electron microscopy struc-
tures of hTRPML1 and hTRPML3 in open agonist-bound form (PDB IDs: 5WJ9 and 6AYF, respec-
tively) were downloaded from the Protein Data Bank (PDB; ww.rcsb.org) (Berman et al., 2000) and
visualized in PyMOL (The PyMOL Molecular Graphics System, Version 1.7.4 Schrédinger, LLC).
Homology modelling of TRPML2. The amino acid sequence of hTRPML2 was retrieved from UniProt
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(The UniProt Consortium, 2017); Accession number: Q8IZK6-1) and a Blast (Altschul et al., 1990)
search using BLOSUMé62 matrix was performed against the PDB to find the closest homologues.
Subsequently, sequence alignment of hTRPML2 to the top scored template, hTRPML3 (Sequence
identity 59%), was conducted in MOE2012.10 (Molecular Operating Environment (MOE), 2016.08;
Chemical Computing Group Inc., 1010 Sherbooke St. West, Suite #910, Montreal, QC, Canada, H3A
2R7, 2016) and the alignment file was used to generate the homology model using MODELLER 9.11
(Webb and Sali, 2014). Ligand-bound homology models of hTRPML2 were finally built using the
agonist-bound structure of hTRPML3 (PDB ID: 6AYF) and ranked according to their DOPE score
(Shen and Sali, 2006). Molecular docking to hTRPML1 and —2. The ligands were prepared for dock-
ing using the LigPrep tool as implemented in Schrédinger’s software (Schrédinger Release 2017-1:
LigPrep, Schrédinger, LLC, New York, NY, 2017), where the two stereoisomers of ML2-SA1 were
generated and energy minimized using the OPLS force field. Conformers of the prepared ligands
were calculated with ConfGen using the default settings and allowing minimization of the output
conformations.

Protein preparation. The cryo-electron microscopy structure of the open conformation of
hTRPML1 in complex with ML-SA1 (PDB ID: 5WJ9) and the generated hTRPML2 homology model
were prepared with Schrédinger’s Protein Preparation Wizard (Schrédinger Release 2017-1: Schro-
dinger Suite 2017-1 Protein Preparation Wizard; Epik, Schrédinger, LLC, New York, NY, 2016;
Impact, Schrédinger, LLC, New York, NY, 2016; Prime, Schrédinger, LLC, New York, NY, 2017):
Hydrogen atoms were added and the H-bond network was subsequently optimized. The protonation
states at pH 7.0 were predicted using the PROPKA tool in Schrédinger. The structures were finally
subjected to a restrained energy minimization step using the OPLS2005 force field (RMSD of the
atom displacement for terminating the minimization was 0.3 A).

The receptor grid preparation for the docking procedure was carried out by assigning the agonist
as the centroid of the grid box. The generated ligand conformers were docked into the proteins
using Glide (Small-Molecule Drug Discovery Suite 2017-1: Glide, Schrédinger, LLC, New York, NY,
2017) in the Standard Precision mode. A total of 100 poses per ligand conformer were included in
the post-docking minimization step and a maximum of 20 docking clusters were output for each
ligand. Redocking of the ligand ML-SA1 into the hTRPML1 pocket gave a docking pose with root
mean square deviation of 1.22 A for the top-ranked solution (Figure 3—figure supplement 1A).

Cell culture of primary macrophages isolated from knockout and WT
mice

For preparation of primary alveolar macrophages (AM®), mice were deeply anesthetized and eutha-
nized by exsanguination. Afterwards, the trachea was carefully exposed and cannulated by inserting
a 20 gauge catheter (B. Braun, cat. no. 4252110B). AM® were harvested by eight consecutive lung
lavages with 1 ml of DPBS each. After a centrifugation step, cells were immediately collected and
cultured in RPMI 1640 medium supplemented with 10% fetal bovine serum and 1% antibiotics. AM®
were directly seeded onto 12 mm glass cover slips and used for experiments within 5 days after
preparation. Bone marrow-derived macrophages (BMDM®) were isolated from femur and tibias of
mice. Thus, bones were isolated and bone marrow was flushed with 10 ml PBS using a sterile 25
gauge needle. Cells were obtained by centrifugation, resuspended and subsequently cultured in 10
cm petri dishes in RPMI 1640 medium supplemented with 10% fetal bovine serum and 1% penicillin/
streptomycin and 40 ng/mL murine M-CSF (Miltenyi Biotech). Cells were incubated for 5 days,
before they were plated onto poly-L-lysine coated cover slips for experiments. All cells were main-
tained at 37°C in 5% CO, atmosphere. If necessary, cells were stimulated with 1 pg/mL LPS (Escheri-
chia coli O26:B6, Sigma, L2762) prior to experiments for different time periods as stated in the text.
Animals were used under approved animal protocols and University of Munich (LMU) Institutional
Animal Care Guidelines.

Measurement of CCL2 content in bmdmy culture supernatants by
ELISA

Cell culture supernatants from WT or TRPML2”- BMDM® were collected at 4 hr or 8 hr following
LPS treatment in the presence or absence of TRPML2 agonist (ML2-SA1), and CCL2 was measured
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using an ELISA kit (BioLegend, 432707), per the manufacturer’s instructions. Cell culture superna-
tants were diluted ten times for the assay, and 50 pL diluted supernatant was assessed.

Transferrin trafficking assay

RAW264.7 cells were seeded overnight with 0.1 mg/mL of lipopolysaccharide (LPS) (L4391, Sigma).
Then, cells were loaded for 20 min at 37°C with transferrin from human serum, Alexa Fluor 546-con-
jugated (T23364, ThermoFisher) at the concentration of 50 ug/mL in complete medium (DMEM 10%
FBS). The analysis of recycling kinetics was performed by chasing for 5, 10, 15 and 20 min in com-
plete media plus 50 pug/mL of unconjugated transferrin (T0665, Sigma) in the presence of either
DMSO or ML2-SA1 (30 uM). Before fixation with 4% paraformaldehyde (PFA), non-internalized trans-
ferrin was acid-stripped (150 mM NaCl, 0.5% acetic acid in H,O) for 30 s. Images were acquired
using a Zeiss LSM 800 with 63x magpnification.

Lysosomal exocytosis assay (FACS)

RAW264.7 cells were seeded overnight with 0.1 mg/mL of lipopolysaccharide (LPS) (L4391, Sigma).
Then, cells were treated with DMSO, calcium ionophore A23187 (C7522, Sigma) or ML2-SA1 for 3
hr. After 3 h cells were collected and stained with LAMP1 antibody (SC-19992, Santa Cruz) in PBS
(1% BSA) during agitation for 20 min (4°C). Cells were then collected by centrifugation and resus-
pended in PBS (1% BSA) with goat anti-rat, Alexa488 (A-11006 ThermoFisher) during agitation for 1
hr (4°C). Finally, cells were washed in PBS and left on ice until FACS analysis. Cells were loaded into
the FACS machine using a nozzle of 100 pm and the LAMP1 fluorescence intensity was measured
using a 488 nm excitation laser and a FITCH (530/30 nm) emission filter. The threshold was set using
DMSO-treated samples, and 1000 events were counted for each condition.

Lysosomal exocytosis assay (Hexosaminidase)

For measurement of lysosomal hexosaminidase enzyme release, bone marrow macrophages were
treated with ML2-SA1, ML-SA1 or DMSO in serum-free RPMI medium, concentrations and durations
as indicated. lonomycin was used as control. After treatment, supernatants were collected, centri-
fuged and incubated with natrium citrate buffer (pH 4.5) and 4-Methylumbelliferyl N-acetyl-B-D-glu-
cosaminide (M1233, Sigma, 1 mM final concentration) for 1.5 hr. Cells were lysed with Triton-X
buffer and lysates were processed in parallel. The reaction was stopped by adding glycin buffer to
the samples and the turnover of hexosaminidase substrate was detected as fluorescence (Exitation:
365 nm; Emission: 450 nm) using a plate reader (Spectramax ID3, Molecular Devices). The increase
in substrate turnover was analyzed as fluorescence increase in supernatants relative to lysates.

Site-directed mutagenesis

Generation of point mutant isoforms of hTRPML2 (encoded by the MCOLNZ2 gene) was performed
as described previously (Grimm et al., 2010) using the QuikChange protocol. The following primers
were used to generate hTRPML2 mutant isoforms: A422C forward primer: CTTCGGTTTTGTTGTTG
TGCTGGTATGATTTATCTGGG; A422C reverse primer: CCCAGATAAATCATACCAGCACAACAA-
CAAAACCGAAG; A424V forward primer: CGGTTTTGTGCTTGTGTTGGTATGATTTATCTGGGTTA-
CAC; A424V reverse primer: GTGTAACCCAGATAAATCATACCAACACAAGCACAAAACCG;
G425A forward primer: CGGTTTTGTGCTTGTGCTGCTATGATTTATCTGGGTTACAC; G425A
reverse primer: GTGTAACCCAGATAAATCATAGCAGCACAAGCACAAAACCG; A453S forward
primer: CTGAACACAGTTTCTGAGTGTCTGTTTTCTCTGG; A453S reverse primer: CCAGAGAAAA-
CAGACACTCAGAAACTGTGTTCAG; V460! forward primer: TGTCTGTTTTCTCTGATCAACGGTGA
TGACATG; V460l reverse primer: CATGTCATCACCGTTGATCAGAGAAAACAGACA; 1498V forward
primer: CCTTCATCAGCCTTTTTATATATATGGTTCTCAGTCTTTTTATTGC, 1498V reverse primer:
GCAATAAAAAGACTGAGAACCATATATATAAAAAGGCTGATGAAGG.

Macrophage migration experiments

ML2-SA1 effects on macrophage migration were assessed by a modified Boyden chamber setup
(Figure 6—figure supplement 2). In the modified Boyden chamber setup, BMDM® were plated
onto poly-L-lysine coated cover slips in a twenty-four well plate (lower compartment) in the presence
or absence of 1 pug/ml LPS for 6 hr. After 6 hr, media was replaced with media containing 10 or 30
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uM ML2-SA1 or DMSO. 1 x 10°> BMDM® were placed on top of the transwell chamber (Corning) in
media without any compound. Transwell chambers were placed into the twenty-four well plate and
incubated for 3 hr at 37°C in 5% CO, atmosphere. In the classical Boyden chamber approach a
twenty-four well plate was filled with media containing either DMSO, 1 ug/ml LPS and DMSO, 1 pg/
ml LPS and 30 uM ML2-SA1, or 10 ng/ml CCL2. Transwell chambers were equally prepared and incu-
bated. Migrated cells were fixed and stained with crystal violet/methanol. The top of the transwell

chamber was cleaned an images were taken. Cell covered area was determined with ImageJ (NIH,
Bethesda, MD).
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Abstract lon selectivity is a defining feature of a given ion channel and is considered immutable.
Here we show that ion selectivity of the lysosomal ion channel TPC2, which is hotly debated
(Calcraft et al., 2009; Guo et al., 2017; Jha et al., 2014; Ruas et al., 2015; Wang et al., 2012),
depends on the activating ligand. A high-throughput screen identified two structurally distinct
TPC2 agonists. One of these evoked robust Ca®*-signals and non-selective cation currents, the
other weaker Ca®*-signals and Na*-selective currents. These properties were mirrored by the Ca®*-
mobilizing messenger, NAADP and the phosphoinositide, PI(3,5)P,, respectively. Agonist action
was differentially inhibited by mutation of a single TPC2 residue and coupled to opposing changes
in lysosomal pH and exocytosis. Our findings resolve conflicting reports on the permeability and
gating properties of TPC2 and they establish a new paradigm whereby a single ion channel
mediates distinct, functionally-relevant ionic signatures on demand.

Introduction

When ion channels open in response to a given stimulus, they allow the flow of a specific set of ions.
The textbook view is that ion selectivity for a given ion channel is a hallmark feature that cannot be
changed. But evidence has accrued suggesting that this may not always be the case. P2X receptors
have long been proposed to change their ion selectivity in real time upon prolonged activation
(Khakh and Lester, 1999) albeit controversially (Li et al., 2015). And in TRPV channels, the selectiv-
ity filter is thought to form a second gate thereby coupling channel opening with changes in ion
selectivity (Cao et al., 2013). Other channels such as Orai channels (McNally et al., 2012) and the
mitochondrial uniporter MCU1 (Kamer et al., 2018) appear to alter their ion selectivity depending
on protein partners.
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Two-pore channels (TPC1-3) are ancient members of the voltage-gated ion channel superfamily
(Patel, 2015). TPCs are expressed throughout the endo-lysosomal system where they regulate the
trafficking of various cargoes (Grimm et al., 2014; Ruas et al., 2010; Sakurai et al., 2015). Loss-
and gain-of function of TPCs is implicated in a number of diseases including NAFLD (non-alcoholic
fatty liver disease) and Parkinson’s (Patel, 2015; Patel and Kilpatrick, 2018). Despite their patho-
physiological importance, both the ion selectivity and activating ligand(s) of TPCs are equivocal. Ini-
tial studies characterized TPCs as non-selective Ca®*-permeable channels activated by NAADP
(nicotinic acid adenine dinucleotide phosphate) (Brailoiu et al., 2009; Brailoiu et al., 2010;
Calcraft et al., 2009; Grimm et al., 2014; Pitt et al., 2010; Ruas et al., 2015; Schieder et al.,
2010). But other studies indicate that TPCs are highly-selective Na* channels that similar to endo-
lysosomal TRP mucolipins (TRPMLs), are activated directly by PI(3,5)P, (phosphatidylinositol 3,5-
bisphosphate), and/or by voltage (Boccaccio et al., 2014; Cang et al., 2014; Guo et al., 2017,
She et al., 2018; Wang et al., 2012). Co-regulation of TPCs by these disparate stimuli has been
noted in some instances (Jha et al., 2014; Ogunbayo et al., 2018; Pitt et al., 2014
Rybalchenko et al., 2012).

Functional characterization of TPCs is challenging due to their intracellular location. The anionic
nature of NAADP and PI(3,5)P, prevents sufficient plasma membrane permeability, making them
less suitable for experimental use in intact cells. On the other hand, studies of isolated lysosomes
may result in loss of crucial accessory factors such as NAADP-binding proteins (Lin-Moshier et al.,
2012). To circumvent these issues, we screened for membrane-permeable small molecule activators
of TPCs. Here, we report two agonists that surprisingly switch the ion selectivity of TPC2 with differ-
ent consequences for lysosomal function and integrity.

Results

Identification of novel small molecule agonists of TPC2

Mutation of the N-terminal endo-lysosomal targeting motif in human TPC2 redirects it to the plasma
membrane where TPC2 reportedly mediates robust Ca®* entry upon activation with NAADP
(Brailoiu et al., 2010). We took advantage of this property to screen a cell line stably expressing
TPC2-""WL12A with a library of 80000 natural and synthetic small molecules using a FLIPR-based Ca®*
assay (Figure 1A and B). Two structurally independent hits were identified, termed TPC2-A1-N and
TPC2-A1-P (Figure 1C and D), which reproducibly evoked Ca®* signals. The signals evoked by the
compounds showed different kinetics whereby the TPC2-A1-N response reached its plateau faster
than TPC2-A1-P (Figure 1E and F). The structures and activities of these hits were confirmed by
independent chemical syntheses and subsequent retesting. Full concentration-effect relationships
for the plateau response indicated ECsp values of 7.8 uM and 10.5 uM, for TPC2-A1-N and TPC2-
A1-P, respectively (Figure 1G and H). We thus identified novel small molecules that activate TPC2
and confirm its Ca®*-permeability in intact cells.

TPC2 agonists differentially evoke cytosolic Ca?* signals in live cells

To validate the hits further, we performed ratiometric Ca®* imaging of single cells transiently trans-
fected with TPC2-TAM12A o 5 ‘pore-dead’ version (TPC2TAVLI2A/L265P) A5 shown in Figure 11 and
J, TPC2-A1-N evoked Ca®* signals in cells expressing TPC2-""H12A [yt not TPC2''A/L12A4/L265P,
These data confirm that TPC2-A1-N evoked Ca®' influx through the TPC2 pore. In accord, the
responses to TPC2-A1-N were selectively blocked by the recently identified TPC2 blockers tetran-
drine (Tet), raloxifene (Ral), and fluphenazine (Flu) (Penny et al., 2019; Sakurai et al., 2015; Fig-
ure 1—figure supplement 1) and by removal of extracellular Ca®* (Figure 1—figure supplement
2). TPC2-A1-P also induced Ca?* signals in cells expressing TPC2 in the presence (Figure 1K and L)
but not absence (Figure 1—figure supplement 2) of extracellular Ca%*. However, the responses
were smaller and delayed compared to TPC2-A1-N (Figure 1l and K), consistent with the results
obtained in cells stably expressing TPC2-""W12A (Figure 1E and F). TPC2-A1-P failed to induce
Ca?* signals in cells expressing ‘pore-dead’ TPC2LA/L12AL265P (Eigyre 1K and L). Both TPC2-A1-N
and TPC2-A1-P also failed to evoke Ca®* signals in cells expressing human TRPML1 re-routed to the
plasma membrane (TRPML12N®) (Grimm et al., 2010; Yamaguchi et al., 2011; Figure 1TM-N and
Figure 1—figure supplement 1A-B). Similar negative results were obtained with the agonists in
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Figure 1. |dentification of novel small molecule agonists of TPC2. (A) The chemical screening was performed using cells stably expressing human TPC2
re-routed to the plasma membrane (hTPC2MWL12A) and loaded with the fluorescent Ca®* indicator, Fluo-4 (CY = cytosol). For counter-screening, a

stable cell line expressing cell surface human CLN3 (hCLN
the primary screen results of four plates (with 384 compounds, each) where the response to a given compound in cells expressing hTPC

3L253A/\254A)

was used. (B) A library comprising 80.000 compounds was screened. Shown are

2L1 TA/L12A is

expressed relative to that in cells expressing hCLN3"253412%4A primary hits are shown as red spots. Subsequent confirmatory and follow-up assays led
to the identification of the two hit compounds, N19 (TPC2-A1-N) and HO7 (TPC2-A1-P). (C-D) Figures of TPC2-A1-N and TPC2-A1-P. (E-F)
Representative FLIPR-generated Ca®* signals (Fluo-4) in TPCZL”A/UZA—expressing cells (red lines) or non-transfected (NT) control cells (black) after

addition of TPC2-A1-N (E) or TPC2-A1-P (F). (G=H) Concentration-effect relationships for Ca®*

increases (Fluo-4) in response to different concentrations

of TPC2-A1-N (G) and TPC2-A1-P (H). Each concentration was tested in duplicates in two to four independent experiments, each. (I) Representative

Ca2+

signals recorded from Hela cells loaded with the ratiometric Ca®*
N. Cells were transiently transfected with plasma-membrane-targeted human TPC2 (ATPC2LALI2A) r 4 pore dead mutant (

indicator, Fura-2 and stimulated with the indicated concentration of TPC2-A1-

TPCZU 1A/L1 2A/L265P)'

Colored lines represent the mean response from a population of cells. Traces in grey represent responses of single cells. (J) Statistical analysis of the
maximal change in Fura-2 ratio (mean + SEM) with the number of independent transfections in parentheses. An unpaired t-test was applied. *p<0.05.
(K-L) Similar to | and J except that cells were stimulated with TPC2-A1-P. ***p<0.001. Traces in grey represent single cells responding to TPC2-A1-P.

(M-N) Representative Ca’*

signals recorded from Hela cells transiently transfected with human TRPML14NC. Cells were sequentially stimulated with

TPC2-A1-N (M) or TPC2-A1-P (N) and the TRPML agonist ML-SA1. (O-T) Ca?* signals recorded from Hela cells transiently transfected with GCaMPé(s)
fused to human TPC2 (hTPC2C6%2MP) o & pore-dead mutant (hTPC2CCaMP/L265Py " Colls were sequentially stimulated with TPC2-A1-N (O and P) or TPC2-
A1-P (R and S) and the Ca®* ionophore, ionomycin in the absence of extracellular Ca®*. Statistical analysis of the change in fluorescence intensity

(mean = SEM; Q and T). An unpaired t-test was applied. *p<0.05 and **p<0.01. CY = cytosol, LY =
The online version of this article includes the following source data and figure supplement(s) for figure 1:

Source data 1. Identification of TPC2 hit compounds.

Figure 1 continued on next page

lysosome.
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Figure supplement 1. Effect of different TPC2 channel blockers on TPC2-A1-N and ML-SA1 mediated changes in intracellular calcium.
Figure supplement 1—source data 1. Effect of different TPC2 channel blockers on TPC2-A1-N and ML-SA1 mediated changes in intracellular calcium.
Figure supplement 2. TPC2-A1-N and TPC2-A1-P mediated changes in intracellular calcium in the absence of extracellular calcium.

Figure supplement 2—source data 1. TPC2-A1-N and TPC2-A1-P mediated changes in intracellular calcium in the absence of extracellular calcium.
Figure supplement 3. Effects of TPC2-A1-N and TPC2-A1-P on TRPML1, 2, and 3.

Figure supplement 3—source data 1. Effects of TPC2-A1-N and TPC2-A1-P on TRPMLT, 2, and 3.

Figure supplement 4. Synthesis and functional analysis of TPC2-A1-N analogs.

Figure supplement 4—source data 1. Functional analysis of TPC2-A1-N analogs.

Figure supplement 5. Structures of TPC2-A1-N and analogs.

Figure supplement 6. Synthesis and functional analysis of TPC2-A1-P analogs.

Figure supplement 6—source data 1. Functional analysis of TPC2-A1-P analogs.

Figure supplement 7. Effect of TPC2-A1-N and TPC2-A1-P on TPC1.

Figure supplement 7—source data 1. Effects of TPC2-A1-N and TPC2-A1-P on TPC1 in endo-lysosomal patch-clamp experiments.

cells expressing TRPML2 or TRPML3 (Figure 1—figure supplement 3C and D), indicating a selec-
tive, pore-dependent action of both agonists on TPC2.

The consensus logP (octanol/water; SwissADME) values for TPC2-A1-N (4.56) and TPC2-A1-P
(5.35) predict that they are cell permeable. To determine whether TPC2-A1-N and TPC2-A1-P were
able to release Ca®* from lysosomes, we expressed TPC2 fused to the genetically encoded Ca®*
indicator, GCaMP6(s) both with (TPC2°*MP) and without (TPC2GCaMP/L265F) 41 intact pore
(Figure 10-T) in order to measure global Ca®* signals. TPC2-A1-N and TPC2-A1-P evoked Ca*" sig-
nals in cells expressing intracellular TPC2°<®MP byt not TPC2EC=MP/L265P - Again the responses to
TPC2-A1-P were modest compared to TPC2-A1-N.

Systematic structure modifications were performed on both screening hits. Surprisingly, none of
the modified versions of TPC-A1-N or TPC2-A1-P showed significantly increased efficacies (Fig-
ure 1—figure supplements 4 and 5). TPC2-A1-P analogues missing the trifluoromethoxy residue
were completely inactive (Figure 1—figure supplement 6).

Collectively, our data show that TPC2-A1-N and TPC2-A1-P activate TPC2 with differential effects
on Ca®* mobilization.

TPC2 agonists differentially evoke Na* currents in isolated endo-
lysosomes

To determine more directly whether TPC2-A1-N and TPC2-A1-P activate TPC2, endo-lysosomal
patch-clamp experiments were performed (Figure 2). TPC2-A1-N elicited currents using Na™ as the
major permeant ion, in vacuolin-enlarged endo-lysosomes isolated from TPC2-expressing cells
(Figure 2A). The currents were inhibited by ATP as reported previously (Cang et al., 2013). In con-
trast, no activation was found in cells expressing TPC1 (Figure 1—figure supplement 7). Endo-lyso-
somes isolated from cells expressing a gain-of-function variant of TPC2 (TPC2M484) (Chao et al.,
2017) showed larger currents compared to the wild-type isoform upon application of TPC2-A1-N
(Figure 2B). TPC2-A1-P also evoked currents in endo-lysosomes isolated from cells expressing TPC2
and TPC2M#84L (Figure 2C and D). As with TPC2-A1-N, the currents were potentiated by the gain-
of-function variant (Figure 2D). Surprisingly, the currents evoked by TPC2-A1-P were significantly
larger than those evoked by TPC2-A1-N (Figure 2E-G) in both wild-type and gain-of-function vari-
ant. Full concentration-effect relationships for the plateau response in endo-lysosomal patch-clamp
experiments indicated ECsg values of 0.6 uM for both TPC2-A1-N and TPC2-A1-P (Figure 2—figure
supplement 1A).

Increased Na* currents in the face of reduced Ca®* signals (Figure 1) upon TPC2-A1-P activation
prompted us to examine the effects of Na* removal on intracellular Ca®* elevation. For these experi-
ments, we used cells stably expressing TPC2-"'A112A4 3nd agonist concentrations that evoked similar
responses. As shown in Figure 2H and J, the amplitude of Ca®* signals evoked by TPC2-A1-N were
unaffected by removal of Na* from the extracellular solution, although the rate of rise was increased.
In contrast, both the amplitude and rate of rise of the responses to TPC2-A1-P were markedly
enhanced (Figure 2] and J). These data indicate that TPC2 is activated by TPC2-A1-N and TPC2-
A1-P but that its permeability to Na* differs upon activation.
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Figure 2. TPC2 agonists alter Ca?*/Na* permeability of TPC2. (A-B) Representative TPC2-A1-N-evoked currents from enlarged endo-lysosomes
isolated from HEK293 cells transiently expressing human TPC2 (hTPC2) (A) or a gain-of-function variant, (hTPC2M484L (B). Currents were obtained before
and after addition of 10 uM TPC2-A1-N in the absence or presence of 1 mM ATP. Recordings were carried out using standard bath and pipette
solutions and applying ramp protocols (—100 mV to +100 mV over 500 ms) every 5 s at a holding potential of =40 mV. (C-D) Similar to A and B except
that TPC2-A1-P (10 uM) was used. (E-G) Statistical analysis of current densities (mean + SEM) recorded at —100 mV for endo-lysosomes expressing
TPC2 or TPC2M*8*- for TPC2-A1-N (E) and TPC2-A1-P (F), and the fold-change in current evoked by TPC2-A1-P versus TPC2-A1-N in the two variants
(G). Red bars are WT and maroon bars are mutant. An unpaired t-test was applied. *p<0.05, **p<0.01, and ***p<0.001 (n > 10 endo-lysosomes per
condition). (H-I) Ca®* signals evoked by TPC2-A1-N (H) or TPC2-A1-P () in Fura-2-loaded HEK293 cells stably expressing hTPC2-TA/LI2A. Recordings
(mean responses from three to four independent experiments) were obtained in standard or Na*-free extracellular solution. (J) Statistical analysis of the
maximal change in Fura-2 ratio (mean + SEM). An unpaired t-test was applied. *p<0.05. (K-N) Agonist-evoked cation currents from enlarged endo-
lysosomes isolated from HEK293 cells stably expressing human TPC2 under bi-ionic conditions: 160 mM Na* in the cytosol (bath) and 105 mM Ca?* in
the lumen (pipette). Representative current-voltage curves before and after stimulation with either 10 uM TPC2-A1-N (K), 10 uM TPC2-A1-P (L), 50 nM
NAADP (4 recordings out of 8 attempts) (M), or 1 uM PI(3,5)P, (N). ATP (1 mM) was added at the end of each experiment. Recordings were carried out
using ramp protocols (—100 mV to +100 mV over 500 ms) every 5 s at a holding potential of 0 mV. (O) Expanded views of K-N, showing the reversal
potentials (E,.,) of currents evoked by the indicated agonist. (P-Q) Statistical analyses of E,, (P) and the calculated relative cationic permeability ratios
(Pca/Pna) (Q). Shown are mean values + SEM. (R-S) Representative TPC2-A1-N- (R) or TPC2-A1-P- (S) evoked currents from endo-lysosomes isolated

from HEK293 cells transiently expressing

hTPC

2L265P

under bi-ionic conditions.

The online version of this article includes the following source data and figure supplement(s) for figure 2:

Source data 1. TPC2 agonists alter Ca/Na permeability of TPC2.
Figure supplement 1. Dose response curves for TPC2-A1-N and TPC2-A1-P in endo-lysosomal patch-clamp experiments and endo-lysosomal patch-
clamp analysis of compound effects under different conditions.

Figure 2 continued on next page
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Figure 2 continued

Figure supplement 1—source data 1. Dose response curves for TPC2-A1-N and TPC2-A1-P in endo-lysosomal patch-clamp experiments and endo-
lysosomal patch-clamp analysis of compound effects under different conditions.

TPC2 agonists alter Ca?*/Na* permeability of TPC2

The above analyses raised the intriguing possibility that the selectivity of TPC2 to Ca?* and Na*
might not be fixed. To directly test this, we measured cation conductance evoked by the two com-
pounds under bi-ionic conditions (luminal side: 105 mM Ca’t, pH 4.6, cytosolic side: 160 mM Na®,
pH 7.2) (Figure 2K and L). For these experiments, we used cells stably expressing TPC2. Based on
the reversal potential (E;e\), the Pca/Pna permeability ratio of TPC2-A1-N-evoked currents (lpc2.a1-N)
was 0.65 + 0.13 (Figure 20-Q). In marked contrast, E., values for TPC2-A1-P-evoked currents
(rpc2-a1-p) Were more negative such that the Pc./Pna permeability ratio was 0.04 + 0.01 (Figure 20-
Q) and thus Na*-selective. These ratios are highly reminiscent of those obtained for endogenous
NAADP-mediated currents in planar patch-clamp analyses (Ruas et al., 2015) and for recombinant
TPC2 activated by PI(3,5)P, measured using endo-lysosomal patch-clamp experiments where the
channel appeared insensitive to NAADP (Wang et al., 2012). We thus examined the effects of
NAADP and PI(3,5)P, in parallel. NAADP (50 nM) evoked robust currents with an E., similar to
TPC2-A1-N (—8.5 mV for NAADP versus —12 mV for TPC2-A1-N). The Pc./Pna for NAADP
(0.73 + 0.14) was thus similar to TPC2-A1-N (Figure 2M-Q). In contrast, the E,., for PI(3,5)P, (—53
mV) was similar to TPC2-A1-P (—61 mV) and the previously reported E,, for PI(3,5)P, (=68 mV)
(Wang et al., 2012), corresponding to a Pc,/Pys, ratio of 0.08 + 0.01 (Figure 2M-Q). No significant
outward Na* or inward Ca®* conductances were observed in endo-lysosomes isolated from HEK293
cells expressing ‘pore-dead’ TPC2-2°*" in the presence of TPC2-A1-N or TPC2-A1-P (Figure 2R-S
and Figure 2—figure supplement 1B-C). Moreover, the agonists induced similar shifts in selectivity
using luminal solution containing 114 mM Na* and 30 mM Ca®* and a bath solution containing 160
mM Na* (Figure 2—figure supplement 1D-F) confirming that the measured Pc./Pn, permeability
ratio is independent of the luminal Ca®* concentration. These data indicate that TPC2-A1-N and
TPC2-A1-P not only differentially affect current amplitudes but also influence the Pc./Py. permeabil-
ity ratio (Figure 2Q). TPC2-A1-N-activated TPC2 shows a higher relative Ca®* permeability, similar
to NAADP-activated TPC2. In contrast, TPC2-A1-P-activated TPC2 shows a lower relative Ca%* per-
meability, similar to PI(3,5)P,-activated TPC2. lon permeation through TPC2 is thus ligand-depen-
dent providing an explanation for conflicting evidence that TPC2 is a NAADP-activated Ca®* release
channel (Brailoiu et al., 2010; Grimm et al., 2014; Pitt et al., 2010, Ruas et al., 2015,
Schieder et al., 2010) or a PI(3,5)P, gated Na* channel (Boccaccio et al., 2014; Guo et al., 2017,
Wang et al., 2012).

TPC2 agonists activate TPC2 through distinct sites

The PI(3,5)P; binding site in TPC2 has recently been identified (She et al., 2019). To gain mechanis-
tic insight into agonist action, we mutated K204 which is required for activation of TPC2 by PI(3,5)P2
(Kirsch et al., 2018; She et al., 2019) and examined its effect on responses to TPC2-A1-N and
TPC2-A1-P. Intracellular Ca®* elevation mediated by TPC2-A1-N was similar in cells expressing
plasma membrane targeted TPC2 with and without the K204A mutation (Figure 3A and C). In con-
trast, the responses to TPC2-A1-P were reduced approximately two-fold (Figure 3B and C). Similar
selective inhibition was observed in GCaMP assays (Figure 3G). Thus, whereas responses to TPC2-
A1-N were comparable for the wild-type and mutant channel, the responses to TPC2-A1-P were
reduced by the mutation. Furthermore, currents evoked by TPC2-A1-N were largely unaffected by
the K204A mutation (Figure 3H and J). In contrast, those to TPC2-A1-P were reduced (Figure 3I
and J). Collectively, these data suggest K204 is required for activation of TPC2 by TPC2-A1-P and PI
(3,5)P, but not TPC2-A1-N. Molecular determinants for agonist action in TPC2 thus differ.

TPC2 agonists differentially affect lysosomal pH

Lysosomal function and integrity critically depend on the pH in the lysosomal lumen. Previously, it
has been reported that NAADP induced pH changes in the lumen of acidic Ca®* stores, leading to
an alkalinization (Cosker et al., 2010, Morgan and Galione, 2007) but the role of TPC2 in
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Figure 3. TPC2 agonists activate TPC2 through distinct sites. (A-B) Representative Ca®* signals recorded from Fura-2-loaded Hela cells (n = 10, each)
stimulated with the indicated concentration of TPC2-A1-N or -P. Cells were transiently transfected with plasma membrane targeted human TPC2
(ATPC2-"AL124) r the PI(3,5)P,-insensitive mutant (TPC2MA/L124/K2044) () Statistical analysis of the maximal change in Fura-2 ratio (mean + SEM) with
the number of independent transfections in parentheses. An unpaired t-test was applied. *p<0.05. (D-F) Representative Ca" signals recorded from
Hela cells (n = 10, each) transiently transfected with GCaMPé(s) fused to wild-type TPC2 (TPC28C2MP) o the PI(3,5)P,-insensitive mutant (TPC28<2MP/
K2044) Cells were sequentially stimulated with TPC2-A1-N or -P and the Ca?" ionophore ionomycin in the absence of extracellular Ca?*. (E-G) Statistical
analysis of the change in fluorescence intensity (mean + SEM) of experiments as shown in D and F. An unpaired t-test was applied. *p<0.05. (H-I)
Representative TPC2-A1-N or -P-evoked currents from enlarged endo-lysosomes isolated from HEK293 cells transiently expressing human TPC2
(hTPC2) or the PI(3,5)P,-insensitive mutant, (hnTPC2?%*A). Currents were obtained before and after addition of 10 UM TPC2-A1-N or -P. Recordings were
carried out using standard bath and pipette solutions and applying ramp protocols (—100 mV to +100 mV over 500 ms) every 5 s at a holding potential
of —60 mV. (J) Statistical analysis of current densities (mean + SEM) recorded at —100 mV for endo-lysosomes expressing TPC2 or TPC25?%*A sing
TPC2-A1-N or TPC2-A1-P to activate, respectively. *p<0.05 and **p<0.01, using one-way ANOVA followed by Tukey's post hoc test.

The online version of this article includes the following source data for figure 3:

Source data 1. TPC2 agonists activate TPC2 through distinct sites.

regulating lysosomal pH is conflicting (Ambrosio et al., 2016; Cang et al., 2013; Grimm et al.,
2014; Lin et al., 2015; Ruas et al., 2015). We therefore assessed the acute effects of TPC2-A1-N
and TPC2-A1-P on lysosomal pH using a recently described novel lysosomal pH sensor, pH-Lemon-
GPI (Burgstaller et al., 2019; Figure 4A-K and Video 1). Results from high-resolution array confocal
laser scanning microscopy revealed that TPC2-A1-N, but not TPC2-A1-P, increased pH of single
vesicles in cells expressing wild-type TPC2 (Figure 4A-B and Video 1). In contrast, no pH changes
were observed in cells expressing TPC2"2°*"_ Time-lapse wide-field fluorescence microscopy showed
that activation of endogenous TPC2 with TPC2-A1-N modestly increased the lysosomal pH in
untransfected cells in a time-dependent manner (Figure 4C and I). The pH response was markedly
potentiated in cells expressing wild-type TPC2 but not the pore-mutant (Figure 4D,E and I). The
response in the former was approximately half that evoked by direct alkalization with NaN3/NH,4CI
(Figure 4K). Again, vesicular pH was largely unaffected by TPC2-A1-P (Figure 4F-H and J). Time-
lapse imaging additionally revealed that vesicle motility was strongly impaired by TPC2-A1-N but
not TPC2-A1-P (Video 2). The effect of TPC2-A1-N was reversible and appeared to temporally cor-
relate with the increase in vesicular pH (Video 1). In endo-lysosomal patch-clamp experiments, we
probed the proton permeability of TPC2 and found that in contrast to TPC2-A1-P, TPC2-A1-N ren-
dered the channel proton-permeable, thus providing a direct channel-dependent mechanism leading
to alkalinization (Figure 4L-N). Proton permeability did not substantially change our estimates of rel-
ative Ca?* and Na* permeability as Pc./Pna values were similar when proton currents were
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Figure 4. TPC2 agonists differentially affect lysosomal pH and proton conductance. (A) Representative pseudo colored ratio images (mTurquoise2/

EYFP) of vesicle targeted pH-Lemon-GPl in control Hela cells (upper panel, n = 4/141 cells), Hela cells positive for wild-type TPC2-mCherry (middle

panel, ¢ = 3/70 cells) and Hela cells positive for TPC2L265P—mCherry (lower panel, n = 3/74 cells) in the absence (t = 0 min; left images) and upon

treatment for 10 min with 10 uM TPC2-A1-N (t = 10 min; right images). Scale bar = 5 um. (B) Representative pseudo colored ratio images
(mTurquoise2/EYFP) of vesicle targeted pH-Lemon-GPl in control Hela cells (upper panel, n = 3/121 cells), Hela cells positive for wild-type TPC2-
mCherry (middle panel, n = 3/59 cells) and Hela cells positive for TPCZL%SP—mCherry (lower panel, n = 3/71 cells) in the absence (t = 0 min; left images)
and upon treatment for 10 min with 10 uM TPC2-A1-P (t = 10 min; right images). Scale bar = 5 um. (C-E) Normalized single cell responses (grey curves)
and the respective average response (colored curves) of pH-Lemon-GPI upon treatment with 10 uM TPC2-A1-N in a region of high vesicle density.

Shown are ratio curves of pH-Lemon-GPI expressed in control Hela cells (n = 16 cells; C), in Hela cells co-expressing wild-type TPC2-mCherry (n = 12

cells; D), and Hela cells co-expressing TPCZLZéSP—mCherry (n =11 cells; E). (F-H) Experiments as in C-E for TPC2-A1-P. Shown are ratio curves of pH-
Lemon-GPI expressed in control Hela cells (n = 15 cells; F), in Hela cells co-expressing wild-type TPC2-mCherry (n = 12 cells; G), and Hela cells co-

expressing TPC2L265P-mCherry (n = 6 cells, (H). (I-J) Columns represent delta ratio values of pH-Lemon-GPI at min six from curves as shown in panels
C-E and F-H, respectively. ***p<0.001 using unpaired student’s t-test. (K) Average ratio signals over time of pH-Lemon-GPI in Hela cells expressing
wild-type TPC2-mCherry in response to either 0.5% NaN3 and 50 mM NH,Cl (black average curve + SEM, n = 12 cells) or 10 uM TPC2-A1-N (blue
average curve = SEM, n = 12 cells). Cells were treated with compounds as indicated. (L-M) Representative agonist-evoked inward H* currents from
enlarged endo-lysosomes using hTPC2-expressing HEK293 cells. Both bath and pipette solutions contained 1 mM HCI, 5 mM HEPES, 5 mM MES, 150
mM NMDG, pH as indicated, adjusted with MSA. Ramp protocol (=100 mV to +100 mV in 500 ms, holding voltage = 0 mV) was used. Currents were
obtained before and after addition of 10 uM TPC2-A1-N (L) or TPC2-A1-P (M). ATP (1 mM) was added at the end of the experiment to block TPC2 (L).
(N) Statistical analysis of current densities (mean + SEM) recorded at —100 mV (inward H* conductance; H* from luminal to cytosolic site) as shown in L

and M. *p<0.05, using one-way ANOVA followed by Bonferroni’s post hoc test.
The online version of this article includes the following source data for figure 4:

Source data 1. Effect of TPC2-A1-N on vesicular pH.
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subtracted from currents obtained under bi-ionic conditions (0.44 for TPC2-A1-N and 0.06 for TPC2-
A1-P). In sum, these findings demonstrate that TPC2 activation is coupled to lysosomal pH and
motility in an agonist-dependent manner.

TPC2 agonists differentially affect lysosomal exocytosis

To further probe the physiological relevance of TPC2 activation by the agonists, we assessed the
effect of TPC2-A1-N and TPC2-A1-P on lysosomal exocytosis (Figure 5). Lysosomal exocytosis is
involved in a plethora of physiological and pathophysiological processes including release of lyso-
somal enzymes and inflammatory mediators, clearance of lysosomal storage material and pathogens,
plasma membrane repair and cancer progression (Lopez-Castejon and Brough, 2011,
Machado et al., 2015; Miao et al., 2015; Xu and Ren, 2015). The Ca2+-dependence of this process
has been mostly ascribed to activation of TRPML1 (Xu and Ren, 2015). Here, we used murine mac-
rophages which express high endogenous levels of TPC2 (Cang et al., 2013). To assess lysosomal
exocytosis, we quantified translocation of LAMP1 to the cell surface. As shown in Figure 5A-E,
TPC2-A1-N was without effect on lysosomal exocytosis. This was not due to lack of efficacy of TPC2-
A1-N on the murine channel because Ca®* measurements with mouse TPC2 fused to GCaMPé
(MmTPC2°%2MP) confirmed that TPC2-A1-N evoked larger responses than TPC2-A1-P (Figure 5—
figure supplement 1A) similar to the human channel (Figure 1). In contrast, TPC2-A1-P evoked
robust lysosomal exocytosis in a time- and concentration-dependent manner (Figure 5A-E), provid-
ing a corollary to the effects of the agonists on lysosomal pH. To further corroborate that TPC2-A1-P
triggers TPC2-dependent vesicle fusion in primary macrophages, electrophysiological measurements
of membrane capacitance via the whole-cell patch-clamp technique were performed (Figure 5F-H).
These data showed that TPC2-A1-P caused a modest increase in cell size. In the final set of experi-
ments, we examined the effects of TPC2 knockout on agonist responses. As shown in Figure 5—fig-
ure supplement 1, both TPC2-A1-N and TPC2-A1-P evoked measurable endogenous TPC2-like
currents in macrophages from wild-type animals. The amplitudes of the currents were larger for
TPC2-A1-P than TPC2-A1-N, again recapitulating agonist effects on human TPC2 (Figure 2). Impor-
tantly, currents were reduced in macrophages derived from TPC2 KO cells (Figure 5—figure supple-
ment 1) and the effects of TPC2-A1-P on lysosomal exocytosis and cell size were abolished
(Figure 5A-E). TPC2 knockout however failed to affect lysosomal exocytosis in response to ionomy-
cin attesting to specificity (Figure 5A-E). Collectively, these data further identify agonist-selective
effects of TPC2 on lysosomal physiology in an endogenous setting.

Discussion

We demonstrate that the ion selectivity of TPC2 is not fixed but rather agonist-dependent. To the
best of our knowledge, TPC2 is a unique example of an ion channel that conducts different ions in
response to different activating ligands. The novel lipophilic, membrane permeable isoform-selective
small molecule agonists of TPC2 (TPC2-A1-N and TPC2-A1-P) characterized herein mimic the physio-
logical actions of NAADP and PI(3,5)P, most likely through independent binding sites. As such, our
data reconcile diametrically opposed opinion regarding activation of TPC2 by endogenous cues and
the biophysical nature of the ensuing ion flux. Whether TPC1 also switches its ion selectivity remains
to be established. A previous bilayer study found that PI(3,5)P, did not gate TPC1 but induced mod-
est shifts in relative permeability to different cations when TPC1 was activated by NAADP
(Pitt et al., 2014).

Physiologically, we demonstrate inverse effects of the agonists on key lysosomal activities. While
TPC2-A1-N increases the pH in the lysosomal lumen in a TPC2-dependent manner, TPC2-A1-P has
no significant effect on lysosomal pH. An alkalinizing effect of TPC2-A1-N is in accordance with
effects described previously for NAADP, which likewise induces alkalinization (Cosker et al., 2010;
Morgan and Galione, 2007) and may be related to agonist-specific effects on proton permeability.
The acute nature of these experiments in live cells, made possible by the lipophilicity of TPC2-A1-N,
circumvents possible compensatory effects of TPC2 knockout which may have confounded steady-
state analyses in previous studies (Cang et al., 2013; Grimm et al., 2014; Ruas et al., 2015). In con-
trast, TPC2-A1-P but not TPC2-A1-N promoted lysosomal exocytosis. The lack of effect of TPC2-
A1-N is surprising given the Ca®*-dependence of lysosomal exocytosis but may relate to its inhibi-
tory effect on lysosomal motility. Boosting lysosomal exocytosis is gaining traction as a strategy to
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combat disease (Lopez-Castejon and Brough, 2011, Machado et al., 2015; Miao et al., 2015;
Xu and Ren, 2015). Selective activation of TPC2 in 'PI(3,5)P,-mode’ with TPC2-A1-P offers novel
scope to achieve this.

In sum, TPC2 can mediate very different physiological and possibly pathophysiological effects

depending on how it is activated. TPC2 therefore emerges as an integrator of adenine nucleotide-
and phosphoinositide-based messengers with an intrinsic ability to signal through switchable ionic

signatures.

Materials and methods

(species) or resource Designation Source or reference Identifiers Additional information
Cell line HEK 293 DSMZ ACC 305

(Homo-sapiens)

Cell line Hela S3 ATCC CCL-2.2

(Homo-sapiens)

Cell line Hela cells stably This paper Generated by selective
(Homo-sapiens) expressing antibiotic G418 disulfate salt
pH-Lemon-GPI from Sigma Aldrich (Cat#A1720).
After 4 weeks of cultivation in
800 ng/mL, positive cells were
selected by FACS analysis.
Cell line HEK 293 stably This paper Generated by selective antibiotic
(Homo-sapiens) expressin/% neomycin from Invitrogen
TPC2MAH2A REP (Cat#10486-025) following the
guideline V790-20/V795-20
(Invitrogen)
Cell line HEK 293 stably This paper Generated by selective antibiotic

(Homo-sapiens)

e

neomycin from Invitrogen
(Cat#10486-025) following the
guideline V790-20/V795-20
(Invitrogen)

Recombinant
DNA reagent

Recombinant
DNA reagent

HsTRPML1-YFP

HsTRPML2-YFP

(Grimm et al., 2010)
PMID:20189104

(Grimm et al., 2010)
PMID:20189104

Recombinant
DNA reagent

HsTRPML3-YFP

(Grimm et al., 2010)
PMID:20189104

Recombinant HsTPC2-YFP (Chao et al., 2017)
DNA reagent PMID:28923947
Recombinant HsTPC2M*84yFpP (Chao et al., 2017)

DNA reagent

PMID:28923947

Recombinant HsTPC2M/12AyFpP This paper Generated by site-directed

DNA reagent mutagenesis from WT plasmid
published by Chao et al. (2017)

Recombinant HsTPC2M!1/12A/L265F ypp This paper Generated by site-directed

DNA reagent mutagenesis of WT plasmid
published by Chao et al. (2017)

Recombinant HsTPC2L11/12A/K204A_yEp This paper Generated by site-directed

DNA reagent mutagenesis of WT plasmid
published by Chao et al. (2017)

Recombinant HsTPC2-GCaMPés This paper Generated by subcloning

DNA reagent (Chao et al., 2017) WT TPC2
construct into Addgene
vector #40753

Recombinant HsTPC2-2¢P-GCaMPés This paper Generated by site-directed

DNA reagent

mutagenesis of WT
GCaMPés plasmid

Continued on next page
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Recombinant HsTPC2?*A.GCaMP6s This paper Generated by site-directed

DNA reagent mutagenesis of WT
GCaMPés plasmid

Recombinant MmTPC2-GCaMPés This paper Generated by subcloning

DNA reagent GCaMPés from Addgene
vector #40753 into WT
MmTPC2 vector

Recombinant HsTPC2-/12A.GFP (Brailoiu et al., 2010)

DNA reagent PMID:20880839

Recombinant HsTPC2-"V/12A_RFP (Brailoiu et al., 2010)

DNA reagent PMID:20880839

Recombinant HsTPC2M11/124/L265P_Gp This paper Generated by site-directed

DNA reagent mutagenesis of HsTPC211/12A.
GFP (plasmid)

Recombinant TRPML12NC.GFP (Yamaguchi et al., 2011)

DNA reagent PMID:21540176

Recombinant HsTPC2L!1/12A4/K20%A_GEp (She et al., 2019)

DNA reagent PMID:30860481

Recombinant MmTPC1-YFP (Zong et al., 2009) Generated by subcloning

DNA reagent PMID: 19557428 into TOPO pcDNA3.1-YFP,
Addgene vector (#13033)

Biological Macrophages from (Grimm et al., 2014)

sample TPC2 KO mouse PMID: 25144390

Antibody LAMP1 antibody Santa Cruz sc19992 1:200

Biotechnology

Transfection PolyJet SignaGen SL100688

reagent Laboratories

Transfection TurboFect Thermo Fisher R0531

reagent

Transfection Lipofectamine Thermo Fisher 11668

reagent 2000

Commercial Fluo-4 AM, Thermo Fisher F14202

assay or kit cell permeant

Commercial Fura-2 AM, Thermo Fisher F1221

assay or kit cell permeant

Chemical NAADP Tocris 3905

compound, drug

Chemical PI(3,5)P, Echelon Biosciences P-3508

compound, drug

Chemical lonomycin Sigma Aldrich and [-0634 and

compound, drug Cayman Chemical 11932

Chemical Tetrandrine Sigma Aldrich and T2695 and

compound, drug Santa Cruz sc201492A

Biotechnology

Chemical Raloxifene Cayman Chemical 10011620

compound, drug

Chemical Fluphenazine Sigma Aldrich F4765

compound, drug

Chemical ML-SA1 Merck 648493

compound, drug

Chemical ATP Sigma Aldrich A9187

compound, drug

Chemical Sodiumazide Sigma Aldrich 09718

compound, drug

(NaN3)

Continued on next page
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(species) or resource Designation Source or reference Identifiers Additional information
Chemical Ammoniumchloride Sigma Aldrich $2002
compound, drug (NH,4CI)
Software, algorithm Origin8 OriginLab
Software, algorithm GraphPad Prism GraphPad Software Inc
Other Glass Bottom ibidi 81218
Dish 35 mm
Other Perfusion Next Generation PC30 (www.ngfi.eu) Perfusion chamber used
Chamber PC30 Fluorescence Imaging with gravity based perfusion
system (NGFI, Graz, Austria)
Other u-Slide 8 Well ibidi 80826

High-throughput screening

The high-throughput screen was performed using a custom-made fluorescence imaging plate reader
built into a robotic liquid handling station (Freedom Evo 150, Tecan, Mannedorf, Switzerland) as pre-
viously described (Urban et al., 2016). HEK293 cells were used that stably expressed RFP fusion
proteins of human TPC2 (C-terminally tagged) or human CLN3 (N-terminally tagged) rerouted to the
plasma membrane. Targeting was achieved by mutation of the endo-lysosomal targeting motifs
(RTPC2MMAVLI2A KW CLN3L253412544)  Mutants were generated by site-directed mutagenesis using the
QuikChange Il XL protocol (Agilent), according to the manufacturer’s instructions. Stable HEK293
cell lines were generated using 400 ug/mL geneticin (G418, Sigma). If G418-resistant foci were not
identified after 3—-4 days, the concentration of G418 was increased to 800 ug/mL. After 2-3 weeks
cells were picked from G418-resistant foci and colonies were expanded in six well plates. RFP
expression was assessed using confocal microscopy when cells were >50% confluent. Colonies with
more than 95% RFP positive cells were selected, grown to >90% confluency, split and further
expanded. For HTS experiments, cells were cultured at 37°C with 5% of CO, in Dulbecco’s modified
Eagle medium (Thermo Fisher), supplemented with 10% fetal calf serum (Biochrom, Berlin, Ger-
many), 2 mM L-glutamine, 100 U/mL penicillin, 0.1 mg/mL streptomycin, and 400-800 ug/mL G418.
Cells were seeded on black-walled, clear-bottom 384-well plates (Greiner, Germany) and incubated
with Fluo-4/AM (4 uM; Life Technologies, Eugene, OR) for 30 min at 37°C, washed and resuspended
in a HEPES-buffered solution 1 (HBS1) comprising 132 mM NaCl, 6 mM KCI, 1 mM MgCl,, 1 mM
CaCly, 10 mM HEPES, and 5.5 mM D-glucose (pH was adjusted to 7.4 with NaOH). For primary
screening, individual compounds from Roche libraries (Xplore libraries X30 and X50, Roche, Basel,
CH) were diluted in HBS1 to a working concentration of 100 uM. After recording the baseline for 30
s, compounds were injected to a final concentration of 10 uM. Recording continued for 180 s per
quadrant (total 750 s). If high intensities were measured in both cell lines, the compounds were
deemed false positives and excluded. Concentration-effect relationships were plotted using Graph-
Pad Prism five and fitted to the Hill equation. The identity of the cell lines used has been authenti-
cated by STR profiling. No mycoplasma contamination has been reported.

Ca?* imaging

Single cell Ca?* imaging experiments were performed using Fura-2. Hela cells and HEK293 cells
were cultured at 37°C with 5% of CO, in Dulbecco’s modified Eagle medium (Gibco), supplemented
with 10% fetal bovine serum, 100 U/mL penicillin, and 0.1 mg/mL streptomycin. Cells were plated
onto poly-L-lysine (sigma)-coated glass coverslips, grown overnight and transiently transfected for
18-24 hr with plasmids using lipofectamine 2000 (Invitrogen) or TurboFect (Thermo Fisher) accord-
ing to the manufacturer's instructions. For Ca®?* influx experiments, cells were transfected with
human TPC2 (C-terminally tagged with GFP or RFP) (Brailoiu et al., 2010) or TRPML1 (N-terminally-
tagged with GFP (Yamaguchi et al., 2011) or C-terminally tagged with YFP). They were targeted to
the plasma membrane by mutation/deletion of the endo-lysosomal targeting motifs. For Ca®* imag-
ing experiments with TRPML2 or TRPML3 (both C-terminally tagged with YFP Grimm et al., 2010),
the latter two sufficiently locating to the plasma membrane when overexpressed. A pore-dead
mutant of plasma membrane, GFP-tagged TPC2 (hTPC2-"TA/L12A/L265P) \yas generated by site-
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directed mutagenesis. Transfected cells were loaded for 1 hr at room temperature with Fura-2 AM
(2.5 uM) and 0.005% (v/v) pluronic acid (both from Invitrogen) in HEPES-buffered solution 2 (HBS2)
comprising 1.25 mM KH,PO,, 2 mM CaCl,, 2 mM MgSO,, 3 mM KCI, 156 mM NaCl, 10 mM D-glu-
cose and 10 mM HEPES (adjusted to pH 7.4 with HCI). After loading, cells were washed three times
in HBS2, and mounted in an imaging chamber. All recordings were performed in HBS2. Ca®* imag-
ing experiments were also performed in HEK293 cells stably expressing C-terminally RFP-tagged
hTPC2-""AL12A (see above). These cells were plated, loaded with Fura-2 and recorded as with Hela
cells, except for that in indicated experiments, NaCl in HBS2 was replaced with NMDG. For lyso-
somal Ca?* release experiments, Hela cells were transfected with human TPC2, C-terminally tagged
with GCaMP6(s) (hnTPC29%2MP) The hTPC2 sequence was amplified by PCR from the pcDNA3.1 plas-
mid encoding YFP-tagged hTPC2 as described previously (Chao et al., 2017), using a forward
primer carrying a Nhel restriction site followed by a Kozak sequence, and a sequence binding the
first 17 base-pairs of hTPC2: TATGCTAGCGCCACCATGGCGGAACCCCAGGC. The reverse primer
also contained a Nhel restriction site, preceded by a GSG-linker coding sequence, and the final 20
base-pairs of hTPC2, excluding the TPC2 stop codon: ATAGCTAGCACCAGAACCCCTGCACAGC-
CACAGGTG. The PCR product was cloned into the GCaMPé(s) (Addgene ID 40753) vector by inser-
tion into a Nhel site, yielding plasmids encoding 6xHis tag-HsTPC2-GSG-Xpress tag-GCaMPé fusion
proteins. The ligated plasmid was sequenced by Sanger sequencing using standard CMV forward
and pEGFP reverse primers, to confirm the insertion took place as desired. A pore dead mutant
(RTPC2CCaMP/L265P) \yas generated by site-directed mutagenesis using the QuikChange Il XL protocol
(Agilent), according to the manufacturer's instructions, using the forward primer sequence GAGTC
TCTGACTTCCCCCCTGGTGCTGCTGAC (reverse primer reverse complement of the former). All
recordings were performed in nominally Ca®*-
free HBS2. Images were acquired every 3 s at
20X (Fura-2) or 40X magpnification using a cooled
coupled device camera (TILL photonics) attached TPC2 WT TPC2L265P
to an Olympus IX71 inverted fluorescence micro- ;
scope fitted with a monochromator light source.
Fura-2 was excited at 340 nm/380 nm, and
GCaMPé(s) was excited at 470 nm. Emitted fluo-
rescence was captured using 440 nm or 515 nm
long-pass filters, respectively.

Fi se . Video 2. Vesicle movement is impaired upon
00:00 treatment with TPC2-A1-N, but not with TPC-A1-P.
Hela cells stably expressing pH-Lemon-GPI and co-

Video 1. TPC2-A1-N effectively increases vesicular pH
in Hela cells. Dynamic pseudo-colored ratio
(mTurquoise2/EYFP) video of Hela cells stably
expressing pH-Lemon-GPI and co-expressing TPC2 WT
upon addition of TPC2-A1-N at the time-point
indicated. Pseudo-colored ratio scale with estimated
pH values is shown on the right. Scale bar represents
10 um.

https://elifesciences.org/articles/54712#video

expressing either TPC2 WT (upper left panel and lower
left panel) or TPC2-%%" (upper right panel and lower
right panel) were analyzed. Shown are the mTurquoise2
fluorescence signals of pH-Lemon over time upon
treatment with TPC2-A1-N (upper panels) and TPC2-
A1-P (lower panels) at the time-points indicated. Time-
lapse stacks were acquired using wide-field
microscopy. Scale bar represents 10 um.
https://elifesciences.org/articles/54712#video2

Gerndt et al. eLife 2020;9:€54712. DOI: https://doi.org/10.7554/eLife.54712

13 of 63


https://elifesciences.org/articles/54712#video1
https://elifesciences.org/articles/54712#video2
https://doi.org/10.7554/eLife.54712

eLife

Biochemistry and Chemical Biology

WT mAM®

DMSO

C 20+

TPC2 mAM®

[¢)]
1

B WT mAM®
mm TPC2” mAM®

O

N
o
1

(15)

-
o
1

.

LAMP1 intensity (PM)
)
1

LAMP1 intensity (PM)
2

o © gis)
26)(26)

3 i I i
Dy @O @) (3 )
0- 0- 0
PO N PO » 3
KN ,\Ogs\fo (,_,Q @ @ QQQ@ @ 0 O (\q/q 6V$
A NPT 2 ®
AN \\Q & C”Q & & oF
?:\f ?'“\l R \§ N \ R ,\,é S % N > &
PRYAT X a¥afoX 2 X Pl AN &
Y ¥ G WA A A AN A2
QKL KK R R QQ S KL K <
F G 1.10

1.10 TPC2-A1-P TPC2-A1-P

lonomycin

-

o

(5]
1

B WT mAM® TPC2-mAM® Y -~ I

1.00 g™~ - - - - - - - ------- - - - -
0.951 - WT
0.90 4+————r——
0 180 360 540
Time (s)

Nrm. cell size

TPC2-A1-N

1. ns.  mm WT
3x10 T B =Pt g 110 * =110 *
a 0 © 8 © : ®
< ® 11 n 1.057 9 w 1.054
Ry 3 2x10 = o) = 9)
£ < £ 1.001 S 1.00
£ s 8. I
£ 1x1074 3 3
© 0.95 ©0.95
£ £
z
0- 0.90- Z 0.90-

Figure 5. TPC2 agonists differentially affect lysosomal exocytosis. (A-B) Representative images of LAMP1 translocation assay using murine wild-type
and TPC2 KO alveolar macrophages. Shown are results obtained after 120 min treatment with either DMSO, TPC2-A1-P (30 uM) or TPC2-A1-N (30 uM),
or 10 min treatment with ionomycin (4 uM). (C-E) Statistical analysis of experiments as shown in A and B at different compound concentrations and
incubation times as indicated. Shown are mean values + SEM. **p<0.01, and ***p<0.001, using two-way ANOVA followed by Bonferroni’s post hoc test.
(F-G) Electrophysiological measurements of membrane capacitance via the whole-cell patch-clamp technique as an estimate of cell size (in picofarad
[pF]) were used to record fusion of vesicles of primary alveolar macrophages isolated from WT (black, n = 9, F) or TPC2 KO (red, n = 9, G) mice. The
normalized, averaged cell size was plotted versus time of the experiment. TPC2-A1-P (30 uM) was applied at 180 s until the end of the experiment
indicated by the black bar. Data are shown as mean + SEM. (H) Bar graphs show mean cell sizes at different time points. The initial cell size was
measured immediately after whole cell break in pF and was used for normalization (left panel). Statistical analysis at 400 s (middle panel) and at 540 s
(right panel). *p<0.05, unpaired student'’s t-test.

The online version of this article includes the following source data and figure supplement(s) for figure 5:

Source data 1. TPC2 agonists differentially affect lysosomal exocytosis.
Figure supplement 1. Effect of TPC2-A1-N and TPC2-A1-P on mouse TPC2 in overexpressing and endogenously expressing cells.

Endo-lysosomal patch-clamp experiments

Manual whole-endo-lysosomal patch-clamp recordings were performed as described previously
(Chen et al., 2017). HEK293 cells were plated onto poly-L-lysine (Sigma)-coated glass coverslips,
grown over night and transiently transfected for 17-25 hr with plasmids using TurboFect (Thermo
Fisher) according to the manufacturer’s instructions. Cells expressing wild-type (hTPC2) and a gain-
of-function variant (h\TPC2M*84) of human TPC2 tagged at their C-termini with YFP were used
(Chao et al., 2017). Cells were treated with either vacuolin or YM201636 (1 uM and 800 nM over-
night, respectively) to enlarge endo-lysosomes. Currents were recorded using an EPC-10 patch-
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clamp amplifier (HEKA, Lambrecht, Germany) and PatchMaster acquisition software (HEKA). Data
were digitized at 40 kHz and filtered at 2.8 kHz. Fast and slow capacitive transients were cancelled
by the compensation circuit of the EPC-10 amplifier. Glass pipettes for recording were polished and
had a resistance of 4-8 MQ. For all experiments, salt-agar bridges were used to connect the refer-
ence Ag-AgCl wire to the bath solution to minimize voltage offsets. Liquid junction potential was
corrected as described (Chen et al., 2017). For the application of agonists, cytoplasmic solution was
completely exchanged. Unless otherwise stated, the cytoplasmic solution comprised 140 mM
K-MSA, 5 mM KOH, 4 mM NacCl, 0.39 mM CaCl,, 1 mM EGTA and 10 mM HEPES (pH was adjusted
with KOH to 7.2). Luminal solution comprised 140 mM Na-MSA, 5 mM K-MSA, 2 mM Ca-MSA, 1
mM CaCl,, 10 mM HEPES and 10 mM MES (pH was adjusted to 4.6 with MSA). 500 ms voltage
ramps from —100 to +100 mV were applied every 5 s, holding potential at 0 mV. The current ampli-
tudes at —100 mV were extracted from individual ramp current recordings. For MmTPC1 measure-
ments a one step protocol was applied (+140 mV over 2 s, holding potential of —70 mV) and the
cytoplasmic solution contained 140 mM Na-gluconate, 5 mM NaOH, 4 mM KCI, 2 mM MgCl2, 0.39
mM CaCl2, 1 mM EGTA and mM 10 HEPES (pH 7.2). The luminal solution contained 140 mM Na-
MSA, 5 mM K-MSA, 2 mM Ca-MSA, 1 mM CaCl,, 10 mM HEPES and 10 mM MES (pH was adjusted
to 4.6 with MSA). All statistical analyses were done using Origin8 software.

For analyses under bi-ionic conditions, HEK293 cells stably expressing hTPC2 tagged at its C-ter-
minus with YFP were used. The cytoplasmic solution comprised 160 mM NaCl and 5 mM HEPES (pH
was adjusted with NaOH to 7.2) and the luminal solution comprised 105 mM CaCl,, 5 mM HEPES
and 5 mM MES (pH was adjusted to 4.6 with MSA). The permeability ratio (Pc./Pna) was calculated
according to Fatt and Ginsborg (1958):

PCa:'YNa' [Na]i e Ernt
PN!/I Yca 4[Ca]()

for bi-ionic test (Figure 2Q and Figure 2—figure supplement 1F), and equation according to Eg.
13.47 from Jackson (2006),

ErevF
Pca  Yna ([Na]l..ex RT — [NaL,) (ex E;g;F " l>
PNa B Yca 4[Ca]0 ’

for internal and external solutions containing the same monovalent and divalent cations (Figure 2—
figure supplement 1D-F). Pc, = Ca®' permeability; Py, = Na* permeability; yc, = Ca®* activity
coefficient (0.52); yna = Na* activity coefficient (0.75); [Cal, = concentration of Ca%" in the lumen;
[Nai = concentration of Na® in the cytosol; [Na], = concentration of Na® in the lumen;
E oy = reversal potential; F, R = standard thermodynamic constants; T = temperature.

Isolation of murine alveolar macrophages

For preparation of primary alveolar macrophages, mice were deeply anesthetized and euthanized by
exsanguination. The trachea was exposed and cannulated by inserting a 20-gauge catheter (B.
Braun). Cells were harvested by eight consecutive lung lavages with 1 mL of DPBS (Dulbeccos’s
Phosphate-Buffered Saline) and cultured in RPMI 1640 medium supplemented with 10% fetal bovine
serum and 1% antibiotics. For experimentation, alveolar macrophages were directly seeded onto 12
mm glass cover slips and used within 5 days after preparation.

Lysosomal exocytosis experiments

Alveolar macrophages (3 x 10%), isolated from wild-type and TPC2 KO mice (described in
Grimm et al., 2014) were seeded on 8-well plates (Ibidi) and cultured overnight. Cells were washed
once with Minimum Essential Media (MEM) supplemented with 10 mM HEPES and then treated with
TPC2-A1-N or TPC2-A1-P as indicated. lonomycin (4 uM for 10 min) was used as positive control.
Following treatment, cells were incubated with an anti-LAMP1 antibody (1:200, SantaCruz) in MEM
supplemented with 10 mM HEPES and 1% BSA for 20 min on ice. Cells were then fixed with 2.6%
PFA (Thermo Fisher) for 20 min and incubated with Alexa Fluor 488 conjugated secondary antibody
(Thermo Fisher) for 1 hr in PBS containing 1% BSA. Nuclei were stained with DAPI. Confocal images
were acquired using an LSM 880 microscope (Zeiss) with 40X magnification.
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Capacitance measurements

Vesicle fusion of wild-type and TPC2-deficient primary alveolar macrophages was analyzed by mea-
suring cell membrane capacitance using the patch-clamp technique as previously described
(Zierler et al., 2016). In brief, vesicle fusion was recorded using the automated capacitance cancella-
tion function of the EPC-10 (HEKA, Lambrecht, Germany). Measurements were performed in a tight
seal whole-cell configuration at room temperature. Membrane capacitance values directly captured
after breaking the seal between the membrane and the glass pipette were used as a reference for
the initial cell size. Further recorded capacitance values were normalized to this initial determined
capacitance. Extracellular solution contained: 140 mM NaCl, 1 mM CaCl,, 2.8 mM KCI, 2 mM
MgCl,, 10 mM HEPES-NaOH, 11 mM glucose (pH 7.2, 300 mosmol/L). Internal solution contained:
120 mM potassium glutamate, 8 mM NaCl, 1 mM MgCl,, 10 mM HEPES-NaOH, 0.1 mM GTP (pH
7.2, 280 mosmol/L). At 180 s TPC2-A1-P (30 uM, diluted in external solution) was applied via an
application pipette.

Lysosomal pH measurements

Cell culture and transfection: DMEM (Sigma Aldrich) containing 10% fetal bovine serum, 100 U/mL
penicillin, 100 pg/mL streptomycin, and 2.5 ug/mL Fungizone (Thermo Fisher) was used to grow
Hela cells (all obtained from ATCC, Guernsey, UK). Transfection of cells in six-well (Greiner-Bio-One,
Kremsminster, Austria) was performed using PolyJet transfection reagent (SignaGen Laboratories,
Rockville). HelLa cells stably expressing pH-Lemon-GPl (NGFI, Graz, Austria) were generated by
selection with 800 ug/mL of G418 (Sigma Aldrich, St. Louis, USA) and FACS sorting for CFP (excita-
tion at 405 nm). Wide-field fluorescence microscopy experiments were performed using an OLYM-
PUS IX73 inverted microscope (OLYMPUS, Vienna, Austria) using a 40X objective (UApo N 340, 40X/
1.35 QOil, ©/0.17/FN22, OLYMPUS). lllumination was performed using an OMICRON LedHUB High-
Power LED Light Engine, equipped with a 455 nm and 505 nm LED light source (OMICRON elec-
tronics, Vienna, Austria), and 430 nm and 500 nm excitation filters (AHF Analysentechnik, Tubingen,
Germany), respectively. Images were captured at a binning of 2 using a Retiga R1 CCD camera (TEL-
EDYNE QIMAGING, Surrey, Canada) and emissions were separated using an optical beam splitter
(DV2, Photometrics, Arizona). Array Confocal microscopy was performed using an array confocal
laser scanning microscope (ACLSM) built on a fully automatic inverse microscope (Axio Observer.Z1,
Zeiss, Gottingen, Germany) using a 100x objective (Plan-Apochromat 100x, 1.4 Oil M27). Excitation
was performed using laser light of diode lasers (Visitron Systems): CFP of pH-lemon was excited at
445 nm and 505 nm respectively. Emitted light was acquired with emission filters ET480/40 m for
CFP and ET525/50 m for EYFP (Chroma Technologies, VT). A Photometrics CCD camera (CoolSnap
HQ2) was used to capture all images at a binning of 1. Device control and image acquisition was
performed using VisiView image acquisition and control software (Visitron Systems, Puchheim, Ger-
many) for both devices. Images were processed using MetaMorph analysis software (Molecular Devi-
ces, San Jose). Data and statistical analyses were done using GraphPad Prism Software.

Synthesis of the compounds
All chemicals used were of analytical grade and were obtained from abcr (Karlsruhe, Germany),
Fischer Scientific (Schwerte, Germany), Sigma-Aldrich (now Merck, Darmstadt, Germany), TCI
(Eschborn, Germany) or Th. Geyer (Renningen, Germany). HPLC grade and dry solvents were pur-
chased from VWR (Darmstadt, Germany) or Sigma-Aldrich, all other solvents were purified by distilla-
tion. Hydrophobic phase separation filters (MN 617 WA, 125 mm) were purchased from Macherey
Nagel (Diuren, Germany). All reactions were monitored by thin-layer chromatography (TLC) using
pre-coated plastic sheets POLYGRAM SIL G/UV254 from Macherey-Nagel and detected by irradia-
tion with UV light (254 nm or 366 nm). Flash column chromatography (FCC) was performed on Merck
silica gel Si 60 (0.015-0.040 mm).

NMR spectra ("H, 3C, DEPT, COSY, HSQC/HMQC, HMBC) were recorded at 23°C on an Avance
[l 400 MHz Bruker BioSpin or Avance Ill 500 MHz Bruker BioSpin instrument, unless otherwise speci-
fied. Chemical shifts & are stated in parts per million (ppm) and are calibrated using residual protic
solvents as an internal reference for proton (CDCls: § = 7.26 ppm, (CD3),SO: § = 2.50 ppm) and for
carbon the central carbon resonance of the solvent (CDCl3: § = 77.16 ppm, (CD3),SO: § = 39.52
ppm). Multiplicity is defined as s = singlet, d = doublet, t = triplet, g = quartet, sext = sextet,
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m = multiplet. NMR spectra were analyzed with NMR software MestReNova, version 12.0.1-20560
(Mestrelab Research S.L.). High-resolution mass spectra were performed by the LMU Mass Spec-
trometry Service applying a Thermo Finnigan MAT 95 or Joel MStation Sektorfeld instrument at a
core temperature of 250°C and 70 eV for El or a Thermo Finnigan LTQ FT Ultra Fourier Transform
lon Cyclotron Resonance device at 250°C for ESI. IR spectra were recorded on a Perkin Elmer FT-IR
Paragon 1000 instrument as neat materials. Absorption bands were reported in wave number (cm™")
with ATR PRO450-S. Melting points were determined by the open tube capillary method on a Biichi
melting point B-540 apparatus and are uncorrected. Microwave-assisted reactions were carried out
in a Discover (S-Class Plus) SP microwave reactor (CEM GmbH, Kamp-Lintfort, Germany). HPLC puri-
ties were determined using an HP Agilent 1100 HPLC with a diode array detector and an Agilent
Poroshell column (120 EC-C18; 3.0 x 100 mm; 2.7 micron) with acetonitrile/water as eluent (60:40
acetonitrile/water + 0.1% formic acid).

Preparation of the TPC2-A1-N series

General procedure A — Amide coupling

According to Sjogren et al. (1991) the appropriate aniline (1.0 eq.) and 2-cyanoacetic acid (1.0 eq.)
were dissolved in DMF and cooled to 0°C. DCC (1.0 eq.) was added portion wise. The mixture was
warmed up to rt over 1 hr and subsequently diluted with hexanes/EtOAc (1:1). Precipitates were
removed by filtration and the filtrate was extracted once with 1 M ag. HCl and thrice with EtOAc.
The combined organic layers were washed with sat. ag. NaCl solution, dried over Na,SOy, filtered
and concentrated in vacuo. Recrystallization from EtOH yielded the desired amides.

General procedure B - synthesis of N-aryl cyanoacetamides
According to Sjogren et al. (1991) the appropriate amides received from general procedure A (1.0
eq.) were dissolved in dry THF, the solution was cooled to 0°C and NaH (dispersion in paraffin, 60%,
2.3 eq.) was added. After stirring for 15 min, the appropriate benzoyl chloride (1.1 eq.) was added.
The mixture was stirred at 0°C for 1 hr and then cautiously treated with 1 M HCI. The precipitate was
collected by filtration, washed with ice water and cold EtOH and recrystallized from toluene to give
the desired cyanoacetamides.

If the appropriate benzoyl chloride was not commercially available, it was prepared by refluxing
the appropriate benzoic acid (1.1 eq.) in SOCI, (55 eq.) for 1 hr and concentrating in vacuo. The
resulting acid chloride was immediately transferred to the reaction.

Preparation of the TPC2-A1-P series

General procedure C — Paal-Knorr pyrrole synthesis

Following a general procedure published by Kang et al. (2010) the appropriate B-ketoester (1.1
eq.) was dissolved in dry THF and cooled to 0°C, before NaH (dispersion in paraffin, 60%, 1.5 eq.)
was added portion wise. After the suspension was stirred for 30 min, a solution of appropriate halo-
genated acetophenone (1.0 eq.) and Kl (1.0 eq.) in dry THF was added dropwise. The reaction mix-
ture was allowed to warm up to rt over 2 hr, then poured on water and extracted three times with
diethyl ether. The combined organic phases were washed with sat. aq. NaHCO3 solution, dried over
NaySQ,, filtered and concentrated in vacuo. The residue was dissolved in acetic acid and the appro-
priate primary amine (2.0 eq.) was added dropwise. The reaction mixture was stirred at 80°C for 18
hr. The solvent was removed in vacuo, the residue disperged in water and extracted three times
with diethyl ether. The collected organic phases were washed with sat. ag. NaHCO3 solution, dried
over NaySO, and concentrated in vacuo. Purification was accomplished by FCC and recrystallization
from EtOH if not otherwise specified.

General procedure D - alkaline deprotection of the pyrrolecarboxylic
esters

LiOH (10 eq.) was added to a solution of the appropriate ester (1.0 eq.) in dioxane/H,O (5:1) and
the reaction mixture was stirred in a closed vessel under microwave irradiation (pnax = 8 bar,
Pmax = 200 W, Tax = 180°C) for 1-18 hr. The suspension was diluted with water to thrice original
volume and ag. 2 M HCI was added dropwise under vigorous stirring until the mixture was strongly
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acidic. The formed precipitate was collected by filtration, washed with water and dried. If necessary
the acids were recrystallized from EtOH to yield the pure products.

Synthesis of TPC2-A1-N and analogs

FCUA o
.
I:LNA{/CN
6' H 2

SGA-34

Chemical structure 1. 2-Cyano-N-(4-(trifluoromethyl)phenyl)acetamide — SGA-34.

According to general procedure A, 4-(trifluoromethyl)aniline (812 uL, 6.47 mmol, 1.1 eq.), 2-cyano-
acetic acid (500 mg, 5.88 mmol, 1.0 eq.) and DCC (1.27 g, 6.17 mmol, 1.1 eq.) in DMF (7.0 mL) were
used to yield amide SGA-34 as colorless crystals (983 mg, 4.31 mmol, 73%). Analytical data are in
accordance with literature (Davies et al., 2009; Sjogren et al., 1991). R¢ = 0.14 (4:1 hexanes/ace-
tone). m.p.: 195°C [(Sjogren et al, 1991): 191-193°C]. '"H NMR (400 MHz, (CD),SO) &/
ppm = 10.65 (s, TH, NH), 7.75 (d, J = 8.8 Hz, 2H, 3'-H, 5'-H), 7.70 (d, J = 8.8 Hz, 2H, 2'-H, 6'-H), 3.95
(s, 2H, 2 hr). *C NMR (101 MHz, (CD3),SO) 6/ppm = 161.9 (C-1), 141.9 (C-1"), 126.3 (q, Jcr = 3.7
Hz, C-3', C-5'), 124.4 (q, Jcr = 271.4 Hz, CF3), 124.0 (q, Jcr = 32.0 Hz, C-4"), 119.2 (C-2’, C-6'), 115.7
(CN), 27.0 (C-2). IR (ATR) Vma/cm™'=3287, 3221, 3147, 1681, 1612, 1557, 1319, 1110, 1065, 849,
835. HRMS (ESI): calcd. for C1gHgF3NoO (M-H)™ 227.04377; found 227.04371. Purity (HPLC):>96%
(A =210 nm),>96% (A = 254 nm).

1 3'
4 2 o
"
3 N)*/CN
6' H 2

1

Chemical structure 2. 2-Cyano-N-(p-tolyl)acetamide (1).

According to general procedure A, p-toluidine (712 uL, 6.47 mmol, 1.1 eq.), 2-cyanoacetic acid
(500 mg, 5.88 mmol, 1.0 eq.) and DCC (1.27 g, 6.17 mmol, 1.1 eq.) in DMF (7.0 mL) were used to
yield amide one as colorless crystals (728 mg, 4.18 mmol, 71%). Analytical data are in accordance
with literature (Yuan et al., 2019). Ry = 0.14 (4:1 hexanes/acetone). m.p.: 184°C [(Yuan et al., 2019):
186°C]. TH NMR (400 MHz, (CD3),SO) 8/ppm = 10.19 (s, 1H, NH), 7.47-7.36 (m, 2H, 2'-H, é'-H),
7.13 (d, J = 8.2 Hz, 2H, 3'-H, 5'-H), 3.86 (s, 2H, 2 hr), 2.25 (s, 3H, CHs3). '3C NMR (101 MHz,
(CD3),S0) 8/ppm = 160.7 (CO), 135.9 (C-17), 132.9 (C-4'), 129.3 (C-3', C-5'), 119.2 (C-2', C-6'), 116.0
(CN), 26.6 (C-2), 20.4 (CHs). IR (ATR) Vmax/cm™'=3267, 3207, 3137, 1660, 1613, 1552, 1510, 819.
HRMS (ESI): calcd. for C19gHyNoO (M-H)" 173.07204; found 173.07194. Purity (HPLC): >96% (A = 210
nm), >96% (A = 254 nm).

3
O
"
=) N)J\/CN
6' H 2

2

Chemical structure 3. 2-Cyano-N-phenylacetamide (2).

According to general procedure A, aniline (1.96 mL, 21.5 mmol, 1.0 eq.), 2-cyanoacetic acid (2.01
g, 23.6 mmol, 1.1 eq.) and DCC (4.87 g, 23.6 mmol, 1.1 eq.) in DMF (20 mL) were used to yield
amide two as colorless crystals (2.60 g, 16.2 mmol, 76%). Analytical data are in accordance with
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literature (Yuan et al., 2019). R¢ = 0.12 (4:1 hexanes/acetone). m.p.: 202°C [(Yuan et al., 2019): 172°
Cl TH NMR (500 MHz, (CD3),SO) 6/ppm = 10.28 (s, 1H, NH), 7.54 (dt, J = 8.7, 1.6 Hz, 2H, 2'-H, 6'-
H), 7.39-7.29 (m, 2H, 3'-H, 5'-H), 7.15-7.04 (m, 1H, 4'-H), 3.89 (s, 2H, 2 hr). 13C NMR (126 MHz,
(CD3),S0) 6/ppm = 161.0 (CO), 138.4 (C-1"), 128.9 (C-3', C-5'), 123.9 (C-4"), 119.2 (C-2', C-6"), 115.9
(CN), 26.7 (C-2). IR (ATR) Vmax/cm™'=3265, 3207, 3143, 3099, 3052, 1653, 1620, 1557, 1299, 943,
761, 696. HRMS (ESI): calcd. for CoH;N,O (M-H)™ 159.05639; found 159.05628. Purity (HPLC):>96%
(A =210 nm),>96% (A = 254 nm).
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Chemical structure 4. 2-Cyano-N-(4-methoxyphenyl)acetamide (3).

According to general procedure A, p-anisidine (2.36 mL, 20.3 mmol, 1.0 eq.), 2-cyanoacetic acid
(19.0 g, 22.3 mmol, 1.1 eq.) and DCC (4.61 g, 22.3 mmol, 1.1 eq.) in DMF (20 mL) were used to yield
amide three as pale blue crystals (1.58 g, 8.31 mmol, 41%). Analytical data are in accordance with lit-
erature (Yuan et al., 2019). Rf = 0.10 (4:1 hexanes/acetone). m.p.: 137°C [(Yuan et al., 2019): 176°
C]. "H NMR (400 MHz, (CD3),SO) 6/ppm = 10.14 (s, 1H, NH), 7.53-7.38 (m, 2H, 2'-H, &'-H), 7.00-
6.83 (m, 2H, 3'-H, 5'-H), 3.84 (s, 2H, 2 hr), 3.72 (s, 3H, OCHj;). *C NMR (101 MHz, (CD3),SO) &/
ppm = 160.4 (CO), 155.6 (C-4'), 131.4 (C-1"), 120.8 (C-2', C-6"), 116.0 (CN), 114.0 (C-3’, C-5), 55.2
(OCHs), 26.5 (C-2). IR (ATR) Vimax/cm ™ '=3299.3150, 1655, 1608, 1557, 1511, 1251, 1032, 828. HRMS
(ESI): caled. for C1oH9N2O, (M-H)™ 189.06695; found 189.06688. Purity (HPLC):>96% (A = 210 nm),
>96% (A = 254 nm).

' 3'
Cl 4 2 o
1
5 AN
6' H 2

4

Chemical structure 5. N-(4-Chlorophenyl)—2-cyanoacetamide (4).

According to general procedure A, 4-chloroaniline (682 uL, 23.0 mmol, 1.0 eq.), 2-cyanoacetic
acid (2.16 g, 25.4 mmol, 1.1 eq.) and DCC (5.23 g, 25.4 mmol, 1.1 eq.) in DMF (20 mL) were used to
yield amide four as colorless crystals (3.46 g, 17.8 mmol, 77%). Analytical data are in accordance
with literature (Yuan et al., 2019). Rf = 0.14 (3:2 hexanes/acetone). m.p.: 207°C [(Yuan et al., 2019):
179°C]. "H NMR (500 MHz, (CD3),SO) 8/ppm = 10.42 (s, 1H, NH), 7.62-7.51 (m, 2H, 2'-H, &'-H),
7.50-7.27 (m, 2H, 3'-H, 5-H), 3.91 (s, 2H, 2 hr). "3C NMR (126 MHz, (CD3),SO) 8/ppm = 161.2 (CO),
137.3 (C-1), 128.8 (C-3', C-5'), 127.5 (C-4"), 120.8 (C-2’, C-6"), 115.8 (CN), 26.8 (C-2). IR (ATR) V,nax/
ecm~'=3264, 3200, 3132, 3083, 1664, 1610, 1548, 1491, 832. HRMS (ESI): calcd. for CoHg>>CIN,O
(M-H)" 193.01741; found 193.01750. Purity (HPLC):>96% (A = 210 nm),>96% (A = 254 nm).
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Chemical structure 6. N-(4-Bromophenyl)—2-cyanoacetamide (5).

According to general procedure A, 4-bromoaniline (2.00 mL, 17.1 mmol, 1.0 eq.), 2-cyanoacetic
acid (1.60 g, 18.8 mmol, 1.1 eq.) and DCC (3.88 g, 18.8 mmol, 1.1 eq.) in DMF (20 mL) were used to
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yield amide five as colorless crystals (1.62 g, 6.76 mmol, 40%). Analytical data are in accordance with
literature (Yuan et al., 2019). R¢ = 0.14 (4:1 hexanes/acetone). m.p.: 186°C [(Yuan et al., 2019): 185
Cl. "H NMR (400 MHz, (CD3),SO) 8/ppm = 10.42 (s, 1H, NH), 7.52 (s, 4H, 2'-H, 3'-H, 5'-H, 6'-H),
3.90 (s, 2H, 2 hr)."3C NMR (101 MHz, (CD3),SO) 8/ppm = 161.2 (CO), 137.7 (C-1"), 131.7 (C-2', C-6'
or C-3', C-5'), 121.2 (C-2', C-6' or C-3', C-5'), 115.8 (C-4"), 115.5 (CN), 26.8 (C-2). IR (ATR) Vimax/
cm™'=3322, 2927, 2849, 1608, 1547, 1245, 828. HRMS (ESI): calcd. for CoHe’"BrN,O (M-H)
236.96690; found 236.96692. Purity (HPLC):>96% (A = 210 nm),>96% (A = 254 nm).
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Chemical structure 7. 2-Cyano-N-(4-fluorophenyl)acetamide (6).

According to general procedure A, 4-fluoroaniline (2.16 mL, 22.5 mmol, 1.0 eq.), 2-cyanoacetic
acid (1.91 g, 22.5 mmol, 1.0 eq.) and DCC (4.64 g, 22.5 mmol, 1.0 eq.) in DMF (20 mL) were used to
yield amide six as colorless crystals (3.00 g, 16.9 mmol, 75%). Analytical data are in accordance with
literature (Ammar et al., 2006). Rf= 0.11 (4:1 hexanes/acetone). m.p.: 179°C [[Ammar et al., 2006):
158-160°C]. "H NMR (400 MHz, (CD3),SO) 8/ppm = 10.34 (s, 1H, NH), 7.66-7.46 (m, 2H, 2'-H, 6'-H),
7.27-7.09 (m, 2H, 3'-H, 5-H), 3.89 (s, 2H, 2 hr). "3C NMR (101 MHz, (CD3),SO) 8/ppm = 161.0 (CO),
158.3 (d, Jcr = 240.5 Hz, C-4"), 134.7 (d, Jcr = 2.7 Hz, C-1"), 121.1 (d, Jcr = 7.9 Hz, C-2', C-6"), 115.9
(CN), 115.5 (d, Jcr = 22.3 Hz, C-3', C-5'), 26.6 (C-2). IR (ATR) Vmax/cm71=3274, 3166, 3107, 1662,
1623, 1566, 1505, 834. HRMS (ESI): calcd. for CoHFN,O (M-H)™ 177.04696; found 177.04687. Purity
(HPLC):>96% (AL = 210 nm),>96% (A = 254 nm).
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Chemical structure 8. 2-Cyano-N-(4-iodophenyl)acetamide (7).

According to general procedure A, 4-iodoaniline (4.50 g, 20.5 mmol, 1.0 eq.), 2-cyanoacetic acid
(17.5 g, 20.5 mmol, 1.0 eq.) and DCC (4.24 g, 20.5 mmol, 1.0 eq.) in DMF (20 mL) were used to yield
amide seven as pale blue crystals (4.50 g, 15.7 mmol, 77%). The compound is literature known, but
no analytical data are available (Sjogren et al., 1991). Rf = 0.11 (4:1 hexanes/acetone). m.p.: 218°C.
"H NMR (400 MHz, (CD3),SO) 8/ppm = 10.38 (s, 1H, NH), 7.78-7.60 (m, 2H, 3'-H, 5'-H), 7.49-7.29
(m, 2H, 2'-H, 6'-H), 3.90 (s, 2H, 2 hr). "3C NMR (101 MHz, (CDs),SO) 6/ppm = 161.2 (CO), 138.2 (C-
11, 137.6 (C-3', C-5'), 121.4 (C-2', C-6'), 115.8 (CN), 87.6 (C-4"), 26.8 (C-2). IR (ATR) Viax/
em™'=3265, 3188, 3113, 3078, 1666, 1543, 1391, 1299, 823. HRMS (ESI): calcd. for CoHgIN,O (M-H)"
284.95303; found 284.95302. Purity (HPLC):>96% (A = 210 nm),>96% (A = 254 nm).
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Chemical structure 9. 2-Cyano-N-(4-nitrophenyl)acetamide (8).

According to general procedure A, 4-nitroaniline (696 uL, 7.24 mmol, 1.0 eq.), 2-cyanoacetic acid
(616 mg, 7.24 mmol, 1.0 eq.) and DCC (1.49 g, 7.24 mmol, 1.0 eq.) in DMF (20 mL) were used to
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yield amide eight as yellow solid (918 mg, 4.47 mmol, 62%). Analytical data are in accordance with
literature (Sohn et al., 2017). R¢= 0.11 (4:1 hexanes/acetone). m.p.: 218°C [(Sohn et al., 2017): 220°
Cl. "H NMR (400 MHz, (CD5),SO) 6/ppm = 10.88 (s, 1H, NH), 8.35-8.15 (m, 2H, 3'-H, 5'-H), 7.93—
7.71 (m, 2H, 2'-H, &'-H), 4.00 (s, 2H, 2 hr). "3C NMR (101 MHz, (CD5),SO) 8/ppm = 162.2 (CO),
144.4 (C-1"), 142.7 (C-4"), 125.1 (C-3", C-5), 119.0 (C-2’, C-6"), 115.5 (CN), 27.2 (C-2). IR (ATR) Vmax/
cm~'=3287, 1673, 1562, 1503, 1336, 1259, 860, 748. HRMS (ESI): calcd. for CoHgN3O3 (M-H)
204.04146; found 204.04146. Purity (HPLC):>96% (A = 210 nm),>96% (A = 254 nm).
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Chemical structure 10. 2-Cyano-N-(4-cyanophenyl)acetamide (9).

According to general procedure A, 4-aminobenzonitrile (1.00 g, 8.46 mmol, 1.0 eq.), 2-cyanoace-
tic acid (7.20 g, 8.46 mmol, 1.0 eq.) and DCC (1.75 g, 8.46 mmol, 1.0 eq.) in DMF (10 mL) were used
to yield amide nine as yellow solid (1.22 g, 6.57 mmol, 78%). The compound is literature known, but
no analytical data are available (Sjogren et al., 1991). R¢ = 0.08 (4:1 hexanes/acetone). m.p.: 201°C.
"H NMR (500 MHz, (CD3),SO) 8/ppm = 10.72 (s, 1H, NH), 7.82-7.78 (m, 2H, 3'-H, 5'-H), 7.74-7.70
(m, 2H, 2'-H, 6'-H), 3.97 (s, 2H, 2 hr). "3C NMR (126 MHz, (CDs),SO) 6/ppm = 162.0 (CO), 142.5 (C-
1), 133.5 (C-3", C-5'), 119.3 (C-2', C-6"), 118.9 (C-4'), 115.6 (CH,CN), 105.7 (CN), 27.1 (C-2). IR (ATR)
Vimax/cm™'=3268, 3194, 3118, 2229, 1599, 1538, 1504, 845. HRMS (ESI): calcd. for C1o0HsN3O (M-H)
184.05164; found 184.05161. Purity (HPLC):>96% (A = 210 nm),>96% (A = 254 nm).
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Chemical structure 11. N-(4-Acetylphenyl)—2-cyanoacetamide (10).

According to general procedure A, 4-aminoacetophenone (1.30 mL, 7.40 mmol, 1.0 eq.), 2-cyano-
acetic acid (629 mg, 7.40 mmol, 1.0 eq.) and DCC (1.53 g, 7.40 mmol, 1.0 eq.) in DMF (10 mL) were
used to yield amide 10 as yellow crystals (802 mg, 3.97 mmol, 54%). Analytical data are in accor-
dance with literature (Metwally et al., 2017). R = 0.37 (3:2 hexanes/acetone). m.p.: 194°C
[(Metwally et al., 2017): 225°C]. "H NMR (500 MHz, (CD5),SO) 8/ppm = 10.63 (s, 1H, NH), 7.99-
7.91 (m, 2H, 3'-H, 5'-H), 7.74-7.62 (m, 2H, 2'-H, &'-H), 3.96 (s, 2H, 2 hr), 2.53 (s, 3H, CHs). "*C NMR
(101 MHz, (CD3),SO) 8/ppm = 196.5 (COCHj3), 161.7 (HNCO), 142.6 (C-1), 132.2 (C-4'), 129.6 (C-3',
C-5"), 118.5 (C-2, C-6"), 115.7 (CN), 27.0 (C-2), 26.5 (CH3). IR (ATR) V,na/cm ™ '=3286, 2250, 1695,
1651, 1599, 1536, 1279, 1249, 833, 720. HRMS (ESI): calcd. for C11H9N,O5 (M-H)™ 201.06695; found
201.06694. Purity (HPLC):>96% (A = 210 nm),>96% (A = 254 nm).
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Chemical structure 12. 2-Cyano-N-(4-propoxyphenyl)acetamide (11).

Gerndt et al. eLife 2020;9:€54712. DOI: https://doi.org/10.7554/eLife.54712 21 of 63


https://doi.org/10.7554/eLife.54712

eLife

Biochemistry and Chemical Biology

According to general procedure A, 4-propoxyaniline (679 uL, 4.49 mmol, 1.0 eq.), 2-cyanoacetic
acid (382 mg, 4.49 mmol, 1.0 eq.) and DCC (927 mg, 4.49 mmol, 1.0 eq.) in DMF (2.0 mL) were used
to yield amide 11 as colorless crystals (604 mg, 2.77 mmol, 62%). Rs = 0.24 (95:5 CH,Cl,/EtOH). m.
p.: 183°C. "TH NMR (400 MHz, (CD3),SO) 8/ppm = 10.13 (s, 1H, NH), 7.51-7.38 (m, 2H, 2'-H, 6'-H),
6.98-6.83 (m, 2H, 3'-H, 5'-H), 3.88 (t, J = 7.1 Hz, 2H, CH,CH,CHs), 3.84 (s, 2H, 2 hr), 1.70 (sext,
J =7.1Hz, 2H, CH,CH,CHs), 0.96 (t, J = 7.1 Hz, 3H, CH,CH,CHs). "*C NMR (101 MHz, (CD3),SO)
8/ppm = 160.4 (CO), 155.1 (C-4"), 131.4 (C-1"), 120.8 (C-2, C-6'), 116.0 (CN), 114.5 (C-3', C-5'), 69.0
(CH,CH,CH3), 26.5 (C-2), 22.0 (CH,CH,CHg), 10.4 (CH,CH,CHg). IR (ATR) Vinax/cm ™ 1=3283, 3096,
1607, 1559, 1508, 1239, 828, 570. HRMS (ESI): calcd. for C15H13N>O, (M-H)™ 217.09825; found
217.09832. Purity (HPLC):>96% (A = 210 nm),>96% (A = 254 nm).
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Chemical structure 13. 2-Cyano-N-(4-(trifluoromethoxy)phenyl)acetamide (12).

According to general procedure A, 4-(trifluoromethoxy)aniline (939 uL, 7.00 mmol, 1.0 eq.), 2-cya-
noacetic acid (595 mg, 7.00 mmol, 1.0 eq.) and DCC (1.44 g, 7.00 mmol, 1.0 eq.) in DMF (10 mL)
were used to yield amide 12 as colorless solid (1.23 g, 5.03 mmol, 72%). The compound is literature
known, but no analytical data are available (Sjogren et al., 1991). R¢ = 0.39 (95:5 CH,Cl,/EtOH). m.
p.: 154°C. "H NMR (400 MHz, (CD3),SO) 6/ppm = 10.49 (s, 1H, NH), 7.74-7.55 (m, 2H, 2'-H, 6'-H),
7.47-7.26 (m, 2H (3'-H, 5'-H), 3.92 (s, 2H, 2 hr). "3C NMR (101 MHz, (CD3),S0) 8/ppm = 161.3 (CO),
144.0 (C-4"), 137.5 (C-1"), 121.8 (C-3', C-5"), 120.7 (C-2’, C-6"), 120.1 (q, Jcr = 255.7 Hz, OCF3), 115.8
(CN), 26.8 (C-2). IR (ATR) Vmax/cm™1=3278, 2975, 1667, 1616, 1557, 1508, 1277, 1205, 1171. HRMS
(ESI): calcd. for CioHgF3N2O2 (M-H)™ 243.03869; found 243.03869. Purity (HPLC):>96% (A = 210
nm),>96% (A = 254 nm).
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Chemical structure 14. Methyl 4-(2-cyanoacetamido)benzoate (13).

According to general procedure A, methyl 4-aminobenzoate (3.00 g, 19.5 mmol, 1.0 eq.), 2-cya-
noacetic acid (1.66 g, 19.5 mmol, 1.0 eq.) and DCC (4.01 g, 19.5 mmol, 1.0 eq.) in DMF (15 mL)
were used to yield amide 13 as colorless solid (2.76 g, 12.6 mmol, 65%). The compound is literature
known, but no analytical data are available (Sjogren et al., 1991). Rf = 0.44 (3:2 hexanes/acetone).
m.p.: 162°C. "TH NMR (500 MHz, (CD5),S0) 8/ppm = 10.63 (s, 1H, NH), 8.01-7.87 (m, 2H, 2 hr, 6 hr),
7.76-7.61 (m, 2H, 3 hr, 5 hr), 3.96 (s, 2H, 2 hr), 3.82 (s, 3H, CH3). "3C NMR (126 MHz, (CD3),SO) 5/
ppm = 165.7 (COOCH?3), 161.7 (HNCO), 142.7 (C-4), 130.4 (C-2, C-6), 124.6 (C-1), 118.6 (C-3, C-5),
115.7 (CN), 52.0 (CH3), 27.0 (C-2). IR (ATR) Vmax/cm71=2809, 1722, 1608, 1558, 1507, 1431, 1274,
1110, 757. HRMS (ESI): calcd. for C11H9N,O3 (M-H) 217.06187; found 217.06187. Purity (HPLC):
>96% (A = 210 nm),>96% (A = 254 nm).
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Chemical structure 15. N-(2-Bromo-4-chlorophenyl)—2-cyanoacetamide (14).

According to general procedure A, 2-bromo-4-chloroaniline (1.00 g, 4.84 mmol, 1.0 eq.), 2-cyano-
acetic acid (412 mg, 4.84 mmol, 1.0 eq.) and DCC (999 mg, 4.84 mmol, 1.0 eq.) in DMF (10 mL)
were used to yield amide 14 as colorless crystals (919 mg, 3.36 mmol, 69%). R¢ = 0.22 (3:2 hexanes/
acetone). m.p.: 157°C. "H NMR (400 MHz, (CD3),SO) 6/ppm = 9.97 (s, 1H, NH), 7.83 (d, J = 2.4 Hz,
1H, 3'-H), 7.63 (d, J = 8.7 Hz, 1H, 6'-H), 7.49 (dd, J = 8.7, 2.4 Hz, 1H, 5'-H), 3.98 (s, 2H, 2 hr). 13C
NMR (101 MHz, (CD3),SO) 8/ppm = 161.8 (CO), 134.7 (C-1"), 132.0 (C-3'), 130.7 (C-4"), 128.2 (C-5'),
128.0 (C-6'), 118.5 (C-2'), 115.7 (CN), 26.1 (C-2). IR (ATR) Vmax/cm™1=3281, 2258, 1666, 1577, 1530,
1470, 1284, 822. HRMS (ESI): caled. for CoHs’?Br®>CIN,O (M-H)™ 270.92793; found 270.92809.
Purity (HPLC): >93% (A = 210 nm), >93% (A = 254 nm).
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Chemical structure 16. 2-Cyano-N-(2-iodophenyl)acetamide (15).

According to general procedure A, 2-iodoaniline (1.00 g, 4.57 mmol, 1.0 eq.), 2-cyanoacetic acid
(388 mg, 4.57 mmol, 1.0 eq.) and DCC (942 mg, 4.57 mmol, 1.0 eq.) in DMF (10 mL) were used to
yield amide 15 as brown crystals (913 g, 3.19 mmol, 70%). Rf = 0.16 (4:1 hexanes/acetone). m.p.:
161°C. "TH NMR (400 MHz, (CD5),SO) 8/ppm = 9.88 (s, 1H, NH), 7.90 (d, J = 7.6 Hz, 1H, 3'-H), 7.46-
7.38 (m, 2H, 5'-H, 6'-H), 7.03 (ddd, J = 8.6, 5.4, 3.6 Hz, 1H, 4'-H), 3.93 (s, 2H, 2 hr). "*C NMR (101
MHz, (CD3),SO) 6/ppm = 161.4 (CO), 139.1 (C-3'), 138.7 (C-1"), 128.8 (C-5'), 128.3 (C-4), 127.4 (C-
6'), 115.8 (CN), 96.4 (C-2"), 26.0 (C-2). IR (ATR) V,ax/cm™'=3252, 2263, 1658, 1577, 1542, 1433,
1015, 758, 768. HRMS (ESI): calcd. for CoHgIN,O (M-H) 284.95303; found 284.95295. Purity
(HPLC): >96% (AL = 210 nm), >96% (A = 254 nm).

Chemical structure 17. N-(3-Chloro-2,4-difluorophenyl)—2-cyanoacetamide (16).

According to general procedure A, 3-chloro-2,4-difluoroaniline (1.06 g, 6.48 mmol, 1.0 eq.), 2-
cyanoacetic acid (551 mg, 6.48 mmol, 1.0 eq.) and DCC (1.34 g, 6.48 mmol, 1.0 eq.) in DMF (10 mL)
were used to yield amide 16 as colorless crystals (1.01 g, 4.39 mmol, 68%). R¢ = 0.16 (4:1 hexanes/
acetone). m.p.: 144°C. "H NMR (400 MHz, (CD3),SO) d/ppm = 10.32 (s, TH, NH), 7.79 (td, J = 9.0,
5.8 Hz, 1H, 6'-H), 7.33 (td, J = 9.0, 2.1 Hz, 1H, 5'-H), 3.99 (s, 2H, 2 hr). "3C NMR (101 MHz,
(CD3),S0) 8/ppm = 162.0 (CO), 154.8 (dd, Jcr = 246.5, 2.0 Hz, C-2' or C-4), 150.4 (dd, Jcr = 250.4,
3.3 Hz, C-2' or C-4"), 123.4 (dd, Jcr = 8.8, 2.4 Hz, C-6"), 123.0 (dd, Jcr = 11.8, 3.5 Hz, C-1'), 115.7
(CN), 111.9 (dd, Jcr = 21.4, 3.8 Hz, C-5"), 108.7 (dd, Jcr = 21.9, 19.7 Hz, C-3'), 26.3 (C-2). IR (ATR) V
max/CmM ™ 1=3274.2935, 2264, 1681, 1551, 1488, 1443, 1012, 831, 628. HRMS (ESI): calcd. for
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CoHaCIFNL,O (M-H) 228.99857; found 228.99850. Purity (HPLC):>96% (A = 210 nm),>96%
(A = 254 nm).
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Chemical structure 18. 2-Cyano-N-(3,4-dimethoxyphenyl)acetamide (17).

According to general procedure A, 3,4-dimethoxyaniline (1.00 g, 6.53 mmol, 1.0 eq.), 2-cyano-
acetic acid (555 mg, 6.53 mmol, 1.0 eq.) and DCC (1.35 g, 6.53 mmol, 1.0 eq.) in DMF (10 mL) were
used to yield amide 17 as violet crystals (1.10 g, 4.99 mmol, 76%). The compound is literature
known, but no analytical data are available (Edraki et al., 2016). R¢ = 0.05 (4:1 hexanes/acetone). m.
p.: 174°C. "TH NMR (500 MHz, (CD3),S0) 8/ppm = 10.15 (s, TH, NH), 7.21 (d, J = 2.4 Hz, 1H, 2'-H),
7.04 (dd, J = 8.7, 2.4 Hz, 1H, 6'-H), 6.90 (d, J = 8.7 Hz, 1H, 5'-H), 3.84 (s, 2H, 2 hr), 3.79-3.66 (m, 6H,
2x OCHa). ™*C NMR (126 MHz, (CD3),SO) 8/ppm = 160.5 (CO), 148.6 (C-3"), 145.3 (C-4"), 131.9 (C-
17, 116.0 (CN), 112.0 (C-5'), 111.2 (C-6'), 104.3 (C-2'), 55.7 (OCHy3), 55.4 (OCHjs), 26.6 (C-2). IR (ATR)
Vmax/cm ™ 1=3273, 2914, 2256, 1660, 1513, 1239, 1132, 1020, 837. HRMS (ESI): calcd. for
C11H11N2O3 (M-H) 219.07752; found 219.07751. Purity (HPLC): >96% (A = 210 nm), >96% (A = 254
nm).

Chemical structure 19. 2-Cyano-N-(2,3-dichlorophenyl)acetamide (18).

According to general procedure A, 2,3-dichloroaniline (745 uL, 6.30 mmol, 1.0 eq.), 2-cyanoacetic
acid (536 mg, 6.30 mmol, 1.0 eq.) and DCC (1.30 g, 6.30 mmol, 1.0 eq.) in DMF (10 mL) were used
to yield amide 18 as colorless crystals (414 mg, 1.81 mmol, 29%). Rs = 0.21 (4:1 hexanes/acetone).
m.p.: 176°C. "H NMR (500 MHz, (CD3),SO) 8/ppm = 10.11 (s, TH, NH), 7.69 (dd, J = 8.1, 1.3 Hz,
1H, 4'-H or 6'-H), 7.51 (dd, J = 8.1, 1.3 Hz, 1H, 4'-H or 6’-H), 7.38 (t, J = 8.1 Hz, 1H, 5'-H), 4.02 (s,
2H, 2 hr). "3C NMR (126 MHz, (CD3),SO) 6/ppm = 161.9 (CO), 136.1 (C-1" or C-3"), 132.0 (C-1' or
C-3'), 128.2 (C-5'), 127.3 (C-4' or C-6'), 125.3 (C-2'), 124.8 (C-4’ or C-6"), 115.7 (CN), 26.3 (C-2). IR
(ATR) Va/cm™'=3287, 2253, 1666, 1580, 1527, 1415, 1338, 1182, 953, 788. HRMS (ESI): calcd. for
CoHs*CILN,O (M-H)™ 226.97844; found 226.97859. Purity (HPLC): >96% (A = 210 nm), >96%
(A = 254 nm).

Chemical structure 20. 2-Cyano-N-(2,6-dibromophenyl)acetamide (19).

According to general procedure A, 2,6-dibromoaniline (1.00 g, 4.00 mmol, 1.0 eq.), 2-cyanoacetic
acid (340 mg, 4.00 mmol, 1.0 eq.) and DCC (825 mg, 4.00 mmol, 1.0 eq.) in DMF (10 mL) were used
to yield amide 19 as colorless crystals (514 mg, 1.62 mmol, 40%). R = 0.48 (3:2 hexanes/acetone).
m.p.: 187°C. "H NMR (500 MHz, (CD3),SO) 8/ppm = 10.37 (s, 1H, NH), 7.74 (d, J = 8.1 Hz, 2H, 3'-H,
5'-H), 7.22 (t, J = 8.1 Hz, 1H, 4'-H), 3.93 (s, 2H, 2 hr). "3C NMR (126 MHz, (CD5),SO) 8/ppm = 161.1
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(CO), 134.7 (C-1"), 132.4 (C-3", C-5'), 130.7 (C-4’), 123.9 (C-2, C-6'), 115.6 (CN), 25.4 (C-2). IR (ATR)
Venax/cm ™ '=3326, 2926, 2851, 1626, 1568, 1539, 1242, 642. HRMS (ESI): calcd. for CoHs’?Br,N,O
(M-H)™ 314.87741; found 314.87761. Purity (HPLC):>96% (A = 210 nm),>96% (A = 254 nm).
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Chemical structure 21. N-(3,5-Bis(trifluoromethyl)phenyl)—2-cyanoacetamide (20).

According to general procedure A, 3,5-bis(trifluoromethyl)aniline (1.09 mL, 7.00 mmol, 1.0 eq.),
2-cyanoacetic acid (595 mg, 7.00 mmol, 1.0 eq.) and DCC (1.44 g, 7.00 mmol, 1.0 eq.) in DMF (10
mL) were used to yield amide 20 as colorless crystals (1.68 g, 5.67 mmol, 81%). The compound is lit-
erature known, but no analytical data are available (Shah et al., 2018). Ry = 0.43 (95:5 CH,Cly/
EtOH). m.p.: 141°C. "TH NMR (500 MHz, (CD3),SO) 8/ppm = 10.96 (s, 1H, NH), 8.28-8.12 (m, 2H, 2'-
H, 6'-H), 7.90-7.77 (m, 1H, 4’-H), 4.00 (s, 2H, 2 hr). "*C NMR (126 MHz, (CD3),SO) 8/ppm = 162.4
(CO), 140.2 (C-1), 130.9 (q, Jcr = 32.9 Hz, C-3', C-5), 123.1 (q, Jcr = 272.7 Hz, CF3), 119.2-118.7
(m, C-2', C-6"), 116.9-116.5 (m, C-4"), 115.4 (CN), 27.1 (C-2). IR (ATR) V max/cm~'=3313, 1695, 1572,
1471, 1381, 1272, 1132, 889, 703, 681. HRMS (ESI): calcd. for C11Hs5F¢sN,O (M-H)™ 295.03116; found
295.03127. Purity (HPLC): >96% (A = 210 nm), >96% (A = 254 nm).
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Chemical structure 22. 2-Cyano-N-methyl-N-(4-(trifluoromethyl)phenyl)acetamide (21).

According to general procedure A, N-methyl-4-(trifluoromethyl)aniline (403 pL, 2.85 mmol, 1.0
eq.), 2-cyanoacetic acid (243 mg, 2.85 mmol, 1.0 eq.) and DCC (589 mg, 2.85 mmol, 1.0 eq.) in DMF
(10 mL) were used to yield amide 21 as colorless solid (513 mg, 2.12 mmol, 74%). Analytical data are
in accordance with literature (Kobayashi and Harayama, 2009). R¢ = 0.58 (95:5 CH,Cl,/EtOH). m.p.:
70°C [(Kobayashi and Harayama, 2009): 66-68°C]. "H NMR (400 MHz, (CD5),SO) 8/ppm = 7.77 (d,
J =8.6 Hz, 2H, 3'-H, 5'-H), 7.40 (d, J = 8.2 Hz, 2H, 2'-H, 6'-H), 3.34 (s, 3H, CH3), 3.23 (s, 2H, 2 hr).
13C NMR (101 MHz, (CD3),SO) 8/ppm = 161.4 (CO), 145.6 (C-1"), 131.7 (C-4"), 127.9 (C-2', C-6' or
C-3', C-5"), 127.8 (C-2', C-6" or C-3', C-5), 123.5 (q, J = 271.4 Hz, CF3), 113.7 (CN), 38.1 (CH3), 25.6
(C-2). IR (ATR) Vmax/cm~'=3152, 2355, 1657, 1611, 1322, 1122, 1103, 1065, 848. HRMS (ESI): calcd.
for C11HgF3N,O (M-H)" 241.05942; found 241.05939. Purity (HPLC):>96% (A = 210 nm),>96%
(A = 254 nm).
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Chemical structure 23. 2-Cyano-N-(4-(trifluoromethyl)benzyl)acetamide (22).

According to general procedure A, 4-(trifluoromethyl)benzylamine (2.50 mL, 17.5 mmol, 1.0 eq.),
2-cyanoacetic acid (1.49 g, 17.5 mmol, 1.0 eq.) and DCC (3.62 g, 17.5 mmol, 1.0 eq.) in DMF (15 mL)
were used to yield amide 22 as colorless solid (299 mg, 1.23 mmol, 7%). Analytical data are in accor-
dance with literature (Guo et al., 2011). Rf = 0.46 (3:2 hexanes/acetone). m.p.: 113°C [(Guo et al.,
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2011): 128°C]. "H NMR (500 MHz, (CD3),SO) 6/ppm = 8.83 (t, J = 5.7 Hz, 1H, NH), 7.74-7.66 (m,
2H, 3'-H, 5'-H), 7.54-7.44 (m, 2H, 2'-H, 6'-H), 4.38 (d, J = 5.7 Hz, 2H, CH,), 3.73 (s, 2H, 2 hr). 3¢
NMR (126 MHz, (CD3),SO) 8/ppm = 162.5 (CO), 143.6 (C-1'), 128.0 (C-2', C-6), 127.7 (q, Jcr = 31.7
Hz, C-4'), 125.2 (q, Jcr = 3.7 Hz, C-3', C-5'). 124.3 (q, Jcr = 272.1 Hz, CF3), 116.1 (CN), 42.2 (CH,),
25.3 (C-2). IR (ATR) Vmax/cm71=3316, 2937, 2364, 1734, 1664, 1547, 1325, 1152, 1107, 1066. HRMS
(ESI): calcd. for C11HgF3N,O (M-H)" 241.05942; found 241.05949. Purity (HPLC): >96% (A = 210
nm), >96% (A = 254 nm).
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Chemical structure 24. 2-Cyano-3-(3,5-dichlorophenyl)—3-hydroxy-N-(4-(trifluoromethyl)phenyl)acrylamide — TPC2-
A1-N.

According to general procedure B, amide SGA-34 (228 mg, 1.00 mmol, 1.0 eq.) in dry THF (10
mL), NaH (92.0 mg, 2.30 mmol, 2.3 eq.) and 3,5-dichlorobenzoyl chloride (230 mg, 1.10 mmol, 1.1
eq.) were used to yield TPC2-A1-N as colorless crystals (276 mg, 0.688 mmol, 69%). Rf = 0.62 (4:1
hexanes/acetone). m.p.: 202°C [(Sjogren et al., 1991): 208-210°C]. "H NMR (500 MHz, (CD5),SO) &/
ppm = 12.36 (s, 1H, NH), 7.79-7.76 (m, 2H, 2'-H, 6'-H), 7.65 (t, J = 1.9 Hz, 1H, 4"'-H), 7.62-7.60 (m,
2H, 3'-H, 5'-H), 7.59 (d, J = 1.9 Hz, 2H, 2"'-H, 6"'-H). 13C NMR (126 MHz, (CD3),SO) 8/ppm = 182.7
(C-3), 166.5 (C-1), 144.9 (C-1""), 143.6 (C-1"), 133.5 (C-3"", C-5""), 128.6 (C-4""), 126.2-125.9 (m, C-3’,
C-5' and C-2", C-6"), 124.6 (q, Jcr = 286.1 Hz, CF3), 123.3 (C-2), 121.8 (q, Jcr = 31.8 Hz, C-4'),
118.7 (C-2', C-6'), 77.7 (CN). IR (ATR) Vimax/cm ™ 1=3293, 2213, 1538, 1409, 1320, 1268, 1244, 1167,
1106, 1070, 837, 810, 660, 591. HRMS (ESI): calcd. for C17Hg*>Cl,F3N,O, (M-H)™ 398.99204; found
398.99202. Purity (HPLC):>96% (A = 210 nm),>96% (L = 254 nm).
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Chemical structure 25. 2-Cyano-3-hydroxy-3-phenyl-N-(4-(trifluoromethyl)phenyl)acrylamide — SGA-10.

According to general procedure B, amide SGA-34 (228 mg, 1.00 mmol, 1.0 eq.) in dry THF (10
mL), NaH (92.0 mg, 2.30 mmol, 2.3 eq.) and benzoyl chloride (128 puL, 1.10 mmol, 1.1 eq.) were used
to give SGA-10 as colorless crystals (185 mg, 0.557 mmol, 56%). Analytical data are in accordance
with literature (Davies et al., 2009). R¢ = 0.28 (3:2 hexanes/acetone). m.p.: 242°C [(Davies et al.,
2009): 245-247°C]. TH NMR (400 MHz, (CD3),SO) 8/ppm = 12.12 (s, 1H, NH), 7.84-7.74 (m, 2H, 2'-
H, 6'-H), 7.70-7.58 (m, 4H, 3'-H, 5'-H, Ph), 7.48-7.39 (m, 3H, Ph). 3C NMR (101 MHz, (CD5),SO) &/
ppm = 185.7 (C-3), 167.3 (C-1), 143.1 (C-1'), 139.7 (gPh), 135.0 (C-2), 130.0 (Ph), 127.8 (Ph), 127.6
(Ph), 126.0 (q, Jcr = 3.8 Hz, C-3', C-5'), 125.0 (d, Jcr = 270.6 Hz, CF3), 122.3 (d, Jcr = 35.2 Hz, C-4'),
119.4 (C-2', C-6'), 77.8 (CN). IR (ATR) Vax/cm™'=3283, 2216, 1592, 1550, 1309, 1109, 1067, 840,
694. HRMS (ESI): calcd. for Cq7H1oF3N2O, (M-H)" 331.06999; found 331.06985. Purity (HPLC):>96%
(A =210 nm),>96% (A = 254 nm).
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SGA-11

Chemical structure 26. 2-Cyano-3-(3,5-dinitrophenyl)—3-hydroxy-N-(4-(trifluoromethyl)phenyl)acrylamide — SGA-
11.

According to general procedure B, amide SGA-34 (228 mg, 1.00 mmol, 1.0 eq.) in dry THF (10
mL), NaH (92.0 mg, 2.30 mmol, 2.3 eq.) and 3,5-dinitrobenzoyl chloride (254 mg, 1.10 mmol, 1.1
eq.) were used to give SGA-11 as red crystals (124 mg, 0.294 mmol, 29%). R¢ = 0.21 (3:2 hexanes/
acetone). m.p.: 240°C. "H NMR (500 MHz, (CD3),SO) 8/ppm = 12.32 (s, TH, NH), 10.00 (s, 1H, OH),
8.89-8.80 (m, 3H, 2""-H, 4""-H, 6''-H), 7.84-7.75 (m, 2H, 2'-H, 6'-H), 7.67-7.58 (m, 2H, 3'-H, 5'-H). 3¢
NMR (126 MHz, (CD3),SO) 8/ppm = 180.5 (C-3), 166.1 (C-1), 147.6 (C-3"*, C-5"), 144.4 (C-1""), 143.5
(C-1"), 127.6 (C-2", C-6"),126.1 (q, Jcr = 3.5 Hz, C-3', C-5),124.2 (q, Jcr = 271.0 Hz, CF3), 123.3 (C-
2), 121.8 (9, Jer = 31.7 Hz, C-4), 119.0 (C-4""), 118.6 (C-2', C-6"), 77.7 (CN). IR (ATR) Viax/
ecm~'=3262, 3093, 2223, 1539, 1342, 1317, 1115, 1067, 841, 730, 703, 687. HRMS (ESI): calcd. for
Cy7HgF3N4Og4 (M-H)™ 421.04014; found 421.04021. Purity (HPLC):>96% (A = 210 nm), >96% (A = 254
nm).

SGA-15

Chemical structure 27. 2-Cyano-3-(4-nitrophenyl)—3-hydroxy-N-(4-(trifluoromethyl)phenyl)acrylamide — SGA-15.

According to general procedure B, amide SGA-34 (228 mg, 1.00 mmol, 1.0 eq.) in dry THF (10
mL), NaH (92.0 mg, 2.30 mmol, 2.3 eq.) and 4-nitrobenzoyl chloride (204 mg, 1.10 mmol, 1.1 eq.)
were used to give SGA-15 as yellow crystals (276 mg, 0.688 mmol, 69%). R¢= 0.19 (3:2 hexanes/ace-
tone). m.p.: 217°C [(Sjogren et al., 1991): 211-214°C]. "H NMR (500 MHz, (CDs),SO) &/
ppm = 12.39 (s, 1H, NH), 8.28-8.19 (m, 2H, 3"'-H, 5"-H), 7.84-7.80 (m, 2H, 2"-H, 6"'-H), 7.78 (d,
J = 8.6 Hz, 2H, 2'-H, &'-H), 7.60 (d, J = 8.6 Hz, 2H, 3"-H, 5"-H). 3C NMR (126 MHz, (CD3),SO) &/
ppm = 184.3 (C-3), 166.4 (C-1), 148.1 (C-1"), 147.5 (C-4"), 143.7 (C-1"), 128.6 (C-2", C-6"), 126.1 (q,
Jcr = 3.6 Hz, C-3', C-5'), 124.6 (q, Jcr = 270.9 Hz, CF3), 123.2 (C-2), 123.1 (C-3", C-5"), 121.6 (q,
Jcr = 32.0 Hz, C-4"), 118.6 (C-2', C-6"), 77.9 (CN). IR (ATR) Viax/cm™'=3307, 2219, 1551, 1320,
1111, 1069, 844, 750, 700. HRMS (ESI): calcd. for C47HsF3N3O,4 (M-H) 376.05506; found 376.05509.
Purity (HPLC):>96% (A = 210 nm),>96% (A = 254 nm).
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SGA-16

Chemical structure 28. 3-(4-Chlorophenyl)—2-cyano-3-hydroxy-N-(4-(trifluoromethyl)phenyl)acrylamide — SGA-16.

According to general procedure B, amide SGA-34 (228 mg, 1.00 mmol, 1.0 eq.) in dry THF (10
mL), NaH (92.0 mg, 2.30 mmol, 2.3 eq.) and 4-chlorobenzoyl chloride (141 pL, 1.10 mmol, 1.1 eq.)
were used to give SGA-16 as colorless crystals (222 mg, 0.605 mmol, 61%). R¢ = 0.32 (3:2 hexanes/
acetone). m.p.: 220°C [(Sjogren et al., 1991): 218-220°C]. TH NMR (500 MHz, (CD3),SO) &/
ppm = 12.31 (s, 1H, NH), 7.81-7.75 (m, 2H, 2'-H, 6'-H), 7.68-7.63 (m, 2H, 2''-H, 6"'-H), 7.63-7.58 (m,
2H, 3'-H, 5'-H), 7.49-7.44 (m, 2H, 3"-H, 5"-H). "3C NMR (126 MHz, (CD3),SO) 8/ppm = 184.8 (C-3),
167.0 (C-1), 143.5 (C-17), 139.6 (C-1""), 134.1 (C-4""), 129.4 (C-2"", C-6""), 127.8 (C-3"", C-5"), 126.0 (q,
Jcr = 3.6 Hz, C-3', C-5'), 124.6 (q, Jcr = 271.0 Hz, CF3), 123.0 (C-2), 121.8 (q, Jcr = 31.0 Hz, C-4'),
118.9 (C-2', C-6'), 77.5 (CN). IR (ATR) Vax/cm™1=3282.2215, 1587, 1240, 1302, 1129, 1113, 1097,
839. HRMS (ESI): caled. for C47H¢**CIF3N,O, (M-H) 365.03101; found 365.03108. Purity
(HPLC): >96% (A = 210 nm), >96% (A = 254 nm).

Chemical structure 29. 2-Cyano-3-hydroxy-3-(2,3,4,5,6-pentafluorophenyl)-N-(4-(trifluoromethyl)phenyl)acrylamide
- SGA-40.

According to general procedure B, amide SGA-34 (228 mg, 1.00 mmol, 1.0 eq.) in dry THF (10
mL), NaH (92.0 mg, 2.30 mmol, 2.3 eq.) and 2,3,4,5,6-pentafluorobenzoyl chloride (158 pL, 1.10
mmol, 1.1 eq.) were used to give SGA-40 as colorless crystals (236 mg, 0.560 mmol, 56%). R¢ = 0.28
(3:2 hexanes/acetone). m.p.: 161°C. "H NMR (400 MHz, (CD5),SO) 8/ppm = 11.70 (s, TH, NH), 7.81-
7.72 (m, 2H, 2'-H, &'-H), 7.67-7.56 (m, 2H, 3'-H, 5'-H). '3C NMR (101 MHz, (CD3),SO) &/
ppm = 172.6 (C-3), 164.9 (C-1), 143.9-140.9 (m, C-2", C-6" or C-3"", C-5"), 143.3 (C-1"), 141.9-138.9
(m, C-4"), 138.5-135.1 (m, C-2", C-6" or C-3", C-5"), 126.1 (q, Jcr = 3.6 Hz, C-3’, C-5), 124.6 (q,
Jer = 271.0 Hz, CF3), 122.0 (q, Jcr = 31.9 Hz, C-4), 117.5-117.0 (m, C-1""), 121.7 (C-2’, C-6"), 118.7
(C-2), 81.8 (CN). IR (ATR) Vmax/cm™'=2230, 1590, 1543, 1524, 1497, 1323, 1116, 1000, 839. HRMS
(ESI): calcd. for Cq7HsFgNo,O, (M-H)™ 421.02288; found 421.02337. Purity (HPLC):>96% (A = 210
nm),>96% (A = 254 nm).
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SGA-70

Chemical structure 30. 2-Cyano-3-(3,5-dibromophenyl)-3-hydroxy-N-(4-(trifluoromethyl)phenyl)acrylamide — SGA-
70.

According to general procedure B, amide SGA-34 (228 mg, 1.00 mmol, 1.0 eq.) in dry THF (10
mL), NaH (92.0 mg, 2.30 mmol, 2.3 eq.) and 3,5-dibromobenzoic acid (308 mg, 1.10 mmol, 1.1 eq.;
converted into the corresponding aryl chloride) were used to give SGA-70 as light yellow crystals
(206 mg, 0.420 mmol, 42%). Rf = 0.32 (3:2 hexanes/acetone). m.p.: 211°C. "H NMR (400 MHz,
(CD3),S0) 6/ppm = 12.32 (s, 1H, NH), 8.96 (s, TH, OH), 7.91-7.81 (m, 1H, 4"'-H), 7.78-7.72 (m, 4H,
2'-H, 6'-H, 2"'-H, 6''-H), 7.65-7.55 (m, 2H, 3'-H, 5'-H). 3C NMR (101 MHz, (CD3),SO) 8/ppm = 182.5
(C-3), 166.4 (C-1), 145.5 (C-1"), 143.6 (C-1"), 133.7 (C-4"), 129.2 (C-2", C-6""), 126.0 (q, Jcr = 3.5 Hz,
C-3', C-5), 123.9 (q, Jcr = 271.2 Hz, CF3), 123.3 (C-2), 121.8 (C-3", C-5"), 121.6 (q, Jcr = 31.9 Hz,
C-4"), 118.5 (C-2', C-6"), 77.4 (CN). IR (ATR) Vmax/cm ™ '=2218, 1594, 1538, 1315, 1166, 1109, 1068,
838, 750. HRMS (ESI): calcd. for Cqi7Hg”BroFsN,O, (M-H) 486.89101; found 486.89128. Purity
(HPLC):>96% (AL = 210 nm),>96% (A = 254 nm).

SGA-71

Chemical structure 31. 2-Cyano-3-hydroxy-3-(2,4,6-trichlorophenyl)-N-(4-(trifluoromethyl)phenyl)acrylamide — SGA-
71.

According to general procedure B, amide SGA-34 (228 mg, 1.00 mmol, 1.0 eq.) in dry THF (10
mL), NaH (2.0 mg, 2.30 mmol, 2.3 eq.) and 2,4,6-trichlorobenzoyl chloride (172 uL, 1.10 mmol, 1.1
eq.) were used to give SGA-71 as colorless crystals (158 mg, 0.363 mmol, 36%). Rf = 0.14 (3:2 hex-
anes/acetone). m.p.: 220°C. "H NMR (500 MHz, (CD3),SO) 8/ppm = 11.92 (s, 1H, NH), 7.79-7.74
(m, 2H, 2'-H, 6'-H), 7.66 (s, 2H, 3'-H, 5"-H), 7.63-7.58 (m, 2H, 3'-H, 5'-H). 13C NMR (126 MHz,
(CD3),S0) 6/ppm = 180.7 (C-3), 165.7 (C-1), 143.6 (C-1'), 139.5 (C-1"), 133.1 (C-4"), 132.0 (C-2",
C-6"), 127.8 (C-3", C-5"), 126.1 (q, Jcr = 3.6 Hz, C-3', C-5'), 124.6 (q, Jcr = 271.1 Hz, CF3), 121.9
(C-2), 121.6 (q, Jcr = 31.9 Hz, C-4"), 118.4 (C-2', C-6"), 79.5 (CN). IR (ATR) Vmax/cm ™ '=2230, 1598,
1541, 1318, 1116, 841. HRMS (ESI): calcd. for C47H;*°ClsF3N,0, (M-H) 432.95307; found
432.95394. Purity (HPLC):>96% (A = 210 nm),>96% (L = 254 nm).
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SGA-94

Chemical structure 32. 2-Cyano-3-hydroxy-N-(4-(trifluoromethyl)phenyl)but-2-enamide (Teriflunomide) - SGA-94.

According to general procedure B, amide SGA-34 (228 mg, 1.00 mmol, 1.0 eq.) in dry THF (10
mL), NaH (92.0 mg, 2.30 mmol, 2.3 eq.) and acetyl chloride (78.5 uL, 1.10 mmol, 1.1 eq.) were used
to give SGA-94 as colorless crystals (206 mg, 0.761 mmol, 76%). Analytical data are in accordance
with literature (Métro et al., 2012). Rf = 0.65 (3:2 hexanes/acetone). m.p.: 224°C [(Métro et al.,
2012): 230-232°C]. "H NMR (400 MHz, (CD5),SO) 6/ppm = 12.28 (s, TH, OH), 10.91 (s, 1H, NH),
7.81-7.72 (m, 2H, 2'-H, &'-H), 7.70-7.61 (m, 2H, 3'-H, 5'-H), 2.25 (s, 3H, 4 hr). "3C NMR (101 MHz,
(CD3),S0) 8/ppm = 187.1 (C-3), 166.4 (C-1), 141.9 (C-1'), 125.9 (q, Jcr = 3.7 Hz, C-3', C-5'), 124.4
(a, Jer = 271.3 Hz, CF3), 123.5 (q, Jcr = 32.1 Hz, C-4"), 120.7 (C-2', C-6'), 118.9 (C-2), 80.5 (CN), 23.5
(C-4). IR (ATR) Vmax/cm ™ '=2335, 2214, 1551, 1319, 1154, 1113, 840, 679. HRMS (ESI): calcd. for
C12HgF3N20, (M-H)™ 269.05434; found 269.05423. Purity (HPLC):>96% (A = 210 nm),>96% (A = 254
nm).

SGA-111

Chemical structure 33. 3-(3,5-Bis(trifluoromethyl)phenyl)—2-cyano-3-hydroxy-N-(4-(trifluoromethyl)phenyl)-
acrylamide - SGA-111.

According to general procedure B, amide SGA-34 (228 mg, 1.00 mmol, 1.0 eq.) in dry THF (10
mL), NaH (92.0 mg, 2.30 mmol, 2.3 eq.) and 3,5-bis(trifluoromethyl)benzoyl chloride (199 uL, 1.10
mmol, 1.1 eq.) were used to give SGA-111 as colorless crystals (357 mg, 0.762 mmol, 76%).
R¢ = 0.43 (3:2 hexanes/acetone). m.p.: 230°C. "H NMR (400 MHz, (CD3),SO) 8/ppm = 12.36 (s, 1H,
NH), (m, 3H, 2"-H, 6"-H, 4""-H), 7.87-7.71 (m, 2H, 2'-H, 6'-H), 7.69-7.51 (m, 2H, 3'-H, 5'-H). 13C
NMR (101 MHz, (CD3),SO) 8/ppm = 182.4 (C-3), 166.3 (C-1), 144.0 (C-1""), 143.6 (C-1"), 129.8 (q,
Jcr = 32.8 Hz, C-3", C-5"), 128.1 (q, Jcr = 4.7 Hz, C-2", C-6""), 126.1 (q, JcF = 3.6 Hz, C-3', C-5'),
126.0 (q, Jor = 257.2 Hz, m-CF3), 123.4 (C-2), 123.3 (q, Jcr = 271.6 Hz, p-CF3), 122.7 (q, Jcr = 4.0
Hz, C-4"), 121.7 (q, Jcr = 31.9 Hz, C-4"), 118.5 (C-2', C-6'), 77.7 (CN). IR (ATR) Vmax/cm '=3289,
2218, 1349, 1323, 1284, 1186, 1139, 1114, 836. HRMS (ESI): calcd. for C49HgF9N,O, (M-H)
467.04475; found 467.04496. Purity (HPLC):>96% (A = 210 nm),>96% (A = 254 nm).

SGA-112

Chemical structure 34. 2-Cyano-3-(3,5-dimethylphenyl)—3-hydroxy-N-(4-(trifluoromethyl)phenyl)acrylamide — SGA-
112.
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According to general procedure B, amide SGA-34 (228 mg, 1.00 mmol, 1.0 eq.) in dry THF (10
mL), NaH (92.0 mg, 2.30 mmol, 2.3 eq.) and 3,5-dimethylbenzoyl chloride (163 uL, 1.10 mmol, 1.1
eq.) were used to give SGA-112 as colorless crystals (175 mg, 0.486 mmol, 49%). Rs = 0.48 (3:2 hex-
anes/acetone). m.p.: 187°C. "H NMR (500 MHz, (CD3),S0) 6/ppm = 12.08 (s, 1H, NH), 7.85-7.74
(m, 2H, 2'-H, 6'-H), 7.66-7.58 (m, 2H, 3'-H, 5'-H), 7.25 (s, 2H, 2"'-H, 6"'-H), 7.09 (s, 1H,4"'-H), 2.30 (s,
6H, CHs). "*C NMR (126 MHz, (CD3),SO) 8/ppm = 186.5 (C-3), 167.8 (C-1), 143.6 (C-1"), 140.1 (C-
1), 137.2 (C-3", C-5"), 131.8 (C-4""), 126.4 (q, Jcr = 3.8 Hz, C-3’, C-5'), 125.8 (C-2", C-6"), 125.3 (q,
Jcr = 270.8 Hz, CF3), 122.6 (q, Jcr = 31.9 Hz, C-4'), 121.8 (C-2), 119.9 (C-2', C-6"), 78.2 (CN), 21.4
(CH3). IR (ATR) Vmax/cm™1=3270, 2218, 1526.1319, 1247, 1157, 1110, 1066, 839. HRMS (ESI): calcd.
for CioH14F3N2O5 (M-H)™ 359.10129; found 359.10142. Purity (HPLC):>96% (A = 210 nm),>96%
(A = 254 nm).

FiC_4 2 o
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Chemical structure 35. 2-Cyano-3-(3,5-dimethoxyphenyl)—3-hydroxy-N-(4-(trifluoromethyl)phenyl)acrylamide —
SGA-113.

According to general procedure B, amide SGA-34 (228 mg, 1.00 mmol, 1.0 eq.) in dry THF (10
mL), NaH (92.0 mg, 2.30 mmol, 2.3 eq.) and 3,5-dimethoxybenzoyl chloride (221 mg, 1.10 mmol, 1.1
eq.) were used to give SGA-113 as colorless crystals (309 mg, 0.789 mmol, 79%). R¢ = 0.54 (3:2 hex-
anes/acetone). m.p.: 203°C. "H NMR (400 MHz, CDCl5) 8/ppm = 7.99 (s, 1H, NH), 7.73-7.63 (m, 4H,
2'-H, 6'-H, 3'-H, 5'-H), 7.12 (d, J = 2.3 Hz, 2H, 2""-H, 6""-H), 6.69 (t, J = 2.3 Hz, 1H, 4"'-H), 3.85 (s, 6H,
OCHs). ™*C NMR (101 MHz, CDCls) 6/ppm = 184.1 (C-3), 168.7 (C-1), 161.0 (C-3"*, C-5"), 139.1 (C-
1), 133.9 (C-1"), 127.8 (q, Jcr = 33.2 Hz, C-4'), 126.7 (q, Jcr = 3.8 Hz, C-3', C-5'), 123.9 (q,
Jcr = 270.1 Hz, CF3), 121.0 (C-2', C-6"), 117.5 (C-2), 106.4 (C-2", C-6"), 106.0 (C-4""), 78.5 (CN), 55.8
(OCHs3). IR (ATR) Va/cm™'=3297, 2215, 1550, 1324, 1208, 1156, 1095, 1067, 834. HRMS (ESI):
caled. for Cq9H14F3N2O4 (M-H)™ 391.09112; found 391.09140. Purity (HPLC):>96% (L = 210 nm),
>96% (A = 254 nm).
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Chemical structure 36. 2-Cyano-3-hydroxy-3-(4-(trifluoromethoxy)phenyl)-N-(4-(trifluoromethyl)phenyl)-acrylamide
- SGA-114.

According to general procedure B, amide SGA-34 (228 mg, 1.00 mmol, 1.0 eq.) in dry THF (10
mL), NaH (92.0 mg, 2.30 mmol, 2.3 eq.) and 4-(trifluoromethoxy)benzoyl chloride (173 uL, 1.10
mmol, 1.1 eq.) were used to give SGA-114 as colorless crystals (200 mg, 0.481 mmol, 48%).
Rf = 0.58 (3:2 hexanes/acetone). m.p.: 198°C [(Sjogren et al., 1991): 188-190°C]. "H NMR (500
MHz, CDCls) 6/ppm = 8.12-8.05 (m, 2H, 2"'-H, 6""-H), 7.96 (s, 1H, NH), 7.78-7.62 (m, 4H, 2'-H, 6'-H,
3'-H, 5'-H), 7.42-7.32 (m, 2H, 3"-H, 5"-H). "3C NMR (126 MHz, CDCls) 8/ppm = 182.6 (C-3), 168.5
(C-1), 152.8 (C-4""), 139.0 (C-1"), 130.7 (C-2", C-6"), 130.5 (C-1""), 128.0 (q, Jcr = 33.0 Hz, C-4’),
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126.7 (q, Jer = 3.7 Hz, C-3', C-5"), 123.9 (q, Jer = 271.7 Hz, CF3), 121.0 (C-2', C-6'), 120.8 (C-3",
C-5"), 120.6 (q, Jor = 259.4 Hz, OCF3), 117.3 (C-2), 78.6 (CN). IR (ATR) Vpad/cm™ '=3285, 2215,
1597, 1551, 1505, 1268, 1168, 1128, 839. HRMS (ESI): calcd. for C1gHoFsN,O3 (M-H)™ 415.05228;
found 415.05225. Purity (HPLC):>96% (A = 210 nm),>96% (A = 254 nm).

SGA-127

Chemical structure 37. 2-Cyano-3-hydroxy-3-(pyridin-3-yl)-N-(4-(trifluoromethyl)phenyl)acrylamide — SGA-127.

According to general procedure B, amide SGA-34 (228 mg, 1.00 mmol, 1.0 eq.) in dry THF (10
mL), NaH (92.0 mg, 2.30 mmol, 2.3 eq.) and nicotinoy! chloride hydrochloride (196 mg, 1.10 mmol,
1.1 eq.) were used to give SGA-127 as orange solid (169 mg, 0.506 mmol, 51%). R¢ = 0.00 (3:2 hex-
anes/EtOAc). m.p.: 235°C. "H NMR (400 MHz, (CDs),SO) 8/ppm = 12.22 (s, 1H, NH), 9.12 (s, 1H,
2'"-H), 8.88 (d, J = 5.6 Hz, 1H, 6"'-H), 8.70 (d, J = 8.0 Hz, 1H, 4"'-H), 8.04 (dd, J = 8.0, 5.6 Hz, 1H, 5"'-
H), 7.83-7.72 (m, 2H, 2'-H, 6'-H), 7.67-7.56 (m, 2H, 3'-H, 5'-H). 13C NMR (101 MHz, (CD3),S0O) &/
ppm = 180.0 (C-3), 165.9 (C-1), 143.5 (C-1’), 143.3 (C-6"), 143.0 (C-4"), 141.9 (C-2""), 139.9 (C-3"),
126.2 (C-5"), 126.1 (q, Jcr = 3.6 Hz, C-3', C-5"), 124.2 (q, Jcr = 270.7 Hz, CF3), 123.3 (C-2), 121.8 (q,
Jcr = 32.0 Hz, C-4"), 118.5 (C-2', C-6'), 78.5 (CN). IR (ATR) Vmax/cm™'=2356, 2191, 1533, 1317,
1105, 1060, 849, 698. HRMS (ESI): calcd. for Cq4H9F3N3O, (M-H)” 332.06523; found 332.06517.
Purity (HPLC):>96% (A = 210 nm),>96% (A = 254 nm).

SGA-132

Chemical structure 38. 3-(3-Bromo-5-iodophenyl)—2-cyano-3-hydroxy-N-(4-(trifluoromethyl)phenyl)acrylamide —
SGA-132.

According to general procedure B, amide SGA-34 (228 mg, 1.00 mmol, 1.0 eq.) in dry THF (10
mL), NaH (92.0 mg, 2.30 mmol, 2.3 eq.) and 3-bromo-5-iodobenzoic acid (360 mg, 1.10 mmol, 1.1
eq.; converted into the corresponding aryl chloride) were used to give SGA-132 as colorless crystals
(332 mg, 0.618 mmol, 62%). Rf = 0.38 (3:2 hexanes/EtOAc). m.p.: 207°C. "H NMR (400 MHz,
(CD3),S0) 8/ppm = 12.31 (s, 1H, NH), 7.97 (s, 1H, 4""-H), 7.89 (s, 1H, 2""-H or 6"-H), 7.78-7.72 (m,
3H, 2'-H, &'-H and 2"-H or 6"-H), 7.63-7.55 (m, 2H, 3'-H, 5'-H). "*C NMR (101 MHz, (CD3),SO) &/
ppm = 182.6 (C-3), 166.4 (C-1), 145.4 (C-1""), 143.6 (C-1'), 139.1 (C-4""), 135.0 (C-2"" or C-6"), 129.5
(C-2" or C-6"), 126.0 (q, Jcr = 3.8 Hz, C-3', C-5'), 123.9 (q, Jcr = 263.8 Hz, CF3), 123.3 (C-2), 121.7
(a, Jcr = 31.6 Hz, C-4"), 121.6 (C-3" or C-5"), 118.6 (C-2', C-6"), 95.0 (C-3" or C-5"), 77.4 (CN). IR
(ATR) Vimdcm '=3276, 2213, 1532, 1318, 1163, 1112, 731. HRMS (ESI): caled. for
Cq7Hg”"BrIFsN,O, (M-H)™ 534.87714; found 534.87813. Purity (HPLC):>96% (A = 210 nm),>96%
(A = 254 nm).
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SGA-136

Chemical structure 39. 3-(5-Chloropyridin-3-yl)—2-cyano-3-hydroxy-N-(4-(trifluoromethyl)phenyl)acrylamide — SGA-
136.

According to general procedure B, amide SGA-34 (228 mg, 1.00 mmol, 1.0 eq.) in dry THF (10
mL), NaH (92.0 mg, 2.30 mmol, 2.3 eq.) and 5-chloronicotinic acid (173 mg, 1.10 mmol, 1.1 eq.; con-
verted into the corresponding aryl chloride) were used to give SGA-136 as light pink crystals (225
mg, 0.611 mmol, 61%). R = 0.15 (3:2 hexanes/acetone). m.p.: 221°C. "H NMR (500 MHz, (CD3),SO)
&/ppm = 12.33 (s, 1H, NH), 8.74 (s, 1H, 2""-H or 4"-H), 8.69-8.64 (m, 1H, 6"-H), 8.11-8.05 (m, 1H,
2"-H or 4"-H), 7.81-7.73 (m, 2H, 2'-H, &'-H), 7.64-7.55 (m, 2H, 3'-H, 5'-H). ">*C NMR (126 MHz,
(CD3),S0) 8/ppm = 181.7 (C-3), 166.2 (C-1), 147.9 (C-6"), 146.1 (C-2" or C-4"), 143.6 (C-1"), 138.8
(C-3" or C-5"), 134.9 (C-2" or C-4""), 130.5 (C-3" or C-5"), 126.1 (g, Jcr = 3.7 Hz, C-3', C-5'), 124.6
(a, Jcr = 271.0 Hz, CF3), 123.5 (C-2), 121.6 (g, Jcr = 31.5 Hz, C-4"), 118.5 (C-2', C-6'), 78.2 (CN). IR
(ATR) Vimax/cm ™ 1=3285, 2225, 1539, 1308, 1113, 951, 838. HRMS (ESI): calcd. for Cq4Hg>*CIF3N50,
(M-H) 366.02626; found 366.02652. Purity (HPLC):>96% (A = 210 nm),>96% (A = 254 nm).

Chemical structure 40. 2-Cyano-3-(1-methyl-1H-pyrrol-2-yl)—3-hydroxy-N-(4-(trifluoromethyl)phenyl)acrylamide —
SGA-32.

According to general procedure B, amide SGA-34 (228 mg, 1.00 mmol, 1.0 eq.) in dry THF (10
mL), NaH (92.0 mg, 2.30 mmol, 2.3 eq.) and 1-methylpyrrole-2-carbonyl chloride (158 mg, 1.10
mmol, 1.1 eq.) were used to give SGA-32 as colorless crystals (221 mg, 0.660 mmol, 66%). Rf = 0.57
(3:2 hexanes/acetone). m.p.: 203°C. "H NMR (400 MHz, CDCls) 8/ppm = 7.86 (s, 1H, NH), 7.69-7.61
(m, 4H, 2'-H, 6'-H, 3'-H, 5'-H), 7.57 (dd, J = 4.3, 1.6 Hz, 1H, 3"'-H), 6.93-6.90 (m, 1H, 4''-H), 6.27 (dd,
J=4.3, 2.5 Hz, 1H, 5""-H), 3.93 (s, 3H, CH3). 3C NMR (101 MHz, CDCl3) 8/ppm = 175.6 (C-3), 170.2
(C-1), 139.5 (C-1"), 132.6 (C-5""), 127.4 (q, Jcr = 31.8 Hz, C-4'), 126.6 (q, J = 3.8 Hz, C-3', C-5’), 1241
(C-2""), 124.0 (q, Jcr = 271.4 Hz, CF3), 121.3 (C-3""), 120.7 (C-2’, C-6"), 119.0 (C-2), 110.0 (C-4"), 72.6
(CN), 38.7 (CHs). IR (ATR) Via/cm™'=3273, 2210, 1518, 1379, 1228, 1111, 996, 837, 745. HRMS
(ESI): calcd. for CqH11F3N3O2 (M-H)™ 334.08088; found 334.08090. Purity (HPLC):>96% (L = 210
nm),>96% (A = 254 nm).

Gerndt et al. eLife 2020;9:€54712. DOI: https://doi.org/10.7554/eLife.54712 33 0of 63


https://doi.org/10.7554/eLife.54712

eLife

Biochemistry and Chemical Biology

SGA-31

Chemical structure 41. 2-Cyano-3-(1-methyl-1H-pyrrol-2-yl)—3-hydroxy-N-phenylacrylamide (Prinomide) — SGA-31.

According to general procedure B, amide 2 (228 mg, 1.00 mmol, 1.0 eq.) in dry THF (10 mL),
NaH (92.0 mg, 2.30 mmol, 2.3 eq.) and 1-methylpyrrole-2-carbonyl chloride (158 mg, 1.10 mmol, 1.1
eq.) were used to give SGA-31 as colorless crystals (200 mg, 0.747 mmol, 75%). Rf = 0.65 (3:2 hex-
anes/acetone). m.p.: 171°C [(Walker, 1981): 174-175°C]. "H NMR (400 MHz, CDCl5) 8/ppm = 7.74
(s, TH, NH), 7.54 (dd, J = 4.3, 1.6 Hz, 1H, 3""-H), 7.50 (d, J = 8.0 Hz, 2H, 2'-H, 6'-H), 7.44-7.34 (m,
2H, 3'-H, 5'-H), 7.20 (t, J = 7.4 Hz, 1H, 4'-H), 6.89 (t, J = 1.9 Hz, 1H, 5"-H), 6.25 (dd, J = 4.3, 2.5 Hz,
1H, 4""-H), 3.92 (s, 3H, CH3). "*C NMR (101 MHz, CDCl3) 6/ppm = 175.6 (C-3), 170.0 (C-1), 136.2 (C-
1), 132.0 (C-5"), 129.3 (C-3’, C-5"), 125.7 (C-4"), 124.4 (C-2""), 121.3 (C-2', C-6'), 120.7 (C-3""), 119.1
(C-2), 109.7 (C-4""), 72.6 (CN), 38.5 (CH3). IR (ATR) Vma/cm ™ '=3293, 2210, 1526, 1382, 1231, 751,
736, 687. HRMS (ESI): calcd. for Cy5sH12N30, (M-H)™ 266.09350; found 266.09370. Purity (HPLC):
>96% (A =210 nm),>96% (A = 254 nm).

SGA-1

Chemical structure 42. 2-Cyano-3-(3,5-dichlorophenyl)—3-hydroxy-N-phenylacrylamide — SGA-1.

According to general procedure B, amide 2 (160 mg, 1.00 mmol, 1.0 eq.) in dry THF (10 mL),
NaH (92.0 mg, 2.30 mmol, 2.3 eq.) and 3,5-dichlorobenzoyl chloride (230 mg, 1.10 mmol, 1.1 eq.)
were used to give SGA-1 as yellow solid (227 mg, 0.681 mmol, 68%). Rf = 0.67 (3:2 hexanes/ace-
tone). m.p.: 200°C. "H NMR (500 MHz, (CD3),SO) 8/ppm = 11.95 (s, 1H, NH), 7.61 (t, J = 1.9 Hz,
1H, 4"-H), 7.56 (d, J = 1.9 Hz, 2H, 2""-H, 6''-H), 7.53 (dd, J = 8.5, 1.0 Hz, 2H, 2'-H, 6'-H), 7.27-7.22
(m, 2H, 3'-H, 5'-H), 6.96-6.90 (m, 1H, 4'-H). "3C NMR (126 MHz, (CD5),SO) &/ppm = 182.2 (C-3),
166.1 (C-1), 145.3 (C-1""), 140.1 (C-1"), 133.4 (C-3"", C-5"), 128.7 (C-3', C-5'), 128.3 (C-4"), 126.1 (C-
2", C-6"), 123.6 (C-2), 121.7 (C-4"), 118.8 (C-2', C-6'), 77.4 (CN). IR (ATR) Vinax/cm ™ '=3294, 2212,
1579, 1445, 810, 748, 683. HRMS (ESI): calcd. for Ci4He**CIoN,O, (M-H) 331.00466; found
331.00465. Purity (HPLC):>96% (A = 210 nm),>96% (AL = 254 nm).

SGA-4

Chemical structure 43. 2-Cyano-3-(3,5-dichlorophenyl)—3-hydroxy-N-(p-tolyl)acrylamide — SGA-4.
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According to general procedure B, amide 1 (174 mg, 1.00 mmol, 1.0 eq.) in dry THF (10 mL),
NaH (92.0 mg, 2.30 mmol, 2.3 eq.) and 3,5-dichlorobenzoyl chloride (230 mg, 1.10 mmol, 1.1 eq.)
were used to give SGA-4 as yellow crystals (185 mg, 0.534 mmol, 53%). Rf = 0.28 (3:2 hexanes/ace-
tone). m.p.: 214°C. "H NMR (400 MHz, (CD3),SO) 6/ppm = 11.82 (s, 1H, NH), 7.63 (t, J = 1.9 Hz,
1H, 4""-H), 7.56 (d, J = 1.9 Hz, 2H, 2"'-H, 6"'-H), 7.46-7.39 (m, 2H, 2'-H, 6'-H), 7.09-7.02 (m, 2H, 3'-H,
5'-H), 2.24 (s, 3H, CH3). "*C NMR (101 MHz, (CD3),SO) 8/ppm = 182.0 (C-3), 166.0 (C-1), 145.1 (C-
1), 137.4 (C-1), 133.4 (C-3", C-5"), 130.6 (C-4'), 129.1 (C-3', C-5"), 128.3 (C-4"), 126.1 (C-2"", C-6"),
123.5 (C-2), 119.0 (C-2', C-6"), 77.5 (CN), 20.4 (CHs). IR (ATR) Vpa/cm '=3299, 2212, 1543,
1518.866, 806, 654. HRMS (ESI): calcd. for C17H11*°Cl,N,O, (M-H)™ 345.02031; found 345.02052.
Purity (HPLC):>96% (A = 210 nm),>96% (A = 254 nm).

SGA-108

Chemical structure 44. 3-(3,5-Bis(trifluoromethyl)phenyl)—2-cyano-3-hydroxy-N-(p-tolyl)acrylamide — SGA-108.

According to general procedure B, amide 1 (174 mg, 1.00 mmol, 1.0 eq.) in dry THF (10 mL),
NaH (92.0 mg, 2.30 mmol, 2.3 eq.) and 3,5-bis(trifluoromethyl)benzoyl chloride (199 pL, 1.10 mmol,
1.1 eq.) were used to give SGA-108 as light yellow crystals (208 mg, 0.502 mmol, 50%). Rs = 0.28
(3:2 hexanes/acetone). m.p.: 183°C. "H NMR (500 MHz, CDCl5) 8/ppm = 8.45 (s, 2H, 2"'-H, 6""-H),
8.10 (s, 1H, 4"'-H), 7.86 (s, 1H, NH), 7.43-7.37 (m, 2H, 2'-H, 6'-H), 7.25-7.20 (m, 2H, 3'-H, 5'-H), 2.37
(s, 3H, CHs). "*C NMR (126 MHz, CDCls) 8/ppm = 180.4 (C-3), 167.9 (C-1), 136.7 (C-4'), 134.7 (C-
1), 132.7 (C-1"), 132.6 (q, Jcr = 34.2 Hz, C-3", C-5"), 130.1 (C-3', C-5'), 128.6 (q, Jcr = 3.1 Hz,
C-2", C-6"), 126.3 (q, Jcr = 3.7 Hz, C-4"), 122.8 (q, Jcr = 272.9 Hz, CF3), 121.8 (C-2', C-6"), 116.5
(C-2), 79.7 (CN), 21.2 (CH3). IR (ATR) V,a/cm™'=3276, 2213, 1538, 1278, 1129, 811, 681. HRMS
(ESI): calcd. for Ci9H11F¢N2O2 (M-H)™ 413.07302; found 413.07301. Purity (HPLC):>96% (A = 210
nm),>96% (A = 254 nm).

SGA-2

Chemical structure 45. N-(4-Chlorophenyl)—2-cyano-3-(3,5-dichlorophenyl)—3-hydroxyacrylamide — SGA-2.

According to general procedure B, amide 4 (195 mg, 1.00 mmol, 1.0 eq.) in dry THF (10 mL),
NaH (92.0 mg, 2.30 mmol, 2.3 eq.) and 3,5-dichlorobenzoyl chloride (230 mg, 1.10 mmol, 1.1 eq.)
were used to give SGA-2 as yellow solid (256 mg, 0.695 mmol, 70%). R¢ = 0.71 (3:2 hexanes/ace-
tone). m.p.: 230°C. "H NMR (500 MHz, (CD3),SO) 8/ppm = 12.12 (s, 2H, NH), 7.62 (t, J = 1.9 Hz,
1H, 4"'-H), 7.60-7.57 (m, 2H, 2'-H, 6'-H), 7.55 (d, J = 1.9 Hz, 2H, 2""-H, 6''-H), 7.30-7.26 (m, 2H, 3'-H,
5'-H). 3C NMR (126 MHz, (CD3),SO) 8/ppm = 182.5 (C-3), 166.1 (C-1), 145.4 (C-1"), 139.1 (C-1"),
133.4 (C-3", C-5"), 128.6 (C-3', C-5'), 128.3 (C-4'"), 126.0 (C-2"", C-6""), 125.0 (C-4'), 123.6 (C-2),
120.2 (C-2', C-6'), 77.2 (CN). IR (ATR) V,a/cm™'=3305, 2212, 1545, 1495, 1506, 1316, 1098, 809.
HRMS (ESI): calcd. for Cq4Hg>>ClsN,O, (M-H)™ 364.96568; found 364.96593. Purity (HPLC):>96%
(A =210 nm),>96% (A = 254 nm).

Gerndt et al. eLife 2020;9:€54712. DOI: https://doi.org/10.7554/eLife.54712 35 of 63


https://doi.org/10.7554/eLife.54712

eLife

Biochemistry and Chemical Biology

SGA-3

Chemical structure 46. N-(4-Bromophenyl)—2-cyano-3-(3,5-dichlorophenyl)—3-hydroxyacrylamide — SGA-3.

According to general procedure B, amide 5 (239 mg, 1.00 mmol, 1.0 eq.) in dry THF (10 mL),
NaH (92.0 mg, 2.30 mmol, 2.3 eq.) and 3,5-dichlorobenzoyl chloride (230 mg, 1.10 mmol, 1.1 eq.)
were used to give SGA-3 as yellow crystals (289 mg, 0.702 mmol, 70%). R¢ = 0.73 (3:2 hexanes/ace-
tone). m.p.: 237°C. "H NMR (400 MHz, (CDs),SO) &/ppm = 12.09 (s, 1H, NH), 7.62 (t, J = 1.9 Hz,
1H, 4"-H), 7.58-7.51 (m, 4H, 2'-H, 6'-H, 2""-H, 6"-H), 7.44-7.38 (m, 2H, 3'-H, 5'-H)."3C NMR (101
MHz, (CD3),SO) 8/ppm = 182.4 (C-3), 166.1 (C-1), 145.2 (C-1""), 139.4 (C-1"), 133.4 (C-3", C-5"),
131.4 (C-3', C-5"), 128.3 (C-4"), 126.0 (C-2"", C-6""), 122.6 (C-2), 120.7 (C-2', C-6'), 112.9 (C-4"), 77.4
(CN). IR (ATR) Vmax/cm™1=3309, 2211, 1540, 1493, 1403, 1316, 1290, 1012, 809. HRMS (ESI): calcd.
for CqeHg "Br3®CILN,O, (M-H)™ 408.91517; found 408.91581. Purity (HPLC):>96% (L = 210 nm),
>96% (A = 254 nm).

SGA-75

Chemical structure 47. N-(4-Bromophenyl)—2-cyano-3-(3,5-dibromophenyl)—3-hydroxyacrylamide — SGA-75.

According to general procedure B, amide 5 (239 mg, 1.00 mmol, 1.0 eq.) in dry THF (10 mL),
NaH (92.0 mg, 2.30 mmol, 2.3 eq.) and 3,5-dibromobenzoic acid (308 mg, 1.10 mmol, 1.1 eq.; con-
verted into the corresponding aryl chloride) were used to give SGA-75 as colorless crystals (222 mg,
0.443 mmol, 44%). R¢ = 0.20 (3:2 hexanes/acetone). m.p.: 233°C. "H NMR (400 MHz, (CD3),SO) &/
ppm = 12.05 (s, 1H, NH), 7.86 (t, J = 1.8 Hz, 1H, 4'-H), 7.73 (d, J = 1.8 Hz, 2H, 2""-H, 6""-H), 7.57-
7.50 (m, 2H, 2'-H, &'-H), 7.46-7.37 (m, 2H, 3'-H, 5-H). 3C NMR (101 MHz, (CDs),SO) &/
ppm = 182.2 (C-3), 166.1 (C-1), 145.5 (C-1""), 139.4 (C-1"), 133.7 (C-4"), 131.5 (C-3', C-5"), 129.2 (C-
2", C-6"), 122.7 (C-2), 121.8 (C-3", C-5""), 120.8 (C-2’, C-6"), 113.0 (C-4"), 77.4 (CN). IR (ATR) V o/
cm~'=3314, 2214, 1596, 1543, 865, 817, 748, 658. HRMS (ESI): calcd. for Cq4Hg’*BrsN,O, (M-H)
496.81414; found 496.81449. Purity (HPLC):>96% (A = 210 nm),>96% (A = 254 nm).
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SGA-72

Chemical structure 48. N-(4-Bromophenyl)—2-cyano-3-hydroxy-3-(2,4,6-trichlorophenyl)acrylamide — SGA-72.

According to general procedure B, amide 5 (239 mg, 1.00 mmol, 1.0 eq.) in dry THF (10 mL),
NaH (92.0 mg, 2.30 mmol, 2.3 eq.) and 2,4,6-trichlorobenzoyl chloride (172 pL, 1.10 mmol, 1.1 eq.)
were used to give SGA-72 as colorless solid (227 mg, 0.507 mmol, 51%). R¢ = 0.14 (3:2 hexanes/ace-
tone). m.p.: 191°C. "H NMR (400 MHz, (CD3),S0) 8/ppm = 11.69 (s, 1H, NH), 7.65 (s, 2H, 3"'-H, 5"-
H), 7.58-7.52 (m, 2H, 2'-H, 6'-H), 7.44-7.38 (m, 2H, 3’-H, 5'-H). '3C NMR (101 MHz, (CD3),SO) &/
ppm = 180.3 (C-3), 165.4 (C-1), 139.6 (C-1" or C-1"), 139.4 (C-1" or C-1"), 133.0 (C-4"), 132.0 (C-2",
C-6"), 131.5 (C-3’, C-5), 127.8 (C-3", C-5""), 122.1 (C-2), 120.5 (C-2', C-6'), 112.9 (C-4'), 79.5 (CN). IR
(ATR) Vmax/cm™'=2238, 1588, 1539, 1488, 1307, 856, 818. HRMS (ESI): caled. for
C16H7”"Br¥>CI3N,0, (M-H)™ 442.87620; found 442.87747. Purity (HPLC):>96% (A = 210 nm),>96%
(A = 254 nm).

SGA-8

Chemical structure 49. Cyano-3-(3,5-dichlorophenyl)-N-(4-fluorophenyl)—3-hydroxyacrylamide — SGA-8.

According to general procedure B, amide 6 (178 mg, 1.00 mmol, 1.0 eq.) in dry THF (10 mL),
NaH (92.0 mg, 2.30 mmol, 2.3 eq.) and 3,5-dichlorobenzoyl chloride (230 mg, 1.10 mmol, 1.1 eq.)
were used to give SGA-8 as white crystals (220 mg, 0.626 mmol, 63%). R = 0.69 (3:2 hexanes/ace-
tone). m.p.: 225°C. "TH NMR (400 MHz, (CD3),SO) 6/ppm = 11.92 (s, 1H, NH), 7.63 (t, J = 1.9 Hz,
1H, 4"-H), 7.60-7.53 (m, 4H, 2'-H, 6'-H, 2""-H, 6"-H), 7.12-7.03 (m, 2H, 3'-H, 5'-H). "3C NMR (101
MHz, (CD3),SO) 8/ppm = 182.2 (C-3), 166.1 (C-1), 157.3 (d, Jcr = 236.9 Hz, C-4'), 144.9 (C-1"),
136.3 (d, Jcr = 2.4 Hz, C-1"), 133.4 (C-3"", C-5""), 128.4 (C-4""), 126.1 (C-2"", C-6"), 123.3 (C-2), 120.5
(d, Jeg = 7.6 Hz, C-2', C-6'), 115.2 (d, Jcr = 22.0 Hz, C-3', C-5'), 77.4 (CN). IR (ATR) Vnax/
cm~1=3296, 2212, 1739, 1549, 1506, 1210, 823, 809, 645. HRMS (ESI): calcd. for Cq4Hg>>CI,FN,0,
(M-H)" 348.99523; found 348.99526. Purity (HPLC):>96% (A = 210 nm),>96% (A = 254 nm).
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SGA-9

Chemical structure 50. 2-Cyano-3-(3,5-dichlorophenyl)-N-(4-iodophenyl)—3-hydroxyacrylamide — SGA-9.

According to general procedure B, amide 7 (286 mg, 1.00 mmol, 1.0 eq.) in dry THF (10 mL),
NaH (92.0 mg, 2.30 mmol, 2.3 eq.) and 3,5-dichlorobenzoyl chloride (230 mg, 1.10 mmol, 1.1 eq.)
were used to give SGA-9 as yellow crystals (279 mg, 0.608 mmol, 61%). R¢ = 0.71 (3:2 hexanes/ace-
tone). m.p.: 238°C. "H NMR (400 MHz, (CDs),SO) &/ppm = 12.04 (s, 1H, NH), 7.63 (t, J = 1.9 Hz,
1H, 4""-H), 7.59-7.53 (m, 4H, 3'-H, 5'-H, 2""-H, 6"-H), 7.44-7.38 (m, 2H, 2'-H, 6'-H). "*C NMR (101
MHz, (CD3),SO) 6/ppm = 182.4 (C-3), 166.2 (C-1), 145.1 (C-1""), 139.8 (C-1"), 137.3 (C-3', C-5' or
C-2",C-6"), 133.4 (C-3", C-5"), 128.4 (C-4"), 126.1 (C-3', C-5' or C-2", C-6"), 123.3 (C-2), 121.1 (C-
2, C-6'), 84.5 (C-4"), 77.5 (CN). IR (ATR) V,a/cm ™ '=3303, 2217, 1592, 1523, 1485, 1314, 817, 806,
658. HRMS (ESI): calcd. for CqHg>>CLLIN,O, (M-H) 456.90130; found 456.90014. Purity (HPLC):
>96% (A = 210 nm),>96% (A = 254 nm).

SGA-13

Chemical structure 51. 2-Cyano-3-(3,5-dichlorophenyl)-N-(4-nitrophenyl)—3-hydroxyacrylamide — SGA-13.

According to general procedure B, amide 8 (205 mg, 1.00 mmol, 1.0 eq.) in dry THF (16 mL),
NaH (92.0 mg, 2.30 mmol, 2.3 eq.) and 3,5-dichlorobenzoyl chloride (230 mg, 1.10 mmol, 1.1 eq.)
were used to give SGA-13 as yellow solid (208 mg, 0.550 mmol, 55%). Ry = 0.82 (3:2 hexanes/ace-
tone). m.p.: 246°C. "H NMR (400 MHz, (CD3),SO) 8/ppm = 12.64 (s, 1H, NH), 8.19-8.13 (m, 2H, 3'-
H, 5'-H), 7.82-7.77 (m, 2H, 2'-H, 6'-H), 7.64 (t, J = 1.9 Hz, 1H, 4""-H), 7.57 (d, J = 1.9 Hz, 2H, 2""-H,
6"-H). "3C NMR (101 MHz, (CD3),SO) 6/ppm = 181.6 (C-3), 166.9 (C-1), 149.4 (C-1"), 147.0 (C-1"),
141.3 (C-4"), 133.9 (C-3", C-5"), 129.0 (C-4"), 126.5 (C-2", C-6"), 125.7 (C-3’, C-5), 121.8 (C-2),
118.6 (C-2', C-6'), 77.0 (CN). IR (ATR) Vimax/cm ™ 1=3314, 2209, 1568, 1546, 1514, 1498, 1340, 1309,
847, 813, 656. HRMS (ESI): calcd. for Cq4Hg*>>Cl,N3O,4 (M-H) 375.98973; found 375.98970. Purity
(HPLC):>96% (A = 210 nm),>96% (A = 254 nm).

SGA-12

Chemical structure 52. 2-Cyano-3-(3,5-dichlorophenyl)-N-(4-methoxyphenyl)—3-hydroxyacrylamide — SGA-12.
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According to general procedure B, amide 3 (190 mg, 1.00 mmol, 1.0 eq.) in dry THF (10 mL),
NaH (92.0 mg, 2.30 mmol, 2.3 eq.) and 3,5-dichlorobenzoyl chloride (230 mg, 1.10 mmol, 1.1 eq.)
were used to give SGA-12 as yellow solid (220 mg, 0.606 mmol, 61%). Rf = 0.76 (3:2 hexanes/ace-
tone). m.p.: 207°C. "H NMR (400 MHz, (CD3),SO) 8/ppm = 11.36 (s, 1H, NH), 9.87 (s, 1H, OH), 7.71
(t, J=1.8Hz, 1H, 4'-H), 7.65 (d, J = 1.8 Hz, 2H, 2""-H, 6''-H), 7.49-7.41 (m, 2H, 2'-H, 6'-H), 6.90-6.85
(m, 2H, 3'-H, 5'-H), 3.72 (s, 3H, OCHs). *C NMR (101 MHz, (CD3),SO) 8/ppm = 181.6 (C-3), 166.4
(C-1), 155.2 (C-4"), 142.6 (C-1""), 133.7 (C-3", C-5'), 131.9 (C-1"), 129.3 (C-4"), 126.3 (C-2", C-6"),
121.7 (C-2', C-6"), 121.4 (C-2), 113.9 (C-3', C-5'), 78.1 (CN), 55.2 (OCH3). IR (ATR) Vmax/cm ™ '=3296,
2211, 1601, 1467, 1441, 1297, 1251, 1032, 764. HRMS (ESI): caled. for Cq7H;13°CILN,O5 (M-HY
361.01522; found 361.01516. Purity (HPLC):>96% (L = 210 nm),>96% (A = 254 nm).

SGA-38

Chemical structure 53. 2-Cyano-N-(4-cyanophenyl)—3-(3,5-dichlorophenyl)—3-hydroxyacrylamide — SGA-38.

According to general procedure B, amide 9 (185 mg, 1.00 mmol, 1.0 eq.) in dry THF (10 mL),
NaH (92.0 mg, 2.30 mmol, 2.3 eq.) and 3,5-dichlorobenzoyl chloride (230 mg, 1.10 mmol, 1.1 eq.)
were used to give SGA-38 as yellow solid (137 mg, 0.382 mmol, 38%). R = 0.12 (3:2 hexanes/ace-
tone). m.p.: 236°C. "H NMR (500 MHz, (CD5),SO) 8/ppm = 12.42 (s, 1H, NH), 7.75-7.72 (m, 2H, 3'-
H, 5'-H), 7.71-7.67 (m, 2H, 2'-H, 6'-H), 7.64 (t, J = 1.9 Hz, 1H, 4""-H), 7.57 (d, J = 1.9 Hz, 2H, 2""-H,
6"-H). "3C NMR (126 MHz, (CD3),SO) 6/ppm = 183.0 (C-3), 166.4 (C-1), 145.1 (C-1"), 144.3 (C-1"),
133.5 (C-3", C-5"), 133.3 (C-3', C-5'), 128.5 (C-4'"), 126.0 (C-2", C-6""), 123.2 (C-4'), 119.4 (C-2),
118.8 (C-2', C-6'), 103.1 (4'-CN), 77.4 (2-CN). IR (ATR) Vnax/cm™'=3321, 2360, 2340, 1533, 839, 655.
HRMS (ESI): calcd. for Ci7Hg*>CI,N30, (M-H)™ 355.99991; found 356.00057. Purity (HPLC):>96%
(A =210 nm),>96% (A = 254 nm).

SGA-76

Chemical structure 54. N-(4-Acetylphenyl)—2-cyano-3-(3,5-dichlorophenyl)—3-hydroxyacrylamide — SGA-76.

According to general procedure B, amide 10 (202 mg, 1.00 mmol, 1.0 eq.) in dry THF (10 mL),
NaH (92.0 mg, 2.30 mmol, 2.3 eq.) and 3,5-dichlorobenzoyl chloride (230 mg, 1.10 mmol, 1.1 eq.)
were used to give SGA-76 as off white solid (296 mg, 0.789 mmol, 79%). R¢ = 0.08 (3:2 hexanes/ace-
tone). m.p.: 209°C. "H NMR (500 MHz, (CD3),SO) 8/ppm = 12.32 (s, 1H, NH), 7.91-7.86 (m, 2H, 3'-
H, 5'-H), 7.71-7.66 (m, 2H, 2'-H, 6'-H), 7.64 (t, J = 1.9 Hz, 1H, 4""-H), 7.58 (d, J = 1.9 Hz, 2H, 2"-H,
6"-H), 2.51 (s, 3H, CHs, collapses with DMSQ). *C NMR (101 MHz, (CD3),SO) 6/ppm = 196.3 (CO),
182.8 (C-3), 166.3 (C-1), 145.1 (C-1""), 144.5 (C-1"), 133.5 (C-3"", C-5"), 130.4 (C-4'), 129.7 (C-3’,
C-5'), 128.5 (C-4""), 126.1 (C-2", C-6""), 123.3 (C-2), 117.9 (C-2', C-6'), 77.6 (CN), 26.3 (CH3). IR (ATR)
Vimax/cm™'=3304, 2207, 1682, 1596, 1544, 1355, 1272, 809. HRMS (ESI): calcd. for C1gH113°CILN,05
(M-H) 373.01522; found 373.01580. Purity (HPLC):>96% (A = 210 nm),>96% (A = 254 nm).
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SGA-84

Chemical structure 55. 2-Cyano-3-(3,5-dichlorophenyl)—3-hydroxy-N-(4-propoxyphenyl)acrylamide — SGA-84.

According to general procedure B, amide 11 (218 mg, 1.00 mmol, 1.0 eq.) in dry THF (10 mL),
NaH (92.0 mg, 2.30 mmol, 2.3 eq.) and 3,5-dichlorobenzoyl chloride (230 mg, 1.10 mmol, 1.1 eq.)
were used to give SGA-84 as yellow solid (245 mg, 0.626 mmol, 63%). Rf = 0.15 (3:2 hexanes/ace-
tone + 2% TEA). m.p.: 184°C. "TH NMR (500 MHz, (CD3),SO) 8/ppm = 11.36 (s, 1H, NH), 9.30 (s, 1H,
OH), 7.71 (t, J = 1.7 Hz, 1H, 4""-H), 7.67-7.62 (m, 2H, 2"-H, 6"'-H), 7.49-7.40 (m, 2H, 3'-H, 5'-H),
6.90-6.82 (m, 2H, 2'-H, 6'-H), 3.88 (t, J = 6.5 Hz, 2H, CH,CH,CHs), 1.71 (sext, J = 7.2 Hz, 2H,
CH,CH,CHs), 0.97 (t, J = 7.4 Hz, 3H, CH,CH,CHj3). ">C NMR (126 MHz, (CD3),SO) 8/ppm = 181.6
(C-3), 166.4 (C-1), 154.6 (C-4"), 142.7 (C-1"), 133.7 (C-3", C-5"), 131.9 (C-1), 129.3 (C-4"), 126.3 (C-
2", C-6"), 121.6 (C-3', C-5), 121.5 (C-2), 114.5 (C-2', C-6"), 78.0 (CN), 69.1 (CH,CH,CH5;), 22.1
(CH,CH,CHs), 10.4 (CH,CH,CHa). IR (ATR) Vna/cm™'=3304, 2208, 1601, 1550, 1511, 1249, 1235,
822, 811. HRMS (ESI): calcd. for Cqi9H15>°Cl,N,O3 (M-H)™ 389.04652; found 389.04631. Purity
(HPLC):>96% (A = 210 nm),>96% (A = 254 nm).

SGA-86

Chemical structure 56. 2-Cyano-3-(3,5-dichlorophenyl)—3-hydroxy-N-(4-(trifluoromethoxy)phenyl)acrylamide —
SGA-86.

According to general procedure B, amide 12 (244 mg, 1.00 mmol, 1.0 eq.) in dry THF (10 mL),
NaH (92.0 mg, 2.30 mmol, 2.3 eq.) and 3,5-dichlorobenzoyl chloride (230 mg, 1.10 mmol, 1.1 eq.)
were used to give SGA-86 as colorless solid (344 mg, 0.825 mmol, 83%). Rf = 0.53 (3:2 hexanes/ace-
tone). m.p.: 195°C. "H NMR (500 MHz, (CD3),SO) 8/ppm = 12.02 (s, 1H, NH), 9.41 (s, 1H, OH),
7.69-7.64 (m, 3H, 2'-H, 6'-H, 4""-H), 7.59 (d, J = 1.9 Hz, 2H, 2""-H, 6"-H), 7.28-7.23 (m, 2H, 3'-H, 5'-
H). "3C NMR (126 MHz, (CD3),SO) &/ppm = 182.3 (C-3), 166.3 (C-1), 144.6 (C-1"), 142.7 (C-4),
139.1 (C-1"), 133.5 (C-3"”, C-5"), 128.6 (C-4"), 126.1 (C-2", C-6"), 123.0 (C-2), 121.6 (C-3', C-5'),
120.3 (g, Jer = 255.2 Hz, OCF3), 120.2 (C-2', C-6"), 77.6 (CN). IR (ATR) Vnax/cm™'=3304, 2218, 1614,
1536, 1506, 1262, 1208, 1164, 661. HRMS (ESI): calcd. for Ci7Hg>>CloF3N,O5 (M-H) 414.98696;
found 414.98676. Purity (HPLC):>96% (A = 210 nm),>96% (A = 254 nm).
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SGA-133

Chemical structure 57. Methyl 4-(2-cyano-3-(3,5-dichlorophenyl)—3-hydroxyacrylamido)benzoate — SGA-133.

According to general procedure B, amide 13 (218 mg, 1.00 mmol, 1.0 eq.) in dry THF (10 mL),
NaH (92.0 mg, 2.30 mmol, 2.3 eq.) and 3,5-dichlorobenzoyl chloride (230 mg, 1.10 mmol, 1.1 eq.)
were used. The resulting solid was washed with hexanes, EtOH and water to give SGA-133 as color-
less solid (331 mg, 0.846 mmol, 85%). Rf = 0.15 (3:2 hexanes/acetone). m.p.: 234°C. "H NMR (400
MHz, (CD3),S0O) 6/ppm = 12.33 (s, TH, NH), 11.41 (s, 1H, OH), 7.90-7.83 (m, 2H, 2 hr, 6 hr), 7.71-
7.66 (m, 2H, 3 hr, 5 hr), 7.64 (t, J = 1.9 Hz, 1H, 4""-H), 7.57 (d, J = 1.9 Hz, 2H, 2"'-H, 6""-H), 3.81 (s,
3H, CH3). 3C NMR (101 MHz, (CD3),SO) 8/ppm = 182.8 (C-3"), 166.3 (C-1"), 166.0 (CO), 145.1 (C-
1), 144.6 (C-4), 133.4 (C-3", C-5"), 130.4 (C-2, C-6), 128.5 (C-4'"), 126.1 (C-2", C-6""), 123.3 (C-2'),
122.3 (C-1), 118.1 (C-3, C-5), 77.6 (CN), 51.7 (CH3). IR (ATR) Vmax/cm™'=3304, 3093, 2215, 1727,
1591, 1534, 1415, 1283, 1262, 1112, 810, 766. HRMS (ESI): calcd. for CqgHq13°CILN,O4 (M-H)
389.01014; found 389.01077. Purity (NMR):>96% (A = 210 nm),>96% (A = 254 nm).

SGA-137

Chemical structure 58. 4-(2-Cyano-3-(3,5-dichlorophenyl)—3-hydroxyacrylamido)benzoic acid - SGA-137.

Ester SGA-133 (95.0 mg, 0.243 mmol, 1.0 eq.) was dissolved in dioxane/H,O (3:1; 4.0 mL) and
LiOH (61.2 mg, 2.43 mmol, 10 eq.) was added. The mixture was stirred at rt for 3 hr, before 1 M aq.
HCI (5.0 mL) was added. The precipitate was filtered off, washed with cold water and dried to give
SGA-137 as colorless solid (59.6 mg, 0.158 mmol, 65%). R¢ = 0.00 (3:2 hexanes/acetone). m.p.: 244°
C. "H NMR (500 MHz, (CD3),SO) 6/ppm = 12.30 (s, 1H, NH), 7.87-7.81 (m, 2H, 2 hr, 6 hr), 7.68—
7.64 (m, 2H, 3 hr, 5 hr), 7.63 (t, J = 1.9 Hz, 1H, 4"'-H), 7.57 (d, J = 1.9 Hz, 2H, 2""-H, 6"'-H). "*C NMR
(126 MHz, (CD3),SO) 8/ppm = 182.7 (C-3'), 167.1 (CO), 166.3 (C-1'), 145.2 (C-1""), 144.2 (C-4), 133.4
(C-3", C-5"), 130.5 (C-2, C-6), 128.4 (C-4"), 126.1 (C-2"", C-6""), 123.5 (C-1), 123.4 (C-2'), 118.0 (C-3,
C-5), 77.5 (CN). IR (ATR) Vmax/cm71=33'|'|, 2215, 1696, 1595, 1550, 1415, 1294, 855, 770. HRMS
(ESI): calcd. for Cq7Hg>>CIoN,O4 (M-H)™ 374.99449; found 374.99480. Purity (HPLC):>96% (A = 210
nm),>96% (A = 254 nm).
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SGA-27

Chemical structure 59. N-(2-Bromo-4-chlorophenyl)—2-cyano-3-(3,5-dichlorophenyl)—3-hydroxyacrylamide — SGA-
27.

According to general procedure B, amide 14 (274 mg, 1.00 mmol, 1.0 eq.) in dry THF (10 mL),
NaH (92.0 mg, 2.30 mmol, 2.3 eq.) and 3,5-dichlorobenzoyl chloride (230 mg, 1.10 mmol, 1.1 eq.)
were used to give SGA-27 as colorless solid (330 mg, 0.738 mmol, 74%). R¢ = 0.25 (3:2 hexanes/ace-
tone). m.p.: 203°C. "H NMR (500 MHz, (CD3),SO) d/ppm = 12.29 (s, 1H, NH), 8.56 (d, J = 9.0 Hz,
1H, 6'-H), 7.68 (d, J = 2.5 Hz, 1H, 3'-H), 7.63 (t, J = 1.9 Hz, 1H, 4''-H), 7.58 (d, J = 1.9 Hz, 2H, 2""-H,
6"-H), 7.36 (dd, J = 9.0, 2.5 Hz, 1H, 5'-H). "3C NMR (126 MHz, (CD5),SO) 8/ppm = 182.7 (C-3),
166.4 (C-1), 145.2 (C-1"), 137.8 (C-1"), 133.4 (C-3", C-5"), 131.4 (C-6"), 128.4 (C-4""), 127.8 (C-5'),
126.1 (C-2", C-6"), 125.4 (C-4"), 123.5 (C-2), 122.1 (C-3"), 112.1 (C-2"), 77.3 (CN). IR (ATR) Vmax/
cm~'=3366, 3087, 2208, 1556, 1521, 1469, 1360, 1292, 863, 815. HRMS (ESI): calcd. for
C16H;7"Br*>CIsNL,0, (M-H) 442.87620; found 442.87736. Purity (HPLC):>96% (A = 210 nm),>96%
(A = 254 nm).

SGA-28

Chemical structure 60. 2-Cyano-3-(3,5-dichlorophenyl)-N-(3,4-dimethoxyphenyl)—3-hydroxyacrylamide — SGA-28.

According to general procedure B, amide 17 (220 mg, 1.00 mmol, 1.0 eq.) in dry THF (10 mL),
NaH (92.0 mg, 2.30 mmol, 2.3 eq.) and 3,5-dichlorobenzoyl chloride (230 mg, 1.10 mmol, 1.1 eq.)
were used to give SGA-28 as yellow solid (200 mg, 0.508 mmol, 51%). Rf = 0.17 (3:2 hexanes/ace-
tone). m.p.: 195°C. "TH NMR (500 MHz, (CD3),SO) 6/ppm = 11.52 (s, 1H, NH), 7.68 (t, J = 1.8 Hz,
1H, 4""-H), 7.62 (d, J = 1.8 Hz, 2H, 2""-H, 6"-H), 7.30 (d, J = 2.2 Hz, 1H, 2'-H), 7.01 (dd, J = 8.7, 2.2
Hz, 1H, 6'-H), 6.86 (d, J = 8.7 Hz, 1H, 5'-H), 3.73 (s, 3H, OCHz), 3.71 (s, 3H, OCHs). 3C NMR (126
MHz, (CD3),SO) 8/ppm = 181.7 (C-3), 166.2 (C-1), 148.6 (C-3'), 144.4 (C-4'), 143.6 (C-1""), 133.6 (C-
3", C-5'), 133.0 (C-1"), 128.9 (C-4"), 126.2 (C-2", C-6""), 122.2 (C-2), 112.3 (C-5'), 111.5 (C-6'), 104.9
(C-2", 77.9 (CN), 55.8 (OCHs), 55.4 (OCHs). IR (ATR) Vax/cm™'=3284, 2217, 1608, 1549, 1516,
1238, 1028, 810. HRMS (ESI): calcd. for C1gH13*°Cl,N,04 (M-H)™ 391.02579; found 391.02608. Purity
(HPLC):>96% (A = 210 nm),>96% (A = 254 nm).
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SGA-39

Chemical structure 61. 2-Cyano-3-(3,5-dichlorophenyl)—3-hydroxy-N-(2-iodophenyl)acrylamide — SGA-39.

According to general procedure B, amide 15 (286 mg, 1.00 mmol, 1.0 eq.) in dry THF (10 mL),
NaH (92.0 mg, 2.30 mmol, 2.3 eq.) and 3,5-dichlorobenzoyl chloride (230 mg, 1.10 mmol, 1.1 eq.)
were used to give SGA-39 as yellow solid (237 mg, 0.515 mmol, 52%). Rf = 0.20 (3:2 hexanes/ace-
tone). m.p.: 171°C. "H NMR (400 MHz, (CD3),SO) 6/ppm = 11.87 (s, 1H, NH), 8.27 (dd, J = 8.3, 1.5
Hz, 1H, 6’-H), 7.80 (dd, J = 7.9, 1.5 Hz, 1H, 3'-H), 7.63 (t, J = 1.9 Hz, 1H, 4""-H), 7.59 (d, J = 1.9 Hz,
2H, 2"'-H, 6"-H), 7.29 (ddd, J = 8.4, 7.3, 1.5 Hz, 1H, 5'-H), 6.80-6.67 (m, 1H, 4'-H). "3C NMR (126
MHz, (CD3),SO) 8/ppm = 182.2 (C-3), 166.4 (C-1), 145.1 (C-1"), 141.5 (C-1"), 139.0 (C-3'), 133.4 (C-
3", C-5"), 128.4 (C-4'"), 128.3 (C-5'), 126.1 (C-2", C-6"), 124.0 (C-4"), 123.6 (C-2), 122.1 (C-6'), 89.2
(C-2'), 77.2 (CN). IR (ATR) Vmax/cm™'=3337, 2213, 1579, 1537, 1294, 742. HRMS (ESI): calcd. for
C16Hg>>ClLIN,O, (M-H)™ 456.90130; found 456.90095. Purity (HPLC):>96% (L = 210 nm),>96%
(A = 254 nm).

SGA-33

Chemical structure 62. N-(3-Chloro-2,4-difluorophenyl)—2-cyano-3-(3,5-dichlorophenyl)—3-hydroxyacrylamide —
SGA-33.

According to general procedure B, amide 16 (231 mg, 1.00 mmol, 1.0 eq.) in dry THF (10 mL),
NaH (92.0 mg, 2.30 mmol, 2.3 eq.) and 3,5-dichlorobenzoyl chloride (230 mg, 1.10 mmol, 1.1 eq.)
were used to give SGA-33 as colorless crystals (290 mg, 0.719 mmol, 72%). R¢ = 0.15 (3:2 hexanes/
acetone). m.p.: 193°C. "H NMR (400 MHz, (CD3),SO) 6/ppm = 12.34 (s, 1H, NH), 8.43 (td, J = 9.0,
6.0 Hz, 1H, 6'-H), 7.63 (t, J = 1.9 Hz, 1H, 4""-H), 7.58 (d, J = 1.9 Hz, 2H, 2""-H, 6""-H), 7.23 (td, J = 9.2,
2.1 Hz, 1H, 5'-H). "3C NMR (101 MHz, (CD3),SO) 8/ppm = 182.9 (C-3), 166.3 (C-1), 152.1 (d,
Jcr = 242.4 Hz, C-4'), 147.7 (d, Jcr = 245.4 Hz, C-2'), 145.0 (C-1""), 133.4 (C-3", C-5"), 128.5 (C-4""),
126.3 (dd, Jcr = 10.3, 2.6 Hz, C-1"), 126.1 (C-2", C-6""), 123.2 (C-2), 119.1 (dd, Jcr = 7.8, 3.0 Hz,
C-6"), 111.5 (dd, Jcr = 20.7, 3.6 Hz, C-5"), 107.8 (dd, Jcr = 22.2, 2.9 Hz, C-3"), 77.3 (CN). IR (ATR) V
max/CM ™ 1=3293, 2206, 1539, 1497, 1370, 1289, 1023, 803. HRMS (ESI): calcd. for C14Hs>>Cl3FaN505
(M-H) 400.94684; found 400.94724. Purity (HPLC):>96% (A = 210 nm),>96% (A = 254 nm).
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SGA-73

Chemical structure 63. N-(3-Chloro-2,4-difluorophenyl)—2-cyano-3-hydroxy-3-(2,4,6-trichlorophenyl)acrylamide —
SGA-73.

According to general procedure B, amide 16 (231 mg, 1.00 mmol, 1.0 eq.) in dry THF (10 mL),
NaH (92.0 mg, 2.30 mmol, 2.3 eq.) and 2,4,6-trichlorobenzoyl chloride (172 uL, 1.10 mmol, 1.1 eq.)
were used to give SGA-73 as colorless solid (217 mg, 0.496 mmol, 50%). R¢ = 0.16 (1:1 hexanes/ace-
tone). m.p.: 199°C. "H NMR (500 MHz, (CD3),SO) o/ppm = 11.93 (s, 1H, NH), 8.45 (td, J = 9.1, 5.9
Hz, 1H, &'-H), 7.66 (s, 2H, 3"-H, 5"-H), 7.23 (td, J = 9.2, 2.0 Hz, 1H, 5'-H). "3C NMR (126 MHz,
(CD3),S0) 8/ppm = 180.8 (C-3), 165.6 (C-1), 152.1 (d, Jcr = 242.6 Hz, C-4'), 147.5 (d, Jcr = 245.6
Hz, C-2'), 139.4 (C-1" or C-4"), 133.1 (C-1"" or C-4""), 132.0 (C-2", C-6'""), 127.8 (C-3"", C-5""), 126.3
(dd, Jcr = 10.2, 3.2 Hz, C-1'), 121.8 (C-2), 118.8 (dd, Jcr = 7.9, 2.9 Hz, C-6'), 111.5 (dd, Jcr = 20.7,
3.5 Hz, C-5'), 107.9 (dd, Jcr = 22.0, 19.2 Hz, C-3'), 79.4 (CN). IR (ATR) Vax/cm™1=3279, 2222, 1626,
1590, 1519, 1484, 1445, 1359, 1275, 1017, 816, 631. HRMS (ESI): calcd. for C16H535C|4F2N202 (M-
H) 434.90787; found 434.90791. Purity (HPLC):>96% (A = 210 nm),>96% (A = 254 nm).

SGA-90

Chemical structure 64. N-(3-Chloro-2,4-difluorophenyl)—2-cyano-3-(3,5-dibromophenyl)—3-hydroxyacrylamide —
SGA-90.

According to general procedure B, amide 16 (231 mg, 1.00 mmol, 1.0 eq.) in dry THF (10 mL),
NaH (92.0 mg, 2.30 mmol, 2.3 eq.) and 3,5-dibromobenzoic acid (308 mg, 1.10 mmol, 1.1 eq.; con-
verted into the corresponding aryl chloride) were used to give SGA-90 as light yellow solid (374 mg,
0.759 mmol, 76%). R¢ = 0.16 (1:1 hexanes/acetone). m.p.: 192°C. "H NMR (400 MHz, (CD3),SO) &/
ppm = 12.33 (s, 1H, NH), 8.43 (td, J = 8.9, 6.0 Hz, 1H, 6'-H), 7.86 (t, J = 1.7 Hz, 1H, 4"-H), 7.74 (d,
J=1.7 Hz, 2H, 2""-H, 6"-H), 7.23 (td, J = 9.3, 2.0 Hz, 1H, 5'-H). "3C NMR (101 MHz, (CD3),SO) &/
ppm = 182.7 (C-3), 166.3 (C-1), 152.1 (d, Jcr = 242.4 Hz, C-2'), 147.7 (d, Jcr = 242.4 Hz, C-4"), 145.4
(C-1"), 133.7 (C-4"), 129.2 (C-2", C-6"), 126.3 (dd, Jcr = 10.3, 3.2 Hz, C-1"), 123.2 (C-2), 121.8 (C-
3", C-5"), 119.1 (dd, Jcg = 7.5, 2.9 Hz, C-6"), 111.5 (dd, Jcr = 20.7, 3.6 Hz, C-5'), 108.3-107.7 (m,
C-3"), 77.3 (CN). IR (ATR) Va/cm ™ '=3297, 2205, 1586, 1531, 1496, 1022, 803, 750. HRMS (ESI):
caled. for CqgHe  BraCIFoN,O, (M-H) 488.84581; found 488.84607. Purity (HPLC):>96% (A = 210
nm),>96% (A = 254 nm).
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SGA-78

Chemical structure 65. 2-Cyano-N-(2,3-dichlorophenyl)—3-(3,5-dichlorophenyl)—3-hydroxyacrylamide — SGA-78.

According to general procedure B, amide 18 (229 mg, 1.00 mmol, 1.0 eq.) in dry THF (10 mL),
NaH (92.0 mg, 2.30 mmol, 2.3 eq.) and 3,5-dichlorobenzoyl chloride (230 mg, 1.10 mmol, 1.1 eq.)
were used to give SGA-78 as colorless crystals (344 mg, 0.856 mmol, 86%). R¢ = 0.17 (3:2 hexanes/
acetone). m.p.: 211°C. "H NMR (400 MHz, (CD3),SO) 8/ppm = 12.49 (s, 1H, NH), 8.58 (dd, J = 8.3,
1.5 Hz, 1H, 6'-H), 7.63 (t, J = 1.9 Hz, 1H, 4""-H), 7.59 (d, J = 1.9 Hz, 2H, 2""-H, 6"-H), 7.27 (t, J = 8.2
Hz, 1H, 5'-H), 7.20 (dd, J = 8.0, 1.5 Hz, 1H, 4'-H). 3C NMR (126 MHz, (CD3),SO) 6/ppm = 182.8 (C-
3), 166.4 (C-1), 145.1 (C-1"), 139.3 (C-1), 133.4 (C-3", C-5""), 131.4 (C-3'), 128.5 (C-4""), 128.0 (C-5'),
126.1 (C-2", C-6"), 123.4 (C-2), 122.6 (C-4"), 119.3 (C-2"), 119.1 (C-6"), 77.5 (CN). IR (ATR) Viax/
ecm~'=3355, 2203, 1649, 1584, 1539, 1453, 1415, 872, 812, 777. HRMS (ESI): calcd. for
C16H73CIaNL0O, (M-H)™ 398.92671; found 398.92789. Purity (HPLC):>96% (A = 210 nm),>96%
(A = 254 nm).

SGA-77

Chemical structure 66. 2-Cyano-N-(2,6-dibromophenyl)—3-(3,5-dichlorophenyl)—3-hydroxyacrylamide — SGA-77.

According to general procedure B, amide 19 (318 mg, 1.00 mmol, 1.0 eq.) in dry THF (10 mL),
NaH (92.0 mg, 2.30 mmol, 2.3 eq.) and 3,5-dichlorobenzoyl chloride (230 mg, 1.10 mmol, 1.1 eq.)
were used to give SGA-77 as colorless crystals (66.0 mg, 0.134 mmol, 13%). Rs = 0.78 (3:2 hexanes/
acetone). m.p.: 226°C. "H NMR (400 MHz, (CD3),SO) 8/ppm = 10.64 (s, TH, NH), 8.09-7.90 (m, 3H,
2'"-H, 6''-H, 4''-H), 7.79 (d, J = 8.0 Hz, 2H, 3'-H, 5'-H), 7.26 (t, J = 8.0 Hz, 1H, 4'-H). 13C NMR (101
MHz, (CD3),SO) 6/ppm = 162.4 (C-1, C-3), 136.6 (C-1"), 135.2 (C-1'), 134.6 (C-3", C-5"), 132.3 (C-
3’, C-5'), 131.5 (C-4"), 130.7 (C-4"), 126.4 (C-2", C-6"), 124.4 (C-2', C-6'), 76.4 (CN), C-2 is missing.
IR (ATR) Vmax/cm™1=3206, 2215, 1650.1567, 1516, 1283, 779, 750, 723. HRMS (ESI): calcd. for
C16H7"Bry®>CI,NL,0, (M-H)™ 486.82568; found 486.82870. Purity (HPLC):>96% (A = 210 nm),>96%
(A = 254 nm).

SGA-85

Chemical structure 67. N-(3,5-Bis(trifluoromethyl)phenyl)—2-cyano-3-(3,5-dichlorophenyl)—3-hydroxyacrylamide —
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SGA-85.

According to general procedure B, amide 20 (296 mg, 1.00 mmol, 1.0 eq.) in dry THF (10 mL),
NaH (92.0 mg, 2.30 mmol, 2.3 eq.) and 3,5-dichlorobenzoyl chloride (230 mg, 1.10 mmol, 1.1 eq.)
were used to give SGA-85 as colorless solid (320 mg, 0.682 mmol, 68%). R¢ = 0.15 (3:2 hexanes/ace-
tone). m.p.: 210°C. "H NMR (400 MHz, (CD5),SO) 8/ppm = 12.58 (s, 1H, NH), 8.93 (s, 1H, OH), 8.25
(s, 2H, 2'-H, 6'-H), 7.65 (t, J = 1.9 Hz, 1H, 4"'-H), 7.62-7.56 (m, 3H, 4'-H, 2"'-H, 6"'-H). 3C NMR (101
MHz, (CD3),SO) 8/ppm = 183.5 (C-3), 167.3 (C-1), 145.4 (C-1"), 142.3 (C-1"), 134.0 (C-3", C-5"),
131.2 (q, Jcr = 32.6 Hz, C-3’, C-5'), 129.1 (C-4"), 126.5 (C-2", C-6"), 123.7 (q, Jcr = 270.8 Hz, CF3),
123.4 (C-2), 119.1-118.8 (m, C-2', C-6"), 114.8-114.5 (m, C-4"), 77.6 (CN). IR (ATR) V,na/cm ™ '=2230,
1637, 1571, 1547, 1375, 1275, 1175, 1128, 810. HRMS (ESI): calcd. for CqgH73°Cl,FgN,O, (M-H)
466.97943; found 466.97933. Purity (HPLC):>96% (A = 210 nm),>96% (A = 254 nm).

SGA-115

Chemical structure 68. 2-Cyano-3-(3,5-dichlorophenyl)—3-hydroxy-N-methyl-N-(4-(trifluoromethyl)phenyl)-
acrylamide - SGA-115.

According to general procedure B, amide 21 (242 mg, 1.00 mmol, 1.0 eq.) in dry THF (10 mL),
NaH (92.0 mg, 2.30 mmol, 2.3 eq.) and 3,5-dichlorobenzoyl chloride (230 mg, 1.10 mmol, 1.1 eq.)
were used to give SGA-115 as colorless solid (198 mg, 0.476 mmol, 48%). Rs = 0.67 (3:2 hexanes/
acetone). m.p.: 147°C. "H NMR (400 MHz, CDCl;) 6/ppm = 7.80-7.73 (m, 2H, 3'-H, 5'-H), 7.64 (d,
J=19Hz 2H, 2""-H, 6"-H), 7.49 (t, J = 1.9 Hz, 1H, 4"'-H), 7.47-7.41 (m, 2H, 2'-H, 6'-H), 3.48 (s, 3H,
CHs). ™*C NMR (101 MHz, CDCls) 8/ppm = 184.2 (C-3), 170.4 (C-1), 145.2 (C-1"), 135.8 (C-1""), 135.5
(C-3", C-5'), 132.5 (C-4"), 131.4 (q, Jcr = 32.9 Hz, C-4'), 127.8 (C-2', C-6'), 127.5 (g, J = 3.6 Hz,
C-3', C-5), 127.2 (C-2", C-6"), 123.7 (q, Jcr = 272.6 Hz, CF3), 115.3 (C-2), 78.6 (CN), 39.9 (CHj3). IR
(ATR) V,a/cm™'=3074, 2214, 1578, 1540, 1396, 1331, 1165, 1118, 807. HRMS (ESI): calcd. for
C1gH10>°CloF3NL0, (M-H)™ 413.00769; found 413.00806. Purity (HPLC):>96% (A = 210 nm),>96%
(A = 254 nm).

SGA-138

Chemical structure 69. 2-Cyano-3-(3,5-dichlorophenyl)—3-hydroxy-N-(4-(trifluoromethyl)benzyl)acrylamide — SGA-
138.

According to general procedure B, amide 22 (242 mg, 1.00 mmol, 1.0 eq.) in dry THF (10 mL),
NaH (92.0 mg, 2.30 mmol, 2.3 eq.) and 3,5-dichlorobenzoyl chloride (230 mg, 1.10 mmol, 1.1 eq.)
were used to give SGA-138 as colorless solid (228 mg, 0.549 mmol, 55%). R¢ = 0.70 (3:2 hexanes/
acetone). m.p.: 173°C. "TH NMR (500 MHz, (CD3),SO) 8/ppm = 9.57 (s, 1H, NH), 7.84 (t, J = 1.8 Hz,
1H, 4"'-H), 7.77 (d, J = 1.8 Hz, 2H, 2""-H, 6"-H), 7.74-7.69 (m, 2H, 3'-H, 5'-H), 7.57-7.50 (m, 2H, 2'-H,
6'-H), 4.52 (s, 2H, CH,). ™3C NMR (126 MHz, (CD3),S0) 8/ppm = 181.1 (C-3), 169.2 (C-1), 143.5 (C-
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1), 138.5 (C-1"), 134.2 (C-3", C-5"), 130.8 (C-4"), 128.1 (C-2', C-6'), 127.7 (q, Jcr = 31.7 Hz, C-4"),
126.6 (C-2", C-6"), 125.3 (q, Jcr = 3.8 Hz, C-3', C-5'), 124.3 (q, Jcr = 271.9 Hz, CF3), 118.1 (C-2),
78.0 (CN), 42.4 (CHy). IR (ATR) Va/cm™ '=3326, 2206, 1538, 1324, 1108, 1067, 805. HRMS (ESI):
calcd. for C1gH10%°CloF3N,0, (M-H)™ 413.00769; found 413.00780. Purity (HPLC):>96% (A = 210 nm),
>96% (L = 254 nm).

Synthesis of TPC2-A1-P and analogs

OCF40
)

Chemical structure 70. 1-(5-Bromo-2-(trifluoromethoxy)phenyl)—2-chloroethan-1-one (23).

4-Bromo-2-iodo-1-(trifluoromethoxy)benzene (610 mg, 1.66 mmol, 1.0 eq.) was dissolved in dry THF
(8.0 mL) and cooled to —78°C, then n-BuLi (0.670 mL, 1.66 mmol, 1.0 eq.) was added dropwise. The
mixture was stirred for 20 min at —78°C and a solution of 2-chloro-N-methoxy-N-methylacetamide
(700 mg, 4.99 mmol, 3.0 eq.) in dry THF (8.0 mL) was added slowly. The mixture was stirred for 1 hr
at —78°C and then poured on sat. aq. NH,4Cl solution. The mixture was extracted with pentane, the
organic layer was washed with sat. ag. NaCl solution, dried using hydrophobic phase separation fil-
ter papers and filtered through a short silica column (eluent: pentane). The product was carefully
concentrated under ambient pressure to yield a colorless oil (23, 221 mg, 0.696 mmol, 42%).
R¢ = 0.65 (9:1 hexanes/EtOAc). "H NMR (500 MHz, CDCls) 6/ppm = 7.93 (d, J = 2.5 Hz, 1H, 6'-H),
7.71 (dd, J = 8.8, 2.5 Hz, 1H, 4'-H), 7.25-7.22 (m, 1H, 3'-H), 4.61 (s, 2H, 2 hr). "3C NMR (126 MHz,
CDCl3) 8/ppm = 190.5 (C-1), 146.2 (C-2), 137.1 (C-4"), 134.1 (C-6¢'), 130.8 (C-5"), 122.2 (C-3'), 120.8
(C-17), 120.3 (q, Jcr = 261 Hz, OCF3), 49.0 (C-2). IR (ATR) Va/cm™'=1703, 1592, 1480, 1398, 1308,
1252, 1174, 1129, 1088, 822, 664. HRMS (El): calcd. for CoHs’*Br*>CIF;0, (M) 315.9108; found
315.9106. Purity (HPLC):>96% (A = 210 nm),>96% (A = 254 nm).

Chemical structure 71. 2-Bromo-1-(2-(trifluoromethoxy)phenyl)ethan-1-one (24).

2'-(Trifluoromethoxy)acetophenone (779 uL, 4.90 mmol, 1.0 eq.) was dissolved in CH,Cl, (10 mL),
then p-toluenesulfonic acid (86.1 mg, 0.490 mmol, 0.10 eq.) and N-bromosuccinimide (872 mg, 4.90
mmol, 1.0 eq.) were added. The mixture was stirred for 24 hr at rt, then sat. ag. NaCl (10 mL) was
added. The aqueous phase was extracted with CH,Cl, (3 x 10 mL), dried using a hydrophobic filter
paper and concentrated in vacuo. Purification by FCC (pentane/EtOAc 9:1) yielded bromoketone 24
(672 mg, 2.87 mmol, 49%) as light brown liquid. Analytical data are in accordance with literature
(Saruta et al., 2015). R = 0.58 (9:1 hexanes/EtOAc). "H NMR (400 MHz, CDCl5) 8/ppm = 7.81 (dd,
J=7.8,1.8Hz 1H, 6'-H), 7.60 (ddd, J = 8.3, 7.6, 1.8 Hz, 1H, 4’-H), 7.41 (td, J = 7.6, 1.0 Hz, 1H, 5'-
H), 7.37-7.32 (m, 1H, 3'-H), 4.47 (s, 2H, 2 hr). "3C NMR (101 MHz, CDCls) 6/ppm = 191.5 (C-1),
147.1 (q, J = 1.7 Hz, C-2"), 134.3 (C-4'), 131.6 (C-6'), 129.3 (C-1"), 127.3 (C-5"), 120.6 (C-3), 120.5 (q,
J = 260.1 Hz, OCF3), 35.1 (C-2). IR (ATR) Vpa/cm™'=1698, 1603, 1450, 1295, 1248, 1200, 1160.
HRMS (El): calcd. for CoHs ?BrF;0, (M)* 281.9498; found 281.9494. Purity (HPLC):>96% (A = 210
nm),>96% (A = 254 nm).
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SGA-140

Chemical structure 72. Ethyl 5-(5-bromo-2-(trifluoromethoxy)phenyl)—1-(cyclohexylmethyl)—2-methyl-1H-pyrrole-3-
carboxylate. — SGA-140.

Following general procedure C, ethyl acetoacetate (88.0 uL, 0.693 mmol, 1.1 eq.) in dry THF (3.0
mL), NaH (37.8 mg, 0.945 mmol, 1.5 eq.) and a solution of ketone 23 (200 mg, 0.630 mmol, 1.0 eq.)
and Kl (209 mg, 1.26 mmol, 2.0 eq.) in dry THF (3.0 mL) were used. Then the residue was dissolved
in acetic acid (6.0 mL) and cyclohexanemethanamine (0.160 mL, 1.26 mmol, 2.0 eq.) was added.
FCC (hexanes/EtOAc 99:1) yielded SGA-140 as colorless oil (140 mg, 0.287 mmol, 46%). R = 0.30
(9:1 hexanes/EtOAc). "H NMR (400 MHz, CDCls) 8/ppm = 7.54-7.50 (m, 2H, 4'-H, 6'-H), 7.20 (ddt,
J=17.6,3.0,1.5Hz, 1H, 3'-H), 6.55 (s, 1H, 4 hr), 4.27 (g9, J = 7.1 Hz, 2H, CH,CH3), 3.59 (d, J = 7.1 Hz,
2H, CHy-cy), 2.59 (s, 3H, CH3), 1.60-1.54 (m, 3H, cy), 1.38-1.32 (m, 6H, CH,CHj, cy), 1.07-0.99 (m,
3H, cy), 0.68-0.59 (m, 2H, cy). "*C NMR (121 MHz, CDCl3) 8/ppm = 165.6 (COOEt), 146.3 (C-2'),
137.6 (C-3), 135.7 (C-6"), 132.4 (C-4'), 129.0 (C-5), 126.5 (C-5), 122.1 (C-3"), 120.3 (q, Jcr = 260.2 Hz,
OCFj3), 119.9 (C-17), 112.6 (C-2), 112.2 (C-4), 59.6 (CH,CHj3), 50.8 (CH,-cy), 39.0 (cy), 30.6 (cy), 26.2
(cy), 25.7 (cy), 14.7 (CH2CH3), 12.1 (CHa). IR (ATR) Vmax/cm™ '=2976, 2925, 2854, 1699, 1254, 1240,
1206, 1190, 1169, 1080, 1064, 774. HRMS (ESI): calcd. for CooHye’“BrFsNO3 (M+H)* 488.10427;
found 488.10459. Purity (HPLC):>96% (A = 210 nm),>96% (A = 254 nm).

TPC2-A1-P

Chemical structure 73. 5-(5-Bromo-2-(trifluoromethoxy)phenyl)—1-(cyclohexylmethyl)—2-methyl-1H-pyrrole-3-
carboxylic acid — TPC2-A1-P.

According to general procedure D, LiOH (51.6 mg, 2.05 mmol, 10 eq.) and a solution of SGA-140
(100 mg, 0.205 mmol, 1.0 eq.) in dioxane/H,0 (3.0 mL) were used. After 2 hr the reaction was com-
pleted and recrystallization from EtOH gave TPC2-A1-P as a colorless solid (51.2 mg, 0.111 mmol,
54%). Rg= 0.14 (9:1 hexanes/EtOAc). m.p.: 202°C. "H NMR (500 MHz, CDCl3) 8/ppm = 11.34 (s, 1H,
COOQH), 7.56-7.51 (m, 2H, 3'-H, 4'-H), 7.23-7.19 (m, 1H, 6'-H), 6.61 (s, 1H, 4 hr), 3.60 (d, J = 7.1 Hz,
2H, CHay-cy), 2.60 (s, 3H, CHs), 1.62-1.56 (m, 3H, cy), 1.40-1.33 (m, 3H, cy), 1.09-1.01 (m, 3H, cy),
0.68-0.61 (m, 2H, cy). "*C NMR (126 MHz, CDCl3) 8/ppm = 170.0 (COOH), 146.4 (C-2"), 138.8 (C-2),
135.7 (C-6'), 132.6 (C-4'), 128.8 (C-5), 126.8 (C-5), 122.2 (C-3'), 120.3 (q, Jcr = 259.3 Hz, OCFy),
119.9 (C-1"), 112.9 (C-4), 111.6 (C-3), 50.9 (CHy-cy), 39.0 (cy), 30.6 (cy), 26.2 (cy), 25.7 (cy), 12.3
(CH3). IR (ATR) V,ad/cm™'=2961, 2924, 2875, 2853, 2359, 2342, 1667, 1266, 1243, 1212, 1198,
1171, 925, 779, 658. HRMS (ESI): calcd. for CaoHzo” BrFsNO3 (M-H) 458.05841; found 458.05889.
Purity (HPLC):>96% (A = 210 nm),>96% (A = 254 nm).
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SGA-43

Chemical structure 74. Ethyl 1-(cyclohexylmethyl)—2-methyl-5-phenyl-1H-pyrrole-3-carboxylate — SGA-43.

Following general procedure C, ethyl acetoacetate (42.0 uL, 3.30 mmol, 1.1 eq.) in dry THF (12
mL), NaH (180 mg, 4.50 mmol, 1.5 eq.) and a solution of 2-bromo-1-phenylethan-1-one (405 uL, 3.00
mmol, 1.0 eq.) and Kl (996 mg, 6.00 mmol, 2.0 eq.) in dry THF (10 mL) were used. Then the residue
was dissolved in acetic acid (10 mL) and cyclohexanemethanamine (781 uL, 6.00 mmol, 2.0 eq.) was
added. FCC (hexanes/EtOAc 9:1) yielded SGA-43 as colorless solid (516 mg, 1.58 mmol, 53%). The
compound is literature known, but no analytical data are available (Kang et al., 2010). R = 0.49 (9:1
hexanes/EtOAc). m.p.: 91°C. "H NMR (400 MHz, CDCl5) d/ppm = 7.42-7.36 (m, 2H, Ph), 7.35-7.29
(m, 3H, Ph), 6.53 (s, 1H, 4 hr), 4.27 (g, J = 7.1 Hz, 2H, CH,CHj3), 3.78 (d, J = 7.1 Hz, 2H, CHx-cy), 2.60
(s, 3H, CH3), 1.58-1.49 (m, 3H, cy), 1.41-1.31 (m, 6H, cy, CH,CHs), 1.06-0.95 (m, 3H, cy), 0.69-0.57
(m, 2H, cy). "*C NMR (121 MHz, CDCls) 8/ppm = 165.9 (COOEt), 137.0 (C-2), 134.1 (gPh), 133.7 (C-
5), 129.6 (Ph), 128.5 (Ph), 127.4 (Ph), 112.0 (C-3), 110.0 (C-4), 59.4 (CH,CH3), 50.2 (CH»-cy), 39.0 (cy),
30.6 (cy), 26.2 (cy), 25.8 (cy), 14.7 (CH,CHs), 12.1 (CHs). IR (ATR) Viax/cm™'=2975, 2926, 2850,
1738, 1698, 1420, 1242, 1224, 1191, 1062, 772, 702. HRMS (ESI): calcd. for Cy1H2sNO, (M+H)"
326.21146; found 326.21121. Purity (HPLC):>96% (A = 210 nm),>96% (A = 254 nm).

SGA-53

Chemical structure 75. 1-(Cyclohexylmethyl)—2-methyl-5-phenyl-1H-pyrrole-3-carboxylic acid — SGA-53.

According to general procedure D, LiOH (38.7 mg, 1.54 mmol, 10 eq.) and a solution of SGA-43
(50.0 mg, 0.154 mmol, 1.0 eq.) in dioxane/H,O (1.3 mL) were used. After 1 hr the reaction was com-
pleted and gave SGA-53 as a colorless solid (40.4 mg, 0.136 mmol, 88%). The compound is litera-
ture known, but no analytical data are available (Kang et al., 2010). Rf = 0.18 (6:1 hexanes/EtOAc).
m.p.: 196°C. "H NMR (500 MHz, CDCl3) 8/ppm = 7.42-7.38 (m, 2H, Ph), 7.36-7.32 (m, 3H, Ph), 6.59
(s, TH, 4 hr), 3.80 (d, J = 7.2 Hz, 2H, CH,), 2.62 (s, 3H, CH3), 1.59-1.52 (m, 3H, cy), 1.42-1.33 (m, 3H,
cy), 1.06-0.97 (m, 3H, cy), 0.68-0.59 (m, 2H, cy). "*C NMR (101 MHz, CDCls) 8/ppm = 170.8
(COOH), 138.3 (C-2), 134.5 (C-5), 133.5 (gPh), 129.7 (Ph), 128.5 (Ph), 127.5 (Ph), 111.2 (C-3), 110.7
(C-4), 50.3 (CH,), 39.0 (cy), 30.6 (cy), 26.2 (cy), 25.8 (cy), 12.3 (CH3). IR (ATR) Vna/cm ™ '=3030, 2971,
2921, 2848, 1738, 1660, 1533, 1435, 1364, 1267, 1227, 1205, 778, 768, 712, 703. HRMS (ESI): calcd.
for Ci9H2oNO, (M-H)™ 296.16572; found 296.16560. Purity (HPLC):>96% (A = 210 nm),>96%
(A = 254 nm).
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Chemical structure 76. Ethyl 5-(5-bromo-2-methoxyphenyl)—1-(cyclohexylmethyl)—2-methyl-1H-pyrrole-3-
carboxylate — SGA-54.

Following general procedure C, ethyl acetoacetate (143 uL, 1.10 mmol, 1.1 eq.) in dry THF (5.0
mL), NaH (60.0 mg, 1.50 mmol, 1.5 eq.) and a solution of 2-bromo-1-(5-bromo-2-methoxyphenyl)
ethan-1-one (308 mg, 1.00 mmol, 1.0 eq.) in dry THF (1.0 mL) were used. Then the residue was dis-
solved in acetic acid (5.0 mL) and cyclohexanemethanamine (0.260 mL, 2.00 mmol, 2.0 eq.) was
added. FCC (hexanes/EtOAc 9:1) yielded SGA-54 as colorless solid (411 mg, 0.947 mmol, 95%).
R¢ = 0.37 (6:1 hexanes/EtOAc). m.p.: 83°C. "H NMR (400 MHz, CDCls) 8/ppm = 7.45 (dd, J = 8.7,
2.5 Hz, 1H, 4'-H), 7.37 (d, J = 2.5 Hz, 1H, 6'-H), 6.81 (d, J = 8.7 Hz, 1H, 3'-H), 6.48 (s, 1H, 4 hr), 4.25
(9, J = 7.1 Hz, 2H, CH,CHy), 3.76 (s, 3H, OCHj3), 3.56 (d, J = 7.2 Hz, 2H, CH>-cy), 2.58 (s, 3H, CHj),
1.60-1.54 (m, 3H, cy), 1.41-1.29 (m, 6H, cy, CH,CHs), 1.08-0.97 (m, 3H, cy), 0.68-0.57 (m, 2H, cy).
13C NMR (101 MHz, CDCls) 8/ppm = 165.7 (COOEY), 156.6 (C-2"), 136.9 (C-2), 135.2 (C-6'), 132.3
(C-4"), 128.9 (C-5), 124.8 (C-1'), 112.8 (C-5"), 112.6 (C-3'), 112.1 (C-3), 110.6 (C-4), 59.3 (CH,CHy3),
55.9 (OCHa), 50.9 (CHay-cy), 39.0 (cy), 30.7 (cy), 26.3 (cy), 25.8 (cy), 14.7 (CHxCH3), 12.1 (CHj3). IR
(ATR) Vomax/cm™1=2979, 2928, 2849, 1695, 1676, 1473, 1461, 1434, 1253, 1234, 1187, 1176, 1060,
1048, 1027, 774, 619. HRMS (ESI): calculated for CaHo’?BrNOs (M+H)* 434.13253; found
434.13229. Purity (HPLC):>96% (A = 210 nm),>96% (AL = 254 nm).

Chemical structure 77. 5-(5-Bromo-2-methoxyphenyl)—1-(cyclohexylmethyl)—2-methyl-1H-pyrrole-3-carboxylic
acid — SGA-55.

According to general procedure D, LiOH (88.4 mg, 3.51 mmol, 10 eq.) and a solution of SGA-54
(152 mg, 0.351 mmol, 1.0 eq.) in dioxane/H,O (1.3 mL) were used. After 1 hr the reaction was com-
pleted and gave SGA-55 as a colorless solid (90.0 mg, 0.222 mmol, 63%). Rs = 0.72 (1:1 hexanes/
EtOAc). m.p.: 224°C. "H NMR (400 MHz, CDCls) 6/ppm = 7.46 (dd, J = 8.8, 2.5 Hz, 1H, 4'-H), 7.38
(d, J=2.5Hz, 1H, 6'-H), 6.82 (d, J = 8.8 Hz, 1H, 3'-H), 6.54 (s, 1H, 4 hr), 3.77 (s, 3H, OCH3), 3.57 (d,
J=7.2 Hz, 2H, CHy-cy), 2.59 (s, 3H, CH3), 1.62-1.52 (m, 3H, cy), 1.43-1.33 (m, 3H, cy), 1.10-0.98 (m,
3H, cy), 0.69-0.58 (m, 2H, cy). "*C NMR (101 MHz, CDCl;) 6/ppm = 170.4 (COOH), 156.6 (C-2),
138.2 (C-2), 135.2 (C-6'), 132.4 (C-4"), 129.3 (C-5), 124.6 (C-1'), 112.8 (C-5), 112.6 (C-3"), 111.4 (C-4),
111.3 (C-3), 55.9 (OCH3), 51.0 (CHx-cy), 39.0 (cy), 30.7 (cy), 26.3 (cy), 25.8 (cy), 12.3 (CHa3). IR (ATR) V
max/CcM ™ 1=3027, 2969, 2926, 2850, 1739, 1658, 1476, 1462, 1442, 1362, 1274, 1244, 1205, 1018,
808, 782, 619. HRMS (ESI): calculated for CaoHz3"“BrNO3 (M-H)™ 404.08668; found 404.08697. Purity
(HPLC):>96% (A = 210 nm),>96% (A = 254 nm).
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Chemical structure 78. Ethyl 1-(cyclohexylmethyl)—5-(2,5-dichlorophenyl)—2-methyl-1H-pyrrole-3-carboxylate —
SGA-48.

Following general procedure C, ethyl acetoacetate (208 uL, 1.65 mmol, 1.1 eq.) in dry THF (5.0
mL), NaH (90.0 mg, 2.25 mmol, 1.5 eq.) and a solution of 2-bromo-1-(2,5-dichlorophenyl)ethan-1-
one (402 mg, 1.50 mmol, 1.0 eq.) in dry THF (1.0 mL) were used. Then the residue was dissolved in
acetic acid (5.0 mL) and cyclohexanemethanamine (390 uL, 3.00 mmol, 2.0 eq.) was added. FCC
(hexanes/EtOAc 9:1), followed by recrystallization from EtOH yielded SGA-48 as colorless solid (271
mg, 0.686 mmol, 46%). R¢ = 0.48 (9:1 hexanes/EtOAc). m.p.: 98°C. "H NMR (400 MHz, CDCl3) &/
ppm = 7.48 (d, J = 2.0 Hz, 1H, 6'-H), 7.29 (dd, J = 8.2, 2.0 Hz, 1H, 4'-H), 7.25 (d, J = 9.1 Hz, 1H, 3'-
H, collapses with chloroform), 6.51 (s, 1H, 4 hr), 4.27 (g, J = 7.0 Hz, 2H, CH,CHj3), 3.55 (d, J = 7.0 Hz,
2H, CHy-cy), 2.59 (s, 3H, CH3), 1.61-1.56 (m, 3H, cy), 1.40-1.31 (m, 6H, cy, CH,CHs), 1.08-0.99 (m,
3H, cy), 0.68-0.58 (m, 2H, cy). "*C NMR (101 MHz, CDCls) 6/ppm = 165.6 (COOEt), 137.0 (C-2),
135.9 (C-1' or C-5'), 134.8 (C-1" or C-5'), 134.0 (C-3'), 131.2 (C-2"), 129.6 (C-6'), 129.2 (C-5), 127.2
(C-4"), 112.2 (C-3), 111.1 (C-4), 59.5 (CH,CH3), 50.8 (CHy-cy), 39.1 (cy), 30.6 (cy), 26.2 (cy), 25.8 (cy),
14.7 (CH,CHs), 12.1 (CHs). IR (ATR) Va/cm™'=2981, 2923, 2845, 1739, 1723, 1695, 1565, 1454,
1262, 1238, 1201, 1159, 1076, 1066, 800, 771. HRMS (ESI): calculated for Ca1H26>>CI,NO, (M+H)*
394.13351; found 394.13343. Purity (HPLC):>96% (AL = 210 nm),>96% (A = 254 nm).

Chemical structure 79. 1-(Cyclohexylmethyl)—5-(2,5-dichlorophenyl)—2-methyl-1H-pyrrole-3-carboxylic acid —
SGA-52.

According to general procedure D, LIOH (63.9 mg, 2.54 mmol, 10 eq.) and a solution of SGA-48
(100 mg, 0.254 mmol, 1.0 eq.) in dioxane/H,0O (1.3 mL) were used. After 1 hr the reaction was com-
pleted and gave SGA-52 as a colorless solid (75.7 mg, 0.207 mmol, 81%). Rs = 0.18 (6:1 hexanes/
EtOAc). m.p.: 180°C. "H NMR (500 MHz, CDCl3) 6/ppm = 7.48 (d, J = 2.0 Hz, 1H, &'-H), 7.30 (dd,
J=28.2,2.0Hz, 1H, 4'-H), 7.26 (d, J = 8.2 Hz, 1H, 3'-H, collapses with chloroform), 6.57 (s, 1H, 4 hr),
3.57 (d, J = 6.4 Hz, 2H, CHy-cy), 2.60 (s, 3H, CH3), 1.63-1.57 (m, 3H, cy), 1.42-1.36 (m, 3H, cy), 1.08-
1.00 (m, 3H, cy), 0.68-0.59 (m, 2H, cy). ">*C NMR (126 MHz, CDCl;) 8/ppm = 170.7 (COOH), 138.3
(C-2), 136.0 (C-1" or C-5'), 135.0 (C-1" or C-5'), 134.0 (C-3'), 131.0 (C-2), 129.7 (C-6'), 129.6 (C-5),
127.2 (C-4"), 111.8 (C-4), 111.4 (C-3), 50.9 (CHy-cy), 39.0 (cy), 30.7 (cy), 26.2 (cy), 25.8 (cy), 12.3
(CH3). IR (ATR) Vyad/cm™'=3014, 2970, 2926, 2851, 1739, 1659, 1449, 1365, 1270, 1228, 1217,
1204, 814, 776. HRMS (ESI): calculated for Ci9H20>°CI,NO, (M-H)™ 364.08766; found 364.08783.
Purity (HPLC):>96% (A = 210 nm),>96% (A = 254 nm).
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SGA-59

Chemical structure 80. Ethyl 1-(cyclohexylmethyl)—5-(4-fluorophenyl)—2-methyl-1H-pyrrole-3-carboxylate — SGA-
59.

Following general procedure C, ethyl acetoacetate (208 uL, 1.65 mmol, 1.1 eq.) in dry THF (5.0
mL), NaH (90.0 mg, 2.25 mmol, 1.5 eq.) and a solution of 2-chloro-1-(4-fluorophenyl)ethan-1-one
(259 mg, 1.50 mmol, 1.0 eq.) and Kl (249 mg, 1.50 mmol, 1.0 eq.) in dry THF (3.0 mL) were used.
Then the residue was dissolved in acetic acid (5.0 mL) and cyclohexanemethanamine (0.390 mL, 3.00
mmol, 2.0 eq.) was added. FCC (hexanes/EtOAc 9:1) yielded SGA-59 as yellow oil (499 mg, 1.45
mmol, 97%). R¢ = 0.43 (9:1 hexanes/EtOAc). "TH NMR (500 MHz, CDCl5) 8/ppm = 7.28-7.23 (m, 2H,
2'-H, 6'-H), 7.10-7.01 (m, 2H, 3'-H, 5'-H), 6.48 (s, 1H, 4 hr), 4.25 (g, J = 7.1 Hz, 2H, CH,CH3), 3.71 (d,
J = 7.2 Hz, 2H, CHy-cy), 2.57 (s, 3H, CHs), 1.58-1.48 (m, 3H, cy), 1.38-1.28 (m, 6H, cy, CH,CHy),
1.06-0.89 (m, 3H, cy), 0.68-0.53 (m, 2H, cy). "*C NMR (121 MHz, CDCl3) 6/ppm = 165.7 (COOH),
162.2 (d, Jcg = 247.0 Hz, C-4'), 136.9 (C-2), 132.8 (C-5), 131.3 (d, Jcr = 8.0 Hz, C-2', C-6"), 129.7 (d,
Jce = 3.3 Hz, C-1"), 115.4 (d, Jcr = 21.3 Hz, C-3’, C-5’), 111.9 (C-3), 110.0 (C-4), 59.3 (CH,CHs5), 50.1
(CHa-cy), 39.0 (cy), 30.5 (cy), 26.1 (cy), 25.7 (cy), 14.6 (CH,CHs3), 12.0 (CH3). IR (ATR) Viay/
cm™'=2977, 2925, 2853, 1693, 1242, 1227, 1218, 1195, 1152, 1062, 844, 811, 774. HRMS (ESI): cal-
culated for Co1Ho7,FNO, (M+H)* 344.20203; found 344.20193. Purity (HPLC):>96% (A = 210 nm),
>96% (A = 254 nm).

SGA-66

Chemical structure 81. 1-(Cyclohexylmethyl)—5-(4-fluorophenyl)—2-methyl-1H-pyrrole-3-carboxylic acid — SGA-66.

According to general procedure D, LiOH (169 mg, 6.71 mmol, 10 eq.) and a solution of SGA-59
(230 mg, 0.671 mmol, 1.0 eq.) in dioxane/H,O (3.0 mL) were used. After 2 hr the reaction was com-
pleted and gave SGA-66 as a colorless solid (186 mg, 0.590 mmol, 88%). Rf = 0.24 (6:1 hexanes/
EtOAc). m.p.: 171°C. "H NMR (400 MHz, CDCl3) 8/ppm = 7.35-7.27 (m, 2H, 2'-H, 6'-H), 7.14-7.04
(m, 2H, 3'-H, 5'-H), 6.57 (s, 1H, 4 hr), 3.75 (d, J = 7.1 Hz, 2H, CHy-cy), 2.61 (s, 3H, CH3), 1.63-1.51
(m, 3H, cy), 1.41-1.32 (m, 3H, cy), 1.08-0.97 (m, 3H, cy), 0.70-0.57 (m, 2H, cy). "*C NMR (121 MHg,
CDCl3) 6/ppm = 171.2 (COOH), 162.37 (d, Jcr = 247.1 Hz, C-4"), 138.3 (C-2), 133.3 (C-5), 131.42 (d,
Jcr= 8.1 Hz, C-2', C-6'), 129.6 (d, Jcr = 3.4 Hz, C-1'), 115.57 (d, Jcr = 21.5 Hz, C-3’, C-5"), 111.2 (C-
3), 110.8 (C-4), 50.3 (CHy-cy), 39.0 (cy), 30.6 (cy), 26.2 (cy), 25.8 (cy), 12.3 (CH3). IR (ATR) Vay/
cm~1'=2927, 2854, 1739, 1652, 1568, 1494, 1449, 1265, 1223, 1203, 1158, 840, 776, 582. HRMS
(ESI): calculated for C49H21FNO; (M-H)™ 314.15618; found 314.15635. Purity (HPLC):>96% (A = 210
nm),>96% (A = 254 nm).
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SGA-61

Chemical structure 82. Ethyl 1-(cyclohexylmethyl)—5-(4-methoxyphenyl)—2-methyl-1H-pyrrole-3-carboxylate —
SGA-61.

Following general procedure C, ethyl acetoacetate (208 uL, 1.65 mmol, 1.1 eq.) in dry THF (5.0
mL), NaH (90.0 mg, 2.25 mmol, 1.5 eq.) and a solution of 2-bromo-1-(4-methoxyphenyl)ethan-1-one
(344 mg, 1.50 mmol, 1.0 eq.) and Kl (249 mg, 1.50 mmol, 1.0 eq.) in dry THF (3.0 mL) were used.
Then the residue was dissolved in acetic acid (5.0 mL) and cyclohexanemethanamine (390 uL, 3.00
mmol, 2.0 eq.) was added. FCC (hexanes/EtOAc 9:1), followed by recrystallization from EtOH
yielded SGA-61 as colorless solid (274 mg, 0.770 mmol, 51%). R = 0.37 (9:1 hexanes/EtOAc). m.p.:
88°C. "H NMR (500 MHz, CDCls) 8/ppm = 7.25-7.21 (m, 2H, 2'-H, 6'-H), 6.95-6.89 (m, 2H, 3'-H, 5'-
H), 6.47 (s, 1H, 4 hr), 4.27 (g, J = 7.1 Hz, 2H, CH,CHj3), 3.84 (s, 3H, OCHg), 3.73 (d, J = 7.3 Hz, 2H,
CHy-cy), 2.58 (s, 3H, CHs), 1.60-1.51 (m, 3H, cy), 1.42-1.31 (m, 6H, cy, CH,CHj3), 1.07-0.96 (m, 3H,
cy), 0.70-0.59 (m, 2H, cy). "*C NMR (126 MHz, CDCls) 8/ppm = 165.9 (COOH), 159.0 (C-4'), 136.6
(C-2), 133.8 (C-5), 130.9 (C-2', C-6"), 126.1 (C-1), 113.9 (C-3’, C-5'), 111.7 (C-3), 109.5 (C-4), 59.3
(CH,CHs3), 55.4 (OCHs3), 50.1 (CHy-cy), 39.0 (cy), 30.6 (cy), 26.2 (cy), 25.8 (cy), 14.7 (CH,CHj3), 12.1
(CH3). IR (ATR) V,a/cm™'=3016, 2970, 2928, 2847, 1739, 1693, 1568, 1532, 1496, 1443, 1424,
1373, 1243, 1226, 1195, 1175, 1064, 1031, 835, 817, 795, 774. HRMS (ESI): calculated for
CooH30NO3 (M+H)" 356.22202; found 356.22192. Purity (HPLC):>96% (A = 210 nm),>96% (A = 254
nm).

Chemical structure 83. 1-(Cyclohexylmethyl)—5-(4-methoxyphenyl)—2-methyl-1H-pyrrole-3-carboxylic acid — SGA-
67.

According to general procedure D, LIOH (78.7 mg, 3.12 mmol, 10 eq.) and a solution of SGA-61
(111 mg, 0.312 mmol, 1.0 eq.) in dioxane/H,O (1.3 mL) were used. After 2 hr the reaction was com-
pleted and gave SGA-67 as a colorless solid (95.3 mg, 0.291 mmol, 90%). Rf = 0.20 (6:1 hexanes/
EtOAc). m.p.: 198°C. "H NMR (400 MHz, CDCl3) 8/ppm = 7.27-7.23 (m, 2H, 2'-H, 6'-H), 6.95-6.91
(m, 2H, 3'-H, 5'-H), 6.54 (s, 1H, 4 hr), 3.85 (s, 3H, OCH3), 3.75 (d, J = 7.2 Hz, 2H, CH,-cy), 2.60 (s, 3H,
CHs), 1.62-1.53 (m, 3H, cy), 1.43-1.33 (m, 3H, cy), 1.09-0.98 (m, 3H, cy), 0.70-0.59 (m, 2H, cy). *3C
NMR (101 MHz, CDCl3) 6/ppm = 171.3 (COOH), 159.0 (C-4"), 137.8 (C-2), 134.1 (C-5), 131.0 (C-2,
C-6"), 125.9 (C-1"), 113.9 (C-3', C-5%), 111.0 (C-3), 110.2 (C-4), 55.3 (OCHj), 50.2 (CH>-cy), 38.9 (cy),
30.5 (cy), 26.2 (cy), 25.8 (cy), 12.3 (CH3). IR (ATR) Viax/cm™'=3027, 3002, 2970, 2925, 2849, 1738,
1652, 1569, 1535, 1494, 1435, 1364, 1266, 1247, 1228, 1203, 840, 778. HRMS (ESI): calculated for
C20H24NO3 (M-H) 326.17617; found 326.17633. Purity (HPLC): 93% (AL = 210 nm),>96% (A = 254
nm).
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SGA-62

Chemical structure 84. Ethyl 1-(cyclohexylmethyl)—5-(2,4-difluorophenyl)—2-methyl-1H-pyrrole-3-carboxylate —
SGA-62.

Following general procedure C, ethyl acetoacetate (208 uL, 1.65 mmol, 1.1 eq.) in dry THF (5.0
mL), NaH (90.0 mg, 2.25 mmol, 1.5 eq.) and a solution of 2-chloro-1-(2,4-difluorophenyl)ethan-1-one
(286 mg, 1.50 mmol, 1.0 eq.) and Kl (249 mg, 1.50 mmol, 1.0 eq.) in dry THF (3.0 mL) were used.
Then the residue was dissolved in acetic acid (5.0 mL) and cyclohexanemethanamine (390 uL, 3.00
mmol, 2.0 eq.) was added. FCC (hexanes/EtOAc 9:1) yielded SGA-62 as yellow solid (424 mg, 1.17
mmol, 78%). Ry = 0.43 (9:1 hexanes/EtOAc). m.p.: 94°C. "H NMR (500 MHz, CDCls) 6/ppm = 7.27
(td, J = 8.4, 6.5 Hz, 1H, 6'-H), 6.96-6.85 (m, 2H, 3'-H, 5'-H), 6.53 (s, 1H, 4 hr), 4.26 (g, J = 7.1 Hz, 2H,
CH,CHs), 3.60 (d, J = 7.1 Hz, 2H, CHy-cy), 2.58 (s, 3H, CHs), 1.59-1.53 (m, 3H, cy), 1.38-1.30 (m, 6H,
cy, CH,CHs), 1.06-0.98 (m, 3H, cy), 0.68-0.58 (m, 2H, cy). '*C NMR (121 MHz, CDCls) &/
ppm = 165.5 (COOEt), 162.9 (dd, Jcr = 250.1, 11.6 Hz, C-4"), 160.2 (dd, Jcr = 248.9, 12.0 Hz, C-2'),
137.2(C-2), 133.5 (dd, Jcr = 9.4, 4.1 Hz, C-6'), 126.2 (C-5), 117.6 (dd, Jcr = 15.7, 3.9 Hz, C-1"), 112.3
(C-3), 111.6 (dd, Jcr = 21.1, 3.7 Hz, C-5'), 111.3 (C-4), 104.20 (t, Jor = 25.8 Hz, C-3'), 59.4 (CH,CHy),
50.6 (d, Jcr = 3.0 Hz, CHy-cy), 39.0 (cy), 30.5 (cy), 26.1 (cy), 25.7 (cy), 14.6 (CH,CHj3), 12.0 (CH3). IR
(ATR) Vmax/cm71=297'|, 2929, 2848, 1739, 1698, 1571, 1426, 1371, 1235, 1199, 1067, 851, 834.
HRMS (ESI): calculated for Cy1H2FaNO5 (M+H)" 362.19261; found 362.19247. Purity (HPLC):>96%
(A =210 nm),>96% (A = 254 nm).

SGA-68

Chemical structure 85. 1-(Cyclohexylmethyl)—5-(2,4-diflucrophenyl)—2-methyl-1H-pyrrole-3-carboxylic acid - SGA-
68.

According to general procedure D, LiIOH (167 mg, 6.61 mmol, 10 eq.) and a solution of SGA-62
(239 mg, 0.661 mmol, 1.0 eq.) in dioxane/H,O (1.3 mL) were used. After 1 hr the reaction was com-
pleted and gave SGA-68 as a colorless solid (170 mg, 0.511 mmol, 77%). Rf = 0.29 (6:1 hexanes/
EtOAc). m.p.: 168°C. "H NMR (400 MHz, CDCls) S/ppm = 7.33-7.25 (m, 1H, 6'-H, collapses with
chloroform), 6.98-6.86 (m, 2H, 3'-H, 5'-H), 6.60 (s, 1H, 4 hr), 3.62 (d, J = 7.1 Hz, 2H, CH»-cy), 2.61 (s,
3H, CH3), 1.65-1.51 (m, 3H, cy), 1.49-1.32 (m, 3H, cy), 1.14-0.94 (m, 3H, cy), 0.72-0.56 (m, 2H, cy).
13C NMR (101 MHz, CDCls) 8/ppm = 171.0 (COOH), 163.0 (dd, Jcr = 250.3, 11.6 Hz, C-4"), 160.3
(dd, Jcp = 249.0, 12.0 Hz, C-2'), 138.5 (C-2), 133.6 (dd, Jcr = 9.5, 4.0 Hz, C-6'), 126.7 (C-5), 117.5
(dd, Jcr = 15.8, 3.8 Hz, C-1'), 112.0 (C-3), 111.7 (dd, Jcr = 21.3, 3.8 Hz, C-5), 111.6 (C-4), 104.3 (t,
Jcr = 25.9 Hz, C-3'), 50.72 (d, Jcr = 3.0 Hz, CHy-cy), 39.0 (cy), 30.6 (cy), 26.2 (cy), 25.7 (cy), 12.2
(CHa). IR (ATR) Vpax/cm™ '=2970, 2926, 2854, 1739, 1666, 1573, 1450, 1433, 1364, 1265, 1239,
1200, 1140, 778. HRMS (ESI): calculated for Cqi9H0FoNO5 (M-H)™ 332.14676; found 332.14697.
Purity (HPLC):>96% (L = 210 nm),>96% (A = 254 nm).
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Chemical structure 86. Ethyl 1-(cyclohexylmethyl)—2-methyl-5-(2-(trifluoromethoxy)phenyl)—1H-pyrrole-3-
carboxylate (25).

Following general procedure C, ethyl acetoacetate (123 pL, 0.972 mmol, 1.1 eq.) in dry THF (4.0
mL), NaH (53.0 mg, 1.32 mmol, 1.5 eq.) and a solution of ketone 24 (250 mg, 0.883 mmol, 1.0 eq.)
and KI (147 mg, 0.883 mmol, 1.0 eq.) in dry THF (2.0 mL) were used. Then the residue was dissolved
in acetic acid (5.0 mL) and cyclohexanemethanamine (230 pL, 1.77 mmol, 2.0 eq.) was added. FCC
(hexanes/EtOAc 9:1) yielded ester 25 as colorless solid (345 mg, 0.845 mmol, 95%). Rf = 0.46 (9:1
hexanes/EtOAc). m.p.: 66°C. "TH NMR (100 MHz, CDCl3) 8/ppm = 7.44-7.29 (m, 4H, 3'-H, 4'-H, 5'-H,
6'-H), 6.53 (s, 1H, 4 hr), 4.27 (g, J = 7.1 Hz, 2H, CH,CHj3), 3.59 (d, J = 7.1 Hz, 2H, CHy-cy), 2.59 (s,
3H, CH3), 1.59-1.52 (m, 3H, cy), 1.40-1.32 (m, 6H, cy, CH,CH3), 1.06-0.94 (m, 3H, cy), 0.67-0.54 (m,
2H, cy). "3C NMR (101 MHz, CDCl3) 8/ppm = 165.8 (COOEL), 147.4 (C-2"), 137.1 (C-2), 133.4 (C-4',
C-5' or C-6), 129.6 (C-4', C-5' or C-6"), 127.9 (C-5), 126.9 (C-1'), 126.7 (C-4', C-5' or C-6"), 120.5 (q,
Jcr = 257.4 Hz, OCF3), 120.4 (C-3'), 112.2 (C-3), 111.4 (C-4), 59.5 (CH,CH3), 50.7 (CH,-cy), 39.0 (cy),
30.6 (cy), 26.2 (cy), 25.8 (cy), 14.7 (CH,CH3), 12.1 (CH3). IR (ATR) Vpax/cm™ '=1934, 1692, 1447,
1422, 1242, 1192, 1155, 1059, 769. HRMS (ESI): calculated for CyyH»7FsNO3 (M+H)™ 410.19375;
found 410.19336. Purity (HPLC):>96% (A = 210 nm),>96% (A = 254 nm).

5

SGA-162

Chemical structure 87. 1-(Cyclohexylmethyl)—2-methyl-5-(2-(trifluoromethoxy)phenyl)—1H-pyrrole-3-carboxylic
acid — SGA-162.

According to general procedure D, LiOH (142 mg, 5.62 mmol, 10 eq.) and a solution of ester 25
(230 mg, 0.562 mmol, 1.0 eq.) in dioxane/H,0O (3.0 mL) were used. After 2 hr the reaction was com-
pleted and gave SGA-162 as a colorless solid (199 mg, 0.523 mmol, 93%). Rf = 0.11 (9:1 hexanes/
EtOAc). m.p.: 170°C. "H NMR (400 MHz, CDCl5) 8/ppm = 11.13 (s, 1H, COOH), 7.46-7.30 (m, 4H,
3'-H, 4'-H, 5'-H, 6'-H), 6.59 (s, 1H, 4 hr), 3.60 (d, J = 7.1 Hz, 2H, CH>-cy), 2.61 (s, 3H, CH3), 1.61-1.52
(m, 3H, cy), 1.41-1.31 (m, 3H, cy), 1.09-0.96 (m, 3H, cy), 0.67-0.55 (m, 2H, cy). *C NMR (101 MHz,
CDCls) 6/ppm = 169.9 (COOH), 147.4 (C-2'), 138.3 (C-2), 133.4 (C-4', C-5' or C-6'), 129.8 (C-4', C-5'
or C-6), 128.3 (C-5), 126.8 (C-4', C-5' or C-6"), 126.7 (C-1"), 120.5 (q, Jcr = 260.2 Hz, OCF3), 120.4
(C-4"), 112.1 (C-4), 111.2 (C-3), 50.8 (CH»-cy), 38.9 (cy), 30.6 (cy), 26.2 (cy), 25.7 (cy), 12.3 (CH3). IR
(ATR) Voa/cm™1=2927, 1642, 1473, 1444, 1249, 1199, 1156, 776, 759. HRMS (ESI): calculated for
C20H21F3NO3 (M-H)™ 380.14790; found 380.14805. Purity (HPLC):>96% (A = 210 nm).

Gerndt et al. eLife 2020;9:€54712. DOI: https://doi.org/10.7554/eLife.54712 55 of 63


https://doi.org/10.7554/eLife.54712

eLife

Biochemistry and Chemical Biology

SGA-150

Chemical structure 88. 1-Benzyl-5-(5-bromo-2-(trifluoromethoxy)phenyl)—2-methyl-1H-pyrrole-3-carboxylic acid —
SGA-150.

Following general procedure C, ethyl acetoacetate (104 pL, 0.821 mmol, 1.1 eq.) in dry THF (4.0
mL), NaH (44.8 mg, 1.12 mmol, 1.5 eq.) and a solution of ketone 23 (237 mg, 0.746 mmol, 1.0 eq.)
and Kl (124 mg, 0.746 mmol, 1.0 eq.) in dry THF (2.0 mL) were used. Then the residue was dissolved
in acetic acid (5.0 mL) and benzylamine (204 uL, 1.87 mmol, 2.5 eq.) was added. FCC (hexanes/
EtOAc 97:3) yielded ethyl 5-(5-bromo-2-(trifluoromethoxy)phenyl)—1-isopropyl-2-methyl-1H-pyrrole-
3-carboxylate (26) as colorless oil (107 mg, 0.222 mmol). This product was used without further puri-
fication or characterization for the next step. Rf = 0.44 (9:1 hexanes/EtOAc). According to general
procedure D, LiIOH (55.9 mg, 2.22 mmol, 10 eq.) and a solution of ester 26 (107 mg, 0.222 mmol,
1.0 eq.) in dioxane/H,0 (3.0 mL) were used. After 16 hr the reaction was completed and gave SGA-
150 as a colorless solid (34.4 mg, 0.0757 mmol, 10% over two steps). Rf = 0.27 (9:1 hexanes/EtOAc).
m.p.: 185°C. "TH NMR (400 MHz, CD,Cl,) 8/ppm = 11.12 (s, 1H, COOH), 7.51 (dd, J = 8.8, 2.5 Hz,
1H, 4'-H), 7.39 (d, J = 2.5 Hz, 1H, é'-H), 7.30-7.18 (m, 4H, 3'-H, Ph), 6.83-6.77 (m, 2H, Ph), 6.70 (s,
1H, 4 hr), 5.00 (s, 2H, CH,), 2.49 (s, 3H, CHs). "3C NMR (121 MHz, CD,Cl,) 8/ppm = 169.9 (COOH),
147.0 (C-2"), 139.6 (C-2), 137.4 (C-1), 136.3 (C-6"), 133.4 (C-4"), 129.3 (Ph), 128.5 (gPh), 128.0 (Ph),
127.3 (C-5), 126.2 (Ph), 122.8 (C-3'), 120.8 (q, Jcr = 258.7 Hz, OCF3), 120.3 (C-5"), 113.1 (C-4), 112.3
(C-3), 48.7 (CH,), 12.2 (CH3). IR (ATR) Vmax/cm™'=2925, 2360, 1670, 1249, 1223, 1198, 1171, 733.
HRMS (ESI): calculated for CooH1s’?BrFsNO; (M-H)™ 452.01146; found 452.01168. Purity (HPLC):
>96% (A = 210 nm),>96% (A = 254 nm).

SGA-153

Chemical structure 89. 5-(5-Bromo-2-(trifluoromethoxy)phenyl)—1-isopropyl-2-methyl-1H-pyrrole-3-carboxylic acid
— SGA-153.

Following general procedure C, ethyl acetoacetate (87.6 uL, 0.693 mmol, 1.1 eq.) in dry THF (4.0
mL), NaH (37.8 mg, 0.945 mmol, 1.5 eq.) and a solution of ketone 23 (200 mg, 0.630 mmol, 1.0 eq.)
and KI (105 mg, 0.630 mmol, 1.0 eq.) in dry THF (2.0 mL) were used. Then the residue was dissolved
in acetic acid (5.0 mL) and isopropylamine (108 pL, 1.26 mmol, 2.0 eq.) was added. FCC (hexanes/
EtOAc 99:1) yielded ethyl 5-(5-bromo-2-(trifluoromethoxy)phenyl)—1-isopropyl-2-methyl-1H-pyrrole-
3-carboxylate (27) as colorless oil (65.9 mg, 0.152 mmol). This product was used without further puri-
fication or characterization for the next step. Rf = 0.55 (9:1 hexanes/EtOAc). According to general
procedure D, LiOH (38.3 mg, 1.52 mmol, 10 eq.) and a solution of ester 27 (65.9 mg, 0.152 mmol,
1.0 eq.) in dioxane/H,O (3.0 mL) were used. After 18 hr the reaction was completed and gave SGA-
153 as a colorless solid (32.4 mg, 0.0798 mmol, 12% over two steps). Rf= 0.11 (9:1 hexanes/EtOAc).
m.p.: 192°C. "H NMR (400 MHz, C5D,0) 8/ppm = 7.75 (dd, J = 8.8, 2.6 Hz, 1H, 4'-H), 7.65 (d,
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J=2.6Hz, 1H, 6'-H), 7.44 (dq, J = 8.8, 1.5 Hz, 1H, 3'-H), 6.47 (s, TH, 4 hr), 4.27 (p, J = 7.0 Hz, 1H,
CH), 2.72 (s, 3H, CH3), 1.45 (d, J = 7.0 Hz, 6H, CH(CHs),). "3C NMR (101 MHz, C3D40) &/
ppm = 166.4 (COOH), 147.7 (C-2'), 137.5 (C-2), 137.0 (C-6"), 134.0 (C-4"), 130.5 (C-1'), 126.4 (C-5),
123.7 (g, J = 257.6 Hz, OCF3), 123.5 (C-3'), 120.6 (C-5'), 113.9 (C-3), 113.0 (C-4), 50.2 (CH), 22.0 (CH
(CHs),), 13.0 (CH3). IR (ATR) Vimax/cm™1=2936, 2358, 1672, 1248, 1214, 1200, 1166. HRMS (ESI): cal-
culated for C1gHq4" BrFsNO3 (M-H)” 404.01146; found 404.01164. Purity (HPLC):>96% (A = 210 nm),
>96% (A = 254 nm).

SGA-149 o

Chemical structure 90. 5-(5-Bromo-2-(trifluoromethoxy)phenyl)—2-methyl-1-pentyl-1H-pyrrole-3-carboxylic acid —
SGA-149.

Following general procedure C, ethyl acetoacetate (87.6 uL, 0.693 mmol, 1.1 eq.) in dry THF (4.0
mL), NaH (37.8 mg, 0.945 mmol, 1.5 eq.) and a solution of ketone 23 (200 mg, 0.630 mmol, 1.0 eq.)
and KI (105 mg, 0.630 mmol, 1.0 eq.) in dry THF (2.0 mL) were used. Then the residue was dissolved
in acetic acid (5.0 mL) and n-pentylamine (146 uL, 1.26 mmol, 2.0 eq.) was added. FCC (hexanes/
EtOAc 99:1) yielded ethyl 5-(5-bromo-2-(trifluoromethoxy)phenyl)—2-methyl-1-pentyl-1H-pyrrole-3-
carboxylate (28) as colorless oil (81.5 mg, 0.176 mmol). The product was used without further purifi-
cation or characterization for the next step. Rf = 0.51 (9:1 hexanes/EtOAc). According to general
procedure D, LiOH (44.4 mg, 1.76 mmol, 10 eq.) and a solution of ester 28 (81.5 mg, 0.176 mmol,
1.0 eq.) in dioxane/H,O (3.0 mL) were used. After 18 hr the reaction was completed and gave SGA-
149 as a colorless solid (40.5 mg, 0.0933 mmol, 15% over two steps). Rf = 0.06 (9:1 hexanes/EtOAc).
m.p.: 121°C. "H NMR (400 MHz, CDCl3) 6/ppm = 7.57-7.51 (m, 2H, 4"-H, 6""-H), 7.24-7.20 (m, 1H,
3"-H), 6.61 (s, 1H, 4 hr), 3.74-3.68 (m, 2H, 1'-H), 2.61 (s, 3H, CH3), 1.49-1.43 (m, 2H, 2'-H), 1.19-1.06
(m, 4H, 3'-H, 4'-H), 0.80 (t, J = 7.2 Hz, 3H, 5'-H). 13C NMR (101 MHz, CDCl3) 6/ppm = 169.4
(COOH), 146.6 (C-2"), 138.3 (C-2), 135.9 (C-6'"), 132.8 (C-4'"), 128.7 (C-5"), 126.1 (C-5), 122.5 (q,
J = 279.8 Hz, OCF3), 122.4 (C-3"), 120.0 (C-1"), 112.7 (C-4), 111.4 (C-3), 44.7 (C-1'), 30.2 (C-2'), 28.8
(C-3), 22.1 (C-4"), 13.9 (C-5"), 11.9 (CH3). IR (ATR) \N/max/cm71=2929, 1663, 1471, 1436, 1247, 1212,
1194, 1160, 781. HRMS (ESI): calculated for C1gHao’“BrFsNO3 (M+H)"™ 434.05732; found 434.05765.
Purity (HPLC):>96% (A = 210 nm),>96% (A = 254 nm).

SGA-152

Chemical structure 91. 5-(5-Bromo-2-(trifluoromethoxy)phenyl)—1-(cyclohexylmethyl)—2-ethyl-1H-pyrrole-3-
carboxylic acid — SGA-152.

Following general procedure C, ethyl propionylacetate (99.9 pL, 0.693 mmol, 1.1 eq.) in dry THF
(4.0 mL), NaH (37.8 mg, 0.945 mmol, 1.5 eq.) and a solution of ketone 23 (200 mg, 0.630 mmol, 1.0
eq.) and Kl (105 mg, 0.630 mmol, 1.0 eq.) in dry THF (2.0 mL) were used. Then the residue was
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dissolved in acetic acid (5.0 mL) and cyclohexanemethanamine (164 pL, 1.26 mmol, 2.0 eq.) was
added. FCC (hexanes/EtOAc 99:1) yielded ethyl 5-(5-bromo-2-(trifluoromethoxy)phenyl)—1-(cyclo-
hexylmethyl)—2-ethyl-1H-pyrrole-3-carboxylate (29) as colorless oil (98.0 mg, 0.195 mmol). This
product was used without further purification or characterization for the next step. Rf = 0.58 (9:1
hexanes/EtOAc). According to general procedure D, LiIOH (49.2 mg, 1.95 mmol, 10 eq.) and a solu-
tion of ester 29 (98.0 mg, 0.195 mmol, 1.0 eq.) in dioxane/H,O (3.0 mL) were used. After 18 hr the
reaction was completed and gave SGA-152 as yellow solid (30.8 mg, 0.0649 mmol, 9% over two
steps). Rf = 0.24 (9:1 hexanes/EtOAc). m.p.: 152°C. "H NMR (500 MHz, CDCls) &/ppm = 11.35 (s,
1H, COOH), 7.57-7.50 (m, 2H, 4'-H, 6'-H), 7.20 (dd, J = 8.6, 1.4 Hz, 1H, 3'-H), 6.61 (s, 1H, 4 hr), 3.61
(d, J = 7.2 Hz, 2H, CHy-cy), 3.04 (q, J = 7.4 Hz, 2H, CH,CH3), 1.64-1.54 (m, 3H, cy), 1.39-1.31 (m,
3H, cy), 1.23 (t, J = 7.4 Hz, 3H, CH,CHs), 1.08-0.99 (m, 3H, cy), 0.70-0.60 (m, 2H, cy). "*C NMR (121
MHz, CDCl3) 6/ppm = 169.8 (COOH), 146.3 (C-2'), 145.1 (C-2), 135.5 (C-4’ or C-6'), 132.5 (C-4' or
C-6"), 129.1 (C-1"), 126.7 (C-5), 122.3 (C-3'), 120.3 (q, Jcr = 259.2 Hz, OCF3), 120.0 (C-5'), 113.2 (C-
4), 110.8 (C-3), 50.9 (CHa-cy), 39.6 (cy), 30.7 (cy), 26.2 (cy), 25.8 (cy), 19.2 (CH,CHj3), 14.5 (CH,CHj).
IR (ATR) Vynax/cm™'=2927, 2359, 1659, 1469, 1441, 1250, 1212, 1192, 1172. HRMS (ESI): calculated
for Ca1H2""BrFsNO3 (M-H) 472.07406; found 472.07418. Purity (HPLC):>96% (A = 210 nm),>96%
(A = 254 nm).

SGA-154

Chemical structure 92. 5-(5-Bromo-2-(trifluoromethoxy)phenyl)—1-(cyclohexylmethyl)—2-phenyl-1H-pyrrole-3-
carboxylic acid — SGA-154.

Following general procedure C, ethyl benzoylacetate (134 uL, 0.693 mmol, 1.1 eq.) in dry THF
(4.0 mL), NaH (37.8 mg, 0.945 mmol, 1.5 eq.) and a solution of ketone 23 (200 mg, 0.630 mmol, 1.0
eqg.) and Kl (105 mg, 0.630 mmol, 1.0 eq.) in dry THF (2.0 mL) were used. Then the residue was dis-
solved in acetic acid (5.0 mL) and cyclohexanemethanamine (328 pL, 2.52 mmol, 4.0 eq.) was added.
FCC (hexanes/EtOAc 99:1) yielded ethyl 5-(5-bromo-2-(trifluoromethoxy)phenyl)—1-(cyclo-
hexylmethyl)—2-phenyl-1H-pyrrole-3-carboxylate (30) as yellow solid (151 mg, 0.274 mmol). This
product was used without further purification or characterization for the next step. Rf = 0.50 (9:1
hexanes/EtOAc). According to general procedure D, LiIOH (69.2 mg, 2.74 mmol, 10 eq.) and a solu-
tion of ester 30 (151 mg, 0.274 mmol, 1.0 eq.) in dioxane/H,O (3.0 mL) were used. After 18 hr the
reaction was completed and gave SGA-154 as yellow solid (91.5 mg, 0.175 mmol, 28% over two
steps). R¢ = 0.12 (9:1 hexanes/EtOAc). m.p.: 170°C. "H NMR (400 MHz, CDCls) d/ppm = 7.61 (d,
J=2.5Hz 1H, 6'-H), 7.55 (dd, J = 8.7, 2.5 Hz, 1H, 4'-H), 7.47-7.41 (m, 3H, Ph), 7.39-7.35 (m, 2H,
Ph), 7.23 (dq, J = 8.7, 1.3 Hz, 1H, 3'-H), 6.74 (s, 1H, 4 hr), 3.56 (d, J = 7.4 Hz, 2H, CH,-cy), 1.48-1.42
(m, 3H, cy), 1.11-1.05 (m, 2H, cy), 1.03-0.95 (m, 1H, cy), 0.90-0.82 (m, 3H, cy), 0.43-0.32 (m, 2H, cy).
13C NMR (101 MHz, CDCls) 8/ppm = 167.7 (COOH), 146.1 (C-2'), 141.7 (C-2), 135.2 (C-6"), 132.7
(C-4"), 131.7 (C-5, C-1’, C-5" or gPh), 131.0 (Ph), 128.8 (C-5, C-1’, C-5' or gPh), 128.7 (Ph), 128.3 (Ph),
122.4 (C-3'), 120.4 (q, Jcr = 266.3 Hz, OCF3), 120.2 (C-5, C-1", C-5" or gPh), 113.8 (C-4), 112.7 (C-3),
52.0 (CH»-cy), 38.7 (cy), 30.3 (cy), 26.1 (cy), 25.6 (cy). One quaternary carbon is missing. IR (ATR) 1%
max/cm ™ 1=2915, 2335, 1667, 1487, 1248, 1208, 1169, 1127, 796, 697. HRMS (ESI): calculated for
CasHz,""BrFsNO;3 (M-H)™ 520.07406; found 520.07418. Purity (HPLC):>96% (A = 210 nm),>96%
(A = 254 nm).

Statistical analysis
All error bars are depicted as SEM. Statistical significance was determined via Student’s t-test, one-
way ANOVA, or two-way ANOVA followed by either Tukey's or Bonferroni's post hoc test.
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Significance is denoted on figures with asterisks as outlined in the legends. All data presented are
representative of three or more independent experiments.
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